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Electrical Characterization
of Nanostructured Ferrite Ceramics
by Using AC Impedance Spectroscopy

Dalibor L. Sekulić, Zorica Ž. Lazarević and Nebojša Z. Romčević

Abstract In this paper, we report the electrical properties of nanostructured ferrite
ceramics by using AC impedance spectroscopy as a function of frequency (100 Hz–
10 MHz) in the temperature range from 25 to 100 °C. The nanocrystalline NiFe2O4

and ZnFe2O4 ferrites were successfully prepared by a conventional sintering of
nanosized powders, synthesized by a soft mechanochemical route. X-ray diffraction
measurements and scanning electron microscope study confirmed the formation of
single cubic spinel structure and nano-dimensional nature of the prepared samples.
The temperature-dependent plots between real and imaginary parts of complex
impedance reveal the presence of two relaxation regimes which are attributed to
grain and grain boundary responses. Complex impedance analysis by means of an
equivalent circuit model has been used to separate the grain and grain boundary
resistance of these ferrite materials. The temperature dependence of both grain
boundary and grain conductivity well follow the Arrhenius law with estimated
activation energy of 0.481 and 0.401 eV for NiFe2O4, and 0.412 and 0.387 eV for
ZnFe2O4, respectively. Moreover, the analysis of experimental impedance data
indicates the negative temperature coefficient of resistance (NTCR) behavior of
both samples usually shown by semiconductors. The conduction mechanism may
be due to the hopping of charge carriers present in these ferrite materials.
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1 Introduction

In the past two decades, there is a growing interest in nanostructured ceramic
materials because of their properties which are different and very often superior to
conventional material. Ceramic materials which belong to the ferrospinel family
with general formula MFe2O4 (M is a divalent metal cation) are widely used in
many electronic and magnetic devices because of their high electrical resistivity and
consequently low eddy current losses, as well as high dielectric constant, high
initial permeability and moderate saturation magnetization [1]. Spinel ferrites have
attracted considerable attention due to technological importance in wide range of
potential applications such as high frequency devices, sensors, computer memories,
magnetic drug delivery, microwave absorbers etc.

In general, the cation distribution in the spinel lattice can be described with
formula (M1-δFeδ)[MδFe2-δ]O4, where δ denotes the degree of inversion defined as
the fraction of the tetrahedral sites occupied by Fe3+ cations and its value depends
on the method of synthesis [2]. Typically two extreme type of spinel structure can
be found: normal (δ = 0) and inverse (δ = 1) spinel. It is well known that Ni2+ and
Zn2+ ions have very strong preferences for the octahedral and tetrahedral sites as
depicted by square and curled brackets, respectively, making NiFe2O4 a model
inverse ferrite and ZnFe2O4 a model normal ferrite. The schematic representations
of the unit cells of the nickel and zinc ferrite spinel structure are given in Fig. 1.

NiFe2O4

ZnFe2O4

Fig. 1 Schematic
representations of the unit
cells of NiFe2O4 and ZnFe2O4

ferrite spinel structures
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However, the mixed spinel structure is more often present in the case of nano–sized
ferrites, where cations are distributed in a mixed mode (M2+ occupying both
octahedral and tetrahedral sites).

It is well known that the physical properties of the ferrite nanomaterials are
strongly dependent on the method of preparation. To date a broad variety of
techniques were successfully developed for synthesis of nanocrystalline ferrites
such as sol–gel [3], co-precipitation [4], solid-state reaction [5] and others.

Electrical resistivity is one of the important properties of the ferrites, especially
in view of their potential applications. A common approach to investigate electrical
properties of polycrystalline ferrite materials is based on application of AC impe-
dance spectroscopy [6]. Impedance spectroscopy is a non-destructive and widely
used technique for the characterization of electrically responses arising from dif-
ferent electrical active regions in a material, both qualitatively by demonstrating
their existence and quantitatively by utilizing appropriate impedance data analysis.
The complex impedance analysis enables us to resolve the effect of grains and grain
boundaries, two main components which comprise the microstructure of ceramics,
and the correspondence between them is important in understanding the overall
properties of ceramic materials [7]. To extract the information about the resistive
and capacitive values of grain and grain boundary regions, it is necessary to adopt
electrical model that most precisely represents electrical characteristics of the
considered material at different frequencies and temperatures. In general, each
region can be modeled using an electroactive element ideally consisting of a
resistance R and a capacitance C connected in parallel and the simplest appropriate
equivalent circuit is a series array of parallel R–C elements [8]. These quantities can
be treated as fitting parameters whose values can be evaluated from the best fit to
the impedance spectrum. The fitting is relatively unambiguous since the elements of
equivalent circuits dominate in different frequency regions.

In this paper, we have carried out the AC impedance studies of nanostructured
NiFe2O4 and ZnFe2O4 ceramics with the main objective to investigate the electrical
properties and its correlation with their microstructure. Electrical properties asso-
ciated with grains and grain boundaries were studied in a wide range of frequencies
and temperatures. The novel approach to mechanochemical processing, so–called
soft mechanochemical route [9] was used for the synthesis of the ferrite materials.
This method does not require expensive starting materials or extremely high tem-
perature and is environmentally friendly.

2 Experimental Details

The NiFe2O4 and ZnFe2O4 ferrites were synthesized by means of soft
mechanochemical route using high-purity hydroxide precursors of Merck Ni(OH)2
and Zn(OH)2 with 95 % purity, respectively, and Fe(OH)3 made in the laboratory
with 99.5 % purity. The Fe(OH)3 powder was prepared by adding equimolar
amounts of NaOH solution (25 % mass), made from 99 % purity NaOH (Merck), to
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the FeCl3 solution (25 % mass), made from 99 % purity FeCl3 × 6H2O (Merck).
Obtained hydrated ferric hydroxide (Fe(OH)3 × nH2O) in the form of dark brown
was filtrated, washed with large amounts of water and dried in a vacuum desiccator.
Before milling, the Fe(OH)3 × nH2O powder was heated at 105 °C for 24 h.
Mechanochemical synthesis was carried out by planetary ball mill (Fritsch
Pulverisette 5) in air atmosphere for 18 and 25 h for ZnFe2O4 and NiFe2O4,
respectively. Required milling time for obtaining single-phase ferrites was experi-
mentally determined by X-ray diffraction technique. Using a cold isostatic press,
obtained ferrite powders were pressed into circular disc shaped pellets with a
diameter of 8 mm and a thickness of 2 mm. The so prepared pallets were sintered at
1100 °C for 2 h (Lenton–UK oven) without pre-calcinations step. Heating rate was
10 °C/min with nature cooling in air atmosphere.

The phase purity and crystal structure of sintered samples were analysed by
using X-ray diffraction (XRD, Model Philips PW 1050 diffractometer) with Ni
filtered CoKα radiation of 1.78897 Å at room temperature. XRD data were col-
lected in a wide range of Bragg’s angles (10° ≤ 2θ ≤ 80°) with the scanning step
size of 0.05° in a 10 s per step of counting time. The lattice parameter and crystallite
(grain) size were calculated from XRD data. The microstructures of sintered ferrites
were recorded at room temperature using scanning electron microscope (SEM,
Model JEOL JSM–6460 LV) applied on a gold coated surface of samples. The
sintered (bulk) density of the samples was measured by applying Archimedes’
principle [2] at room temperature.

In order to study the electrical properties of ferrite ceramics by means of complex
impedance spectroscopy, the surfaces of as–prepared pellets were polished properly
and electrodes were formed by with high purity silver paste deposited on opposite
sides of the pellets, which were cured for 24 h. The AC electrical parameters of
NiFe2O4 and ZnFe2O4 were measured in a wide frequency range of 100 Hz to
10 MHz at different temperatures between 25 and 100 °C using a computer-
controlled Impedance Analyzer HP–4194A with a laboratory set of temperature
control equipment. The experimentally measured parallel values of the resistance Rp

and the capacitance Cp were converted and displayed in the form of complex
impedance as follows [7]:

Z�ðxÞ ¼ Z 0ðxÞ � jZ 00ðxÞ ¼ 1
Rp

þ jxCp

� ��1

: ð1Þ

The details of this measurement procedure are same as presented in [2]. For
fitting and analysis of the impedance data, commercially available EIS Spectrum
Analyzer software [10] is used with about 1.5 % of fitting errors.
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3 Results and Data Analysis

3.1 Structural Analysis

The room temperature X-ray diffraction patterns of as-prepared ferrite ceramic
samples are presented in Fig. 2. All of the Bragg reflections appearing in the
diffraction spectra were indexed with the standard patterns reported in PCPDF cards
No. 89–4927 and No. 89–7412 for NiFe2O4 and ZnFe2O4, respectively. The
presence of diffraction planes (111), (220), (311), (222), (400), (422), (511) and
(440) confirms the formation of cubic spinel ferrite structure with the Fd3 m space
group. No additional secondary phases, amorphous forms or impurities were
detected, indicating the high quality and single phase of the prepared ferrite
ceramics in both cases. Further, the sharp XRD peaks point to the polycrystalline
nature of sintered samples.

From the full width at half maximum of the most intense line (311) in the XRD
spectrum, the average crystallite size of spinel ferrite samples was calculated by
using the Debye-Scherrer equation [11]. It was found that the average grain sizes
are about 92 and 48 nm for NiFe2O4 and ZnFe2O4 ferrites, respectively. From the
Rietveld refinement procedure, the related lattice constants were found to be 8.276
and 8.418 for sintered NiFe2O4 and ZnFe2O4 ferrite samples, respectively, which
agrees well with the previously reported values [12]. The visible shift of Bragg
reflections towards higher 2θ angles in the case of NiFe2O4 corresponds to the

Fig. 2 X-ray diffraction
patterns of NiFe2O4 and
ZnFe2O4 ferrites sintered at
1100 °C/2 h
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smallest lattice constant [2]. The bulk density values and other crystallographic data
are summarized in Table 1.

The microstructures of ferrite sample sintered at 1100 °C for 2 h are given in
Fig. 3. The SEM image of NiFe2O4 clearly show the presence of conducting grains
separated from each other by the well-defined grain boundaries. These two main
components comprise the microstructure of both ferrites under study and the cor-
respondence between them is important in understanding the overall properties of
these materials. The grain boundaries control the electrical properties of the ferrites,
especially in the case of nanocrystalline ferrites [7].

3.2 Complex Impedance Analysis

In order to determine the correlation of the electrical properties of nanocrystalline
ferrite samples with its microstructures, the AC impedance spectroscopy was used
in a wide range of frequency and temperature. The experimental data for the
complex impedance provide information on the resistive (real part, Z 0) and reactive
(imaginary part, Z 00) components.

Figure 4 shows the variation of Z 0 with frequency at different temperatures. It
can be noticed that the magnitude of Z 0 decreases with an increase in both applied
frequency and temperature, indicating an increase in AC electrical conductivity of
the samples with increasing frequency and temperature. This trend provides an

Fig. 3 SEM micrographs of
NiFe2O4 ferrite sintered at
1100 °C/2 h

Table 1 Structural characteristics of ferrite samples

Ferrite sample Lattice constant (Å) Crystallite size (nm) Sintered density (g/cm3)

NiFe2O4 8.276 92 4.43

ZnFe2O4 8.418 48 4.96
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indication that the present ferrites behave like the semiconducting materials [2, 9].
Further, ZnFe2O4 shows lower values of real part of the impedance compared to the
NiFe2O4 which means that ZnFe2O4 has a higher conductivity value at each fre-
quency and temperature. In the case of NiFe2O4, the Z 0 shows only one dispersion,
probably due to a limited frequency range used in this study (100 Hz–l0 MHz),
unlike ZnFe2O4 where apparently exist two dispersions, that of the grains and that
of the grain boundaries [2]. With increasing temperature, these individual disper-
sion regions are shifted to a higher frequency. In addition, temperature-dependent
Z 0, especially in the case of NiFe2O4, shows a plateau from low frequency side
which is followed by a nearly negative slope at high frequency side, indicating a
crossover from low frequency relaxation behavior to high frequency dispersion
phenomenon. This segment of nearly constant real impedance becomes predomi-
nated with increasing temperature, suggesting strengthened relaxation behavior
[13].

Fig. 4 Variation of the real
part of complex impedance
with frequency for NiFe2O4

and ZnFe2O4 ferrites at
different temperatures
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The variation of imaginary part of the impedance with frequency at different
temperature is shown in the Fig. 5. In the case of NiFe2O4, room temperature curve
shows that the Z 00 value increases initially, reaches the maximum value at particular
frequency and then it decreases continuously with increasing frequency. With
increase in temperature another peak enters through low frequency window. Similar
behavior of Z 00 is observed in present ZnFe2O4, but two peaks appear at all tem-
peratures. This suggests the coexistence of two relaxation effects which can be
attributed to grain and grain boundary responses [2]. The maximum values of Z′′
shift to high frequency side with increasing temperature, which corresponds to
plateau relaxations observed earlier in real impedance spectra [13].

Nyquist or Cole-Cole plots of NiFe2O4 and ZnFe2O4 ferrites at different tem-
peratures are given in Figs. 6 and 7, respectively. It is evident that the complex
impedance spectra are characterized by the appearance of two semicircle arcs of
different radii, which corresponds to grain boundary effect at the low-frequency

Fig. 5 Variation of
imaginary part of complex
impedance with frequency for
NiFe2O4 and ZnFe2O4 ferrites
at different temperatures
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region and grain effect at the high-frequency region for both samples. This
appearance of two arcs in Cole-Cole plots at each temperature indicates the pres-
ences of two types of relaxation phenomena with sufficiently different relaxation
times [12]. The results show that Nyquist plots are temperature dependent, since the
diameters of both semicircles exhibit decreasing trends with increasing temperature.
This means that the decrease in impedance supports the increase in conductivity and
decrease in relaxation time [4]. Such behavior suggests that the samples possess a
negative temperature coefficient of resistance (NTCR) [14], which implies a thermal
activated conductivity of these ferrite materials.

It is usual to interpret the behavior of characteristic impedance spectra in terms
of equivalent circuit model. The presence of two Nyquist semicircles in the
impedance spectra of NiFe2O4 and ZnFe2O4 is consistent with the brick–layer
model [7, 8] that is used to assign two semicircular arcs to the electrical response of
polycrystalline materials. In order to correlate the electrical properties of samples
with their microstructure, an equivalent circuit model consisting of two R–CPE

Fig. 6 Impedance spectra of
NiFe2O4 ferrite at different
temperatures. Inset shows the
appropriate equivalent circuit
model for analysis of the
impedance data
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elements connected in series has been employed, see inset of Figs. 6 and 7. Here,
R and CPE are the respective resistance and constant phase element for the grain
boundaries (Rgb, CPEgb) and the grain interiors (Rg, CPEg). The CPE has been
introduced to replace the capacitor in the equivalent circuit in order to accommodate
the non-ideal Debye-like behavior of the capacitance [9]. The constant phase ele-
ment has impedance defined by the following expression [8]:

Z�
CPEðxÞ ¼ AðjxÞn½ ��1

; ð2Þ

where parameter A is independent of frequency and n is the measure of non-ideal
behavior having value between 1 and 0 (0 ≤ n ≤ 1). The CPE describes an ideal
capacitor withC =A for n = 1 and an ideal resistor withR = 1/A for n = 0. As can be seen
fromFigs. 6 and 7, there is a close agreement between the experimental and theoretically
fitted data which justifies the correctness of proposed equivalent electrical model.

Fig. 7 Impedance spectra of
ZnFe2O4 ferrite at different
temperatures. Inset shows the
appropriate equivalent circuit
model for analysis of the
impedance data
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Based on the fitted values of grain boundary and grain resistance, the DC
conductivity of grain boundaries and grain interiors for NiFe2O4 and ZnFe2O4

ferrites was estimated using the relation [12, 15]:

rDC ¼ d
RA

: ð3Þ

Here, R is the resistance values of the grain boundaries or grain which are
evaluated from impedance spectra data, parameters d and A represent the thickness
of sample and area of the electrode deposited on the sample, respectively. Figure 8
shows the temperature dependence of DC conductivity which well obeys the
Arrhenius equation [7, 15]

rDCðTÞ ¼ r0 exp � DE
kBT

� �
; ð4Þ

where σ0 is the pre-exponential factor with the dimensions of (Ωm)−1, ΔE is the
activation energy in (eV), kB is the Boltzmann’s constant and T is the absolute
temperature. Using this Arrhenius plots, the corresponding activation energies for
grain boundary and grain conductivity were determined from the slope of the
logσDC versus 1000/T. The estimated grain boundary and grain conductivity acti-
vation energies are 0.481 and 0.401 eV for NiFe2O4, and 0.412 and 0.387 eV for
ZnFe2O4, respectively. In the case of both samples, the activation energy from grain
boundaries is larger than that of grains. Such behavior is normal in view of the fact
that the grain boundaries could play a blocking effect in many ionic oxides due to
their high barrier [13]. Also, the resistance of grain boundaries exceeds that of the
grains in many electroceramic materials [7]. This can be ascribed to the fact that the
atomic arrangement near grain boundary region is disordered, resulting in a serious
increase in electron scattering.

Fig. 8 Arrhenius plots of
grain and grain boundary
conductivity for NiFe2O4 and
ZnFe2O4 ferrite samples
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The relaxation times for both grain boundary and grain responses, τgb = RgbCgb

and τg = RgCg, were calculated using respective R and C values evaluated by fitting
impedance data. The values are listed in Table 2. It is clear that the relaxation times
decrease as temperature increases. This corroborates the observations made from
Fig. 5; the maxima are shifted toward higher frequencies with increasing temper-
ature. Further, the decrease in relaxation time with temperature results in an increase
in hopping probability of charge carriers with temperature, since τ = (2P)−1, where
P is the hopping probability, [16]. In addition, grain boundary relaxation times are
about three orders of magnitude larger than those of the grain interior.

This means that in the grain boundary structure the time spent in the relaxation
process is longer.

4 Conclusions

In this paper, detailed temperature and frequency dependent AC impedance studies
were conducted on the NiFe2O4 and ZnFe2O4 ferrite ceramics, which were suc-
cessfully fabricated by a conventional sintering of nanosized powders (1100 °C/2 h)
synthesized by soft mechanochemical route. XRD analysis confirmed the cubic
spinel structure of both ferrite samples with the lattice constants of 8.276 and 8.418
Å for sintered NiFe2O4 and ZnFe2O4, respectively, and the average crystallite sizes
in the nm–range, which were determined on the basis of XRD data.

The complex impedance spectra studies clearly show the presence of both grain
and grain boundary effects, and existence of negative temperature coefficient of
resistance (NTCR) in the ferrite materials. The equivalent circuit consisting of two
resistance-constant phase (R–CPE) elements connected in series is used to
demonstrate electrical phenomenon occurring inside the samples. The temperature
dependence of the grain boundary and grain conductivity well obey the Arrhenius
law with activation energy of 0.481 and 0.401 eV for NiFe2O4, and 0.412 and
0.387 eV for ZnFe2O4, respectively. The present ferrites also exhibit the temper-
ature dependent relaxation phenomena. The conduction mechanism may be due to
the hopping of charge carriers present in these materials.

Table 2 The relaxation times of grain and grain boundary calculated from impedance response of
ferrite samples

NiFe2O4 ZnFe2O4

Temperature
(°C)

τgb = RgbCgb

(ms)
τg = RgCg

(μs)
τgb = RgbCgb

(ms)
τg = RgCg

(μs)

25 18.61 107.52 0.568 38.87

50 13.08 48.24 0.223 14.34

75 3.82 13.19 0.185 3.54

100 0.43 1.02 0.122 0.70
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Structural and Optical Studies of Oxide
Single Crystals Grown by the Czochralski
Method

S. Kostić, Z.Ž. Lazarević, M. Gilić, M. Petrović, M. Romčević,
N.Ž. Romčević and D.L. Sekulić

Abstract In this paper, we used the Czochralski method to obtain good-quality
yttrium aluminium garnet (Y3Al5O12)—YAG and yttrium aluminium garnet doped
with neodymium—Nd:YAG crystals. The investigations were based on the growth
mechanisms and the shape of the liquid/solid interface on the crystal properties and
incorporation of Nd3+ ions. The obtained single YAG and Nd:YAG crystals were
studied by use of Raman and IR spectroscopy. There are strong metal oxygen
vibrations in region 650–800 cm−1 which are characteristics of Al–O bond: peaks at
784/854, 719/763 and 691/707 cm−1 correspond to asymmetric stretching vibrations
in tetrahedral arrangement. Peaks at 566/582, 510/547 and 477/505 cm−1 are asym-
metric stretching vibrations, and 453/483 cm−1 is symmetric vibration of Al–O bond
in octahedral arrangement of garnet structure. Lower energy peaks correspond to
translation and liberation of cations in different coordinations—tetrahedral, octahe-
dral and dodecahedral in the case of the lowest modes.

Keywords Single crystal � Y3Al5O12 � Nd:YAG � Optical materials � Crystal
growth

1 Introduction

Oxide crystals are of great importance for modern electrical and electro-optical
applications in several devices. Diode-pumped Q-switched solid-state lasers have
been demonstrated to have high efficiency, high average power and high energy per
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pulse. The applications of Q-switched lasers are well known: lidars, remote sensing,
pollution detection, nonlinear optical processes and material processing [1–3].

There has been a continuing interest in the development of the technology of
Y3Al5O12 (YAG) garnet crystal growth because Nd:doped YAG is one of the most
important laser hosts for the generation of 1.06 m infrared radiation. Its good
optical, chemical and mechanical characteristics have made it the standard material
in industrial applications where reliability is particularly important. Nd:YAG
crystals are usually grown by the conventional Czochralski (CZ) technique [4–7].
Besides that, for miniature laser sources, Nd:YAG can grow by the
micropulling-down (μ-PD) technique [8–10] and by the crucible laser heating
pedestal method [11–13].

YAG crystallizes in a highly symmetric cubic structure [13]. The conventional
unit cell of YAG contains 160 atoms comprising of 24 yttrium, 40 aluminium and
96 oxygen atoms, with a lattice parameter of 12.01 °A [14]. The relative
arrangement of Y, O and Al can be described with polyhedra, and the symmetry is
shown in Fig. 1.

The Czochralski technique has great advantages for the growth of the
high-quality and large size YAG and Nd:YAG single crystals for usage as medium
in high-power efficient lasers. A stable and equilibrant process of crystal growth
with CZ technique is necessarily controlled by many different growth parameters.
Each fluctuation in growth parameters could make the system unstable and directly
affect on the crystal quality [3]. The temperature gradient adjusted by thermal
shields, growth atmosphere and cooling system is the most important growth
parameter in the furnace. This parameter influences the crystal perfection by effect
on the fluid dynamic and kinetics of a growing crystal [15]. On the other hand, an
improper thermal gradient during the growth causes the change of the convexity of
solid–liquid interface, reduce/enlarge the size of central core and create large

Fig. 1 The garnet structure consists of linked AO8, BO4 and MO6 polyhedra. A and B are usually
di- and tri-positive cations. In this model, the BO4 is the green Al and the MO6 the blue Al. The 8
coordinate site accommodates Y. Conventional unit cell YAG symmetry on [1 0 0] face. Red O,
Green Al, Blue Y [14]
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thermal stress and cracks in the crystal [16, 17]. The temperature gradient has to be
stable during the growth of the crystal.

The aim of our work was to produce YAG single crystals with and without
dopant Nd3+ and without a core; the growth parameters and annealing condition
were investigated, by applying both theoretical and experimental treatment. The
structural and optical properties obtained single YAG and Nd:YAG crystals were
characterized using Raman and IR spectroscopy.

2 Experimental

The Czochralski process is a method of crystal growth used to obtain YAG and Nd:
YAG single crystals. Both crystals (Fig. 2) were grown using a MSR 2 crystal
puller controlled by a Eurotherm. The atmosphere of argon was used. The starting
materials were powdered such as Y2O3, Al2O3 and Nd2O3 (all Koch and Light), all
of 4 N purity. Powdered ZrO2 (Koch and Light) of 4 N purity was used for
isolation. The purity of argon (Tehnogas) was 4 N. The iridium crucible (40 mm
diameter, 40 mm high) was placed into an alumina vessel surrounded by ZrO2 wool
isolation. Double walls were used to protect the high radiation. To decrease the
radial temperature gradient in the melt, alumina was mounted around all the system.
The best results were obtained with a pull rate of 2–3 mm h−1 for YAG and 1 mm
h−1 for Nd:YAG crystals. The crystal rotation rates were between 6 and 100 rpm
(YAG). The best results were obtained with a crystal rotation of 100 rpm

Fig. 2 A view of an obtained
YAG (Y3Al5O12) and Nd:
YAG (Nd:Y3Al5O12) single
crystal plate
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(YAG) and 20 rpm (Nd:YAG). The diameters of crystals were between 10 and
20 mm. The crucible was not rotated during the growth. After the growth run, the
crystal boule was cooled at a rate of about 50 K h−1 down to room temperature.

Such obtained YAG and Nd:YAG crystals were cut either transversal to the
growth axis, or along or parallel to the plane (110). Then, they were polished,
smoothed and observed in polarized light.

Crystal slices with < 1 1 1 > orientation were cut from the as-grown crystal
boule, and the slices were subsequently polished on both sides with diamond paste.
The mechanically polished slices were chemically polished in liquid H3PO4 [18].
Various solutions of H3PO4 at different temperatures and for various exposure times
were tried for chemical polishing and etching. For chemical polishing, exposure to a
concentrated (85 %) solution of H3PO4 at 603 K (330 °C) for 20 min was confirmed
to be suitable. Exposure for 1 h to an 85 % solution of H3PO4 at 493 K (220 °C)
after was found to be a suitable for etching [8, 18].

The obtained crystal plates were observed in polarized light to visualize the
presence of a core and/or striations. The absence of a core was confirmed by
viewing both polished crystal slices in normal light (Fig. 2). The observations
relating to the dislocation were recorded by observing an etched surface of YAG
and Nd:YAG crystals, using a Metaval of Carl Zeiss Java metallographic micro-
scope with magnification of 270x and 200x, respectively.

The Raman spectra in spectral range from 100 to 900 cm−1, in backscattering
geometry, were obtained by the micro-Raman Jobin Yvon T64000 spectrometer,
equipped with nitrogen-cooled charge-coupled device detector. As excitation
source, we used the 514-nm line of an Ar-ion laser. The measurements were per-
formed at 20 mW.

The infrared (IR) measurements were carried out with a BOMMEM DA-8 FIR
spectrometer. A DTGS pyroelectric detector was used to cover the wave number
range from 50 to 900 cm−1.

3 Results and Discussion

On the basis of our experimental results, it may be concluded that the crystals
growing at higher rotation rates, when the inversion of the crystallization front from
convex to planar has occurred, do not contain a core and the strains in them are
considerable (Figs. 3 and 4).

Investigations that were carried out with YAG not containing Nd3+ ions helped
us a lot in our studies of YAG containing Nd3+ ions. When investigating YAG
containing no Nd3+ ions, we noticed that after the performed inversion of the
liquid/solid interface, the crystals obtained did not have cores. On the contrary,
when we analysed YAG containing Nd3+ ions, we immediately saw that the whole
system was far more sensitive, due to the presence of Nd3+ ions, to any charge in
growth conditions and all our attempts to obtain crystals without a core caused the
blurring of the crystals.
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In recent years, studies on laser crystals show that YAG crystal has nearly
optimal properties that are required of materials for lasers. However, a factor that
partially restricts all potential possibilities of this crystal is the difficulty in obtaining
single crystals containing a higher concentration of activator (neodymium), while at
the same crystal contains all the necessary optical quality. This difficulty is caused
by the significant difference of the ionic radii of Nd3+ compared to Y3+ which in

Fig. 3 YAG crystal grown with different rotation rates

Fig. 4 Cross section of single YAG crystals grown
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turn makes it difficult to isomorphic substitution of more than 1 % (atomic) Nd3+ in
YAG crystal. Therefore, many studies in order to obtain Nd:YAG crystals oriented
in the direction of getting other elements (e.g. lutenium—Lu), whose ionic radius
much smaller than Y3+, so their embedding in the crystal lattice of YAG achieves
the effect of compensation between such ions and ions Nd3+ and crystal lattice
parameter remains approximately 12.01 Å. The main defects of the crystal struc-
ture, not counting dislocations, which are the proper conduct of the process of
crystal growth, may keep a level of 100 dislocations per cm2, are also inhomoge-
neous incorporation of Nd3+ due to the appearance of (211) flat in the centre of the
crystal orientation (111) zone of the stress in the direction (110) on the plane
(111) and furrows caused by impurity character of the interface crystal-melt during
the process of crystal growth.

From Fig. 5, it can observe dislocations on YAG and Nd3+:YAG single crystals,
respectively. Etch pits have the shape of a three-sided pyramid. Number of dislo-
cations is of the order of 104 per cm2. In most crystals are not observed dislocation.

YAG is one of the garnet family compounds. The garnets usually have a general
formula of [A]3{B}2(C)3O12, where [], {} and () denote dodecahedral, octahedral
and tetrahedral coordination, respectively. YAG and Nd:YAG have a cubic struc-
ture with Oh

10 - Ia3d space group symmetry with eight units in the unit cell. Three
different sites are available in the lattice. The dodecahedral site c with local sym-
metry, D2, is normally occupied by the large Y3+ ions surrounded by eight O2−

ions, the octahedral site (local symmetry C3i) is normally occupied by Al3+ sur-
rounded by six O2− ions, and the tetrahedral site d (local symmetry S4) is occupied
by Al3+. The Al3+ cations occupy eight octahedral sites of C3i symmetry and twelve
tetrahedral sites of S4 symmetry. Nd3+ ions usually replace Y3+ cations placed in
twelve dodecahedral sites of D2 symmetry [19]. The crystal structure of YAG,
where Y3+ is coordinated with eight oxygen ions, some Al3+ are six-fold coordi-
nated and others are four-fold coordinated. Each AlO6 octahedron is connected to
six AlO4 tetrahedrons, and each AlO4 tetrahedron is connected to four AlO6

Fig. 5 The microscopic image of the surface of YAG Nd:YAG single crystal plate etched with
H3PO4 in the direction (111). Magnification of 270x and 200x, respectively
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octahedrons by sharing the corners. Y3+ locates at the space inside the AlOx

framework. The Nd3+ replaces the Y3+ of the Y-O dodecahedron in Nd3+-doped
YAG crystal.

The large number of atoms in the primitive cell leads to 240 (3 × 80) possible
normal modes which can be classified according to the irreducible representation of
the Oh group as follows: 3A1g + 5A2g + 8Eg + 14T1g + 14T2g + 5A1u

+ 5A2u + 10Eu + 18T1u + 16T2u. The 25 modes having symmetries A1 g, Eg and T2g
are Raman active, while the 18 having T1u symmetry are IR active [20–22]. Sixteen
of the 25 Raman active vibrational modes can be observed in the Raman spectrum
from 100 to 900 cm−1. The Raman spectrum of rare earth-doped YAG compounds
can be divided into two different parts: the high-frequency region (500–900 cm−1)
and the low-frequency region (<500 cm−1). The high-frequency region accounts to
the ν1 (breathing mode), ν2 (quadrupolar) and ν4 molecular internal modes asso-
ciated with the (AlO4) group, while the low-frequency region is due to: (i) trans-
lational motion of the rare earth ions, (ii) rotational and translational motion of the
AlO4 units and (iii) the ν3 molecular mode of the AlO4 [21, 22].

The Raman spectra of YAG and Nd:YAG single crystals have been recorded in
100–900 cm−1 spectral range at room temperature (Fig. 6). The difference in the
Raman spectral shape is indeed observed from the pure YAG crystal to Nd3+-doped
YAG.

This clearly indicates that Nd doping does replace ions in the crystal, thus
changing the original YAG vibrational modes towards the Nd:YAG Raman spec-
trum. We believe that the replaced ions are centred instead of aluminium ions in the
tetrahedrons and octahedrons. According to work by Su et al. on Nd:YAG [23], the
peaks at 161, 219, 263, 340, 373, 402 and 407 cm−1 in Fig. 6 and Table 1 have been
attributed to the translatory motion of the Y or Nd ions within the distorted cube
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Fig. 6 Raman spectra of YAG (Y3Al5O12) and Nd:YAG (Nd:Y3Al5O12) single crystal
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with eight oxygen ions at the corners and also the heavy mixing of the translational,
rotational and ν3 mode of the (AlO4) unit. The vibrational modes at 543 and
556 cm−1 can be assigned as the ν2 mode of the (AlO4) unit. These peaks are the
internal stretching vibrations (ν1 and ν4) between aluminium ions and oxygen in the
tetrahedral (AlO4) unit.

The Nd3+ ions were substituted for Y3+ in YAG without the need for charge
compensation. The larger size of the Nd3+ ions results in polyhedral sites with sides
that are greater than those in Al3+ polyhedral site. That distorts the lattice and thus
limits the maximum doping concentration to several atomic weight percent.
Concentration of Nd3+ in our samples is, as a common for laser materials, 0.8 wt %.
The lattice strains that are introduced by doping affect the properties of the optical
spectra.

The optical spectra of YAG and Nd:YAG single crystals were recorded in far IR
region at room temperature (298 K). The IR reflectance spectra of these crystals are
shown in Fig. 7.

Seventeen of 18T1u IR-active modes are visible in the near-normal reflectivity
spectra of YAG and Nd:YAG crystals, as shown in Fig. 7. There are strong metal
oxygen vibrations in region 650–800 cm−1 which are characteristics of Al–O bond:
peaks at 784/854, 719/763 and 691/707 cm−1 correspond to asymmetric stretching
vibrations in tetrahedral arrangement.

Table 1 Position (cm−1) of the modes in the Raman spectra and symmetries of lines of YAG and
Nd:YAG single crystals

Symmetry type Experimental Frequency (cm−1)

YAG Nd:YAG Vibrations

Eg 164 162 Y or Nd Translation

T2g 219 221 Y or Nd Translation

T2g 263 263 Y or Nd Translation

T2g 294 295 Translation + Rotation + ν3 (AlO4)

Eg 340 343 Translation + Rotation + ν3 (AlO4)

A1g 373 373 Translation + Rotation + ν3 (AlO4)

T2g 403 409 Translation + Rotation + ν3 (AlO4)

Eg – 407 Translation + Rotation + ν3 (AlO4)

T2g 544 548 Translation + Rotation + ν3 (AlO4)

A1g 556 557 ν2 (AlO4)

T2g 690 693 ν2 (AlO4)

Eg 720 720 ν2 (AlO4)

T2g 720 720 ν1 + ν4 (AlO4)

A1g 784 783 ν1 + ν4 (AlO4)

T2g 857 858 ν1 + ν4 (AlO4)
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Peaks at 566/582, 510/547 and 477/505 cm−1 are asymmetric stretching vibra-
tions, and 453/483 cm−1 is symmetric vibration of Al–O bond in octahedral
arrangement of garnet structure. Lower energy peaks correspond to translation and
liberation of cations in different coordination—tetrahedral, octahedral and dodec-
ahedral in the case of four lowest modes [24].

Graphical presentation of the Kramers–Krönig analysis shows that with doping
of YAG with Nd, TO modes undergo a red shift of 1–3 cm−1, what is expected
because of greater atomic mass of neodymium (144.2) related to yttrium (88.9)
(Fig. 8). The values of these modes are presented in Table 2.
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temperature
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4 Conclusions

In conclusion, Czochralski technique has been used successfully to produce yttrium
aluminium garnet (YAG) and yttrium aluminium garnet doped with neodymium
(Nd:YAG) single crystal. The obtained crystals were studied by Raman and IR
spectroscopy. We observed 15 Raman and 17 IR modes. The Raman and IR
spectroscopy results are in accordance with X-ray diffraction analysis. The obtained
YAG and Nd:YAG single crystals were without core and with good optical quality.
The absence of a core was confirmed by viewing polished crystal slices. Also, it is
important to emphasize that the obtained Nd:YAG single crystal has a concentra-
tion of 0.8 wt % Nd3+ that is the characteristic for laser materials.

Acknowledgment This research was financially supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia through Project No. III45003.

Table 2 Parameters fit the IR spectra of YAG and Nd:YAG single crystals and the transverse
(TO) and the longitudinal (LO) frequency values obtained from Kramers–Krönig analysis (Peak
Positions ε And σ)

Single crystals

YAG Nd:YAG

TO/LO TO Vibrations

Wave number
(cm−1)

122/122.6 122 T(+Td) transl. of tetr. and dodecah. cation

165/173 163 Td transl. of dodecah. cation

180/180 178 Td(+T) transl. of tetr. and dodecah. cation

221/225 219 Td transl. of dodecah. cation (translations of cations
in YO3 and AlO4)

291/296 289 T0
327/338 328 T transl of tetrah. cation

375/380 374 R libr. of tetrah.

390/392 389 T0 transl. of octah.

396/402 395 R libr. of tetrah.

432/438 431 T0 transl. of octah. (translations + liberation of
cations in AlO6 and AlO4)

453/483 449 ν2 symmetric

477/505 475 ν4 symmetric

510/547 509 ν4
566/582 595 ν4 (symmetric and asymmetric stretching of Al–O in

octahedrons)

691/707 690 ν3
719/763 717 ν3
784/854 783 ν3 (asymmetric stretching of Al–O in tetrahedrons)
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1. Introduction

Cubic nanosized spinel ferrites with the general formula
MFe2O4 are well known, important materials for applications such
as high density information storage media, for drug delivery,
medical diagnostics, ferrofluid technology, electronic devices,
catalysts, sensor technology and microwave applications [1–5].
The interests for using of these material permanently increases
because of their usability under extreme conditions. They possess
unique magnetic, chemical and mechanical properties. It is well
known that properties of ferrite materials strongly depend on the
preparation conditions. One of the most interesting ferrites is
nickel ferrite NiFe2O4.

Nickel ferrite bulk material is known to be a ferromagnetic
ternary oxide that crystallizes with the cubic spinel type structure
(a = 0.8433 nm), space group Fd3m [6]. To emphasize the site
occupancy at the atomic level, we may write NiFe2O4 as
(Fe3+)A[Ni

2+Fe3+]BO4
2�, where A and B represent tetrahedral and

octahedral sites, respectively [7]. Its magnetic properties depend

upon the nature of the ions, their distribution among tetrahedral
(A) and octahedral [B] sites [8]. It is widely appreciated that the
cation distribution in NiFe2O4, upon which many physical and
chemical properties depend, is a complex function of processing
parameters and depends on the preparation method of the
material [9].

Technological and scientific challenges coupled with environ-
mental considerations have prompted a search for simple and
energy-efficient synthesis and processing routes of nanocrystalline
spinel ferrites [10]. Among the many types of preparation and
processing techniques including, for example, hydrothermal
reactions [11–14], coprecipitation [15,16], micelle technique
[17], sol–gel method [18,19], solid-state reaction [20] and the
nonconventional mechanochemical route [21] has been recog-
nized as a powerful method for the production of novel, high-
performance, and low-cost materials.

The mechanochemical synthesis can deliver the designed
phases and structures by a single-step of the high-energy milling
conducted in an enclosed activation chamber at room temperature
[22]. Usually, the complete formation of spinel ferrites was
obtained only after milling followed by sintering, i.e. by employing
two processing steps. It is obvious that the combined mechano-
chemical-thermal treatment yields a well-ordered spinel phase in
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C. Mössbauer spectroscopy

C. Raman spectroscopy

C. X-ray diffraction

A B S T R A C T

Nickel ferrite, NiFe2O4 has been prepared by a soft mechanochemical route from mixture of (1) Ni(OH)2
and a-Fe2O3 and (2) Ni(OH)2 and Fe(OH)3 powders in a planetary ball mill for varying duration. Soft

mechanochemical reaction leading to formation of the NiFe2O4 spinel phase was followed by X-ray

diffraction, Raman and infrared spectroscopy, TGA, scanning and transmission microscopy. The spinel

phase formation was first observed after 4 h of milling and its formation was completed after 25 h in the

both cases. The synthesized NiFe2O4 ferrite has a nanocrystalline structure with a crystallite size of about

20 and 10 nm respectively for the cases (1) and (2). The final grain size in the system (1) is about twice as

large as that in the system (2), what is a consequence of different reaction paths in these two processing

routes. There are five Raman and four IR active modes. Mössbauer spectroscopy studies implied on the
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ferrites at lower annealing temperatures and shorter durations
than those required in conventional ceramic methods [23]. Of
course, in such case the morphology of crystallite, agglomerate and
particle is changed significantly.

For producing the nanocrystalline nickel ferrite by mechano-
chemical synthesis two ways are used: (i) in the first one, the
ferrite is formed in the nanocrystalline state by solid state reaction
between precursors during milling [24,25]; (ii) in the second one,
the polycrystalline nickel ferrite obtained by other methods is
milled in order to reduce the grain size and to refine the structure
[26,27]. Several studies where reported regarding the producing of
nanocrystalline nickel ferrite by mechano-chemical route, but the
results are very different depending on the experimental condi-
tions. For example, the nickel ferrite phase was obtained after 8 h
[28] or else after 35 h of milling [25]. For the sample milled 8 h a
heat treatment was applied in order to increase the formation of
nanoferrite [28]. Another study reported the obtaining of nickel
ferrite in the nanocrystalline state by mechanical milling (with a
crystallite size of 9 nm) from a mixture of oxides [23]. In the same
article, it was observed that the magnetization is reduced by
milling. A non-equilibrium distribution of cations and a spin
canted effect have been reported by the same authors [23]. The
cations inversion between the tetrahedral and octahedral sites into
the spinel structure alongside of the spin canted effect and
superparamagnetic behaviour was also reported by other authors
[29,30]. The magnetization of nickel ferrite obtained in nanocrys-
talline state by mechanical milling is lower than the magnetization
of nickel ferrite obtained by ceramic method [29]. Finally, it is
worth to note that mechanical/reactive milling can be used to
obtained nanostructures that have a non-equilibrium distribution
of cations within the crystal structure.

Mechanochemical method, and particularly soft mechano-
chemically procedure is very suitable for the activation or
synthesis of inorganic precursors. This is reflected primarily in
the simplicity of the procedure and equipment used [22,31]. In
many cases, when it comes to classical synthesis reaction sintering
process, requires high temperatures, which can present an
additional problem in industrial production. Mechanochemical
derived precursors exhibit significantly higher reactivity and thus
lower the calcination and sintering temperature – even a few
hundred degrees.

Mössbauer spectroscopy is a powerful tool for investigation of
cations distribution. NiFe2O4 crystallizes in an inverse spinel ferrite
structure with ionic bonding: (Fe3+")[Ni2+#Fe3+#]O4 [32]. The
parentheses denote the tetrahedral cation sites (A) whereas square
brackets signify the octahedral sites [B]. Nickel ferrites were
obtained in various crystallite sizes by solid-state reaction in a ball
mill. Our measurements reveal differences in structural features of
nanoparticles with respect to the bulk nickel spinel ferrite. One can
estimate a new structural rearrangement described with the
following expression: (Ni2+1�lFe

3+
l)[Ni

2+
lFe

3+
2�l]O4, where l is a

degree of inversion. Šepelák et al. [27] suggested that the degree of
inversion l [A(A)/A[B] = f(A)/f[B] � l/(2 � l)] (where f(A), f[B] are
corresponding occupation numbers) could be obtained with the
known Mössbauer subspectral areas of both iron sites and
assuming that the ratio of the recoil-less fraction is f[B]/f(A) = 0.94
at the room temperature and f[B]/f(A) = 1 at low temperatures [33].

Since the magnetic ions are distributed among the tetrahedral
(A) and the octahedral [B] sites of the spinel structure, there are A–
A, A–B and B–B antiferromagnetic exchange interactions. Accord-
ing to the Weiss model the strongest are octahedral A–B
interactions between Ni2+ and Fe3+ ions [34,35]. It is worth to
note that crystallite size influences spectral components and their
appearance. The relaxation time t is a measure of thermally
induced energy fluctuation that changes magnetization direction
and it is directly influenced by the nanoparticle volume. The

Larmor precession time, tL denotes the precession of the nuclear
magnetic moment in the local field. If t is smaller then tL, only
superparamagnetic doublet [36] will be observed (when particle
size is of the order of 10 nm). If t is of the order or somewhat bigger
then tL, a collapsed and broadened sextet will appear in the
spectra. On the other hand, when t is large enough, a Zeeman
sextet with narrow Lorentz lines will be observed.

In this article, we demonstrated the synthesis of nanocrystalline
NiFe2O4 through soft mechanochemical treatment, via high-
energy milling of binary oxide precursors, starting from a mixture
of the (1) Ni(OH)2 and a-Fe2O3 and (2) Ni(OH)2 and Fe(OH)3
powders in a planetary ball mill. In both cases, soft mechano-
chemical reaction leading to formation of the NiFe2O4 spinel phase
was followed by X-ray diffraction, Raman and IR spectroscopy, TGA
(thermogravimetric analyses), electron microscopy (SEM and
TEM). The Mössbauer spectroscopy at room temperature confirms
the superparamagnetic character of these samples.

2. Experimental procedures

For mixtures of crystalline powders, denoted by (1) and (2), the
starting material were: (1) nickel(II)-hydroxide (Ni(OH)2, Merck
95% purity) and hematite (a-Fe2O3, Merck 99% purity) and (2)
nickel(II)-hydroxide (Ni(OH)2, Merck 95% purity) and Fe(OH)3 in
equimolar ratio. The Fe(OH)3 powder was made by adding
equimolar amounts of NaOH solution (25% mass), made from
99% purity NaOH (Merck) to the FeCl3 solution (25% mass), made
from 99% purity FeCl3 � 6H2O (Merck) [37]. Dark brown precipi-
tate was filtrated, washed with large amounts of water and dried in
a vacuum dessicator. Before milling, the Fe(OH)3 � nH2O powder
was heated at 105 8C for 24 h. The material prepared by this way
had 99.5% Fe(OH)3. It was defined by potentiometric redox
titration [37]. X-ray analysis confirmed that the sample was
amorphous, with a small amount of crystalline phase.

Mechanochemical synthesis was performed in air atmosphere
in planetary ball mill (Fritsch Pulverisette 5). A hardened-steel vial
of 500 cm3 volume, filled with 40 hardened steel balls with a
diameter of 13.4 mm, was used as the milling medium. The mass of
the powder was 20 g and the balls-to-powder mass ratio was 20:1.
The milling was done in the air atmosphere without any additives.
The angular velocity of the supporting disc and vial was about 32
and 40 rad s�1, respectively. The intensity of milling corresponded
to an acceleration of about 10 times the gravitation acceleration.
All samples, with different starting compositions and milling
times, were prepared and milled separately. At the expiration of
the selected milling times (4, 10 and 25 h) the mill was stopped and
a small amount of powder was removed from the vial for
examination.

Characterization of the samples obtained after various milling
times was carried out by:

� X-ray diffraction analysis of powders treated for various periods
of milling times by a Philips PW 1050 diffractometer equipped
with a PW 1730 generator (40 kV � 20 mA) using Ni filtered
CuKa radiation at the room temperature. Measurements were
done in 2u range of 10–808 with scanning step width of 0.058 and
10 s scanning time per step. After XRD measurements, the
powder was placed back in a vial to obtain the same grinding
conditions (balls to powder weight ratio);

� Raman measurements of mixture of powders and calcined
samples were performed using Jobin-Ivon T64000 monochro-
mator. An optical microscope with 100� objective was used to
focus the 514 nm radiation from a Coherent Innova 99 Ar+ laser
on the sample. The same microscope was used to collect the
backscattered radiation. The dispersed scattering light was
detected by a charge-coupled device (CCD) detection system.
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Room temperature Raman spectra are in spectral range from 100
to 800 cm�1. The average power density on the sample was about
20 mW mm�2;

� The infrared (IR) measurements were carried out with a
BOMMEM DA-8 FIR spectrometer. A DTGS pyroelectric detector
was used to cover the wave number range from 50 to 700 cm�1;

� The thermal behaviour was investigated up to 1000 8C using an
SDT Q600 TGA/DSC instrument (TA Instruments) at a heating
rate of 20 8C min�1 under a dynamic (100 cm3 min�1) N2

atmosphere;
� The morphology of powders and the size of soft mechano-
synthesized ferrite crystallites were examined by scanning
electron microscopy (SEM, Model TESCAN Vega TS130MM);

� For transmission electron microscopy (TEM) observations the
powders were dispersed in ethanol. The suspension containing
our sample was deposited onto the lacey carbon-coated
TEM sample supports. TEM studies were performed using a
200 kV TEM (JEM-2100 UHR, Jeol Inc., Tokyo, Japan) equipped
with an ultra-high resolution objective lens pole piece having
a point-to-point resolution of 0.19 nm, being sufficient to
resolve the lattice images of nanoparticles. Due to relatively
small size of the nanoparticles selected area electron diffrac-
tion patterns (EDP) over the multiple nanocrystals was
recorded to obtain the characteristic diffraction rings with
structure-specific d-values. Electron energy dispersive X-ray
spectroscopy was used to examine the chemical composition
of the product;

� Mössbauer measurements were performed in transmission
geometry with 57Co(Rh) source at 294 K. The data analysis
was performed by using WinNormos-Site [38] software on
samples milled for 25 h with transmission integral correction for
sample thickness. The data analysis for 4 h milled samples was
performed using WinNormos-Dist [38] software that enables
distribution of hyperfine parameters by histogram method and
allows for Lorentz sextets and doublets on well-defined ion sites.
The spectra calibrated by laser and isomer shifts are shown with
respect to a-Fe.

3. Results and discussion

It is well known that physical and magnetic properties of
ceramic materials are influenced primarily by their chemical
composition, but also by their microstructure. Consequently, the
process of synthesis may have considerable influence on the
characteristics of materials. Therefore, we investigated the
possibility of the formation of spinel ferrite phase trough soft
mechanochemical treatment, starting from two different mixtures
of materials. The two cases were:

� Case (1):
step (a) milling time 0 h: Ni(OH)2 + a-Fe2O3

step (b) milling time 4 h: NiO + H2O" (water vapour, at
380 8C) + a-Fe2O3

step (c) milling time 10 h: Ni(OH)2 + a-Fe2O3 + NiFe2O4

step (d) milling time 25 h: NiFe2O4

� Case (2):
step (a) milling time 0 h: Ni(OH)2 + 2Fe(OH)3 � nH2O
step (b) milling time 4 h: Ni(OH)2 + 2Fe(OH)3 + NiO + xH2O
step (c) milling time 10 h ! Ni(OH)2 + 2Fe(OH)3 + xH2O
+ NiO + H2O" (water vapour, at 380 8C) + Fe2O3 + 3H2O" (at
500 8C) + nH2O + NiFe2O4 and NiO + H2O (at 380 8C) +
Fe2O3 + 3H2O" (at 500 8C) + nH2O + NiFe2O4

step (d) milling time 25 h: NiFe2O4

Chemical changes occurring in the system during soft
mechanochemical treatment are visible in Fig. 1 showing X-ray
diffraction patterns of (1) Ni(OH)2 and a-Fe2O3 and (2) Ni(OH)2 and
Fe(OH)3 powders unmilled (0 h) and milled for the different
intervals of time (4, 10 and 25 h). Before any mechanochemical
treatment (milling time 0 h) only sharp peaks of the a small
amount of crystalline a-Fe2O3 phase and amorphous Ni(OH)2were
present in the XRD pattern (Fig. 1a), expect for sample from the
mixture of Ni(OH)2 and Fe(OH)3 powders, where X-ray analysis
confirmed that both phases were amorphous (Fig. 1b).
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Fig. 1. X-ray diffraction pattern of the mixture of powders (a) Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and Fe(OH)3 after 4, 10 and 25 h milling time.
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X-ray diffraction pattern of powders mechanochemically
milled for 4 h was shown in Fig. 1a. In the case (a), Ni(OH)2
quickly decomposed through Ni(OH)2 ! NiO + H2O" (water va-
pour, at 350 8C), when the local temperature of collision between
the balls and the material reached the decomposition temperature
of Ni(OH)2. Therefore, after 4 h there were no peaks corresponding
to the starting compound Ni(OH)2 (JCPDS card 74-2075). The most
of the characteristic peaks of a-Fe2O3 (JCPDS card 89-8104),
FeO(OH) (JCPDS card 89-6096), NiO peaks (JCPDS card 89-7101)
and NiOOH (JCPDS card 06-0075) are present in the spectrum
(Fig. 1). Ni(OH)2 peaks could not be seen indicating that
amorphisation of hydroxide had occurred. In the case (b)
(Fig. 1b), in the full spectrum of Ni(OH)2 (JCPDS card 74-2075)
and Fe(OH)3 (JCPDS card 22-0346) characteristic peaks were
present, indicating that opposed to case (a), no decomposition of
either of the starting components had occurred. The most probably
it was the consequence of the presence and separation of the water
from Fe(OH)3 (via Fe(OH)3 ! FeO(OH) + H2O).

After 10 h of milling, in the case (1) and (2), again the spectrum
of a-Fe2O3 characteristic peaks ware present. Broadening of the
peaks was a consequence of the decrease in particle size and the
appearance of a tension in the crystal lattice. The appearance of the
new peak at 2u = 35.698, as well as the peaks at 2u = 43.388 and
63.0238 clearly pointed to the formation of the new phase of
NiFe2O4 (JCPDS card 89-4927). In the case (b), (Fig. 1b) again the
full spectra of Ni(OH)2 and Fe(OH)3 characteristic peaks were
present. The appearance of new peaks at 2u = 18.4198, 35.698 and
63.0238 here also pointed to the formation of the new phase of
NiFe2O4. At the same time, the weak hematite peaks were detected
in XRD pattern (2u = 33.2558 and 43.6248), indicating that
decomposition of iron(III)-hydroxide to hematite and water had
begun (2Fe(OH)3 ! Fe2O3 + 3H2O" water vapour, at 500 8C) when
the local temperature of collision between the balls and the
material had reached the decomposition temperature of Fe(OH)3.

Decomposition of the nickel(II)-hydroxide to NiO and water was
observed too, since NiO peaks could be seen indicating that
amorphisation of nickel oxide had occurred.

X-ray diffraction patterns of powders (1) and (2) milled for 25 h
were shown in Fig. 1. After 25 h in both cases of synthesis, all peaks
detected at the 2u = 18.4188, 30.2988, 35.6908, 43.3808, 53.8278,
57.3848 and 63.0238, clearly pointed to the formation of the new
phase of NiFe2O4 (JCPDS card 89-4927). The peaks are well indexed
to the crystal plane of spinel ferrite (k h l) (1 1 1), (2 2 0), (3 1 1),
(2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0), respectively. This
confirms that the mechanochemical synthesis of NiFe2O4 is
feasible and complete after 25 h milling time. This is considerably
less time compared with the time (35 h) for which the spinel
NiFe2O4 obtained in the work by Jovalekić et al. [25].

In both cases, the conditions for soft milling existed since the
synthesis took place in the presence of water (water vapour),
which participates in the reaction as a damper of collisions
between the balls and the material. Nevertheless, due to the small
amount of water which separates from Ni(OH)2 and Fe(OH)3
during the synthesis NiFe2O4 (one water molecule per one
decomposed molecule of Ni(OH)2 in case (1) of synthesis, and
three molecules of water per one decomposed molecule of Fe(OH)3
gave four molecules of water in case (2)), and the periodic opening
of the milling vessel to remove water vapour overpressure, the
formation of the new phase of NiFe2O4 was accomplished.

The crystallite size (S) of NiFe2O4 powders treated mechan-
ochemically for 25 h was calculated by means of Scherrer equation
[39] using XRDP data as:

S ¼ 0:9l
B cos uB

where S is the crystallite grain size, l is the wavelength of the X-ray
source, uB is the Bragg angle of the considered XRDP peaks. B
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Fig. 2. Raman spectra at room temperature of the mixture of powders: (a) Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and Fe(OH)3 after 4, 10 and 25 h milling time.
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represents the FWHM line broadening (in the 2uB units) obtained
as follows [40]:

B2 ¼ B2
m � B2

s

where Bm is the FWHM line broadening of the material and Bs
represents the FWHM line broadening of the internal standard (a-
Al2O3). The resulting value of the crystallite size, obtained from the
(3 1 1) strongest reflections, is 18 and 14 nm respectively for cases
denoted by (1) and (2) after 25 h milling times.

NiFe2O4 has inverse spinel structure (as Fe3O4)
(Fe3+)(Fe3+Ni2+)O4

2�. Its crystal structure corresponds to O7
h

(Fd3m) space group [41]. Group theory predicts 5 Raman active
modes: A1g + Eg + 3F2g and 4F1u infrared active. In this structure the
tetrahedral (A) sites are occupied by one half of the Fe3+ ions, while
the other half of the Fe3+ and Ni2+ ions are distributed over the
octahedral [B] sites. Except five allowed Raman modes, in Raman
spectra is seen a number of additional peaks related to the
presence of non-equivalent atoms at the [B] sites.

Fig. 2 shows Raman spectra for both cases of soft mechano-
chemical synthesis. The A1g mode is due to symmetric stretching of
oxygen atoms along Fe–O bonds in the tetrahedral coordination. Eg
is due to symmetric bending of oxygen with respect to Fe and
F2g(3) is caused by asymmetric bending of oxygen. F2g(2) is due to
asymmetric stretching of Fe and O. F2g(2) and F2g(3) correspond to
the vibrations of octahedral group. F2g(1) is due to translational
movement of the whole FeO4 (Fe at tetrahedral site along with four
oxygen atoms). There is a negligible displacement of Fe atoms in
modes A1g, Eg and F2g(3) [42].

All five Raman peaks are asymmetric, with shoulder on the low
energy side. Each peak can be presented like a doublet. At a
microscopic level the structure of NiFe2O4 can be considered as a
mixture of two sublattices with Fe3+ and Ni2+. It is supposed that
Fe3+ and Ni2+ are ordered over the [B] sites. In nanocrystalline
samples asymmetry is partly due to confinement and size-
distribution of nanoparticles.

Raman spectra (Fig. 2) of samples, obtained by mixing of
Ni(OH)2 and Fe(OH)3 and Ni(OH)2 and a-Fe2O3 powders for 4, 10
and 25 h milling time are excited by Ar-laser line of 514 nm and
power 20 mW. It can observed that after 4 h milling of starting
compounds, Raman spectra shows features characteristic for
NiFe2O4. Nanocrystalline samples have low thermal conductivity
compared to crystal and thin film samples, and the higher laser
power leads to heating of samples and to greater red shift of Raman
modes. The position of the A1g mode in a bulk sample spectra
recorded for 0.1 mW is 703 cm�1 [42]. The energy shift obtained
for A1g mode after 25 h of the mixing of starting compounds (about
21–22 cm�1) corresponds to value referred for nanocrystalline
sample investigated in Ref. [41] in spectra exited by 20 mW laser
power. Raman spectra are analyzed by deconvolution.

It can be concluded that all spectra have relatively low
intensity. This is especially true for the spectrum of the sample
that was obtained by milling a mixture of Ni(OH)2 and a-Fe2O3

powders for 4 h. In the area of lower wave numbers, <450 cm�1,
where the modes of lower intensity are in the spectrum NiFe2O4, it
can be seen the mode about 388 cm�1, which comes from the
superposition of modes Ni(OH)2 and a-Fe2O3 [43–45]. It is obvious
that the spinel modes F(1)2g and Eg are somewhat different, which
is probably caused by interaction with the modes of the rest of the
starting compounds, which did not react yet. In the spectrum of
sample obtained after 10 h of milling, optional mode is reduced,
and after longer milling times, this mode completely disappears.

It is obtained that practically all peaks, have red shift with the
increase of mixing time. Red shift of peaks with the increase of
mixing time indicates that nanoparticles of NiFe2O4 became
smaller. Red shift is due to strain connected with increase of lattice
parameter of nanoparticles. At the same time, the phonon
confinement becomes more significant and contributes to the
red shift.

In generally, the main modes in doublets became stronger
because the structure of NiFe2O4 is a mixture of normal and inverse
spinel structure and certain modes are superimposed. Raman
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Fig. 3. IR spectra at room temperature of the mixture of powders: (a) Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and Fe(OH)3 after 4, 10 and 25 h milling time.
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measurements are very sensitive to atomic short-range order and
it can be concluded that NiFe2O4 is already formed after 4 h of
mixing. Prolongation of milling time leads to decrease of particle
size and more uniform particle size distribution.

The IR reflectivity spectra of the samples, which were obtained
by milling powders of nickel hydroxide Ni(OH)2 and hematite (a-
Fe2O3) (case (1)), undergo a striking change with prolongation of
milling time of starting materials (Fig. 3a). At first glance, the
obtained spectra for 4 h and 10 h of milling are similar to the
spectra of a-Fe2O3. A more detailed analysis shows that they are
created by superposition of phonons corresponding to the newly
established NiFe2O4 spinel, the starting materials: Ni(OH)2 and a-
Fe2O3 and substances (products) obtained by conversion of
Ni(OH)2 to NiOOH and NiO. The presence of all these phases is
confirmed by XRD-spectra.

Because of the great disorder of the system, selection rules are
relaxed and in IR spectra are seen a hematite Raman active mode.
It is also seen TO–LO splitting of strong IR active modes from
hematite phase, as well as TO–LO splitting of F1u(4) modes from
spinel phase. At about vTO = 190 cm�1, after 4 h and 25 h milling,
is poorly pronounced F1u(1) of NiFe2O4 mode. In the spectrum of
the sample milled for 10 h this mode is not visible because it is
screened by plasma. At vTO = 243 cm�1 (vLO = 244 cm�1) is a
weak Raman-active mode Eg originating from a-Fe2O3 [43]. Mode
at vTO = 328 cm�1 (vLO = 362 cm�1) is probably a combination of
two modes: Eu mode of a-Fe2O3 (position of this mode in the pure
hematite is 286–368 cm�1) [46] and F1u(2) mode of NiFe2O4.
Broad mode in the interval 440–496 cm�1 is Eu mode of a-Fe2O3

superimposed with a mode at 460 cm�1 originating from
stretching of Ni–O bonds (a mode with approximately the same
frequency occurs in Ni(OH)2 and in NiOOH, also) [47]. It is
assumed that the damped mode at 550–585 cm�1 is a combina-
tion of spinel F1u(4)–TO mode and F1u(4)

0–LO mode, together with
modes of the NiO phase at 580 cm�1 [46,47] and Eu(TO) mode of
hematite at 525 cm�1 [45]. Mode with vTO = 662 cm�1 and
vLO = 710 cm�1 is probably formed by superimposing spinel
mode F1u(4)(LO), Eu(LO) mode of hematite at about 659 cm�1 [43]
and the deformation mode of the bond between Ni and OH�1-
group from Ni(OH)2 at 650 cm�1 [47]. Mode at 599 cm�1

originates from NiOOH [47].
The features in the spectrum recorded after 25 h milling imply

that spinel structure is dominant, although the broadness of the
modes at frequencies 558–598 cm�1 and 674–713 cm�1, leaves
room for doubt that a certain amount of unreacted starting
components is still present. XRD spectra of nanoparticles are
generally of low intensity, with not well-defined peaks. That is the
reason, why we dare to claim that it is possible that in the sample
obtained after 25 h of milling, although in XRD spectrum except
spinel peaks, peaks of other structures are not visible, however,
may be present a small amount of residual hematite (which has the
structural elements of the same symmetry as spinel, and the same
positions of the corresponding peaks in the XRD spectrum).

It may be noted that for all samples obtained by milling of
mixtures of hydroxides, Ni(OH)2 and Fe(OH)3 (case (2)) can be
recognized the modes characteristic of NiFe2O4 spinel structure
(Fig. 3b). One can see that already after 4 h of milling, NiFe2O4

spinel phase is dominant.
Somewhat modified values of TO and LO modes are due to

superposition of modes of newly formed spinel structure and
modes of initial hydroxides, or phases caused by conversion of
hydroxides. With prolonged milling time the proportion of NiFe2O4

phase increases and the values of TO and LO modes become closer
to the corresponding frequencies of modes in a crystal NiFe2O4

[48,49]. We did not use TO and LO frequencies estimated in [50],
but we obtained TO and LO frequencies of crystal sample by fitting
procedure and Kramers–Kronig analysis. Thus, the IR reflectivity

analysis confirms that after 25 h of milling of corresponding
hydroxides a pure phase of NiFe2O4 is formed.

It should be noted that in all IR reflectivity spectra plasma is
visible as a result of a large number of surface defects. The samples
are semiconducting at room temperature. It has already been
explained that the NiFe2O4 was formed after 25 h milling time by
soft mechanochemical synthesis starting from mixtures of
powders in two ways (the case (1): Ni(OH)2 + a-Fe2O3 ! NiFe2O4

Fe2O4 and the case (2): Ni(OH)2 + Fe(OH)3 ! NiFe2O4). The
positions of TO and LO modes, obtained by fitting procedure of
IR reflectivity spectra of the samples for 25 h milling time (Fig. 3)
have approximately the same values, except for isolated LO of
F1u(4) mode in case (1). Although the corresponding modes have
similar values, reflectivity spectra in case (1) and case (2), after
25 h of milling, looks very different what is a consequence of
different values of the plasma frequencies and different damping of
the modes.

In Fig. 4 are presented wave numbers of the modes directly
connected with modes of spinel NiFe2O4. Modes that are the result
of more complex superposition of spinel modes and modes of
starting materials are omitted for better clarity of the graph.

In order to understand the thermal decomposition of the
hydroxide precursor, thermogravimetry measurements (TG) has
been done (Fig. 5). The weight loss of the samples obtained by
milling for 25 h from the mixture of Ni(OH)2 and a-Fe2O3 and of
Ni(OH)2 and Fe(OH)3 powders in measured temperature range
from 25 to 1000 8C is only 3.22% and 3.81%, respectively. Based on
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the results from TGA, it can be concluded that the consequences of
weight loss allocation (loss) of moisture and coordinated water
from samples and is not due to dehydroxylation Fe(OH)3 or
Ni(OH)2. The characteristic shape of the TG curve, which indicates
dehydroxylation is not observed. Our results are in agreement with
literature data [51,52].

The Raman spectra of samples after the calcination at selected
intermediate temperature of 700 8C show five Raman modes
typical of the spinel structure of NiFe2O4 (Fig. 6a). It is obvious that
there is not a significant difference compared to the previously
measured spectra of the samples obtained by milling a mixture of
powders for 25 h. The modes of calcined samples have lower
values of the full-width at half-maxima, as it was expected after

the heat treatment. In this way is confirmed that obtained powder
samples (after 25 h of milling time) can be attributed to the pure
spinel NiFe2O4 structure according to a Refs. [40,53].

The fitting procedure of the IR spectra of the calcined samples
(Fig. 6b) gave vTO and vLO wave numbers that converge to the
values of crystal sample (Fig. 4). It is evident that in the case (1),
Fig. 4a, the increase of ordering, caused by a heat treatment, leads
to the changes in spectrum features, especially F1u(4) modes. In the
case (2) changes are barely visible.

In both cases it is shown that after the heat treatment a
disappearing of some modes that can be attributed to hematite or
hydroxide precursors, does not happened. One can conclude that
after 25 h milling time pure NiFe2O4 spinel is already formed.

Fig. 7 represents the scanning electron micrographs (SEM) of
samples obtained from the mixture of (1) Ni(OH)2 + a-Fe2O3 and
(2) Ni(OH)2 + Fe(OH)3 powders by the soft mechanochemical
synthesis after 4, 12 and 25 h milling time, respectively. The
powder dissolved in kerosene was de-agglomerating in ultrasonic
bath before analysis. The images show that agglomerate could not
be completely destroyed. The tendency agglomerations increase
with the milling time. The individual particle size was very difficult
to determine due to indistinct image at higher magnification. The
size of the powder particles of the starting powders mixture varied.
As shown in Fig. 7 the surface morphology of the sample consists of
the agglomerates, with relatively homogeneous grain distribution.
The existence of agglomerates and changes in their size were
confirmed. Powders milled for 4 h showed a wide distribution of
particle agglomerates, while milled for 10 h showed a decrease in
agglomerates size probably because during milling the primary
agglomerates were destroyed. After that, secondary agglomeration
starts and the agglomerates size increases resulting in a reduction
of the specific surface area. The surface morphology of the sample
as seen from the SEM consists of the grains, with relatively
homogeneous grain distribution, with an average grain size
varying from 1 to 3 mm.
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Fig. 6. (a) Raman and (b) IR spectra for the samples of NiFe2O4 calcined at 700 8C.
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Fig. 7. SEM images of nanoscale mechanosynthesized of NiFe2O4 after 4, 10 and 25 h of milling of the mixture of powders: (case 1) Ni(OH)2 and a-Fe2O3 (a, c, f) and (case 2)

Ni(OH)2 and Fe(OH)3 (b, d, e), respectively.
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NiFe2O4 is present in form of nanocrystalline particles in the
mechanochemically treated samples after longer milling times.
Fig. 8 shows TEM images of individual products after milling for 4,
10 and 25 h with corresponding electron diffraction patterns
(EDP). In the samples milled for 4 h starting materials and
intermediate reaction products dominate the EDP patterns. In
the sample with starting composition a-Fe2O3 + Ni(OH)2 we
observe submicron large fragments of hematite and amorphous
Ni-hydroxide globular particles, whereas Fe(OH)3 + Ni(OH)2 sam-
ple already shows some NiFe2O4 product in form of fine nanosized
grains agglomerated in globules with primary hydroxide pre-
cursors. Spinel-type reflections become more pronounced after
longer milling times, dominating the intensities of EDP patterns

after 10 h of milling. Faint diffuse rings in EDP patterns belong to
intermediate reaction products.

After 25 h of milling both processing routes yield pure spinel
reflections belonging to NiFe2O4 phase. The final grain size in the
Ni(OH)2 + a-Fe2O3 system (average �20 nm) is about twice as
large as that in the Ni(OH)2 + Fe(OH)3 system (average �10 nm),
what is a consequence of different reaction paths in these two
processing routes. These values of average grain size obtained from
TEM are in good agreement with the size determination by
Scherrer equation from XRD patterns. However the average size is
not significantly different for powders synthesized by different
methods [25,27]. Huo and Wei [13] was prepared NiFe2O4 ferrite
with grain size distribution from 50 to 80 nm by hydrothermal

Fig. 8. TEM images with corresponding EDP (insets in the upper right corners) of mechano-chemically treated samples with starting compositions Ni(OH)2 + a-Fe2O3 and

Ni(OH)2 + Fe(OH)3 after processing for 4, 10 and 25 h. Lines in the upper-right quadrant of EDP indicate d-values for NiFe2O4 spinel phase (see Table 1) that fully evolves after

25 h of milling time.
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synthesis. The formation of NiFe2O4 phase in the Ni(OH)2 + a-
Fe2O3 system started after longer milling times on sparse
nucleation sites and therefore the final grain size is larger than
in the Ni(OH)2 + Fe(OH)3 system where reactions started sooner
and there were more nuclei for the spinel phase formation. The
crystallites in both systems are rounded and tend to agglomerate
into larger clusters with diameters of several hundred of
nanometers. Measured d-values of NiFe2O4 from EDP pattern
(from Fig. 8e) are listed in Table 1.

The composition of the product was analyzed by EDS
measurements of several individual particles, as well as larger
crystal clusters. The analyses show a constant Ni:Fe atomic ratio of
1:2, which corresponds to the NiFe2O4 phase. Fig. 9 shows a typical
EDS spectrum, recorded on the sample obtained from mixture of
Ni(OH)2 + a-Fe2O3 powders milled for 25 h. The inset shows a
HRTEM image of rounded NiFe2O4 nanoparticle with well resolved
lattice fringes, characteristic for the spinel structure.

In order to understand better the whole process of phase
formation and metal ion distribution, Mössbauer measurements
were done. Fig. 10 shows the Mössbauer spectra for samples
obtained at room temperature from the mixture of (1)
Ni(OH)2 + a-Fe2O3 and (2) Ni(OH)2 + Fe(OH)3 powders after 4 h
and 25 h milling time. Subspectra corresponding to the nickel
spinel ferrite nanoparticles are marked as S, M and L in Table 2. The
sign S denotes superparamagnetic doublets, while the sign M is
used for broadened sextets or sextets where it is not possible to
differentiate resonant response from octahedral and the tetrahe-
dral Fe3+ site. Such sextets have average values of isomer shift,
broadened line width, lower magnitude of hyperfine field followed
with higher value for quadrupole shift, because they come from
nanoparticles of medium size where the structural and magnetic
disorder of the surface atoms is dominant.

Measurement on the sample obtained at room temperature
from the mixture of Ni(OH)2/a-Fe2O3 powders after 4 h shows that

33% of total fitted area corresponds to the NiFe2O4 spinel (Fig. 10a).
On the other hand, the NiFe2O4 spinel represents 42% of total area
obtained on sample from 4 h milled mixed Fe(OH)3/Ni(OH)2
sample (Fig. 10c). Remained sextets are attributed to a-Fe2O3, g-
Fe2O3 and g-FeOOH [54]. In both samples (Fig. 10a and c), hematite
is described by distribution of hyperfine induction B. The
distributions are characterized by sextets whose line widths were
fixed to the value 0.24 mm s�1. They are unimodal Gaussian like
distribution (see Insets in Fig. 10). Insets (1) and (2) show a
distribution of hyperfine field in samples (a) and (c) obtained for
4 h of milling for both cases of synthesis, respectively. The negative
skew of the distribution �0.07 and �0.13, respectively, indicates
that he left side tail of distribution is somewhat longer than the
right hand side tail. The quadrupole shift of both samples is
�0.17 mm s�1. This is different from commonly reported in
literature (�0.197 mm s�1), probably due to superposition of
hematite and larger crystalline NiFe2O4 quadrupole shifts.

The letter L marks sextets that arise from nanoparticles which
have larger volume. They are recognized by narrow line width. In
order to get good fit, we fixed some of L-sextets parameters for
isomer shift: 0.25 mm s�1 and 0.36 mm s�1 for tetrahedral and

Table 1
Measured d-values [nm] for NiFe2O4 from EDP pattern (from Fig. 8e).

D1 D2 D3 D4 D5 D6 D7

Measured [nm] 0.481 0.295 0.250 0.209 0.171 0.161 0.148

JCPDF #89-4927 0.48133 0.29475 0.25137 0.20842 0.17017 0.16044 0.14737

Crystallogr. plane {1 1 1} {2 2 0} {3 1 1} {4 0 0} {4 2 2} {3 3 3} {4 4 0}

Fig. 9. EDS spectrum of the mixture Ni(OH)2 + a-Fe2O3 powders after milling for

25 h shows the presence of single NiFe2O4 phase. The inset shows a HRTEM image of

rounded NiFe2O4 nanoparticle with well resolved lattice fringes, characteristic for

the spinel structure. Cu peak stems from the Cu-grid of the TEM specimen, whereas

the minor peak of Si could not be explained.

Fig. 10. Mössbauer spectra at room temperature of the mixture of powders Ni(OH)2
and a-Fe2O3: (a) after 4 h milling time and (b) after 25 h milling time, and the

mixture of powders Ni(OH)2 and Fe(OH)3: (c) after 4 h milling time and (d) after

25 h milling time. Insets (1) and (2) show a distribution of hyperfine field in samples

(a) and (c), respectively.
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octahedral sites, similar to Refs. [9,23]. Lower isomer shifts of (A)
sites suggest that the Fe3+–O2� bonds on the tetrahedral site is
more covalent then bonds on the octahedral sites. Iron ion on (A)
site has Td point group symmetry, therefore there should be no
electric field gradient (EFG). On the other hand, [B] site is trigonally
distorted giving the significant quadrupole shift. As mentioned
above, the more covalent iron–oxygen bonds of (A) sites contribute
to distortion of 3d-electron density, which affects the polarization
of 4s-electron density. This generates the hyperfine field of
opposite sign than hyperfine field created by 1s, 2s, and 3s-
electrons. Therefore, the sign of the hyperfine field with respect of
direction of EFG is different for the (A) and the [B] site [34,55]. The
opposite signs for the quadrupole shift were also obtained by Malik
et al. [9].

The Mössbauer spectrum (Fig. 10b) of sample obtained from
the mixture of the Ni(OH)2 + a-Fe2O3 powders for 25 h of milling
consists of over 94% fitted area and corresponds to the NiFe2O4

phase. There are at least 7% large size particles. The spectrum
(Fig. 10d) of sample obtained from the mixture of the
Ni(OH)2 + Fe(OH)3 powders by milling for 25 h shows about
80% fitted area and is associated with the main phase. At least
36% of total amount of the formed spinel ferrite consists of large
particles. Knowing the subspectra’s area of origin in large
particles, we were able to estimate the degree of inversion
which is at most 0.82 and 0.66, respectively. For the latter
sample, low degree of inversion is confirmed by two sextets
with Fe3+ in the octahedral sites. It is in good agreement with
works of Šepelák and Siddique et al. [56,57]. The rest of hematite
and formation of maghemite and lepidocrocite at Mössbauer
spectra are expected based on the hydroxide transform scheme.
The a-Fe and Fe2+ in high energy ball mill treatment are also
observed by Menzel et al. [58].

4. Conclusions

NiFe2O4 ferrite powders have been prepared by soft mechano-
chemical synthesis starting from the mixture of (1) Ni(OH)2 and a-
Fe2O3 and (2) Ni(OH)2 and Fe(OH)3 powders. Single phase
nanosized nickel-ferrite powder was synthesized by 25 h ball
milling. X-ray diffraction of the prepared samples shows single
phase cubic spinel structure. In recorded Raman and IR spectra are
observed all five first-order Raman and four IR active modes. The
intensity of the Raman modes during the formation of ferrite phase
in both cases of synthesis is similar, but there are differences that
indicate that milling leads to phase changes in the development of
ferrite phase during application the soft mechanochemical
method. TGA/DSC was used to confirm the complete conversion
of the precursors to the NiFe2O4 ferrite. The Mössbauer spectra
shows that the sample formed from oxide–hydroxide has a
tendency to form larger size particles (at least 21%) than at least 7%
spinel ferrite particles occurred from hydroxide–hydroxide.
Knowing the subspectra’s area originated from large particles,
we were able to estimate the degree of inversion at most 0.82 and
0.66, respectively. This simple, low cost route should be applicable
for the synthesis of other functional nanoparticles materials.
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[34] N.N. Greenwood, T.C. Gibb, Mössbauer Spectroscopy, Chapman and Hall Ltd.,

London, 1971, pp. 266–267.
[35] A. Ahlawat, V.G. Sathen, V.R. Reddy, A. Gupta, J. Magn. Magn. Mater. 323 (2011)

2049–2054.
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4Institute of Nuclear Sciences Vinča, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia
5Department for Nanostructured Materials, Jo�zef Stefan Institute, Ljubljana, Slovenia

(Received 3 October 2012; accepted 4 January 2013; published online 8 May 2013)

NiFe2O4 and ZnFe2O4 ferrites have been prepared by soft mechanochemical synthesis. The formation

of spinel phase and crystal structure of sintered powders were analyzed by X-ray diffraction, Raman

spectroscopy, and transmission microscopy. In order to confirm phase formation and cation

arrangement, M€ossbauer measurements were done. Investigation of the magnetization as a function

of magnetic field confirms an expected change of the degree of inversion in the spinel structure with

the sintering. The electrical DC/resistivity/conductivity was measured in the temperature range of

298-423K. Impedance spectroscopy was performed in the wide frequency range (100 Hz-10 MHz) at

different temperatures.VC 2013 AIP Publishing LLC
[http://dx.doi.org/10.1063/1.4801962]

I. INTRODUCTION

Cubic nanosized spinel ferrites with the general formula

MFe2O4, where M is a divalent cation, belong to a family of

magnetic materials that can be used in many areas, such as

magnetic devices, switching devices, recording tapes, perma-

nent magnets, hard disc recording media, flexible recording

media, read-write heads, active components of ferrofluids,

color imaging, magnetic refrigeration, detoxification of bio-

logical fluids, magnetically controlled transport of anti-cancer

drugs, magnetic resonance imaging (MRI) contrast enhance-

ment, and magnetic cell separation.1 The interest for using of

these materials permanently increases because of their usabil-

ity under extreme conditions. It is well known that unique

magnetic, chemical, and mechanical properties of ferrite

materials strongly depend on the preparation conditions. One

of the most interesting ferrite is NiFe2O4 and ZnFe2O4.

In normal spinel ferrites, all the divalent M2þ cations are

on the tetrahedral sites and the trivalent Fe3þ cations on the

octahedral sites. An example of normal spinel is a bulk

ZnFe2O4 ferrite. The inverse spinel has the divalent cation

occupying the octahedral sites and the trivalent cations are

equally divided among the tetrahedral and remaining octahe-

dral sites. NiFe2O4 ferrite is predominantly an inverse spinel.

Spinel ferrites can be presented with general formula:

(M1�kFek)[MkFe2�k]O4, where the cation distribution factor

k¼ 0 for normal spinels and k¼ 1 for purely inverse spinel.

As is common, parentheses and square brackets denote cation

sites of tetrahedral and octahedral coordination, respectively.2

It is widely accepted that the cation distribution in

MFe2O4 (M¼Ni, Zn), which determines many physical and

chemical properties, is a complex function of processing

parameters and depends on the preparation method of the ma-

terial.3 Technological and scientific challenges coupled with

environmental considerations have prompted a search for

simple and energy-efficient synthesis and processing routes

of nanocrystalline spinel ferrites.4 Among many types of

preparation and processing techniques (including, for exam-

ple, hydrothermal reactions,5,6 coprecipitation,7–9 combustion

synthesis,10,11 the sol-gel method,12,13 microwave process-

ing,14,15 micro emulsion procedures,16,17 and chemical syn-

thesis18), the nonconventional mechanochemical route19 has

been recognized as a powerful method for the production of

novel, high-performance, and low-cost materials.

Novel approach to mechanochemical synthesis, based on

reactions of solid acids, based hydrated compounds, crystal

hydrates, basic and acidic salts, has been called soft mechano-

chemical synthesis.20 The dissolved substances, compared to

the same substances in the solid state, substantially change

their nature. It can influence on the composition and proper-

ties of the final product. Peculiarities of soft mechanochemical

reactions consist in the high reactivity of surface functional

groups, notably, OH groups. Consequently, we investigated

possibilities of synthesis of NiFe2O4 and ZnFe2O4 ferrites by

soft mechanochemical technique and impact of this method

on the properties significantly affected by particle size.

In this article, both ferrites have been prepared starting

from a mixture of (1) Ni(OH)2 and Fe(OH)3 and (2)

Zn(OH)2 and Fe(OH)3 powders in a planetary ball mill. The

aim of this work is to apply a new synthesis route to prepare

ultrafine ferrites and to investigate their structural, magnetic,

and electrical properties.

II. EXPERIMENTAL PROCEDURE

For mixtures of crystalline powders, denoted by case (1)

and (2), the starting materials were: (1) nickel(II)-hydroxide

a)Author to whom correspondence should be addressed. Electronic mail:

lzorica@yahoo.com. Tel.: þ381 11 37 13 035. Fax: þ381 11 3160 531.
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(Ni(OH)2, Merck 95% purity) and Fe(OH)3 and (2) zinc(II)-

hydroxide (Zn(OH)2, Merck 95% purity) and Fe(OH)3 in

equimolar ratio. Soft mechanochemical synthesis was per-

formed in air atmosphere in planetary ball mill (Fritsch

Pulverisette 5) for 25 h (case 1) and 18 h (case 2). Required

milling times for obtaining a single-phase ferrites were deter-

mined experimentally, in earlier paper.21,22 The powder mix-

ture was pressed into pallet using a cold isostatic press

(8mm in diameter and �3mm thick). The powder mixtures

were sintered at 1100 �C for 2 h (Lenton-UK oven) without

pre-calcinations step. Heating rate was 10 �C min�1, with na-

ture cooling in air atmosphere.

The formation of phase and crystal structure of sintered

powders of the NiFe2O4 and ZnFe2O4 were approved via the

X-ray diffraction (XRD) measurements. Model Philips PW

1050 diffractometer equipped with a PW 1730 generator

(40 kV � 20mA) was used with Ni filtered CoKa radiation

of 1.78897 Å at the room temperature. Measurements were

done in 2h range of 15�–80� with scanning step width of

0.05� and 10 s scanning time per step.

Raman measurements of mixture powder and sintered

sample were performed using Jobin-Ivon T64000 monochro-

mator. An optical microscope with 100� objective was used

to focus the 514 nm radiation from a Coherent Innova 99

Arþ laser on the sample. The same microscope was used to

collect the backscattered light. The scattering light dispersed

was detected by a charge-coupled device (CCD) detection

system. Room temperature Raman spectra are in spectral

range from 100 to 800 cm�1.

TEM studies were performed using a 200 kV TEM

(JEM-2100 UHR, Jeol Inc., Tokyo, Japan) equipped with an

ultra-high resolution objective lens pole piece having a

point-to-point resolution of 0.19 nm, being sufficient to

resolve the lattice images of nanoparticles. Due to relatively

small size of the nanoparticles, selected area electron diffrac-

tion patterns (EDP) over the multiple nanocrystals were

recorded to obtain the characteristic diffraction rings with

structure-specific d-values.
The room temperature transmission 57Fe M€ossbauer

experiments were carried out by constant acceleration mode

using 57Co(Rh) source. The spectra calibrated by laser and iso-

mer shifts are shown with respect to the a-Fe. The data analysis
was performed using WinNormos-Site23 software including

the transmission integral correction for sample thickness.

The magnetization measurements were done at room

temperature using VSM 200 cryogenic magnetometer in

magnetic field from 0 kOe to 6 80 kOe.

The electrical DC/resistivity/conductivity in the temper-

ature range of 298-423K was measured on a SourceMeter

Keithley 2410. Impedance measurements were carried out in

the frequency range 100 Hz to 10 MHz on a HP-4194A im-

pedance/gain-phase analyzer using a HP-16048C test fixture

at the temperature of 298-423K.

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the synthesized

NiFe2O4 and ZnFe2O4 nano powders for 25 h and 18 h of

milling time and then sintered at 1100 �C for 2 h. All XRD

peaks are indexed well with the standard pattern reported in

PCPDF card for NiFe2O4 # 89-4927 and for ZnFe2O4 # 89-

7412. The powder diffractograms present a series peaks

FIG. 1. X-ray diffraction patterns of the

(a) NiFe2O4 and (b) ZnFe2O4 powders

and sintered samples at 1100 �C for 2 h.
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assigned to cubic spinel ferrite NiFe2O4 and ZnFe2O4 phases

which mean single ferrite phases are formed after appropri-

ate milling times. The average crystallite size has been calcu-

lated using Scherrer‘s formula L ¼ kSkCo/bcoshhkl, where L
is the particle size, kCo is the wavelength of X-ray radiation

(1.78897 Å for Co-Ka), b is the full width at half maximum

(FWHM) reduced for instrumental broadening, and kS is

Scherrer constant.24 The average calculated particle sizes

have been found to be about 10 and 15 nm for the NiFe2O4

and ZnFe2O4 powders, respectively. The lattice parameters

for powders (given in Fig. 1) computed according to the rela-

tion a ¼ kCo (h
2 þ k2 þ l2)

1=2/(2sinhhkl) using respective (hkl)
values are less than that of the bulk material. This reduction

in lattice parameter may be attributed to surface tension

which can lead to the distortion of the lattice and redistribu-

tion of cations. The diffraction peaks in sintered samples

become sharper, which could be associated with the amount

of significantly increased ferrite grains. It can be seen that

there are no other diffraction peaks except peaks of spinel

ferrites. The average grain sizes, calculated using Scherrer

formula, are about 92 nm for NiFe2O4 and 48 nm for

ZnFe2O4. The grains grow dramatically with the tempera-

ture, which indicates that selected sintering temperature is

beneficial for ferrite crystallization.

Raman spectroscopy is a nondestructive material charac-

terization technique sensitive to structural disorder. It provides

an important tool to probe the structural properties of mecha-

nochemically synthesized materials. Group theory predicts

five first order Raman active modes (A1g þ Eg þ 3F2g) in the

normal cubic spinel structure with symmetry Fd3m, and all

these modes were observed as clear, symmetrical peaks in the

spectrum of sintered ZnFe2O4 ferrite at ambient conditions, as

shown in Fig. 2. In the case of the as-prepared powder sample

of ZnFe2O4, as well as in the case of as-prepared powder and

sintered NiFe2O4 samples, all five Raman peaks seem asym-

metric, or even dissociated. Deconvolution of spectrum dem-

onstrates that each peak can be presented like a doublet,

which is a characteristic of the inverse spinel structure.25,26 In

the case of the as-prepared nanosized samples, a surface ten-

sion, characteristic for nano-particles, enables redistribution

of the cations compared to stable bulk configuration. The

octahedral sites are occupied by Zn(Ni) and by Fe ions. This

results in a distortion of bond distances; owing to differences

in ionic radii of Zn(Ni) and Fe ions, the metal-oxygen bond

distance shows a substantial distribution. The symmetry

becomes lower and the Raman spectra detect these changes

very effectively. Inverse spinel belongs to P4322 tetragonal

space group, but it is common to assigned Raman modes as if

they were in a normal spinel, for simplicity.

In the cubic ferrites, the strongest modes above 600 cm�1

correspond to symmetric stretching of oxygen in tetrahedral

AO4 groups, so the modes about 690 cm�1 in the case of

NiFe2O4 (and 630 cm�1 in ZnFe2O4) can be considered as Ag

symmetry. Eg at about 320 cm
�1 (�250 cm�1) is due to sym-

metric bending of oxygen with respect to cation in tetrahedral

surrounding. F2g(2) at 470 cm
�1 (�350 cm�1) and F2g(3) at

570 cm�1 (�450 cm�1) correspond to the vibrations of octa-

hedral group: F2g(2) is due to asymmetric stretching and

F2g(3) is caused by asymmetric bending of oxygen. F2g(1) at

180 cm�1 in the case of NiFe2O4, or �160 cm�1 in the case

of ZnFe2O4, is due to translational movement of the whole

tetrahedron.

Figure 3 shows TEM images of NiFe2O4 and ZnFe2O4

nano ferrites obtained after appropriate milling time with

FIG. 2. Raman spectra of the (a)

NiFe2O4 and (b) ZnFe2O4 powders and

sintered samples at 1100 �C for 2 h.
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corresponding EDPs. The final grain size in the NiFe2O4

(average � 10 nm) is about twice as large as that in the

ZnFe2O4 (average � 20 nm), which is a consequence of dif-

ferent reaction paths in these two ferrite processing routes.

The formation of NiFe2O4 phase started after longer milling

times on sparse nucleation sites and therefore the final grain

size is lower than in the ZnFe2O4 system where reactions

started sooner and there were more nuclei for the spinel

phase formation. The crystallites in both systems are rounded

and tend to agglomerate into larger clusters with diameters

of several hundreds of nanometers. Measurements of the dif-

fraction rings confirmed that they correspond to the crystal

planes of spinel structure.

M€ossbauer spectroscopy was used to investigate the syn-
thesized NiFe2O4 and ZnFe2O4 nanopowders obtained after

25 h and 18 h of milling, respectively. The bulk NiFe2O4 has

an inverse spinel ferrite structure with ionic bonding:

(Fe3þ")A[Ni2þ#Fe3þ#]BO4.
27 The bulk ZnFe2O4 is a normal

spinel with formula (Zn2þ)A[Fe
3þ Fe3þ]BO4.

28 Marked ions in

the parenthesis with sign (A) occupy tetrahedral sites, while

ions inside square brackets as [B], and occupy octahedral sites.

The obtained nanopowders NiFe2O4 and ZnFe2O4 spinels by

soft mechanochemical synthesis in a ball mill, might crystal-

lize in various sizes with cation redistribution described by the

following formula (M2þ
1�kFe

3þ
k)[M

2þ
kFe

3þ
2�k]O4. The pa-

rameter k is a degree of inversion and M ¼ Ni or Zn.

Estimation of the parameter k is the goal of this spectroscopy.

Also, we could get more information about nanoparticles

sizes.

The M€ossbauer spectrum (Fig. 4) of NiFe2O4 consists of

nine subspectra, precisely seven sextets and two doublets.

According to the M€ossbauer parameters (Table I), the sextets

are divided into three types marked with letter L, M, and S.

The sextets marked with L represent resonance response of

ion 57Fe from the large NiFe2O4 nanoparticles. The existence

of magnetic ions on both (A) and [B] sites allows three types

of antiferromagnetic exchange interactions: (A)-(A), (A)-

[B], and [B]-[B]. The strongest interactions, according to the

Weiss model, are between Ni2þ or Fe3þ ions at tetrahedral

sites and Fe3þ ions at the octahedral sites.29

The first sextet in Table I for the NiFe2O4, with fixed

value (0.25mm s�1) for the isomer shift, corresponding to

the 57Fe ion in tetrahedral site, includes both exchange inter-

actions, (A)-(A) and (A)-[B], seen for tetrahedral site. The

second subspectrum has fixed isomer shift, too, similar to

Refs. 30 and 31 Its origin is in [Fe3þ] at octahedral site.

The width of sextet (0.8(1) mm s�1) indicates unregu-

larly local environment occurred by cation rearrangement

contributing change in magnitude of exchange interactions

[Fe3þ]-O2�- [M2þ] and [Fe3þ]-O2�-(M2þ). The lower isomer

shifts of (A) sites suggest that the (Fe3þ)-O2� bonds on the

tetrahedral site are more covalent than bonds on the octahe-

dral sites. Such covalent bonds cause 3d-polarisation effects

FIG. 3. TEM images with corresponding EDP (insets in the upper right cor-

ners) of mechanochemically prepared NiFe2O4 and ZnFe2O4 powders from

starting compositions (a) Ni(OH)2 þ Fe(OH)3 and (b) Zn(OH)2 þ Fe(OH)3
after processing for 25 h and 18 h, respectively.

FIG. 4. M€ossbauer spectra at room temperature of the mixture of powders

(a) Ni(OH)2 þ Fe(OH)3 and (b) Zn(OH)2 þ Fe(OH)3 after processing for

25 h and 18 h, respectively. The values of relative absorption are shown. The

subspectra are plotted above the main spectrum.
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on any 4s-electron density and create the hyperfine field of

valence shell opposite in sign to that from the hyperfine field

of core shell (1s, 2s, and 3s-electrons).29,32 Taking into

account that tetrahedral and octahedral sites have different

point group of symmetry, (cubic) and [trigonal], we expect a

different distribution of electron density at both sites, creat-

ing a different electric field gradient (EFG) and different ori-

entation of principle axes of a EFG tensor with respect to the

hyperfine field direction. In the tetrahedral site should be no

EFG, and the presence of any quadrupole shift shows devia-

tion from ideal structural ordering. Hence, one could recog-

nize the site of iron ion in large nickel spinel ferrite

nanoparticles by different sign of a quadrupole shift.31,33

The third sextet (Table I) the hyperfine field (B) and the

quadrupole shift (2e) are very similar to those of the c-Fe2O3.

Appearance of maghemite in the mixture is excluded by value

of the isomer shift (d) for this sextet. The origin of this interac-
tion is therefore in octahedral positioned metallic 57Fe ions, but

in disturbed surrounding with vacancies like in maghemite.

The sign M denotes two sextets which originate from

medium size nanoparticles. Due to the dominant structural

and magnetic disorder of the surface, these sextets are broad-

ened with average value of the isomer shift, larger quadrupole

shift and smaller magnitude of hyperfine induction than at L-

sextets. The sign S denotes superparamagnetic doublets

which come from small volume nanoparticles. They are con-

sequence of inability to observe a hyperfine field due to fluc-

tuations of magnetization directions and it is directly

influenced by the nanoparticle volume. Remaining two sex-

tets do not belong to the NiFe2O4 phase. The 6% of total reso-

nant absorption confirms the formation of a-Fe contaminated

with Ni, and the three percent of total fitted area comes from

Fe2þ in tetrahedral site.34

The M€ossbauer spectroscopy of 25 h milled mixture

Fe(OH)3/Ni(OH)2 reveals that more of 90% emergent iron

containing powder is in the NiFe2O4 phase. Using a formula

[A(A)/A[B] ¼ f(A)/f[B]�k/(2�k)], where A is area of subspec-

trum, and assuming that the ratio of the recoil-less fraction is

f[B]/f(A) ¼ 0.94 at the room temperature, one could obtain

k.35,36 According to the areas of measured sextets, only for

large size particles, the estimated value for the degree of

inversion is 70%, with uncertainty of 40%.

TheM€ossbauer spectrum (Fig. 4) of ZnFe2O4 obtained for

18 h milled mixture Fe(OH)3/Zn(OH)2 is composed of seven

subspectra. Three of them are doublets. The bulk franklinite

is normal spinel with weak superexchange interactions

between Fe ions via oxygen anions on the octahedral sublat-

tice. Hence, antiferromagnet ordering temperature is very low,

about 10.5K.37 At room temperature, it behaves as paramagnet

with the M€ossbauer parameters: d¼ 0.36(1) mms�1 and

D¼ 0.35(1) mm s�1.38 In the present work, the two doublets

are characterized by d¼ 0.32mm s�1. Thus, obtained value

indicates cations redistribution, so newly formed particles

have to be described by some degree of inversion. Disjunction

on tetrahedral and octahedral contribution is not possible.

Large value of quadrupole splitting in both doublets is caused

by changes in tetrahedral and octahedral bond lengths and

angles incurred by milling process.39 These two doublets

describe small particles of ZnFe2O4. The third doublet (marked

with an asterisk) has enormous quadrupole splitting value. Its

origin is in formed oxygen vacancies. An outbreak of one oxy-

gen anion at least induced more negative charge in iron nu-

cleus, which is reflected on negative value of isomer shift for

this doublet. Its relative abundance in whole fitted area is 2%.

Three remaining subspectra with origin in zinc spinel

ferrite phase are sextets and probably correspond to particles

TABLE I. M€ossbauer parameters: A: relative area fraction of component; C: line width (FWHM); d: isomer shift with respect to a-Fe; D: quadrupole splitting
(2e-shift), and B: hyperfine induction. Labels S, M, and L denote classified particles by their size. The fixed parameters in the fit are denoted by the superscript

f. The superscript * denotes damaged ZnFe2O4.

Sample Compound Size of particle

M€ossbauer’s parameters

C d D/2e
A (%) (mm s�1) (mm s�1) (mm s�1) B (T)

Fe(OH)3 þ Ni(OH)2 ¼ NiFe2O4 NiFe2O4 L 14(4) 0.51(5) 0.25f 0.14(1) 48.22(9)

NiFe2O4 L 19(7) 0.8(1) 0.36f �0.12(2) 45.7(2)

NiFe2O4 L 6(1) 0.43(6) 0.46(1) �0.19(2) 50.8(1)

NiFe2O4 M 19(6) 1.5(2) 0.56(5) �0.42(8) 41.5(6)

NiFe2O4 M 17(3) 1.08(8) 0.17(2) �0.37(3) 24.8(2)

NiFe2O4 S 5(1) 0.45(5) 0.311(7) 2.38(2)

NiFe2O4 S 11(2) 1.3(2) 0.34(1) 0.94(7)

(Fe2þ) 3(1) 0.51(8) 0.92(2) 1.21(5) 29.5(2)

a-Fe 6(1) 0.61(9) 0.00(2) �0.30(4) 32.7(1)

Fe(OH)3 þ Zn(OH)2 ¼ ZnFe2O4 ZnFe2O4 S 11(4) 0.8(1) 0.32(2) 0.9(1)

ZnFe2O4 S 7(4) 0.55(11) 0.32(2) 1.89(6)

ZnFe2O4* 2(1) 1.0(4) �0.4(2) 3.6(3)

ZnFe2O4 M 38(10) 1.7(1) 0.27(4) �0.37(6) 23.2(3)

ZnFe2O4 M 19(8) 1.4(3) 0.44(6) �0.1(1) 34.4(4)

ZnFe2O4 M 20(7) 1.3(1) 0.57(4) �0.53(7) 20(7)

a-Fe 3(1) 0.20(7) �0.01(2) �0.01(3) 33.3(1)
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of the medium size. It is a well-known fact that zinc substitu-

tion by Fe increases with decreasing particle size.40,41 Short-

range AF correlation enables inter-lattice superexchange

interaction of type (Fe3þ)-O2�[Fe3þ]. The line widths of all

subspectra originating in ZnFe2O4 are broadened by different

iron ions environment induced by site alteration of cations.

Considering that there are no sextets that we can associate to

A-sites doubtless, we were not able to estimate a degree of

inversion in zinc ferrite nanoparticles. The M€ossbauer spec-
troscopy of investigated mixture reveals that 97% of sample,

which contains iron ions, makes ZnFe2O4 nanoparticles. The

remainder of 3% is created a-Fe in ball mill process.

The magnetization curves of the nickel and zinc ferrites

powder and sintered sample measured at room temperature

are shown in Fig. 5. We have characterized the magnetic

behavior of mechanochemical synthesized NiFe2O4 and

ZnFe2O4 focusing on the study of the size-dependent magnet-

ization. These measurements have revealed that the magnetic

behavior of soft mechanochemical synthesized NiFe2O4 and

ZnFe2O4 is different from that of the powder prepared using

the conventional ceramic method.

As can be seen (Fig. 5(a)), the magnetization of the

mechanochemical synthesized sample does not saturate even

at the maximum field attainable (Hext ¼ 80 kOe). This is in

contrast to the magnetic behavior of the bulk (sintered)

NiFe2O4, whose magnetization reaches a saturation value

easily. An absence of saturation can be attributed to the

effect of spin canting. Even in sintered mechanochemical

synthesized nickel ferrite, the surface/volume ratio is rather

great and the dangling bonds (uncompensated electrons) at

the surface of the particles can contribute to magnetization.

The measurement of the coercivity warrants the determi-

nation of the magnetization response with better accuracy

and resolution particularly at small applied fields. Hence, a

separate set of hysteresis curves was showed for each sample

with an applied field of �1500 to 1500Oe at room tempera-

ture (the inset M-H curves in Fig. 5(a)). The hysteresis curve

at low applied fields shows the values of the coercive field,

Hc� 80Oe for sintered sample and 36Oe for as-prepared

sample. The remnant magnetization is Mr� 8 emu/g and

Mr� 2.4 emu/g for sintered and powder samples of NiFe2O4,

respectively. The extrapolated magnetization M0 measured

on the spinel ferrite obtained by a soft mechanochemical

synthesis is higher than that for spinel ferrites produced by

other methods.42 Lower value of magnetisation in the as-

prepared sample of NiFe2O4 compared to sintered sample

implies a lowering of a cation distribution factor in a nano-

sized sample.

The magnetic properties of the NiFe2O4 with an inverse

spinel structure can be explained in terms of the cations dis-

tribution and magnetization originates from Fe3þ ions at

both tetrahedral and octahedral sites and Ni2þ ions in octahe-

dral sites. Hysteresis loops in Fig. 5 for as-prepared samples

are typical for soft magnetic materials and the “S” shape

of the curves together with the negligible coercivity

(Hc� 80Oe) indicate the presence of small magnetic par-

ticles exhibiting super paramagnetic behaviors. In super par-

amagnetic materials, responsiveness to an applied magnetic

field without retaining any magnetism after removal of the

magnetic field is observed. This behavior is an important

property for magnetic targeting carriers. In fact, the differ-

ence between ferromagnetism and superparamagnetism fab-

ricates in the particle size. Literature data imply that when

the diameter of particles is less than 50 nm, the particles

show the character of superparamagnetism.

The magnetization curves of the zinc ferrite measured at

room temperature are shown in Fig. 5(b). The curve has “S”

shape with low coercivity (Hc� 97Oe) and extremely small

remanence magnetization. Sintered sample exhibits a para-

magnetic behavior, which is expected in the case of bulk, or

crystalline material with crystalline size of 100 nm order. Such

material is practically without internal tensions and in the case

of sintered ZnFe2O4 a normal spinel structure with fully popu-

lated antiferromagnetic tetrahedral [B] sites is established.

([B]–[B] super exchange interaction is weak and bulk

ZnFe2O4 became antiferromagnetic at about 10K.) On the

other hand, in the as-prepared sample with nanosized crystalli-

tes can be recognized a super paramagnetic behaviour.43,44

FIG. 5. The magnetic hysteresis curves of the (a) NiFe2O4 and (b) ZnFe2O4

powders and sintered samples at 1100 �C for 2 h. The insets show low mag-

netization behavior.
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The estimated value of saturation magnetization is Msat

¼ 68 emu/g which is a result of the inversion of cations. The

largest super exchange interaction in spinel ferrites, in the case

of ZnFe2O4 established between Fe
3þ ions in (A) and [B] sites,

generates such high value of magnetization. Nano powder of

ZnFe2O4 in the as-prepared sample is predominantly of mono-

domen crystallites, which is confirmed by a small remanence

magnetization,Mrem¼ 6.63 emu/g. Open hysteresis loop, with

coercive field, Hcoerc¼ 97Oe (in combination with high mag-

netization), shows that ferromagnetic transition temperature is

well above the room temperature. The fact that magnetization

does not achieve a saturation in the magnetic fields up to

680 kOe implies a surface spin disorder. Ordering of these

spins in a magnetic field contributes in the magnetic moment

of the monodomen ZnFe2O4 crystallites, also.

The variations in electrical conductivity may be

explained by Verwey’s hopping mechanism.45 According to

Verwey, the electrical conductivity in ferrite is mainly due to

hopping electron between ions of the same element present

in more than one valance state, distributed randomly over

crystallographically equivalent lattice sites. Ferrite structur-

ally forms cubic close packed oxygen lattice with the cation

at the octahedral, [B] and the tetrahedral, (A) sites. The dis-

tance between two metal ions on B sites is smaller than the

distance between two metals ions on (A) and [B] sites; there-

fore, the hopping between A and B has very small probabil-

ity compared with that for B-B hopping. The hopping

between A-A sites does not exist, due to fact that there are

only Fe3þ ions at (A) sites and any Fe2þ ions formed during

processing preferentially occupy [B] sites only.46 The hop-

ping probability depends upon the separation between the

ions involved and the activation energy. The charges can

migrate under the influence of the applied field contributing

to the electrical response of the system.

Pollak47 has shown that the conductivity is an increasing

function of frequency in the case of conduction by hopping

and a decreasing function of frequency in case of band con-

duction. Generally, the total conductivity is the summation

of the band and hopping parts48

r ¼ rDCðTÞ þ rACðx; TÞ:

The first term represents the temperature dependent DC elec-

trical conductivity due to the band conduction and it is fre-

quency independent. The second term is frequency and

temperature dependent pure AC conductivity due to the hop-

ping processes at the octahedral site. It obeys the power law

form.48

The DC conductivity on NiFe2O4 and ZnFe2O4 samples

was measured as a function of temperature. The effect of the

temperature on the electrical conductivity rDC for both

ferrite samples is illustrated in Fig. 6. The plot of log(rDC)
versus (1/T) shows that this dependence is linear for both sin-
tered samples in a certain temperature range. The observed

increase in the DC conductivity of sintered samples with

temperature shows their semiconducting nature. This is con-

firmation of the negative temperature coefficient of resist-

ance (NTCR)-type behavior of the pallets usually shown by

semiconductors. The conductivity of ferrites is known to

depend upon the purity of starting materials, sintering tem-

perature and sintering time, which influence the microstruc-

ture and composition of the samples.49

The increase in electrical conductivity rDC with temper-

ature is due to the increase in the thermally activated drift

mobility of charge carriers according to the hopping conduc-

tion mechanism. The activation energy for the thermally

activated hopping process was obtained by fitting the DC

conductivity data with the Arrhenius relation50

rDCðTÞ ¼ r0exp �DE
kT

� �
;

where r0 is the pre-exponential factor with the dimensions of

(X cm)�1 K, DE is the activation energy for DC conductiv-

ity, T is the absolute temperature, and k is the Boltzmann’s

constant. The slope of the log(rDC) versus (1/T) straight line
is a measure of activation energy of the NiFe2O4 and

ZnFe2O4 ferrites. Using Arrhenius equation, the determined

values of the conduction activation energy DE are 0.395 eV

and 0.452 eV for ZnFe2O4 and NiFe2O4, respectively. If we

analyze the obtained values for the conduction activation

energy, one can see that NiFe2O4 has a higher value com-

pared to ZnFe2O4 sample. This showed that more energy is

required for electron exchange between Fe2þ and Fe3þ ions

for the NiFe2O4. As shown in Fig. 6, NiFe2O4 has the lower

DC conductivity than the ZnFe2O4. It is in good accordance

with the fact that the higher activation energy is associated

with the lower electrical conductivity. Also, there is no re-

markable change in the slope in the measured temperature

range for both samples.

The variation of electrical AC conductivity of the both

ferrites is plotted against the change in frequency for differ-

ent temperatures and shown in Fig. 8. It is obvious that the

ZnFe2O4 has a higher conductivity compared to NiFe2O4 at

a certain temperature and at different frequencies. Also, it is

seen that the AC conductivity of both ferrites shows a grad-

ual rise at low frequencies, whereas at higher frequencies the

FIG. 6. Temperature dependence of DC electrical conductivity on NiFe2O4

and ZnFe2O4 samples.
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conductivity rises steeply. This behavior is more pronounced

in the conductivity of NiFe2O4, especially at lower tempera-

tures. The hopping of electron between Fe2þ and Fe3þ ions

on the B, octahedral, sites is responsible for conduction

mechanism in ZnFe2O4 and NiFe2O4 ferrites.
51 Also, various

reports show that the hole hopping between Ni2þ and Ni3þ

on B site also contributes to the electric conduction in

NiFe2O4 as the inverse spinel.
52

In general, the increase in conductivity with increase of

frequency can be explained on the basis of Maxwell-Wagner

theory.53 According to this theory, dielectric structure was

formed by two layers. First layer consists of ferrite grains of

fairly well conducting, which is separated by a thin layer of

poorly conducting substances, which forms the grain bound-

ary. The non-conducting layer or grain boundary is formed

by oxygen ions. Thus, each grain possesses oxygen rich layer

on the surface as boundary. These grain boundaries are more

active at lower frequencies; hence the hopping frequency of

carriers between Fe2þ and Fe3þ ion is less at lower frequen-

cies. As the frequency of the applied filed increases, the con-

ductive grains became more active by promoting the

hopping between Fe2þ and Fe3þ ions, thereby increasing the

hopping frequency. Thus, we observe a gradual increase in

conductivity with frequency.

On the other hand, the electrons in ferrites are localized

and the electrical conductivity is increased with an increase

in temperature due to the hopping of the charge carriers. As

temperature increases, the mobility of hopping also increases

thereby increasing conductivity. It is seen from Fig. 7 that

the conductivity of NiFe2O4 and ZnFe2O4 increases with the

increase in temperature which is a typical behavior of

semiconductors.

It is well known that there are two types of polarons,

small polarons and large polarons. In the small polaron

model, the conductivity increases linearly with increase in

frequency and in case of large polarons the conductivity

decreases with increase in frequency.54 For the present sam-

ples, the plots indicate small polaron type of conduction.

The complex impedance spectroscopy55 is a powerful

technique in solid states physics because of its ability to

understand the electrical conduction mechanism of the syn-

thesized materials. In the present analysis, the impedance

spectroscopy has been used as well-developed tool to sepa-

rate out the grain/bulk and grain boundary contribution to

the total conductivity of NiFe2O4 and ZnFe2O4 ferrite.

Depending on the electrical properties of the samples, the

AC response can be modeled with two semi-circles in the

impedance plane, the first in a low frequency domain repre-

sents the resistance of grain boundary. The second one

obtained in a high frequency domain corresponds to the re-

sistance of grain or bulk properties.56

Figure 8 shows the complex impedance plane plots of

sintered NiFe2O4 and ZnFe2O4 ferrites as a function of fre-

quency at different temperatures. Generally, two semicircles

are observed in the Cole-Cole plots of both samples between

the frequency range of 100 Hz-10 MHz. A larger one at low

frequency represents the resistance of the grain boundary

and a smaller one obtained at the higher frequency side cor-

responds to the resistance of grain of bulk properties. It is no-

ticeable that the impedance spectra of NiFe2O4 and ZnFe2O4

ferrites include both grain and grain boundary effects. This

FIG. 7. Frequency dependent AC conductivity behavior of (a) NiFe2O4 and

(b) ZnFe2O4 ferrites at different temperatures.

FIG. 8. Cole-Cole plots for the sample of the (a) NiFe2O4 and (b) ZnFe2O4

ferrites at different temperatures. Inset: proposed equivalent circuit model

for analysis of the impedance spectroscopy data.
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appearance of two semicircles indicates a phenomenon

which is typically related to the presence of a distribution of

relaxation time.

As one can see in impedance spectra of both ferrites, the

diameters of the semicircles exhibit decreasing trends with

the increase in temperature. It indicates that the conductivity

increases with increase in temperature supporting the typical

negative temperature coefficient of resistance behavior of

NiFe2O4 and ZnFe2O4 usually shown by semiconductors. On

impedance spectra is observed that NiFe2O4 has a higher im-

pedance value of ZnFe2O4 at all temperatures, so it is in

good accordance with the fact that the conductivity of

NiFe2O4 is lower than conductivity of ZnFe2O4. The imped-

ance value of both samples is decreased by two orders of

magnitude, which is due to thermal activation mechanism.

The rise of temperature brings with an enhanced conductiv-

ity, and hence, decreasing the impedance values.

In order to correlate the electrical properties of the

NiFe2O4 and ZnFe2O4 sample with the microstructure of the

material, an equivalent circuit model consisting of two seri-

ally connected parallel R-CPE elements, shown in the inset

of Fig. 8, has been used to interpret the impedance spectra.

Here, Rg and Rgb represent the grain and grain boundary re-

sistance and CPEg and CPEgb are the constant phase ele-

ments for grain interiors and grain boundaries, respectively.

The resistance of the circuit represents a conductive path and

a given resistor in a circuit accounts for the bulk conductivity

of the sample. The constant phase element CPE is used to

accommodate the non-ideal behavior of the capacitance

which may have its origin in the presence of more than one

relaxation process with similar relaxation times. The imped-

ance of a CPE can be described as57

ZCPE ¼ A�1ðjxÞ�n;

where x is the angular frequency, A and n (0 � n � 1) are

fitted parameters. When n ¼ 1, then the CPE describes an

ideal capacitor with C ¼ A, while when n ¼ 0 the CPE
describes an ideal resistor with R ¼ 1/A. The capacitances

are generally associated with space charge polarization

regions. The CPE elements in the equivalent circuit model

have been used to describe non ideal Debye-like behavior58

and enable taking into account phenomena occurring in the

interface regions, associated with inhomogeneity and diffu-

sion processes.59

Analysis and simulation of impedance spectra were

performed using EIS Spectrum Analyzer software.60,61

The different electrical parameters calculated from the com-

plex impedance plots at selected temperatures are shown in

Table II. In these types of ferrites, the value of the grain

boundary resistance is generally larger than the resistance of

the grain, Rgb � Rg. Additionally, the semicircle representing

the grain boundaries lies on the lower frequency side since

the relaxation time of the grain boundaries is much larger

than that of the grains. Also, it is observed that the both resis-

tances decrease with increasing temperature. It indicates that

the conductivity of NiFe2O4 and ZnFe2O4 ferrites increases

with increase in temperature. The higher values of resistance

of both grain and grain boundary for the NiFe2O4 mean this

ferrite has a lower conductivity than the ZnFe2O4. This

decrease in the resistance of grains and grain boundaries has

been suggested to be due to the thermal activation of the

localized charges. Two types of thermal activations, i.e., car-

rier density in the case of band conduction and carrier mobil-

ity in case of hopping, are responsible for the reduction in

the resistive properties with temperature.52 For all the tem-

peratures, the capacitance of the grain boundary is larger

than that of the grain for both types of ferrite samples, which

can be explained on the basis that capacitance is inversely

proportional to the thickness of the media.

IV. CONCLUSIONS

In this paper, we obtained NiFe2O4 and ZnFe2O4 ferrite

by soft mechanochemical synthesis starting from the mixture

of appropriate powders and sintered at 1100 �C. It has been
shown that mechanochemical treatment of mixture with

starting materials leads to forming of the phase of NiFe2O4

and ZnFe2O4 after 25 and 18 h of milling time, respectively.

In the Raman spectra is observed all of the group theory pre-

dicted first-order active modes characteristic for spinel struc-

ture. Raman modes of sintered NiFe2O4 and ZnFe2O4 are in

the form characteristic for normal spinel structure, and in the

case of powder, Raman spectra show a presence of cation

inversion. The M€ossbauer spectroscopy of the iron contained

newly formed particles from mixture Fe(OH)3/Ni(OH)2
revealed that 94% is NiFe2O4. The degree of inversion, esti-

mated from large particles, is 0.7. The sample formed from

mixture Fe(OH)3/Ni(OH)2 contains ZnFe2O4 in 97%. The

TABLE II. Impedance parameters calculated from the complex impedance plots at different temperatures.

Sample T (K) Rg � 104 (X) Cg � 10�11 (F) ng Rgb � 106 (X) Cgb � 10�9 (F) ngb

NiFe2O4 298 239.77 4.487 0.881 3.789 4.912 0.688

323 105.1 4.590 0.887 1.365 9.585 0.649

348 29.1 4.525 0.892 471.9 8.101 0.713

398 2.572 3.949 0.898 79.92 5.442 0.822

423 1.043 3.104 0.921 37.97 7.682 0.789

ZnFe2O4 298 10.84 35.86 0.762 175.6 3.235 0.894

323 2.904 35.86 0.774 54.76 4.071 0.905

348 1.185 29.98 0.816 20.37 12.54 0.807

398 0.2342 30.02 0.831 3.281 37.32 0.729

423 0.1152 6.091 0.957 1.564 17.41 0.825
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certain degree of inversion apparent in M€ossbauer subspectra
cannot be resolved. It is confirmed that zinc substitution by

Fe increases with decreasing particle size. Also, a high mag-

netization of a milled sample confirms cation inversion.

Sintered sample has a normal spinel structure, as a conse-

quence, paramagnetic behavior at 300 K. The higher values

of resistance of both grain and grain boundary for the

NiFe2O4 mean this ferrite has a lower conductivity than the

ZniFe2O4. The values of the conduction activation energy DE
are 0.395 eV and 0.452 eV for ZnFe2O4 and NiFe2O4, respec-

tively. This decrease in the resistance of grains and grain

boundaries has been suggested to be due to the thermal acti-

vation of the localized charges. The analysis of the complex

impedance data shows that the capacitive and reactive proper-

ties of the sintered ferrites are mainly attributed due to the

processes which are associated with the grain and grain

boundary. Also, it is seen that the radius of curvature of Cole-
Cole plots is decreased with increasing temperature, suggest-

ing a mechanism temperature-dependent on relaxation.
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1. Introduction

Ferrites, MFe2O4 (M = Ni, Mn, Zn) have continued to attract
attention over the years. As magnetic materials, ferrites cannot be
replaced by any other magnetic material because they are
relatively inexpensive, stable and have a wide range of technolog-
ical applications in transformer core, high quality filters, high and
very high frequency circuits and operating devices. The physical
properties of ferrites are controlled by the preparation conditions,
chemical composition, sintering temperature and time, type and
amount of substitutions [1].

In recent years, nanostructured materials have drawn out-
standing attention due to the unique mechanical, electrical,
optical, and magnetic properties [2]. The unique properties of
nanostructured materials are due to their changed electronic
structure, close to that of an isolated atom or molecule. Among the
nanoscale inorganic materials, the magnetic metal oxides and their
composites are of particular interest due to their exciting
applications in the areas of quantum computing, information
storage media, magnetic resonance imaging, sensors, refrigeration,
electromagnetic wave absorption and modulation [3].

The properties of the nanocrystalline materials are varied from
those of corresponding bulk materials, due to their small grain size.
In the nanocrystalline materials a large percentage of atoms are
available at their grain boundaries and therefore there are more
chances for interaction between the grains. Ferrites with AB2O4

formula crystallize in various spinel structures: a normal spinel
structure, mixed or in a perfectly inverse spinel structure. In a
normal spinel structure, the A2+ cations occupy the tetrahedral site,
where as the B3+ cations occupy the octahedral site. In an inverse
spinel structure, half of the octahedral coordination sites are
occupied by A2+ cations and the remaining half as well as all the
tetrahedral coordination sites are occupied by the B3+ cations. In
the mixed spinels metal ions are distributed over both lattice sites.
Generally, structural formula of cubic spinels can be written as:
(A2+

1�lB
3+
l)[A

2+
lB

3+
2�l]O4, where in the parentheses are cations

in tetrahedral sites and the bracket denotes cations in octahedral
sites. A symbol l is a degree of the cation inversion. The
crystallographic, electrical and magnetic properties of the spinel
ferrites substantially depend on their method of preparation,
chemical composition, sintering temperature, doping additives,
and particle size etc. [4], which controls the microstructure
forming of the high resistive boundaries between the constituent’s
grains. One of the most important members of ferrite systems is
the nickel ferrite, which is a soft magnetic material with an inverse
spinel structure. Ferrimagnetism originates from uncompensated
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magnetic moments of antiparallel spins between Fe3+ ions at
tetrahedral sites and Fe3+ and Ni2+ ions at octahedral sites [5,6].

There is several different synthesis methods used to fabricate
ferrites as reported in the literature such as solid state reaction [7–
9], co-precipitation [10,11], hydrothermal [12–17], mechano-
chemical [18], reverse micelle technique [15] or sol–gel [19–22].
The mechanochemical synthesis can deliver the designed phases
and structures by a single-step of the high-energy milling
conducted in an enclosed activation chamber at room temperature
[23,24]. Mechanochemical synthesis is the general name given to
the process of milling of powders which is accompanied by
chemical reactions. It was first developed for the preparation of
intermetallic compounds and nano-crystalline alloys. Novel
approach to mechanochemical synthesis, based on reactions of
solid acids, based hydrated compounds, crystal hydrates, basic and
acidic salts, has been called soft mechanochemical synthesis. The
dissolved substances in the solid state substantially change their
nature. It can influence on the comparison and properties of the
final product. Peculiarities of soft mechanochemical reactions
consist in the high reactivity of surface functional groups, notably,
OH groups [24–26]. The major advantages of soft mechanochemi-
cal synthesis lie in the formation of reaction products at a room or a
low temperature and the refinement of produced powders to a
nanometer size range. This is reflected primarily in the simplicity
of the procedure and equipment used. In many cases, when it
comes to classical synthesis reaction sintering process, requires
high temperatures, which can present an additional problem in
industrial production. Mechanochemical derived precursors ex-
hibit significantly higher reactivity and thus lower the sintering
temperature.

There are a lot of studies of nanocrystalline nickel ferrite
prepared by mechanochemical route, but the results are very
different depending on the experimental conditions [27]. For
example, NiFe2O4 ferrite phase was obtained after 8 h [28] or else
after 35 h of milling [29]. For the sample milled 8 h a heat
treatment was applied in order to increase the formation of
nanoferrite [28]. Another study reported the obtaining of NiFe2O4

ferrite in the nanocrystalline state by mechanical milling (with a
crystallite size of 9 nm) from a mixture of oxides [30]. In the same
article, it was observed that the magnetization is reduced by
milling. A non-equilibrium distribution of cations and a spin
canted effect have been reported by the same authors [30]. The
magnetization of NiFe2O4 ferrite obtained in nanocrystalline state
by mechanical milling is lower than the magnetization of nickel
ferrite obtained by ceramic method [31]. Finally, it is worth to note
that mechanical/reactive milling can be used to obtained
nanostructures that have a non-equilibrium distribution of cations
within the crystal structure.

The aim of this work was synthesis of nanosized nickel ferrite
by soft mechanochemical route from two different mixtures of
starting powders. After the sintering, samples of NiFe2O4 ferrites
were analyzed and their structural, electric and dielectric
characteristics, as well as the influence of starting mixtures on
that characteristic were discussed. It was shown that the
impedance spectroscopy method is applicable for the better
understanding of the electrical and dielectric properties of
obtained ferrite.

2. Experimental procedures

NiFe2O4 samples were synthesized by soft mechanochemicaly
from different mixtures of starting powders, which are described in
detail elsewhere [32]. For mixtures of crystalline powders, denoted
by (1) and (2), the starting material were: (1) nickel(II)-hydroxide
(Ni(OH)2, Merck 95% purity) and hematite (a-Fe2O3, Merck 99%
purity) and (2) nickel(II)-hydroxide (Ni(OH)2, Merck 95% purity)

and Fe(OH)3 in equimolar ratio. The Fe(OH)3 powder was made by
adding equimolar amounts of NaOH solution (25% mass), made
from 99% purity NaOH (Merck) to the FeCl3 solution (25% mass),
made from 99% purity FeCl3�6H2O (Merck). Dark brown precipitate
was filtrated, washed with large amounts of water and dried in a
vacuum dessicator. Before milling, the Fe(OH)3�nH2O powder was
heated at 105 8C for 24 h. The material prepared by this way had
99.5% Fe(OH)3. It was defined by potentiometric redox titration
[32]. Mechanochemical synthesis was performed in air atmo-
sphere in planetary ball mill (Fritsch Pulverisette 5). The powders
(0.3 g) were pressed into disk shaped samples. The thickness and
diameter of each disk are 2.0 mm and 8.0 mm, respectively. All disk
pellets were sintered at 1100 8C for 2 h. The densities of the
sintered samples were measured by Archimedes method.

Characterization of the samples obtained for 25 h of milling
time and after sintered at 1100 8C for 2 h were carried out by
several methods:

� The formation of phase and crystal structure of NiFe2O4 in both
cases of synthesis were approved using the X-ray diffractometer
(XRD), Model Philips PW 1050 diffractometer equipped with a
PW 1730 generator, 40 kV � 20 mA, using Ni filtered CoKa
radiation of 1.78897 Å at the room temperature. Measurements
were done in 2u range of 10–808 with scanning step width of
0.058 and 10 s scanning time per step.

� Raman measurements of mixture of powders and sintered
samples were performed using Jobin-Ivon T64000 monochro-
mator. An optical microscope with 100� objective was used to
focus the 514 nm radiation from a Coherent Innova 99 Ar+ laser
on the sample. The same microscope was used to collect the
backscattered radiation. The dispersed scattering light was
detected by a charge-coupled device (CCD) detection system.
Room temperature Raman spectra are in spectral range from 100
to 800 cm�1. The average power density on the sample was about
20 mW mm�2.

� The morphology and microstructural characterization of sin-
tered samples soft mechanochemically synthesized NiFe2O4

ferrites were examined by scanning electron microscopy (SEM,
Model JEOL JSM-6460LV).

� Several measurement techniques can be used for experimental
determination of electrical properties of sintered NiFe2O4 ferrites
depending on the frequency range. In this study, electrical DC
conductivity in the temperature range 298 to 423 K was
measured on a Source Meter Keithley 2410. The AC conductivity,
dielectric and impedance spectroscopy measurements were
carried out in the frequency range 100 Hz–1 MHz and in the
temperature range 298–423 K. Specially prepared NiFe2O4 spinel
ferrite samples, in the form of thick disk pellets, were placed
between parallel electrodes, as illustrated in Fig. 1. This was done
by applying silver paste on both sides of polished surfaces of
NiFe2O4 pellets. In this way prepared samples with silver
electrodes deposited on both sides can be considered electrically
equivalent to a capacitance Cp in parallel with a resistance

Fig. 1. Schematic diagram of electric circuit for measurement of the electric and

dielectric properties of the prepared NiFe2O4 ferrite sample and equivalent circuit of

a sample.
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Rp. These values, Cp and Rp, were measured directly using an
Impedance Analyzer HP-4194A and a HP-16048C test fixture.
The important electrical parameters were determined using the
following formulas:

e0 ¼ Cp

C0
(1)

e00 ¼ 1

vC0Rp
(2)

tan d ¼ e00
e0 (3)

s ¼ ve0e00 (4)

where C0 represents the capacitance of the same structure only

without the sample between the parallel electrodes, in vacuum, v is

the angular frequency of the applied field and e0 represents the

permittivity of vacuum equal to 8.85 � 10�12 F�1 m. The capaci-

tance C0 is determined by plate area A and distance between the

plates d, as follows C0 = Ae0/d.
� From the electrical measurements were obtained values for real
(e0) and imaginary (e00) parts of permittivity and the dielectric loss
tangent of material was derived calculating from equation tan
d = e00/e0.

3. Results and discussion

3.1. Structural characterization

Fig. 2 shows the X-ray diffractograms of the as-synthesized
NiFe2O4 nano-powder samples after 25 h of milling time and the
samples sintered at 1100 8C for 2 h. The formation of the NiFe2O4

inverse spinel structure in the two powder samples is confirmed by
the powder XRD patterns shown in Fig. 2a and b (see the patterns
in bottom part of this figure). No diffraction peaks of other

impurities such as a-Fe2O3 or NiO or Ni(OH)2 and Fe(OH)3
hydroxides were observed. It is clearly showed that the reflection
peaks on sintered samples become sharper and narrower,
indicating the enhancement of crystallinity and good purity of
the products. All the Bragg reflection peaks of the samples can be
indexed to NiFe2O4, face centered cubic and Fd3m space group (the
standard pattern reported in PCPDF card for NiFe2O4 #89-4927),
where the diffraction peaks around 21.868, 35.818, 41698, 43.638,
50.898, 63.428, 67.668 and 74.738 are attributed to the reflections of
(1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0)
planes of the NiFe2O4, respectively. These diffraction lines confirm
the formation of NiFe2O4. A standard XRD data is in the inset of the
Fig. 2 (red dashes). It is good way to cross check the obtained data
with the standard data for NiFe2O4. Displayed Bragg peak positions
in powder diffraction patterns were obtained by Rietveld method.
Data on the lattice constants and the positions Bragg reflection
given in the standard (PCPDF card for NiFe2O4 #89-4927) refer to
the much larger crystals and practically correspond positions in the
sintered samples. The average crystallite size has been calculated
using Scherrer’s formula L = kSlCo/b cos uh k l, where L is the
particle size, kS is Scherrer constant, lCo = 1.78897 Å the wave-
length of X-ray sorce, b is the full width at half maximum (FWHM)
of the peak (h k l) reduced for instrumental broadening and uh k l is
a position of the corresponding Bragg peak [33]. The average
calculated particles size for the powder samples are 7 nm for
starting mixture (1): Ni(OH)2 + Fe2O3 and 9 nm for mixture (2):
Ni(OH)2 + Fe(OH)3. The mechanochemical synthesis of NiFe2O4 is
feasible and complete after 25 h milling time. This is considerably
less time compared with the time (35 h) for which the spinel
NiFe2O4 obtained in the work by Jovalekić and co-authors [29].
Marinca and co-authors [27] were synthessized nanocrystalline
NiFe2O4 in a high energy planetary mill. The obtained nickel ferrite
has many inhomogeneities and a distorted spinel structure. The
mean crystallites size at the final time of milling is 9 � 2 nm and the
lattice parameter increases with increase the milling time. It can once
again confirm that our results are consistent with those found in the
literature [27]. Our sintered samples have larger crystallites: 56 nm
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Fig. 2. X-ray diffraction patterns of the NiFe2O4 ferrite obtained from the mixture of powders: (a) Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and Fe(OH)3 for 25 h milling time and

after sintering at 1100 8C for 2 h, respectively. Inset showing the standard XRD pattern for NiFe2O4: PCPDF card #89-4927.
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(case (1)) and 82 nm (case (2)). Huo and co-authors were prepared
NiFe2O4 ferrite with grain size distribution from 50 to 80 nm by
hydrothermal synthesis [34]. The grains were grown significantly
with the temperature, what indicates that selected sintering
temperature is favorable for ferrite crystallization. The lattice
parameters of the powder samples 8.378 Å (given in Fig. 2) computed
according to the relation a = lCo(h

2 + k2 + l2)½/(2 sinuh k l) using
respective (h k l) values, are greater than for the sintered ones
8.248 Å and 8.224 Å (and the bulk material referred in PCPDF card). It
is close to that of the reported values in the literature (JCPDS card No.
10-0325). This increase in lattice parameter of the powder samples is
attributed to the increased surface tension which can lead to the
distortion of the lattice and redistribution of cations. It is known that
in cubic spinel structure Bragg reflection (2 2 0) depends exclusively
on the cations occupying tetrahedral sites and intensity of the (2 2 2)
reflection depends on cations in the octahedral sites [35]. Ratios of the
intensities for diffraction lines (2 2 0) and (2 2 2) indicate that the
sample with the highest I(2 2 0)/I(2 2 2) has the highest degree of the
cation inversion, too. It is obvious that all samples exhibit a mixed
spinel structure and that the sintered sample obtained from mixture
(1), with the greatest crystallite grains, is the closest to stable bulk
perfectly inverse nickel ferrite.

Raman spectroscopy is a nondestructive characterization
technique sensitive to structural disorder. It provides an impor-
tant tool to check out the structural properties, including the
inversion of cations, of mechanochemically synthesized materi-
als. Group theory predicts five first order Raman active modes
(A1g + Eg + 3F2g) in the normal cubic spinel structure with
symmetry Fd3m. In the case of the as-prepared powder samples
of NiFe2O4, as well as in the case of sintered NiFe2O4 samples, all
five Raman peaks are clearly visible (Fig. 3), but deconvolution of
Raman spectra demonstrates that each peak can be presented like
a doublet, which is a characteristic of the mixed or the inverse
spinel structure [36,37]. In contrast to normal spinel ferrite
structure, where M2+ cations are only in tetrahedral positions and
Fe3+ exclusively in the octahedral sites, in the case of mixed
spinels the both sites are occupied and by Ni2+ and by Fe3+ ions.

This results in a distortion of bond distances. Owing to differences
in ionic radii of Ni and Fe ions the metal–oxygen bond distance
shows a substantial distribution. The symmetry become lower
and the Raman spectroscopy detects these changes very well.
Instead of five first order symmetric peaks like in the normal
spinels, Raman spectra of the mixed or inverse spinel, like
NiFe2O4, is more complicated. Inverse spinel belongs to P4322

tetragonal space group [38], but it is common, for simplicity, to
assign Raman modes as if they belong to a normal spinel.

In the cubic nickel ferrites, the strongest modes above 690 cm�1

correspond to symmetric stretching of oxygen in tetrahedral
groups, and according to accepted convention, can be considered
as Ag symmetry. Eg at about 320 cm�1 is due to symmetric bending
of oxygen with respect to cation in tetrahedral surrounding. F2g(2)
at 470 cm�1 and F2g(3) at 570 cm�1 correspond to the vibrations of
octahedral group: F2g(2) is due to asymmetric stretching and F2g(3)
is caused by asymmetric bending of oxygen. F2g(1) at 180 cm�1 is
due to translational movement of the whole tetrahedron. The more
expressed asymmetry and even dissociation of Raman modes in
the sintered samples is a consequence of a greater degree of
inversion. Except that, markedly better defined modes testify that
these samples have greater crystallite size and more coherent
structure.

A rather significant difference in sintered densities of NiFe2O4

ferrite samples 1 and 2 obtained from two different mixtures of
starting powders was noted. The density (rII = 4.43 g cm�3) of
sintered NiFe2O4 ferrite obtained from mixture of Ni(OH)2 and
Fe(OH)3 powders was higher, at least 82.45% of theoretical density
(TD = 5.373 g cm�3) comparing to � 74.26% for the sintered
NiFe2O4 ferrite obtained from mixture of Ni(OH)2 and a-Fe2O3

powders (rI = 3.93 g cm�3).
SEM surface micrographs of both NiFe2O4 ferrites sintered at

1100 8C for 2 h are shown in Fig. 4. The images of microstructure of
the NiFe2O4 samples clearly show the pronounced grain growth. In
both cases of synthesis are formed the polygonal ferrite grains. It is
noteworthy that in the case of sintered nickel ferrite obtained from
Ni(OH)2 and Fe(OH)3 powders as starting the precursors, grain size
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sintering at 1100 8C for 2 h, respectively.

Z.Ž. Lazarević et al. / Materials Research Bulletin 48 (2013) 4368–4378 4371



distribution is more uniform, ranging from 0.6 up to 1 mm (Fig. 4a),
while in the sintered samples obtained from Ni(OH)2 and a-Fe2O3

powders, grain size is in the range from 0.3 to 1.5 mm (Fig. 4b). It is
obvious that this difference in the grain size is due to different
starting precursors and not to the conditions of the synthesis
process. Based on the micrographs it can be concluded that the
sintered samples, in the case of the nickel ferrite mechanochemi-
cally synthesized from Ni(OH)2 and Fe(OH)3 powders have lower
porosity than the nickel ferrite synthesized from Ni(OH)2 and a-
Fe2O3 powders, which is in agreement with the determined density
based on Archimedes principle. The density is 3.93 g cm3 and
4.43 g cm3 for sintered samples obtained from the powders
mixtures of Ni(OH)2 and a-Fe2O3 and Ni(OH)2 and Fe(OH)3,
respectively.

3.2. Electric properties of spinel nickel ferrites

3.2.1. Electrical conductivity

Electrical conductivity is the physical property of a material
which characterizes the conducting power inside the material.
Spinel ferrites have low electrical conductivities when compared
to other magnetic materials and hence they find wide use at
microwave frequencies. In general, these materials are semicon-
ductors with their conductivity lying in between 102 and
10�11V�1 cm�1. The variations in conductivity may be explained
by Verwey’s hopping mechanism [39]. According to Verwey, the
electrical conductivity in ferrites is mainly due to hopping electron
between ions of the same element present in more than one
valance state, distributed randomly over crystallographicaly

equivalent lattice sites. Ferrite structurally from cubic close
packed oxygen lattice with the cation at the octahedral [B] and
the tetrahedral (A) sites. The distance between two metal ions on
[B] sites smaller than the distance between two metals ions on [B]
and (A) site, therefore the hopping between A and B has very small
probability compared with that for [B]–[B] hopping. The hopping
between (A)–(A) sites does not exist, because there are only Fe3+

ions at A sites and any Fe2+ ions formed during processing
preferentially occupy [B] sites only [40]. The hopping probability
depends upon the separation between the ions involved and the
activation energy. The charges can migrate under the influence of
the applied field contributing to the electrical response of the
system.

Pollak [41] has shown that the conductivity is an increasing
function of frequency in the case of conduction by hopping and a
decreasing function of frequency in case of band conduction.
Generally, the total conductivity is the summation of the band and
hopping parts:

s ¼ sDCðTÞ þ sACðv; TÞ (5)

The first term represents the temperature dependent DC electrical
conductivity due to the band conduction and it is frequency
independence. The second term is frequency and temperature
dependent pure AC conductivity due to the hopping processes at
the octahedral site. It obeys the power law form [42].

3.2.2. DC conductivity

The DC conductivity of prepared nickel ferrite samples was
measured as a function of temperature. Fig. 5 and Table 1 show the
effect of temperature on the electrical conductivity sDC for both
NiFe2O4 samples. The studied both ferrite samples show a trend
where electrical conductivity/resistivity increases/decreases with
increasing temperature. It can be seen that the electrical
conductivity of the ferrite obtained from mixture of Ni(OH)2 and
Fe(OH)3 powders is higher in regard to the ferrite obtained from
mixture of Ni(OH)2 and a-Fe2O3 powders. We have already said
that the NiFe2O4 (sample 2) obtained from Ni(OH)2 and Fe(OH)3
powders has a higher density and lower porosity compared to
NiFe2O4 (sample 1) obtained from Ni(OH)2 and a-Fe2O3 powders.
The less numbers of pores in NiFe2O4 obtained from Ni(OH)2 and
Fe(OH)3 powders leading to decrease in resistivity and increase in
conductivity in comparison with NiFe2O4 obtained from Ni(OH)2
and a-Fe2O3 powders. The plot of log(sDC) versus (1/T) shows that
this dependence is linear for sintered NiFe2O4 samples in the
temperature range 298 to 473 K. The observed linear increase of DC
conductivity with increasing temperature reflects semiconducting

Fig. 4. SEM images of the NiFe2O4 ferrite obtained from the mixture of powders: (a)

Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and Fe(OH)3 for 25 h milling time and after

sintering at 1100 8C for 2 h, respectively.
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Z.Ž. Lazarević et al. / Materials Research Bulletin 48 (2013) 4368–43784372



nature of the NiFe2O4 ferrites. This is confirmation of the negative
temperature coefficient of resistance (NTCR)-type behavior of the
prepared pallets usually shown by semiconductors. Also, it is
known that the conductivity of ferrites depends upon the purity of
starting materials, sintering temperature and sintering time, which
influence the microstructure and composition of the samples [43].

The increase in electrical conductivity sDC with temperature is
due to the increase in the thermally activated drift mobility of
charge carriers according to the hopping conduction mechanism.
The activation energy for the thermally activated hopping process
was obtained by fitting the DC conductivity data with the
Arrhenius relation [44]:

sDCðTÞ ¼ s0 exp
�DE

kT

� �
(6)

where s0 is the pre-exponential factor with the dimensions of
(V cm)�1 K, DE is the activation energy for DC conductivity, T is the
absolute temperature and kB is the Boltzmann’s constant. The slope
of the log(sDC) versus (1/T) straight line is a measure of activation
energy of the nickel ferrites. In the present case, the activation
energy was obtained by fitting the DC conductivity data with the
Arrhenius relation (6). The determined values of the conduction
activation energy DE are 0.653 eV and 0.452 eV for NiFe2O4

samples prepared from mixture of powders of Ni(OH)2 and a-
Fe2O3 (sample 1) and Ni(OH)2 and Fe(OH)3 (sample 2), respectively.
If we analyze the obtained values for the conduction activation
energy, one can see that sample 1 of the NiFe2O4 obtained from
Ni(OH)2 and a-Fe2O3 powders has a higher value compared to
sample 2 of the NiFe2O4 obtained from Ni(OH)2 and Fe(OH)3
powders. This showed that more energy is required for electron
exchange between Fe2+ and Fe3+ ions for sample 1. As shown in
Fig. 5, sample 1 of the NiFe2O4 has the lower DC conductivity than
sample 2 of the NiFe2O4 prepared from Ni(OH)2 and Fe(OH)3
powders at all temperatures. It is in good accordance with the fact
that the higher activation energy is associated with the lower
electrical conductivity. Also, there is no remarkable change in the
slope in the measured temperature range for both NiFe2O4

samples. The electrical conductivity depends upon the activation
energy, which is associated with the electrical energy barrier
experienced by the electrons during hopping. The obtained values
of the conduction activation energy DE (0.653 eV and 0.452 eV for
our NiFe2O4 samples) could compared with value of the activation
energy on the sample sintered in air (0.59 eV) increased obviously
compared to those in nitrogen (0.23 eV) [9]. This showed that more
energy was required for electron exchange between Fe2+ and Fe3+

ions for the samples sintered in air. It was in good accordance with
the conclusion that the higher activation energy was associated
with the lower electrical conductivity. Moreover, the conductivity
of ferrites is closely related with the density and porosity [9].

3.2.3. AC conductivity

The variation of AC conductivity of sintered NiFe2O4 as a
function of frequency for different temperatures is given in Fig. 6. It

is obvious that the NiFe2O4 (sample 2) obtained from the mixture of
Ni(OH)2 and Fe(OH)3 powders has a higher conductivity compared
to NiFe2O4 (sample 1) obtained from the mixture of Ni(OH)2 and
a-Fe2O3 powders at a certain temperature and at different
frequencies. Also, one can see that the AC conductivity of both
NiFe2O4 ferrites show a gradual rise at low frequencies, whereas at
higher frequencies their conductivity rises steeply. This conduc-
tivity behavior can be explained by hopping of electron between
Fe2+ and Fe3+ ions (n-type) on the B, octahedral, sites which is
responsible for conduction mechanism in spinel NiFe2O4 ferrites
[45]. Also, various reports show that the hole hopping between
Ni2+ and Ni3+ (p-type) on B site also contribute to the electric
conduction in NiFe2O4 as the inverse spinel ferrites [46].

In general, the increase in conductivity with increase of
frequency can be explained on the basis of Maxwell–Wagner
theory [47,48] and Koop’s model [46,49]. According to this theory
dielectric structure was formed by two layers. First layer consists of
ferrite grains of fairly well conducting, which is separated by a thin
layer of poorly conducting substances, which forms the grain
boundary. The non-conducting layer or grain boundary is formed
by oxygen ions. Thus each grain possesses oxygen rich layer on the
surface as boundary. These grain boundaries are more active at
lower frequencies, hence the hopping frequency of Fe2+ and Fe3+

ion is less at lower frequencies. As the frequency of the applied filed
increases the conductive grains became more active by promoting
the hopping between Fe2+ and Fe3+ ions, thereby increasing the
hopping frequency. Thus, we observe a gradual increase in
conductivity with frequency.

The linear increase in AC conductivity with the frequency
confirms the polaron type of conduction [3]. It is well known that
there are two types of polarons, small polarons and large polarons.

Table 1
DC conductivity and resistivity of sintered NiFe2O4 samples at selected

temperatures.

Sample T [K] sDC [V�1 cm�1] r � 103 [V cm]

(1)

Ni(OH)2+ a-Fe2O3

293 3.68 � 10�6 271.74

373 1.112 � 10�4 8.992

473 5.384 � 10�3 0.185

(2)

Ni(OH)2+ Fe(OH)3

293 7.22 � 10�5 13.85

373 1.912 � 10�3 0.523

473 4.108 � 10�2 0.024

10
2

10
3

10
4

10
5

10
6

10
-6

10
-5

10
-4

10
-3

f [Hz]

(a)

(b)

 298 K

 323 K

 348 K

 398 K

 423 K

σ A
C
 [

S
m

-1
] 

10
2

10
3

10
4

10
5

10
6

10
-5

10
-4

10
-3

 298 K

 323 K

 348 K

 398 K

 423 K
σ A

C
 [S

m
-1

] 

f [Hz]

Fig. 6. Frequency dependent AC conductivity behavior of sintered NiFe2O4 ferrite

obtained from the mixture of the (a) Ni(OH)2 and a-Fe2O3 and (b) Ni(OH)2 and

Fe(OH)3 powder at different temperatures.
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In the small polaron model the conductivity increases linearly with
increase in frequency and in case of large polarons the conductivity
decreases with increase in frequency [50]. For the prepared spinel
NiFe2O4 ferrites the plots in Fig. 6 indicate small polaron type of
conduction.

On the other hand, the charge carriers in ferrites are localized
which as consequence has the increase of electrical conductivity
with increasing temperature. This influence of temperature on
conductivity can be explained by considering the mobility of
charge carriers responsible for hopping. As temperature increases
the mobility of hopping ions also increases there by increasing
conductivity. One can see from Fig. 6 that the conductivity of both
NiFe2O4 ferrites increases with the increase in temperature which
is a typical behavior of semiconductors.

3.3. Dielectric properties of spinel NiFe2O4 ferrite

The dielectric properties can vary widely in ferrites as a function
of temperature, frequency of applied electric field, crystal
structure, humidity and other external factors. The dielectric
response of ferrite materials can be described by the dielectric
constant as a complex quantity made up of a real component and
an imaginary component:

e ¼ e0 � je00 (7)

where the first term e0 is the real part of dielectric constant
representing the amount of energy stored in a dielectric material,
while the second term e00 is the imaginary part of dielectric
constant which describes the dissipated energy. The real and
imaginary parts of the dielectric constant have been calculated by
the formulas (1) and (2).

3.3.1. Dielectric constant

Figs. 7 and 8 show the effects of frequency on dielectric constant
for sintered spinel NiFe2O4 ferrites at different temperatures. It is
clear that both prepared samples exhibit dielectric dispersion
where both e0 and e00 decrease with increasing frequency. The
decrease of dielectric constant with increase of frequency as
observed in the case of prepared nickel ferrites is a normal
dielectric behavior of spinel ferrites. Generally, at low frequencies,
in kHz region, the value of dielectric constant of ferrite samples
range approximately in the order of 102–103. Hence, these nickel
ferrites are good dielectric materials. The value of both real and
imaginary part of dielectric constant is much higher at lower
frequencies.

Same as with the electric resistivity/conductivity, the porosity
of the ferrite samples also has an influence on the dielectric
properties. It is well known that the higher density in sample
causes an increase in the value of the dielectric constant. As a
confirmation of this fact, the measured data for the dielectric
constant of NiFe2O4 ferrites under investigation are given in
Table 2. For example, the values of dielectric constant of samples
NiFe2O4 obtained from the the mixture of Ni(OH)2 and a-Fe2O3

powders (sample 1) and Ni(OH)2 and Fe(OH)3 powders (sample 2)
measured at room temperature and a frequency of 1 kHz are �70
and �200, respectively, which is in agreement with the fact that
the sample 2 of NiFe2O4 has the higher density.

The polarization in ferrites is through a mechanism similar to
the conduction process. By electron exchange between Fe2+ and
Fe3+, the local displacement of electrons in the direction of the
applied field occurs and these electrons determine the polariza-
tion. The decrease in the dielectric constant with increasing
frequency is explained to be due to the decrease of polarization of
the dipoles when electric field propagates with high frequency. In
other words, beyond a certain frequency of electric field the

electron exchange does not follow the alternating field. The large
value of dielectric constant at lower frequency is due to the
predominance of species like Fe2+ ions, oxygen vacancies, grain
boundary defects, etc., while the decrease in dielectric constant
with frequency is natural because of the fact that any species
contributing to polarizability is found to show lagging behind the
applied field at higher and higher frequencies [50].

It is also noticed from Figs. 7 and 8 that the dielectric constant
increases with the increase in temperature. It is explained to be
due to thermal activation which enhances the number of dipoles
available for polarization when the sample is at a high tempera-
ture. The dielectric constant of sintered nickel spinel ferrites
increases with the increase in temperature due to the increase in
thermally activated charge carriers. This substantiates the normal
semiconducting behavior of the spinel ferrites.

It is seen from Figs. 7 and 8 that there is a monotonous decrease
in the values of imaginary part of the dielectric constant with
increasing frequency. The curves show similar behavior to the real
part of the dielectric constant but with slightly higher values for
NiFe2O4 spinel ferrite samples. This can be explained by a
correlation between the conduction mechanism (due to hopping
of electrons between Fe2+ and Fe3+) and dielectric properties of
ferrites. The dielectric loss arises from the delay of the polarization
behind the applied alternating electric field and is caused by the
impurities and imperfections in the crystal lattice.

3.3.2. Dielectric loss tangent

The energy loss is usually characterized by the dielectric loss
tangent, tand, which is expressed as the ratio of the imaginary part
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of the dielectric constant to the real part, see formula (3). Dielectric
loss arises when the polarization lag behind the applied alternating
field which is caused by the impurities and imperfections in the
crystal. The plots of dielectric loss versus frequencies for sintered
nickel ferrites at different temperatures are shown in Fig. 9. It is
observed that tan d shows an increasing trend with rise in
temperature. Also, it is obvious that the sample of NiFe2O4

prepared from Ni(OH)2 and Fe(OH)3 powders has a higher
dielectric loss tangent compared to the sample of NiFe2O4 prepared
from Ni(OH)2 and a-Fe2O3 powders at a certain temperature and at
different frequencies. From Fig. 9 it is noticed that the dielectric
loss for both samples found to be greater at lower frequencies and
decreases rapidly with the increase in frequency.

According to phenomenological Koop’s theory [49], this is
explained on the basis of the fact that in the low frequency region,
where the resistivity is high and the grain boundary effect is
dominant, more energy is required for electron exchange between
Fe2+ and Fe3+ ions, as a result the loss is high. In the high frequency
region, when the resistivity is low and grains themselves have a
dominant role, a small energy is required for electron transfer
between the two Fe ions at the octahedral site. The dielectric loss
tangent shows its maximum value (Debye relaxation) when
hopping frequency of charge carriers becomes approximately
equal to the frequency of an externally applied field [51,52]. Also at
lower frequencies, high dielectric loss may be because of
impurities, crystal defects and moisture.

10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

 298 K

 323 K

 348 K

 398 K

 423 K

ε '
' 

f [Hz]

(a)

(b)

10
2

10
3

10
4

10
5

10
6

10
0

10
1

10
2

10
3

10
4

10
5

 298 K

 323 K

 348 K

 398 K

 423 Kε'
' 

f [Hz]

Fig. 8. Variation of the imaginary part of dielectric constant (e00) with frequency for sintered NiFe2O4 ferrite obtained from the mixture of powders: (a) Ni(OH)2 and a-Fe2O3

and (b) Ni(OH)2 and Fe(OH)3 at different temperatures.
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Based on Figs. 7–9, Table 2 gives the values of dielectric
constant (e0, e00) and loss tangent (tan d) of sintered nickel ferrites at
selected frequencies. Results listed in table indicate that NiFe2O4

sintered sample obtained from the mixture of Ni(OH)2 and a-Fe2O3

powders has the lower dielectric constant and tan d compared to
the NiFe2O4 sintered sample obtained from the mixture of Ni(OH)2
and Fe(OH)3 powders at all frequencies. In both nickel ferrites, the
imaginary part of dielectric constant decreases more rapidly than
the real part with increasing frequency, thus their dielectric loss
tangent decreases rapidly. At low frequencies, the values of e00 are
higher than values of e0, especially in NiFe2O4 sample obtained
from hydroxide powders, which results in its higher dielectric loss
tangent values. This is more prominent at higher temperatures as
one can see in Table 2.

3.3.3. Complex impedance analysis

The complex impedance spectroscopy is a powerful technique
in the analysis of electrical properties of a material because it
enables us to examine the correlation of properties (electrical
conductivity, dielectric behavior, etc.) with microstructures (bulk
material and grain boundary contributions, etc.) [53]. In the
present analysis, the impedance spectroscopy [54] has been used
as well-developed tool to separate out the grain/bulk and grain
boundary contribution to the total conductivity of prepared nickel
ferrites. Depending on the electrical properties of the materials, the
AC response can be modeled with two semicircles in the
impedance plane. The first semicircle in a low frequency domain
represents the resistance of grain boundary and the second one
obtained in a high frequency domain corresponds to the resistance
of grain or bulk properties.

Fig. 10 shows the complex impedance plane plots (Z0 vs Z0) of the
both samples of the sintered NiFe2O4 as a function of frequency at
different temperatures. Generally, two semicircles are observed in
the Cole–Cole plots of the sample NiFe2O4 prepared from Ni(OH)2
and Fe(OH)3 powders between the frequency range 100 Hz and

Table 2
Dielectric permittivity (e0 , e00) and dielectric loss tangent (tan d) of sintered NiFe2O4 at selected frequencies.

Sample Frequency (kHz) 298 K 348 K

e0 e00 tand e0 e00 tand

(1)

Ni(OH)2 + a-Fe2O3

0.1 119.64 165.41 1.384 257.32 616.63 2.239

1 60.06 37.32 0.621 109.91 119.29 1.085

10 40.16 8.24 0.205 48.30 26.43 0.547

100 35.89 2.21 0.062 36.87 5.61 0.152

1000 34.20 1.01 0.029 33.75 1.49 0.044

(2)

Ni(OH)2 + Fe(OH)3

0.1 285.66 1545.73 5.411 740.42 10,766.68 14.541

1 83.89 195.96 2.336 246.81 1292.35 5.236

10 51.97 26.48 0.509 70.01 147.25 2.103

100 42.79 6.09 0.142 48.05 21.51 0.447

1000 38.72 1.46 0.038 40.75 4.51 0.111
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1 MHz. A larger one at low frequency represents the resistance of
the grain boundary and a smaller one obtained at the higher
frequency side corresponds to the resistance of grain of bulk
properties. It is noticeable that the impedance spectra of this
NiFe2O4 ferrite include both grain and grain boundary effects. This
appearance of two semicircles indicates a phenomenon which is
typically related to the presence of a distribution of relaxation
time. In Fig. 10 is obvious that the sample NiFe2O4 prepared from
Ni(OH)2 and a-Fe2O3 powders has a higher impedance compared
to the sample NiFe2O4 prepared from Ni(OH)2 and Fe(OH)3
powders and the grain boundary effects are far more dominant
at lower temperatures and noticeable than the bulk-grain effect at
high frequencies. At higher temperatures, only one semicircle is
observed in the complex impedance plane plots of the sample of
NiFe2O4 prepared from Ni(OH)2 and a-Fe2O3 powders in the
measured frequency range.

As one can see in impedance spectra of both nickel ferrites, the
diameters of the semicircles exhibit decreasing trends with the
increase in temperature. It indicates that the conductivity
increases with increase in temperature supporting the typical
negative temperature coefficient of resistance behavior of both
NiFe2O4 samples usually shown by semiconductors. On impedance
spectra is observed that the NiFe2O4 sample prepared from
Ni(OH)2 and a-Fe2O3 powders has a higher impedance value than
NiFe2O4 sample prepared from Ni(OH)2 and Fe(OH)3 powders at all
temperatures, so it is in good accordance with the fact that the
conductivity of NiFe2O4 sample 1 (from Ni(OH)2 and a-Fe2O3

powders) is lower than conductivity of the NiFe2O4 sample 2 (from
Ni(OH)2 and Fe(OH)3 powders). The impedance value of both
samples is decreased by two orders of magnitude, which is due to
thermal activation mechanism. The rise of temperature brings
with an enhanced conductivity, and hence, decreasing the
impedance values.

In order to correlate the electrical properties of the prepared
NiFe2O4 spinel ferrites with the microstructure of these materials,
an equivalent circuit model consisting of two serially connected
parallel R-CPE elements, shown in Fig. 11, has been used to
interpret the impedance spectra. Here Rg and Rgb represent the
grain and grain boundary resistance and CPEg and CPEgb are the
constant phase elements for grain interiors and grain boundaries,

respectively. The resistance of the circuit represents a conductive
path and a given resistor in a circuit account for the bulk
conductivity of the sample. The constant phase element CPE is used
to accommodate the non-ideal behavior of the capacitance which
may have its origin in the presence of more than one relaxation
process with similar relaxation times. The impedance of a CPE can
be described as [46]:

ZCPE ¼ A�1ð jeÞ�n (8)

where v is the angular frequency, A and n (0 � n � 1) are fitted
parameters. When n = 1, then the CPE describes an ideal capacitor
with C = A, while when n = 0 the CPE describes an ideal resistor
with R = 1/A. The capacitances are generally associated with space
charge polarization regions. The CPE elements in the equivalent
circuit model have been used to describe non-ideal Debye-like
behavior and enable taking into account phenomena occurring in
the interface regions, associated with inhomogeneity and diffusion
processes [55].

Analysis and simulation of impedance spectra were performed
using EIS Spectrum Analyzer software [56]. The different electrical
parameters calculated from the complex impedance plots at
selected temperatures are shown in Table 3. In the case of the
NiFe2O4 sample prepared from Ni(OH)2 and a-Fe2O3 powders the
obtained values of grain and grain boundary resistivities are higher
compared to the NiFe2O4 sample prepared from Ni(OH)2 and
Fe(OH)3 powders. At lower temperatures, its grain boundary
component dominates; the grain boundary resistivity is high. At
higher temperatures (398 K and 423 K), we only determined the
grain component in the higher frequency range. In the case of the
NiFe2O4 sample prepared from Ni(OH)2 and Fe(OH)3 the proposed
equivalent circuit could be applied in the complete measured
temperature range.

In both types of NiFe2O4 spinel ferrites, the value of the grain
boundary resistance is generally larger than the resistance of the
grain, Rgb 	 Rg. Additionally, the semicircle representing the grain
boundaries lies on the lower frequency side since the relaxation
time of the grain boundaries (tgb = RgbCgb) is much larger than that
of the grains (tg = RgCg). Also, it is observed that the both
resistances decrease with increasing temperature. It indicates
that the conductivity of sintered nickel ferrites increases with
increase in temperature. The higher values of resistance of both
grain and grain boundary for the NiFe2O4 sample from Ni(OH)2 and
a-Fe2O3 mean this ferrite has a lower conductivity than the
NiFe2O4 sample prepared from Ni(OH)2 and Fe(OH)3 powders. This
decrease in the resistance of grains and grain boundaries has been
suggested to be due to the thermal activation of the localized
charges. Two types of thermal activations, i.e., carrier density in the
case of band conduction and carrier mobility in case of hopping, are
responsible for the reduction in the resistive properties with

Fig. 11. Equivalent circuit model proposed while analyzing the impedance

spectroscopy data.

Table 3
The calculated resistance and CPE values from the complex impedance plots of NiFe2O4 ferrite at different temperatures.

Sample T [K] Rgb [V] CPE1 Rg [V] CPE2

Cgb [F] ngb Cg [F] ng

(1)

Ni(OH)2+ a-Fe2O3

298 5.657E7 1.248E�10 0.815 6.942E6 5.751E�11 0.913

323 3.702E7 3.032E�10 0.748 4.459E6 1.159E�10 0.853

348 1.449E7 5.835E�10 0.693 1.256E6 1.014E�10 0.897

398 – – 9.984E5 1.381E�9 0.664

423 – – 4.891E5 1.273E�9 0.695

(2)

Ni(OH)2+ Fe(OH)3

298 3.789E6 4.912E�9 0.688 2.397E6 4.487E�11 0.881

323 1.365E6 9.585E�9 0.649 1.051E6 4.590E�11 0.887

348 4.719E5 8.101E�9 0.713 2.915E5 4.525E�11 0.892

398 7.992E4 5.442E�9 0.822 2.572E4 3.949E�11 0.898

423 3.797E4 7.682E�9 0.789 1.043E4 3.104E�11 0.921
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temperature [45]. For all the temperatures the capacitance of the
grain boundary is larger than that of the grain for both types of
NiFe2O4 ferrite samples, which can be explained on the basis that
capacitance is inversely proportional to the thickness of the media.

4. Conclusions

NiFe2O4 ferrite powders were prepared by soft mechanochemi-
cal synthesis starting from the mixture of (1) Ni(OH)2 and a-Fe2O3

and (2) Ni(OH)2 and Fe(OH)3 powders. Single phase nanosized
NiFe2O4 ferrite powder was formed for 25 h ball milling and then
sintered at 1100 8C for 2 h. X-ray diffraction of the prepared
samples shows single phase cubic spinel structure. In recorded
Raman spectra are observed all first-order Raman active modes.
Study of dielectric properties with frequency at different
temperatures helps in understanding the electric behavior of the
sintered samples. The phenomena of dielectric dispersion were
explained in the light of Maxwell–Wagner two layer models and
Koops phenomenological theory. The temperature and frequency
dependence of dielectric properties showed that the AC conduc-
tivity and relaxation of the present nickel ferrites are dominated by
hopping of charge carriers and dipoles respectively. Value of
determined activation energy showed that conduction was due to
electron hopping mechanism between Fe2+ and Fe3+. The measured
data clearly indicate that the apparent effect of the density/
porosity NiFe2O4 ferrite samples on electrical resistivity/conduc-
tivity and dielectric constant. The analysis of the complex
impedance data shows that the capacitive and the reactive
properties of the nickel ferrites are mainly attributed to the
processes that are associated with the grain and grain boundary.
The grain and grain boundary resistances of sintered sample
exhibit decreasing trends with the increase in temperature. It
indicates that the conductivity increases with increase in
temperature supporting the typical negative temperature coeffi-
cient of resistance (NTCR) behavior of the material usually shown
by semiconductors.
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[30] V. Šepelák, I. Bergmann, A. Feldhoff, P. Heitjans, F. Krumeich, D. Menzel, F.J.

Litterst, S.J. Campbell, K.D. Becker, J. Phys. Chem. C 111 (2007) 5026–5033.
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M.B. Pavlović, B. Cekić, N.Ž. Romčević, Mater. Res. Bull. 48 (2013) 404–415.
[33] B.D. Cullity, in: M. Cohen (Ed.), Elements of X-ray Diffraction, Addison-Wesley

Publishing, San Diego, 1977.
[34] J. Huo, M. Wei, Mater. Lett. 63 (2009) 1183–1184.
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1. Introduction

The spinel ferrites are a large group of oxides that have the
structure of the natural spinel MgAl2O4. The structure of spinel
was first investigated by William Henry Bragg [1,2] and
independently Shoji Nishikawa [3] in far 1915 year. The ideal
structure consists of cubic close-packed oxygen anions; with a
unit cell that containing eight formula units. The space group is Fd-
3m, number 227 in the International Tables. Between the oxygen
atoms there are 96 interstices. Among 64 interstices with
tetrahedral coordination only eight special positions 8a (point
symmetry 43m) are occupied with the ‘‘A’’ cations. Remaining 32
positions are octahedral coordinated and a half of them, with
positions 16d (point symmetry m3m), are occupied with ‘‘B’’
cations. Oxygen positions are labeled with 32e in Wyckoff
notation. Spinel structure is called normal (A)[B2]O4 when 2+

cations are only in tetrahedral positions and Fe3+ in octahedral
sites. The oxygen atoms are not in the ideal f.c.c. positions,

depending on the difference in the effective ionic radii of ‘‘A’’ and
‘‘B’’ cations. Except that, spinel structures can be partially or
completely inverse, with general formula (A1�dBd)[AdB2�d]O4,
where d is a degree of inversion, i.e. part of cations from octahedral
positions that ‘‘had settled’’ in tetrahedral sites. Degree of
inversion, d can vary from 0 for normal to 1 for the perfectly
inverse spinel. For d = 2/3 arrangement is completely random and
corresponds to maximum of the configurationally entropy. The
oxygen usually displace along a [1 1 1] direction to accommodate
the ionic radii of the cations in both sites causing an enlargement
of the tetrahedral polyhedron at the expense of the octahedral
radius and leading to change in symmetry of octahedral site to 3m.
For precise definition of the spinel unit cell, except length of a unit
cell a, it is necessary to know an oxygen (or deformation)
parameter u, also. If the origin of the unit cell is taken at the
occupied tetrahedral site: A(0, 0, 0), then cation in octahedral site
is in position B(0.625, 0.625, 0.625), and u = 3/8 = 0.375, i.e.
position of oxygen in relation to the origin of the unit cell is:
O(0.375, 0.375, 0.375) in the ideal f.c.c. symmetry.

Cation to anion distances are given by [4]:

Rtet ¼ a
ffiffiffi
3

p
ðu � 1=4Þ (1)

Materials Research Bulletin 48 (2013) 4759–4768

A R T I C L E I N F O

Article history:

Received 7 March 2013

Received in revised form 2 August 2013

Accepted 16 August 2013

Available online 28 August 2013

Keywords:

A. Magnetic materials

A. Nanostructures

C. Raman spectroscopy

C. X-ray diffraction

D. Magnetic properties

A B S T R A C T

Two zinc ferrite nanoparticle materials were prepared by the same method – soft mechanochemical

synthesis, but starting from different powder mixtures: (1) Zn(OH)2/a-Fe2O3 and (2) Zn(OH)2/

Fe(OH)3. In both cases a single phase system was obtained after 18 h of milling. The progress of the

synthesis was controlled by X-ray diffractometry (XRD), Raman spectroscopy, TEM and magnetic

measurements. Analysis of the XRD patterns by Rietveld refinement allowed determination of the

cation inversion degree for both obtained single phase ZnFe2O4 samples. The sample obtained from

mixture (1) has the cation inversion degree 0.3482 and the sample obtained from mixture (2) 0.400.

Magnetization measurements were confirmed that the degrees of the inversion were well estimated.

Comparison with published data shows that used method of synthesis gives nano powder samples

with extremely high values of saturation magnetizations: sample (1) 78.3 emu g�1 and sample (2)

91.5 emu g�1 at T = 4.5 K.
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Roct ¼ a½3u2 � 2:75u þ 43=64�1=2 � að5=8 � uÞ� (2)

At1 the other side, these distances are the sum of the oxygen
anion radius rO and the radius of the corresponding cation:

Rtet ¼ hrAi þ rO (3)

Roct ¼ hrBi þ rO (4)

The mean ionic radii of the tetrahedral and octahedral site for
the mixed or inverse spinels are

hrAi ¼ ð1 � dÞrA þ drB (5)

hrBi ¼ 1=2½drA þ ð2 � dÞrB� (6)

Value of lattice parameter can be calculated according to the
relation:

acalc ¼ 8=3
ðhrAi þ rOÞffiffiffi

3
p þ ðhrBi þ rOÞ

� �
(7)

Effective ionic radii in tetrahedral and octahedral coordination
and oxygen anion radius are given in Ref. [5]. For Zn2+ in
tetrahedral position effective radius is 0.58 Å, and in octahedral
site radius is 0.73 Å. For Fe3+ in tetrahedral position effective radius
is 0.485 Å, and in octahedral site radius is 0.645 Å. Oxygen’s radius
is 1.38 Å.

There are two methods for the preparation of magnetic
nanoparticles: physical and chemical. The methods of genera-
tion of magnetic nanoparticles in the gas or solid phase using
high-energy treatment of the material are usually called
physical, while the nanoparticle syntheses, which are often
carried out in solutions at moderate temperatures are chemical
methods. Different routes have become an essential focus of
the related research and development activities. Various
fabrication methods to prepare nanosize spinel ferrites have
been reported, e.g., sol–gel methods [6], the ball-milling
technique [7–9], co-precipitation [10,11], polymeric assisted
route [12] the hydrothermal method [13,14], the reverse
micelles process and the micro-emulsion method [15–22].
Various precipitation agents have been used to produce specific
size and shape spinel ferrites nanocrystals, e.g., metal hydroxide
in the co-precipitation method, surfactant and ammonia in the
reverse micelles process and various micro-emulsion methods,
and organic matrices in the sol–gel method. Most of these
methods have achieved particles of the required sizes and
shapes, but they are difficult to employ on a large scale because
of their expensive and complicated procedures, high reaction
temperatures, long reaction times, toxic reagents and by-
products, and their potential harm to the environment.
Mechanochemical synthesis is the general name given to the
process of milling of powders which is accompanied by chemical
reactions. Novel approach to mechanochemical synthesis, based
on reactions of solid acids, based hydrated compounds, crystal
hydrates, basic and acidic salts, has been called soft mechano-
chemical synthesis. The soft mechanochemical reactions consist
in the high reactivity of surface functional groups, notably, OH
groups [23]. The major advantages of soft mechanochemical
synthesis lie in the formation of reaction products at a room or a
low temperature and the refinement of produced powders to a
nanometer size range. This is reflected primarily in the
simplicity of the procedure and equipment used. Also, this

method is inexpensive in comparison with other method of
synthesis.

It is well known that different methods of preparation greatly
affect the strain, shape and size of obtained nanoparticles what
results in a significant change of the lattice constant, oxygen
parameter and the degree of inversion. A correlation between
particle size and the inversion degree can be established only
for samples obtained by the same synthesis method. Changes
in structural parameters surely change all physical characteristics,
particularly magnetic and electric properties of nano spinels.

In spinel ferrites disorder in the cation distribution between
A and B sites can affects the value of saturation magnetization
Msat, exchange interactions and ferromagnetic ordering tem-
peratures. Magnetic properties can be used as a probe of
disorder in ferromagnetic spinels. This particularly applies for
zinc ferrite which is a paramagnetic at room temperature in a
form of bulk, but in the form of nanoparticles has a significant
magnetization.

In recent years, spinel ferrite nanoparticles have been
extensively investigated because, owing to chemical stability,
mechanical hardness and especially of their magnetic and
electrical properties, they can be used for recording media,
spintronics, magnetic refrigeration, ferro fluids, magnetic reso-
nance imaging, the delivery of drugs to specific areas of the
body, etc. [24–28]. Understanding of the crystal chemistry of
spinel nanoparticles is essential for controlling their magnetic
properties, because of the close connections between their
magnetic properties and their crystal chemistry and structures.
The cation distribution in nanomaterials can be estimated
by X-ray diffraction, nuclear magnetic resonance, neutron
diffraction [29,30], Mössbauer analysis, electron energy loss
spectroscopy EELS [31], EXAFS [32], and usually by combination
of several methods for greater reliability [33]. Magnetic
nanoparticles with dimensions ranging from a few nanometers
up to tens of nanometers, thanks to their comparable or smaller
size than proteins, cells or viruses, are able to interact with (bind
to or penetrate into) biological entities of interest. These size
advantages of magnetic nanoparticles together with their
sensing, moving and heating capabilites based on the unique
nanometer-scale magnetic and physiological properties give
them the possibility to be used in biomedical applications such
as magnetic resonance imaging (MRI), targeted drug delivery
and hyperthermia [34–37]. Rana et al. investigated the reverse
micelle and chemical hydrolysis techniques had been success-
fully combined to synthesize composite nanoparticles consisting
of a photocatalytic shell of titania and a magnetic core of ferrite.
The nature of titania shell, i.e. anatase or brookite, depends
on the TiO2 and ferrite molar ratio. The work presented
here describes the photo catalytic and anti-microbial activity
of the composite nanoparticles together with the magnetic
characteristics of the nickel ferrite core. The TiO2-coated ferrite
nanoparticles retain the magnetic characteristics of uncoated
nanocrystalline ferrites (superparamagnetism; absence of
hysteresis, remanence and coercivity at 300 K) encouraging
their application as removable anti-microbial photocatalyst
nanoparticles that could be extracted from the sprayed surface
(human body or environment) after exposure [36].

In the present work we investigated zinc ferrite nanoparticle
materials prepared by the same method - soft mechanochemical
synthesis, but starting from two different mixtures. In both
cases we obtained a single phase system after 18 h of milling
[38]. The progress of the synthesis is controlled by X-ray
diffractometry, Raman spectroscopy and magnetic measure-
ments. Analysis of the results of used methods allows estimating
the degree of the inversion for both obtained single phase
ZnFe2O4 samples.

1 If the origin of the unit cell is chosen in the (vacant octahedral site) then A

site is in 8f in Wyckoff notation and A(0.125, 0.125, 0.125), B site is 16c, B(0.5,

0.5, 0.5) and oxygen is in 32e, but with relative coordinate u* = 0.250 for ideal

f.c.c. lattice. In that case cation to anion distances are Rtet ¼ aðu� � 1=8Þ and

Roct = a[3u*2 � 2u* + 3/8]1/2.
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2. Experimental

Starting compounds used for synthesizing of two types zinc
ferrite nanopowders were

(1) Zinc-hydroxide (Zn(OH)2, Merck 95% purity) and hematite
(a-Fe2O3, Merck 99% purity) and (2) zinc-hydroxide (Zn(OH)2,
Merck 95% purity) and Fe(OH)3 in equimolar ratio.

Soft mechanochemical synthesis was performed in air atmo-
sphere in planetary ball mill (Fritsch Pulverisette 5) for 4, 10 and
18 h. The powder mixtures were pressed into pallets using a cold
isostatic press (8 mm in diameter and �3 mm thick).

X-ray diffraction (XRD) measurements were performed on
Philips PW 1050 diffractometer with Ni filtered CoKa radiation of
1.78897 Å at room temperature. Measurements were done in 2u
range of 15–808 with scanning step width of 0.058 and 10 s
scanning time per step.

The microstructural characteristics (crystallite size, strain and
cation inversion) were obtained from the Rietveld analysis of the
XRD data by means of the FullProf Suite [39] and PowderCell 2.4

Program [40], simultaneously, in order to verify the accuracy of
more simple, but ‘‘user friendly’’ PowderCell 2.4 Program. The Joint

Committee on Powder Diffraction Standards (JCPDS) Powder Diffrac-

tion File (PDF) database was used for phase identification [41].
Raman measurements of mixture of powders and sintered

samples were performed using Jobin-Ivon T64000 monochroma-
tor. An optical microscope with 100� objective was used to focus
the 514 nm radiation from a Coherent Innova 99 Ar+ laser on the
sample. The same microscope was used to collect the back-
scattered radiation. The dispersed scattering light was detected by
a charge-coupled device (CCD) detection system. Room tempera-
ture Raman spectra are in spectral range from 100 to 800 cm�1. The
average power density on the sample was about 20 mW mm�2;

TEM studies were performed using a 200 kV TEM (JEM-2100
UHR, Jeol Inc., Tokyo, Japan) equipped with an ultra-high
resolution objective lens pole piece having a point-to-point
resolution of 0.19 nm, being sufficient to resolve the lattice images
of nanoparticles. Due to relatively small size of the nanoparticles,
selected area electron diffraction patterns (EDP) over the multiple
nanocrystals were recorded to obtain the characteristic diffraction
rings with structure-specific d-values. Electron energy dispersive
X-ray spectroscopy (EDS) was used to examine the chemical
composition of the product.

The magnetization measurements were done at Cryogenic
vibrating sample magnetometer (VSM) in magnetic field from
0 kOe to �80 kOe.

3. Results and discussion

X-ray diffractograms of two different starting mixtures after 4,
10 and 18 h of milling time are presented in Fig. 1. It is well seen
that spinel phase is already present after 4 h milling. In the case (2)
mechanochemical activation takes place faster and after 10 h of
milling the presence of unreacted compounds is smaller than in the
case (1). According to Rietveld refinement we estimated that the
spinel phase in the case (1) is 94.3% and in the chase (2) more than
98.0%. We have to remark that in these cases, when diffractograms
are poorly defined, Rietveld results can be considered with a
certain caution. Namely, powder patterns after 10 h of milling time
are characterized by a low crystallinity what results in high
discrepancy factors, Rwp (R-weighted differences between mea-
sured and calculated patterns), over 30%.

After 18 h of milling a single spinel phase is achieved in both
systems. Samples are still of low crystallinity, but in this case
Rietveld refinement of diffractograms was carried out very
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Fig. 1. X-ray diffractograms of the samples obtained after 4, 10 and 18 h milling time of (a) zinc hydroxide and hematite and (b) zinc hydroxide and ferric hydroxide powders.
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carefully in order to reduce the Rwp and determine the structural
parameters of zinc ferrite nanomaterials as precise as possible.
Diffraction intensities observed experimentally were compared
with diffractions calculated for a large number of hypothetical
crystals structures.

In the first step the global parameters (2u-zero, background and
specimen displacement) were refined. Due to the observed peak
broadness we did not deconvolute an instrumental profile, which
is more than ten times smaller. In the next step, the structure
parameters (lattice constant, oxygen parameter, specimen’s profile
breadth parameter and site occupancy) were refined sequentially.
The site occupancy in the two positions, octahedral and tetrahe-
dral, was limited in order to keep the sum of the same cations in the
two sites in its stoichiometric value. The criteria for the most
probable distributions should be the lowest values of the
agreement factors.

In the last cycle, when the R-weighted profile, Rwp, has reached
its minimum value, all the parameters - global and structural were
refined simultaneously. The goodness of fit, x2 = Rwp

2/Rexp
2, where

Rexp is expected value, i.e. the best possible Rwp factor, is >1. It is
known that high values of Rwp and x2 can be the effect of too good
counting statistics (for instance, long scanning time per step),
despite the profile problems are minor. A general advice is to judge
quality from a plot of the fit [42]. Rietveld analysis of the XRD by
means of the FullProf Suite and PowderCell 2.4 Program gives
comparable results (for the data we needed in our analyses), but
PowderCell 2.4 Program for the refining of the same diffraction
pattern obtains higher discrepancy factors Rwp and goodness of fit
x2. Results of Rietveld refinement of XRD spectra of samples
obtained after 18 h milling time are presented in Fig. 2.

Structural parameters and discrepancy factors derived by
Rietveld refinement of X-diffractograms of two ZnFe2O4 nano-
powder samples are listed in Table 1. Sample denoted with ‘‘o-h’’ is
obtained by mechanochemical activation of the hematite powder
and zinc hydroxide powder for 18 h milling, and sample ‘‘h-h’’ by
milling zinc- and ferric hydroxide for 18 h, also. Crystal lattice
constant is calculated from diffractograms (values marked with
the # in Table 1) and acalc using relation (7). Average crystallite size,
D, and strain, estr, are derived from Williams-Hall plot for
approximately Lorentzian peak shape:

whkl � cosuhkl ¼
lCo

D
þ 4estr � sin uhkl (8)

where lCo = 1.78897 Å is wavelength of used CoKa – X-ray source,
whkl observed line broadening of diffraction line at uhkl Bragg angle.
We get a linear fit to the data and extract the crystallite size from
the y-intercept of the fit, and the strain from the slope of the fit. The
calculated values of crystallite size are slightly higher than values
obtained by Rietveld refinement. Calculated strain from Williams-
Hall plot in ‘‘o-h’’ sample was 28(4) � 10�4 and 25(2) � 10�4 in ‘‘h-
h’’ sample. From Rietveld refinement, by peak profile analysis
(pseudo-Voigt function), it was obtained 21(1) � 10�4 for ‘‘o-h’’
and 23(1) � 10�4 for ‘‘h-h’’ sample. Considering that the refined
data are more credible than calculation on the basis of the raw

diffractogram, it can be concluded that in the sample obtained by
milling of hydroxides a little greater micro strain occurs.

Rt(Rtet) and Ro(Roct) are cation–anion bond length in tetrahedral
and octahedral sites, respectively, obtained by Rietveld refinement
(and calculated by the relations (3) and (4)). Since we have chosen
the refinement parameters that gave minimal differences between
measured and calculated diffractogram patterns, we observed that
all theoretical values calculated with d obtained by Rietveld
refinement and deviations from the refined values were in the limit
of error of evaluating effective ionic radii, except for tetrahedral
cation–anion bond length, especially for ‘‘o-h’’ sample. At the same
time, value of lattice parameter of ‘‘o-h’’ sample obtained by
Rietveld refinement was somewhat smaller than parameter
calculated directly from diffractogram, using the relation
a = lCo(h

2 + k2 + l2)½/(2 sinuhkl). In the new attempt of the refine-
ment we firstly fixed lattice constant of ‘‘o-h’’ sample on a
calculated value, higher than obtained by the previous refinement.
It turned out that we get better agreement of the refined and
theoretically calculated parameters at a cost of increasing the
discrepancy factor Rwp for less than 1%.
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Fig. 2. Rietveld refinement of XRD spectra of the ferrite samples obtained after 18 h

milling time.

Table 1
Structural parameters calculated from diffractograms (values denoted #), by Rietveld refinement and according to theoretical relations (3)–(7) (in brackets).

Sample a (acalc), (Å) u d D (Nm) Rt
(Rtet.) (Å)

Ro
(Roct) (Å)

Rwp (%) Rexp (%) x2

(1) ‘‘o-h’’ 8.4081#

8.4148

(8.41)

0.38214 0.3482 20.3#

16.8

1.9259

(1.93)

2.0454

(2.04)

12.04 2.34 17.2

(2) ‘‘h-h’’ 8.4019#

8.4038

(8.39)

0.38082 0.4000 17.6#

15.6

1.9097

(1.92)

2.0502

(2.03)

14.22 2.28 27.4
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Independently of this ‘‘intervention’’, structural parameters
obtained by Rietveld refinement have already shown a complete
consistency. The sample obtained by milling of zinc and ferric
hydroxides for 18 h has a smaller crystal constant, smaller
oxygen parameter and smaller dimension of tetrahedrons what
means that larger zinc cations were moved into the octahedral
sites in a greater number and that the degree of the conversion
must be higher than in the case of the zinc ferrite sample denoted
with ‘‘o-h’’.

It is known that in cubic spinel structure Bragg reflection (2 2 0)
depends exclusively on the cations occupying tetrahedral sites and
intensity of the (2 2 2) reflection depends on cations in the
octahedral sites [43]. Ratios of the intensities for diffraction lines
(2 2 0) and (2 2 2) indicate that the zinc ferrite sample with the
highest I(2 2 0)/I(2 2 2) has the lowest degree of the cation inversion
[44]. With the increase of the degree of inversion it is expected that
the intensity of Bragg reflection (2 2 0) decrease, (4 0 0) increase
and (4 4 0) stays unchanged [45]. Therefore it is convenient to
compare the relative intensity ratios for these selected reflections
with the aim to assess the values of the cation inversion
parameters, Table 2.

Based on calculated ratios of the diffraction lines intensity,
Table 2, it has been confirmed that the sample ‘‘h-h’’ had a little
higher cation inversion parameter.

Raman spectra of the nanopowder samples obtained after 4, 10
and 18 h milling of starting compounds are presented in Fig. 3. It is

seen that even after 4 h of milling, a spinel structure is dominant.
As it is usual, for the sake of simplicity, Raman modes are assigned
as in normal cubic spinel (A1g + Eg + 3F2g), even though spectra of
nanopowder samples with asymmetric – doubled, or even
dissociated peaks are characteristic for inverse and partially
inverse (‘‘mixed’’) spinel structure. (Inverse spinel belongs to
P4322 tetragonal space group). Recorded spectra support the
conclusions of XRD analysis that mechanochemical activating in
the case of mixing hydroxides at the beginning (after 4 and 10 h)
progresses more rapidly, nevertheless a single phase ZnFe2O4 in
both cases of starting mixtures is achieved after the same milling
time. After 10 h of milling in the Raman spectra of the sample
obtained from zinc hydroxide + hematite starting mixture the
mode of hematite, superponed on the Eg spinel mode, is still
emphasized. Except that, the multiphonon features at about 1000
and 1300 cm�1 are extremely exaggerate. This is a symptom of
very disturbed structure.

Deconvolution of spectra recorded on single phase samples
(obtained after 18 h of milling) gives information about distribu-
tion of cations over tetrahedral and octahedral sublattices. The
high frequency first order mode A1g is due to symmetric stretching
of oxygen atoms along Fe–O and Zn–O bonds in the tetrahedral
coordination [46,47]. A much more pronounced mode at 634 cm�1

in the ‘‘o-h’’ sample (or 647 cm�1 in ‘‘h-h’’ sample) is related with
stretching along Zn–O bonds in tetrahedrons. A smaller mode, at
717 cm�1 (718 cm�1), corresponds to A1g mode of magnetite (i.e.
stretching along Fe–O bonds in tetrahedrons). It can be observed
that this mode in ‘‘h-h’’ sample is more intensive than in ‘‘o-h’’
sample, what implies that more Fe3+ ions are in tetrahedral sites,
i.e. that ‘‘h-h’’ sample has higher cation inversion parameter.

Modes F2g(2) and F2g(3) correspond to the vibrations of the
octahedral group. These modes are not very strong and because of
rather high level of noise we could not estimate the inversion

Table 2
Ratios of the intensities for selected diffraction lines.

Sample I(2 2 0)/I(2 2 2) I(2 2 0)/I(4 4 0) I(4 0 0)/I(4 4 0)

‘‘o-h’’ 3.74 0.72 0.38

‘‘h-h’’ 3.60 0.70 0.39
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Fig. 3. Raman spectra of two starting powder mixtures after 4, 10 and 18 h of milling time.
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parameter from the ratio of their intensities. We only dare to say
that octahedral sublattice seems to be less ordered than
tetrahedral one.

Fig. 4 shows TEM image with corresponding EDPs of individual
products and EDS after milling of 18 h of the mixture of Zn(OH)2/
Fe2O3 powders. Particle size distribution for obtained spinel
ZnFe2O4 prepared from mixture of Zn(OH)2/Fe2O3 powders is in
range between 3 and 20 nm. The crystallites are rounded, show
highly activated non-equilibrium surfaces and tend to agglomerate
into larger clusters with diameters of several hundred of
nanometers. In the initial stages of mechanochemical reaction
particles are covered by few nanometers thick amorphous layers,
which disappear after 18 h. After longer times of milling both
processing routes produce pure spinel reflections belonging to
ZnFe2O4 phase. Measurements of the diffraction rings confirmed
that they correspond to the crystal planes of spinel structure. The
composition of the products milled for 18 h was analyzed by EDS
measurements on several individual particles, as well as larger
crystal clusters. The analyses show a constant Zn:Fe atomic ratio of
1:2, which corresponds to the ZnFe2O4 phase. Fig. 4 shows a typical
EDS spectrum, recorded on the Zn(OH)2/Fe2O3 sample milled for
18 h. Ni-peak present in the EDS spectrum stems from the Ni-grid
of the TEM specimen, whereas the minor peak of Ti probably
originates from ilmenite impurities in the Fe2O3 precursor.

Ferrimagnetic couplings in systems with magnetic cations on
tetrahedral – A and octahedral – B sites can involve antiferromag-
netic exchange interactions between A–A, B–B and A–B cations as
first proposed by Néel. According to Néel’s assumptions that
interaction between collinear A and B sublattice is dominant and
that the other interactions can be neglected in the first
approximation, net dipole moment per formula unit, MN

calc, in
Bohr magnetons mB (mB = 9.27 � 10�24 J T�1) is obtained as
follows:

MN
calc ¼ M½B� � MðAÞ ¼ ½ð2 � dÞNB þ dNA� � ðð1 � dÞNA þ dNBÞ (9)

where NA,B is a number of magnetons of corresponding magnetic
ion. It was shown that this relation is valid only for naturally
inverse spinels and for their nano counterparts bat only for a small
deviations from a perfect inverse structure (d = 1). Deviation from
this simple linear dependence for d < 0.8 is a consequence of
fluctuations in the super exchange interaction due to the
compositional and structural irregularities caused by cation
redistribution and to the existence of noncollinear, so called
Yafet-Kittel, spin structures [48].

In the case of normal spinel structure, as bulk zinc ferrite with
nonmagnetic Zn2+ ions with MA(Zn) = 0mB and MB(Fe) = 5mB, relation

(8), from which follows: MN
calc ¼ 10ð1 � dÞ, is obviously quite

incompatible with experimental facts for small degrees of the
inversion. (According to this relation, a minimal d would cause a
maximal magnetization 	10 mB.)

Judge to some experimental data, in zinc ferrite, except a long-
range order, could be very significant a short-range antiferromag-
netic order. Schiessel et al. [49] at 100 K by neutron diffraction,
muon-spin rotation/relaxation and 57Fe and 67Zn Mössbauer
spectroscopy confirmed developing and existence of numerous
small regions with short-range antiferromagnetic order. Such
regions coexists with long-range antiferromagnetic order even
below TN = 10.5 K. This result refers to perfectly normal zinc ferrite
and could be an intrinsic property of ZnFe2O4 in the opinion of
authors.

In the partially inverse ZnFe2O4, the Fe3+ situated on A-sites
forms a cluster with its (12 � x) next nearest neighbors (nnn) at B-
sites through antiferromagnetic coupling. A number of nnn Fe3+

depends on the cation distribution (x is a number of nonmagnetic
Zn2+ ions among nn neighbors on B-sites). Thereby, Fe3+ ions
situated on A sites are mutually collinear as have been shown by
Mössbauer spectra in the presence of an applied magnetic field,
while a number of Fe3+ ions situated on B sites are noncollinear
(canted) [50]. In Ref. [51] the LEIS (low energy ion scattering)
results together with the Mössbauer analysis and the magnetic
measurements at room temperature lead to the conclusion that the
magnetization exhibited by ultra-fine particles of zinc ferrite is
certainly due to partial inversion of cations, but is followed by
short range ordering, also. Soliman et al. [52] have used a local
density approximation in their ab initio calculation to examine the
electronic structure and magnetic properties of different allowed
symmetries and cation distributions in the ZnFe2O4 spinel. It is
confirmed that ZnFe2O4 cannot be treated as a correlated system
only and that deformation of the octahedral site have to be taken
into consideration together with the degree of inversion.

Stewart et al. [33] estimated the variation of saturation
magnetization, Msat in the function of the inversion parameter
assuming a random distribution of super exchange interactions, as
proposed by Gilleo [53]. The degree of cation inversion obtained by
EXAFS for different stoichiometric ZnFe2O4 samples was in good
agreement with proposed model. In Ref. [54] was examined
dependence of magnetization on the degree of cation inversion,
also. The cation inversion was determined by neutron diffraction.

Based on the results presented in references [33] and [54] it is
obvious that dependence Msat on the degree of the inversion d for
d < 0.4 is almost linear. The contribution of octahedral sublattice in
magnetization is negligible, i.e. antiferromagnetic interaction
between (nearly) equivalent B1 and B2-sites in octahedral

Fig. 4. TEM image with corresponding EDP (inset in the upper right corners) and EDS spectra of mechanochemically treated sample with starting compositions Zn(OH)2/a-
Fe2O3 after processing for 18 h. Lines in the upper-right quadrant of EDP indicate d-values for ZnFe2O4 spinel phase that fully evolves after 18 h of milling time. The inset in EDS

shows a HRTEM image of rounded ZnFe2O4 nanoparticle oriented close to the [11–0] zone axis with well resolved lattice fringes, characteristic for the spinel structure.
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sublattice and, especially, the presence of short-range antiferro-
magnetic regions makes M[B] 	 0. At the other side, a number of
magnetic ions in A sublattice for small d is diluted and A–B
interaction must be weak and comparable with B–B interaction.
With increasing a number of Fe3+ in tetrahedral positions exchange
interactions in ZnFe2O4 lattice are changing. The spins from A sites
hold all neighbor spins from B sites almost antiparallel (a stronger
A–B interaction disturbs weaker antiferromagnetic interaction
between B1 and B2 sub-sublattices). Except that, with increasing a
number of Fe3+ in tetrahedral positions, in the octahedral
sublattice, due to reduction of Fe3+ ions, stay corrupted or modified
super exchange ‘‘connections’’. Within the B-sublattice, B1 and B2
sub-sublattices are no longer equivalent and magnetic moment
M[B] becomes nonzero. This leads to a reduction of a net
magnetization. Therefore relation (9) takes on meaning in nano
ZnFe2O4 with increasing d.

The interplay between competing exchange interactions for
ions on different sublattices allows for new, noncollinear
magnetization of sublattices. Yafet-Kittel model [48] includes
Néel model as special case and can be applied in nano systems for
any value of inversion coefficient. We can suppose, on the basis of
references listed above, that the main difference arise in
octahedral B-sublattices. It is supposed that magnetic moments
of B1 and B2 sublattices have the same intensity, but they are not
collinear. Their resultant is antiparallel to the saturation
magnetization of the spins on the A site. Mössbauer measure-
ments confirm that the angle between A1 and A2 sub-sublattices is
08. Applying Néel’s two-sublattice model of ferrimagnetism with
included Yafet-Kittel effect of spin canting, the calculated
magnetic moment, ncalc, per unit formula, in simplified form is
expressed as:

ncalc: ¼ M½B�coscYK � MðAÞ (10)

where M(A) and M[B] are the A and B sublattice magnetic moments
(M(A1) = M(A2), M[B1] = M[B2]) and cYK is Yafet-Kittel angle (2cYK is
angle between directions of M[B1] and M[B2] and M[B]�cos cYK is a
projection of octahedral sub-sublattice magnetic moment on the
direction of tetrahedral magnetic moment).

Important consequence of Yafet-Kittel concept is that the
canting of one sublattice is a result of dilution of the other
sublattice. Gilleo assumed that Fe3+ ions with even one nonmag-
netic nearest neighbor would not contribute to the spontaneous
magnetization. The net magnetic moment per molecule, according
to this model is:

nðkA; kBÞ ¼ nBðkA; kBÞ � nAðkA; kBÞ (11)

where nB = nB
0(1 � kB)[1 � EB(kA)], nA = nA

0(1 � kA)[1 � EA(kB)],
EB(kA) = 6kA

5 � 5kA
6, EA(kB) = 12kB

11 � 11kB
12, nB

0 and nA
0 are

undiluted magnetons per molecule, but left as variables because
of usual varying of ionic spin values in spinel system (for Fe3+ is
average spin, hSi <5/2, i.e. nA

0 < 5 mB and nB
0 < 2 � 5 mB).

Parameters kA = 1 � d and kB = d/2 are degrees of nonmagnetic
ions on corresponding sites. The values EA,B are sublattice canting
probabilities from opposite sublattice dilution as determined from
random probability theory.

It remained to check weather the saturation magnetizations for
the two samples support the observed differences in the cation
inversion coefficients. It remained to check weather the saturation
magnetizations of our samples support the observed differences in
the cation inversion coefficients. We were primarily interested in
the value of magnetization at low temperatures which is directly
related to the degree of inversion. At the same time, magnetic
measurements allow us to monitor the process of the synthesis and
the characteristics of the obtained single phase nano powder
ZnFe2O4.

Hysteresis loops of ferromagnetic ZnFe2O4 powders obtained
after different milling times are shown in Fig. 5 for low values of
magnetic field. These measurements were done at 4.5, 30 and
300 K.

In Fig. 6a and b are shown magnetizations for high magnetic
fields - only for single phase samples obtained after 18 h of milling
time from different starting compounds.

It can be observed that magnetization does not saturate even
at fields of 80 kOe. The observed resultant magnetic moment is
due also to spin disorder at the surface (owing to broken
exchange bonds and broken symmetry) and may be explained
by means of core–shell model. Ferrimagnetically aligned core
spins are coupled by exchange interactions and surrounded by a
magnetically disordered shell [55]. After all the core moments
are completely aligned in a magnetic field, further increase in
the magnetization is affected only by uncompensated spins in
the shell. In this case ‘‘saturation magnetization’’ is value
obtained from the graph of M = f(1/H) when 1/H = 0.

As it can be seen in Figs. 5 and 6, saturation magnetization
increases with milling time in both starting mixtures. In the
case of mixture (1) magnetic remanence after 10 h of milling
time passes through a maximum value 6.7 emu g�1, and then
falls to 4.5 emu g�1 after 18 h. In the case of mixture (2), the
remanence uniformly increases from 4.3 emu g�1 to 5.5 emu g�1

after 18 h of milling. Coercive field in mixture (1) after 10 h
milling has a small increase and after 18 h reaches 103 Oe. In
the mixture (2) coercive field decreases uniformly from 118 Oe
and attains value about 87 Oe for single phase ZnFe2O4 obtained
after 18 h milling time. The deviations of remanence and
coercivity values in mixture (1) after 10 h milling are probably
connected with existence of hematite registered by XRD,
also. Magnetic measurements confirmed that starting from
mixture (2) it is obtained a single phase zinc ferrite with
the smaller nano particles and that the process of mechano-
chemical synthesis leads to single phase zinc ferrite more
uniformly.

High saturation magnetizations and small coercive fields at
300 K suggest a superparamagnetic-like behavior, but in all
samples ratio Mrem/Msat is of order10�1, and these samples have
to be considered as mixtures of superparamagnetic grains, single
domain and multidomain grains [56,57]. It is more obvious from
magnetizations on low temperatures (4.5 K), Figs. 5 and 6,
where the great coercive fields, about 330 Oe, and remanences
>20 emu g�1 show that the contribution of larger particles
(when thermal energy is not enough to overcome the crystalline
anisotropy energy), is not negligible. (To remind: anisotropy
energy for a given material is dependent on crystallite size, but
beyond the characteristic threshold size particles become
superparamagnetic at all temperatures.)

Magnetization data taken at T = 4.5 K show that the
hysteresis loop remains open up to about 6 kOe, demonstrating
that magnetization is irreversible below this field value. At
300 K hysteresis is open up to 1.5 kOe in both single phase
samples.

It was shown that saturation magnetization at 300 K for ‘‘h-
h’’ sample is 65.1 emu g�1 and for ‘‘o-h’’ sample 54.2 emu g�1

(Fig. 6). At 4.5 K saturation magnetization is 91.50 emu g�1 for
‘‘h-h’’ and 78.26 emu g�1 g for ‘‘o-h’’ sample. In the paper of Yao
at al. [58] have been listed previously reported values of
saturation magnetization Msat for zinc ferrite nanoparticles
prepared by various methods (16 papers). The broad range of
magnetization Msat � 12–88 emu g�1 shows that Msat strongly
depends on the synthesis method and thermal treatment
after the process of synthesis. The values of magnetization
obtained in our work at 4.5 K are probably the highest referred
until now.
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The observed magneton number (nobs) is proportional to
magnetization, Msat:

nobs ¼ MðZnFe2O4Þ � Msat

mBNA
¼ MðZnFe2O4Þ � Msat

5585
(12)

where M(ZnFe2O4) is molecular weight, mB Bohr magneton and NA

Avogadro’s number. Magnetization calculated by relation (8),
observed saturation magnetization, corresponding number of Bohr

magnetons and Yafet-Kittel angle at 4.5 K (when thermal disorder
of sublattices is minimal) are given in Table 3.

The reduction of the canting angle, compared to the bulk angle
908 in ZnFe2O4, is an effective contribution of nanosize dimension
of particles. Thus it is evident that spin canting is also the cause for
the deviation between observed and theoretical values of magnetic
moment in the nano ferrite. The reduction of cYKwith increasing of
the cation inversion coefficient shows an enhancement of the B-
sublattice magnetization contribution in the total magnetization.

-3-2-10123

-60

-40

-20

0

20

40

60

-2-10123 -2-10123

M
 (

em
u 

g-1
)

4 hH
coerc

(4.5 K) = 282 Oe

H
coerc

(30 K) = 110 Oe

H
coerc

(300 K) = 106 Oe

 4.5 K
 30 K
 300 K

H (kOe)

10 hH
coerc

(4.5 K) = 235 Oe

H
coerc

(30 K) = 87 Oe

H
coerc

(300 K) = 117 Oe

H
coerc

(4.5 K) = 330 Oe

H
coerc

(300 K) = 103 Oe
18 h

Zn(OH)
2
 + Fe

2
O

3
 = ZnFe 2

O
4

a)

-3-2-10123
-80

-40

0

40

80

-2-10123 -2-10123

M
 (e

m
u 

g-1
)

4 hH
coerc

(4.5K) = 288 Oe

H
coerc

(30K) = 125 Oe

H
coerc

(300K) = 118 Oe

Zn(OH)
2
 + Fe(OH)

3
 = ZnFe

2
O

4

 4.5 K
 30 K
 300 K

H (kOe)

10 hH
coerc

(4.5 K) = 280 Oe

H
coerc

(30 K) = 152 Oe

H
coerc

(300 K) = 107 Oe

H
coerc

(4.5 K) = 332 Oe

H
coerc

(300 K) = 87 Oe

18 h

b)

Fig. 5. Hysteresis loops of the samples obtained after 4, 10 and 18 h milling time of (a) zinc hydroxide and hematite and (b) zinc hydroxide and ferric hydroxide powders,

measured at 4.5, 30 and 300 K in low magnetic fields.
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Saturation magnetizations from references [33] and [54] as a
function of the degree of inversion are shown in Fig. 7 together
with results obtained in our work. It is obvious that our values of
the degree of inversion obtained by Rietveld refinement are in very
good agreement with results of other authors. Gilleo’s graph with
nA

0 = 4mB (and nB
0 = 2 � 4mB) is a good fit for all measured

magnetizations.

4. Conclusions

Spinel ferrite nanoparticles have been extensively investigated
especially owing to their magnetic properties that are very
important for a number of their applications. In this paper were
investigated synthesis of nano zinc ferrite by mechanochemical
method and influence of starting precursors on the structural
characteristics (quality of nanocrystallites, their size and cation
inversion) and on the achieved magnetizations. Examination was
performed by XRD, Raman, TEM and magnetization measure-
ments. It is confirmed that Raman spectroscopy is a good and quick
method for monitoring a synthesis process and for determining
existence of cation inversion in zinc ferrite samples. All used
methods show that nanopowder samples obtained by mechano-
chemical activation, starting from powders of zinc and ferric
hydroxide, have more uniform synthesis flow, smaller grains and a
slightly greater inversion degree (d = 0.40). This resulting in higher
values of saturation magnetization (91.5 emu g�1 at T = 4.5 K),
among the highest registered so far. At the same time it was
confirmed that the combination of XRD analysis and magnetiza-
tion measurements gives a reliable way for ordering of a degree of
cation inversion, particularly in nano zinc ferrite.
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Table 3
Magnetization and Yafet-Kittel angle at 4.5 K.

Sample MN
calc [mB] Msat 300 K

[emu g�1]

(nobs [mB])

Msat 4.5 K

[emu g�1]

(nobs [mB])

cYK 4.5 K

(1)‘‘o-h’’ 6.52 54.2 (2.03) 78.3 (2.93) 55.498
(2)‘‘h-h’’ 6.00 65.1 (2.44) 91.5 (3.42) 47.358
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[32] V. Blanco-Gutiérrez, F. Jiménez-Villacorta, P. Bonville, J. Marı́a, R. Torralvo-Fer-
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Abstract Effect of temperature on electrical and dielec-

tric properties of MFe2O4 (M = Mn, Ni, Zn) ferrites has

been investigated in a wide frequency range 100 Hz to

1 MHz. Ferrite ceramics under study were successfully

fabricated by a conventional sintering of nanosized pow-

ders (1100 �C/2 h) synthesized by soft mechanochemical

processing. The structural studies have been carried out

using the transmission electron microscopy, X-ray dif-

fraction and scanning electron microscopy. Direct current

(DC) resistivity of all samples decreases with increasing

temperature, while drift mobility increases, exhibiting the

typical semiconductor-like behaviour. Activation energy is

calculated by using Arrhenius type resistivity plots. The

analysis of experimental data indicates that alternating

current (AC) conductivity is mainly due to the hopping

mechanism, which is discussed in terms of Maxwell–

Wagner two-layer model. The dielectric behaviour is

explained by using the mechanism of polarization process,

which is correlated to that of electron exchange interaction.

Ni-ferrite possesses the lowest value of conductivity of

10-7 (Xcm)-1, whereas Zn-ferrite has the highest dielectric

constant value of 2,641 at frequency of 1 kHz and room

temperature. The complex impedance spectroscopy was

used to study the effect of microstructures on the electrical

properties of sintered ferrites using equivalent circuits. It

was found that the electrical resistivity is predominantly

controlled by the grain boundaries.

1 Introduction

Since their discovery, the design and synthesis of ferrites

have been the focus of intense fundamental and applied

research with special emphasis on improvement of their

physical properties. Ferrite materials are widely used in

many electronic devices and various electromagnetic

applications because of their multifunctional features: rich

electrical and magnetic properties, high chemical and

thermal stability, mechanical hardness, reasonable cost,

easy preparation etc. [1]. They possess high resistivity up

to 109 Xcm at room temperature which contributes to very

low losses at high frequency needed for microwave devi-

ces, transformer core and inductors [2].

The spinel ferrites can be represented by general for-

mula MFe2O4, where M (M = Mn, Ni, Zn etc.) is a diva-

lent metal cation. The distribution of divalent M2? and

trivalent Fe3? cations between the tetrahedral (A) and

octahedral [B] sites can be expressed with formula

(MdFe1-d)[M1-dFe1?d]O4, where d is the so-called inver-

sion degree defined as the fraction of the (A) sites occupied

by Fe3? cations [3]. The cation arrangement can vary

between two extreme cases. One is the normal spinel

structure with d = 0, where all the divalent M2? cations

occupy (A) sites and all the trivalent Fe3? cations occupy

[B] sites. The other one is the inverse spinel with d = 1,

where all M2? ions occupy [B] sites and Fe3? cations are

equally distributed between (A) and [B] sites. In a mixed

spinel structure with d between 1 and 0, both the
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tetrahedral and octahedral sublattice sites are occupied by

divalent and trivalent ions [4]. It is well known that nickel

and zinc have very strong preference for the tetrahedral

(A) and octahedral [B] sites, respectively, making Ni-fer-

rite a model inverse ferrite and Zn-ferrite a model normal

ferrite [5]. However, nanosized Ni- and Zn-ferrite are

known to exist as mixed spinel structures [6]. On the other

hand, earlier studies have shown that Mn-ferrite is a partial

inverse spinel ferrite, where in the bulk form it was about

20 % inverse, but a higher inversion up to 60 % was

reported in nanosized manganese ferrite [7]. Also, the

introduction of different metal cations M2? into the spinel

structure of MFe2O4 ferrites leads to significant change in

their electrical properties [8].

The electrical properties are of great importance for

ferrites, not only from the application point of view, but also

from the fundamental point of view. It is well established

that these properties of ferrites are strongly dependent on

the method of preparation, sintering temperature, chemical

composition and particle size [9]. Hence, it is important to

investigate electrical properties at different frequencies,

temperatures and chemical compositions which may pro-

vide valuable information about the kind and amount of

additives required to obtain high quality ferrites for various

applications in electronics. As a result, the study of these

properties provides valuable information regarding the

behavior of localized charge carriers under an alternating

field. It gives the evidences of their mobility, the mecha-

nism of conduction, and enables greater understanding of

the mechanism of dielectric polarization of ferrites [10]. It

is well known that electrical conductivity in spinel ferrites is

due to the transfer of charge carriers (electrons or holes)

between cations occupying the octahedral sites. The transfer

of charge carrier is possible when a metal ion possesses

more than one valence state [3].

Attempts towards improving the technological perfor-

mance of ferrites and requirements for their different

electrical properties have prompted the development of

several novel methods of synthesis, such as co-precipita-

tion [5, 11], sol–gel method [12, 13], chemical synthesis

[14], reverse micelle technique [15] and other techniques

that have been proposed in recent years. Most of these

methods have achieved particles of the required sizes and

shapes, but they are difficult to employ on a large scale

because of their expensive and complicated procedures,

high reaction temperatures, long reaction times, toxic

reagents and by-products, and their potential harm to the

environment. Novel approach to mechanochemical syn-

thesis, based on reactions of solid acids, based hydrated

compounds, crystal hydrates, basic and acidic salts, has

been called soft mechanochemical synthesis [16]. The

peculiarity of soft mechanochemical reactions consists in

the high reactivity of surface functional groups, notably,

OH groups. Unlike the other methods mentioned above,

this technique is a low-cost, novel and effective method of

producing a wide range of nanopowders. The major

advantages of soft mechanochemical synthesis lie in the

formation of reaction products at room or low temperatures

and the refinement of produced powders to a nanometer

size range. This is reflected primarily in the simplicity of

the procedure and equipment used. Also, this method is

inexpensive in comparison with other method of synthesis.

The objective of this comparative study is to investigate

how introduction of different metal cations M2? (M = Mn,

Ni, Zn) into the spinel structure of MFe2O4 leads to signifi-

cant change in electrical and dielectric properties of the

ferrites obtained by the same method. All three samples were

prepared by a conventional sintering of nanosized powders

synthesized by soft mechanochemical processing that is

environmentally friendly, does not require expensive start-

ing materials or extremely high temperature. In order to

provide valuable information for the potential electronic

application of obtained ferrites, we have carried out a

detailed study about electrical resistivity/conductivity,

complex impedance and dielectric constant of MFe2O4

(M = Mn, Ni, Zn) over a wide range of frequencies as a

function of temperature.

2 Experimental procedures

2.1 Synthesis

The MFe2O4 (M = Mn, Ni, Zn) ferrites under study were

successfully fabricated from different mixtures of starting

nanosize powders prepared by soft mechanochemical

route. Starting compounds used for synthesizing of Mn-,

Ni- and Zn-ferrite nanopowders were respectively:

• manganese(II)-hydroxide (Mn(OH)2, Merck 95 % pur-

ity) and hematite (a-Fe2O3, Merck 99 % purity);

• nickel(II)-hydroxide (Ni(OH)2, Merck 95 % purity) and

hematite (a-Fe2O3, Merck 99 % purity) and

• zinc(II)-hydroxide (Zn(OH)2, Merck 95 % purity) and

hematite (a-Fe2O3, Merck 99 % purity)

in equimolar ratio. The starting hydroxides were amorphous,

while hematite was crystalline. Mechanochemical synthesis

was performed in air atmosphere in planetary ball mill

(Fritsch Pulverisette 5). A hardened-steel vial of 500 cm3

volume, filled with 40 hardened steel balls with a diameter of

13.4 mm, was used as the milling medium. The mass of the

powder was 20 g and the balls-to-powder mass ratio was

20:1. The milling was done in the air atmosphere without any

additives. The angular velocity of the supporting disc and

vial was about 32 and 40 rad/s, respectively. The intensity of

milling corresponded to an acceleration of about ten times
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the gravitation acceleration. At the expiration of the selected

milling times the mill was stopped and a small amount of

powder was removed from the vial for examination.

Required milling times for obtaining a single-phase ferrites

were determined experimentally. It was found that spinel

phase was completed after 18 h for Zn-ferrite, and 25 h for

Mn- and Ni-ferrite. Thus synthesized nanopowders were

pressed into pallet using a cold isostatic press. All disk-

shaped pallets were sintered at 1,100 �C for 2 h (Lenton—

UK oven) without pre-calcinations step. Heating rate was

10 �C/min, with nature cooling in air atmosphere. The

thickness and diameter of each sintered samples are 2.0 and

8.0 mm, respectively.

2.2 Characterization

TEM studies were performed using a 200 kV TEM (Model

JEOL JEM-2100 UHR) equipped with an ultra-high reso-

lution objective lens pole piece having a point-to-point

resolution of 0.19 nm, being sufficient to resolve the lattice

images of nanoparticles. For transmission electron

microscopy observations the synthesized ferrite powders

were dispersed in ethanol. Due to relatively small size of

the nanoparticles selected area, electron diffraction patterns

(EDP) over the multiple nanocrystals was recorded to

obtain the characteristic diffraction rings with structure-

specific d values. The formation of phase and crystal

structure of sintered MFe2O4 (M = Mn, Ni, Zn) ferrites

were verified via the X-ray diffraction measurements

(XRD). Model Philips PW 1050 diffractometer equipped

with a PW 1730 generator (40 kV 9 20 mA) was used

with Ni filtered CoKa radiation of 1.78897 Å at the room

temperature. Measurements were done in 2h range of

15–80� with scanning step width of 0.05� and 10 s scan-

ning time per step. The microstructures of sintered ferrites

were recorded at room temperature using scanning electron

microscope (Model JEOL JSM-6460 LV) applied on a gold

coated surface of samples. The sintered (bulk) density of

the samples was measured by applying Archimedes’ prin-

ciple at room temperature using toluene as an immersion

liquid.

In this study, the sintered ferrite pallets used for electrical

measurements were coated with silver paste to ensure good

ohmic contacts. Thus prepared samples with silver elec-

trodes deposited on both sides can be considered electrically

equivalent to a capacitance Cp in parallel with a resistance

Rp, see Fig. 1. These alternating current (AC) parameters

were measured directly in the frequency range 100 Hz to

1 MHz at different temperatures using an Impedance

Analyzer HP-4194A with a set of temperature control

equipment. In this measurement setup, a personal computer

with in-house-built software implemented by LabVIEW

was used for acquisition of measured data. The AC con-

ductivity was determined using the following relation:

rAC ¼ xe0e
00; ð1Þ

where e’’ = (xRpC0)-1, x = 2pf is the angular frequency

of the applied field and e0 represents the permittivity of

vacuum equal to 8.85 9 10-12 F/m. The capacitance C0 is

determined by area of electrode A and distance between the

electrodes d, as follows C0 = Ae0/d. The dielectric constant

of the ferrites under study was determined by using the

following relation:

e0 ¼ Cp

C0

: ð2Þ

Fig. 1 Schematic diagram of

the experimental setup for

measuring the electrical

properties of ferrites and

equivalent circuit of prepared

sample
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The direct current (DC) resistivity of the synthesized

ferrites was measured by simple two-probe method within

temperature range 298–448 K. A Source Meter Keithley

2410 was used for the said purpose. The DC resistivity was

calculated by using the following formula:

qDC ¼ RA

d
; ð3Þ

where R is the measured resistance, A is area of electrode

and d is the thickness of the sample.

3 Results and discussion

3.1 Structural study

The shape, size and morphology of mechano-synthesized

MFe2O4 (M = Mn, Ni, Zn) nanopowders are characterized

by direct observation via transmission electron microscope.

The representative TEM images with corresponding EDPs

of powder samples obtained after appropriate milling time

are depicted in Fig. 2. Bright-field TEM reveals the

nanoscale nature of synthesized ferrite particles, mostly in

the size ranges between 10–60 nm. The shape of the

majority of the nanoparticles is nearly spherical. The

crystallites in all three systems are rounded and tend to

agglomerate into larger clusters with diameters of several

hundreds of nanometers. Measurements of the diffraction

rings confirmed that they correspond to the crystal planes

of spinel structure.

Figure 3 shows the X-ray diffraction patterns of sintered

MFe2O4 (M = Mn, Ni, Zn) spinel ferrites. It is evident

from obtained XRD results of all three samples that the

spinel phase, with characteristic Bragg reflections, was

formed during the soft mechanochemical process followed

by sintering at 1,100 �C for 2 h. The sintered ferrites show

a sharp XRD peak indicating the crystalline nature of the

samples. The average crystallite sizes Dc were determined

from the characteristic diffraction peak of spinel cubic

structure belonging to (311) Miller plane using the Scherrer’s

formula [9]:

Dc ¼
0:9k

b cos h
; ð4Þ

where k is wavelength of used X-ray source (1.78897 Å), b
represents full-width at half-maximum of peak, and

parameter h is the Bragg angle of diffraction. The deter-

mined values of crystallite size are 45, 49 and 54 nm for

appropriate Ni-, Mn- and Zn-ferrite, respectively. Based on

the measured positions of diffraction peaks, lattice constant

a was calculated by well-known relation [4]:

a ¼ k
2 sin h

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

; ð5Þ

Related lattice constants are 8.339, 8.421 and 8.418 Å
´

for sintered Ni-, Mn- and Zn-ferrite, respectively. The

visible shift of Bragg reflections towards higher 2h-angles

Fig. 2 TEM images with corresponding EDPs (insets in the upper

right corners) of mechano-synthesized MnFe2O4 (a), NiFe2O4 (b) and

ZnFe2O4 (c) ferrite nanoparticles
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in the case of Ni-ferrite corresponds to the smallest lattice

constant.

Zn2? ions, with the greatest ionic radii, occupie tetra-

hedral (A) sites forming a normal spinel structure (para-

magnetic in the case of sintered ZnFe2O4). Through the

process of the inversion some of Fe3? cations from octa-

hedral [B] sites occupy free (A) sites (forbidden at equi-

librium conditions in normal spinels) and the M2? cations

pass into octahedral vacancies. The changes in the cation

sublattice are accompanied by a lattice contraction result-

ing mainly in the alteration of the bond angles in the oc-

tahedrals. This shifting of cations causes changes in XRD

pattern also.

It is known that in cubic spinel structure Bragg reflection

(220) depends exclusively on the cations occupying tetra-

hedral sites and intensity of the (222) reflection depends on

cations in the octahedral sites [17]. As the amount of iron

ions in [B] sites decreases, the intensity of the (222) peak

decreases. Ratios of the intensities for diffraction lines

(220) and (222) indicate that the ferrite sample with the

highest I(220)/I(222) has the lowest degree of the cation

inversion [18]. At the first sight, it is visible that the relative

intensity ratios I(200)/I(222) of reflections in the investigated

ferrites increase from totally inversion in NiFe2O4 spinel

structure (I(200)/I(222) = 2.7) towards mixed inverse

MnFe2O4 (I(200)/I(222) = 3.2) to normal ZnFe2O4 spinel

structure (I(200)/I(222) = 7.4). Figure 3 not only shows that

single phase ferrites are formed, but it presents an evidence

of their cation distribution.

The microstructures of MFe2O4 (M = Mn, Ni, Zn)

samples sintered at 1,100 �C for 2 h are given in Fig. 4.

Room temperature SEM images clearly show the presence

of conducting grains (A) separated from each other by the

well-defined grain boundaries (B). These two main com-

ponents comprise the microstructure of ferrites under study

and the correspondence between them is important in

understanding the overall properties of these materials. The

grain boundaries control the electrical and dielectric

properties of the ferrites, especially in the case of

Fig. 3 X-ray diffraction patterns of the MFe2O4 (M = Ni, Mn, Zn)

ferrites sintered at 1,100 �C/2 h

Fig. 4 SEM micrographs of NiFe2O4 (a), MnFe2O4 (b) and ZnFe2O4

(c) ferrite samples sintered at 1,100 �C for 2 h. The A and B marks

denote grain and grain boundaries, respectively
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nanocrystalline ferrites [7]. By using an Archimedes

experimental method, the sintered (bulk) density qs was

determined by applying the relationship [19]:

qs ¼ qb

wa

wa � wb

; ð6Þ

where qb is the density of the buoyant, wa and wb are the

sample weights in air and the buoyant, respectively. The

experiment was repeated five times and the estimated error

in density measurement for all three samples

is ± 3.5 9 10-3 g cm-3. The bulk density values and

other crystallographic data for sintered MFe2O4 (M = Mn,

Ni, Zn) ferrites are presented in Table 1.

3.2 DC electrical resistivity

The DC electrical resistivity is one of the most important

properties of ferrite ceramics; usually high resistivity is

prerequisite for most electronic applications that require

negligible eddy currents which degrade the ferrite perfor-

mance. The electrical resistivity of the MFe2O4 (M = Mn,

Ni, Zn) ferrites under investigation was measured by two-

probe method as a function of temperature. The variation

of DC resistivity as a function of temperature is shown in

Fig. 5. It is noticed that temperature dependent electrical

resistivity of ferrites decreases with increase in temperature

indicating the semiconducting nature of all sintered sam-

ples [20]. This effect can be explained by the enhancement

in thermally activated drift mobility of charge carriers,

which is in accordance with the hopping conduction

mechanism [21].

In this study, the variation of electrical DC resistivity

qDC with absolute temperature T can be expressed by the

Arrhenius equation as [22]:

qDCðTÞ ¼ q0 exp
DE

kBT

� �

; ð7Þ

where q0 is the pre-exponential factor with the dimensions

of (Xcm), kB is the Boltzmann’s constant and DE is the

activation energy in (eV) which is needed for electron

hopping from one metallic ion to the next. In the measured

temperature range, the value of the activation energy for

each sample was calculated from the slope of the linear

plots of DC resistivity and obtained results are presented in

Table 2. The determined activation energies for the

investigated ferrites range from 0.331 to 0.653 eV, which

suggest that the conduction mechanism in these ferrites is

due to hopping of charge carriers according to Klinger [23].

Comparison of the DC resistivity and activation energy

shows a good agreement in the sense that samples with

higher resistivity have higher value of activation energy

and vice versa. The measured resistivity of the sintered

MFe2O4 (M = Mn, Ni, Zn) ferrites at room temperature

was found to vary from 2.81 9 103 to 2.72 9 105 Xcm as

given in Table 2. Among the present samples, it is

observed that Ni-ferrite has the highest value of the DC

resistivity, what makes it as a good candidate for electronic

devices applications that require negligible eddy currents.

3.3 Drift mobility

The drift mobility ld was determined by the DC electrical

resistivity qDC using the following relation [24]:

ldðTÞ ¼
1

neqDCðTÞ
; ð8Þ

where e is the charge of electron and n is the concentration

of charge carrier that can be calculated from the well-

known equation:

Table 1 Structural characteristics of MFe2O4 (M = Mn, Ni, Zn)

ferrite samples sintered at 1,100 �C for 2 h

Ferrite

sample

Lattice

constant (Å)

Crystallite size

(nm)

Sintered density

(g/cm3)

NiFe2O4 8.339 45 3.93

MnFe2O4 8.421 49 4.21

ZnFe2O4 8.418 54 4.86

Fig. 5 Variation of DC electrical resistivity with temperature for

MFe2O4 (M = Mn, Ni, Zn) ferrites

Table 2 The values of activation energy, DC electrical resistivity

and drift mobility at room temperature for the MFe2O4 (M = Mn, Ni,

Zn) ferrite samples

Ferrite sample DE (eV) qDC (Xcm)

at 298 K

ld (cm2V-1s-1)

at 298 K

NiFe2O4 0.653 2.72 9 105 1.14 9 10-9

MnFe2O4 0.408 2.01 9 104 1.32 9 10-8

ZnFe2O4 0.331 2.81 9 103 1.06 9 10-7
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n ¼ NAqsQ

M
; ð9Þ

where NA is the Avogadro’s number, qs the measured bulk

density of sintered sample, Q the number of iron atoms in

the chemical formula of the ferrite and M is the molar mass

of the sample.

From the measured DC electrical resistivity data, the

temperature dependence of the drift mobility of MFe2O4

(M = Mn, Ni, Zn) ferrite samples is determined and it is

shown in Fig. 6. It is observed that variation of the drift

mobility shows an opposite behaviour in comparison to the

DC resistivity; it increases with increasing temperature.

The increase in drift mobility represents enhanced mobility

of the charge carriers due to thermal activation. It may be

because of the fact that as the temperature increases, the

charge carriers start hopping from one site to another;

hence the conduction process increases [25]. Also, data

given in Table 2 show that the studied ferrites with higher

value of DC resistivity have lower value of drift mobility

and vice versa.

3.4 AC conductivity

Spinel ferrites possess low electrical conductivity when

compared to other magnetic materials, and hence they find

wide use at microwave frequencies. In order to understand

the conduction mechanism and type of charge carriers

responsible for this process, the AC electrical conductivity

of the sintered MFe2O4 (M = Mn, Ni, Zn) ferrites was

investigated as a function of frequency at different tem-

peratures. Generally, electrical conductivity is an increas-

ing function of frequency if it takes place by hopping of

charges and it is a decreasing function of frequency if the

band conduction is used [26]. Figure 7 shows the depen-

dence of AC conductivity on the frequency at selected

measuring temperatures. It is observed that AC conduc-

tivity of all studied samples increases with increasing fre-

quency of the applied field. It is well known that this

conductivity behavior can be explained on the basis of

Maxwell–Wagner two-layer model [27, 28] and Koop’s

phenomenological theory [29], which assumes that the

ferrites consist of conductivity grains separated by highly

resistive thin layers known as grain boundaries as illus-

trated in Fig. 4. The grain boundaries are the region of

mismatch between the energy states of adjacent grains and

hence act as a barrier to the flow of electrons [10].

According to this model, the grain boundaries are much

more active than grain at lower frequencies, resulting that

the hopping probability of charge carriers is less. As the

frequency of the applied filed increases, the ferrite grains

became more active by promoting the hopping of the

Fig. 6 Temperature dependence of drift mobility of sintered MFe2O4

(M = Mn, Ni, Zn) ferrites

Fig. 7 Frequency dependent AC electrical conductivity of MFe2O4

(M = Mn, Ni, Zn) ferrites at different temperatures
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electrons between Fe2? and Fe3? ions (n-type) on the

octahedral [B] sites in accordance with Verwey de Boer

conduction mechanism [30]. As a result, the AC conduc-

tivity of all ferrites under investigation increases. But,

various reports have shown that the hole hopping between

Ni2? and Ni3? (p-type) on the [B] site can also contribute

to the electric conduction in the case of Ni-ferrites as

inverse spinel structures [31, 32]. This type of hopping

depends upon the Ni2? concentration at the octahedral

[B] site [31, 33]. Considering the low value of the con-

ductivity of sintered Ni-ferrite of about 9.1 9 10-7

(Xcm)-1 at room temperature, the hole hopping (Ni3? $
Ni2? ? e?) is weak compared to electron hopping (Fe2?

$ Fe3? ? e-), hence n-type is assumed to be the domi-

nant conduction mechanism [34]. However, a clear

understanding of the conduction mechanism in this mec-

hano-synthesized Ni-ferrite needs further investigation.

In present study, frequency dependent AC conductivity

of the synthesized ferrites varies from 10-7 to 10-3

(Xcm)-1 and the conductivity behavior for all samples is

analogous with each other. The plots of conductivity are

almost linear, indicating that the conduction of the MFe2O4

(M = Mn, Ni, Zn) ferrites is due to small polarons. For

ionic solids, it has been shown that the concept of small

polaron is valid [21, 35]. Similar type of electrical con-

duction mechanism in terms of electron and polaron hop-

ping has been elaborated in detail by Austin and Mott [36].

On the other hand, one can note that obtained measurement

data of AC conductivity obey the power law given by the

empirical formula proposed by Jonscher [22]:

rACðx; TÞ ¼ AðTÞxn; ð10Þ

where A(T) is the temperature dependent parameter and it

has the unit of electrical conductivity; n is dimensionless

exponent and generally it is less than or equal to one. For

n = 0, the electrical conduction is frequency independent

(DC conduction), while for n B 1 the conduction is fre-

quency dependent (AC conduction) [37]. The value of

exponent n for each sample was calculated from the slope

of log(rAC) versus log(x) at room temperature. In the

present study, the values of exponent n are found to be

0.342, 0.411 and 0.698 for Zn-, Ni- and Mn-ferrite,

respectively. The obtained values suggest that the con-

duction phenomena in studied samples follow hopping

conduction.

It is also evident from Fig. 7 that AC conductivity of

studied ferrites increases with increasing temperature,

which is in good agreement with the well-established

information that ferrites can be categorized as semicon-

ductors. This influence of temperature on conductivity is

mostly associated with the temperature dependent drift

mobility of the thermally activated super-exchange inter-

action between Fe2?–O–Fe3? ions in the octahedral sites.

[38]. The density of ferrite materials also plays an impor-

tant role in the variation of electrical properties. Higher

density causes an increase in the value of AC conductivity.

As a confirmation of this fact, Zn-ferrite with the highest

value of sintered density possesses the highest value of

conductivity in comparison to the other two ferrites under

study.

3.5 Complex impedance analysis

The complex impedance spectroscopy [39] is very useful

and powerful technique that enables to determine the cor-

relation of the electrical properties of a ferrite with its

microstructures. In the analysis of impedance data, this

method helps us to separate grain and grain-boundary

contributions of polycrystalline ferrites to the total elec-

trical conductivity over wide frequency range. The exper-

imental data for the complex impedance (Z) provide

information on the resistive (real part, Z’) and reactive

(imaginary part, Z’’) components. The frequency depen-

dence of the impedance (Z = Z’ ? jZ’’) at selected tem-

peratures is plotted in Fig. 8. One can note that values of

Z decrease with the increase of applied frequency indicat-

ing an increase in AC electrical conductivity with fre-

quency for all ferrite samples. Among the three present

ferrites under study, Zn-ferrite shows lower values of

impedance at each selected temperature. This fact is in

good agreement with the obtained conductivity results

which show that the Zn-ferrite has the highest value of

conductivity in comparison with the other two samples,

Mn- and Ni-ferrites. In the case of Zn-ferrite, it can be

observed two dispersions, that of the grains and that of the

grain boundaries, which are marked in Fig. 8. The behavior

of complex impedance of other two ferrites is different than

in Zn-ferrite and it shows only one dispersion, probably

due to a limited frequency range used in this study

(100 Hz–l MHz) [40]. With increasing temperature, these

individual dispersion regions are shifted to a higher fre-

quency. In general, the impedance values of all samples

decrease by two orders of magnitude in the measurement

range, which is due to thermal activation mechanism. As

one can see from the Fig. 8, the temperature dependent

complex impedance of sintered ferrites, especially in the

case of Mn-ferrite, shows a plateau from low frequency

side at 348 K, which is followed by a nearly negative slope

at high frequency side. This segment of nearly constant

impedance becomes predominated with increasing tem-

perature, suggesting strengthened relaxation behaviour

[41]. In addition, the decreasing trend of impedance means

increasing loss in resistive property of investigated ferrites,

i.e. negative temperature coefficient of resistance (NTCR)

type behaviour like that of semiconductors [22].
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The variation of the imaginary part of the impedance

(Z’’) with frequency at selected temperatures is presented

in Fig. 9. In the case of Ni- and Mn-ferrites, the curves

show that the Z’’ value increases initially, reaches the

maximum value (Z’’max) at particular frequency and then it

decreases continuously with increasing frequency for given

temperatures of measurement. The appearance of one peak

indicates single relaxation process in these two synthesized

ferrites [42]. Similar behaviour of reactive part of the

impedance is observed in present Zn-ferrite, but two peaks

appear in the values of Z00 at all temperatures. This suggests

the coexistence of two relaxation effects which can be

attributed to grain and grain boundary responses [43]. In all

three ferrites under study, the maximum values of Z00 shift

to high frequency side with increasing temperature, which

corresponds to plateau relaxations observed earlier in

complex impedance [41]. Also, it is evident that Z’’max

decreases with increasing temperature, which reveals the

decrease in the resistance of sintered ferrite samples.

To get more insight into electrical process occurring

within the samples, the impedance spectra of MFe2O4

(M = Mn, Ni, Zn) ferrites were studied in the frequency

range from 100 Hz to 1 MHz at different temperatures.

The complex impedance spectrum, known as Cole–Cole or

Nyquist plot, is characterized by the appearance of semi-

circle arcs whose pattern changes, but not its shape, when

the temperature measurement increases [44]. It is well

known that the arc at lower frequencies corresponds to the

Fig. 8 Variation of complex impedance of MFe2O4 (M = Mn, Ni,

Zn) ferrites with frequency at different temperatures

Fig. 9 Frequency dependence of imaginary part of impedance of

MFe2O4 (M = Mn, Ni, Zn) ferrites at selected temperatures
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grain boundaries, while the high frequency arc represents

the grain. Impedance spectra of studied samples synthe-

sized by soft mechanochemical method are presented in

Figs. 10 and 11. In the impedance spectra of Ni- and Mn-

ferrites only one semicircle at selected temperatures is

observed, indicating just one dominant relaxation phe-

nomenon. These results suggest that conduction takes place

predominantly through the grain boundary and that con-

tribution from the grain is not resolved for these samples.

This may be due to a limited frequency range used in this

study (100 Hz–l MHz) or the grain boundary contribution

cannot be separated from the grain contribution by the

impedance spectroscopy [40]. On the other hand, the

impedance spectra obtained for Zn-ferrite have two semi-

circle arcs, including both grain and grain boundary effects

at all temperatures. This appearance of two arcs in Cole–

Cole plots at each temperature indicates the presences of

two types of relaxation phenomena with sufficiently dif-

ferent relaxation times [31]. The diameters of these semi-

circles correspond to the resistances: a larger one at low

frequency represents the resistance of the grain boundary

and a smaller one obtained at the higher frequency side

corresponds to the grain made resistance [45]. Figures 10

and 11 show that Cole–Cole plots are temperature depen-

dent, since the diameters of these semicircles exhibit

decreasing trends with increasing temperature. This indi-

cates decrease in relaxation time [46] and increase in

conductivity with rise in temperature, supporting typical

semiconducting behavior observed in all three sintered

ferrite samples.

Impedance spectrum provides information about the

electrical process occurring within the samples and their

correlation with the sample microstructure, when it is

modelled in terms of an electrical equivalent circuit [47].

The proposed electrical models, shown in the inset of

Fig. 10, has been used to interpret the impedance response

of MFe2O4 (M = Mn, Ni, Zn) ferrites. Here Rgb and Rg

represent the grain boundary and grain resistance, while

CPEgb and CPEg are the constant phase elements for grain

boundaries and grain interiors, respectively. The CPE is

used to accommodate the non-ideal Debye-like behavior of

the capacitance which is given by relation C = Q1/nR(1-n)/n,

where the value of parameter n is 1 for a pure capacitor and

it has a value of zero for pure resistive behavior [4, 31, 47].

The electrical parameters of proposed equivalent circuits

were obtained by analyzing the impedance data using EIS

Spectrum Analyzer software [48]. The calculated values of

Fig. 10 Impedance spectra for (a) Ni-and Mn-ferrites and (b)

Zn-ferrite at room temperatures. Inset shows the proposed equivalent

circuit model for analysis of the impedance data

Fig. 11 Impedance spectra of MFe2O4 (M = Mn, Ni, Zn) ferrites at

some selected temperatures
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these impedance parameters are given in Table 3. It has

been found that values of the grain boundary resistance are

generally larger than the resistances of the grain (Rgb [ Rg)

in the case of Zn-ferrite. This can be ascribed to the fact that

the atomic arrangement near the grain boundary region is

disordered, resulting in a serious increase in electron scat-

tering [49]. The higher grain boundary resistance also arises

from other factors such as a decrease in Fe2? ion content in

this region [50]. Also, for Zn-ferrite sample the capacitance

of grain boundary is larger than that of the grain, which is

explained on basis that the capacitances are inversely pro-

portional to the thickness of the media [51]. Additionally,

the relaxation time of the grain boundaries (sgb = RgbCgb)

is much larger than that of the grains (sg = RgCg), since the

semicircle representing the grain boundaries lies on the

lower frequency side. Among all three ferrites synthesized

by soft mechanochemical method, the Ni-ferrite exhibits the

highest value of resistances which means lower polariz-

ability for this ferrite. The higher value of resistance for

sintered Ni-ferrite sample retards electron hopping, which is

known to be a mechanism for both conduction and polari-

zation in ferrites [52]. Based on the above, the trends

observed in the electrical conductivity and complex

impedance of present MFe2O4 (M = Mn, Ni, Zn) ferrites are

in good agreement with each other. Also, it can be concluded

that the effect of grain boundaries is the dominant for the

electrical behavior of all mechano-synthesized ferrites in

frequency range used in this study (100 Hz–l MHz).

3.6 Dielectric constant

The frequency dependence of the dielectric constant of

MFe2O4 (M = Mn, Ni, Zn) ferrites under study at selected

temperatures is represented in Fig. 12. It is clear from the

analysis of the graphs that Zn-ferrite exhibits the highest

dielectric constant at low frequencies when compared to

other two samples. The dielectric constant of Mn-ferrite

exceeds that of Ni-ferrite at room temperature. For example,

the values of dielectric constant of Ni-, Mn- and Zn- ferrites

are 67, 132 and 2,641 at frequency of 1 kHz and room

temperature, respectively. In general, the dielectric constant

of all three samples decreases with the increase in fre-

quency, which is the normal dielectric behaviour of spinel

ferrites. More dielectric dispersion is observed at low fre-

quency region and it remains almost independent of applied

external field at high frequency region. Such behaviour,

observed in a number of ferrite materials, is mainly due to

the Maxwell–Wagner type of interfacial polarization [27,

28] which is a result of inhomogeneous nature of the

dielectric structure in the samples. It is formed by large

number of well conducting grains separated by thin poorly

conducting intermediate grain boundaries as shown in

Fig. 4. Such a type of heterogeneous structure is understood

to be formed at the time of sintering [19].

According to Rabinkin and Novikova [53], it is

observed that the mechanism of dielectric polarization is

similar to the mechanism of electrical conduction in

ferrites. It is known that ferrites are dipolar materials due

to the presence of majority Fe3? ions and minority Fe2?

ions in them. Fe2? ions are usually formed due to partial

reduction of Fe3? ions during the process of synthesis.

The electron exchange between Fe3? and Fe2? ions gives

local displacement in the direction of applied electric

field, thus determining the polarization in ferrites. Polar-

ization decreases with the rise in frequency and then

attains a constant value. It is because of the fact that

beyond a certain value of frequency of external field, the

electron exchange between Fe2? and Fe3? ions cannot

follow the alternating field [54]. On the other hand,

Fig. 12 shows that the dielectric constant of all tree fer-

rites increases with the increase in temperature due to the

increase in thermally activated charge carriers. This sub-

stantiates the normal dielectric behaviour of the samples

under study as magnetic semiconductor ferrites [11].

Table 3 The electrical parameters of proposed equivalent circuits calculated from impedance response of the MFe2O4 (M = Mn, Ni, Zn) ferrite

samples at selected temperatures

Sample Temperature (K) Rgb (kX) Cgb (F) ngb Rg (kX) Cg (F) ng

NiFe2O4 298 66,075.1 1.72 9 10-10 0.723 – – –

348 16,431.5 7.61 9 10-10 0.628 – – –

398 1,453.3 1.28 9 10-9 0.663 – – –

MnFe2O4 298 12,842.5 1.08 9 10-10 0.775 – – –

348 2,185.3 2.19 9 10-10 0.734 – – –

398 137.4 3.18 9 10-10 0.756 – – –

ZnFe2O4 298 1,173.4 7.13 9 10-9 0.807 54.3 1.44 9 10-10 0.839

348 177.1 1.36 9 10-8 0.785 34.2 3.00 9 10-10 0.811

398 65.3 3.87 9 10-8 0.726 24.5 1.66 9 10-10 0.850
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4 Conclusions

Comparative study of the temperature and frequency

dependence of electrical and dielectric properties of

MFe2O4 (M = Mn, Ni, Zn) ferrites, fabricated by a con-

ventional sintering of nanosized powders (1,100 �C/2 h)

synthesized by soft mechanochemical technique, is pre-

sented in this paper. The decrease in the value of DC

resistivity of all samples with increasing temperature sug-

gests the negative temperature coefficient of resistance

behavior usually shown by semiconducting materials. In

addition, the DC resistivity well obeys the Arrhenius law

and the activation energies are calculated from the slope of

electrical resistivity plots. The AC electrical conductivity

of the present samples is explained in the light of the

hopping mechanism by means of Maxwell–Wagner model

in consonance with Koop’s phenomenological theory. The

complex impedance spectra of Ni- and Mn-ferrites show

the presence of only one semicircle at all selected tem-

peratures, suggesting a dominant role of the grain boundary

contribution. In the case of Zn-ferrite, impedance spectrum

includes both grain and grain boundary effects corre-

sponding to two semicircles. The analysis of impedance

data using an equivalent circuit indicates that the capacitive

and resistive properties of the mechano-synthesized ferrites

are mainly attributed to the processes that are associated

with the grain boundaries in frequency range used in this

study. A decrease in dielectric constant with increasing

frequency in sintered samples revealed the presence of

Maxwell-Wagner type interfacial polarization. In view of

the studied electrical and dielectric properties, Ni-ferrite

has the highest value of resistivity, the lowest value of

conductivity, and appreciable value of the dielectric con-

stant, making it very suitable for electronic devices appli-

cations at high frequencies.
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A B S T R A C T

Yttrium aluminum garnet (YAG, Y3Al5O12) and yttrium aluminum garnet doped with neodymium (Nd:
YAG) single crystals were grown by the Czochralski technique. The critical diameter and the critical rate
of rotation were calculated. Suitable polishing and etching solutions were determined. As a result of our
experiments, the transparent YAG and pale pink Nd:YAG single crystals were produced. The obtained
crystals were studied by X-ray diffraction, Raman and IR spectroscopy. The crystal structure was
confirmed by XRD. The 15 Raman and 17 IR modes were observed. The Raman and IR spectroscopy results
are in accordance with X-ray diffraction analysis. The obtained YAG and Nd:YAG single crystals were
without core and of good optical quality. The absence of a core was confirmed by viewing polished crystal
slices. Also, it is important to emphasize that the obtained Nd:YAG single crystal has a concentration of
0.8 wt.% Nd3+ that is characteristic for laser materials.
ã 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

1. Introduction

Oxide materials are very interesting and they are being used
more and more. They are used as laser materials, in nonlinear
optics, acousto optics, for memorizing optical data and magnetic
memories, wave guides, etc. [1,2].

Yttrium aluminum garnet (YAG, Y3Al5O12) and yttrium alumi-
num garnet doped with neodymium (Nd:YAG) are the most
famous kind of oxide crystals widely used as the active medium in
solid state lasers [3,4]. The dopant, triply ionized neodymium, Nd
(III), typically replaces a small fraction of the yttrium ions in the
host crystal structure of the yttrium aluminum garnet. It is the
neodymium ion which provides the leasing activity in the crystal.
Nd:YAG lasers typically emit light with a wavelength of 1064 nm, in
the infrared. However, there are also transitions near 940, 1120,
1320, and 1440 nm. Nd:YAG lasers operate in both pulsed and
continuous mode. Nd:YAG crystals are usually grown by the
conventional Czochralski (CZ) technique [5–7]. Besides that, for
miniature laser sources Nd:YAG can by the micro-pulling-down
technique and by the crucibles laser heating pedestal method [8].

The Czochralski technique has great advantages for growth of
the high quality and large size YAG and Nd:YAG single crystals for

usage as medium – in high power efficient lasers. A stable and
equilibrant process of crystal growth with CZ technique is
necessarily controlled by many different growth parameters. Each
fluctuation in growth parameters could make the system unstable
and directly affect on the crystal quality [9,10]. The temperature
gradient adjusted by thermal shields, growth atmosphere and
cooling system is the most important growth parameter in the
furnace. This parameter influences the crystal perfection by effect
on the fluid dynamic and kinetics of a growing crystal [5]. On the
other hand, an improper thermal gradient during the growth cause
the change of the convexity of solid–liquid interface, reduce/
enlarge the size of central core, create large thermal stress and
cracks in the crystal [5,9]. The temperature gradient has to be
stable during the growth of the crystal. In fact, instability of the
temperature gradient leads to increase in the fluctuations of
growth rate. Constitutional undercooling may occur due to the
fluctuations and cause the change of the morphology of the liquid/
solid interface [5,13]. High fluctuations of the water flow rate in the
cooling system of growth furnace – wall and induction coil, even
for short duration, remarkably affect the growth process of oxide
crystals. None of the mentioned references has investigated these
fluctuations during the growth process particularly. The aim of the
current research is experimental investigation of the effect of
intensity and time duration of thermal shocks induced by cooling
system on the growth process and crystal quality of Nd:YAG grown
by CZ technique [14].
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Owing to the specific characteristics of the method of crystal
growth from the high temperature melt (�2273 K) and the
required characteristics of a YAG crystal, there are a number of
factors that can affect the quality of the resulting crystals:
constitutional undercooling, thermal stress, temperature fluctua-
tions and the appearance of the flat crystallization front.

Segregation of impurities that may be present in the starting
materials (Y2O3), or in the materials added as dopants (Nd2O3), can
cause a positive gradient of undercooling, leading to the
appearance of instability forms of the liquid/solid interface.

The occurrence of constitutional undercooling during the
growth of YAG crystals, can lead to the appearance of non-
stoichiometry composition of the melt. In this case, the excess of
added components also causes segregation and leads to the same
effects as in the case of present impurities.

The shape of the liquid/solid interface in crystal growth can
have an exceptionally large influence on the crystals properties,
and the homogeneous distribution of dopant, strains and disloca-
tion concentration greatly depends on it.

YAG crystal structure is a complex cubic structure containing
three different oxygen polyhedral (Fig. 1) [14]. Y+3 ions occupy
dodecahedral sites and Al3+ ions are in octahedral and tetrahedral
sites in the ratio of 2:3. This arrangement is the consequence of the
differences in the ionic radii: O�2(1.4 Å), Y+3(1.281 Å), Al3+(0.51 Å).
Since the ionic radii of Y+3 ions and ions of rare-earth are relatively
close [11,13,15], trivalent ions of rare earth can replace Y+3 ions to a
certain small degree. The most frequently used is Nd+3 (1.323 Å)
ion. For laser gain applications, YAG is typically doped with
Nd3+ at the 0.2–1.4% atomic weight percent. Lower doped material
(0.5–0.8%) is better to steady-state laser performance where
optical beam quality is important. Concentration of Nd3+ in our
samples is, as a common for steady-state laser materials, 0.8 wt.%
[16]. It is important to point out that the growth of YAG crystals,
which contain Nd+3 ions, it is very important coefficient of
neodymium in the system Y3�xNdxAl5O12 melt � Y3�yNdyAl5O12

crystal. Due to the differences in ionic radii between Y+3 and Nd3+

ions, Nd3+ ions are difficult to incorporate into the structure and
the coefficient segregation is small, K = 0.2 [17].

In addition, it was noted that the effective coefficient of
segregation at a certain rate of rotation is equal to the equilibrium,
at a growth temperature i.e., that the growth rate and the rotation
does not affect the segregation. In order to obtain the desired
concentration of Nd3+ ions at the beginning of the crystals, it is

necessary that the melt has five times the required concentration
of Nd3+ ions (K = 0.2). The concentration Cs of Nd3+ ions along the
crystal change the equation:

Cs ¼ KC10 1 � yð Þk�1 (1)

where is: y-crystallized part, Cl0 – the initial concentration of Nd3+

ions in the melt.
During the crystals growth process it is possible, according to

the Czochralski’s method, to influence the shape of the liquid/solid
interface through the growth parameters, such as both the growth
and the crystal rotation rate, as well as the temperature gradient. It
should be certainly mentioned that growth and rotation rates are
rather constant, while the temperature distribution in a melt
changes during the process of crystal growth, as the amount of the
melt decreases. That gradual reduction of the melts depth, requires
the change of the stirring conditions in order to keep stable
temperature distribution when lower depths are involved.

Although the seed orientation was , it was noticed that in the
initial state of the process of YAG crystal growth, on the liquid/solid
interface were formed some (211) and (110) facets. The
mechanism of crystal growth can differ depending on whether
facets exist on central crystal spots or not. Those spots are
characterized by different lattice parameters, thus causing strains
in the crystals. The above mentioned reasons require new
conditions in which the formation of facets is reduced to the
lowest possible degree. Laser rods of high quality can be obtained
by cutting crystals large in diameter from those parts that are
stress-free. Another approach to this problem involves the
establishing of conditions under which the whole liquid/solid
interface would be covered by facets. Thus the strains resulting
from a difference existing in lattice parameters will be eliminated
completely.

To avoid facets formation at the liquid/solid interface it is
necessary, according to literature data [18,19], that the rotation rate
of a crystal be 150 rpm. But on the other hand such crystals
frequently have a high concentration of dislocations.

Other authors are of the opinion [20] that a liquid/solid
interface can be completely covered with facets if the rotation rate
of a crystal is small (6 rpm). In any case, the rotation rate is not the
only factor that has a strong influence on the liquid/solid interface.
Such a conclusion can be also made on the basis of the experiments
we performed. The most recent investigations (with other crystals)
[11,12] proved that a rapid change in the shape of the liquid/solid

Fig. 1. Unit cell of YAG crystal. Green, white and red sites are occupied by yttrium, aluminium and oxygen, respectively. All together, the unit cell contains eight molecular
units Y3Al5O12. Neodymium occupies yttrium sites substitutionally. The local surrounding of one yttrium site. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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interface i.e., inversion, is caused at the very moment when a
crystals diameter reaches its critical value for a particular rate of
the rotation. This phenomena is the result of changes in the melts
movements. At the same time a certain part of a crystal is being
remelted and facets are removed. The liquid/solid interface, convex
till then, become almost flat with respect to the melt.

Inversion is carried out at the moment when the liquid
movements caused by the crystal rotation overcome the natural
convexity [21], i.e., when a critical Reynold’s number is exceeded.
The Reynold’s number is as follows:

Re ¼ prD2v
2h

(2)

where is r – density of the melt, D – diameter of a crystal, v –

crystal rotation rate and h – viscosity of the melt. Takagi and co-
authors [21] established an expression for the diameter of
inversion, Dc, which is:

Dc ¼ 2
p

� �1=2 Reh
r

� �1=2

v�1=2 (3)

or

Dc � Kv�1=2 (4)

This simplified equation is valid only when all parameters of
growth remain unchanged. Experimental results show that Dc

depends on temperature gradient, growth rate, depth of melt, i.e.,
diameter of a crucible, and height of meniscus between crystal and
melt. Dc grows together with the increase in temperature gradient
and decreases with growth rate and rotation. Having used the
Grashof’s and Reynold’s number, Carruthers [22] gave a somewhat
more complete equation comprising both the influence of the
crucibles dimensions and temperature gradient.

Dc ¼ gaDTR3p�2
� �1=4

v1=2 (5)

where is g – gravitation, a – coefficient of thermal expansion of a
melt, DT – radial difference of temperature in a melt, R – radius of
crucible and v – crystal rotation rate.

Having started from the fact that inversion is determined by
Reynold’s number, Brice together with Whiffin [23] established the
dependence of a critical value (Re)c on previously mentioned
parameters of growth and gave the following equation for the
radius of inversion Rc.

R2
c ¼ AG1=3

1 � R2
c=R

2
� �

1 þ BR2
c f

� � (6)

where A and B are constants which are to be experimentally
determined, f – growth rate, G – temperature gradient. This
equation can be applied only when a melt depth out of which a
crystal is pulled, is great. When a melt is shallow the value (Re)c is
higher due to a greater influence of the bottom of the crucible on
the mixing process.

In the CZ process, the liquid/solid interface shape is dictated by
crystal thermal history. When the interface shape is curved, the
thermal field becomes non-uniform along the radial direction,
which may result in non-uniformities in mechanical, optical, and
electrical properties. Therefore, it is important to keep the
interface shape as flat as possible during the single crystal growth.
The importance of the interface shape and its role in the single
crystal qualities have been emphasized by previous researchers in
a review paper published by Dupret and Van Den Bogaert [24].
Control of liquid/solid interface shape is the most important
problem in the CZ crystal growth process. Having a high-quality
crystal, it is necessary to keep the liquid/solid interface flat or

nearly flat which depends on the operating parameters [25].
Numerous research work have been performed to understand the
parameters affecting the interface shape and to find out the critical
parameters controlling the growth rate at which the interface
shape becomes nearly flat. Cockayne et al. [26] determined the
interface shape by measuring both the crystal weight and the melt
temperature near the interface. They realized that the interface
shape is dependent upon the crystal rotation rate. An increase of
rotation rate leads to a concave interface with respect to crystal
while the convex shape is obtained as a result of low rotation rate.
Thus, a lower rotation rate is favorable for obtaining a nearly flat
interface. Various researchers studied the effects of different
parameters on the shape of crystal interface both numerically and
experimentally [27,28]. In almost all these research work, it was
found that the rotation rate of the crystal plays a critical role on the
liquid/solid interface shape. Kobayashi et al. [29] studied
numerically to obtain the critical crystal Reynold’s number at
which the interface inversion occurs. This phenomenon basically
depends on the melt flow structure composed of free and forced
convection caused by the crystal rotation rate [30].

The aim of our work was to produce YAG single crystals with
and without dopant Nd3+ and without a core, the growth
parameters and annealing condition investigate, by applying both
theoretical and experimental treatment. The structural and optical
properties obtained single YAG and Nd:YAG crystals were
characterized using XRD, Raman and IR spectroscopy.

2. Experimental

Single YAG and Nd:YAG crystals have been grown using the
standard Czochralski technique. Both crystals (Fig. 2) were grown
by the Czochralski technique using a MSR 2 crystal puller
controlled by a Eurotherm. The atmosphere used was argon. The
starting materials were powdered Y2O3, Al2O3 and Nd2O3 (all
Koch&Light) all of 4N purity. Powdered ZrO2 (Koch&Light) of 4N
purity was used for isolation. The purity of argon (Tehnogas) was
4N. The iridium crucible (40 mm diameter, 40 mm high) was
placed into an alumina vessel surrounded by ZrO2 wool isolation.
Double walls were used to protect the high radiation. To decrease
the radial temperature gradient in the melt, alumina was mounted
around all the system. The best results were obtained with a pull
rate of 2–3 mm h�1 for YAG and 1 mm h�1 for Nd:YAG crystals

Fig. 2. A view of an obtained: (a) YAG and (b) Nd:YAG single crystals plate.
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(Fig. 2). The crystal rotation rates were between 6 and 100 rpm
(YAG). The best results were obtained with a crystal rotation of
100 rpm (YAG) and 20 rpm (Nd:YAG). The diameters of crystals
were between 10 and 20 mm. The crucible was not rotated during
the growth. After the growth run, the crystal boule was cooled at a
rate of about 50 K h�1 down to room temperature.

Such obtained YAG and Nd:YAG crystals were cut either
transversal to the growth axis, or along or parallel to the plane
(110). Then they were polished, smoothed and observed in
polarized light.

In order to study the influence of rotation on strains existing in
YAG crystal, three series of crystal pulling, of orientation , were
performed.

In the first series of experiments, YAG crystals with diameters of
about 10 mm were pulled with 3 mm h�1 pulling rate. Rotation rate
was rapidly changed after a particular crystal length was reached.
As with the one crystal, for example, the rotation was changed from
12 to 100 rpm. Within the range of 12–60 rpm no significant
influence of rotation on a core has been perceived (Fig. 3). But
when the rotation increases to 100 rpm it can be clearly noticed
that the core rapidly reduces, and that at that very place some
small bubbles appear, while a considerable blurring is noticed.

Rotation of 100 rpm caused melting of the central part of a
crystal and a somewhat more rapid growth at the periphery of the
same crystal. When rotation is reduced, relative disturbances are
far greater as the liquid/solid interface, being almost plain becomes
convex with respect to the melt, which causes a rapid increase in
growth rate. Similar conclusions can be derived when analyzing
the behaviour of other crystals from the same series.

The second group of experiments dealt with crystals, of
diameters 15–20 mm, which were pulled at a rate of 2 mm h�1.
The rotation during the crystal growth was not changed. Fifteen
crystals were pulled with different rotation rates ranging from 6 to
100 rpm.

It can be said on the basis of the results obtained that in crystals
rotated at smaller rates (up to 60 rpm) strains, being caused by
simultaneous action of two different growth mechanisms, can be
noticed (Fig. 4). The core existing in the center of a crystal, which is
the result of facet formations, does not essentially depend on
rotation rate.The qualitative change appears when a crystal
reaches a critical diameter Dc for a particular rotation. The core
vanishes under these conditions. It should certainly be pointed out
that the core vanishes at the moment when a critical diameter is
obtained, but some lesser strains extend along the crystal to a
length of about 10 mm. The dependence of type: Dc = Kvc

�1/2 as
expected by theoretical postulate, is valid.

In the third series of experiments, the crystals that grew under
the same conditions as in second series, were separated from the
melt. Thus, we were able to find out immediately the shape of the
liquid/solid interface for different rotations and to see the part that
was covered with facets. The liquid/solid interface is rather convex
with respect to the melt when slow rotations are involved, while it
is almost even with faster rotations (90 rpm).

Crystal slices with <111> orientation were cut from the as-
grown crystal boule and the slices were subsequently polished on
both sides with diamond paste. The mechanically polished slices
were chemically polished in liquid H3PO4 [15]. Various solutions of
H3PO4 at different temperatures and for various exposure times
were tried for chemical polishing and etching. For chemical
polishing, exposure to a concentrated (85%) solution of H3PO4 at
603 K (330 �C) for 20 min was confirmed to be suitable. Exposure
for 1 h to an 85% solution of H3PO4 at 493 K (220 �C) after was found
to be a suitable for etching [9,15].

The observations relating to the dislocation were recorded by
observing an etched surface of YAG and Nd:YAG crystals, using a
Metaval of Carl Zeiss Java metallographic microscope with
magnification of 270� and 200�, respectively.

All the obtained crystal YAG plates were observed in polarized
light to visualize the presence of a core and/or striations. The
absence of a core was confirmed by viewing both polished crystal
slices in normal light.

3. Results and discussion

Eq. (5) holds if all other growth parameters are unchanged.
Experiments have shown that Dc depends on R,G, melt depth, i.e.,
the vessel diameter and the meniscus height the crystal and the
melt. On the basis of our experimental results it may be concluded
that the crystals growing at higher rotation rates, when the
inversion of the crystallization front from convex to planar has
occurred, do not contain a core and the strains in them are
considerably (Figs. 3 and 4).

In the case of YAG crystals with Nd3+ ions, after inversion
useless crystals with bubbles and opaque regions were obtained.
Therefore, investigations were directed at obtaining Nd:YAG
crystals with the smallest possible core (1–2 mm).

Investigations that were carried out with YAG not containing
Nd3+ ions helped us a lot in our studies of YAG containing Nd3+ ions.

Fig. 3. YAG crystal grown with different rotation rates v = 12, 60, 32, 100 and
12 rpm.
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When investigating YAG containing no Nd3+ ions we noticed that
after the performed inversion of the liquid/solid interface the
crystals obtained did not have cores. On the contrary, when we
analyzed YAG containing Nd3+ ions we immediately saw that the
whole system was far more sensitive, due to the presence of Nd3+

ions, to any charge in growth conditions and all our attempts to
obtain crystals without a core caused the blurring of the crystals.

In recent years, studies on laser crystals show that YAG crystal
has nearly optimal properties that are required of materials for
lasers. However, a factor that partially restricts all potential
possibilities of this crystal is the difficulty in obtaining single
crystals containing a higher concentration of activator (neodymi-
um), while at the same crystal contains all the necessary optical
quality. This difficulty is caused by the significant difference of the
ionic radii of Nd3+ compared to Y3+ which in turn makes it difficult
to isomorphic substitution of more than 1% (atomic) Nd3+ in YAG
crystal. Therefore, many studies in order to obtain Nd:YAG crystals
oriented in the direction of getting other elements (for example
lutenium – Lu), whose ionic radius much smaller than Y3+, so their
embedding in the crystal lattice of YAG achieves the effect of
compensation between such ions and ions Nd3+ and crystal lattice
parameter remains approximately 12.01 Å. The main defects of the
crystal structure, not counting dislocations, which are the proper
conduct of the process of crystal growth may keep a level of
100 dislocations per cm2 are also inhomogeneous incorporation of
Nd3+ due to the appearance of (211) flat in the center of the crystal
orientation (111) zone of the stress in the direction (110) on the
plane (111) and furrows caused by impurity character of the
interface crystal-melt during the process of crystal growth. From

the Fig. 5 it can be observed dislocations on YAG and Nd3+:YAG
single crystals, respectively. Etch pits have the shape of a three-
sided pyramid. Number of dislocations is of the order of 104 per
cm2. Most of the crystals were no dislocation.

The works of the oxide crystal material have shown that
thermal stress in the crystal, which may be cooled to cause the
occurrence of dislocations. These errors reduce the crystallograph-
ic and optical perfection of the crystals. Their occurrence can be
prevented by using an annealing which thermal stresses can be
limited to values that are lower than the limits of the critical stress
for a given crystal. The occurrence of flat at the front of
crystallization leads to the appearance of stress in a crystal YAG
and also uneven incorporation of Nd+3 ions. Fluctuations in
temperature cause a change in the growth rate which leads to
stress in the crystals and uneven incorporation of Nd+3 ions. Tests
in polarized light showed that the index of refraction in the crystal
YAG we received has not the same value of the cross section.
Difference in refractive index are due to the crystallization front
partially covered with a flatbed and partly not.

The mechanism of the crystal growth is not the same when it is
growing with a flat surface (flat across) rise than when roughened
surface. This leads to the crystal have parts that have different
lattice parameters, the local saturation with oxygen vacancies.
Removal of stress annealing may be performed in argon, to the air,
in vacuum and the oxidation atmosphere [15,17,31]. Since the
transition from brittle to ductile state in YAG at 1350 �C, annealing,
we performed in 1600,1700 and 1800 �C. Annealing was performed
in the same unit in which they are drawn crystals. The average
speed of raising and lowering the temperature ranged from 1 to

Fig. 4. Cross section of signal YAG crystals grown with different rotation rates under crossed polarizers: (a) 7 rpm, (b) 15 rpm, (c) 60 rpm and (d) 100 rpm.

Fig. 5. The microscopic image of the surface YAG Nd:YAG single crystals plate etched with H3PO4 in the direction (111). Magnification of 270� and 200�, respectively.
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1.5 �C min�1. After annealing was done observing the polarized
light. Based on the obtained data, it was concluded that prolonged
heating at 1800 �C able to mitigate the difference in refractive
index. When testing centers scattering of light we concluded that if
the crystal pull rate of 0.9 mm h�1 there is no scattering centers. At
speeds of 1–1.3 mm h�1 is little shimmer, while at higher speeds
shimmer is more intense (refers to Nd: YAG).

The existence of centers of scattering of light due to the
presence of very small bubbles, inclusions, etc., in the obtained
crystals was carried out using a He–Nd laser beam. Number of
dislocation is very small. Frequently there are none. Mosaic blocks
were not detected.

3.1. Structural and spectroscopic characterization

The structural properties were obtained using X-ray diffraction
analysis of powdered single crystal samples. The X-ray diffraction
(XRD) curves for powdered YAG and Nd:YAG is shown in Fig. 6.
Diffractions correspond to JCPDS 79-1892. The unit cell of YAG and
Nd:YAG is calculated by the least square method using 15 reflec-
tions. In Fig. 6, all the reflections correspond to YAG crystals and
not any other phase was found. The calculated result reveals that
the crystals have body-centered cubic Bravais lattice with space
group Ia3d. The lattice parameter for YAG is a = 11.9538 Å, and for
Nd:YAG a = 11.9677 Å, what is slightly less than the published data
[9,17] (12.011 Å). The cell parameter of Nd:YAG crystal is 0.12%
larger than that of YAG crystal. The radius of Nd3+ ion (1.249 Å) is
larger than the radius of Y3+ ion (1.159 Å), and the difference of
about 7.8% not only makes the incorporation of Nd3+ into the Y3+

site of the crystal lattice hard, but also results in larger cell
parameter. It causes a shift of diffractions in the spectra of Nd:YAG
towards smaller 2u – angles. Obtained differences are presented in
Table 1.

The FWHM of [111] symmetric rocking curve measured by X-
ray double-crystal diffractometry is equal to 0.5183. Compared
with research of Chani by Czochralski method (FWHM = 0.381�)
[32] and Zhang by the horizontal directional solidification – HDS
method (FWHM = 0.2631�) [17], the value of FWHM demonstrates
the good crystallinity of the Nd:YAG crystal.

The large number of atoms in the primitive cell leads to 240
(3 � 80) possible normal modes which can be classified according
to the irreducible representation of the Oh group as follows:
3A1g + 5A2g + 8Eg + 14 T1g + 14 T2g + 5A1u + 5A2u + 10Eu + 18 T1u + 16
T2u. The 25 modes having symmetries A1g, Eg, and T2g are Raman
active while the 18 having T1u symmetry are IR active [33–35]. The
16 of the 25 Raman active vibrational modes can be observed in the

Raman spectrum from 100 to 900 cm�1. The Raman spectrum of
rare earth doped YAG compounds can be divided into two different
parts: the high frequency region (500–900 cm�1) and the low
frequency region (<500 cm�1). The high frequency region accounts
to the v1 (breathing mode), v2 (quadruple) and n4 molecular
internal modes associated with the (AlO4) group, whilst the low
frequency region is due to: (i) translational motion of the rare earth
ions, (ii) rotational and translational motion of the AlO4 units, and
(iii) the n3 molecular mode of the AlO4 [33,34].

The Raman spectra of YAG and Nd:YAG single crystals have been
recorded in 100–900 cm�1 spectral range at room temperature
(Fig. 7). The differences in the Raman spectra of the pure YAG
crystal and Nd3+ doped YAG crystal are in slightly blue shifting of
modes in doped crystal, Table 2, and in the shape of some peaks,
also. It is observable that some peaks show a doublet structure, and
that some weak modes in the low energy side of regular modes

Fig. 6. X-ray diffraction patterns of the: (a) YAG and (b) Nd3+:YAG powdered
sample.

Table 1
Positions of the diffractions observed in XRD spectra of YAG and Nd:YAG powder
and their mutual difference (D) caused by doping.

(hkl) YAG
2u(�)

Nd:YAG
2u(�)

D
(�)

�211 18.139 17.99 0.149
�220 21.03 20.81 0.22
�321 27.876 27.75 0.126
�400 29.916 29.68 0.236
�420 33.475 33.367 0.108
�422 36.774 36.65 0.124
�431 38.393 38.222 0.171
�521 41.333 41.155 0.178
�440 42.712 42.69 0.022
�611 46.831 46.6 0.231
�541 – 49.455 –

�631 51.83 51.67 0.16
�444 52.989 52.74 0.249
�640 55.379 55.167 0.212
�552 56.528 56.322 0.206
�642 57.868 57.454 0.414
�651 60.947 60.75 0.197
�800 61.9 61.77 0.13
�820 – 64.055 –

�660 66.146 65.97 0.176
�743 67.426 – –

�840 70.285 70.023 0.262
�842 72.324 72.078 0.246
�655 73.29 73.09 0.2
�664 74.385 74.056 0.329
�932 77.143 76.949 0.194
�844 – 79.122 –

a (Å)
11.9538

a(Å)
11.9677

Fig. 7. Raman spectra of YAG and Nd:YAG single crystals at room temperature.
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become visible, Fig. 7, insert. These new features in the Raman
spectra are not a consequence of increasing disorder, but indicate a
regular substituting of Y3+ by heavier Nd3+-ions.

According to work by Su et al., on Nd:YAG [36], the peaks at 161,
219, 263, 340, 373, 402 and 407 cm�1 (Fig. 7 and Table 2) have been
attributed to the translatory motion of the Y3+ or Nd3+-ions within
the distorted cube with eight oxygen ions at the corners, and also
the heavy mixing of the translational, rotational, and n3 mode of
the (AlO4) unit. The vibrational modes at 543 and 556 cm�1 can be
assigned as the n2 mode of the (AlO4) unit. These peaks are the
internal stretching vibrations (n1 and n4) between aluminum ions
and oxygen in the tetrahedral (AlO4) unit.

The Nd3+ ions substitute for Y3+ in YAG without the need for
charge compensation. The larger size of the Nd3+ ions results in
polyhedral with sides that are greater than those in Al3+

polyhedral. That distorts the lattice and thus limits the maximum
doping concentration a few atomic weight percent. Concentration
of Nd3+ in our samples is, as a common for laser materials, 0.8 wt.%.
The lattice strains that are introduced by doping affect the
properties of the optical spectra.

The reflectivity spectra of YAG and Nd:YAG single crystals were
recorded in far-IR and mid-IR region at room temperature (298 K).
The IR reflectance spectra of these crystals are shown in Fig. 8. The
seventeen of 18T1u IR-active modes are visible in the near normal
reflectivity spectra of YAG and Nd:YAG crystals, Fig. 8. There are
strong metal oxygen vibrations in region 650–800 cm�1 which are
characteristics of Al—O bond: peaks at 784/854, 719/763 and 691/
707 cm�1 correspond to asymmetric stretching vibrations in
tetrahedral arrangement. Peaks at 566/582, 510/547 and 477/
505 cm�1 are asymmetric stretching vibrations and 453/483 cm�1

is symmetric vibration of Al—O bond in octahedral arrangement of
garnet structure. Lower energy peaks correspond to translation
and vibration of cations in different coordination – tetrahedral,
octahedral and dodecahedral in the case of four lowest modes
(Table 3) [37].

Graphical presentation of the Kramers–Krönig analysis shows
that with doping of YAG with Nd3+, TO modes undergo a red shift of
1–3 cm�1, what is expected because of greater atomic mass of
neodymium (144.2) related to yttrium (88.9) (Fig. 9). The values
of these modes are presented in Table 3.

Table 2
Position (cm�1) of the modes in the Raman spectra and symmetries of lines of YAG
Nd:YAG single crystals.

Symmetry type Experimental frequency
(cm�1)

Vibrations

YAG Nd:YAG

Eg 164 162 Y or Nd
T2g 219 221 Translation

T2g 263 263 Translation + Rotation + n3(AlO4)
T2g 294 295
Eg 340 343
A1g 373 373
T2g 403 409
Eg – 407

T2g 544 548 n2 (AlO4)
A1g 556 557

T2g 690 693 n1 + n4 (AlO4)
Eg 720 720
T2g 720 720
A1g 784 783
T2g 857 858

Fig. 8. IR reflectance spectra of YAG and Nd:YAG single crystals at room
temperature.

Table 3
Parameters of fit the IR spectra of YAG and Nd:YAG single crystals and the transverse (TO) and the longitudinal (LO) frequencies values obtained from Kramers–Krönig analysis
(peak positions e2 and s).

YAG Nd:YAG Vibrations
TO/LO wave number (cm�1) TO wave number (cm�1)

122/122.6 122 T(+Td) transl. of tetr. and dodecah. cation
165/173 163 Td transl. of dodecah. cation
180/180 178 Td(+T) transl. of tetr. and dodecah. cation
221/225 219 Td transl. of dodecah. cation (translations of cations in YO3 and AlO4)

291/296 289 T0
327/338 328 T transl of tetrah. cation
375/380 374 R libr. of tetrah.
390/392 389 T0 transl. of octah.
396/402 395 R libr. of tetrah.
432/438 431 T0 transl. of octah. (translations + libration of cations in AlO6 and AlO4)

453/483 449 n2 symmetric
477/505 475 n4 symmetric
510/547 509 n4
566/582 595 n4 (symmetric and asymmetric stretching of Al–O in octahedrons)

691/707 690 n3
719/763 717 n3
784/854 783 n3 (asymmetric stretching of Al–O in tetrahedrons)
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4. Conclusions

In this paper, we used the Czochralski method to obtain
good quality YAG and Nd:YAG crystals. The investigations were
based on the growth mechanisms and the shape of the liquid/
solid interface on the crystal properties and incorporation of
Nd3+ ions. The obtained single YAG and Nd:YAG crystals were
studied by use of X-ray diffraction, Raman and IR spectroscopy.
There are strong metal oxygen vibrations in region 650–
800 cm�1 which are characteristics of Al—O bond: peaks at 784/
854, 719/763 and 691/707 cm�1 correspond to asymmetric
stretching vibrations in tetrahedral arrangement. Peaks at 566/
582, 510/547 and 477/505 cm�1 are asymmetric stretching
vibrations and 453/483 cm�1 is symmetric vibration of Al—O
bond in octahedral arrangement of garnet structure. Lower
energy peaks correspond to translation and libration of cations
in different coordinations – tetrahedral, octahedral and dodeca-
hedral in the case of the lowest modes.
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A B S T R A C T

Nano crystalline samples of nickel–zinc ferrite, Ni0.5Zn0.5Fe2O4 were prepared by mechanochemical
route in a planetary ball mill starting from two mixtures of the appropriate quantities of the powders:
case (1) oxide powders: NiO, ZnO and a-Fe2O3 in one case, and in the second case (2) hydroxide powders:
Ni(OH)2, Zn(OH)2 and Fe(OH)3. In order to monitor the progress of chemical reaction and confirm phase
formation, powder samples obtained after 5 h and 10 h of milling were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), Raman, IR and Mössbauer spectroscopy. It is shown that
the soft mechanochemical method, i.e. mechanochemical activation of hydroxides, produces high quality
single phase Ni0.5Zn0.5Fe2O4 samples in much more efficient way. From the IR spectroscopy of single
phase samples it is obvious that energy of modes depends on the ratio of cations. The deconvolution of
Raman spectra allows to separate contributions of different cations to a particular type of vibration and to
estimate the degree of inversion.

ã 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The ideal crystal structure of cubic spinel ferrites M2+Fe3+2O2�
4

(M¼Mg, Mn, Fe, Co, Ni, Zn) has a face centered cubic unit cell of
32 oxygen anions with cations in 24 of possible 96 interstitial sites:
8 tetrahedral (A-sites) (1/8 of the total tetrahedral sites number)
and 16 octahedral [B-sites] (1/2 of total number) [1,2]. Cations Fe3+

and M2+, could be arranged in both sites: (M2+
1�dFe3+d)[M2+

dFe3
+
2�d]O2�

4 and, therefore, ferrites are classified according to cations
degree of inversion d (positioning between normal (d = 0) and
inverse (d = 1) extreme patterns). The space group symmetry of
normal cubic spinels is Fd3m [3]. The most of cubic ferrites at the
nanosized scale have partially inverse (or “mixed”) structure. Cubic
ferrites may also contain a mixture of divalent metal ions:
M11�xM2xFe2O4. These quaternary compounds have interesting
magnetic and magnetooptical properties that depend on the
chemical composition (x), but are considerably affected by the
cation distribution d, also.

Among quaternary cubic spinel ferrites, nickel–zinc ferrites
(NZF) are possibly the most important because they are extensively
used as soft magnetic materials for applications in the field of
telecommunications. NZF are used for antenna rods, loading coils,
microwave devices, core material for power transformers etc. due
to their high electrical resistivity, high saturation magnetization,
high effective permeability in combination with low magnetic
coercivity and low eddy current loss [4–7].

The zinc concentration and distribution among A and B sites in a
NZF has a crucial influence on the material’s microstructure,
dielectric and magnetic properties [8]. It was referred that nano
crystalline Ni1�xZnxFe2O4 was prepared by ball milling of oxide
mixture [9,10], by co-precipitation method [11], solid-state
reaction [8], by thermal decomposition/combustion [12], citrate
precursor [13], citrate gel method [14], sol–gel method [15,16]. To
the best of our knowledge it is not referred on soft mechanochem-
ical method of the NZF nano powder synthesis.

The aim of this work was the synthesis of nanosized nickel–zinc
ferrite by ball milling of two different starting powder mixtures:
(1) oxide mixture and (2) hydroxide mixture under the same
conditions. The efficiencies of mechanochemical activating in
these two cases, are compared. The “conventional mechanochem-
ical route” hereinafter will mean a mechanochemical activating of

* Corresponding author. Tel.: +381 11 37 13 035; fax: +381 11 3160 531.
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oxide mixture. According to Avvakumov et al. [17], the phrase “soft
mechanochemical route” will be used for the reaction of
hydroxides. Progress of the reaction and characterization of NZF
nano powder samples are investigated by XRD, TEM, Raman, IR
and Mössbauer spectroscopy.

It was shown that the high quality single phase Ni0.5Zn0.5Fe2O4

samples can be produced by soft mechanochemical method in
more efficient way. The obtained single phase samples were
analysed by Raman and IR spectroscopy with particular attention
to origin of the observed modes.

2. Experimental procedures

Starting materials for the conventional and soft mechanochem-
ical synthesis of Ni0.5Zn0.5Fe2O4 samples were: Merck oxides NiO,
ZnO and Fe2O3 with 99% purity and Merck zinc and nickel
hydroxides with 95% purity. Ferric-hydroxide was made in
laboratory. NaOH solution (25% mass), made from 99% purity
NaOH (Merck) was added to the FeCl3 solution (25% mass), made
from 99% purity FeCl3� 6H2O (Merck) [18]. Obtained hydrated
ferric-hydroxide (Fe(OH)3� nH2O) in the form of dark brown
precipitate was filtrated, washed with large amounts of water and
dried in a vacuum dessicator. Before milling, the Fe(OH)3� nH2O
powder was heated at 105 �C for 24 h. The material prepared in this
way had 99.5% Fe(OH)3. It was confirmed by potentiometric redox
titration.

Mechanochemical synthesis was performed in air atmosphere
in planetary ball mill Fritsch Pulverisette 5. Balls-to-powder mass
ratio was 20:1. The angular velocity of the supporting disc and vial
was 32 and 40 rad s�1, respectively. The powders obtained after
milling were pressed into disc shaped samples with thickness of
2.0 mm and diameter 8.0 mm.

For XRD analysis the X-ray diffractometer, Model Philips PW
1050, equipped with a PW 1730 generator (40 kV � 20 mA) was
used. X-ray source was Ni filtered CoKa radiation of 1.78897 Å.
Measurements were done at room temperature in 2u range of
10–80� with scanning step width of 0.05� and 10 s scanning time
per step.

Transmission electron microscopy studies were performed
using a JEOL JEM-2100F Microscope (Jeol Inc., Tokyo, Japan) with
maximum acceleration voltage of 200 kV equipped with an ultra-
high resolution objective lens pole piece having a point-to-point
resolution of 0.19 nm, being sufficient to resolve the lattice images
of nanoparticles. Electron diffraction patterns (EDP) of nano
crystals were recorded to obtain the diffraction rings with specific
structure d-values and in that way verify the crystal structure.

Electron energy dispersive X-ray spectroscopy (EDS), as part of
transmission electron microscopy, was used to examine the
chemical composition of selected crystallites.

The Raman scattering measurements of NZF nano powder
samples were performed in the backscattering geometry at
room temperature in the air using a Jobin-Yvon T64000 triple
spectrometer, equipped with a confocal microscope (100x) and a
nitrogen-cooled charge coupled device detector (CCD). The spectra
have been excited by a 514.5 nm line of Coherent Innova 99 Ar+–ion
laser with an output power of less than 20 mW to avoid local
heating due to laser irradiation. Spectra were recorded in the range
from 100 cm�1 to 800 cm�1

The reflectivity measurements were carried out with a
BOMMEM DA-8 spectrometer. A DTGS pyroelectric detector was
used to cover the wave number range from 50 cm�1 to 700 cm�1.

The Mössbauer spectra were collected at the room temperature
in the transmission mode with a constant acceleration, using a
57Co/Rh source. The calibrations of spectra were done by laser. The
isomer shift (IS) values were in agreement with values for a
standard a-Fe foil at 300 K. Least squares fits were calculated using

the SITE option of the WINNORMOS software. Line width
corrections were carried out by the transmission integral. The
DIST/ISO option of the program, based on the histogram method,
was used to perform distributions of Mössbauer's lines [19].

3. Results and discussion

3.1. Structural characterization

Figs. 1 and 2 show the X-ray diffractograms of partially, or
completely, reacted powders after 5 h and 10 h of mechanochemi-
cal treatment. In the oxide mixture after 5 h of milling the reaction
begins and the spinel peaks become observable in the correspond-
ing diffractogram, Fig. 1. Considering that the starting oxide
materials have crystallites with average sizes �50 nm ZnO to
�90 nm a-Fe2O3, there is still a lot of unreacted starting oxides
after 5 h, but in the form of smaller nano crystallites. The Rietveld
analysis suggests that there are 36.6% of spinel NZF phase, 38.0% of
hematite, 20.2% nickel oxide and 5.2% of zinc oxide with crystallites
smaller than 13 nm. After 10 h of milling, Fig.1, in the diffractogram
dominate spinel peaks (about 60% of NZF phase), but diffraction
peaks of hematite and nickel oxide are still present. A conventional
mechanochemical reaction between anhydrous starting oxides

Fig. 1. XRD spectra of the mixture of starting NiO, ZnO and a-Fe2O3 powders after
milling for 5 h and 10 h.

Fig. 2. XRD spectra of the mixture of starting Ni(OH)2, Zn(OH)2 and Fe(OH)3
powders after milling for 5 h and 10 h.
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was used in Refs. [9,10], also. A precise comparison is not possible
because milling conditions were not the same (a speed of the vials
and ball-to-powder mass ratio), but it was shown that a milling
time longer than 10 h is needed for the obtaining a single phase
NZF, as evidenced by our experiment, as well.

NZF can be obtained directly from oxide mixture at about 500 �C
(this temperature is achieved locally by the collision and friction
during the process of the high energy milling):

NiO + ZnO + 2a-Fe2O3! 2Ni0.5Zn0.5Fe2O4

The reaction becomes possible after a certain activation time, as
milling reduces the particle size, thoroughly mixes the compo-
nents, and increases the number of chemically active defect sites
[20]. Obviously, due to a great size and hardness of the oxide
crystallites, for the formation of pure phase of NZ-ferrite (under
the used milling conditions) a more time is required.

The starting hydroxides are amorphous and very reactive which
facilitates the chemical reaction [17] and after 5 h of milling the
reaction was almost complete, Fig. 2. Rietveld analysis shows that
there is 98.8% NZF in the form of small nano crystallites (about
14 nm) and only 1.2% of hematite. After 10 h of milling, Fig. 2, there
are no traces of starting materials, i.e. any other intermediate
reaction product.

In the case of starting hydroxide mixture the synthesis occurred
in two stages. The first of the two stages was followed by the

evolution of water vapor. For instance, the ferric-hydroxide Fe
(OH)3 can be easily transformed in hematite during milling
through thermal decomposition [18]:

2Fe(OH)3! a-Fe2O3 + 3H2O

All hydroxides undergo the similar reaction at about
300–350 �C [17]. The second step in the synthesis of NZF is a
direct synthesis of the obtained amorphous NiO, ZnO and a-Fe2O3

oxides. The extremely small dimensions of the obtained oxide
crystallites (amorphous) provide a better adhesion between
particles (what is a prerequisite for a faster reaction at lower
temperature). A occurrence of substantial amount of water that is
formed during soft mechanochemical reactions between hydrox-
ides, in comparison with a much smaller amount of physically
adsorbed water that can liberated from pores of oxide crystallites,
contributes to better energy transfer from milling media to
reacting materials and to acceleration of the formation rate. All
stated above are well known advantages of the soft mechano-
chemical synthesis what is discussed in detail in Refs. [17], [21]
and [22].

In Figs. 1 and 2, for 10 h of milling, the positions of NZF
diffractions are indicated. Positions of the peaks and their
intensities correspond to the reference PCPDFWIN data (PDF
#52-0278) for Ni0.5Zn0.5Fe2O4-spinel ferrite Bragg reflections. The
lattice constant depends not only to chemical composition, but to

Table 1
Estimated lattice constants, crystallite sizes and cation distributions in NZF phase.

Starting
mixture

Milling time
(h)

a
(Å)

<L>
(nm)

Cation distribution

(1) Oxides 5 8.3780 12.6 (Ni0.39Zn0.49Fe0.09)[Ni0.12Zn0.02Fe1.72]O4

10 8.3962 16.2 (Ni0.19Zn0.29Fe0.50)[Ni0.24Zn0.14Fe1.50]O4

(2)
Hydroxides

5 8.3803 13.8 (Zn0.49Fe0.50)[Ni0.50Zn0.02Fe1.50]O4

10 8.3721 24.1 (Ni0.31Zn0.48Fe0.17)[Ni0.22Zn0.04Fe1.86]O4

Fig. 3. TEM images with corresponding electron diffraction patterns (EDP insets in the lower right corners) of the samples obtained from the mixtures of NiO, ZnO and
a-Fe2O3 oxide and the mixture of Ni(OH)2, Zn(OH)2 and Fe(OH)3 hydroxide powders for 5 h and 10 h of milling time.
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the crystallite size and cation distribution, also. The lattice
constants of obtained NZF (a), average crystallite sizes (<L>) in
various samples and the distribution of cations over tetrahedral
and octahedral sites, which gives the best fit to observed
diffractograms, are estimated by Rietveld refinement. The results
are given in Table 1. In the samples originated from oxide mixture a
and <L> are calculated for the NZF participation in the mixture. It
should be noted that peaks profile in diffractograms of
samples obtained by milling of hydroxides for 10 h are fitted by
Pseudo-Voight2 function and for other samples the Lorentz profile
was more convenient.

The XRD – analysis of the powder samples obtained after 5 h
and 10 h milling of starting mixtures shows that the soft
mechanochemical activation (i.e. milling of amorphous
hydroxides) gives practically pure NZF phase after 5 h. During
further milling process the crystallites continue to growth and
their cation distribution changes. In the case of the oxide mixture
the formation of NZF phase is much slower.

TEM analysis, Fig. 3, revealed that all samples are composed of
nanosized particles (around 20 nm). The size of the particles in the
samples prepared form oxides is similar after 5 h and 10 h, whereas
in the samples prepared from hydroxides, the size of the particles is
larger in the 10 h sample. The particles in the oxide samples
(5 h and 10 h) have irregular shape and are highly agglomerated,
while the particles in the hydroxide samples (5 h and 10 h) are
roundish and less agglomerated.

Electron energy dispersive X-ray spectra (EDS) were measured
in each sample on several nanosized particles. Obtained spectra

illustrate a progress of the reaction in milling powders. In Fig. 4a is
a TEM image of a sample obtained after 5 h milling of crystalline
oxides with inserted EDS of two selected grains. It is obvious that in
this sample a number of large particles of the precursor oxides is
present. In Fig. 4b is presented a TEM image of single phase sample
obtained after 10 h milling of starting hydroxides with EDS of one
chosen grain. The similar chemical composition ratios are achieved
in all tested grains of this sample. Large remnant precursor
particles were much rarer in the “oxide” sample after 10 h milling,
whereas precursor particles were not observed in the samples
prepared from hydroxides.

The analysis of electron diffraction patterns (EDP) confirms that
after 10 h milling of hydroxides a single phase of NZF is obtained.
Table 2 shows experimental and theoretical interplanar distances
(d-values) for a single phase sample (see Fig. 5). The corresponding
values are not the same to all 4 decimal numbers, but the
compliance is good enough to identify the major phase. The result
is in agreement with XRD analysis. From Table 2 it is obvious that
the values of interplanar distances and relative intensities of
Debye–Sherrer rings fit perfectly to the Ni0.5Zn0.5Fe2O4 phase.
Diffraction spots or rings from no other phase are observed.

3.2. Raman and IR spectroscopy

Mechanochemically produced nano powder samples of nickel–
zinc ferrite have mixed spinel structure and belongs to P4322

Fig. 4. TEM images with corresponding EDS of selected grains in the case of (a) a
sample obtained after 5 h milling of starting oxides and (b) a single-phase sample
obtained after 10 h milling of starting hydroxides.

Table 2
Values of characteristic interplanar distances and relative intensities of Debye–
Sherrer rings for Ni–Zn-ferrite sample obtained by milling of starting hydroxides for
10 h.

Experimental Theoretical Exp./theor.

Ring no. (hkl) d (nm) Ni0.5Zn0.5Fe2O4 Int. Diff. (%)

1 (111) 0.4841 0.4860 17 �0.4
2 (2 2 0) 0.2959 0.2964 38 �0.2
3 (311) 0.2531 0.2524 100 0.3
4 (2 2 2) 0.2412 0.2419 10 �0.3
5 (4 0 0) 0.2093 0.2087 26 0.3
6 (4 2 2) 0.1707 0.1714 25 �0.4
7 (511) 0.1619 0.1614 33 0.3
8 (4 4 0) 0.1482 0.1483 41 �0.1

Fig. 5. Electron diffraction patterns (Debye–Sherrer rings) of Ni–Zn-ferrite sample
obtained from the mixture of Ni(OH)2, Zn(OH)2 and Fe(OH)3 hydroxides powders by
milling for 10 h.

242 Z.Z. Lazarevi�c et al. / Materials Research Bulletin 63 (2015) 239–247



tetragonal space group [23]. However, it is usual, for the sake of
simplicity, to assign Raman and IR modes as in normal cubic spinel,
as the symmetry group is Fd3m. The factor group analysis
predicts 5 Raman active mode: A1g + Eg + 3F2g and 4 IR active
modes 4F1 u from the center of Brillouin zone in the normal spinel.

The Raman spectra recorded on the samples obtained during
mechanochemical activation of oxide and hydroxide starting
mixtures are presented in Fig. 6. The characteristic features of
spinel ferrite are recognizable in Raman spectrum already after 5 h
of milling oxide mixture, although XRD and TEM suggest that it
must be present a lot of unreacted starting oxides in the samples.
The strong modes of hematite (indicated by arrows in Fig. 6a) are
superposed to spinel modes. Hematite modes are still clearly
visible in the oxide sample obtained after 10 h of milling. In the
spectrum of the sample made from hydroxides after 5 h of milling a
narrow hematite peak testifies that the amount of hematite is very
small. After 10 h there is no traces of any other phase in NZF
hydroxide sample.

It is obvious that all samples have more than 5 Raman active
modes predicted by group theory in the normal spinel structure.
Deconvolution of measured spectra allows one to conclude that all
complex bands in the spectra are made of individual peaks with
the intensities that vary from spectrum to spectrum. In order to
determine the origin of the peaks, we have compared the Raman
spectra of previously investigated NiFe2O4 and ZnFe2O4 [24], with
the spectrum of single phase NZF, Fig. 7. On the example of single
phase sample of Ni0.5Zn0.5Fe2O4 obtained by milling of hydroxides
for 10 h it is visible that modes originated from vibrating of
different cations (in Ni-ferrite, or Zn-ferrite) are reproduced in
Raman spectra of mixed NZF.

The high frequency first order mode A1 g is due to symmetric
stretching of oxygen atoms along Zn—O, Fe—O and Ni—O bonds in
the tetrahedral coordination [25]. The mode at 637 cm�1 is related
with stretching along Zn—O bonds in tetrahedrons [26,27]. The
mode at 670 cm�1 is related with Fe—O bonds stretching [28], at
689 cm�1 with Ni—O bonds [18,29] and a small mode at 721 cm�1

corresponds to A1g mode of maghemite, i.e. to oscilations of Fe—O

in uncompleted tetrahedrons (with oxygen vacancies) [30]. In
principle, modes F2 g(2) and F2 g(3) correspond to the vibrations of
the octahedral group, but it seems that components of these modes
can hardly be resolved in the Raman spectra of NZF. At about
370 cm�1 is the Zn-component of F2g(2) mode, at 480 cm�1 is
Ni–F2g(2) and between them Zn-component of F2g(3) mode, Fig. 7.
These modes are not very strong and the possible fitting error can
be too high because of rather high level of noise. For that reason we

Fig. 6. Raman spectra of the samples obtained from the mixtures of starting (a) NiO, ZnO and a-Fe2O3 oxide powders and (b) Ni(OH)2, Zn(OH)2 and Fe(OH)3 hydroxide
powders after mechanochemical treatment for 5 h and 10 h. Arrows indicate peaks of unreacted hematite.

Fig. 7. Raman spectra of the Ni1-xZnxFe2O4, for different values of x.
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tried to analyze the most exaggerate A1g mode and to estimate the
inversion parameter from the ratio of the intensities of A1 g

components. The integrated intensity of certain component of A1g

mode is proportional approximately to the contribution of the
corresponding cations in A-sites. The participation of Zn2+ in A-
sites should be: xZn(A) = IZn/(IZn + INi +IFe + IFe*). In the exact formula
intensities of Lorentzians are multiplied by corresponding force
constants. We can suppose that the force constant in the case of
“maghemite” oscillation is much smaller than the force constants

of other vibrations (in regular surrounding) and to neglect its
contribution. In this approximation, for hydroxide sample, Fig. 7,
we obtained: Fe0.20Ni0.35Zn0.44, what is roughly like the result of
Rietveld analysis (Rietveld analysis gives: Fe0.17Ni0.31Zn0.48).

FIR spectra of the nano powder samples obtained after 5 h or
10 h milling of starting compounds are given in Fig. 8. Milling of
hydroxides Ni(OH)2, Zn(OH)2 and Fe(OH)3 in stoichiometric
amounts after 5 h already leads to the formation of pure spinel
structure with clearly observable all four F1 u modes predicted by

Fig. 8. IR reflectivity spectra of the samples obtained from the mixtures of starting (a) NiO, ZnO and a-Fe2O3 oxide powders and (b) Ni(OH)2, Zn(OH)2 and Fe(OH)3 hydroxide
powders after mechanochemical treatment for 5 h and 10 h.

Fig. 9. Comparison of the results of Kramers-Krönig analysis of IR spectra Ni-ferrite, Zn-ferrite and single phase mixed Ni0.5Zn0.5Fe2O4 ferrite.
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the group theory. These modes are only more pronounced after
10 h of milling.

In the case of the oxide starting mixture, FIR spectra recorded
on the samples obtained after 5 h and even 10 h milling of NiO, ZnO
and Fe2O3 show spinel modes superposed with modes of non-
reacting amounts of hematite (Fig. 8a). After 10 h milling the spinel
peaks become more pronounced, but hematite modes are still
present. Broad peaks of low intensity imply that these nano
powders have smaller crystallites than the samples made by
milling of hydroxide starting compounds.

Reflectivity spectra of the single phase “hydroxide” samples
have two strong rather well defined TO/LO infrared bands: at
561/635 cm�1 and 383/432 cm�1; at 312 cm�1 is a very weak band,
and about 210 cm�1 is one more, hardly visible band (Fig. 8b).
Waldron [31] investigated vibrational properties of ferrites and
explained their or igin and force constants of oscillations by a
semiclassical approach.

In the case of mixed nano ferrites with three different cations,
obtained mechanochemically, it is clear that modes will be broad
and weak. In the tetrahedral, as well as in the octahedral positions,
can be all three types of cations.

In Fig. 9 are compared the results of Kramers–Krönig analysis of
three FIR spectra: Ni-ferrite, Zn-ferrite and mixed Ni0.5Zn0.5Fe2O4

ferrite. Spectra of Ni and Zn ferrites are from Refs. [18,32]. It is
visible that the positions of both TO and LO modes shift to lower
wave numbers with increasing of total mass of divalent cations.
Considering that in literature could be found various values of
frequencies even for sintered ferrites, we can not expect accurate
estimation of cation distribution in nano powders on the basis of
FIR measurements. But there is no doubt that FIR technique could
show the presence of small amounts of unreacted starting
compounds.

3.3. Mössbauer spectroscopy

The Mössbauer spectra show distributions of hyperfine fields. In
order to investigate valence and coordination number (CN) of iron

cations in the spinel, distributions are partitioned on disjunct
subspectra based on Lorentzian lines. The Mössbauer spectrum of
the sample obtained from the mixture of NiO/ZnO/a-Fe2O3

powders milled for 5 h, is divided into seven subspectra
(see Fig. 10a). The initial hematite is present, however fits with
the characteristic sextet (IS = 0.37 mm s�1; D = �0.197 mm s�1;
Bhf = 51.75 T) are somewhat ambiguous. We resorted to the use
of distribution of hyperfine fields. This yields a Gaussian–like
distribution with centroid at 51.03 T and with the standard
deviation of 0.68 T. The average isomer shift (IS) has value
of 0.383(5) mm s�1. The quadrupole shift has value of �0.180
(2) mm s�1. The parameters of distribution suggest that a
superposition of resonant signal occurs from hematite and 57Fe
at the octahedral site of the larger crystalline spinel ferrite. In order
to simplify the calculation of the relative amount of phases in the
sample from the areas of subspectra, we estimate that the factors
of recoilless fraction are equal for all iron sites. The distribution
covers 16.7(1.4)% of the total fitted area (see Table 3).

Generally, the bond length of Fe3+—O2� at the tetrahedral site is
smaller than the similar length at the octahedral site, allowing
larger overlapping of orbitals and respectively more covalent bond
at the tetrahedral site. The consequence is smaller value for the
isomer shift. That explains why the sextet A1 is associated with the
tetrahedral site, and B1 and B2 with the octahedral site. The large
value of the quadrupole shift (2e) at the combined interaction,
sextet A1, and large line width (G ) show that this sextet occurs in
response to overall changes in the [B]-sublattice. Overall changes
include all combinations of iron, zinc, and nickel ions and holes
intra [B]-sites that interact via the four oxygen anions, lowering the
cube point symmetry (Td) at the place of interaction and reducing
the magnitude of hyperfine interaction (Bhf). By comparing the
data from our previous work on the nickel ferrite nanopowder
spinel, we conclude that sextet B1 belongs to the octahedral site
[18]. The negative signs of the quadrupole shifts of these sextets are
only consequences of the orientation of direction of Bhf relative to
the principle axis of the electric field gradient tensor. The sextet
B2 is assigned to the octahedral site as well. The low value of

Fig. 10. Mössbauer spectra at room temperature after 5 h and 10 h milling time of the mixture (a) NiO/ZnO/a-Fe2O3 and (b) Ni(OH)2/Zn(OH)2/Fe(OH)3. Inset shows a
distribution of hyperfine field in the “oxide” sample obtained after 5 h of milling. The experimental values of relative transmission are shown by the grey circles. The fitted
lines of subspectra are plotted above the main spectra fits.
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magnetic strength might be explained by the presence of a
diamagnetic Zn2+ (3d10) at the both sites, lowering the strong
antifferomagnetic coupling. The volume size should also be taken
into account. There is a sextet which has 1.07(4) mm s�1 isomer
shift (IS) and Bhf = 20.0(3) T. It is assigned to Fe2+ with CN = 6. Its
existence might be explained by the magnetite structure where
[Fe3+] is replaced by another cation or a hole, breaking down the
Verwey’s electron exchange. The relative amount of this sextet is
2.5(0.7)%, as seen previously [18,33]. The doublet SPD1 indicates
superparamagnetism, occurring in the limitation on KV << kBT,
where V is the volume of particle and K is the magnetic anisotropy
constant [34]. The value of IS = 0.384(9) mm s�1 should not be
interpreted as the value of the bulk spinel ferrite, since the
nanoparticle values (for IS) are always somewhat bigger. Hence, we
consider that this value is the average of both sites [35]. The high
value of the quadrupole splitting is due to chemical disorder. The
large amount of the relative area, 19.8(1.0)%, belongs to the second
doublet, SPD2. Its Mössbaer’s parameters, IS = 0.358(2) mm s�1 and
D = 0.72(1) mm s�1 are identical to the parameters of the natural
ferrihydrite obtained by Coey and Readman [36]. Likewise, they are
similar to parameters of the synthetic iron oxide gels [37]. The line
width of SPD2 is much larger than width of lines at the cited
samples. Hence, SPD2 is assigned to another superparamagnetic
doublet.

The relative amount of the hematite in the same mixture, but
now milled for 10 h, is 8(1)%. The sextet from Fe2+ has 3(1)% of total
fitted area. The superparamagnetic phase of spinel totals 23(3)
percent. All three sextets represent the response from the
octahedral sites and have the combined value of 42(3)% of the
total fitted area. According to known subspectral areas of both iron
sites and using the formula A(A)/A[B] = f(A)/f[B]� d(2�d) we can
estimate d, the degree of inversion [38]. By taking the ratio of
recoil-less fractions to be 0.94, as is estimated for the magnetite at
ambient temperature [39] and calculating the degree of inversion
only from representation of large particles, we obtain d = 0.76(11).
The error is estimated from the weighted error of summed areas.

The Mössbauer spectrum of the sample obtained from the
mixture of Ni(OH)2/Zn(OH)2/Fe(OH)3 powders milled for 5 h
consists of seven subspectra (Fig. 10b). It reveals spinel structure
of the sample, excluding the formed hematite in amounts of 3(1)
percent of the total fitted area.

The Mössbauer spectrum of the sample obtained from the
mixture of Ni(OH)2/Zn(OH)2/Fe(OH)3 powders after 10 h of milling is
fitted by 10 sextets, two superparamagnetic doublets and two
singlets (Fig. 10b). Two sextets with the smallest isomer shift are
referred to tetrahedral A-site with differentoccupation numbers and
the other sextets are referred to B-site surrounded with different
number of magnetic ions or disturbed in other way. Two doublets

Table 3
Mössbauer parameters: A – relative area fraction of component; G – line width (FWHM); IS – isomer shift with respect to a-Fe; D – quadruple splitting (2e-shift) and B –

hyperfine induction. Square bracket denotes the standard deviation of distribution. Labels Ai and Bi denote tetrahedral and octahedral Fe3+ site occupancies, respectively.
Labels SPDi and SPSi denote the superparamagnetic doublets and singlets, respectively.

Mixture Phase Site Mössbauer parameters

A G IS D or 2e B
(%) (mm s�1) (mm s�1) (mm s�1) (T)

NiO + ZnO + a-Fe2O3 (5 h) a-Fe2O3 16.7(1.4) <0.383>(5) �0.180(2) <51.03>(068)
A1 18.1(1.5) 2.0(1) 0.03(3) 0.68(6) 41.2(2)
B1 13.8(0.8) 0.83(4) 0.417(8) �0.24(1) 48.7(1)
B2 16.3(1.4) 1.7(1) 0.58(2) 0.31(4) 24.8(3)

Fe2+ B 2.5(0.7) 0.8(1) 1.07(4) �0.47(9) 20.0(3)
SPD1 12.8(1.4) 1.19(8) 0.384(9) 1.93(7)
SPD2 19.8(1.0) 0.75(2) 0.358(2) 0.72(1)

NiO + ZnO + a-Fe2O3 (10 h) a-Fe2O3 8(1) 0.20(1) 0.381(1) �0.195(3) 51.25(2)
A1 24(4) 2.2(1) �0.06(4) 0.72(7) 37.9(4)
B1 4(1) 0.37(4) 0.401(6) �0.23(1) 49.6(1)
B2 14(4) 1.3(1) 0.38(1) �0.15(3) 44.5(1)
B3 24(3) 1.8(1) 0.46(3) 0.23(4) 22.8(2)

Fe2+ B 3(1) 0.9(2) 1.00(6) �0.4(2) 19.0(3)
SPD1 9(1) 0.78(4) 0.347(9) 2.00(3)
SPD2 14(2) 0.74(2) 0.358(3) 0.72(2)

Ni(OH)2 + Zn(OH)2 + Fe(OH)3 (5 h) a-Fe2O3 3(1) 0.21(2) 0.388(5) �0.21(1) 50.74(3)
A1 12(3) 1.3(1) 0.21(3) 0.30(6) 42.5(3)
A2 27(9) 2.2(3) 0.1(1) 0.9(3) 25.0(4)
B1 21(8) 1.7(2) 0.46(3) �0.12(7) 36.4(3)
B2 19(9) 1.6(2) 0.85(4) �0.27(5) 15.4(3)
SPD1 5(1) 0.7(1) 0.36(1) 2.07(5)
SPD2 13(3) 1.01(8) 0.36(1) 0.92(6)
A1 10(1) 0.34(2) 0.307(4) 0.021(7) 46.69(7)

Ni(OH)2 + Zn(OH)2 + Fe(OH)3 (10 h) A2 4(1) 0.48(6) 0.21(2) �0.03(3) 34.6(1)
B1 5(1) 0.34(2) 0.356(6) �0.03(1) 47.92(8)
B2 16(5) 0.49(3) 0.360(6) 0.005(9) 45.20(8)
B3 17(4) 0.56(5) 0.39(1) �0.20(2) 42.7(1)
B4 11(3) 0.52(6) 0.46(1) 0.30(3) 42.58(9)
B5 16(4) 0.70(5) 0.425(9) 0.05(2) 39.0(1)
B6 5(1) 0.54(8) 0.57(2) 0.13(2) 34.8(1)
B7 3(1) 0.52(7) 0.43(1) 0.03(2) 29.7(1)
B8 7(1) 0.98(8) 0.33(3) 0.47(6) 22.4(2)
SPD1 1(1) 0.34(7) 1.17(2) 3.29(6)
SPD2 1(1) 0.32(3) 1.06(2) 0.58(4)
SPSA 3(1) 0.50(4) �0.03(1)
SPSB 2(1) 0.6(1) 0.50(3)
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(SPD), with high isomer shift, could be connected with Fe3+ ions in
very small superparamagnetic nano particles. There are also two
superparamagnetic singlets (SPS), which could be assigned to the
tetrahedral (SPSA) and to the octahedral (SPSB) site. All subspectra
correspond tothe purespinel ferrite phase. We find thatthe degreeof
inversion estimated for the single phase nickel–zinc ferrite sample
obtained during 10 h milling of starting hydroxides isd = 0.36(3). The
presented analysis of the Mössbauer spectra of all NZ-ferrite
samples is in good agreement with conclusions of previous
measurements (XRD, EDP, EDS, Raman and FIR).

4. Conclusions

This study shows that under the laboratory conditions it is
simple to prepare the good quality nanosized Ni0.5Zn0.5Fe2O4

ferrite powders by (soft) mechanochemical synthesis. It was
examined evolution of the synthesis of nano Ni0.5Zn0.5Fe2O4

starting from two mixtures of powders milled in different duration
time. The starting materials were: case (1) mixture of NiO/ZnO/
a-Fe2O3 oxide and case (2) mixture of Ni(OH)2/Zn(OH)2/Fe(OH)3
hydroxide powders. The samples obtained after 5 and 10 h of
milling time are compared and investigated using various
characterization methods. The X-ray diffractogram of the sample
obtained after 10 h milling time in case (2) shows single phase
cubic spinel structure. TEM analysis revealed that all samples are
composed of more or less agglomerated nanosize particles. The
average size of nano crystallites is �20 nm. Crystallites are smaller
after 5 h of milling and grow with milling time. This result is in
agreement with the results of XRD analysis. The degree of the
cation inversion of NZF is estimated for spinel fraction in all
samples by Rietveld analysis. In the Raman and IR spectra are
observed all of first-order Raman and IR active modes. In the
spectra of the single phase “hydroxide” samples it is visible that
the energy position and intensity of modes is dependent on the
composition and cation distribution. It was shown that the modes
in Raman spectra of nickel–zinc-ferrite that originate from
vibrating of different cations (Ni-ferrite-like, Zn-ferrite-like, or
magnetite-like) could be clearly distinguished. From the ratio of
intensities of the A1 g -type Raman modes, it is possible to estimate
the inversion of cations. The Mössbauer spectra of samples were
fitted by several subspectra and according to known subspectral
areas of both iron sites the degree of inversion was calculated, also.
In the case of single phase sample obtained from the mixture of
appropriate hydroxide powders for 10 h milling the cation
inversion is d = 0.36(3).
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a b s t r a c t

The interest in thorough description of Zn1exMnxGeAs2 arises from its suitability for application in the
field of non-linear optics. The room temperature far-infrared reflectivity spectra of single crystals Zn1

exMnxGeAs2, where 0 � x � 0.078, were measured in the spectral range from 80 cm�1 to 500 cm�1. The
spectra were analyzed by fitting procedure using a dielectric function which includes interaction be-
tween a plasmon and two different phonons. The detected phonons are in excellent agreement with the
theoretical predictions. The MnAs cluster phonons are detected, as well.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ternary semiconductors of the form II-IV-V2 are crystal-
chemicals that are electrical twins of semiconductors of the form
III-V. Ordered replacement of the atom III in a semiconductor by the
atoms II and IV in a ternary semiconductor causes doubling of the
unit cell size in the direction of the c-axis and consequent reduction
of symmetry from the cubic to the tetragonal. For example, a
representative of this group of materials, ZnGeAs2 with the twin
semiconductor GaAs, crystallizes in the chalcopyrite structure.

A diluted magnetic semiconductor whose Curie temperature is
as high as 300 K can be obtained by doping ZnGeAs2 with Mn [1,2].
The non-linear optical coefficients of the resulting alloy, i.e., of
Zn1exMnxGeAs2, are large [3], and its direct energy gap corre-
sponding to T ¼ 300 K at the G point of the Brillouin zone is
Eg ¼ 1.15 eV [4]. Due to these characteristics, the described material
is suitable for application in the non-linear optics; hence the in-
terest for its other attributes.

The plasmons of free carriers and the longitudinal-optical (LO)
phonons interact through their macroscopic electric fields, and the

result is appearance of the coupled LO phonon-plasmon modes
(CPPMs). The vast majority of published studies are devoted to the
n-type semiconductors and the interaction of a single phononwith
effective plasmons. The studies involving the influence of the
plasmon damping on the CPPM followed somewhat later [5]. For
example, for low damping rates in the n-type GaAs, the coupled
modes can be classified in an upper Lþ branch and a lower L�
branch. With the increase in the carrier density, i.e., plasma fre-
quency, the nature of the upper mode changes in energy from the
LO phonon-like to a plasmon-like. The change in the lower fre-
quency mode occurs the other way around, reaching the
transverse-optical (TO) phonon energy for large plasmon energy.
The distinction between the upper and lower mode becomes
meaningless for large plasmon dumping. In this case, one mode is
more phonon-likewith energy uLO for uP¼ 0 anduTO for uP >> uLO,
with nearly pure phonon damping in both cases, whereas the other
mode is an overdamped plasmon mode. Further, it is the plasma
with high mobilities and low effective masses of the carriers that is
often considered, in which case is enabled the detection of low, L�,
and high, Lþ, energy branch of the CPPM [6,7].

Despite the early theoretical prediction of the interaction be-
tween two phonons and a plasmon [8], experimental confirmations
are rare [9e11]. As for the influence of the plasmon damping on the* Corresponding author.
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interaction between a plasmon and two different phonons, i.e. on
the coupled plasmon-two-phonons modes, CP2PM, to the best of
our knowledge it has not been considered so far.

Our intention is to use far-infrared spectroscopy to study the
fundamental properties of the coupled plasmon-two-phonons
modes in the p-type materials, as well as to further investigate
these coupled modes under different plasmon damping conditions.
The Raman spectra measurements performed on the
Zn1exMnxGeAs2 system [12] offer additional justification for the
intended course of research.

2. Experimental technique, methods, and groundwork

The studied samples of Zn1exMnxGeAs2 were grown from a
stoichiometric ratio of high purity powders of ZnAs2, Ge, and Mn,
using the direct fusion method. The chemical composition was
within the interval 0 � x � 0.078. The technology of sample
preparation is explained in detail in Ref. [13].

The preliminary studies of characteristics of Zn1exMnxGeAs2
samples were undertaken and the results were presented in
Refs. [2,14,15]. Using the X-ray diffraction spectra of powdered
samples it was found that samples contain two main phases. These
are solid solutions of Mn in ZnGeAs2 and in Zn2Ge11As4 compound,
with chalcopyrite and zinc-blade cubic crystal structure, respec-
tively. The magnetic properties of the alloy depend on the presence
of Mn in the composition. Low Mn content produces a para-
magnetic material, whereas larger amounts of Mn cause a ferro-
magnetic alignment of the alloy. From the results of the Hall
measurements given in Table 1 it can be observed that the samples
with relatively high density of the p-type free carrier, i.e. samples
with x¼ 0, 0.013, and 0.047, have rather lowmobility, whereas high
mobility is associated with low density of the free carrier in sam-
ples with x ¼ 0.0028, 0.053, and 0.078.

The presence of MnAs clusters in our Zn1�xMnxGeAs2 crystals
was done with the use of a scanning electron microscope (SEM)
coupled with energy dispersive x-ray spectrometer system (EDX).
We used the field emission Hitachi SU-70 Analytical UHR FE-SEM
SEM equipped with Thermo Scientific NSS 312 EDX system equip-
ped with silicon drift detector. The samples surface was prepared
prior to the SEM measurements including was mechanical polish-
ing and chemical cleaning. The purpose of the sample preparation
was to reduce the surface roughness and remove unintentional dirt
and impurities. Our equipment allowed simultaneous use of the
SEM and EDX techniques which in turn enabled to obtain images of
the sample surface and the measurements of the localized
elemental information at selected surface spots. A series of SEM
maps was obtained for the Zn1�xMnxGeAs2 samples with different
chemical composition. In agreement with our previous results [2]
the SEM data showed no clustering for the samples with x < 0.07.
For x ¼ 0.078 the presence of MnAs clusters was observed (see
Fig. 1).

The EDX results indicate the presence of MnAs clusters with
diameter of about 10 mm. The stoichiometry of the ZnGeAs2 equals
1:1:2 and the chemical content of MnAs inclusions is also close to
1:1.

The study of the CP2PM in p-type Zn1exMnxGeAs2 was per-
formed by measuring the far-infrared (FIR) reflection spectra at
room temperature in the spectral range of 80 cm�1e500 cm�1,
using BOMEM DA 8 spectrometer.

3. Results and analysis

The far-infrared reflection spectra of single crystal samples of
Zn1exMnxGeAs2 are shown in Fig. 2. Each experimentally obtained
data point is marked with a circular symbol. Two different spectra
types are clearly visible. Thesampleswith low freecarrierdensity, i.e.,
samples corresponding to x ¼ 0.0028, 0.053, and 0.078, show sig-
nificant phonon structure. For the sample with x ¼ 0.0028 the
following features are distinguishable: the two dominant structures,
clearly separated and located one in section 235 cm�1e245 cm�1 and
theother in270cm�1e290cm�1, twophononsatabout210cm�1 and
260 cm�1, as well as the weakly expressed structures at approxi-
mately 120 cm�1 and 190 cm�1. Note that stabilization of tetragonal
structures occurred in this sample, according to the results of the X-
ray measurements. The described features are visible in the spectra
corresponding to x¼ 0.053 and x¼ 0.078, as well, however, in much
less pronounced form. In these two cases it would be more appro-
priate to state that only the twomost dominant structures are clearly
visible.

When the free carrier density increases, i.e., for the samples
corresponding to the remaining three values of x, the spectra take a
completely different shape. Only the outlines of formerly clear
structures can now be distinguished within a single wide shape,
which should rather be described as a structure of slightly wavy
shape. The most pronounced spectra from this group corresponds
to x ¼ 0.047. The phonon located at about 210 cm�1 and the
structure positioned between 235 cm�1 and 245 cm�1 are broad-
ened, merged, and spread up to 270 cm�1, which is the lower limit
of the most pronounced structure in previously described spectra
and is now practically hidden by the electrons. The most pro-
nounced became the structures located at about 180 cm�1 and
260 cm�1, as well as the phonon positioned at approximately
90 cm�1. The global minimum is shifted to above 320 cm�1.
Compared to the samples with low free carrier density, a noticeable
reflectivity increase is registered in this area, as well.

A theoretical model of the bulk dielectric function has been
discussed by several authors [6,16]. The low-frequency dielectric
properties of single crystals are described by classical oscillators
corresponding to the TO-modes, to which the Drude part is
superimposed to take into account the free carrier contribution:

εSðuÞ ¼ ε∞ þ
Xl

k¼1

ε∞

�
u2
LOk � u2

TOk

�

u2
TOk � u2 � igTOku

� ε∞u2
P

uðuþ iGPÞ
; (1)

where ε∞ is the bound charge contribution and it is assumed to be a
constant, uLOk and uTOk are the longitudinal and transverse optical-
phonon frequencies, uP the plasma frequency, gLOk and gTOk indi-
cate the damping of uncoupled modes of the host crystal, and GP is
the plasmon mode damping coefficient.

Our previous works [17e19] support the opinion that the
structures located in the regions 235 cm�1e245 cm�1 and
270 cm�1e290 cm�1, are a consequence of the combined plasmon-
LO phonon modes, ulj. Therefore, we consider these two structures
as good candidates for verification of CP2PM. The outcomes of the
coupling between a single phonon and a plasmon, CPPM, for the
various values of plasma damping G, are given in Fig. 3. The phonon
is taken to be the E2 phonon in Zn1exMnxGeAs2, which in Eq. (1)
corresponds to l ¼ 1, uTO ¼ 268 cm�1, and uLO ¼ 273 cm�1,
whereasuP defines the plasmon. The positions of the coupledmode
were obtained from the real part of Eq. (1) as the solution of the
equation Re{εS} ¼ 0 for l ¼ 1. The obtained result is in excellent
agreement with the GaAs case described in Ref. [5]. Further, each of
the two structures taken as an example can be explained using the
approach illustrated in Fig. 3, i.e., for the both cases the appropriate

Table 1
Results of Hall measurements for Zn1exMnxGeAs2.

x(Mn) 0 0.0028 0.013 0.047 0.053 0.078
p(1019 cm�3) 8.1 1.9 10.5 10.2 3.3 5.2
m(cm2/Vs) 19.1 67.8 14.9 15.3 44.1 28.7
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values of plasma frequency and damping can be determined to
provide full description of the given structure. However, the
dielectric function formed in such a way to account for the inter-
action of each individual phonon with the plasma, would lead to
difficulties in understanding the nature of the multicomponent
plasma. Several studies are dedicated to this issue [7e11].

With the intention to avoid the discussed difficulties and to
establish better model of reflectivity spectra of Zn1exMnxGeAs2, we
used the dielectric function that includes in its initial form the
interaction between two different LO phonons and a plasmon, i.e.,
the plasmon-two-phonons interaction [8,11], namely:

εðuÞ¼ ε∞

Y3

j¼1

�
u2þ iglju�u2

lj

�

uðuþ iGPÞ
Y2

i¼1

�
u2þ igtiu�u2

ti

��
Ys

k¼1

u2þ igLOku�u2
LOk

u2þ igTOku�u2
TOk

:

(2)

The first term in Eq. (2) represents coupling of a plasmon and
two phonons, whereas the second term accounts for all s uncoupled
modes of the crystal. The parameters ulj and glj in the numerator of
the first part are eigenfrequencies and damping coefficients of the
longitudinal (LO) component of the plasmon-two-phonons waves,

respectively. The parameters utj and gtj in the denominator of the
first part correspond to the corresponding characteristics of the
transverse (TO) vibrations. The second factor represents uncoupled
crystal modes, where uLOk and uTOk are the longitudinal and
transverse frequencies, while gLOk and gTOk are the damping co-
efficients of the k-th crystal mode.

The dielectric function given with Eq. (2) was used to obtain the
theoretical prediction of the experimental spectra shown in Fig. 2.
The agreement between the experimental data shown as circles
and the theoretical spectra given as solid lines is excellent.

The number of uncoupled phonons, s, depends on the manga-
nese concentration, x, and will be discussed latter. In order to better
understand the obtained results, the influence of the plasma
damping on the positions of coupled plasmon-two-phononsmodes
is shown in Fig. 4. As explained earlier, the coupled mode positions
are defined as the solutions of the real part of Eq. (1), i.e., Re{εS}¼ 0;
however, now under the condition l ¼ 2.

The values of frequencies uTO1 and uTO2, obtained as the best fit
to experimental data, are 236 cm�1 and 268 cm�1 for E3 and E2,
respectively. Ten values of the parameter G were considered,
namely G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. The
obtained dependence of the coupled modes positions depicted in
Fig. 4 is qualitatively different from the one given in Fig. 3, which is
expected since the number of coupled modes is different. For G¼ 0,

Fig. 1. Exemplary SEM image (top left) and EDX microprobe results including the detailed chemical content measurement (top right) and the maps of the distribution of the alloying
elements obtained for the Zn1�xMnxGeAs2 sample with x ¼ 0.078.
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here as well as in Fig. 3, the lower branch starts as a plasmon and
ends in TO1 phonons, whereas the upper branch begins as a
phonon and ends in plasmon tail. The new branch, absent in Fig. 3,
begins as LO1 phonon and approaches TO2 phonon at high values

of plasma frequency. The values of LO phonon frequencies are ob-
tained from Fig. 4 as a results of best fit. The nature of the branches
does not change with the increase of plasma damping up to rela-
tively large value of G ¼ 250 cm�1; instead, each branch is shifted
within its range. The regions between TO1 and LO1, as well as be-
tween TO2 and LO2 are branch-free, as was the case with the
TOeLO region in Fig. 3 for the LO phonon-plasmon interaction.

Results obtained as the best fit to the experimental data are in
Fig. 4 denoted by different symbols for different values of x. The
obtained values of plasma frequencies follow the change in free
carrier density, N, which was expected since uP

2 is proportional to N.
The most pronounced spectrum from each of the two groups, i.e.,
the one with x ¼ 0.0028 and x ¼ 0.047, correspond to the smallest
value of plasma damping within its group.

There are three groups of uncoupled phonons. The first group
contains the phonons that originated from ZnGeAs2 and were
detected in all spectra. These are the phonons located at around
101 cm�1,117 cm�1,161 cm�1, and 210 cm�1, with the B3

1, E5, E4, and
A1 symmetry, respectively, as well as the group of phonons in the
vicinity of 275 cm�1 whose symmetry is of the E1 and B2

1 type. These
phonons are described in detail in Ref. [20].

The weak phonons around 180 cm�1 for x ¼ 0.053 and 0.078,
and above 320 cm�1 for x¼ 0.013 and 0.047, probably correspond to
another detected phase, i.e., to Zn2Ge11As4, or to the surface modes.

The most interesting is the third group of phonons at about
170 cm�1 which correspond to x ¼ 0.013 and 0.047. Although their
presence was noticeable in these two spectra, we did not observe

Fig. 2. Far-infrared reflection spectra of Zn1exMnxGeAs2 single crystals. The experi-
mentally obtained data points are depicted by circles. The theoretical spectra obtained
with the model defined by Eq. (2) and fitting procedure are given as solid lines. Six
different samples were considered with six values of manganese concentration x ¼ 0,
0.0028, 0.013, 0.047, 0.053, and 0.078.

Fig. 3. Eigenfrequencies of plasmonephonon modes for single crystal Zn1exMnxGeAs2.
The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is given by Eq. (1)
whose parameter l is set to 1. Seven different values of plasma damping were
considered, i.e., G ¼ 0, 50, 100, 150, 200, 250, and 300 cm�1.

Fig. 4. Eigenfrequencies of plasmon-two-phonon modes for single crystal
Zn1exMnxGeAs2. The solid lines are spectra calculated from Re{εS} ¼ 0, where εS is
given by Eq. (1) whose parameter l is set to 2. Ten different values of plasma damping
were considered, i.e., G ¼ 0, 40, 60, 80, 100, 120, 140, 160, 180, and 250 cm�1. Values
obtained with Eq. (2) as the best fit to the experimental data in Fig. 1 are represented
by solid symbols for samples with low free carrier density and open symbols for high
free carrier density.
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these phonons in the spectra of the basic material. The calculated
values of the MnAs clusters are positioned at these frequencies, as
well [19]. Note that the Raman spectra measurements offer much
more distinguished results. On the other hand, given the number of
clusters and high free carrier density, for IR spectra it can be
concluded with certainty only that it would not be possible to
completely reproduce the spectra if these phonons were not taken
into account.

The dependence of ε∞ on the concentration of Mn is given
quantitatively in Fig. 5. It was clear from Fig. 1 that ε∞ decreases
with the increase in Mn concentration. In addition to confirming
this conclusion numerically, Fig. 5 shows that the dependence is
linear within each of the two groups of samples that were estab-
lished with respect to the free carrier density, i.e. for the group of
samples with high as well as with low carrier density. The carrier
density does not influence the shape of the dependence, i.e., the
linearity; however, the group of samples with high carrier density
has larger ε∞ compared to the group with low carrier density.

4. Conclusion

We used far-infrared reflectivity measurements to investigate
the influence of plasma damping on the interaction between a
plasmon and two different phonons in Zn1�xMnxGeAs2. The specific
nature of the behavior of the coupled phonons frequency is
determined. At high plasma damping values entrance of phonons
into the region between TO and LO frequencies is not observed for

the plasmon-two-phonons interaction, unlike was the case with
the plasmon-phonon interaction. Existence of MnAs clusters is
confirmed and relation between free carrier concentration and
optical parameters is determined.
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Abstract
In this work, single crystals of bismuth silicon oxide (BSO; Bi12SiO20) have been grown by
the Czochralski method. The growth conditions were studied. The critical diameter and the
critical rate of rotation were calculated. Suitable polishing and etching solutions were
determined. The structure of the Bi12SiO20 has been investigated by x-ray diffraction (XRD),
and Raman and Fourier transform infrared spectroscopy (FTIR) spectroscopy. The results
obtained are discussed and compared with the published data. The pale yellow Bi12SiO20

single crystals prepared were without cores. Using spectroscopic measurements 19 Raman and
5 IR modes were observed.

PACS numbers: 81.10.−h, 78.30.−j, 61.72.Ff

(Some figures may appear in color only in the online journal)

1. Introduction

Cubic crystals with the sillenite-type structure are described
by the general formula Bi12M+n O20±δ , where M is an
element of groups II–V of the periodic table (M = Si,
Ge, Ti, etc). Bismuth silicon oxide (BSO; Bi12SiO20)
belongs to the group of sillenite single crystals (with
the space group I23) [1]. These exhibit many interesting
properties such as photoconductivity, the electro-optic effect,
piezoelectricity and photorefractivity [1–3]. Such properties
make these materials attractive for technological application
in the fields of optical memories, holography and optical
phase-conjugating devices [1–5]. Many of the important
properties of selenite exploited for different applications are
either determined or affected by impurities.

Bi12SiO20 single crystals were grown by a laser-heated
pedestal growth (LHPG) method [6], the hydrothermal
growth technique [7] and the sol–gel process [8]. Also,
mechanical alloying has been used successfully to produce
nanocrystalline powders of BSO [9]. Films of these
compounds can be produced by liquid phase epitaxy
(LPE), physical sputtering, chemical vapor transport and

solution growth [5]. Bi12SiO20 crystals have been produced
mainly by the Bridgman method [10], by the floating-zone
technique [11], and recently also by the Czochralski
technique [12–16]. A question of major importance in the melt
growth of sillenite compounds is the optical homogeneity of
single crystals [9]. The two most typical ‘optical’ defects in
sillenite-type crystals are second-phase inclusions and regions
differing in optical absorption. Increased-absorption regions
in bismuth silicate crystals may appear as striations and a
so-called central core, which is seen as a dark area in the
central part of cross-sections. It is commonly believed [13, 17]
that the central core and selective decoration in the shape of
a Maltese cross for the 〈100〉 and 〈110〉 growth directions or
in the shape of a three-bladed propeller for the 〈111〉 growth
direction are associated with growth rate anisotropy and the
difference in the distribution coefficient of ‘photochromic’
impurities between the polar and nonpolar facets of the growth
interface. If the interface has the form of a flat 〈100〉 facet
(usually in faceted growth at fast crystal rotation rates), there
is no central core [18, 19]. This is the main reason why it is
very much necessary to find optimal conditions for growth,
so that this does not happen [5, 20]. Most Bi12SiO20 single
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crystals for acoustic and optical applications were grown by
Czochralski pulling. Using this technique, BSO single crystals
50–70 mm in diameter and up to 400 mm in length have been
grown. The stoichometric melt composition for BSO crystal
growth is Bi2O3: SiO2 = 6 : 1. The Raman spectra of the
Bi12 M+nO20±δ crystals were studied in [21, 22]; the M-cations
in these compounds are characterized by the oxidation degree
4+, which determines the existence of only insignificant
differences between crystal lattices that are associated, first
of all, with the occupancy of the M-positions. However, these
compounds do not exhaust the broad spectrum of synthesized
single crystals with the sillenite structure.

In this paper, we have studied the growth of
Bi12SiO20 single crystals and characterized them by
Raman spectroscopy. Bi12SiO20 single crystals were grown
which produced growth by the Czochralski technique. The
yellow Bi12SiO20 crystal was characterized using Raman
spectroscopy.

2. Experimental procedure

The experimental conditions of crystal growth are presented
in earlier works [16, 20]. Bi12SiO20 single crystals were
grown by the Czochralski technique using an MSR 2 crystal
puller controlled by a Eurotherm. This system kept the
crucible temperature constant to within 0.2 ◦C. The melt
was contained in a platinum crucible (Ø = 40 mm, 40 mm
depth). To decrease the radial temperature gradient in the
melt, alumina was mounted on all of the system. All crystals
were grown from synthesized Bi2O3 and SiO2. The starting
materials were mixed together in the stoichiometric ratio 6 : 1.
The best results were obtained with a pull rate of 5–6 mm h−1.
The critical crystal rotation was calculated to be 20 rpm. The
critical diameter of the crystals was calculated to be 15 mm.
A solution of HCl + HNO3 + H2O in the ratio 1 : 1 : 5 was
found to be suitable for the chemical polishing of the bismuth
silicon oxide crystals. Etching solutions of HF + HNO3 in the
ratio 2 : 1; NaOH 0.1 M; and HCl + H2O in the ratio 1 : 5 was
satisfactory.

Bi12SiO20 single crystals were grown by the Czochralski
technique along the 〈111〉 direction. Part of a polished slice of
a Bi12SiO20 single crystal with etched pits of dislocations is
shown in figure 1(a). For the examination of the dislocations
in the crystals a Metaval of a Carl Zeiss Java metallographic
microscope was used with a magnification of 600×. The
absence of a core was confirmed by viewing polished crystal
slices in both normal and polarized light. Also, in figure 1(a)
can be observed the appearance of a regular pyramid,
approximate orientation 〈111〉 with distinctive peaks.

The x-ray diffraction (XRD) data for Bi12SiO20 single
crystals were measured using Cu Kα radiation and a
monochromator (model Philips PW 1710 diffractometer)
under the following experimental conditions: 40 kV and
20 mA, 20◦ < 2θ < 80◦, with a step of 0.02◦ for 0.5 s.
Figure 1(b) presents the XRD pattern of Bi12SiO20. The
diffractometer was used in the 2θ range from 20◦ to 80◦.
XRD indicates that all peaks belong to the Bi12SiO20 phase
that is in good agreement with JCPDF card no. 37–0485.
The unit cell of Bi12SiO20 was calculated by the least squares
method using all 21 reflections including more Kα2 for five

Figure 1. (a) A view of an etched plate of Bi12SiO20 crystals with
triangles of dislocations. Magnification: 600×. (b) XRD pattern of
Bi12SiO20 single crystals.

reflections. Many of the reflections correspond to Bi12SiO20

crystals with the parameter of the cubic I-centered cell a =

1.01067 nm, and x = 12. Our calculated result for the lattice
parameter is a = 1.0096 nm, which is in good agreement
with the published data. It should also be mentioned that a
value of x = 12 for Bix SiO1.5x+2 crystals where diameters
of 10–12 mm for a crucible diameter of about 40 mm have
been reported in the literature [12]. This is in accord with the
dimensions of the crystals obtained in this work.

Raman spectra in the spectral range from 50 to
900 cm−1, in back scattering geometry, were obtained by
the micro-Raman analyzed using a Jobin–Yvon T64000
spectrometer equipped with a nitrogen cooled charge-coupled
device detector. As the excitation source the 514 nm line of
an Ar-ion laser was used. The measurements were made at
20 mW.

The infrared (IR) spectrum of the powder was obtained
with Fourier transform infrared (FTIR) transmission–KBr
disk spectroscopy (Hartmann and Braun, MB-series). The
scanning range of FTIR was between 2000 and 400 cm−1.

3. Results and discussion

The Raman spectra of Bi12SiO20 single crystals formed by
the Czochralski technique, in the spectral range from 50 to
900 cm−1 at room temperature, are shown in figure 2. Raman
spectra are often analyzed with the help of Lorentzian and
Gaussian curves. Our interest is in quantitative analysis with
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Figure 2. Raman spectra of Bi12SiO20 single crystals at room
temperature.

a partial discussion of the trend, and we assume that all lines
are of Lorentzian type. Solid lines in figure 2 were obtained
by adding 19 different profiles. For BSO, group-theoretical
analysis gives: 0 = 8A + 8E + 25F . The triply degenerated
oscillations (F ≡ T O + L O , TO, LO) are manifested in the
Raman and IR spectra, and the nondegenerated (A) and
doubly degenerated (E) oscillations are manifested in the
Raman spectra. Because all these oscillations are manifested
in the Raman spectra, these spectra give the most complete
information on the internal crystal oscillations. These spectra
contain 19 Raman modes of different relative intensities,
indicated as strong, medium and weak. The spectrum
of Bi12SiO20 exhibits intense modes at about 87.1, 97.1,
104.26, 129.29, 134.9, 144.28, 170.8, 206.7, 249.7, 279.3,
330.3, 366.9, 461.9, 497.9, 541.5, 624.1 and 829.6 cm−1

(figure 2(a)). In the low-frequency region, the Raman spectra
of sillenites together with the spectra of other complex oxide
compounds of bismuth are similar to the Raman spectra of
the α-Bi2O3. Among numerous intense lines in the spectra of
Bi12SiO20 narrow lines are observed which coincide with an
accuracy of several cm−1 with the lines at 87 and 130 cm−1 in
the Raman spectra of sillenites. The oscillations in the region
ω < 150 cm−1 in the Raman spectrum of α-Bi2O3 are related
to the external oscillations of the Bi atom. The oscillations
of O lie in the region ω > 150 cm−1. The internal modes
should be sought in the range from 200 to 600 cm−1. This fact
confirms once more that the main contribution to the vibration
spectrum of sillenites in the region ω < 650 cm−1 is given by
excitations of the bismuth–oxygen sublattice.

At the same time, for a number of oscillations, especially
in the high-frequency region (ω > 650 cm−1), an opposite
situation occurs. The frequencies of these oscillations depend
substantially on the mass of the atom M. The main
contribution to these oscillations of the crystal lattice is
given by oscillations of the tetrahedral [MO4]. In accord
with the structural data, the tetrahedron [MO4] is surrounded
by 12 heavy atoms of bismuth, and its oscillations do not
cause notable displacements. Indeed, the calculation of the
normal oscillation frequencies for the complex molecule
M[O4(Bi)3]4 (M = Ge, Si, Ti) shows that the values of these
frequencies are in good agreement with the experimentally
measured ones and are close to the values of the corresponding

frequencies of the group [MO4]4−. Registered modes in
figure 2 are shown: 6A, 5E and 8F (3TO, 1LO and 4(T O +
L O)). The intensity modes at about 144, 171, 280, 330,
541 and 789 cm−1 belong to the symmetry type A. These
modes are characterized by the type of vibration, which
shows ‘breathing’ of Bi and O atoms [23]. Also, these
vibrations are combinations of bending and stretching modes
in Bi3O4, Bi–O stretching, O–Bi–O bending, O–Si bending,
symmetric Si–O stretching. The modes at about 87, 130,
250, 462∗ and 624 cm−1 belong to the symmetry type E and
show Bi and O vibrations elongating the cluster along either
〈100〉 or 〈001〉, 〈100〉 or 〈010〉, respectively. These modes
can be present in combinations of bending and stretching
modes in Bi3O4, Bi–O stretching, O–Bi–O bending, and
O–Si bending. The mode at about 462 cm−1 shows at the
same time symmetry types E and F. The mode at about
87 cm−1 is very interesting because it is not so simple. This
mode has already been registered in the literature. In our
case the mode at 87 cm−1 is divided into two modes, whose
positions are 85 and 89 cm−1. The mode is clearly shown
in figure 2(b). Also, the modes at about 97, 135, 207, 367,
462∗, 498 and 830 cm−1 belong to the symmetry type F. The
symmetry type (TO) has modes at about 97, 207, 462∗ and
830 cm−1. They describe the vibrations in the SiO4 (MO4)
unit: rocking of SiO4, asymmetric stretching mode in SiO4.
The modes at about 105, 135, 367 and 498 cm−1 can be
presented by symmetry type (TO+LO). The mode at about
367 cm−1 can be described as rotation of the SiO4 unit. The
mode at 789 cm−1 (symmetry type A), or modes at 830 cm−1

(symmetry type TO) and 841 cm−1 (symmetry type LO) are
characteristic of symmetric stretching of the Si–O bond, or the
asymmetric stretching SiO4 unit, respectively. It may be noted
that there are three new modes (104.26 ∼= 105, 129.29 ∼= 130
and 144.28 ∼= 145 cm−1), which have not been shown in the
literature so far (figure 2(b)). The modes at about 789 and
841 cm−1 are weakened, but still can be registered, as can
be seen in figure 2(c). The very strong mode at 829 cm−1

can be seen in the same figure. Also, it should be noted that
the frequency of the asymmetric stretching mode of the MO4

tetrahedral is lower than that of the symmetric one. This is
due to the strong influence of the Bi–O framework on the
vibration behavior of the MO4 tetrahedral in sillenites. It is
characteristic of MO4 structure. This is in agreement with the
literature data.

Figure 3 has the IR spectra of samples of Bi12SiO20.
The IR absorption spectra of Bi12SiO20 could be directly
associated with the spectra of Bi2O3. We expect to have good
agreement with the Raman and IR spectra of the crystalline
BSO. Also, the IR spectrum is in good agreement with the
data reported in the literature [24]. The major lines BSO
was identified in our Bi12SiO20 single crystal. Five IR active
modes are observed (figure 3). All modes are TO symmetry.
The FTIR spectrum shows well-defined peaks located at 832,
606, 577, 528 and 468 cm−1. The peak located at 832 cm−1 is
due to the stretching vibration mode of Bi–O–Si bonds. In the
present case, in the Bi–O–Si bonds, when the vibrations of the
Bi–O and Si–O are in phase, the absorption is located at 840
and 812 cm−1. The shift observed in the bands location can be
associated with the difference in the atomic masses of silicon
and bismuth atoms.
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Figure 3. FTIR transmittance spectra of Bi12SiO20 single crystals at
room temperature.

The peak at 606 cm−1 is related to cationic vibrations in
the network or Bi–O vibration. The peak located at 577 cm−1

is associated with the bending vibration mode of the distorted
tetrahedron formed by (SiO4)

4− groups. The band located
at 528 cm−1 is assigned to deformation vibration of isolated
(SiO4)

4− groups. The band located at 468 cm−1 is related to
Si–O bond rocking and interaction by [BiO6] polyhedron.

4. Conclusion

In conclusion, the Czochralski technique has been used
successfully to produce Bi12SiO20 single crystals. The
obtained crystal was studied by XRD, Raman and FTIR
spectroscopy. The single-crystal structure Bi12SiO20 was
confirmed by XRD. We observed 19 Raman and 5 IR modes.
The Raman and FTIR spectroscopy results are in accordance
with XRD analysis. The Czochralski technique has become
an important method for the growth and production of
Bi12SiO20 single crystals without cores and with good optical
quality. The absence of a core was confirmed by viewing
polished crystal slices.
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a b s t r a c t

ZnFe2O4 was prepared by a soft mechanochemical route from two starting combinations of powders:
(1) Zn(OH)2/α-Fe2O3 and (2) Zn(OH)2/Fe(OH)3 mixed in a planetary ball mill. The mechanochemical
treatment provoked reaction leading to the formation of the ZnFe2O4 spinel phase that was monitored
by XRD, TEM, IR and Raman spectroscopy. The spinel phase was first observed after 4 h of milling and its
formation was completed after 18 h in both the cases of starting precursors. The synthesized ZnFe2O4 has
a nanocrystalline structure with a crystallite size of about 20.3 and 17.6 nm, for the cases (1) and (2),
respectively. In the far-infrared reflectivity spectra are seen four active modes. Raman spectra suggest an
existence of mixed spinel structure in the obtained nanosamples. In order to confirm phase formation
and cation arrangement, Mössbauer measurements were done. Estimated degree of inversion is about
0.58 for both starting mixtures. The magnetic properties of the prepared ZnFe2O4 powders were also
studied. The results show that the samples have a typical superparamagnetic-like behavior at room
temperature. Higher values of magnetization in the case of samples obtained with starting mixture
(2) suggest somewhat higher degree of cation inversion.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Spinel ferrites belong to a kind of magnetic materials that can
be used in many areas, such as magnetic devices and switching
devices [1–3]. Zinc ferrite (ZnFe2O4) is of interest not only to basic
research in magnetism and electrical properties [4], but also has
great potential in technological applications, such as magnetic
materials, gas sensors, catalysts, photocatalysts, and absorbent
materials [5–11]. Spinel ferrites described by the general formula
(A1�λBλ)[B2�λAλ]O4, possess the cubic structure, have tetrahedral
and octahedral cation sites in a face-centred cubic oxygen anion
sublattice, denoted by ( ) and [ ], respectively. The letter A/B
indicates cation that is originally placed in tetrahedral/octahedral
site. For bulk paramagnetic ZnFe2O4 prepared by the conventional
ceramic method, the inversion parameter λ is zero (normal spinel)

[12,13]. Bulk ZnFe2O4 has a normal spinel structure with non-
magnetic Zn2þ ions in the A-site and magnetic Fe3þ ions in the
B-sites (in two antiparallel sublattices) and can be described by the
formula (Zn2þ)[Fe3þ↑Fe3þ↓]O4. However, in contrast to bulk
compound, the nanocrystalline ZnFe2O4 system always shows up
as a mixed spinel structure in which Zn2þ and Fe3þ ions are
distributed over the A and B-sites. This cationic rearrangement
leads to the formation of two magnetic sublattices, which is
responsible for the enhanced magnetization displayed when
compared with normal ZnFe2O4 [4,14–18].

The synthesis of spinel ZnFe2O4 ferrite nanoparticles has been
intensively studied in the recent years and the principal role of the
preparation conditions on the morphological and structural features
of the ferrites is discussed. The properties are strongly influenced by
the composition and microstructure of ferrite particles, which are
sensitive to the preparation methodology used in their synthesis.
Many types of methods including ceramic synthesis [19,20], co-
precipitation method [21–24], tartrate precursor method [25], hydro-
thermal [26,27], combustion [28], auto-combustion [29], polymeric
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precursor route [30], solvothermal [31], sol-gel [15,32–34] and
ball-milling technique [20,35–37] have been used for the prepara-
tion of zinc ferrite nanoparticles.

Mechanochemical treatment has been recognized as a power-
ful technique for synthesis of a wide range of materials. New
approach to mechanochemical synthesis, based on reactions of
solid acids and bases, crystal hydrates, basic and acidic salts, which
react with each other releasing water, has been called soft
mechanochemical synthesis [38]. As the hardness of these com-
pounds is 3–4 times lower than that of anhydrous oxides, it is
easier to activate a reaction among them mechanochemically.

The aim of this paper is to show that under the laboratory
conditions it is simple to prepare the good quality nano-ZnFe2O4

ferrite by soft mechanochemical synthesis. The evolution of the
synthesis of nano-ZnFe2O4 starting from the two mixtures of
powders milled in different time durations was examined. The
starting materials were (1) mixture of Zn(OH)2/α-Fe2O3 and
(2) mixture of Zn(OH)2/Fe(OH)3 powders. The samples obtained
after 4, 10 and 18 h of milling time are compared and investigated
using various characterization methods.

2. Experimental procedures

For mixtures of crystalline powders, denoted by (1) and (2), the
starting material were (1) zinc(II)-hydroxide (Zn(OH)2, Merck 95%
purity) and hematite (α-Fe2O3, Merck 99% purity) and (2) zinc(II)-
hydroxide and iron-hydroxide (Fe(OH)3) in equimolar ratio [4].
The Fe(OH)3 powder was made by adding equimolar amounts of
NaOH solution (25% mass), made from 99% purity NaOH (Merck) to
the FeCl3 solution (25% mass), made from 99% purity FeCl3 �6H2O
(Merck) [39]. Dark brown precipitate was filtrated, washed with
large amounts of water and dried in a vacuum dessicator. Before
milling, the Fe(OH)3 �nH2O powder was heated at 105 1C for 24 h.
The material prepared by this way had 99.5% Fe(OH)3. It was
defined by potentiometric redox titration [39]. The starting hydro-
hides were amorphous, while hematite was crystalline.

Mechanochemical synthesis was performed in air atmosphere in
planetary ball mill (Fritsch Pulverisette 5). A hardened-steel vial of
500 cm3 volume, filled with 40 hardened steel balls with a diameter
of 13.4 mm, was used as the milling medium. The mass of the powder
was 20 g and the balls-to-powder mass ratio was 20:1. The milling
was done in the air atmosphere without any additives. The angular
velocity of the supporting disc and vial was about 32 and 40 rad s�1,
respectively. The intensity of milling corresponded to an acceleration
of about 10 times the gravitation acceleration. All samples, with
different starting compositions and milling times, were prepared
and milled separately. At the expiration of the selected milling times
(4, 10 and 18 h) the mill was stopped and a small amount of powder
was removed from the vial for examination.

Characterization of the samples obtained after various milling
times was carried out by

� X-ray diffraction analysis of powders treated for various peri-
ods of milling times by a Philips PW 1050 diffractometer
equipped with a PW 1730 generator (40 kV�0 mA) using Ni
filtered CoKα radiation at the room temperature. Measurements
were done in 2θ range of 15–801 with scanning step width of
0.051 and 10 s scanning time per step. After XRD measure-
ments, the powder was placed back in a vial to obtain the same
grinding conditions (balls to powder weight ratio).

� For transmission electron microscopy (TEM) observations the
powders were dispersed in ethanol. The suspension containing
our sample was deposited onto the lacey carbon-coated TEM
sample supports. TEM studies were performed using a 200 kV
TEM (JEM-2100 UHR, Jeol Inc., Tokyo, Japan) equipped with an

ultra-high resolution objective lens pole piece having a point-
to-point resolution of 0.19 nm, being sufficient to resolve the
lattice images of nanoparticles. Due to relatively small size of
the nanoparticles selected area electron diffraction patterns
(EDP) over the multiple nanocrystals was recorded to obtain
the characteristic diffraction rings with structure-specific
d-values. Electron energy dispersive X-ray spectroscopy (EDS)
was used to examine the chemical composition of the product.

� The infrared (IR) measurements were carried out with a
BOMMEM DA-8 FIR spectrometer. A DTGS pyroelectric detector
was used to cover the wave number range from 50 to
700 cm�1.

� Raman measurements of mixture of powders were performed
using Jobin-Yvon spectrometer. An optical microscope with
100� objective was used to focus the 514 nm radiation from
a Coherent Innova 99 Arþ laser on the sample. The same
microscope was used to collect the backscattered radiation. The
dispersed scattering light was detected by a charge-coupled
device (CCD) detection system. Room temperature Raman
spectra are in spectral range from 100 to 1600 cm�1. The
average power density on the sample was about 20 mW mm�2.

� The 57Fe Mössbauer spectra were obtained by constant accel-
eration in transmission mode using 57Co(Rh) source, at room
temperature. The spectra calibrated by laser and isomer shifts,
аrе shown with respect to the α-Fe. The data were analyzed by
the WinNormos-Site software based on the least squares
method [40]. The correction for sample thickness was done
by the transmission integral.

� Magnetic measurements were done at Cryogenic vibrating
sample magnetometer (VSM) in the magnetic field from
0 kOe to 780 kOe.

3. Results and discussion

We investigated the possibility of the formation of spinel
ZnFe2O4 ferrite phase trough the soft mechanochemical treatment,
starting from two different mixtures of materials. The two cases
were

� Case (1):
Step (a) milling time 0 h: Zn(OH)2þα-Fe2O3.
Step (b) milling time 4 h: ZnOþH2O↑ (water vapor, at
100 1C)þα-Fe2O3þβ-Zn(OH)2þZnFe2O4.
Step (c) milling time 10 h: ZnOþα-Fe2O3þZnFe2O4.
Step (d) milling time 18 h: ZnFe2O4.� Case (2):
Step (a) milling time 0 h: Zn(OH)2þ2Fe(OH)3�nH2O.
Step (b) milling time 4 h: ZnOþH2O↑ (water vapor, at
100 1C)þα-Fe2O3þZnFe2O4.
Step (c) milling time 10 h-ZnOþH2O↑ (water vapor, at
100 1C)þα-Fe2O3þZnFe2O4.
Step (d) milling time 18 h: ZnFe2O4.

Fig. 1 shows the X-ray diffraction patterns of (1) Zn(OH)2 and
α-Fe2O3 and (2) Zn(OH)2 and Fe(OH)3 powders milled during
different time (4, 10 and 18 h). In mechanochemically treated
samples a spinel ZnFe2O4 phase is present in form of nanocrystal-
line particles already after shortest milling times. With increasing
milling time, the diffraction peaks corresponding to the simple
oxide and hydroxide gradually disappear. After 18 h of milling, in
both cases of precursors, only a single phase nano-zinc ferrite is
obtained. During 4 h mechanochemical treatment of mixture (1),
Fig. 1a, the characteristic peaks for β-Zn(OH)2 (JCPDS card 89-0138)
ZnO (JCPDS card 89-7102), α-Fe2O3 (JCPDS card 89-8103) and
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ZnFe2O4 (JCPDS card 89-7412) [41] are visible. In the XRD spec-
trum of mixture (2), Fig. 1b, ZnO, α-Fe2O3 and ZnFe2O4 reflections
are present. It can be observed that the sample obtained after 4 h
milling of the mixture hydroxide/oxide powders exhibits some-
what lower intensity of the ferrite phase peaks compared to the
spectrum obtained from the mixture of hydroxide/hydroxide
powder. With prolongation of milling to 10 h in both the cases
of synthesis, the characteristic peaks of the ferrite phase become
more pronounced and sharper and the secondary phases that can
be seen after 4 h of grinding almost disappear. It can be noticed
that the major peaks of the ferrite phase were continuously
increasing with the milling time. It is important to note that after
milling of the mixtures of powders even for 4 h in both mixtures
ZnFe2O4 phase (JCPDS card 89-7412) is dominant. The main
reason for this phenomenon is a rapid decomposition of Zn(OH)2
(Zn(OH)2-ZnOþH2O), so that after 10 h of milling there are no
peaks corresponding to the starting compound Zn(OH)2. It is
known that the milling process leads to overheating of the vessel,
and at temperatures higher than 100 1C results in the evolution of
water vapor. Opening of the container allows partial evaporation
of water. It might be noted that the hydroxides transform into
oxides and in XRD spectra the characteristic oxide peaks can be
observed. Overpressure of gasses in the vessel, especially water
vapor, reduces the efficiency of milling and to some extent slows
down the creation of a new phase. Further milling up to 18 h leads
to full synthesis of a new phase. All peaks are well indexed to the
crystal planes of spinel ferrite (k h l): (111), (220), (311), (400),
(422), (422), (511) and (440). This confirms that the mechano-
chemical synthesis of ZnFe2O4 is feasible and complete for 18 h
milling time. Compared to other synthesis routes, the soft
mechanochemical process used here represents a more favorable,
high-yielding, low-temperature and low-cost procedure for synth-
esis of nanocrystalline ZnFe2O4 [14,21,22].

Crystallite size, S of powders treated mechanochemically for
18 h were calculated using XRD data by means of the Scherrer
equation [42]:

S¼ 0:9λ=ðBm cos θBÞ

where λ is the wavelength of the X-ray source and θB is the Bragg
angle of the considered XRD peaks. Bm represents the FWHM line
broadening for investigated material, obtained for Lorentz profile
of peaks, as follows:

Bm ¼ Bobs–Bs

where Bobs is the FWHM line broadening of the observed peak, and
Bs represents the FWHM line broadening of the internal standard
(α-Al2O3) [42]. The resulting value of the crystallite size, obtained
from the strongest reflections (311) is 20.3 and 17.6 nm, respec-
tively, for cases denoted by (1) and (2) after 18 h milling time.

Fig. 2 shows TEM images with corresponding EDPs of indivi-
dual products after milling for 4 and 18 h (Fig. 3). In the samples
milled for 4 h spinel-type reflections of ZnFe2O4 already dominate
the EDPs, while weak lines corresponding to starting materials are
still present. Measured d-values of ZnFe2O4 are listed in Table 1. In
the sample with starting composition of Zn(OH)2/Fe2O3 few of the
stronger reflections of hematite are present in EDPs, whereas
Zn(OH)2/Fe(OH)3 sample shows remnants of Fe-rich hydroxide,
Fig. 3. In general, both synthesis routes produced a substantial
amount of nanosized ZnFe2O4 particles already after 4 h of milling,
that is consistent with our XRD data. According to EDPs measure-
ments chemical compositions of nanocrystalline clusters have a
slightly lower scatter intensity when Fe2O3 is used instead of Fe
(OH)3 as a starting material. Particle size distribution is in both
processing routes are comparable and ranges between 3 and
25 nm. The crystallites in both systems are rounded, show highly
activated non-equilibrium surfaces and tend to agglomerate into
larger clusters with diameters of several hundred of nanometers.
In the initial stages of mechanochemical reaction particles are
covered by few nanometers thick amorphous layers, which dis-
appear after 18 h. After 18 h milling time, both processing routes
produce pure spinel reflections belonging to the ZnFe2O4 phase.

The composition of the products milled for 18 h was analyzed
by EDS measurements on several individual particles, as well as on
large crystal clusters. The analyses show a constant Zn:Fe atomic
ratio of 1:2, which corresponds to the ZnFe2O4 phase. Fig. 3 shows
a typical EDS spectrum, recorded on the Fe2O3/Zn(OH)2 sample
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Fig. 1. X-ray diffraction pattern of the mixture of powders (a) Zn(OH)2/α-Fe2O3 and (b) Zn(OH)2/Fe(OH)3 after 4, 10 and 18 h milling time.
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milled for 18 h (see Fig. 2c). Ni-peak present in the EDS spectrum
stems from the Ni-grid for the TEM specimens, whereas the minor
peak of Ti probably originates from ilmenite impurities in the
Fe2O3 precursor.

Far infrared reflectivity (FIR) spectra of the synthesized ZnFe2O4

ferrite were recorded in the range of 50–700 cm�1, where all the
group theory predicted spinel modes (4 F1u) are expected to be,
Fig. 4. It is known that the band at �600 cm�1 corresponds to
the vibrations of cation–oxygen bonds in tetrahedral site and the
lower band at �350 cm�1 is attributed to the vibrations of
the cation–oxygen bond in octahedral site. The different values
of the energy position for these modes are due to different values
of metal ion–O2� distances for octahedral and tetrahedral sites. In
reflectivity spectra of ZnFe2O4 obtained after 4 h and 10 h milling
of the mixture (1) and in the case of 4 h milled mixture (2), it is
obvious that hematite modes are superposed to F1u(2) and

F1u(3) spinel modes. It is visible in Fig. 5, where fitted values of
TO and LO modes are also presented. Values of the ZnFe2O4 spinel
modes in the powder samples are expectedly modified in compar-
ison with a bulk due to superposition of bulk and surface effects.

Raman spectra of samples obtained from the two mixtures of
nanopowders: (1) Zn(OH)2/α-Fe2O3 and (2) Zn(OH)2/Fe(OH)3 after
various milling times are analyzed by deconvolution (Fig. 6).
Already after 4 h of milling a spinel phase is prevalent as
evidenced by the characteristic features in Raman spectra. In the
spectra of both the samples obtained after 4 h milling time and
after 10 h in the case of mixture (1), a more intensive mode can be
seen at about 290 cm�1 superposed with a hematite mode. This is
consistent with the results of XRD and FIR reflectivity analysis. At
the same time, the samples listed above, have the multiphonon
parts of spectra with intensities comparable with active spinel
modes what suggests an increased structure irregularities. After
18 h milling time both type of samples become a single phase. All
samples have more than 5 Raman active modes predicted by the
group theory in the normal spinel structure: A1gþEgþ3F2g. Raman
spectra of ZnFe2O4 nanocrystalline samples, obtained by the
mechanochemical method have visible doublets and it could be
concluded that spinel structure of these samples is partially
inversed [43].

Deconvolution of spectra recorded on single phase samples
(obtained after 18 h of milling) gives information about distribu-
tion of cations over tetrahedral and octahedral sublattices. The
high frequency first order mode A1g is due to symmetric stretching
of oxygen atoms along cation–oxygen bonds in the tetrahedral
coordination [44,45]. Double modes in the milled samples imply
that ordered sublattice of Zn ions exist together with analogous
sublattice of Fe-ions. The strongest modes above 600 cm�1, with
Ag symmetry, correspond to symmetric stretching of oxygen in
tetrahedral AO4 groups, so the modes at about 630 cm-1 can be
considered as stretching of oxygen in the environment of heavier
Zn-cation and the mode at about 720 cm�1 originated from FeO4

tetrahedron (like in Fe3O4). It is similar with other doubled modes.
Eg pair is due to symmetric bending of oxygen with respect to

Fig. 2. TEM images with corresponding EDP (insets in the upper right corners) of mechano-chemically treated samples with starting compositions Zn(OH)2/α-Fe2O3 and
Zn(OH)2/Fe(OH)3 after processing for 4 and 18 h. Lines in the upper-right quadrant of EDP indicate d-values for ZnFe2O4 spinel phase (see Table 1) that fully evolves after 18 h
of milling time.

Fig. 3. EDS spectrum of Zn(OH)2/α-Fe2O3 after milling for 18 h shows the presence
of single ZnFe2O4 phase. The inset shows a HRTEM image of rounded ZnFe2O4

nanoparticle oriented close to the ½110� zone axis with well resolved lattice fringes,
characteristic for the spinel structure.
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cations in tetrahedral surrounding. F2g(2) and F2g(3) correspond to
the vibrations of octahedral group. F2g(1) is due to translational
movement of the whole tetrahedron.

According to more exaggerated A1g mode originated from
vibrating of FeO4 tetrahedrons in the case of single phase sample
obtained from mixed hydroxides it can be supposed that this
sample must have a little higher degree of inversion.

Mössbauer spectroscopy was performed in order to get more
information on metal cation redistribution in the nanocrystalline
ferrite powders ZnFe2O4. As it is already been mentioned, the
mechanochemically synthesized powders ZnFe2O4, both obtained
from mixtures Zn(OH)2/α-Fe2O3 and Zn(OH)2/Fe(OH)3 in planetary
ball mill, might have distribution of cations in the zinc spinel ferrites
described by the general formula (Zn2þ1-λ Fe3þλ )[Zn2þλ Fe3þ2-λ ]O2-

4 . Know-
ing the ratio of areas (A) of Mössbauer subspectra of both iron sites
(tetrahedral A) and [octahedral B], the inversion parameter λ could
be estimated from equation: A(A)/A[B]¼λ/(1�λ) [46]. It is worth to
note this equation is obtained by assumption that the ratio of the
recoil-less fraction is f[B]/f(A)¼1 at the room temperature [47].

Room temperature Mössbauer measurements of the bulk
ZnFe2O4 with normal spinel structure shows a paramagnetic
doublet with quadrupole splitting Δ¼0.35 mm s�1and isomer
shift δ¼0.36 mm s-1 [48]. There are two reasons for the appear-
ance of Zeeman's hyperfine field sextets in spectra of nano-
ZnFe2O4. Both of them are based on displacement of Zn2þ cations
to octahedral sites and Fe3þ cations into tetrahedral sites, induced
by preparation conditions, in our case, mechanical treatment. The
cations redistribution leads to decrease of unit cells and oxygen
parameter, causing the deviation of the [Fe3þ]–O2��[Fe3þ] bond
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Table 1
Measured d-values [nm] for ZnFe2O4 from EDP pattern (from Fig. 2c).

D1 D2 D3 D4 D5 D6 D7

Measured [nm] 0.4866 0.2998 0.2535 0.2112 0.1726 0.1618 0.1489
JCPDF #89-7412 0.48687 0.29815 0.25426 0.21082 0.17213 0.16229 0.14907
Crystallogr. plane {111} {220} {311} {400} {422} {333} {440}

Z.Ž. Lazarević et al. / Journal of Physics and Chemistry of Solids 75 (2014) 869–877 873



angle and the intensity of the superexchange interaction [49]. A
distorted octahedron would cause a large value of the quadruple
shift (2ε) for combined hyperfine interaction. The much stronger
superexchange interaction rises from tetrahedral site where sub-
stituted (Fe3þ) magnetic ion coupling with 12 [Fe3þ] nearest
neighbors in the second coordination sphere via four oxygen
anions from the first coordination sphere. The number of
formed clusters in this way increases with decreasing nanoparticle
size [50].

The Mössbauer spectrum (Fig. 7a) of the sample formed from
Zn(OH)2 and α-Fe2O3 milled in 4 h, is fitted with two sextets and
two doublets. It was concluded that sample exhibits existence of a
large amount of hematite versus formed zinc spinel ferrite. The
hematite sextet in Mössbauer measurements might be recognized
by the following parameters: isomer shift δ¼0.376 mm s�1, quad-
ruple shift 2ε¼�0.197 mm s�1, and hyperfine field Bhf¼51.75 T.
The initial hematite makes 43% of the total fitted area, obtained by
the very sharp line characterized by FWHM: Γ¼0.21 mm s�1

(Table 2). The second sextet in the measured spectra originates
from ferrite, 24% of the total fitted area, with disturbed octahedral
environment. The higher value of the line width Γ¼0.54 mm s�1

is incurred by a distribution of hyperfine fields as consequence of
the hyperfine field sensitivity to the changes of of Fe–O distance. A
paramagnetic doublet's presence in the measured sample with
δ¼0.352(5) mm s-1, and Δ¼0.551(9) mm s-1, represents 19% of the
total resonant signal. The measured isomer shift is typical for Fe3þ

in octahedral environment, while somewhat higher values for Δ
and Γ show that environment is disordered by milling. Hence,
oxygen's structure parameters deviate from the ideal value 0.375
disturbing symmetry of the octahedral site. The point group of the
B site transformed from cubic symmetry to trigonal symmetry,
causes the appearance of large value for Δ. That signal, obviously,
comes from larger Zn in octahedral surrounding in the case of very

small, super-paramagnetic nanoparticles. The second doublet,
represented with 14% of the total resonant signal, has the isomer
shift δ¼0.26 mm s-1 as same as isomer shift's values for Fe3þ in
the tetrahedral site. The significantly large value for quadruple
splitting, Δ¼1 mm s-1 does not match the cubic symmetry on the
tetrahedral site. It has originated as repercussion of changes in
tetrahedral and octahedral bond lengths and positions, that is
happening with nanoparticles whose size is below 10 nm [51]. As a
confirmation for this kind of disorder, there is a large value for the
line width Γ¼1.02 mm s-1.

On the other hand, the sample obtained from Zn(OH)2/Fe(OH)3
milled in 4 h, consists of only 6% hematite observed by the
Mössbauer spectroscopy (Fig. 7c). The second sextet, with 18% of
the total fitted area, corresponds to ZnFe2O4 and measures value of
20 T of hyperfine field. The remaining subspectra are the two
super-paramagnetic doublets that originate from very small nano-
particles of zinc ferrite. They are created by signals from Fe3þ ions
in octahedral surroundings.

Investigation of the sample formed from Zn(OH)2/α-Fe2O3

milled in 18 h by Mössbauer spectroscopy reveals three Zeeman's
sextets and four paramagnetic doublets (Fig. 7b). Only 2.2% of
whole fitted area belongs to the remained hematite. The two other
sextets have the origin from tetrahedral positioned (Fe3þ) ions
in ZnFe2O4. Also, these all paramagnetic doublets have got origin
in the zinc ferrite spinel. These signals come from [Fe3þ] ions in
octahedral sites, but from particles with different sizes. The whole
fitted area from A-sites is A(A)¼57(15)%, and from B-sites
A[B]¼40.8(13.2). Hence, we could calculate that sample obtained
after 18 h milling of Fe2O3/Zn(OH)2 powders has zinc ferrite spinel
structure with the inversion parameter λ¼0.58(32).

The Mössbauer spectrum taken from 18 h milled Zn(OH)2/Fe
(OH)3 sample consists of three sextets and three doublets (Fig. 7d).
The parameters of one sextet with relative abundance of 2.9% refer
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on the presence of α-Fe. The resonant signals make sextets having
the origin from iron ions on tetrahedral sites. On the other side,
the doublets are created by signals from octahedral standing iron
ions. For this sample the inversion parameter λ is 0.58(63). The λ is
calculated by data, based on following total fitted area: A(A)¼56
(32) and A[B]¼41.1(18.7).

There is a possibility to arise changes in tetrahedral and
octahedral bond lengths and angles or to form oxygen vacancies
during the milling process. The consequences are large and
enormously large values are obtained for Δ or 2ε and value
changes for an isomer shift. Also, a line width is sensitive to this
structure changes, too. Different iron ions environment produced
by cations redistribution, produces different subspectra and also
contributes to broadening of the corresponding line width.

The magnetization curves of the samples obtained from
(1) Zn(OH)2/α-Fe2O3 and (2) Zn(OH)2/Fe(OH)3 mixture of powders
milled during different time (4, 10 and 18 h) measured at room
temperature are shown in Fig. 8. The curves have “S” shape with
low coercivity and very small remanence magnetization. In the
case of pure phase ZnFe2O4 samples obtained after 18 h of milling
coercivity is Hc¼103 Oe and 87 Oe and remanence magnetization
is Mrem¼4.5 emu g�1 and 5.5 emu g�1 (Fig. 8a and b).

The estimated values of saturation magnetization for 18 h of
milling are Msat¼54.2 emu g�1 and 65.1 emu g�1, respectively,
which is a result of the inversion of cations (Fig. 8). Super exchange
interaction between Fe3þ ions in (A) and [B] sites, causes such a
high value of magnetization. The small remanence magnetization
in the ZnFe2O4 powder samples confirms that nanocrystallites are
mostly single domain. Open hysteresis loop, with coercive field
Hca0, (in combination with high magnetization), shows that
ferromagnetic transition temperature is well above the room
temperature. The magnetization does not achieve a saturation in
the magnetic fields up to 780 kOe that indicates a surface spin
disorder. Ordering of these spins in a magnetic field contributes in
the magnetic moment of the predominantly monodomen ZnFe2O4

crystallites, also. As it can be seen in Fig. 8a and b, saturation
magnetization increases with milling time in both starting mix-
tures. In the case of single phase sample obtained from mixture

Fig. 7. Mössbauer spectra at room temperature: (a) of the mixture of Zn(OH)2/
α-Fe2O3 after 4 h milling time; (b) of the mixture of Zn(OH)2/α-Fe2O3 after 18 h
milling time, and (c) of the mixture of Zn(OH)2/Fe(OH)3 after 4 h milling time;
(d) of the mixture of Zn(OH)2/Fe(OH)3 after 18 h milling time. The values of relative
absorption are shown. The fitted lines of subspectra are plotted above the main
spectrum with fitted line.

Table 2
Mössbauer parameters: A-relative area fraction of component, Γ-line width (FWHM), δ-isomer shift with respect to the α-Fe, Δ-quadrupole splitting (2ε-quadrupole shift)
and B-hyperfine induction. Labels (A) and [B] denote the tetrahedral and octahedral sites, respectively. The fixed parameters in the fit are denoted by the superscript f.

Mixture Compound Site Mössbauer parameters

A Γ δ Δ/2ε B
[%] [mms�1] [mms�1] [mms�1] [T]

Fe2O3þZn(OH)2¼ZnFe2O4 4 h α-Fe2O3 43(7) 0.21(1) 0.376(2) �0.198(4) 51.45(2)
ZnFe2O4 [B] 24(5) 0.54(5) 0.364(9) �0.22(2) 49.6(2)
ZnFe2O4 [B] 19(2) 0.41(2) 0.352(5) 0.551(9)
ZnFe2O4 (A) 14(2) 1.02(6) 0.26(2) 1.0(1)

18 h α-Fe2O3 2.2(2) 0.255f 0.39(2) �0.23(4) 51.3(1)
ZnFe2O4 (A) 21(5) 1.3(2) 0.43(8) 0.0(1) 21.6(4)
ZnFe2O4 (A) 36(10) 2.03(9) 0.15(6) 0.1(1) 33.5(2)
ZnFe2O4 [B] 11(5) 0.55(9) 0.36(1) 0.60(4)
ZnFe2O4 [B] 25(7) 1.1(2) 0.36(2) 1.5(1)
ZnFe2O4 [B] 2.8(2) 1.0(5) 0.1(1) 3.9(2)
ZnFe2O4 [B] 2(1) 0.5(2) 0.45(4) 5.45(9)

Fe(OH)3þZn(OH)2¼ZnFe2O4 4 h α-Fe2O3 6(3) 0.52(9) 0.43(3) �0.20(5) 49.8(2)
ZnFe2O4 (A) 18(10) 2.6(1.0) 0.3(2) 0.1(2) 20(1)
ZnFe2O4 [B] 28(19) 0.46(8) 0.346(5) 0.59(2)
ZnFe2O4 [B] 48(34) 1.5(1) 0.37(1) 1.0(3)

18 h α-Fe 2.9(8) 0.45(9) 0.03(2) 0.05(4) 32.7(1)
ZnFe2O4 (A) 42(22) 2.6(2) 0.37(7) �0.1(2) 38.5(2)
ZnFe2O4 (A) 14(10) 2.0(4) �0.2(1) 0.4(2) 24(1)
ZnFe2O4 [B] 13(2) 1.0(1) 0.38(1) 1.21(8)
ZnFe2O4 [B] 1.1(7) 0.3(1) 0.34(2) 2.05(4)
ZnFe2O4 [B] 27(16) 3.6(8) 0.50(9) 5.2(4)
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(1) magnetic remanence and saturation magnetization stay about
18% lower in comparison with sample obtained from mixture (2).
At the same time, coercive field in mixture (1), for 18 h, is higher
for about 18%.

All these facts imply that starting from mixture (2) a single
phase zinc ferrite is obtained with a little smaller average size of
the nanoparticles and, as a consequence, higher magnetization
and the degree of inversion.

Generally, small values of the coercive fields and remanence
magnetization at 300 K suggest a superparamagnetic-like beha-
vior of the ZnFe2O4 samples obtained by the soft mechanochem-
ical method.

4. Conclusions

Nanosize ZnFe2O4 ferrite was obtained by soft mechanochemical
synthesis in planetary mill. It has been shown using XRD analysis that
mechanochemical treatment of mixtures in the case (1) after 4 h of
milling leads to the amorphization of the starting powders and to
their partial reaction, producing a mixture of β-Zn(OH)2, ZnO, α-Fe2O3

and ZnFe2O4, after 10 h a mixture of ZnO, α-Fe2O3 and ZnFe2O4, and
finally after 18 h single ZnFe2O4 phase is obtained. In the case (2), after
4 h milling of starting powders the presence of ZnO, α-Fe2O3 and
ZnFe2O4 also can be observed, after 10 h of milling in the mixture the
uppermost ZnFe2O4 and a very little amount of ZnO and α-Fe2O3 is
present, and after 18 h stay pure spinel ZnFe2O4 phase is observed.
The crystallite sizes in pure ZnFe2O4 samples are about 20.3 nm for
case (1) and 17.6 nm for case (2). It could be concluded that

mechanochemical treatment leads to the successful formation of
ultrafine powders of ZnFe2O4 ferrite.

In the FIR spectra recorded after 4 and 10 h of milling it is
visible that the FIR modes are superposed from the modes of
spinel and are unreacted or partially reacted starting materials.
After 18 h of milling, spectra correspond to pure phase of ZnFe2O4

nanopowder, that is in accordance with results of XRD analysis.
In the Raman spectra it is observed that all of the group theory

predicted first-order active modes characteristic for spinel struc-
ture. The intensity and frequencies of the Raman modes during the
formation of ferrite phase by the soft mechanochemical method in
both mixtures have very close values, but there are some differ-
ences which indicate that milling leads to faster development of
ZnFe2O4 ferrite in the case (2). Mössbauer spectroscopy studies
implied the substantial cation distribution between the tetrahe-
dral and octahedral sites in formed ZnFe2O4 spinel structure. It is
found out that amount of Zn2þ at tetrahedral site reduces as size
of particles decrease. The magnetic measurements after 18 h of
milling show high magnetization values of 54.2 emu g�1 and
65 1 emu g�1. Higher value of magnetization corresponds to
smaller particle size in samples obtained from hydroxides mixture.
It was shown that although the conditions of synthesis were the
same, even after 18 h of milling the starting precursors affected
the characteristics of the obtained ZnFe2O4 nanoferrite samples. In
conclusion, it is confirmed that soft mechanochemical synthesis is
the simple, low cost method applicable for the synthesis of good
quality ZnFe2O4 powders.
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Abstract
The properties of Cadmium sulphide (CdS) thin films were investigated by applying atomic force
microscopy (AFM) and far–infrared spectroscopy. CdS thin films were prepared using thermal
evaporation technique under a base pressure of 2 × 10−5 torr. The quality of these films was
investigated by AFM spectroscopy. We apply far–infrared spectroscopy to investigate the optical
properties of CdS thin films, and reveal the existence of a surface optical phonon (SOP) mode at
297 cm−1. For the first time, the dielectric function of CdS thin film is modeled as a mixture of
homogenous spherical inclusions in air by the Maxwell–Garnet formula. In the analysis of the
far–infrared reflection spectra, a numerical model for calculating the reflectivity coefficient for a
system which includes films and substrates has been applied.

Keywords: CdS thin films, AFM, Raman spectroscopy, far-infrared spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Thin film polycrystalline semiconductors have attracted great
interest due to an expanding variety of applications in various
electronic and optoelectronic devices. The technological
interest in polycrystalline based devices is mainly due to their
very low production costs. Thin films now occupy a promi-
nent place in basic research and solid state technology.

Among the II–VI semiconductors, CdS polycrystalline
thin film is a representative material. Cadmium sulphide
(CdS) is a very useful optoelectronic [1, 2], piezo–electronic
[3], and semiconducting material. As CdS has a wide direct
band gap (2.42 eV) it has been used as a window material,
together with several semiconductors such as CdTe, Cu2S and
CuInSe2 [4].

The deposition of CdS films has been explored by dif-
ferent techniques: sputtering, thermal evaporation, chemical
bath deposition, and molecular beam epitaxy [5–9]. In each of
these methods polycrystalline, uniform and hard films are
obtained, and their electrical properties are very sensitive to
the method of preparation.

In the case of real crystals, when their dimensions are
relatively small, surface modes and the effects of dimension
will also be manifested, in addition to the normal mode of an
infinite lattice. When their dimensions become extremely
small (nanocrystals), only the surface mode persists [10].

Surface modes play an important role in determining the
different physical properties of nanocrystals. For a plane wave
propagating in the x–direction in a bulk crystal, the temporal
and spatial variation of the wave is described by the factor exp

[i(kx−ωt)], where ω ε ω=k c( ) ( ) is the wavevector and ε

(ω) is the dielectric constant of the crystal. In the frequency
range between bulk longitudinal (ωLO) and transverse (ωTO)
optical mode frequencies, ε(ω) has a negative value, and
accordingly k is imaginary. Therefore, in this frequency range
the wave decays exponentially in the medium, i.e. it cannot
propagate in bulk crystals and only surface modes exist [11].

In this work we investigated the optical properties of CdS
thin films, evaporated by thermal evaporation technique,
using far-infrared spectroscopy. Far-infrared spectra were
analyzed using a numerical model for calculating the
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reflectivity coefficient for complex systems, which include
films and substrates. The dielectric function of a CdS thin film
is modeled as a mixture of homogenous spherical inclusions
in air, by the Maxwell–Garnet formula. We analyzed films of
thicknesses 1.6, 1.8, 2.0 and 2.2 lm. The sample’s character-
ization was performed using atomic force microscopy (AFM).

2. Samples: preparation and characterization

CdS powder with high purity was purchased from the Sig-
ma–Aldrich Company. CdS thin films of different thicknesses
were deposited onto highly pre–cleaned glass substrates,
using thermal evaporation at room temperature. A high
vacuum coating unit (Edwards, E–306 A) was used under
base pressure 2 × 10−5 torr. The distance between the eva-
poration source (molybdenum boat) and the substrate holder
was about 21 cm to avoid any heating flow from the heating
source to the substrates. The rate of deposition was 10 nm s−1

and the film thickness was controlled using a quartz crystal
thickness monitor (FTM4, Edwards).

The morphology of CdS thin films was investigated by
AFM. AFM images of the investigated CdS samples are
presented in figure 1.

For all samples, hillocks with heights of about 30 nm
were observed (table 1). Surface topology, values of average
roughness (Ra), and root mean squared (RMS) roughness were
analyzed. According to the obtained results, presented in
table 1, the employed surfaces at a micro scale are relatively
smooth and uniform (with the exception of a few scratches).
AFM images show that all CdS samples present well defined
nanosized grains, with relatively small roughness values
ranging from 3.84 nm to 5.84 nm, as shown in table 1.

3. Results and discussion

The far–infrared measurements were carried out with a
BOMEM DA–8 FIR spectrometer. A DTGS pyroelectric
detector was used to cover the wave number range from 40 to
600 cm−1. The penetration depth of the infrared

electromagnetic waves into a nontransparent crystal is
approximately 3 μm. As the thicknesses of our films varies
from 1.6 μm to 2.2 μm, so the reflectivity spectra contain
information about the CdS films, together with information
about the substrate. Accordingly, our model of the reflectance
considers a three–layer structure, where medium 1 is air with
dielectric function ε1 (ε1 = 1), medium 2 is the thin bulk CdS
crystal layer with corresponding dielectric function ε2, and
medium 3 is the substrate (glass) with dielectric function ε3.
In this case:

= =
+

+

α α

α α

−

−R
A

A

e e
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r r

r r
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where Ai and Ar are amplitudes of the incident and reflection
beams,

ε ε ε ε= − + = − +( ) ( )( )r n n n n( )ij i j i j i j i j are

Fresnel coefficients, n is the complex indices of refraction, ε
is the dielectric constant, and α = 2πωd(ε2)

1/2 is the complex
phase change related to the absorption in the crystal layer with
the thickness d. The corresponding reflectance (R) is:

=R R (2)A

2

The dielectric function of the glass substrate is:
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ω ω γ ω
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where ωTO and ωLO are the transversal and longitudinal
optical vibrations, and γTO and γLO are damping parameters.
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Figure 1. AFM surface image of CdS thin films of different thicknesses on glass substrate: (a) d = 1.6 μm, and (b) d = 2.2 μm.

Table 1. Average height, average roughness (Ra) and root mean
squared (RMS) roughness for different CdS thin films thicknesses.

d [μm] Average height [nm] Ra [nm] RMS [nm]

1.6 30.09 3.87 5.4
1.8 25.14 3.84 4.76
2.0 28.67 5.84 7.27
2.2 30.07 5.56 6.99



We consider phonons in the thin bulk CdS crystal layer
as surface optical phonons. Surface phonon modes are
observed for particle sizes smaller then the wavelength of the
exciting laser light inside the particles. Usually these modes
of small particles appear in polar crystals [12]. The dielectric
function for the case of a polar semi-insulating semi-
conductor:

∏ε ω ε
ω ω ωγ
ω ω ωγ

=
− −
− −∞ =

i

i
( ) , (4)

i

n LOi i

TOi i
1

2 2

2 2

describes its optical properties in the IR region. The bulk
phonons in small particles have properties similar to those of
the corresponding phonons in infinite crystals; however their
wave functions are adapted to the geometry of small particles.

When visible light interacts with semiconducting nano-
particles (characteristic size L, dielectric function ε2) which
are distributed in a medium with the dielectric constant ε1 in
the limit λ≫ L, the heterogeneous composite can be treated as
a homogeneous medium, and a so–called effective medium
theory applies.

There are many mixing models for the effective dielectric
permittivity of such a mixture [13]. Since all our samples are
well defined and separated nanosized grains we decided to
use the Maxwell–Garnet model for the present case.

For the spherical inclusions case, the prediction of the
effective permittivity of mixture εeff according to the Max-
well–Garnet mixing rule reads [14, 15]:

ε ε ε
ε ε

ε ε ε ε
= +

−
+ − −

f
f

3
2 ( )

. (5)ff a
b a

b a a b
1

Here, spheres of permittivity εb are located randomly in
the homogeneous environment εa and occupy a volume
fraction f.

The far–infrared reflection spectra of CdS thin films are
presented in figure 2. The experimental data are presented
by circles, while the solid lines are calculated spectra obtained
by a fitting procedure based on the previously presented
model.

The far infrared–reflectivity spectrum of the glass sub-
strate is shown in figure 2(f). The calculated spectrum, pre-
sented by a solid line, was obtained using the dielectric
function given by equation (3). As a result of the best fit, we
obtained two modes, whose characteristic frequencies are
ωTO1 = 438 cm

−1, ωLO1 = 439 cm
−1 and ωTO2 = 471 cm

−1,
ωLO2 = 523 cm

−1. Frequency values of these modes remained
the same during the fitting procedure for all CdS thin film
samples.

Far–infrared spectra of the bulk CdS crystal is shown in
figure 2(a). The calculated spectrum, presented by a solid
line, was obtained using the dielectric function given by
equation (4). Characteristic phonon frequencies obtained by
analysis of this spectrum and their symmetries are: transverse
mode at 234 cm−1 (A1), longitudinal at 305 cm−1 (E1)
and modes at 70 cm−1 (E2

2), 170 cm−1 (B2
2), 214 cm−1 (B2

1),
263 cm−1 (E2

1), which is in agreement with literature
data [16–18].

Far infrared reflection spectra for different thicknesses of
CdS thin films on glass substrates are shown in
figures 2(b)–(e). Calculated spectra, obtained using the fitting
procedure given by equations (1)–(3) and (5), and are pre-
sented by solid lines. The observed samples’ characteristic
frequencies correspond to bulk CdS crystal phonon modes,
except for in the longitudinal optical mode. The only dis-
agreement was observed in the case of the mode at 304 cm−1,
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3

Figure 2. Far–infrared reflection spectra of: (a) a bulk CdS single
crystal; CdS thin films with thicknesses of (b) 2.2 μm, (c) 2.0 μm, (d)
1.8 μm, (e) 1.6 μm; and a glass substrate (f).

Figure 3. Characteristic frequency as a function of the samples
thickness.



where we registered a shift from 304 cm−1 to 297 cm−1. This
slight shift to a lower frequency is attributed to the SOP mode
effect [10, 19].

In figure 3, frequency modes depending on the samples
thickness are presented. As one can see from the figure, CdS
thin mode frequencies do not distinctly vary with the thick-
ness of samples.

Samples thickness is revealed by FIR measurements.
Figure 2(b) represents the calculated spectra for different film
thicknesses. The calculated spectrum for the CdS film of
thickness 1.0 μm is presented by the dashed line, for 1.6 μm
by the dotted line and for 2.2 μm by the solid line. The figure
shows that for different thickness there is a significant var-
iance in the calculated spectra. For small values of film
thickness, the thin film calculated spectra is comparable to the
glass substrate’s reflectivity spectra; with increasing film
thickness, spectra increasingly resemble the spectrum of the
CdS bulk crystal.

4. Conclusion

In this paper, we present the results of our investigations of
CdS thin films with different thicknesses. We determined that
all of the samples’ surfaces are relatively smooth and uniform,
having well defined nanosized grains with relatively small
roughness values. Far–infrared spectra measurements reveal,
besides characteristic CdS modes and their multiphonon
combinations, the existence of surface optical phonon modes.
A numerical model for calculating the reflectivity coefficient
of a complex system, which includes films and substrate, has
been applied. We treat the CdS thin film as a mixture of
homogenous spherical inclusions in air, modeled by the
Maxwell–Garnet formula. Besides characteristic cadmium
sulphide modes, we registered the existence of SOP modes.
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Abstract
In this paper, we used the Czochralski method to obtain good quality yttrium aluminium garnet
(YAG, Y3Al5O12) and yttrium aluminium garnet doped with neodymium (Nd:YAG) crystals.
The investigations were based on the growth mechanisms and the shape of the liquid/solid
interface crystallization front on the crystal properties and incorporation of Nd3+ ions. The
obtained single YAG and Nd:YAG crystals were studied by use of x-ray diffraction, Raman and
IR spectroscopy. There are strong metal oxygen vibrations in the region of 650–800 cm−1 which
are characteristics of Al-O bond: peaks at 784/854, 719/763 and 691/707 cm−1 correspond to
asymmetric stretching vibrations in tetrahedral arrangement. Peaks at 566/582, 510/547 and 477/
505 cm−1 are asymmetric stretching vibrations and 453/483 cm−1 is the symmetric vibration of
the Al-O bond in octahedral arrangements of the garnet structure. Lower energy peaks
correspond to translation and vibration of cations in different coordinations—tetrahedral,
octahedral and dodecahedral in the case of the lowest modes.

Keywords: crystal growth, YAG, Nd:YAG, Czochralski technique, optical material, Raman
lasers, infrared and Raman spectra

1. Introduction

Garnets are a fascinating palette for study. The unique crystal
chemistry of the garnets with eight-, six- and four-coordinate
crystallographic sites can lead to seemingly endless composi-
tional combinations of alkaline earth metals, rare earth ele-
ments, transition metals and main group elements such as
aluminium, silicon, gallium and germanium, both in nature and
in the laboratory [1, 2]. As a result, and also owing to some
favorable physical and optical properties, garnet-based mate-
rials (such as single crystals and transparent ceramics) have
found great favour for use as solid-state laser materials. While
the field of optics has advanced at a rapid pace to develop and
improve such lasers it would seem that the crystal growth of
garnets has not advanced quite at the same pace. Though the
Czochralski and flux growth of YAG have enjoyed several
advances (in particular the understanding of compositional
variations, interface shape and diameter control), YAG crystals
are still grown much in the same way as they were in the early
days of laser materials research some 40–50 years ago [1].

Yttrium aluminium garnet (YAG) and yttrium aluminium
garnet doped with neodymium (Nd:YAG) are two of the most
popular crystals used in solid-state laser technology [2–5].
Good optical quality, high mechanical strength as well as
good chemical stability have made them standard materials in
industrial, medical and scientific applications [6, 7]. Since the
Czochralski (CZ) technique is the conventional method for
growing Nd:YAG single crystals [8, 9], it is very important to
investigate the defects of the crystal formed during this
growth technique. The formation of this defect has adverse
effects on the optical homogeneity of the active medium [10]
and causes a large area of the grown crystal to become
useless.

During the crystals growth process it is possible,
according to the CZ method, to influence the shape of the
liquid/solid interface through the growth parameters, such as
both the growth and crystal rotation rate, as well as the
temperature gradient. It should be certainly mentioned that
growth and rotation rates are rather constant, while the tem-
perature distribution in a melt changes during the process of
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crystal growth, as the melt level decreases. That causes gra-
dual reduction of the melt depth, which on the other hand, can
change the stirring conditions and consequently the tem-
perature distribution when lower depths are involved.

In this work, YAG and NdːYAG single crystals were
produced. YAG single crystals with and without dopant Nd3+

without cores were characterized by XRD, Raman and IR
spectroscopy.

2. Experimental procedure

YAG and NdːYAG single crystals were grown by the CZ
technique using a MSR 2 crystal puller controlled by a Euro-
therm. The atmosphere of argon was used. The starting materials
were powdered Y2O3, Al2O3 and Nd2O3 (all Koch&Light) all of
4N purity. Powdered ZrO2 (Koch&Light) of 4N purity was used
for isolation. The purity of argon (Tehnogas) was 4N. The iri-
dium crucible (40mm diameter, 40mm high) was placed into an
alumina vessel surrounded by ZrO2 wool isolation. Double walls
were used to protect the high radiation. To decrease the radial
temperature gradient in the melt, alumina was mounted around
all of the system. The pull rates were generally in the range
0.8–3mmh−1, and the best results were obtained with a pull rate
of 1mm h−1. The crystal rotation rates were between 6 and
100 rpm. The best results were obtained with a crystal rotation of
20 rpm. The diameters of crystals were between 10 and 20mm.
The crucible was not rotated during the growth. After the growth
run, the crystal boule was cooled at a rate of about 50K h−1

down to room temperature.
Various concentrations of solutions of H3PO4 at different

temperatures and for various exposure times were tried for
chemical polishing and etching. For chemical polishing,
exposure to a concentrated (85%) solution of H3PO4 at 603 K
for 20 min was confirmed to be suitable. Exposure for 1 h to
an 85% solution of H3PO4 at 493 K after was found to be
convenient for etching [6, 10].

All the obtained crystal plates were observed in polarized
light to visualize the presence of a core and/or striations. The
absence of a core was confirmed by viewing both of the
polished crystal slices in normal light (figure 1).

The crystal structure of YAG and Nd:YAG single crys-
tals were approved using the x-ray diffractometer (XRD,
Model Philips PW 1050) diffractometer equipped with a PW
1730 generator, 40 kV× 20 mA, using CuKα radiation of
1.540 598 Å at room temperature. Measurements were done
in the 2 θ range of 10–80° with a scanning step width of 0.05°
and 10 s scanning time per step.

The Raman spectra in a spectral range from 100 to
900 cm−1, in back scattering geometry, were obtained by the
micro-Raman Jobin Yvon T64000 spectrometer, equipped
with a nitrogen cooled charge-coupled device detector. As the
excitation source we used the 514 nm line of an Ar-ion laser.
The measurements were performed at 20 mW.

The infrared (IR) measurements were carried out with a
BOMMEM DA-8 FIR spectrometer. A DTGS pyroelectric
detector was used to cover the wave number range from 50 to
900 cm−1.

3. Results and discussion

Investigations that were carried out with YAG not containing
Nd3+ ions helped us a lot in our studies of YAG containing
Nd3+ ions. When investigating YAG containing no Nd3+ ions
we noticed that after the performed inversion of the liquid/
solid interface the crystals obtained did not have cores. On the
contrary, when we analyzed YAG containing Nd3+ ions we
immediately saw that the whole system was far more sensi-
tive, due to the presence of Nd3+ ions, to any change in
growth conditions and all our attempts to obtain crystals
without a core caused a blurring of the crystals.

The structural properties were obtained using x-ray dif-
fraction analysis of powdered single samples. An x-ray dif-
fraction for powdered Nd:YAG is given in figure 2(a). The
unit cell of Nd:YAG is calculated by the least square method
using 15 reflections including more Kα2 for 1 reflection. In
figure 2, all the reflections correspond to the Nd:YAG crystal
and not any other phase was found.The calculated result
reveals the Nd:YAG crystal crystallizes in cubic with space
group Ia3d and the lattice parameter is a= 12.0138 Å, which
is consistent with the published data (Ref. [6, 11] (12.011 Å)).
The little divergence can be explained by the fact that x-ray
powder diffraction analysis gives a statistical result. The cell
parameter is much larger than that of the YAG crystal. The
radius of the Nd3+ ion (1.12 Å) is larger than the radius of the
Y3+ ion (1.01 Å), and the difference of about 10.9% not only
makes it complicated to incorporate it into the Y3+ site of the
crystal lattice, but also results in a larger cell parameter.

The x-ray diffraction (XRD) curve of the [111] Nd:YAG
is shown in figure 2(b). The FWHM of [111] symmetric
rocking curve measured by x-ray double-crystal dif-
fractometry is equal to 0.335 42. Compared with the research
of Chani by the CZ method (FWHM=0.381) [12] and Zhang
by the horizontal directional solidification—HDS method
(FWHM=0.2631) [11], the value of FWHM demonstrates
the good crystallinity of the Nd:YAG crystal.

YAG is one of the garnet family compounds. The garnets
usually have a general formula of [A]3{B}2(C)3O12, where [ ],
{ }, and ( ) denote dodecahedral, octahedral, and tetrahedral
coordinations, respectively. YAG and Nd:YAG have a cubic
structure with Oh

10
—Ia3d space group symmetry with eight

units in the unit cell. Three different sites are available in the
lattice. The dodecahedral site c with local symmetry D2, is
normally occupied by the large Y3+ ions surrounded by eight
O2− ions, the octahedral site a (local symmetry C3i) is nor-
mally occupied by Al3+ surrounded by six O2− ions and the
tetrahedral site d (local symmetry S4) is occupied by Al3+.
The Al3+ cations occupy eight octahedral sites of C3i sym-
metry and twelve tetrahedral sites of S4 symmetry. Nd3+ ions
usually replace Y3+ cations placed in twelve dodecahedral
sites of D2 symmetry [13]. Figure 3 shows the crystal struc-
ture of YAG, where Y3+ is coordinated with eight oxygen ions,
some Al3+ are six-fold coordinated and others are four-fold
coordinated. Each AlO6 octahedron is connected to six AlO4

tetrahedrons, and each AlO4 tetrahedron is connected to four
AlO6 octahedrons by sharing the corners. Y3+ locates at the
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space inside the AlOx framework. The Nd3+ replaces the Y3+ of
the Y-O dodecahedron in the Nd3+ doped YAG crystal.

The large number of atoms in the primitive cell leads to
240 (3 × 80) possible normal modes which can be classified
according to the irreducible representation of the Oh group as
follows: 3A1g + 5A2g + 8Eg + 14T1g + 14T2g + 5A1u + 5A2u + 10
Eu + 18T1u + 16T2u. The 25 modes having symmetries A1g,
Eg., and T2g are Raman active while the 18 having T1u sym-
metry are IR active [14–16]. 16 of the 25 Raman active
vibrational modes can be observed in the Raman spectrum
from 100 to 900 cm−1. The Raman spectrum of rare earth
doped YAG compounds can be divided into two different
parts: the high frequency region (500–900 cm−1) and the low
frequency region (<500 cm−1). The high frequency region
accounts to the ν1 (breathing mode), ν2 (quadrupolar) and ν4
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Figure 1 A view of an obtained (a) YAG and (b) Nd:YAG single crystals plate.

Figure 2. X-ray diffraction patterns (a) of the powdered sample Nd3+:YAG and (b) of the [111] Nd:YAG crystal.

Figure 3. Crystal structure of YAG. Red, green, blue polyhedrons
represent YO8 dodecahedrons, AlO6 octahedrons, and AlO4

tetrahedrons, respectively. The corners are shared between AlO6

and AlO4.



molecular internal modes associated with the (AlO4) group,
whilst the low frequency region is due to: (i) the translational
motion of the rare earth ions, (ii) the rotational and transla-
tional motion of the AlO4 units, and (iii) the ν3 molecular
mode of the AlO4 [14, 15].

The Raman spectra of YAG and Nd:YAG single crystals
have been recorded in the 100–900 cm−1 spectral range at
room temperature (figure 4). The difference in the Raman
spectral shape is indeed observed from the pure YAG crystal
to Nd3+ doped YAG.

This clearly indicates that Nd-doping does replace ions in
the crystal, thus changing the original YAG vibrational modes
toward the Nd:YAG Raman spectrum. We believe that the

replaced ions are centred instead of aluminium ions in the
tetrahedrons and octahedrons. According to work by Su et al
on Nd:YAG [17], the peaks at 161, 219, 263, 340, 373, 402
and 407 cm−1 in figure 4 and table 1 have been attributed to
the translatory motion of the Y or Nd ions within the distorted
cube with eight oxygen ions at the corners, and also the heavy
mixing of the translational, rotational, and ν3 mode of the
(AlO4) unit. The vibrational modes at 543 and 556 cm−1 can
be assigned as the ν2 mode of the (AlO4) unit. These peaks
are the internal stretching vibrations (ν1 and ν4) between
aluminium ions and oxygen in the tetrahedral (AlO4) unit.

The Nd3+ ions substitute for Y3+ in YAG without the
need for charge compensation. The larger size of the Nd3+

ions results in a polyhedral with sides that are greater than
those in the Al3+ polyhedral. That distorts the lattice and thus
limits the maximum doping concentration to several atomic
weight percent. The concentration of Nd3+ in our samples is,
as is common for laser materials, 0.8 wt.%. The lattice strains
that are introduced by doping affect the properties of the
optical spectra.

The optical spectra of YAG and Nd:YAG single crystals
were recorded in far IR region at room temperature (298 K).
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Figure 4. Raman spectra of YAG and Nd:YAG single crystals at
room temperature.

Figure 5. IR reflectance spectra of YAG and Nd:YAG single crystals
at room temperature.

Figure 6. TO and LO modes of YAG and Nd:YAG single crystals
obtained by the Kramers–Krönig analysis.

Table 1. Position (cm−1) of the modes in the Raman spectra and
symmetries of lines of YAG NdːYAG single crystals.

Experimental fre-
quency (cm−1)

Symmetry
type YAG NdːYAG Vibrations

Eg 164 162 Y or Nd
T2g 219 221 Translation
T2g 263 263
T2g 294 295 Translation +
Eg 340 343 Rotation +
A1g 373 373 ν3 (AlO4)
T2g 403 409
Eg — 407
T2g 544 548
A1g 556 557 ν2 (AlO4)
T2g 690 693
Eg 720 720
T2g 720 720 ν1 + ν4

(AlO4)
A1g 784 783
T2g 857 858



The IR reflectance spectra of these crystals are shown in
figure 5.

Seventeen of 18T1u IR-active modes are visible in the
near normal reflectivity spectra of YAG and Nd:YAG crys-
tals, figure 5. There are strong metal oxygen vibrations in
region 650–800 cm−1 which are characteristics of the Al-O
bond: peaks at 784/854, 719/763 and 691/707 cm−1 corre-
spond to asymmetric stretching vibrations in a tetrahedral
arrangement. Peaks at 566/582, 510/547 and 477/505 cm−1

are asymmetric stretching vibrations and 453/483 cm−1 is the
symmetric vibration of the Al-O bond in an octahedral
arrangement of garnet structure. Lower energy peaks corre-
spond to translation and libration of cations in different
coordinations—tetrahedral, octahedral and dodecahedral in
the case of the four lowest modes (table 2) [18].

The graphical presentation of the Kramers–Krönig ana-
lysis shows that the doping of YAG with Nd, TO modes
undergo a red shift of 1–3 cm−1, which is expected because of
the greater atomic mass of neodymium (144.2) related to
yttrium (88.9) (figure 6). The values of these modes are
presented in table 2.

4. Conclusion

In conclusion, the Czochralski technique has been used suc-
cessfully to produce yttrium aluminium garnet (YAG) and
yttrium aluminium garnet doped with neodymium (NdːYAG)
single crystals. The obtained crystals were studied by x-ray
diffraction, Raman and IR spectroscopy. The crystal structure
was confirmed by XRD. We observed 15 Raman and 17 IR
modes. The Raman and IR spectroscopy results are in
accordance with x-ray diffraction analysis. The obtained
YAG and NdːYAG single crystals were without cores and
with good optical quality. The absence of a core was con-
firmed by viewing polished crystal slices. Also, it is important
to emphasize that the obtained NdːYAG single crystal has a
concentration of 0.8 wt.% Nd3+ that is characteristic for laser
materials.
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Abstract:   

Nano spinel ferrites MFe2O4 (M= Ni, Mn, Zn) were obtained by soft mechanochemical 
synthesis in a planetary ball mill. The appropriate mixture of oxide and hydroxide powders 
was used as initial compounds. All of this mixture of powders was mechanically activated, 
uniaxial pressed and sintered at 1100°C/2h. The phase composition of the powders and 
sintered samples were analyzed by XRD and Raman spectroscopy. Morphologies were 
examined by SEM. In this study, the AC-conductivity and DC-resistivity of sintered samples of 
MFe2O4 (M= Ni, Mn, Zn) ferrites were measured at different frequencies and at room 
temperature. The values of the electrical conductivities show an increase with increasing 
temperature, which indicated the semiconducting behavior of the studied ferrites. The 
conduction phenomenon of the investigated samples could be explained on the basis of 
hopping model. The complex impedance spectroscopy analysis was used to study the effect of 
grain and grain boundary on the electrical properties of all three obtained ferrites. 
Keywords: Ferrites, Raman spectroscopy, DC conductivity, Complex impedance. 

 
 
 
1. Introduction 
 

Ferrites are homogeneous materials composed of various oxides containing iron oxide 
(Fe2O3) as their main constituent [1]. Spinel ferrites have been investigated in recent years for 
their useful electrical and magnetic properties, and applications in several important 
technological fields such as ferrofluids, magnetic drug delivery and magnetic high-density 
information storage [1-4]. The synthesis and magnetic structure characterization of spinel 
metastable nano-ferrites have been investigated with much interest. Among these spinel 
ferrites, the inverse type is particularly interesting due to its high magnetocrystalline 
anisotropy, high saturation magnetization from a typical crystal and magnetic structure. The 
properties of the synthesized materials are influenced by the composition and microstructure, 
which are sensitive to the preparation methodology used in their synthesis.  
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In recent years, a number of chemical and physical methods have been attempted to 
produce nanosize ferrites. Some of the main physical methods include mechanical milling 
[5-7], severe plastic deformation consolidation and inert gas condensation [8]. The widely 
used chemical methods are electro-deposition [9], hydrothermal reaction [10-12], co-
precipitation [13-15], organic precursor method [16], sonochemical decomposition [17] and 
sol-gel synthesis technique [18-20]. Aggregation and coarsening of particles at elevated 
temperatures is a critical obstacle in majority of the above mentioned synthesis techniques. 
 Mechanochemical treatment has been recognized as a powerful technique for 
synthesis of a wide range of materials. New approach to mechanochemical synthesis, based 
on reactions of solid acids and bases, crystal hydrates, basic and acidic salts, which react 
with each other releasing water, has been called soft mechanochemical synthesis [21]. In 
many cases, when it comes to classical synthesis reaction sintering process, requires high 
temperatures, which can present an additional problem in industrial production. 
Mechanochemical derived precursors exhibit significantly higher reactivity and thus lower 
the calcination and sintering temperature. 

In present work, nanosized nickel, manganese and zinc ferrites were synthesized 
using the soft mechanochemical treatment. The soft mechanochemical reaction leading to 
formation of the spinel phase was followed by X-ray diffraction and Raman spectroscopy. 
Scanning electron microscopy was used to analyze microstructure of the sintered sample. 
The electrical character of obtained ferrites was confirmed by measurements of electrical 
AC-conductivity and DC-resistivity at different frequencies and at room temperature. 

 
 

2. Experimental  
 

  In present work MnFe2O4, NiFe2O4 and ZnFe2O4 ferrites were prepared from 
appropriate mixture of powders Mn(OH)2/α-Fe2O3, Ni(OH)2/α-Fe2O3 and Zn(OH)2/α-Fe2O3 
by soft mechanochemical synthesis in a planetary ball mill for 25 h, 25 h and 18 h, 
respectively. The obtained ferrite powders were pressed into pallets and sintered at         
1100 °C/2h. Heating rate was 10 °C min-1, with nature cooling in air atmosphere. The 
formation of phase and crystal structure of ferrites was approved using the X-ray 
diffractometer (XRD, Model Philips PW 1050 diffractometer). Raman measurements of 
sintered samples were performed using Jobin-Ivon T64000 monochromator. Room 
temperature Raman spectra are in spectral range from 100 to 800 cm-1.  
 TEM studies were performed using a 200 kV TEM (JEM-2100 UHR, Jeol Inc., 
Tokyo, Japan) equipped with an ultra-high resolution objective lens pole piece having a 
point-to-point resolution of 0.19 nm, being sufficient to resolve the lattice images of 
nanoparticles. 

The morphology and microstructure of sintered samples were examined using 
scanning electron microscope (SEM, Model JEOL JSM-6460LV). The sintered samples in 
the disc shape were prepared for microstructure examination and electrical properties by 
polishing to thickness of 1 mm with silicon carbide and alumina powder and cleaning in an 
ultrasonic bath in ethanol.  
 In this study, the ferrite samples used for electrical measurements were coated with 
silver paste to ensure good ohm contacts. Thus prepared samples with silver electrodes 
deposited on both sides can be considered electrically equivalent to a capacitance Cp in 
parallel with a resistance Rp. These AC parameters were measured directly in the frequency 
range 100 Hz to 1 MHz at room temperature using an Impedance Analyzer HP-4194A. The 
AC conductivity was determined using the following relation: 

                                                  εωεσ ′′= 0AC                                                                (1) 
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where ε'' = (ωRpC0)-1, ω = 2πf is the angular frequency of the applied field and ε0 represents 
the permittivity of vacuum equal to 8.85×10–12 F m-1. The capacitance C0 is determined by 
area of electrode A and distance between the electrodes d, as follows C0 = Aε0/d. The DC 
resistivity of the synthetized ferrites was measured at room temperature by simple two-probe 
method. A Source Meter Keithley 2410 was used for the said purpose. The DC resistivity 
was calculated by using the following formula: 

                                                  
d

RA
DC =ρ                                                                      (2) 

where R is the measured resistance, A is area of electrode and d is the thickness of the 
sample. 
 
 
3. Results and discussions 

 
Formations mechanisms of materials from nanopowders by soft mechanically 

assisted synthesis (mechanochemical synthesis) are complex have not been fully understood 
yet. During the ferroelectric materials formation, the process passes through few steps. 
Generally, it starts with the decrease in particle and grain size of starting materials following 
by the nucleation and crystallization of target compound. As the result of mechanically 
assisted synthesis, nanocrystalline powders can be obtained directly from their 
oxide/hydroxide mixtures after milling. 
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Fig. 1. X-ray diffraction patterns of the MFe2O4 (M= Ni, Mn, Zn) powders and sintered 
samples at 1100 °C/2h. 

 
The Fig. 1 shows the X-ray diffraction spectra of NiFe2O4, MnFe2O4 and ZnFe2O4 

powders and appropriate ferrite samples after sintering at 1100 ºC/2h. All peaks detected at 
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about the 2θ = 22º, 36º, 42º, 44º, 51º, 64º, 68º and 75º clearly pointed to the formation of the 
new phase of NiFe2O4 (JCPDS card 89 4927), MnFe2O4 (JCPDS card 74-2403) and ZnFe2O4 
(JCPDS card JCPDS card 89-7412). The peaks are well indexed to the crystal plane of spinel 
ferrite (k h l) (111), (220), (311), (222), (400), (422), (511) and (440), respectively. This 
confirms that the mechanochemical synthesis of NiFe2O4 and MnFe2O4 are feasible and 
complete after 25 h milling time of the mixture of the Ni(OH)2/α-Fe2O3 and Mn(OH)2/α-
Fe2O3 and sintered at 1100 °C/2h. The mechanochemical synthesis of ZnFe2O4 from mixture 
of the Zn(OH)2/α-Fe2O3 was completed after 18 h of milling time, than sintered at same 
temperatures as NiFe2O4, MnFe2O4. The size crystallite is calculated by Scherrers equation: 

L = λCo / [w(2θ) · cosθ] 
where w(2θ) is peak width in radians, 2θ is peak position and λCo = 1.78897 Å wavelength of 
used X-ray source. The mean size is L = 49, 45 and 54 nm for NiFe2O4, MnFe2O4 and 
ZnFe2O4, respectively. 
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Fig. 2. Raman spectra for the sample of the MFe2O4 (M= Ni, Mn, Zn) sintered  

at 1100 °C/2h. 
 

The Fig. 2 shows Raman spectra for the NiFe2O4, MnFe2O4 and ZnFe2O4 prepared 
by the soft mechanochemical synthesis. To simplify, peaks are assigned as for normal spinel 
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structure. But, all five Raman peaks are asymmetric (or dissociated). Each peak can be 
presented like a doublet, what is a characteristic of the inverse spinel structure. At a 
microscopic level the structure of MFe2O4 (M= Ni, Mn, Zn) can be considered as a mixture 
of two sublattices with Fe3+ and M2+. It is supposed that Fe3+ and M2+ are ordered over the A 
and B-sites.  

The A1g mode is due to symmetric stretching of oxygen atoms along Fe-O (and M-
O) bonds in the tetrahedral coordination. Eg is due to symmetric bending of oxygen with 
respect to the metal ion and F2g(3) is caused by asymmetric bending of oxygen. F2g(2) is due 
to asymmetric stretching of Fe (Ni, Mn or Zn) and O. F2g(2) and F2g(3) correspond to the 
vibrations of octahedral group. F2g(1) is due to translational movement of the tetrahedron 
(metal ion at tetrahedral site together with four oxygen atoms). There is a negligible 
displacement of metal atoms in modes A1g, Eg and F2g(3) [22].  

All five Raman peaks are asymmetric, with shoulder on the low energy side. Each 
peak can be presented like a doublet. At a microscopic level the structure of MFe2O4 (M= 
Ni, Mn, Zn) can be considered as a mixture of two sublattices with Fe3+ and M2+ (M= Ni, 
Mn, Zn). It is supposed that Fe3+ and M2+ are ordered over the B-sites. In nanocrystalline 
samples asymmetry is partly due to confinement and size-distribution of nanoparticles.  

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. SEM micrograph pattern of the MFe2O4 (M= Ni, Mn, Zn) sintered at 1100 °C/2h. 
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 Fig. 3 shows SEM images of NiFe2O4, MnFe2O4 and ZnFe2O4 ferrites sintered at 
1100 °C/2h. Relatively uniform distribution of grain size polygonal shape was formed. In the 
case of sintered nickel-ferrite grain size in the range of 0.3-1.5 μm, while in the sintered 
samples of manganese- and zink- ferrites grain size are in the range of 0.3-1.2 μm and 0.2-
1.0 μm, respectively (Fig. 3). It is obvious that this difference in the grain size is due to 
different starting precursors and not to the conditions of the synthesis process. Based on the 
micrographs it can be concluded that the sintered samples, in the case of the ZnFe2O4 ferrite 
has lower porosity than the NiFe2O4 and MnFe2O4 ferrite, which is in agreement with the 
determined density based on Archimedes principle. The density are 3.93 g cm-3

, 4.2 g cm-

3and 5.58 g cm-3 for NiFe2O4, MnFe2O4 and ZnFe2O4 ferrite sintered samples, respectively. 
Density can be attributed to the difference in specific cations of the ferrite components, as 
NiO (6.72 g cm-3) is heavier than MnO (5.28 g cm-3) and ZnO (5.60 g cm-3).  
 

  
 

 
 

 
 
Fig. 4. TEM images with corresponding EDP (insets in the upper right corners) of mechano-
chemically treated samples with starting compositions Ni(OH)2/α-Fe2O3, Mn(OH)2/α-Fe2O3 

and Zn(OH)2/α-Fe2O3 after processing for 25 and 18h. 
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All of the synthesized ferrite samples are also characterized by transmission electron 
microscope. For this the powder samples are dispersed in methyl alcohol and a drop of these 
dispersions are allowed to dry on the transmission electron microscopy grids. The 
micrographs thus obtained are shown in insets of Fig. 4. Particle size distribution for all tree 
ferrites is in ranges between 5-20 nm. This is in agreement with XRD analysis, where 
particle size for NiFe2O4, MnFe2O4 and ZnFe2O4 are about 7, 16 and 17 nm respectively. 

 In order to understand the conduction mechanism and the hopping of charge 
carriers responsible for the conduction mechanism, the variation of electrical AC 
conductivity of ferrites under investigation is determined from measurement data using the 
relations (1). Generally, conductivity is an increasing function of frequency if it takes place 
by hopping of charges and it is a decreasing function of frequency if the band conduction is 
used [23].  

The variation of AC conductivity is represented as a function of frequency in the 
range 100 Hz to 1 MHz at room temperatures. It is observed that electrical conductivity of 
all sintered samples increases with increasing frequency of the applied field. This behavior 
could be explained on the basis of Maxwell-Wagner model and Koops phenomenological 
theory [24], which assumes that the ferrites consist of conductivity grains separated by 
highly resistive thin layers (grain boundaries). As the frequency of the applied filed 
increases, the conductive ferrite grains became more active by promoting the hopping of the 
electrons between Fe2+ and Fe3+ ions (n-type) on the octahedral (B) sites [25, 26]. As a 
result, the AC conductivity of all ferrites under study increases. But, various reports show 
that the hole hopping between Ni2+ and Ni3+. (p-type) on B site also contribute to the electric 
conduction in the case of NiFe2O4ferrites [25, 27].  

In our present case, frequency dependent AC conductivity of samples under study 
varies from 10-7 to 10-3 (Ωcm)-1 and the conductivity behavior for all ferities is analogous 
with each other. From the Fig. 5, one can see that the ZnFe2O4 has the highest values of AC 
conductivity compared to the NiFe2O4 and MnFe2O4 at different frequencies and at room 
temperature. The measured values of DC resistivity of present MFe2O4 (M= Ni, Mn, Zn) 
ferrites are given in the Table 1. It is observed that NiFe2O4 has the highest value of the DC 
resistivity compared to the other two ferrite samples, which is in good agreement with 
results of AC conductivity. The high value of electrical resistivity makes NiFe2O4 ferrite 
good candidate for microwave devices applications that require negligible eddy currents.  

 
Fig. 5. Variation of AC conductivity with frequency for MFe2O4 (M= Ni, Mn, Zn) ferrites at 

room temperature. 
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Tab. I. The values of DC resistivity at room temperature for the MFe2O4 (M=Mn, Ni, Zn) 
samples. 

 
sample 

 

 
ρDC (Ωcm) 

 
 

NiFe2O4 
 

 
2.72×105 

 
 

MnFe2O4 
 

 
2.01×104 

 
 

ZnFe2O4 
 

 
2.81×103 

 
 

In the present study, the complex impedance spectroscopy [28] as well-developed 
tool has been used to separate out the grain boundary and grain contribution to the total 
electrical conductivity of sintered ferrites. In this regard, impedance spectra (Cole-Cole 
plots) have been drawn in the frequency range from 100 Hz to 1 MHz at room temperature. 
It is evident from Fig. 6(a) that one semicircle are obtained in the impedance spectra of 
NiFe2O4 and MnFe2O4 ferrites indicating one dominant relaxation phenomenon and 
suggesting a dominant role of the grain boundary contribution. But, if we analyze the 
impedance response measured for ZnFe2O4 ferrite, it is noticeable that the impedance 
spectrum includes both grain and grain boundary effects (see Fig. 6b)). The diameters of 
these semicircles correspond to the resistance: a larger one at low frequency represents the 
resistance of the grain boundary and a smaller one obtained at the higher frequency side 
corresponds to the resistance of grain properties [29].  

 

 
 

Fig. 6. Impedance spectra for (a) NiFe2O4 and MnFe2O4 ferrites and (b) ZnFe2O4 ferrite at 
room temperatures. Insets: proposed equivalent circuits model for analysis of the impedance 

data. 
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Tab. II. Impedance parameters for MFe2O4 (M=Mn, Ni, Zn) ferrites calculated from their 
impedance response at room temperature. 

 
sample 

 

 
Rgb (kΩ) 

 

 
Cgb (F) 

 

 
ngb 

 

 
Rg (kΩ)  

 

 
Cg (F) 

 

 
ng 

 
 

NiFe2O4 
 

 
66075.1 

 

 
1.72E–10 
 

 
0.723

 

 
– 

 

 
– 

 

 
– 

 
 

MnFe2O4 
 

 
12842.5 

 

 
1.08 E–10 
 

 
0.775
 

 
– 

 

 
– 

 

 
– 

 
 

ZnFe2O4 
 

 
1173.4 

 

 

7.13E–9 
 

 
0.807
 

 
54.3 

 

 
1.44E–10 
 

 
0.839 
 

 
In order to correlate the electrical properties of MFe2O4 (M= Mn, Ni, Zn) samples 

with the microstructure of these ferrites, the equivalent circuit models shown in the insets of 
Fig. 6 have been used to interpret their impedance response. In the proposed models, Rgb and 
Rg represent the grain boundary and grain resistance, while CPEgb and CPEg are the constant 
phase elements for grain boundaries and grain interiors, respectively [30]. The CPE is used 
to accommodate the non-ideal Debye-like behavior of the capacitance which is given by 
relation C = Q1/nR(1–n)/n, where the value of parameter n is 1 for a pure capacitor [25, 27, 30, 
31]. The electrical parameters of equivalent circuits were obtained by analyzing the 
impedance data using EIS Spectrum Analyzer software [32]. The calculated values of these 
impedance parameters are given in Table 2. In the case of ZnFe2O4 ferrite, it is observed that 
resistance and capacitance have higher values for the grain boundary than for the grain. 
Higher value of capacitance can be explained by the fact that capacitance is inversely 
proportional to the thickness of the media [30]. Among all prepared samples, the ZnFe2O4 
exhibits the lowest value of resistances which means greater polarizability for this ferrite. 
The lower total resistance at ZnFe2O4 promotes rate of electron hopping, which is the sole 
process for both conduction and polarization in ferrites [33]. Thus, the trend observed in 
both the electrical conductivity and complex impedance of present MFe2O4 (M= Ni, Mn, Zn) 
ferrites are in good agreement with each other. 

 
 

4. Conclusions 
 

MFe2O4 (M=Mn, Ni, Zn) ferrite powders and sintered samples were prepared by soft 
mechanochemical synthesis. Single phase nanosized NiFe2O4 and MnFe2O4 ferrite were 
synthesized by 25 h ball milling, while the ZnFe2O4 ferrite powder was obtained after 18 h 
of milling. All three samples obtained ferrites were sintered at the same temperature (1100 
°C) and for the same time (2 h). X-ray diffraction of the prepared samples shows single 
phase cubic spinel structure. All of five first-order Raman active modes characteristic for 
spinel structure were observed in obtained Raman spectra. The obtained sintered ferrite 
samples have polygonal grains. The value of AC conductivity of the ZnFe2O4 is higher than 
the values of the MnFe2O4 and NiFe2O4 at different frequencies and at room temperature. 
Also, the values of DC resistivity are 2.72×105, 2.01×104 and 2.81×103 for sintered MFe2O4 
(M= Ni, Mn, Zn) ferrites, respectively. Based on impedance measurements it can be 
concluded that the dominant role of the grain boundary contribution is characteristic for both 
NiFe2O4 and MnFe2O4 ferrites. On the other hand, one can see that the impedance spectrum 
of ZnFe2O4 ferrite includes both grain and grain boundary effects. 
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Садржај: Нано спинел ферити MFe2O4 (M= Ni-никал, Mn-манган, Zn-зинк) су били 
добијени софт механохемијском синтезом у планетарном млину са куглама. 
Мешавине одговарајућих прахова оксида и хидроксида су коришћене као полазне 
компоненте. Свака од ових смеша је механички активирана, затим пресована и 
синтерована на 1100 °C током  2 часа. Фазни састав праха и синтерованих узорака 
анализиран је ренгено структурном анализом (XRD) и Раман спектроскопијом. 
Морфологије су биле прегледане на скенирајућем електронском микроскопу. У овом 
раду, АC- проводности и DC-отпорности на синтерованим узорцима MFe2O4 (M= Ni-
никал, Mn-манган, Zn-зинк) ферита су мерене на различитим фреквенцијама и на 
собној температури. Вредности електричне проводности показују раст са 
повећањем температуре, што указује на проводно понашање испитиваних ферита. 
Феномен проводности испитиваних узорака може бити објашњен на основу модела 
скока. Анализа комплексном импедансном спектроскопијом је била коришћена за 
проучавање ефекта зрна и границе зрна на електричне особине код сва три добијена 
ферита.  
Кључне речи: Ферити, Раман спектроскопија, DC проводност, комплексна 
импеданса. 
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a b s t r a c t

Indium selenide belongs to layered III–VI semiconductors with highly anisotropic optical and electronic
properties. Energy gap of 1.32 eV makes this material very attractive for solar energy conversion. We
investigated the influence of 1% 3-d transition metals M¼Mn, Fe, Co, Ni, used as dopants, on energy
levels of InSe:M in the range 1.4–6.5 eV and especially in the range of energy gap o1.4 eV by means of
ellipsometric measurements. It was concluded that at ambient temperature foregoing dopants, all di-
valent, with 4s2 valent electrons, in the similar way influenced on blue-shift of energy levels in valent
zone, but did not influence on the fundamental energy gap. Photoluminescence measurements con-
firmed blue-shift of the valent zone energy levels and an existence of deep impurity levels.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Layered semiconductors are of great interest because they have
highly anisotropic optical and electronic properties and relatively
inert basal planes. Because of these properties, layered semi-
conductors are often used as photochemical electrodes. Indium
selenide, with its direct energy gap in near infrared energy range
[1,2], is an attractive material for solar energy conversion. Absence
of dangling bonds on the (0 0 1) plane is an additional advantage
for application as heterojunction device with a low density of in-
terface states.

The layers of InSe crystals consist of covalently bonded Se–In–
In–Se sheets with three Se atoms coordinated to one In atom.
Covalent In–In bonds are oriented perpendicular to the layers. The
bonding between the layers is weak, predominantly of Van der
Waals type and, as in the other layered III–VI semiconductors,
there exist several crystals polytypes.

There are three most common polytpes which differ by the
stacking sequences of the layers. They are described as β- (space
group P63mmc), ε-(P-6m2) and γ-polytypes (R3m). The β- and ε-
polytypes belong to the hexagonal system and each unit cell
contains eight atoms extended over two layers. The γ-polytype has
rhombohedral symmetry and its unit cell contains four atoms.

When the unit cell is transformed to the hexagonal system for the
comparison with other polytypes, the non-primitive unit cell
contains twelve atoms extended over three layers. There is also
multiplied hexagonal modification δ-(P63mc), as well as multi-
plied rhombohedral 9R and 12R modifications [3–5].

The Bridgman-grown InSe crystals are usually of γ-polytype
with rhombohedral (trigonal) symmetry. At low temperatures
photoluminescence (PL) spectra of pure InSe has two visible bands
usually: one, at higher energy, very exaggerate band corresponds
to a direct transition and the second, weaker band presents an
indirect transition. In some InSe crystals an indirect transition can
be dominant [6,7]. The presence of large concentrations of native
donors and acceptors, results in the existence of corresponding
levels in the InSe energy gap. Complicated structure of PL spectra,
especially at temperatures higher of 100 K, is due to the presence
of energy levels of various natures in the InSe energy gap. PL
spectra of different samples show various PL spectra structure. The
quality of the samples affects the structure of PL spectra. In Ref. [8]
is investigated the temperature dependence of various PL bands
that appear in the range of 100 to 295 K. At Т¼295 K the direct
and indirect energy gaps are Eg

d¼1.324 eV and Eg
i ¼1.270 eV, re-

spectively. The binding energies of the free direct and indirect
excitons are EX

d¼16.9 meV and EX
i ¼13.0 meV.) The energy depths

of the donor level below the conduction band bottom and acceptor
level above the valence band top are ED¼26 meV and EA¼60 meV,
respectively.

Doping impurities in InSe mainly segregate in interlayer
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spacing forming planar defects, like stacking faults or interlayer
precipitates. These planar defects do not affect the carrier mobility
along the layers [9,10]. For rather high concentration of doped
impurities, the effective number of charge carriers never exceeds
1016 cm-3, which is close to concentration for the pure InSe.

Doping of n-InSe with two-valence Zn, Cd, and Hg leads to
transforming of n-InSe in p-InSe and to appearing new photo-
luminescence (PL) bands. Zn-doping activates PL band at 1.17 eV
[11]. In Cd-doped samples two hole-trapping levels, at 0.42 eV and
0.48 eV above the valence band are detected [12]. A broad emis-
sion band at 1.237 eV, that is oEg, in Hg-doped InSe is due to
transition between a shallow donor level and a deep acceptor level
at 0.07 eV (424.55 cm�1) above the valence band [12].

In Ref. [13] was shown that in InSe doped with GaS exciton
energy has a blue-shift. With increasing of dopant quantity over
2.5 ppm the excitonic energy does not change. Doping of n-type
InSe by trivalent Er [14], Ho [15] and Dy [16] shows an effect on
crystal band width. The absorption measurements show a red shift
of band gap.

This paper is intended to be a contribution to the study of the
influence of impurities on the γ-InSe optical properties, concern-
ing possible impact on band gap. Firstly it was confirmed that our
crystals represent the γ-modification and then we investigated the
influence of divalent 3-d transition metals Mn, Fe, Co and Ni on the
energy band gap and excitons in doped crystals. 3-d metals have
magnetic moments, but properties of magnetically doped γ-InSe
will be a point of some other paper. Exciton-phonon interactions
are very interesting for photon absorption characteristics of solar
cell materials. We investigated the dopant influence on higher
energy levels of γ-InSe, also.

2. Experiment

InSe single crystals were grown in Institute of Physics, Polish
Academy of Sciences, using Bridgman method. The dopants were
added to the starting melt in crystal growth procedure. The
melting point of the InSe is 66075 °C. The obtained ingots had no
cracks or voids on the surface. Samples were cleaved from ingots
parallel to the layers. No polishing or cleaning treatments were
needed because of the natural mirror-like cleavage faces.

The distribution of dopant along the ingot is inhomogeneous.
In the first 60% of the ingot length the concentration of dopant is
very small (�0%) and at the end of the ingot the concentration
achieves a few atomic percents. (We used only samples with
concentration of dopants about 1 at%).

For XRD analysis the Philips PW 1050 X-ray diffractometer was
used. X-ray source was Ni filtered CuKα radiation of 1.54056 Å.
Measurements were done at room temperature in 2θ range of 5–
80° with scanning step width of 0.01° and 10 s scanning time per
step.

Raman and photoluminescent spectra were excited by Ar-ion
laser line of 514.5 nm at room temperature and 488 nm at 20 K
and recorded by a Joben-Yvon U1000 spectrometer in the back
scattering geometry. Low-temperature spectra were measured
using Leybold closed-cycle helium cryostat.

Absorption measurements at ambient temperature were car-
ried out on high resolution variable angle spectroscopic ellips-
ometer SOPRA GES5-IRSE. The quantity measured in ellipsometry
is complex reflectance ratio ρ(ω, ψ)¼rp(ω, ψ)/rs(ω, ψ), where rp
and rs are Fresnel reflection coefficients in p- and s-polarised light;
ψ is an angle of incidence-in our case fixed at 70°. The inversion of
ρ(ω, ψ) gives the complex dielectric function:

N, 1 tan 1 , / 1 , sinε ω ψ ψ ρ ω ψ ρ ω ψ ψ( ) = ² = { + ² ·[( − ( )) ( + ( ))]²}· ²

N is a complex refractive index: N¼nþ i � k. The absorption
coefficient α is calculated from coefficient of extinction, k, as:

k4 /α π λ= ·

where λ is wavelength of incident photon.

3. The band structure of γ-InSe

Energy bands of InSe have three-dimensional (3D) character. It
is confirmed theoretically, by band-structure calculation, and ex-
perimentally, by cyclotron resonance measurements [17]. Various
theoretical approaches were used to generate band structure for
(layered) γ-InSe: empirical pseudopotential method [18] with or
without spin-orbit splitting, ab initio band structure calculation
under pressure, total energy calculations using the linear aug-
mented plane wave method with relativistic corrections and spin-
orbit coupling [19,20]. Energy of fundamental gap is under-
estimated in all calculations. Gomes da Costa et al. [18] used
“scissor operator” that set gap to the experimental value 1.35 eV.
The valence band maximum and conduction band minimum of γ-
InSe are at the Z-point of the Brillouin zone (BZ). Z-point is at the
zone boundary in the direction perpendicular to the crystal layers.
(For β-InSe gap is at the Γ-point, in the center of BZ.) The top of
valence band and the bottom of the conduction band are mainly
formed by 5s indium orbitals mixed with 4pz orbitals of selenium
atoms. Bonding-antibonding repulsion of these orbitals splits en-
ergy level and forms valence band and conduction band. Interlayer
interaction of Se pz orbitals produced splitting of formed bands,
also. Below the top of the twofold degenerate valence band edge at
Z-point there are 4 bands arise from two px,y-like states which are
split by spin-orbit interaction. In Ref. [18] calculated spin-orbit
splitting is 0.32 eV for the both doublets. In Ref. [20] is estimated a
lower value of splitting for the second doublet. However, accord-
ing to Gomes da Costa et al. [18], the oscillator strength for the
other spin-orbit split pair is weak and it is expected that this
transitions could be hardly visible. It is confirmed by Schottky-
barrier electroreflectance spectroscopy [21] where only the first
doublet bands, E1 and E1′, were clearly observed.

Between �6.5 eV and �12.5 eV there is another gap that se-
parates the deep Se 4 s band from In 5s, 5p orbitals.

4. Results and discussion

The X-ray diffraction spectra recorded on the crystal sample of
pure InSe, perpendicular to (0 0 1) growth direction, is presented
in Fig. 1. When XRD is recorded in the growth direction, i.e. di-
rection of crystal layers (0 0 1), spectrum is reduced to (0 0 l) Bragg
reflections, where l¼3n in the case of rhombohedral modification,
or l¼2n in the case of hexagonal modification [22,23]. Due to si-
milar positions of (0 0 3n) and (0 0 2n) diffractions in the XRD
spectra of rhombohedral and hexagonal InSe crystals, respectively,
it is difficult to conclude which modification is in question only on
the basis of a XRD spectra recorded in the growth direction. But, an
existence of the “undesirable” diffraction at 2θ¼29.00°, confirms
that crystal structure has rhombohedral symmetry. (Reflection at
that Bragg angle exists only in powder XRD of rhombohedral
modification of InSe.)

Therefore, the peak positions in Fig. 1 are consistent with γ-
polytype of the InSe crystal structure with rhombohedral R3m
(C v3

5 ) symmetry, space group number 160. Crystal cell constants are
a¼b¼4.0568 Å, c¼24.8500 Å, what is obtained for the best fit of
spectrum (by comparing experimental spectrum with spectra
generated by PCW 2.4 programme). Coordinates of four atoms
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with Wickoff symbols 3a are In1: 0, 0, 0; In2: 0, 0, 0.1100; Se1: 0, 0,
0.6223 and Se2: 0, 0, 0.8201. Existence of only one additional (1 0
4) reflection is a confirmation of a satisfactory quality of layered
crystal. Unequal intensity of reflections suggests the presence of a
certain extent of different crystal polytypes, i.e. different stacking
sequences, formed during crystal growth.

Raman spectra reflect the symmetry of the nearest surrounding
and verify a crystal arrangement. The observed phonon fre-
quencies in various modifications of InSe are rather close, as is
reported in the literature. Phonons mainly involve vibrations of
atoms within the (InSe)2 bilayer, and therefore are not too sensi-
tive to the stacking of the bilayers. Raman spectra of pure InSe and
InSe doped with 1% M (M¼Mn, Fe, Co, Ni) excited by 514.5 nm
(2.41 eV) Ar-ion laser line, recorded in the range of 70–550 cm�1

at room temperature, are presented in Figs. 2 and 3. Fifteen modes
are registered. Positions of the observed modes correspond to first,
second and third-order phonons of γ-polytype InSe. Modes are
assigned like in Refs. [24–27]. As γ-InSe belongs to the C v3

5 space
group, with four atoms per primitive rhombohedral unit cell, there
are twelve normal modes of vibration. According to theoretical
group considerations, the normal modes are presented as:

A E4 41Γ = +

Modes A1
1 and E1 are acoustic and other modes are optical.

Optical modes are both Raman and infrared active. All atoms take
part in each vibration, A1 modes perpendicular to the layers, E
modes parallel with layers [24,25]. The Coulomb interaction can-
cels the degeneracy of some optical modes and produces the
splitting between LO and TO phonons. (There are no IR active
optical modes in Raman spectra of hexagonal InSe modifications.)

At about 40 cm�1 is the first optical E bending mode (outside
the range of our measurement). The first visible peak in our ex-
perimental spectra (Fig. 2) is at 115 cm�1 and corresponds to A1

stretching mode. In these two modes the In–Se bond does not play
a significant role because covalently bonded In and Se vibrate in
phase, Fig. 4. Restoring forces are mainly provided by interlayer
interactions and by either In–In bond bending (E), or stretching
(A1). So these low frequency modes are affected by interlayer in-
teraction and stacking sequences. At 176.9 cm�1 is E and at
226.9 cm�1 is A1 mode. Marked with an arrow is A1(LO) mode at
199 cm�1. Stretching of In–Se bond play an important role in
nonpolar E (176.9 cm�1) and polar A1(LO) (199 cm�1). These vi-
brations do not depend on interlayer interactions. In the non-polar

A1 mode at 226.9 cm�1 all bonds provide restorative stretching
force and its frequency is affected by interlayer interaction and
stacking sequences. For the A1 modes at 115 cm�1 and 227 cm�1

the layers move against each other in the z direction.
According to high intensity and enormous Rayleigh tail, re-

corded Raman spectra, Fig. 2, are near-resonant. (Rayleigh tail is
mainly due to luminescence of the first energy transition above
the lowest energy gap.)

Deconvolution of spectra clearly shows low-intensity IR modes,
Fig. 3 (left side). IR modes exist only in Raman spectra of rhom-
bohedral γ-InSe. Their frequencies are in accordance with far-in-
frared reflectivity measurements.

Weak peaks starting from 243 cm�1 up to 519 cm�1 (Fig. 3,
right) are second and third order modes. At 243 cm�1 can be a
combination of A1(277) and a acoustic mode at 17 cm�1. At
385 cm�1 is A1(TO||þLO||) mode, at 402 cm�1 is 2A1(LO||) mode and
at 424 cm�1 is 2E(LO┴) mode. A broad mode at 417 cm�1 can be a
combination of 2A1(LO||) and a acoustic mode (Ac.) at 19 cm�1. At
453 cm�1 is a second harmonic of A1(227) mode and at 519 cm�1 a
third harmonic of E(117).

It is not observable any shift of modes in doped crystals. Raman
spectra of pure and doped InSe crystals confirm that all our crystal
samples obtained by Bridgman method have rhombohedral R3m
(C v3

5 ) symmetry.
The absorption coefficients α of pure and doped γ-InSe are

derived from ellipsometric measurements at 300 K in the energy
range 0.77–6.5 eV. Wide energy range includes energy gap, as well
as higher energy transitions. Results are presented in two distinct
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Fig. 1. XRD spectrum of the crystal sample of pure InSe recorded perpendicular to
(0 0 1) growth direction.
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Fig. 3. Deconvolution of the Raman spectra: IR modes (left side) and the second-, or the third-order modes (right) are stressed by arrows.

Fig. 4. The non-primitive unit cell of γ-InSe (transformed to the hexagonal system) with twelve atoms extended over three bilayers and schemes of oscillating for the
strongest modes in our Raman spectra.
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figures because the intensities of the absorption spectra in the low
energy range of intragap transitions are more than ten times

weaker than in the range of high-energy transitions. Energies of
higher transitions, Fig. 5, were compared with the results of
mostly theoretical Refs. [18,20,21], and intragap transitions with PL
measurements [8,12,28] electroreflectance and the results of ab-
sorption spectroscopy [2,15,29,30]. Energy band structure taken
from Ref. [18] is given in Fig. 6 together with schematically pre-
sented energy transitions obtained in this paper.

The absorption spectra in the energy range 1.5–6.5 eV, pre-
sented in Fig. 5, show that spectra of doped samples have a higher
intensity and a blue-shift (in average) of energy bands in com-
parison to spectrum of the undoped sample. The transition en-
ergies are estimated by deconvolution of the absorption spectra
and registered energy bands (marked with Ei, i¼1, 2, 3…) are as-
signed as in above mentioned papers [18,20,21].

Therefore, weak bands E1 and E2 of pure InSe with energies
2.464 eV and 2.810 eV, respectively, correspond to the first of the
split Se px,y-like bands (E1 and E1′) from the Z-point of BZ. In Ref.
[21] is shown that the corresponding bands (observed at the si-
milar energies) have the same behaviour under the pressure, what
is the proof of the same origin. According to energy band calcu-
lations, the second of Se px,y-like doublets should be E2E E1′
and E2′E3.0 eV, but these transitions was not registered neither in
Ref. [21], nor in our measurements. An analyse of the absorption
spectra shows that E1 and E2 in the case of pure InSe are separated
by 0.346 eV, what is in good agreement with values predicted in
Ref. [20] and measured in Ref. [21] for E1 and E1′.

The forthcoming assignation of experimentally obtained en-
ergy transitions gives a satisfactory agreement with the calculated
energy band structure of γ-InSe given in Fig. 6. The bands E3
(3.346 eV), E4 (3.880 eV) and E5 (4.311 eV) correspond to transi-
tions from D-point of BZ. Band E6 (4.761 eV) seem to be from Γ-
point. Feature at 5.572 eV, E7, corresponds to direct energy tran-
sition from Z-point from In 5s, 5p band. The high energy side of the
measured spectra can be properly fitted only if band at about
7.4 eV (Z-point), originated from splitting of In 5s, 5p band, is
included.

The energies of bands of doped InSe and their shift in corre-
spondence to undoped InSe are presented in the Table 1. The
covalent radii of dopants are given, in addition [31].

From Fig. 5 and Table 1, it can be seen that influence of dopants
is visible in the whole investigated energy range from 1.5 eV to
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6.5 eV. Systematic changes of the blue-shift with changes of do-
pants atomic masses, or covalent radii are not registered. It is
obvious that the bands E4, E5, E6 and E7 are noticeably broader and
probably have more complex structure as a result of superposition
of several energy transitions. The derivatives of these broad bands
clearly indicate an existence of the additional local maxima.

In energy range o1.4 eV the obtained spectra are extremely
rich. Deconvolution of spectra shows that almost analogous Lor-
entzians are presented in all samples. In Fig. 7 is presented a part
of fitted spectra (range 1.10–1.37 eV) where some dissimilarities
are observed between pure InSe and doped InSe samples. In the
available literature we did not find any transition data outside the
selected area. Dissimilarities are stressed by arrows.

Energies of the corresponding transitions in the intraband
range are practically the same in all samples. In doped samples
only, instead of the peak at 1.1953 eV, two small additional peaks
appear. One, in InSe:Mn is at 1.1995 eV and in InSe:Ni at 1.1999 eV,
and the other peak is at 1.1918 eV in InSe:Mn and 1.1889 eV in
InSe:Ni, Fig. 7. Relative intensities of intraband transitions vary
slightly from sample to sample, but generally, intensity of spectra
of doped samples is higher. This is noticeable in Fig. 5 for high
energy transitions, as well as in intraband region. Analyse of
spectra reveals that some peaks in doped samples become more
intensive, as in the case of the peak at about 1.31 eV.

Energies of energy gaps: direct and indirect, of free excitons
and another transitions measured by other authors on 300 K (or
extrapolated to 300 K) are very different to each other, despite the
fact that all samples are obtained by the standard Bridgman
method and with pure starting components, Fig. 8. Available lit-
erature data do not facilitate our attempt to assign a great number

of intragap modes [2,8,12,15,21,28,29,30,32,33]. A lot of native
donors and acceptors are unintentionally integrated in pure InSe
creating their own energy levels. Various defects like stacking
faults and antisite defects are surely present in the structure. (In
the case of InSe, antisite defects are created when group-VI Se
substitutes for group-III In.)

Based on the general form of spectra and energy difference
between particular transitions and their intensities we suppose
that at 1.3209 eV (in pure InSe) is a direct energy gap Eg

d. Peak at
1.3036 eV corresponds to free exciton (n¼1). Energy difference of
17.3 meV is close to previously published values of the Rydberg
energy (i.e. free exciton binding energy): Rd¼14.5 meV [2],
16.9 meV [8] and 14.3 meV [34].

A pair of peaks at about 1.33 eV and 1.31 eV (small Lorentzians
coloured in grey) could be associated with the direct gap energy
and energy of the free exciton in the regions of samples where the
stacking sequence of layers is different. A number of such stacking
faults probably increases with doping and these pair of peaks
become a little more intensive in doped samples.

A peak at 1.278 eV corresponds to indirect band-to-band
transition (“vertical”, Z–Z) Ei

g, that takes place with participation of
phonons. Energy of phonons is about 43 meV, e.g. 346 cm�1. In
Ref. [8] phonon energy is 44 meV. Peak at 1.2667 eV can corre-
spond to electron transition from principal, n¼1 energy level of
the indirect free exciton to valence band. Obtained binding energy
of indirect exciton would be 11.3 meV, what is close to energy
obtained in Ref. [8].

A group of bands 1.2523 eV, 1.2439 eV, 1.2368 eV and maybe
1.2245 eV corresponds to energy transition between donor states
at 25.7 meV, 34.1 meV, 41.2 meV and 53.5 meV, respectively, and
valence band.

Table 1
Experimentally obtained values of energy bands in pure and doped InSe. (Energy shift of doped InSe is given in brackets.)

E1 [eV] (Δ [meV]) E2 [eV] (Δ [meV]) E3 [eV] (Δ [meV]) E4 [eV] (Δ [meV]) E5 [eV] (Δ [meV]) E6 [eV] (Δ [meV]) E7 [eV] (Δ [meV])

InSe 2.464 2.810 3.346 3.880 4.311 4.761 5.572
InSe:Mn 2.480 (16) 2.819 (9) 3.357 (11) 3.873 (�7) 4.325 (14) 4.754 (�7) 5.624 (52)
InSe:Fe 2.471 (7) 2.831 (21) 3.357 (11) 3.942 (62) 4.317 (6) 4.815 (54) 5.617 (45)
InSe:Co 2.485 (21) 2.818 (18) 3.363 (17) 3.960 (80) 4.323 (12) 4.795 (34) 5.589 (17)
InSe:Ni 2.481 (17) 2.817 (7) 3.374 (28) 3.846 (-34) 4.333 (22) 4.826 (65) 5.597 (25)

Covalent radii (Å): 25Mn¼1.39, 26Fe¼1.32, 27Co¼1.26, 28Ni¼1.24, 49In¼1.42 Å, 34Se¼1.20.
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Weak peaks at about 1.2 eV surely belong to acceptor-to-con-
duction band transitions. Energy of the “central” peak in InSe is
78 meV above the valence band. According to usual acceptor en-
ergies, 70 meV [35], peaks at 1.1776 and 1.2098 eV can match to
acceptor-to-conduction band transitions, also. In Ref. [35] is shown
that the same acceptor level exists in undoped InSe samples and in
InSe samples doped with Hg. Therefore, corresponding transition
is connected with the same type of center (or centers).

Bands grouped around the peak at 1.1439 eV correspond to
donor-acceptor recombination. Band at 1.115 eV can be connected
with deep acceptor-to-conduction band transition.

At energies higher than band-gap a pair of rather strong tran-
sitions is observed. We suppose that these bands at about 1.352 eV
and 1.37 eV can be indirect transitions from some local minimum
of conduction band to the top of the valence band. In Ref. [30] for
bands at 1.34 eV and 1.542 eV was suggested that could be indirect
transitions from the local minimums at D and A points of Brilouin
zone, to the top of the valence band in the Z-point. Since the en-
ergy difference between our bands is only about 20 meV, we
suppose that these bands, seen in our spectra, are probably in
relation with D–Z transition only. One peak could be band-to-band
(“non-vertical”) transition and the other band-to-shallow acceptor
level above the valence band.

The results from Ref. [28], presented by stars in Fig. 8, are ob-
tained from photoluminescent measurements of InSe doped with
tin (Sn). Measured PL bands at 1.839 eV and 2.178 eV, correspond
to direct transitions (Z–Z) from high energy bands E1 and E2 to
acceptor level. Estimated acceptor level is at about 600 meV above
the valence band. PL bands are asymmetric and very broad. We
estimate (from Fig. 1 of Ref. [28]) that FWHM is about 200 meV.
Reason could be an existence of more than one acceptor level.

In Ref. [11] in all samples of InSe, undoped and doped with
various amounts of Zn at 77 K in PL spectra were registered free
excitons at 1.32 eV and two weak transitions at about 1.225 eV and
1.28 eV. The existence and the origin of these weak transitions
were not discussed. A transition at 1.28 eV can be a deep donor
level at about 54 meV, and another weak band at 1.225 eV, could
be donor-to-acceptor transition for acceptor level at about 60 meV
(or band-to-acceptor transition for acceptor level about 100 meV).
Except these bands, in Zn-doped samples is seen a broad PL band

centred at 1.17 eV. This band was identified as the localized elec-
tronic transition from the excited state of a vacancy to the ground
state of a Zn acceptor level. It is estimated that Zn-acceptor level is
160 meV above the valence band. In the same paper it was re-
ferred from Hall-effect measurements and deep-level transient
spectroscopy (DLTS) that at 600 meV is another, deep acceptor
level. This deep acceptor level was associated with the defects or
defect complexes formed by Zn atoms in the interlayers. By the
characteristics of layer crystals (weak interlayer bonds), unin-
tended dopant atoms tend to precipitate in the interlayer spaces
and form defects and defect complexes. In that way deep trapping
levels are formed in the forbidden zone.

An existence of deep acceptor levels, as is supposed in Refs.
[11,28], could be an explanation for part of low-energy transitions
observed in our ellipsometric measurements, also.

The photoluminescence (PL) spectra of pure InSe and InSe
doped with Ni, both recorded at 20 K in the energy range 1.550–
2.533 eV, are given In Fig. 9. Doped InSe crystal has a wide PL band
centred at about 2.11 eV that can be deconvoluted in several
subbands. Energy of the observed band corresponds to direct
transition from energy level E1, that is excited by energy of used
laser line 488 nm (2.54 eV), to the group of acceptor levels. In the
energy range of the broad PL band a few narrow bands are visible
in both spectra: in pure InSe at 1.636 eV (in doped InSe:Ni at
1.648 eV), 2.019 eV (2.058 eV), 2.270 eV (2.283 eV) and at 2.348 eV
(2.360 eV). An average blue-shift of PL bands in doped crystal is
19 meV. Deconvolution of PL spectra in the range 2.44–2.533 eV,
Fig. 9-right, shows that the energy of the first band in valent zone
of InSe:Ni, E1 is 2.5423 eV at 20 K. In pure InSe this energy is E1
¼2.5391 eV at 20 K. Calculated energies of the acceptor levels are
in the range of about 260 meV to 890 meV above the valence band.

Sharp peaks at the higher energies are γ-InSe phonons. At
2.48810 eV and 2.49001 eV are the second- and the third-order
phonons 2E(LO┴) and 2A1(LO||)þAc (426 cm�1 and 411 cm�1). At
2.5128 eV is a first order A1 mode (227 cm�1); at 2.51513 eV is E
(209.6 cm�1); at 2.51641 eV is A1(LO||) (198 cm�1); at 2.52699 eV
is A1 (112.85 cm�1) [24–27]. A strong A1(LO||) IR mode confirms the
rhombohedral structure, i.e. γ-modification of InSe. The obtained
near-resonant Raman spectra shows that more intensity spectrum
of the pure InSe, with more exaggerated polar IR-modes is excited
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level E1 (right) are stressed by arrows.
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by laser line 2.54098 eV which is above energy transition due to
resonant luminescence. In the doped InSe, the used dopants cause
a blue-shift of energy levels above the lowest energy gap and the
laser line stays below the energy transition which contributes to
near-resonant Raman spectra and a little weaker polar modes. A
relevant part of Raman spectra excited by 488 nm laser energy at
20 K is presented in Fig. 10.

In the case of the near-resonant Raman spectra excited by laser
line 514.5 nm (2.41 eV) at room temperature, energy transition E1
is higher (2.464 eV for InSe to 2.485 eV for InSe:Co, Table 1) and
polar modes are considerably weaker. Anyway, the presence of IR
modes in Raman spectra is proof that InSe has a rhombohedral
R3m symmetry [25].

PL measurements proved the existence of deep impurity levels
and a blue-shift of energy levels in the doped InSe.

5. Conclusion

XRD analysis and Raman spectroscopy confirm that InSe crys-
tals obtained by Bridgman method are of γ-modification, i.e. with
rhombohedral R3m symmetry.

Energy transitions of pure γ-InSe and γ-InSe doped with 1% M
(M¼Mn, Fe, Co, Ni) are investigated by ellipsometric measure-
ments in the range of energy gap (o1.4 eV) and in the range of
higher energy levels (1.5–6.5 eV). Measured absorption is higher in
doped crystals in both energy ranges. It is shown that in energy
range o1.4 eV exists a great number of transitions connected with
defect and impurity levels. Energies of all transitions in this range

are practically the same in pure and doped crystals. Direct energy
gap is at Eg

d¼1.3209 eV, free exciton energy En 1
d

= ¼1.3036 eV, in-

direct gap is at Ei
g¼1.2780 eV and indirect free exciton energy

at En
i

1= ¼1.2667 eV. Obtained binding energies are 17.3 meV for
direct free exciton and 11.3 meV for indirect free exciton. In the
higher energy range a blue energy shift is observed in doped
samples. Exhibited blue-shift is more pronounced in the case of
higher energy levels.

PL spectra of γ-InSe and γ-InSe:Ni confirm the existence of deep
impurity levels and a blue-shift of E1 energy.
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Abstract:   

 Two ferrite ceramic materials, MgFe2O4 and MnFe2O4, were successfully fabricated 
by a conventional sintering of nanosized powders (at 1373 K for 2 h) synthesized by soft 
mechanochemical route. The particle size and morphology of powders were studied using X–
ray diffraction (XRD) and transmission electron microscopy (TEM). XRD analysis was 
carried out for the determination of phase purity, crystal structure and average crystallite size 
of sintered ferrites. Both mechanosynthesized ferrite samples show mean crystallite sizes in 
the nm–range. Over the frequency range of 100 Hz to 1 MHz, impedance spectra of prepared 
ferrite ceramics are investigated at and above room temperature. Changes in the impedance 
plane plots with temperature have been discussed and correlated to the microstructure of 
materials. An equivalent circuit model is applied to explore the electrical parameters 
(resistance and capacitance) associated with grains and grain boundaries. Complex 
impedance analysis indicates the dominance of grain boundary effects which control the 
overall electrical behaviour of studied ferrites. The decrease in grain boundary resistance 
with temperature suggests a thermally activated conduction mechanism. 
Keywords: Ferrite ceramics; Impedance spectroscopy; Electrical properties; Grain 
boundaries. 

 
 
 
1. Introduction 
 

Spinel ferrites MFe2O4, where M2+ is a divalent metal cation, are an important class of 
magnetic materials, which have been intensively investigated over the last few decades due to 
good combination of electrical and magnetic properties. These materials are technologically 
interesting because of high electrical resistivities and consequently low eddy current losses, as 
well as high dielectric constant, high initial permeability and moderate saturation 
magnetization [1]. Polycrystalline ferrites are widely used in electronic applications in a range 
of frequencies extending from microwave to radio frequency. 

Most of the ferrospinels form cubic spinel–type structure with the distribution of 

http://www.doiserbia.nbs.bg.ac.yu/Article.aspx?id=0350-820X0701003N##
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cations between two different coordinated interstitial lattice sites, tetrahedral (A) and 
octahedral [B] sublattices. The divalent metal cation M2+ can occupy the either (A) or [B] 
sites or both sites of the spinel structures. Generally, the structura of spinel ferrites could be 
described with the (M1-λFeλ)[MλFe2-λ]O4 formula, where λ is the so–called inversion degree 
defined as the fraction of tetrahedral (A) sites occupied by trivalent Fe3+ cations and its value 
depends on the method of preparation [2]. Typically two extreme type of spinel structure can 
be found, normal and inverse spinel, but in practice a mixed spinel structure are often 
observed, especially in the case of nanocrystalline ferrites. If metal cation M2+ occupies only 
the (A) sites, the spinel is normal (λ=0); but in the case when it occupies only the [B] sites, 
the spinel is inverse (λ=1). The mixed spinel structure has the cations distributed in a 
combined mode, M2+ occupying both (A) and [B] sites. In addition, the magnetic, dielectric 
and electrical properties of spinel ferrites can be varied systematically by changing the 
identity of the divalent M2+ cations (M= Ni, Zn, Mn, Mg, Co etc.) without changing the spinel 
crystal structure [3].  

Among spinel ferrites, the magnesium (MgFe2O4) and manganese (MnFe2O4) ferrites 
are soft magnetic semiconducting materials characterized by low dielectric losses and high 
resistivity due to their dielectric nature. Previous experimental studies have shown that 
MnFe2O4 belongs to the partially inverse spinel, where in the bulk form 20% of the Mn2+ 
cations residing on the octahedral sublattice, while a higher inversion up to 60% were 
reported in nanostructured manganese ferrite [4]. Also, it has been reported that the spinel 
structure of MgFe2O4 bulk material is nearly inverse with 90% of Mg2+ cations distributed 
over [B] sites, and that inversion factor decreases to about 70% for the magnesium ferrite 
nanoparticles [5]. Electrical as well as magnetic properties of spinel ferrites strongly depend 
on the cation distribution at the different sites as well as method of preparation, sintering 
temperature, particle size, doping of additives etc. [6]. Currently, the synthesis of reproducible 
ferrites is being carried out by various techniques in order to improve their physical properties 
and widen the scope of their applications. Several methods such as co–precipitation [4, 6, 7], 
sol–gel [8, 9], combustion [5, 8], ball milling [10, 11] etc. have been used for successful 
preparation of magnesium and manganese ferrites in recent years. 

In the present paper, we have reported the electrical properties of MgFe2O4 and 
MnFe2O4 ferrites prepared by a conventional sintering of nanosized powders synthesized by 
soft mechanochemical processing that is environmentally friendly, does not require expensive 
starting materials or extremely high temperature [12]. In order to understand the conduction 
mechanism, electrical properties associated with grains and grain boundaries in these 
synthetized nanocrystalline ceramic materials were studied as a function of frequency and 
temperature using complex impedance spectroscopy technique.  

 
 

2. Complex impedance formalism 
 

Complex impedance spectroscopy [13] is a non–destructive and widely used testing 
method for analysing the electrical processes occurring in materials on the application of 
small AC signal as input perturbation. To understand the overall properties of 
electroceramics, electrical information associated with its microstructures is very important. 
Impedance spectroscopy has the capability to resolve the effect of grains and grain 
boundaries, two main components which comprise the microstructure of ceramics. In this 
technique, the real and imaginary parts of complex electrical parameters (impedance, modulus 
or dielectric permittivity) are measured as a function of frequency and temperature. Generally, 
the complex impedance can be expressed by using the classical Debye expression [14] 

),()(
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where ω and τ are the angular frequency and the relaxation time, respectively. Here, Z' and Z'' 
represent the real component of impedance and imaginary component of impedance, 
respectively.   

The charge transport behavior of the electroceramics and its relation to the different 
microstructures (phases) are studied by means of the impedance spectra. The impedance 
spectrum, known as Cole–Cole plot, is usually represented as Z'' against Z'. The Cole–Cole 
plot of polycrystalline material commonly gives two semicircles depending upon the 
electrical properties of investigated material. The first semicircle at low frequency represents 
the resistance of grain boundary, while the second one obtained for high frequency domain 
corresponds to the resistance of grain or bulk properties [15]. It is well–known that the 
behaviour of characteristic impedance spectra is usually interpreted in terms of equivalent 
circuit model. From the microstructural point of view, each of ceramic components (i.e. 
grains and grain boundaries) may be represented by a R–C element (resistor R and capacitor 
C in parallel combinations), and the simplest appropriate equivalent circuit is a series array of 
parallel R–C elements [16], see Fig 1a. In accordance with this approach known as brick layer 
model, total complex impedance is given by 
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where Rg and Rgb represent the grain and grain boundary resistance, while Cg and Cgb are the 
grain and the grain boundary capacitance, respectively.  
 

 
Fig. 1. Equivalent electrical circuits of two–phase electroceramic materials according to brick 

layer model: (a) two parallel R–C elements; (b) two parallel R–CPE elements. 
 

In many electroceramics, the resistance of grain boundaries exceeds that of the grains 
[17]. This can be ascribed to the fact that the atomic arrangement near the grain boundary 
region is disordered, resulting in a serious increase in electron scattering. The higher 
boundary resistance also arises from other factors such as a decrease in Fe2+ ion content in this 
region  [18] Also, the capacitance of grain boundary is usually larger than that of the grain, 
which is explained on basis that the capacitances are inversely proportional to the thickness of 
the media. In such system, these two components of ceramic microstructure indicate two 
distinct relaxation phenomena with sufficiently different relaxation times: τg = RgCg and τgb = 
RgbCgb [19]. Additionally, the relaxation time of the grain boundaries τgb is much larger than 
that of the grains τg, since the semicircle representing the grain boundaries lies on the lower 
frequency side. In general, all these quantities can be treated as fitting parameters whose 
values can be evaluated from the best fit to the impedance spectrum. The fitting is relatively 
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unambiguous since the elements of equivalent circuits dominate in different frequency 
regions. 

It is important to note that a proposed circuit, two parallel RC elements connected in 
series, refers to the ideal Debye–like behaviour in ceramic materials. But in practice, the most 
electroceramics exhibit non–ideal Debye–like behaviour, so that a constant phase element 
(CPE) is used in the equivalent circuit to illustrate more fully the deviation from an ideal 
capacitor [15], as shown Fig 1b. The CPE has impedance defined as [20] 

[ ] ,)()(
1*

CPE
−

= njAZ ωω                                                                                            (3) 
where parameter A is independent of frequency, and n is the measure of non–ideal behavior 
having value between 1 and 0 (0 ≤ n ≤ 1). The CPE describes an ideal capacitor with C = A 
for n = 1 and an ideal resistor with R = 1/A for n = 0. Based on that, total complex impedance 
reads as follows [16] 
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Using the above equation, the equivalent circuit elements can be fitted from the experimental 
data of impedance spectrum for various materials.  
 
 
3. Experimental details 
3.1. Preparation  
 

The MgFe2O4 and MnFe2O4 ferrite nanoparticles were prepared by means of soft 
mechanochemical route using a mixture of:  
• magnesium(II)–hydroxide (Mg(OH)2, Merck 95% purity) and hematite (α–Fe2O3, 
Merck 99% purity), and 
• manganese(II)–hydroxide (Mn(OH)2, Merck 95% purity) and hematite (α–Fe2O3, 
Merck 99% purity)  
in equimolar ratio, respectively. The starting hydroxides were amorphous, while hematite was 
crystalline. Mechanochemical synthesis was carried out with planetary ball mill (Fritsch 
Pulverisette 5) in air atmosphere. Eperimentally determined milling times were 15 h and 25 h 
for MgFe2O4 and MnFe2O4, respectively, depending upon the progress of formation of spinel 
ferrite phase. Thus obtained nanosize powders were pressed into disk–shaped pallets using a 
cold isostatic press. The pellets were then sintered at 1373 K for 2 h (Lenton–UK oven) 
without pre–calcinations step. Heating rate was 10°C/min, with nature cooling in air 
atmosphere. The thickness and diameter of sintered samples used for further characterizations  
are 2.0 mm and 10.0 mm, respectively. 
 
3.2. Characterization 
 

The particle size and morphology of soft mechanochemical synthetized powders were 
investigated using a 200 kV transmission electron microscope (TEM, Model JEOL JEM–
2100 UHR). The phase purity and crystal structure of the powder and sintered samples have 
been characterized using X–ray diffractometer (Model Philips PW 1050) at room temperature. 
The XRD data was collected using CoKα radiation (λ = 1.78897 Å) at 40 kV and 20 mA (PW 
1730 generator) in a wide range of Bragg's angles 2θ (15° ≤ 2θ ≤ 80°) with a scanning step 
size of 0.05° in a 10 s per step of counting time. The lattice parameter and crystallite (grain) 
size of the sintered ferrites were calculated from XRD data. 

In order to study the electrical properties of MgFe2O4 and MnFe2O4 ferrite ceramics 
by means of complex impedance spectroscopy, both the flat and parallel surfaces of the 
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samples were polished and contacts were made by high quality silver paste on opposite sides 
of the pallets. The electrical parameters of sintered ferrites, parallel resistance (Rp) and 
parallel capacitance (Cp), were measured in a wide frequency range (100 Hz – 1 MHz) at 
different temperatures (298 K – 398 K) using a computer–controlled Impedance Analyzer 
HP–4194A with a laboratory set of temperature control equipment. The experimentally 
measured parallel values of the resistance and the capacitance were converted and displayed 
in the form of complex impedance as follows: 

.1)()()(
1

*
−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=′′−′= p

p
Cj

R
ZjZZ ωωωω                                                        (5) 

The details of this measurement procedure are same as presented in [15]. For fitting and 
analysis of the impedance data, EIS Spectrum Analyzer software [21] was used with about 
2% of fitting errors.  
 
 
4. Results and discussion 
4.1. Structural analysis 
 

XRD patterns of synthesized MgFe2O4 and MnFe2O4 ferrite nanopowders are shown 
in Fig. 2. It is evident that the cubic spinel structure was formed during the soft 
mechanochemical processing. The appearance of a peak at 2θ = 35.50°, as well as of peaks at 
2θ = 18.24°, 30.14° , 43.13°, 53.63°, 57.00° and 62.66°, clearly points to the formation of the 
new phase of MgFe2O4 (JCPDS card 88–1943) (Fig. 2 left). The peaks are well indexed to the 
crystal plane of spinel ferrite (k h l) (311) for the most intense peak at 2θ = 35.50°, and (k h l) 
(111), (220), (400), (422), (511) and (440) for other peaks, respectively. The peaks at 2θ = 
18.28 º, 29.96 º, 35.25 º, 42.92 º, 53.22 º, 56.46 º, 62.13 º and 73.74 º, clearly confirm the 
spinel phase MnFe2O4 (JCPDS card 74–2403) (Fig. 2 right). The peaks are well indexed to the 
crystal plane of spinel ferrite (k h l) (111), (220), (311), (400), (422), (333), (440) and (533), 
respectively. The diffraction peaks are fairly broad, which is caused by nanometer size of the 
crystallites. The average crystallite sizes were calculated from the most intense peak (311) 
using Scherer’s formula [20]. The average particle sizes have been found to be 12 nm and 16 
nm for magnesium and manganese ferrites, respectively.  

 
Fig. 2. The experimental XRD patterns of MgFe2O4 and MnFe2O4 ferrite nanopowders, 

recorded at room temperature. Insets show TEM images of ferrite nanoparticles. 
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The representative TEM images of powders obtained after appropriate milling time 
are depicted in the inset of Fig. 2. It can be seen that the particles have an almost spherical 
morphology with size distribution between 5 – 15 nm and 10 – 25 nm for MgFe2O4 and 
MnFe2O4, respectively, which is in close agreement with the crystallite size obtained from 
XRD data. TEM micrographs confirm nanoscale nature of as–prepared ferrite particles which 
tend to agglomerate because of the dipolar field of each crystallite.  

Fig. 3. shows the room temperature X–ray diffraction spectra of MgFe2O4 and 
MnFe2O4 ferrite ceramics sintered at 1373 K for 2 h. The relative intensities of all diffraction 
peaks match well with the reported cubic spinel ferrite and sharp XRD peaks indicate the 
polycrystalline nature of sintered samples.  

 
Fig. 3. XRD spectra of nanocrystalline MgFe2O4 and MnFe2O4 ceramic ferrites sintered at 

1373 K for 2 h. 
 

The values of crystallite size and lattice parameters deduced from experimental X–ray data 
are summarized in Tab. I. The lattice constants were calculated using data of inter–planar 
spacing and corresponding Miller indices (hkl) [15]. Also, Tab. I shows the values of the 
sintered (bulk) density of the samples which were measured by applying Archimedes’ 
principle at room temperature. 
 
Tab. I Some structural parameters of MgFe2O4 and MnFe2O4 ferrite samples sintered at 1373 
K for 2h. 
 

ferrite sample lattice constant (Å) crystallite size (nm) sintered density 
(g/cm3) 

MgFe2O4 8.371 41 4.53 
MnFe2O4 8.421 49 4.21 

 
4.2. Complex impedance analysis 
 

The frequency dependence of imaginary part of impedance Z'', usually called as loss 
spectrum, at selected temperatures is shown in Fig. 4. In the case of both samples can be seen 
that the – Z'' value increases initially, reaches the maximum value (Z''max) at particular 
frequency and then it decreases continuously with increasing frequency for given 
temperatures. The appearance of only one peak in loss spectra at characteristic frequency 
(ωmax = 2πfmax) suggests an existence of single relaxation process in MgFe2O4 and MnFe2O4 
ferrites under study. Observed relaxation peaks are due to the existence of the space charge 
relaxation that dominates when the material is composed of grain and grain boundaries [22]. 
In both samples, these peaks shift towards the higher frequency side possibly due to an 
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increase in the rate of hopping of charge carriers with the rise of temperature. The shifting of 
peaks in Z'' also indicates to the decreasing relaxation time of mobile charge carriers with the 
increase of temperature [16]. A lower relaxation time implies faster movement of mobile 
carriers and vice versa. Also, it is evident that the magnitude of Z'' maxima decreases with 
increase in temperature, indicating increasing loss in the resistive property of prepared 
samples [23]. 

 

 
Fig. 4. Variation of imaginary parts of impedance with frequency for MgFe2O4 and MnFe2O4 

ferrites at and above room temperature. 
 

Generally, the impedance loss spectra were used to evaluate the relaxation time τ of 
the electrical phenomena occurring in ferrites using the following relation [24] 

,
π2

1

max

1
max f

== −ωτ                                                                                            (6) 

where fmax is characteristic frequency maximum known as relaxation frequency which 
depends on temperature. Variation of corresponding values τ with inverse of absolute 
temperature is given in Fig 5. A decrease in relaxation time with temperature can be noted for 
both ferrites. Also, these graphics follow the Arrhenius dependence [4] 

),exp(
B

0 Tk
EΔ

=ττ                                                                                                (7) 

where τ0 is the pre–exponential factor, ΔE represents the activation energy and kB is 
Boltzmann’s constant. From the Arrhenius plots, the activation energies are found to be 0.361 
eV and 0.406 eV for MgFe

B

2O4 and MnFe2O4 samples, respectively. Since τ = (2P) , where P 
is the hopping probability, the decrease in relaxation time with temperature results in an 
increase in hopping probability of charge carriers with temperature [4]. The pre–exponential 
factor τ

-1

0 has been calculated from the results of fitting and its values are 6.35 × 10  s and 
1.49×10  s for MgFe

-11

-13
2O4 and MnFe2O4, respectively. 

In order to correlate the electrical properties of synthetized ferrites with their 
microstructures, the impedance spectra were studied in the wide frequency range from 100 Hz 
to 1 MHz at several temperatures (298 K – 398 K). Fig. 6 shows the measured complex 
impedance plane plots for MgFe2O4 and MnFe2O4 at selected temperatures. It is evident that 
Cole–Cole plots clearly show evidence of the existence of only one semicircle, which 
indicates that the contribution to electrical conductivity arises mainly from the grain boundary 
and that contribution from the grain is not resolved for both samples within the measuring 
range up to 1MHz. In the cases of nanocrystalline ferrites, the similar behaviour of impedance 
spectra with single semicircle was observed by other authors [25, 26]. These results suggest 
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that the grain boundary volume in nanostructured ferrited is high because of the small grain 
sizes and hence conduction takes place predominantly through the grain boundary [27]. In 
addition, it is obvious that obtained impedance spectra of MgFe2O4 and MnFe2O4 are 
temperature dependent, since the diameters of semicircles exhibit decreasing trends with 
increasing temperature. This indicates decrease in relaxation time and increase in conductivity 
with rise in temperature. 

 
Fig. 5. Variation of relaxation times with inverse of temperature. 

 
Fig. 6. Impedance spectra of MgFe2O4 and MnFe2O4 ferrites at and above room temperature. 

 
It is usual to the impedance response is interpreted in terms of equivalent circuit 

model. The shape of the impedance plane plots for ferrites under study suggests that the 
impedance data can be approximately modelled by an equivalent circuit based on only one 
parallel R–CPE element shown in the inset of the Fig. 6. Here, Rgb and CPEgb are the 
resistances and the constant phase elements for grain boundaries, respectively. The 
parameters Rgb, Cgb and ngb have been derived by fitting the impedance spectra (within 0.5 – 
2% fitting errors). 

The variation of the fitted parameters is depicted as a function of temperature in Fig. 
7. Evaluated Rgb for MgFe2O4 and MnFe2O4 show a strong similarity in their temperature 
dependence and their values decrease as the temperature increased. This kind of behaviour 
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suggests that the both ferrites possess a negative temperature coefficient of resistance (NTCR) 
[16], implying a thermal activated conductivity of these materials. Also, this substantial drop 
in the Rgb provides a clear and unambiguous evidence of grain boundary conduction resulting 
from reduction in the barrier facilitating thereby mobility of charge carriers with rise in 
temperature [24]. Further, Fig. 7 right implies the slight variations in parameters Cgb and ngb 
with temperature. The ngb has a slow decreasing trend in the measured temperature range and 
its values are between 0.835 and 0.817 for MgFe2O4, i.e. between 0.775 and 0.735 for 
MnFe2O4. This tend signifies that the grain boundary capacitance deviates from ideal 
behaviour as the temperature is increased. The observed decrease in the capacitance of the 
grain boundaries with increasing temperature may be due to the delocalization of the charge 
carriers from traps followed by the accumulation of these charges at the grain boundaries, 
thereby increasing its capacitance as well as space charge polarization effects [28]. Similar 
results for this behaviour of the grain boundaries capacitance were found by others authors [2, 
28]. 

 
Fig. 7. Variation of grain boundary resistance Rgb with temperature (left), and variation of 
grain boundary capacitance Cgb and deviation parameter ngb with temperature (right) for 

nanocrystalline MgFe2O4 and MnFe2O4 ferrites. 
 

In the present study, the DC conductivity for grain boundary contribution is calculated 
using the expression [24] 

,
A

d

gb
DC R

=σ                                                                                                     (8) 

where Rgb is the resistance values of the grain boundary which is evaluated from impedance 
spectra of nanocrystalline ferrites under study. Parameters d and A represent the thickness of 
sample and area of the electrode deposited on the sample, respectively. Fig. 8 shows the 
temperature dependence of σDC. It can be clearly noticed that the nature of the variation is 
linear and well obeys the Arrhenius relation that is defined by equation [20]: 

),exp(
B

DC 0 Tk
Ea−=σσ                                                                                              (9) 

where σ0, Ea and kB are the pre–exponential factor, the activation energy of the carriers for 
conduction and Boltzmann’s constant, respectively. In the cases of both ferrites, the DC 
conductivity increases with rise in temperature showing a typical semiconductor behaviour 
with negative temperature coefficient of resistance (NTCR) characteristics [29]. Using this 
Arrhenius plot of grain boundary conductivity, the corresponding activation energies for the 
thermally activated charge carriers in MgFe

B

2O4 and MnFe2O4 were determined from the slope 
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of the logσDC versus 1000/T curves and were found to be 379 meV and 392 meV, 
respectively. 

 
Fig. 8. Variation of DC conductivity of grain boundary with inverse of temperature. 

 
Comparison of evaluated DC conductivity for grain boundary contribution and 

activation energy shows a good agreement in the sense that the sample with lower 
conductivity has higher value of activation energy and vice versa. The grain boundary 
conductivity in sintered nanocrystalline MgFe2O4 and MnFe2O4 was found to be 7.83 × 10-6 
Ω-1m-1 and 2.82 × 10-6   Ω-1m-1 at room temperature, respectively.  

 
 

5. Conclusions 
 

In summary, nanocrystalline MgFe2O4 and MnFe2O4 spinel ferrites have been 
synthesis using a soft mechanochemical route and then the powders were sintered at 1373 K 
for 2 h. The X–ray diffraction analysis confirmed the cubic spinel structure of sintered 
samples and the average crystallite sizes in the nm–range were determined on the basis of 
XRD data. Complex impedance spectroscopy was used to characterize the electrical 
properties of these materials. In the studied frequency range, the impedance spectra of 
sintered ferrites show the presence of only one semicircle at and above room temperatures. 
The analysis of impedance data using an equivalent circuit indicates that the electrical 
properties of the synthetized ferrites are mainly attributed to the processes that are associated 
with the grain boundaries. The decrease in value of grain boundaries’ resistance on increasing 
temperature suggests the negative temperature coefficient of resistance behavior usually 
shown by semiconducting materials. In the case of both ferrites, the imaginary part of 
impedance clearly confirms only one relaxation processes due to grain boundaries. It was 
found that the relaxation time decreases with temperature and follows Arrhenius dependence. 
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Садржај: Два феритна керамичка материјала, MgFe2O4 и MnFe2O4, успешно су 
фабрикована помоћу конвенционалног синтеровања нанопрахова (на 1373 К за 2 сата) 
синтетисаних soft механохемијским путем. Величина честице и морфологија прахова је 
испитана коришћењем рендгенске дифракције (XRD) и трансмисионог електронског 
микроскопа (ТЕМ). XRD анализа је употребљена за одређивање чистоће фазе, кристалне 
структуре и просечне величине кристала синтерованих ферита. Оба механо–хемијском 
реакцијом синтетисана феритна узорка поседују средњу величину кристала у nm–
опсегу. У широком опсегу фреквенција од 100 Hz до 1 М Hz, импедансни спектри 
феритних керамика су испитани на и изнад собне температуре. Промене на 
импедансним дијаграмима са порастом температуре су дискутоване и доведене у 
корелацију са микроструктуром материјала. Примењен је модел еквивалентног 
електричног коло ради одређивања електричних параметара (отпорност и 
капацитивност) везаних за зрна и границе зрна. Анализа комплексне импедансе указала је 
на доминацију ефекта граница зрна који контролише електричне особине испитиваних 
ферита. Смањење отпорности границе зрна са температуром указује на механизам 
провођења активиран температуром. 
Кључне речи: феритна керамика; импедансна спектроскопија; електрична својства; 
границе зрна 
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Abstract: 
 It must be noted that the main objective of this study was to obtain single crystals of 
calcium fluoride - CaF2, and after that the crystals were characterized with various 
spectroscopic methods. The crystals were grown using the Bridgman technique. By optimizing 
growth conditions, <111> oriented CaF2 crystals up to 20 mm in diameter were grown. 
Number of dislocations in CaF2 crystals was 5×104 - 2×105 per cm2. Selected CaF2 single 
crystal is cut into several tiles with the diamond saw. The plates were polished, first with the 
silicon carbide, then the paraffin oil, and finally with a diamond paste. The obtained crystal 
wаs studied by Raman and infrared -IR spectroscopy. The crystal structure is confirmed by X-
ray diffraction (XRD). One Raman and two IR optical modes predicted by group theory are 
observed. A low photoluminescence testifies that the concentration of oxygen defects within 
the host CaF2 is small. All performed investigations show that the obtained CaF2 single 
crystal has good optical quality, which was the goal of this work. 
Keywords: CaF2, Raman spectroscopy, IR spectroscopy, Photoluminescence. 
 
 
 
1. Introduction 
  

Single crystals, especially calcium fluoride (CaF2) single crystals, are required as 
starting materials for optical components in DUV-photolithography, such as steppers or 
excimer lasers. They are conventionally used as lenses or prisms [1, 2]. They are especially 
used to optically copy fine structures into integrated circuits, computer chips and/or photo-
lacquer-coated wafers [3, 4]. Crystals, in principle, can be grown from the gas phase, the melt, 
from solution and even from a solid phase by recrystallization or solid body diffusion [5]. 
Different processes for crystal growth are described in text books for crystal growth, such as 
the 1088 page work of Wilke and Bohm [6]. 
  For excellent optical quality, intense studies have been undertaken on each stage of 
producing CaF2 crystal, from raw materials purification [7, 8], growth parameters 
optimization [9], growth technique innovation [10-12], annealing [13] and surface machining 
improvement [14]. Among these stages, crystal growth technique is the most radical and 
crucial. The main techniques for CaF2 single crystal growth are the Czochralski [15], 
Bridgman-Stockbarger [11], and gradient solidification methods [10], which all possess 
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respective advantages and drawbacks. It seems significant to find a more effective method for 
high-quality and large-dimension CaF2 crystals. However single crystals for industrial 
applications are usually grown by solidification from a melt [16]. The so-called Stockbarger-
Bridgeman and the vertical gradient freeze processes are used for industrial manufacture of 
single crystals [17]. The crystals are grown in a drawing oven and in a vacuum of 10-4 to 10-

5 mbar in the Stockbarger-Bridgeman method. A crystalline raw material is melted, so that a 
homogeneous single crystal is obtained with exacting control of temperature. CaF2 single 
crystals of more than 10 inches in diameter are required for the lens materials. Such large 
CaF2 single crystals are grown by the Czochralski method [18, 19] or the vertical Bridgman 
method [20, 21]. 
  CaF2 is an ionic crystal with the fluorite structure [22]. Unit cell of CaF2 is presented 
in Fig. 1. The crystal lattice is a face centered cubic (fcc) structure with three sublattices. The 
fluorite structure, seen in calcium fluoride, has the calcium ions in a face centered cubic array 
with the fluoride ions in all (8) of the tetrahedral holes. The fluoride ions have a coordination 
number 4, and the calcium ions have a coordination number 8. The natural cleavage plane of 
the crystal is the <111> surface. In Fig. 1, the four possible <111> planes are defined by F--
ion Ca2+-ion a respective triple of the four Ca2+ ions [23]. The melting point of CaF2 is at 1347 
°C. At a temperature of 1147 °C, a maximum of the specific heat is observed that is caused by 
melting of the fluorine sublattice. The fluorine ions are randomly distributed over the normal 
lattice sites (tetrahedral coordinated) and the interstitial sites (octahedral coordinated). The 
ionic mobility consequently becomes very high. The behavior is known as superionic 
conduction, it is observed in a variety of materials with the fluorite structure [24].  

 
Fig. 1. Unit cell representation of CaF2 structure. 

 
   Single crystal CaF2 used in the optical devices can be of natural origin - fluorite, 
under which name is often referred to in literature [25], and synthetic single crystal CaF2 
which is usually obtained by the growth from the melt. CaF2 requires the use of special 
growth conditions to obtain quality crystals because of its specific chemical and physical 
properties: relatively high melting point (over 1300 °C), high chemical aggressiveness of 
fluorine at these temperatures, relatively small chemical stability at high temperatures and 
very strong ability to react with traces of water vapor. Therefore, the growth of a single 
crystal CaF2 may take place either in vacuum or in an inert gas atmosphere (argon or helium) 
at purity of at least 99.99% in order to prevent the presence of traces of moisture or oxygen.  
  It may be noted that the Bridgman method is one of the most popular methods of 
crystal growth because it is very easy to perform in a vacuum and in an inert atmosphere [26, 
27]. The method consists in the fact that the rate of the entire batch of CaF2 in the crucible, 
which is of cylindrical shape with a conical bottom, and then is lowered into the crucible 
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colder part of the furnace, so that the crystallization process begins at the bottom of the 
crucible at the top of the cone. Reviewing the literature it can be noted that the crucible can be 
made from spectroscopically pure graphite [20, 21, 25, 28, 29] or platinum [30].  

The aim of our work was to produce CaF2 single crystal of good optical quality. The 
structural and optical properties obtained crystals were characterized using Raman, IR and 
luminescence spectroscopy.  

 
 

2. Experimental procedure 
    
  The BCG365 device was used to obtain single crystals of CaF2 by Bridgman method. 
Initial samples of single crystals were mostly transparent, but some were cracked. Therefore, 
we had to make some changes in conditions of growth and construction of crucible. 
Experiments have been performed with CaF2 in the form of a powder. The CaF2 powder was 
compacted and sintered in the form of tablets. Crucible could easily be filled with such 
obtained tablets. Powder CaF2 (Rare Earth Products Limited) purity of 99.99% was used in 
the experiment. It was compacted under a pressure of 3500 kg cm-2, and the sintering of the 
obtained tablets was carried out at 900 °C under an inert atmosphere of argon. We tried out 
combinations of various growth rates and generator powers with the aim to define the optimal 
growth conditions. Power generator was initially Pgen = 3.8 kW, and was later increased to Pgen 
= 3.94 kW. The crystal growth rates were 6 mm h-1, 12 mm h-1, 24 mm h-1, and 48 mm h-1.  
 The observations relating to the dislocation were recorded by observing an etched 
surface of CaF2 crystal, using a Metaval of Carl Zeiss Java metallographic microscope with 
magnification of 270x. A selected CaF2 single crystal was cut into several tiles with the 
diamond saw. The plates were polished, first with the silicon carbide, then the paraffin oil, 
and finally with a diamond paste. The obtained finely polished sample, which were later used 
for the characterization of Raman, IR and luminescence spectroscopy. The crystal plane of 
cleavage of calcium fluoride crystal is <111>. Thin panels for testing dislocations we obtained 
by splitting of individual pieces of crystal. Conc. H2SO4 is used as an etching solution, gave a 
sample that was etched for 15 min.  
 The Raman scattering measurements of CaF2 crystal was performed in the 
backscattering geometry at room temperature in the air using a Jobin-Yvon T64000 triple 
spectrometer, equipped with a confocal microscope (100x) and a nitrogen-cooled charge 
coupled device detector (CCD). The spectra have been excited by a 514.5 nm line of Coherent 
Innova 99 Ar+ - ion laser with an output power of less than 20 mW to avoid local heating due 
to laser irradiation. Spectra were recorded in the range from 100 to 800 cm-1. 
 The room temperature far- infrared reflectivity measurements was carried out with a 
BOMEM DA-8 FIR spectrometer. A DTGS pyroelectric detector was used to cover the wave 
number range from 50 to 600 cm-1.  
 Photoluminescence (PL) studies reported in this work were performed at room 
temperature using Optical Parametric Oscillator (Vibrant OPO) tuned at 350 nm as excitation 
source. Time resolved streak images of the emission spectrum excited by OPO system are 
collected by using a spectrograph (SpectraPro 2300i) and recorded with a Hamamatsu streak 
camera (model C4334). All streak camera operations are controlled by the HPD-TA (High 
Performance Digital Temporal Analyzer) software.  

 
 

3. Results and discussions 
   
  CaF2 single crystals are obtained by the vertical Bridgman method in vacuum. The best 
results were obtained with a crystal growth rate of 6.8 mm h-1. The obtained single crystal of 
CaF2 was 90 mm in length and 20 mm in diameter (Fig. 2).  



Z. Lazarević et al. /Science of Sintering, 48 (2016) 333-341 
___________________________________________________________________________ 

 

336 
 

 
Fig. 2. Photographs of Bridgman-grown CaF2 single crystal. 

 
  The general conclusion is that in all samples relatively high dislocation density was 
observed (ranging from 60000 to 140000) as a consequence of greater internal stresses, which 
have emerged in the process of cooling. From the Fig. 3, the dislocations of CaF2 can be 
observed. Etch pits have the shape of a three-sided pyramid. Number of dislocations in CaF2 
crystals which were made by the method of Bridgman was 5x104 - 2x105 per cm2.  

 
Fig. 3. The microscopic image of the surface CaF2 crystal plate in the direction <111>. 

Magnification of 270x. 
 

 In order to eliminate stresses in the crystal, we did a crystal annealing. The process of 
annealing was carried out on the plate and bulk crystal CaF2 in the inert atmosphere of argon. 
The temperature of annealing of the plate was 1000 °C for 3 h, and the temperature of 
annealing of the bulk crystal was 1000 °C and 1080 °C for 1 - 3 h. It was noticed that after 
annealing, plate CaF2 had very little stress. Annealed bulk single crystal CaF2 had less stress 
than non- annealed. Upon the completion of annealing it has been observed that the crystal on 
the surface has a thin milky-white layer, so it is assumed that oxygen is diffused very shallow 
in the crystal forming CaO. 
 As for group theory analysis, three atoms in cubic O5

h (Fm3m) primitive cell of the 
CaF2 crystal give nine fundamental vibrations, described by the following Oh-irreducible 
representations (at k = 0): Γ = 2T1u (IR) + T2g (Raman). According to several comprehensive 
work (e.g. [31-36]), their distribution among optical and acoustical are: the triply degenerate 
T2g optical phonon is Raman active and IR inactive; one of the T1u representations (triply 
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degenerate as well) corresponds to the zero frequency acoustic mode, while the other T1u 
mode is actually split into a double degenerate transverse optical mode and a nondegenerate 
longitudinal optical mode, all the above are IR active. The room-temperature first order T2g 
one-band Raman scattering spectrum of CaF2 crystal is shown in Fig. 4. In this single allowed 
Raman optical mode with frequency ωSRS = 319.7 cm-1 Ca2+ cation remains stationary and the 
neighboring substitutional fluoride F-1 ions vibrate against each other [36-39]. 
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Fig. 4.  Raman spectrum of CaF2 single crystals, recorded at room temperature. 
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Fig. 5. IR spectrum of CaF2 single crystals, recorded at room temperature. 
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  The far-infrared reflectivity spectrum of the CaF2 substrate is shown in Fig. 5. As a 
result of the best fit we obtained the ωTO = 272 cm-1 and ωLO = 475 cm-1, little higher than in 
Ref. [40] (TO/LO = 257/463). In pure CaF2, only two infrared active modes are allowed by 
the crystal symmetry (split TO-LO mode), but we see that the main reflectivity band of CaF2 
exhibits a feature centered about 360 cm-1 as a result of a two-phonon combination. This 
feature has been observed in all stoichiometric fluorite-structured crystals [41]. There are two 
additional weak modes with relatively high dampings in the range of low energies. We 
suppose that mode about 130 cm-1 could be caused by crystal impurities and about 200 cm-1 is 
a TO-mode from the X point <100>. Kramers-Kröning analysis of far-IR reflectance data 
gives ωTO = 272 cm-1 and ωLO = 475 cm-1, in the accordance with fitting procedure (Fig. 5).  
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Fig. 6. Photoluminescence response of CaF2 single crystal sample excited by 320 nm: (a) A  
streak camera “two-dimensional” image of the time dependent photoluminescence, (b) 

Fluorescence spectrum of CaF2 crystal. 
 
 We have measured the photoluminescence response of the CaF2 crystal sample for 
various excitation wavelengths and different angles of excitation beam. The streak image of 
the fluorescence emission spectrum of CaF2 is presented in Fig. 6a. The photoluminescence 
response was very small, see Fig. 6a where typical optical response of sample is presented. 
Although the streak images were acquired in photon counting mode using very large number 
of expositions (20000), very small number of photons were counted. The vertical axis in 
Fig. 6a corresponds to the fluorescence development in time domain of 200 ns. The beginning 
of the vertical axis is cut off in order to avoid undesirable part of the spectra (excitation at 320 
nm and second harmonic of Nd:YAG laser at 532 nm). Enlarged integrated profile of the 
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fluorescence of CaF2 is presented in Fig. 6b. Our pure sample of CaF2 crystal shows a broad 
band in 300-500 nm range. A fluorescence spectrum is obtained by averaging all events in 
time range from 12 ns to 190 ns after excitation. Maximum of fluorescence is on 398 nm. As 
pointed out in [40] this band might be induced due to the formation of color centers. These 
centers perhaps could be created by oxygen defects within the host of CaF2. However, the 
occurrence of defects in crystal is very rare compared to the nanostructures described in [42], 
so the luminescence of our sample is very weak compared to the luminescence of structure 
described in [42]. To obtain good luminescence response, the samples of CaF2 are doped with 
Ag, Eu, Tb, Cu or Dy [42, 43]. However, CaF2 crystal is usually used in applications where 
high optical transmission is needed and photoluminescence is not desirable characteristics 
[44].  
 The fluorescence line profile (fluorescence decay) from image Fig. 6a is selected 
using the integration process in region from 340 nm to 460 nm. That profile is fitted using 
High Performance Digital Temporal Analyzer (HPD-TA) software, provided by Hamamatsu. 
The fluorescence decay is integrated in the range from 375 nm to 425 nm. Estimated lifetime 
of fluorescence, τ = 33 ns (χ2 = 1.07), is obtained by fitting of integrated temporal profile.  
 The properties of the crystal, such as density of dislocations, cystallinity, and 
impurities concentrations, determine the optical quality. 
 
4. Conclusions 
  
  CaF2 single crystals in diameter of 20 mm are obtained by the vertical Bridgman 
method in vacuum. The crystal growth rate was 6.0 mm h-1. In order to eliminate stresses in 
the crystal, a crystal annealing is carried out on the plate and bulk CaF2. Number of 
dislocations is of the order of 5×104 - 2×105 per cm2. The Raman T2g optical mode at 319.7 
cm-1 was observed. Kramers-Kröning analyses of the far-IR reflectance data for fluorite 
structure, as well as the fitting procedure, gave the same values for IR modes: ωTO = 272 cm-1 

and ωLO = 475 cm-1. Based on our work and observations during the experiment, it could be 
concluded that the obtained CaF2 single crystal is of good optical quality, which was the goal 
of our work. 
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Садржај: Мора се напоменути да је главни циљ овог истраживања био да се добију 
монокристали калцијум флуорида - CaF2, а након тога су кристали испитивани 
различитим спектроскопским методама карактеризације. За раст монокристала је 
коришћена Бриџманова метода. Под оптималним условима раста, добијени су 
кристали пречника до 20 mm са оријентацијом <111>. Број дислокација у кристалима 
CaF2 је био 5×104 - 2×105 по cm2. Изабрани кристал je сечен на неколико плочица 
дијамантском тестером. Плочице су полиране, прво силицијум карбидом, затим 
парафинским уљем, и на карју дијамнтском пастом. Добијени кристал je испитиван 
методам Раман и ИЦ спектроскопијом. Кристална структура је потврђена 
рендгенско структурном анализом. У складу са теоријом група примећен је један 
Раман и два инфрацрвена оптичка мода. Ниска фотолуминисценција сведочи о томе 
да је концентрација дефеката кисеоника у CaF2 мала. Сва обављена истраживања 
показују да добијени монокристал CaF2 има добар оптички квалитет, што је и био 
циљ овог рада. 
Кључне речи: CaF2, Раман спектроскопија, инфрацрвена спектроскопија, 
фотолуминисценција 
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Abstract:   

Yttrium orthoferrite (YFeO3) powder was prepared by a mechanochemical synthesis 
from a mixture of Y2O3 and α–Fe2O3 powders in a planetary ball mill for 2.5 h. The obtained 
YFeO3 powder sample was characterized by X–ray diffraction (XRD), Raman and infrared 
spectroscopy. The average crystallite size calculated by the Scherrer equation was 12 nm. 
The Mössbauer spectroscopy at room temperature confirms the superparamagnetic character 
of YFeO3 orthoferrite sample. 
Keywords: YFeO3; Raman spectroscopy; IR spectroscopy; Mössbauer spectroscopy. 
 
 
 
1. Introduction 
 
 In the past few years, a renewed interest has grown in the study of orthorhombically 
distorted perovskites. An important example of this trend is the family of orthoferrites, with a 
general formula RFeO3, where R is the trivalent rare-earth metal ion or yttrium [1]. 
Orthoferrites have been extensively studied for their physical properties and potential 
applications [2-4]. These materials are of considerable interest on account of their novel 
magnetic, optical and magneto–optical properties [5]. Also, Y and rare–earth orthoferrites 
exhibit interesting physical and chemical properties because of their ionic and electronic 
defects [6, 7]. However, systematic spectroscopic investigations of orthoferites have not been 
done jet. Reviewing the literature, one can find the analysis of Raman spectra rare–earth 
orthoferrites [8] and YFeO3 [15], but far and mid IR reflectivity measurements are not 
available.  

The family of orthorhombically distorted perovskites have the same Pnma space 
group and 4 formula units per unit cell [8-11]. The basic building units of orthoferrites are 
FeO6 octahedral that are corner–connected along the b axis. Four corner–connected oxygen 
atoms, O1, and additional charge balancing yttrium cations, which occupy interstitial 
positions between octahedral, are in 4c Wyckoff–site with xz

sC symmetry (Fig. 1). The eight 
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oxygen atoms (O2) found in the ac plane occupy Wyckoff positions 8d and possess site 
symmetry C1. According to the recent inelastic neutron scattering measurements the lattice 
constants of YFeO3 single crystal, are a = 5.282Å, b = 7.605 Å, and c = 5.596 Å [12]. Below 
640 K, YFeO3 is a noncollinear antiferromagnet [12, 13]. The direct interaction between 
nearest neighbour Fe magnetic moments in yttrium and rare–earth orthoferrite crystals is 
negligible. The spins are coupled through the oxygen atoms by the super exchange 
mechanism. This interaction is predominantly antiferromagnetic with an anti-symmetric 
component (Dzyaloshinsky–Moriya anti–symmetric exchange [14]) which causes a slight 
canting of the moments of adjacent iron atoms and a resultant weak ferromagnetic moment as 
well. 

 

Fig. 1. Structure of YFeO3. 
 
 The usual method for synthesizing such compounds, viz. by sintering stoichiometric 
mixtures of the rare-earth oxide (R2O3) and Fe2O3 is unsuitable in this case because it leads to 
the formation of garnets as well as orthoferrites at low temperatures. Most of mentioned 
approaches for synthesis of single phase perovskite YFeO3 require the calcination process at 
high temperature around 1173 K, which results in energy and time consumption usually 
associated to multistage synthesis [15]. 
 Rare–earth orthoferrites are often prepared from high temperature solid-state 
reactions of the corresponding pure oxides [16]. However, this process suffers from problems 
such as excessive crystal growth, irregular atomic stoichiometric ratio, and formation of 
undesirable phases. Polycrystalline rare–earth orthoferrites (RFeO3) and iron garnets 
(R3Fe5O12) are usually prepared by sintering mixtures of rare earth oxide (R2O3) and Fe2O3 at 
elevated temperatures (> 1300 °C). This method, however, often involves the formation of 
impurity phases such as garnets (in the orthoferrites) and magnetite.  Multiple firings are 
usually necessary to obtain materials which are single phase with respect to XRD 
measurements. On the other hand, Racu and co-authors [17] present a new, fast and high yield 
synthesis method for obtaining microcrystalline YFeO3 orthoferrite, based on hydrothermal 
technique. The advantage of the method consists in the direct crystallization of the material 
without the necessity of the calcination. Other synthesis routes have also been proposed 
including the precipitation method, thermal decomposition process, solvothermal treatment, 
sonochemical approach, combustion route, alkoxide method and solid state reaction [18-24].  
 Mechanical activation is a very effective method for obtaining a highly dispersed 
system as mechanical action stress fields form in solids during the milling procedure [25]. 
During milling, heat is released, new surfaces and different crystal lattice defects are formed 
and a solid-state reaction is initiated. The accumulated deformation energy is the key of 
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understanding the route of irreversible changes of the crystal structure and consequently 
microstructure, causing changes of material properties [25]. In many cases, the mechanical 
activation is superior to the conventional solid-state reaction for the ceramic powder 
preparation for several reasons. It uses low–cost and widely available oxides as starting 
materials and skips the calcinations step at an intermediate temperature, conducting to 
simplified process [26]. 
 In this work, we were investigated the nanocrystalline YFeO3 powder obtained by the 
mechanochemical synthesis in a planetary ball mill. The mechanochemical reaction leading to 
formation of the YFeO3 phase was followed by XRD, Raman and IR spectroscopy. The 
Mössbauer spectroscopy at room temperature confirms the superparamagnetic character of 
YFeO3 orthoferrite sample. 
 
 
2. Experimental procedures 
 

The starting material were: yttrium (III)–oxide (Y2O3, Alfa Aesar 99.9 % purity) and 
hematite (α–Fe2O3, Merck 99 % purity). Mechanochemical synthesis was performed in air 
atmosphere in planetary ball mill (Fritsch Pulverisette 5).  
 Characterization of the sample obtained after 2.5 h milling time was carried out by 
several methods. 
• XRD analysis was performed on X-ray diffractometer (Rigaku Corporation, Japan) at room 
temperature. CuKα radiation (λ = 0.15418 nm) with a step size of 0.01° in the range of 2θ = 
10-80° was used. The peaks were identified using the Powder Diffraction File (PDF) database 
created by International Centre for Diffraction Data (ICDD). 
• The micro-Raman spectra were taken in the backscattering configuration and analyzed by 
Jobin Yvon T64000 spectrometer, equipped with nitrogen cooled charged coupled device 
detector. As an excitation source the 532 nm line of Ti was used: Sapphire laser, with laser 
power 20 mW. The measurements were performed in the spectrum range 100 – 800 cm–1.  
• The infrared (IR) measurements were carried out with a BOMMEM DA–8 FIR 
spectrometer. A DTGS pyroelectric detector was used to cover the wave number range 50 – 
700 cm–1. 
• The measurements of the Mössbauer effect in YFeO3 nanocrystalline powder were 
performed in a transmission geometry using a 57Co(Rh) source at the room temperature (RT). 
The spectra have been examined by WinNormos–Site or WinNormos–Dist/Xls software 
packages [27]. The former is based on the least squares method whereas the latter combines 
distribution of Lorentz lines and subspectra based on the histogram and the least squares 
method, respectively. The Wissel spectrometer was calibrated by the spectra of natural iron 
foil. Sample thickness correction was carried out by a transmission integral. Isomer shift 
values are in reference to a metallic alpha iron (δ = 0).  
 
 
3. Results and discussions 

Fig. 2 presents the XRD pattern of: the starting mixture after 2.5 h of milling. 
Obtained diffractogram is compared with the data from the Powder Diffraction Files: 
PDF#39–1489 for yttrium orthoferrite, PDF#33–0664 for hematite and PDF#41–1105 for 
yttrium (III) oxide. After 2.5 h of milling the orthorhombic distorted perovskite structure with 
space group of Pnma become dominant. Only a few percents of Y2O3 and Fe2O3 indicate that 
the reaction is practically completely finished. 
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Fig. 2. XRD pattern of YFeO3 orthoferrite obtained from the mixture of Y2O3 and α–Fe2O3 

powders after 2.5 h milling time (symbols in red ∇ – YFeO3; blue • – Fe2O3; black ∗ – Y2O3 
are assigned to identified phases). 

 
The crystallite size (S) of YFeO3 powder mechanochemically treated for 2.5 h was 

calculated by means of Scherrer equation [28-30] using XRD data for the most prominent 
(121) Bragg reflection as: 

                   S = 0.9 λ / (β cos θ)                                                             (1) 
where λ – X–ray wavelength, β – full width at half–maximum, θ – Bragg angle. Estimated 
average crystallite size is 12 nm.  
 The group theory [31-33] predicts 60 vibration modes at the centre of Brilouin zone:  
Γ = 7Ag + 8Au + 5B1g + 10B1u + 7B2g + 8B2u + 5B3g + 10B3u. Therefore, for unpolarised spectra 
of a polycrystalline sample, we would expect at most 24 Raman bands (7Ag + 5B1g + 7B2g + 
5B3g) and 25 infrared–active ones (9B1u + 7B2u + 9B3u), 8(8Au) are silent, and 3(B1u + B2u + B3u) 
are acoustic modes. 
 Unpolarised Raman spectra presented in Fig. 3 are excited by laser line λ= 532 nm 
and recorded in backscattering geometry at room temperature. As Fe atoms are in centre of 
symmetry they do not participate in Raman active modes. The corresponding modes in 
different orthorhombically distorted perovskites with symmetry Pnma are not different too 
much. So we could assign modes in our Raman spectra of nanosized YFeO3 in accordance 
with literature data [8, 34, 35]. We observed all 7 Ag modes at 146, 177.5, 289, 335, 405, 494 
and 525 cm–1. Two strong B2g modes are at 221 and 608 cm–1 and one B1g at 434 cm–1. The 
origin of a strong wide feature at 655 cm–1 arises from two-phonon process and probably due 
to crystal disorder. In the Raman spectra of single crystals this band is hardly visible [8, 35], 
but in the spectra of polycrystalline samples is much exaggerated. Mandal at al. [36] 
deconvoluted this band (at 648 cm-1 in YFe0.6Mn0.4O3) and found that at this energy there are 
two (second order) phonons with different symmetries – B2g and B3g. 
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Fig. 3. Raman spectrum of YFeO3 orthoferrite obtained from the mixture of Y2O3 and α–

Fe2O3 powders after 2.5 h milling time at room temperature. 
 

 Infrared reflectivity spectrum of the practically pure YFeO3 phase after 2.5 h of 
milling is presented in Fig. 4. A number of modes that can be related to an YFeO3 phase are 
visible. As a result of the best fit we obtained 10 modes with parameters listed in Fig. 4.  
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Fig. 4. IR spectrum of YFeO3 orthoferrite obtained from the mixture of Y2O3 and α–Fe2O3 

powders after 2.5 h milling time at room temperature. 
 
 To the best of our knowledge, about the reflectivity measurements of YFeO3 in the far 
and mid infrared range in literature and only two references have reported the transmittance of 
YFeO3, but in the range of wave numbers higher than 400 cm–1. This assertion can be seen in 
the works that show investigation nanocrystals of YFeO3 obtained by sol-gel auto-combustion 
process [37] and sintered samples (as a part of investigation of YFe1-yMnyO3) [38]. Comparing 
theoretical [31, 33, 39] and experimental data for IR modes from available literature, together 
with results obtained by fitting procedure in this work, we can conclude that IR modes of 
various orthoferrites are very close, even modes of orthoferrite and orthomanganite, as has 
already been shown for Raman modes. IR modes generally can be assigned to three different 
types of motion (came up from splitting of modes in ideal perovskite structure): 1)Y (or rare–
earth) – external modes at the lowest frequencies, 2) Fe-O bending modes in the intermediate 
range from 270 cm–1 to 500 cm–1, and 3) oxygen stretching modes at higher frequencies. 
Considering that our nanosized samples are obtained by ball milling (mechanochemical 
reaction) it is possible that the presence of numerous defects, like disturbed octahedrons, can 
result in broadening of modes, or even arising of new modes. We suppose that merged modes 
centered at about 570 cm–1 correspond to stretching vibration(s). The strongest mode at 436 
cm–1 is a little lower than reported [37, 38]. All other lower energy modes can be compared 
only with modes of some other compounds with the same Pnma structure, or with 
theoretically obtained values for rare–earth orthoferrites [32] and lanthanum orthomanganite 
[33, 39]. It can be concluded that the first fitted mode at ωTO = 74 cm–1 (ωLO = 89 cm–1) has 
B1u symmetry. Rather broad mode 121(137) cm–1 can be a combination of two close modes 
B1u and B3u. Modes at 173(198) cm–1 and 245(267) cm–1 have symmetry B1u and B2u, 
respectively. Those are so called external modes, mixed vibrations of Y and octahedra FeO6. 
The higher frequency modes do not involve motions of Y atoms, but only vibrations of O–Fe–
O bond in octahedra. The second group of phonons with frequencies lying between 270 and 
500 cm–1 is expected to originate from splitting of the bending mode of the ideal perovskite 
structure. These are modes B3u at 305(326) cm–1, B1u at 364(393) cm–1, B1u at 436(465) cm-1 
and B3u at 487(502) cm–1 (Fig. 4). In the third group are stretching modes B3u at 536(548) cm–1 
and strong B2u at 577(612) cm–1. Even though if we were not able to assign all IR modes, at 
least two most prominent modes (B1u at 436(465) cm–1 and B2u at 577(612) cm–1) confirm that 
after 2.5 h of milling orthoferrite Pnma structure is obtained. 
 The Mössbauer spectrum (Fig. 5) obtained for 2.5 h milled sample is resolved by five 
sextets and three doublets. The sextet with the hyperfine interaction parameters which 
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correspond to hematite is clearly identified. Its relative amount is 6.0(3) %. The remaining 
four sextets are recognized to represent response from the yttrium orthoferrite. The relative 
amount of well crystallized large particles is 16(2) %. The other three sextets that follow the 
reduction of particles´ volume are in accordance with the findings of Modi et al., i.e. 
hyperfine field magnitude and isomer shift values decrease with decreasing particle size or 
increasing milling time [40]. Two superparamagnetic doublets show that further milling 
produced additional more than 10% small sized particles. Pinkas et al. reported the measured 
isomer shift value of 0.34 mm s–1 and quadrupole splitting of 0.79 mm s–1 for the amorphous 
YFeO3 at 300 K [41]. These results are in agreement with the parameters of doublet obtained 
in our measurement. The doublet with the largest quadrupole splitting value of 2.32(1) mm s–1 
provokes the most doubts in interpretation. The YFeO3 with hexagonal structure is a 
metastable phase. There is only one non-equivalent Fe site in hexagonal YFeO3 whereas the 
observation of two Fe sites in this phase was related to the small crystallites of the Fe–rich 
compound [42, 43]. The reported hyperfine parameters for these two Fe sites at room 
temperature are 2.13(2) and 1.18(2) mm s–1 for the quadrupole splitting and the isomer shift of 
0.29(2) and 0.30(2) mm s–1, respectively. The ratio of relative area is 4:3 [44]. The relative 
amount of the doublet is probably under detection limit of XRD as an aggravating 
circumstance. Taking into account that our parameters do not entirely match the cited values, 
while partially agree with the ones of Modi et al. [40], this doublet is attributed to the smallest 
YFeO3 particles. The creation of oxygen vacancies during milling might have reduced some 
of the Fe3+ ions to Fe2+ ions [40]. The distinctive isomer shift high value was not identified in 
our spectra. Thus, we conclude that the yttrium orthoferrite represents 94 % of the sample 
obtained after 2.5 h milling time. After normalization with respect to the yttrium orthoferrite 
amount, the following distribution of particle size is obtained: 17 % large, 38 % medium sized 
and 45 % small particles. 
 

 
 

Fig. 5. Mössbauer spectrum at T = 294 K of YFeO3 orthoferrite obtained from the mixture of 
Y2O3 and α–Fe2O3 powders after 2.5 h milling time. The experimental data are presented by 
solid circles and the fit is given by the red solid line. Vertical arrow denotes relative position 
of the lowermost peak with respect to the basal line. The fitted lines of subspectra are plotted 

above the main spectrum fits. 
 

4. Conclusions 
 Nanosized yttrium orthoferrite (YFeO3) powder was synthesized by 
mechanochemical treatment of Y2O3 and α–Fe2O3 mixture in planetary ball mill for 2.5 h. 
XRD shows that yttrium orthoferrite structure is dominant in the form of fine crystallites with 
average size 12 nm. The eleven Raman active modes are observed in first-order Raman 
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spectra at the room temperature. An IR reflectivity spectrum is fitted by 10 modes. Mössbauer 
measurement analysis shows that the dominant part of the yttrium orthoferrite phase are small 
and medium sized nanoparticles. After 2.5 h of milling the mixture contains 6 % of unreacted 
hematite. 
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Садржај: Итриjум ортоферит (YFeO3) је добијен из смеше прахова Y2O3 и α–Fe2O3 
механохемијскom синтезом након 2.5 часа млевења у планетарном млину. Добијени 
прах YFeO3 је био карактерисан методом рендгенске дифракције, Раман и 
инфрацрвеном спектроскопијом. Просечна величина кристалита израчуната 
Шереровом једначином је била 12 nm. Мосбауер спектроскопија на собној 
температури потврђује суперпарамагнетни карактер узорка YFeO3. 
Кључне речи: YFeO3; Раман спектроскопија; инфрацрвена спектроскопија; 
Мосбауер спектроскопија. 
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In this work single crystals of bismuth germanium oxide (Bi12GeO20) have been grown by the Czochralski method. Growth 
conditions were studied. The critical diameter and the critical rate of rotation were calculated. Suitable polishing and etching 
solutions were determined. The structure of the Bi12GeO20 has been investigated by X-ray diffraction, Raman and FTIR 
spectroscopy. The obtained results are discussed and compared with published data. On the basis of the measurements by 
Raman spectroscopy, we observed 15 modes.  
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1. Introduction 
  
Sillenit crystals Bi12MO20 (M = Ge, Si, Ti) have a 

number of properties important for practical applications, 
such as piezoelectric sensors, filters and delay lines of 
electromagnetic signals, electro-optical and magneto-
optical field strength meters, space–time modulators, etc. 
It is known [1] that these devices require crystals with a 
low dislocation density and high optical homogeneity. 
Owing to the great diversity of physical effects in sillenite-
type crystals and the possibility of employing them in 
electronic and optoelectronic devices for various 
technological applications, a wide variety of techniques 
have been used to grow both bulk single crystals and 
epitaxial layers (films) of sillenites. Most research effort 
has been concentrated on Bi12GeO20 (BGO), Bi12SiO20 
(BSO), and Bi12TiO20(BTO) crystals. The approaches most 
frequently used to prepare BGO, BSO, and BTO crystals 
are melt growth (Czochralski(CZ)), Bridgman, Stepanov, 
and edge-defined film-fedgrowth (EFG) processes) and 
hydrothermal crystallization. Films of these compounds 
can be produced by liquid phase epitaxy (LPE), physical 
sputtering, chemical vapor transport, and solution growth 
[2]. 

 Most BGO single crystals for acoustic and optical 
applications are grown by CZ pulling. Using this 
technique, BGO single crystals 50–70 mm in diameter and 
up to 400 mm in length have been grown [2]. 

Bismuth germanium oxide (Bi12GeO20) is usually 
abbreviated as BGO in common usage. The Bi12GeO20 
crystal structure is described by the cubic space group I23. 
The unit cell of Bi12GeO20 contains two formula units, the 
Ge atoms residing in the centre and in the vertices of the 
cube. Each one of the Ge atoms is tetrahedral, coordinated 
by oxygen atoms. The framework of the Bi12GeO20 
structure is formed by the [BiO5E] polyhedra (E= 6s2 is 
the non-shared electron pair of Bi) which form dimmers 

by means of a common edge [3]. The Bi12GeO20 has 
considerable applications due to its photoconduction, 
photochromism, photorefractive and other properties [4–
7].  

In this paper we have studied the growth of a 
Bi12GeO20 single crystal and characterized it by XRD, 
Raman and FTIR spectroscopy. In this paper, we have 
studied a Bi12GeO20 single crystal, which produced growth 
by the Czochralski technique. The Bi12GeO20 single crystal 
was characterized using different methods of 
characterizations. 

 
2. Experimental procedures 
 
The Bi12GeO20 single crystals were grown by the 

Czochralski technique using an MSR 2 crystal puller 
controlled by a Eurotherm. The temperature fluctuations 
were typically lower than 0.2 ºC. The crystal diameter was 
set and automatically kept constant by an additional 
weighing assembly that monitored the crucible weight 
continuously. The absolute value of the deviation from the 
given diameter was below 0.1 mm. The melt was 
contained in a platinum crucible (φ 40 mm, 40 mm depth), 
which was placed in an alumina vessel on zircon-oxide 
wool. The whole system forms a kind of protection against 
excessive radiative heat loss. To reduce thermal gradients 
in the crystal and the melt, a cylindrical silica glass after 
heater was installed around the system with the crucible 
[8]. The crystals were grown in an air atmosphere. The 
BGO seed was oriented in the <111> direction.  

The charge was a stoichiometric mixture of Bi2O3 
(99.9999 wt. %) and  GeO2 (99.9999 wt. %). The starting 
materials were mixed together in the stoichiometric ratio 
(6:1). Various pull rates were examined and the best 
results were obtained using pull rates in the range 2.8-3 
mm h-1. The rate of crystal rotation was calculated to be 20 
rpm. The crucible was not rotated during the growth. After 
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the growth run, the crystal bole was cooled at a rate of 
about 50 ºC h-1 down to room temperature. 

Attempts were made to find the optimal solution for 
the chemical polishing and etching of Bi12GeO20 single 
crystals. The combination for the etching solution were: 
HF + HNO3 in the ratio 2:1, HCl + H2O in the ratio 1:2, 
and HCl + H2O in the ratio 1:5. For the chemical polishing 
of the bismuth germanium oxide crystals a solution of HCl 
+ HNO3 + H2O we tried the ratio 1:1:5. 

The observations relating to the dislocation were 
recorded by observing an etched surface of Bi12GeO20 
crystal, using a Metaval of Carl Zeiss Java metallographic 
microscope with magnification of 240x.  

 The X-ray diffraction (XRD) data for Bi12GeO20 was 
determined using a CuKα radiation and a monochromator 
(Model Philips PW 1710 diffractometer) under the 
following experimental conditions: 40 kV and 20 mA, 20º 
< 2θ  < 90o, 2θ  = 0,02o for 0.5 s. 

 Raman spectroscopy measurement was performed at 
room temperature in the spectral range from 100 to 1000 
cm−1, in back scattering geometry, using a Jobin Yvon 
T64000 spectrometer, equipped with nitrogen cooled 
charge-coupled device detector. As an excitation source 
we used the 514 nm line of an Ar-ion laser. The 
measurements were performed at 20 mW.  

 The Infrared (IR) spectrum of the powder was 
obtained with a Fourier transform infrared (FTIR) 
transmission-KBr disk spectroscopy (Hartmann & Braun, 
MB-series). The scanning range of FTIR was between 
2000 and 400 cm−1. 

 
3. Results and discussion 
 
Part of a polished slice of a Bi12GeO20 single crystal 

with etched pits of dislocations is shown in Fig. 1. To 
examination of the dislocations in crystal was used 
Metaval of Carl Zeiss Java metallographic microscope 
with magnification from 240x. The absence of a core was 
confirmed by viewing polished crystal slices in both 
normal and polarized light. The observations related to the 
dislocation were recorded by observing an etched surface 
of Bi12GeO20 crystal, using a metallographic microscope. 
Grain boundaries can be seen in the image well. The 
whole area looks like as a wave. From the wavy surface as 
the sticking black triangles. Also, in Fig. 1 can be 
observed the appearance of regular pyramid, approximate 
orientation <111> with distinctive peaks.  
 

 
  

Fig. 1. A view of an etched plate of Bi12GeO20 crystal with 
triangles of dislocations. Magnification 240x. 

Fig. 2 presents the XRD pattern of Bi12GeO20. The 
diffractometer was used in the 2θ  range from 3º to 95º. 
XRD indicates that all peaks belong to the Bi12GeO20 
phase, which is in good agreement with the JCPDS Card 
No. 34-0096. The unit cell of Bi12GeO20 was calculated by 
the least square method using all 24 reflections, including 
more Kα2 for 5 reflections. The XRD spectrum of BGO 
shows a typically crystal structure with the strongest peak 
centered at 2θ = 27.8º, as shown in Fig. 1. 

 Many of the reflections correspond to Bi12GeO20 
crystals with the parameter of cubic I-centered cell a = 
10.1462 Å, and x = 12. Our calculated results for the 
lattice parameter are in good agreement with published 
data. It should also be mentioned that a value of x = 12 for 
crystals BixGeO1.5x+2 where the diameters are 10 to 12 mm 
for a crucible diameter of about 40 mm, have been 
reported in the literature [9]. This is in accordance with the 
dimensions of the crystals obtained in this work. 
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Fig. 2. X-ray diffraction pattern of a Bi12GeO20  
single crystal. 

 
 

 The Raman spectra of Bi12GeO20 single crystals 
formed by the Czochralski technique, in the spectral range 
from 50 to 900 cm-1 at room temperature is shown in Fig. 
3. Raman spectra are often analysed with the help of a 
Lorentzian curve. Our interest is quantitative analysis with 
a partial discussion of trend, and we assume that all lines 
are of the Lorentzian type (Eq. (1)). Solid lines in Fig. 3, 
were obtained by adding 15 different profiles: 
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              (1) 

 
Here I – is the line intensity, I0 – the height of the baseline, 
ωc – the position of the maximum, W – the half-width of 
the peak and A – a parameter that depends on W. For 
BGO, group-theoretical analysis gives: 
 

Г = 8A + 8E + 25F   
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Fig. 3. Raman spectra of Bi12GeO20 single crystals  
at room temperature.  

 
 
The triply degenerated oscillations (F ≡ TO+LO, TO, 

LO) are manifested in the Raman and IR spectra, and the 
nondegenerated (A) and doubly degenerated (E) 
oscillations are manifested in the Raman spectra. Because 
all these oscillations are manifested in the Raman spectra, 
these spectra give the most complete information on the 
internal crystal oscillations. This spectrum contains 14 
Raman modes of different relative intensities, indicated as 
strong, medium and weak. The spectrum of Bi12GeO20 
exhibits intense modes at about 121, 128, 144, 168, 175, 
204, 235, 269, 323, 455, 486, 538, 621, 678 and 716 cm-1 

(Fig. 3). In the low-frequency region, the Raman spectra of 
sillenites, together with the spectra of other complex oxide 
compounds of bismuth, are similar to the Raman spectra of 
the α-Bi2O3. Among numerous intense lines in the spectra 
of Bi12GeO20 narrow lines are observed which coincide 
with an accuracy of several cm-1 with the lines at 121 and 
128 cm-1 in the Raman spectra of sillenites. The 
oscillations in the region ω  < 150 cm-1 in the Raman 
spectrum of α-Bi2O3 are related to the external oscillations 
of the Bi atom. The oscillations of O lie in the region ω > 
150 cm-1. The internal modes should be sought in the 
range from 200 to 600 cm−1. This fact confirms once more 
that the main contribution to the vibration spectrum of 
sillenites in the region ω  < 650 cm−1 is given by 
excitations of the bismuth–oxygen sublattice. 

At the same time, for a number of oscillations, 
especially in the high-frequency region (ω > 650 cm−1), an 
opposite situation takes place. The frequencies of these 
oscillations depend substantially on the mass of the atom 
M. The main contribution to these oscillations of the 
crystal lattice is given by oscillations of the tetrahedral 
[MO4]. In accordance with the structural data, the 
tetrahedron [MO4] is surrounded by twelve heavy atoms of 
bismuth, and its oscillations do not cause notable 
displacements. Indeed, the calculation of the normal 
oscillation frequencies for the complex molecule 
M[O4(Bi)3]4 (M = Ge, Si, Ti) shows that the values of 
these frequencies are in good agreement with the 

experimentally measured ones and are close to the values 
of the corresponding frequencies of the group [MO4]4-. 

Registered Raman modes on Fig. 3 are shown: 5A, 4E 
and 5F (1TO, 1LO and 3(TO+LO)). The intensity modes 
at about 168, 171, 269, 323, 5381 and 716 cm−1 belong to 
the symmetry type A. These modes are characterized by 
the type of vibration, which shows ``breathing`` of Bi and 
O atoms [10]. Also, these vibrations are combinations of 
bending and stretching modes in Bi3O4 - Bi-O stretching, 
O-Bi-O bending, O-Ge bending, and symmetric Ge-O 
stretching.  The modes at about 128, 235, 455 and 621 
cm−1 belong to the symmetry type E and show Bi and O 
vibrations elongating the cluster along either <100> or 
<001>, <100> or <010>, respectively. These modes can be 
present combinations of bending and stretching modes in 
Bi3O4, Bi-O stretching, O-Bi-O bending, and O-Ge 
bending. Also, the modes at about 121, 175, 204, 486 and 
678 cm−1 belong to the symmetry type F, while the 
symmetry type (TO) have modes at about 175 cm-1. They 
describe the vibrations in the GeO4 (MO4) unit: rocking of 
GeO4, asymmetric stretching mode in GeO4. The modes at 
about 121, 486 and 678 cm−1 can be present by symmetry 
type (TO+LO). The mode at about 323 cm-1 can be 
described as rotation of the GeO4 unit. The mode at 204 
cm-1 has symmetry type LO. It should be noted that the 
frequency of the asymmetric stretching mode of the MO4 
tetrahedral is lower than that of the symmetric one. This is 
due to the strong influence of the Bi-O framework on the 
vibration behaviour of the MO4 tetrahedral in sillenites. It 
is characteristic of the MO4 structure. This is in agreement 
with literature data. The subject of our future study of the 
Bi12GeO20 single crystal will still be with the help of 
Raman spectroscopy.  
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Fig. 4. FTIR transmittance spectra of Bi12GeO20 single  

crystals at room temperature.  
 

 Fig. 4 has the IR spectra of samples of Bi12GeO20. The 
IR absorption spectra of Bi12GeO20 could be associated 
directly with the spectra of Bi2O3. We expect to have a 
good agreement with the Raman and IR spectra of the 
crystalline BGO. Also, the infrared spectrum is in good 
agreement with the data reported in the literature. The 
major line BGO was identified in our Bi12GeO20 single 
crystal. Five IR active modes are observed in the range 
from 400 to 900 cm-1 (Fig. 4).  
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All modes are TO symmetry. The FTIR spectrum 
shows well-defined peaks located at 681, 600, 571, 524 
and 465 cm-1. The peak located at 741 cm-1 is due to the 
stretching vibration mode of Bi–O–Ge bonds. In the 
present case, in the Bi–O–Ge bonds, when the vibrations 
of the Bi–O and Ge–O are in phase, the absorption is 
located at 740 cm-1 and 712 cm-1. The shift observed in the 
bands` location can be associated with the difference 
between the atomic masses of germanium and bismuth 
atoms. There are small peaks at 1351, 1524 and 1630 cm-1. 
These belong to the stretching mode of OH- groups as the 
Bi12GeO20 single crystals were grown in an air atmosphere. 
The positions of the OH- group at this point are in 
accordance with those found in the literature [11]. 

The peak at 600 cm-1 is related to the cationic 
vibrations in the network or Bi-O vibration. The peak 
located at 571 cm-1 is associated with the bending 
vibration mode of the distorted tetrahedron formed by the 
(GeO4)4-groups. The band located at 524 cm-1 is assigned 
to the deformation vibration of isolated (GeO4)4- groups. 
The band located at 465 cm-1 is related to Ge-O bond 
rocking and interaction by the [BiO6] polyhedron. 

 The Bi12GeO20 single crystal prepared by the 
Czochralski technique was pale yellow (Fig. 5). The 
crystal has no central core.   
 

 
 

Fig. 5. Photographic image of the studied obtained 
 crystal of Bi12GeO20. 

 
 

4. Conclusions  
 
In conclusion, the Czochralski technique has been 

used successfully to produce a Bi12GeO20 single crystal. 
The obtained crystal was studied by X-ray diffraction, 
Raman and FTIR spectroscopy. The single crystal 
structure Bi12GeO20 was confirmed by XRD. The Raman 
and FTIR spectroscopy results suggest that way synthesis 
leads to the formation of BGO, as seen by X-ray 
diffraction analysis. We observed 15 Raman and 5 IR 
modes. It can be concluded, that the obtained single crystal 
of BGO is pale yellow in colour and there is no central 
core.  
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Vibrational properties of PbTe single crystals doped with Ni are determined using far – infrared spectroscopy in wide 
temperature range. Far – infrared reflection spectra were analyzed using a fitting procedure based on the modified plasmon 
– ionised impurity – phonon interaction model. Together with the strong coupling we obtained three local modes of Ni at 
about 130, 165 and 190 cm

–1
, which correspond to the impurity atoms in different valence states. The positions of these 

modes depend on the impurity center charge, while their intensities depend on the temperature and Ni concentration. 
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1. Introduction 
 

The coupling of elementary excitations in solids [1 – 

3] and free – carrier absorption by phonon – ionised 

impurity – plasmon processes [4, 5] has been investigated 

by many authors. These processes are important for polar 

semiconductors with high static (lattice) dielectric constant 

and high carrier concentration. Free – carrier absorption 

consists then in individual – carrier excitations (individual 

– carrier scattering), as well as in collective carrier 

excitations (plasmon generation). 

 Photon – plasmon processes were studied, as a rule, 

in more general framework of photon – plasma – 

imperfection (deformation) interactions, where also 

individual – carrier excitations were taken into account [6 

– 9]. Both nondegenerate and degenerate plasmas were 

considered. Usually, a theory is formulated starting from 

the knowledge of dielectric function for free carriers in 

perfect crystals. Phenomenological approach to this 

problem is formulated by several authors [9 – 11]. Our 

approach [10, 11] is based on creating specific dielectric 

function, which has to explain registered process, while 

comparisons with parameters obtained by classical 

approach [1, 2] yield the physical explanation of the 

processes that are taking place in the doped 

semiconductors.  

The doping of A
IV

B
VI

 semiconductor compounds with 

transition metal impurities has significant scientific and 

practical interest due to the new materials preparing 

possibilities. Lead telluride (PbTe) belongs to the A
IV

B
VI

 

IR – sensitive narrow – gap semiconductor group, which 

acquire new properties as a consequence of doping [12 – 

14]. Electrical properties in such manner obtained 

materials strongly depend on the type and concentration of 

the added impurity. For instance, when PbTe is doped with 

chromium, free carrier concentration n increases to 

1.3∙10
19 

cm
-3

, and after that slowly decreases to 1.2∙10
19

 

cm
-3

 with the further increase of the Cr concentration, up 

to the chromium solubility limit [14]. This means that Cr 

in small concentration enter the PbTe lattice as donor 

impurity in the 3+ state. Further, when concentration 

increases, we have both 3+ and 2+ (as neutral) states, and 

finally in highly doped semiconductor we have impurities 

in all three – valence states: 3+, 2+ and 1+ (as acceptor). 

The mentioned behaviour of transition elements causes 

strong correlation between an impurity center and the 

lattice. A change of the electronic state of the impurity 

center provokes a change of the frequency of the local 

mode [4].  

In this paper, we present further studies of far – 

infrared reflection spectra of Ni doped PbTe single crystal 

samples. Ni doped PbTe crystals were already subject of 

our research. Considering our new experimental and 

theoretical work, we analyzed these spectra using a fitting 

procedure based on the modified plasmon – phonon 

interaction model. Also, we obtained three local modes of 

Ni, which correspond to the impurity atoms in different 

valence states. 

 

 

2. Samples and experiment 
 

Single crystals of PbTe(Ni) were grown by the 

Bridgman method in evacuated sealed 12 – 15 mm quartz 

tubes with a cone shaped lower end by moving in the 

temperature gradient of 15 – 20 K/cm. The impurity 

concentrations in the starting mixture were 3.3·10
20

 and 

4.6×10
20

 at./cm
3
. The Ni concentration in the crystals used 

here were 1×10
19

 and 2×10
19

 at./cm
3
 respectively, 

determined by chemical analysis. Solibility limit and 

segregation effect for Ni doped PbTe were discussed in 

more details in Ref. [15]. The structural characteristics 

were obtained by the XRD powder technique. All the 

samples were examined under the same conditions; using a 

Philips PW 1729 X –ray generator, a Philips 1710 

difractometer and the original APD software. The 
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radiation source was an X–ray LLF tube with copper 

radiation and graphite monocromator. The radiations were 

λCuKα1 = 0.154178 and 0.154438 nm. The anode tube load 

was 40 kV and 30 mA. Slits of 1.0 and 0.1 mm were fixed. 

For product identification, the MPDS program and JCPDS 

(ASTM) (Joint Committed on Powder Diffraction 

Standards) cards files were used. The unit cell was 

calculated by the least square methods. All the registered 

reflections corresponded to PbTe crystals and gave the 

parameter of the cubic unit cell of a = 0.6455(3), which are 

in good agreement with values citied in literature [16]. The 

dislocation densities were (5 – 7)·10
-4

 cm
-2

, registered by 

selective etching [17]. 

The Hall effect and conductivity measurements 

showed that the both crystals exhibit n – type conductivity 

with room – temperature electron concentration of 

6·10
16

 cm
-3

 (in sample with Ni concentration of 1·10
19

 

at./cm
3
) and 4·10

16
 cm

-3
 (sample with 2·10

19
 at./cm

3
). The 

far – infrared measurements were carried out with a 

BOMEM DA - 8 FIR spectrometer. A DTGS pyroelectric 

detector was used to cover the wave number rang from 40 

to 400 cm
-1

. 

 

3. Reflectivity analysis and fitting procedure 
 

The theoretical model of the bulk dielectric function 

has been discussed by several authors [11, 18]. For a 

description of the PbTe optical properties simple model for 

dielectric function were used [19]: 

 

rsfreecarrienpolarphonoctronsvalenceele  1  (1) 

 

Interaction of electromagnetic radiation with 

plasmons in nonperfect lattices may become comparable 

or even higher than single – particle scattering [4]. This is 

especially the case for semiconductors with high – static 

dielectric constant. Because of that, the FIR spectra might 

be interpreted with the help of a frequency dependent 

dielectric function with no less than two classical 

oscillators (l ≥ 2) corresponding to the TO modes 

superimposed by a Drude part taking into account the free 

carrier contribution [2, 3]: 

 

 
 

 P

P
l

k TOkTOk

TOkLOk

ii 














 




 

2

1
22

22

   (2) 

 

where  is the bound charge contribution and it is 

considered as a constant, LOk and TOk are the longitudinal 

and transverse optical – phonon frequencies, P is the 

plasma frequency, and TOk and P are the phonon and 

plasma damping.  

In the doped PbTe – based systems the pure LO – 

modes (LO,PbTe) of the lattice are strongly influenced by 

the plasmon mode (P) of free carriers. As a result a 

combined plasmon – LO phonon modes (lj, j = 1, 2) were 

observed [1], whereupon in the experimental spectra only 

coupled mode positions were observable. Therefore, the 

determination of LO mode is connected with the 

elimination of free carrier influence [9, 10, 20]. Impurity 

local modes have the same behaviour. This means that 

impurity local mode, characterized by its characteristic 

frequency 0, can interact with free carriers [21]. In this 

case there is no separation on TO and LO mode, and as a 

result, coupled frequency could appear [4, 21]. 

Considering this fact, in the analysis of reflectivity spectra 

of Ni doped PbTe we have decided to use dielectric 

function that takes into account the existence of free 

carriers – phonon interaction in advance [9]: 

 

 

   

    




 







 











s

m TOmTOm

LOmLOm

n

k
kkttP

n

j

n

k
LkLkljlj

i

i

iii

ii

1
22

22

1

2
00

2221

2

1 1

2222











 (3) 

In our case n is number of local phonons. The first 

term in Eq. 3 represents the coupling of one plasmon and n 

+ 1 phonons, and second term represents the uncoupled 

modes of the crystal (s), while l = n + s + 1. The first term 

in Eq. 3 consist of two parts. The lj (j = 1, 2), t and P 

represents plasma and PbTe LO phonon mode interaction 

(lj and t are frequencies and P is damping).The second 

part of this term represents interaction between plasma and 

nickel local phonons, where the 0k (k = 1, n) is local 

phonon characteristic frequencies and Lk is coupled 

frequency; γ0k and γLk are the damping. The second term 

represents uncoupled crystal modes, where the LOm and 

TOm are the longitudinal and transverse uncoupled modes 

frequencies, while LOm and TOm are damping.  

The parameters adjustment was carried out 

automatically, by means of the least – square fitting of 

theoretical (R) and experimental (Re) reflection 

coefficients at q arbitrarily taken points: 
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where: 
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







R                                (5) 

and  is given by Eq. 3. The value of σ was minimized 

until it became comparable with the usual experimental 

error (less than 2%). The cross – sections of multi – 

dimensional σ(j, j) surface were calculated, multiplying 

each parameter alternately by a varying factor (1  ) 

while all the others were fixed on a determined level. Such 

sections gave evidence of the precision of the analyses. 

Practically, for all samples the determination errors of the 

eigenfrequencies and damping coefficients were in the 

range of 3 – 6 % and 10 – 15 %, respectively. 

 

4. Results and discussion 
 

The far – infrared reflection spectra of PbTe(Ni) with 

Ni concentration of 1×10
19

 (a) and 2×10
19

 at./cm
3
 (b) 

single crystals in the temperature range from 80 to 300 K, 

and spectral range from 40 – 400 cm
-1

 are shown in Fig. 1. 
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The experimental data are marked by circles. The solid 

line was obtained using the dielectric function from Eq. 3, 

where n = 1 (Fig. 1.a) and n = 3 (Fig. 1.b). This means that 

in the sample with 1×10
19

 at./cm
3
, besides PbTe TO/LO 

pair exists one Ni local phonon which also interacts with 

free carriers, while in sample with 2∙10
19

 at./cm
3 

where Ni 

existed in the three valence states, there are three Ni local 

phonons participating in the interaction. Mode at about 73 

cm
-1

 (s = 1 in Eq. 3), denoted with x in Fig. 1.a, is well 

known PbTe Brillouin zone edge mode [20]. 
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Fig. 1. Far – infrared reflection spectra of PbTe(Ni) 

single crystals: ZNi = 1∙1019 at./cm3 (a) and 2∙1019 at./cm3 

(b) in the temperature range from 80 to 300 K. 

Experimental spectra are presented by circles. Solid line 

is calculated spectra obtained by the fitting procedure 

based on the model for plasmon – phonon coupling (Eq.  

              3): (a) n = 1, s = 1and (b) n = 3, s = 1.  

 

 

Theoretical spectra fit experimental results very well. 
In Figs. 2 and 3 characteristic spectra for plasmon – 
phonon interaction are presented. Obtained results 

describe the relationship between the results obtained on 
the basis of Eq. 3 and of the traditional approach presented 
with Eq. 2. Interactions that correspond to different Ni 
concentrations are represented in figures. Thus, in Fig. 2, 
interaction of one plasmon with PbTe TO/LO pair and one 
Ni local phonon is presented, and in Fig. 3 is presented 
interaction of plasmon – PbTe TO/LO pair and three Ni 
local phonons. The solid line, in all figures, represents 
coupled frequencies, and as it was given in [9] the 
positions of the coupled mode were defined as the 
solutions of Eq. 2 (Re{ε} = 0). Dashed lines, obtained 
experimentally as the best fit, correspond to TO phonon 
positions, Ni local phonon characteristic frequencies (ω0k, 
k = 1, 3) and well – known value for PbTe LO phonon 
[24]. Positions of coupled frequencies, obtained as the best 
fit using the appropriate Eq. 3, are presented as symbols: 
the solid circles (●) refer to Ni local frequencies and stars 
() to PbTe TO phonon and squares (□) to PbTe LO 
phonons. The obtained results can be explained in the 
following way: Ni in PbTe substitutes the Pb, and Ni is a 
substitution impurity ion. The impurity mode can arise 
simply due to the difference between masses and force 
constants of the impurity ion and the ion of the host 
material [21], or their appearance can be caused by more 
complex mechanism of electron – phonon interaction [7, 8, 
22]. Taking into account the change of mass and force 
constants between an impurity and its surrounding, we 
have demonstrated that this is the case of the Ni impurity 
local modes. That is, if the semiconductor is doped with a 
substitution impurity [21] (in this case Ni), when 
substitution of the heavier mass (Pb) is made by a lighter 
impurity, one gets two modes: a local mode situated above 
the optical band and a gap mode situated above the 
acoustic band but below the optical band of the host 
lattice. Ni impurity modes are situated above the PbTe 
host optical band (Figs. 2 and 3), so they are local modes. 

Taking into account both the FIR and Hall 

measurements, we assume that in the case of very low 

concentration, Ni enters in PbTe lattice as a donor 

impurity in Ni
3+

 state. With further increase of Ni 

concentration, free carrier concentration stays the same, 

like in the case of Cr impurities [23]. So, we can conclude 

that Ni enters as a Ni
3+

 (as a donor) and as a Ni
2+

 (as a 

neutral) [24]. Further Ni concentration increasing causes 

the appearance of another local phonon, which 

corresponds to Ni
1+

 (acceptor state). The mentioned 

electronic behaviour of Ni dopant causes strong change in 

correlation between an impurity center and a lattice. A 

change of the electronic state of an impurity center leads to 

a change of a force constant between an impurity atom and 

a lattice, which leads to the changing of the local mode 

frequency. According to our results, and results for PbTe 

doped with III group of elements [25, 26], we concluded 

that mode at about 190 cm
-1

 (which is seen for both 

samples) corresponds to Ni
3+

; mode at about 130 cm
-1

 

corresponds to Ni
2+

 (narrow line) and mode at about 

165cm
-1

 to Ni
1+

. Registered mode frequencies are between 

the characteristic Ga and In frequencies [25 – 27], but they 

do not satisfy the isotopic effect, which is consequence of 

the interaction between an impurity center and a lattice.  
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Fig. 2. The eigenfrequencies of the plasmon – phonon 

modes for single crystal PbTe(Ni) with 

ZNi = 1∙1019 at./cm3: the solid lines are calculated spectra 

[Re{ε} = 0; ε is given by Eq. 2, l = 3]; ● – 03; ○ - l1, 

l2 and L3 (Eq3);  – experimentally  determined values  

   for TOPbTe; □ – ωLOPbTe. Dashed lines are visual aid. 

 

0 100 200 300
0

100

200

300


TO


LO


01


02


03


l1


l2


L1


L2


L3

Ni
2+

Ni
1+

Z
Ni

=210
19

 at./cm
3

PbTe(Ni)


P
 (cm

-1
)

 

 


 (

c
m

-1
)

Ni
3+

 
Fig. 3. The eigenfrequencies of the plasmon – phonon 
modes for single crystal PbTe(Ni) with 
ZNi= 2∙1019 at./cm3: the solid lines are calculated spectra 
[Re{ε}=0; ε is given by Eq. 2, l = 5]; ● – 01, 02, 03; 
○ – l1, l2, L1, L2 and L3 (Eq. 3);  - experimentally 
determined  values  for TOPbTe and □ - ωLOPbTe.  Dashed  
                              lines are visual aid. 

 

We presumed that PbTe phonons interact with plasma 

only, e.g. this interaction is not influenced by impurity 

centers directly. Therefore, we can determine the value of 

the LO phonon and the plasma frequency, as described in 

Ref. 10. Since the calculated value for the LO phonon 

coincides with the values from the literature, we conclude 

that this approach was justified. If we followed the 

described procedure for the local phonons of Ni also, e.g. 

if we join positions of the coupled phonons with, by this 

manner, calculated plasma, we would obtain large 

difference for values of coupled frequencies calculated 

from Eq. 2 and Eq. 3. That is the reason why we 

positioned coupled frequencies on the theoretical curves, 

and then we read the value of the plasma frequency. We 

observe linear shift of the plasma frequency values when 

the ionisation state of the impurity center increases. 

Hereby, the interaction between ionised center and the free 

carriers becomes stronger. One of the mechanisms that can 

describe this situation is related with changes of the 

density of the free carriers in the vicinity of the ionised 

center [3]. Besides, it is possible that near ionised centre 

different plasma modes are formed. In former case, the 

Coulomb interaction of different plasma modes forms in 

the limits of one energy band the single collective 

excitation, which is displayed in our spectra with an 

eigenfrequency equal to 
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j
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Assume that in this case free carriers are in a some 

way tied to close neighbourhood around the charged 

impurity center. Also, we shall assume that here we have a 

two – component plasma around each impurity center, 

where one component is determined from PbTe coupling. 

Calculated values of the second component of the 

corresponding impurities centers, at T = 300K, are given 

in Table 1. 

 

 
Table 1. Calculated values for the two – component plasma based on Eq. 6. 

 

PbTe(Ni) 1P [cm-1] Ni
1+ - 2P [cm-1] Ni

2+ - 2P [cm-1] Ni
3+

 - 2P [cm-1] 

1×10
19

 at./cm
3 

152   187 
2×10

19
 at./cm

3
 65 126 88 186 

 

 

Obtained results should be understood only 

qualitatively. Namely, noticed plasmon – ionised impurity 

– phonon interaction can be described in several manners 

[see for example Refs. 4, 7, 8, 19, 21]. However, in all 

cases the increase in the amount of interaction must be 
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observed, while the ionisation state of the impurity center 

increases, as well as its local character. 

 

 

5. Conclusion 
 

As a method to investigate phonon properties of Ni 

doped PbTe single crystals we used far – infrared 

spectroscopy. We obtained three local modes of Ni at 

about 130, 165 and 190 cm
-1

, which corresponded to the 

impurity atoms in different valence states. The positions of 

these modes depend on impurity centre charge, and their 

intensities depend on temperature and Ni concentration. 

We also revealed that in this system plasmon – ionised 

impurity – phonon coupling existed. 
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Study of NiFe2O4 and ZnFe2O4 Spinel Ferrites1

Prepared by Soft Mechanochemical Synthesis2

Z. Ž. LAZAREVIĆ,1,∗ Č. JOVALEKIĆ,2 A. MILUTINOVIĆ,13

D. SEKULIĆ,3 M. SLANKAMENAC,3 M. ROMČEVIĆ,14

AND N. Ž. ROMČEVIĆ15
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Serbia7
2The Institute for Multidisciplinary Research, University of Belgrade, Belgrade,8
Serbia9
3Faculty of Technical Sciences, University of Novi Sad, Novi Sad, Serbia10

Two types of ferrites, NiFe2O4 and ZnFe2O4 were prepared by soft mechanochemical11
synthesis. XRD and Raman spectroscopy were used to characterize the ferrite samples.12
On the basis of magnetic measurements was confirmed that the degree of inversion13
changes after sintering. The conduction activation energy, �E was determined by14
fitting the DC conductivity data with the Arrhenius relation. The effect of temperature15
on impedance parameters was studied using an impedance analyzer in a wide frequency16
range (100 Hz - 10 MHz). It was observed that the impedance spectra of NiFe2O4 and17
ZnFe2O4 ferrites include both grain and grain boundary effects.18

Keywords ferrites; XRD; Raman spectroscopy; magnetic measurements; impedance19
spectroscopy20

I. Introduction21

The spinel ferrites have attracted considerable attention owing to their technological impor-22
tance in the application areas, such as microwave devices-microwave absorbers and waveg-23
uides in the GHz region, high speed digital tape and disk recording, repulsive suspension24
for use in levitated systems, ferrofluids, catalysis, and magnetic refrigeration systems [1].25

It is well know that properties of ferrite materials strongly depend on the preparation26
conditions. Consequently, different preparation methods for ferrite are described in the lit-27
erature [2–4]. By choosing the method that reduces particle size, magnetic properties (such28
as coercive field, Curie temperature, saturation magnetization and absorption coefficients)29
may change significantly in comparison with the bulk material.30

Ferrites with the spinel ferrite structure contain all the material as MFe2O4 (normal31
spinel M[Fe2]O4, where M as Zn, Cd, and Ca and inverse spinel Fe[MFe]O4 where M32
as Ni, Co, Fe, Mn, Cu). Spinel ferrite crystal structure possesses the space group, Fd3m,33
structure and consists of 56 atoms; 32 are oxygen anions assuming a close packed cubic34
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structure of lattice parameter a0/2, where a0 is the length of a ferrite unit structure, and35
the remainder are metal cations residing on 8 of the 64 available tetrahedral (A) sites and36
16 of the 32 available octahedral [B] sites. Depending on cation distribution, a spinel can37
be normal, inverse, or partially inverse. Both, normal (ZnFe2O4) and inverse (NiFe2O4)38
ferrites are the most important ferrite binary oxides with the spinel structure, and are39
usually as a ferrimagnet with the strong dependence of magnetic properties on the state of40
chemical order and the cation site occupancy in the materials [5, 6]. The structural formulas41
are generally written as (M2+

1-λFe3+
λ)[M2+

λFe3+
2-λ]O4, where round and square brackets42

denote sites of tetrahedral (A) and octahedral [B] coordination, respectively, and where λ43
represents the degree of inversion defined as the fraction of the (A) sites occupied by Fe3+.44
The presentations of the unit cells of the NiFe2O4 and ZnFe2O4 spinel structure show in45
Fig. 1.46

Many techniques were applied for the synthesis of M-type ferrites, e.g. co-precipitation,47
low-temperature combustion-synthesis, sol-gel, mechanical alloying, mechanical activation48
and solid-state synthesis. The mechanochemical synthesis can deliver the designed phases49
and structures in a single-step with high-energy milling conducted in an enclosed activation50
chamber at room temperature [7]. Usually, the compete formation of spinel ferrites was51
obtained only after milling followed by sintering, i.e. by employing two processing steps.52
It has been shown that the combined mechanochemical-thermal treatment yields a well-53
ordered spinel phase in ferrites at lower annealing temperatures and shorter durations than54
those required in conventional ceramic methods [8]. Of course, in such case the morphology55
of crystallite, agglomerate and particle is changed significantly.56

A mechanochemical method, especially so-called a soft mechanochemical method57
has a great potential for the synthesis of inorganic precursors because of its versatility58
and simple operational requirements [9]. Soft mechanochemical reactions usually utilize59
surface hydroxyl groups, adsorbed, hydrated or contained in a hydroxide. Mechanochemical60
reactions then occur more beneficially as a consequence of polarization of surface hydroxyl61
groups. Charge transfer across the boundary of dissimilar solid species is, then, promoted,62
enabling formation of hetero bridging bonds between two different metallic species abridged63
by an oxygen atom in between. Bridging bonds in turn increase homogeneity of the reacting64
mixture and favour to keep the stoichiometry, being decisive for phase purity. This is65
reflected primarily in the simplicity of the procedure and equipment used [7]. In many cases,66
when it comes to classical synthesis reaction sintering process, requires high temperatures,67
which can present an additional problem in industrial production. Mechanochemical derived68
precursors exhibit significantly higher reactivity and thus lower the calcination and sintering69
temperature.70

In this article, we investigated sintered samples of NiFe2O4 and ZnFe2O4 ferrites71
prepared by soft mechanochemical treatment, via high-energy milling of binary hydroxide72
precursors. In both cases, soft mechanochemical reaction leading to formation of the73
spinel phase was followed by X-ray diffraction and Raman spectroscopy. The magnetic74
measurements at room temperature are done in magnetic fields up to about ±80 kA m−1. The75
electric property of the synthesized ferrites has been analyzed by impedance spectroscopy.76

77

2. Experimental Procedure78

For mixtures of crystalline powders, denoted by case (1) and (2), the starting material79
were: (1) nickel(II)-hydroxide (Ni(OH)2, Merck 95% purity) and Fe(OH)3 and (2) zinc(II)-80
hydroxide (Zn(OH)2, Merck 95% purity) and Fe(OH)3 in equimolar ratio. The Fe(OH)381
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Figure 1. Schematic presentation of the unit cell of the spinel structure of (a) NiFe2O4 and (b)
ZnFe2O4 ferrites (Color figure available online).
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powder was made by adding equimolar amounts of NaOH solution (25% mass), made82
from 99% purity NaOH (Merck) to the FeCl3 solution (25% mass), made from 99% purity83
FeCl3 × 6H2O (Merck) [10]. Soft mechanochemical synthesis was performed in an air84
atmosphere in a planetary ball mill (Fritsch Pulverisette 5) for 25 h (case 1) and 18 h (case85
2). A hardened-steel vial of 500 cm3 volume, filled with 40 hardened steel balls with a86
diameter of 13.4 mm, was used as the milling medium. The mass of the powder was 20 g87
and the balls-to-powder mass ratio was 20:1. The powder mixture was pressed into a pellet88
using a cold isostatic press (8 mm in diameter and ∼3 mm thick). The powder mixture was89
sintered at 1100 ◦C for 2 h (Lenton-UK oven) without pre-calcinations step. Heating rate90
was 10 ◦C min−1, with nature cooling in air atmosphere.91

The formation of phase and crystal structure of sintered powders of NiFe2O4 and92
ZnFe2O4 were examined via the X-ray (XRD). Model Philips PW 1050 diffractometer93
equipped with a PW 1730 generator (40 kV × 20 mA) was used with Ni filtered CoKα94
radiation of 1.78897 Å at the room temperature. Measurements were done in 2θ range of95
10–80◦ with scanning step width of 0.05◦ and 10 s scanning time per step.96

Raman measurements of the powder mixtures and sintered samples were performed97
using a Jobin-Ivon T64000 monocromator. An optical microscope with 100x objective98
was used to focus the 514 nm radiation from a Coherent Innova 99 Ar+ laser on the99
sample. The same microscope was used to collect the backscattered radiation. The scattering100
light dispersed was detected by a charge-coupled device (CCD) detection system. Room101
temperature Raman spectra are in the spectral range from 100 to 800 cm−1.102

The magnetization measurements were done at room temperature using VSM (vibrat-103
ing sample magnetometer) 200 cryogenic magnetometer in magnetic field from 0 A m−1104
to ± 6.4 × 106 A m−1.105

The electrical DC resistivity/conductivity in the temperature range 298–423 K was106
measured on a SourceMeter Keithley 2410. Impedance measurements were carried out in107
the frequency range 100 Hz to 10 MHz on a HP-4194A impedance/gain-phase analyzer108
using a HP-16048C test fixture at the temperature of 298–423 K.109

3. Results and Discussion110

Figure 2 shows the X-ray diffraction patterns of NiFe2O4 and ZnFe2O4 samples sintered111
at 1100◦C for 2h. All detected peaks in both case clearly pointed to the formation of the112
spinel phase of NiFe2O4 (JCPDS card 89–7412) and ZnFe2O4 (JCPDS card 89–7412). The113
peaks are well indexed to the crystal plane of spinel ferrites (k h l) (111), (220), (311),114
(222), (400), (422), (511) and (440). The average grains size, measured from the FWHM115
of (311) peak using Scherrer formula [11–13] were about 91 nm for NiFe2O4 and 48 nm116
for ZnFe2O4.117

Raman spectroscopy is a nondestructive material characterization technique and is118
sensitive to structural disorder. It provides an important tool to probe the structural properties119
of mechanochemically synthesized materials. There are five first order Raman active modes120
(A1g + Eg + 3F2g) in the normal spinel structure, and all these modes were observed at121
ambient conditions, as shown in Fig. 3. The A1g mode is due to symmetric stretching of122
oxygen atoms along Fe-O (or M-O) tetrahedral bonds, Eg and F2g(3) are due to symmetric123
and asymmetric bending of oxygen with respect to Fe (M), respectively and F2g(2) is due124
to asymmetric stretching of Fe (M) - O bond, F2g(1) is due to translational movement of the125
whole tetrahedron. Raman spectrum of sintered ZnFe2O4 ferrite exhibits a normal spinel126
structure with symmetric peaks. In the case of the NiFe2O4 all five Raman peaks seem127
asymmetric (or dissociated). Deconvolution of the spectrum demonstrates that each peak128
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Figure 2. X-ray diffraction patterns of the NiFe2O4 and ZnFe2O4 ferrites (Color figure available
online).
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Figure 3. Raman spectra of the NiFe2O4 and ZnFe2O4 ferrites (Color figure available online).
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Figure 4. The magnetic hysteresis curves of the NiFe2O4 and ZnFe2O4 ferrites. The insets show low
magnetization behavior (Color figure available online).

can be represented as a doublet, which is a characteristic of the inverse spinel structure [14,129
15].130

The magnetization curves of the nickel and zinc ferrites measured at room temperature131
are shown in Fig. 4. We have characterized the magnetic behavior of mechano-synthesized132
NiFe2O4 and ZnFe2O4 focusing on the study of the size-dependent magnetization. These133
measurements have revealed that the magnetic behavior of soft mechanochemical synthe-134
sized NiFe2O4 is different from that of the NiFe2O4 powder prepared using the conventional135
ceramic method. As can be seen (Fig. 4), the magnetization of the mechanochemical syn-136
thesized sample does not saturate even at the maximum field attainable (Hext = 6.4 × 106 A137
m−1). This is in contrast to the magnetic behavior of the bulk NiFe2O4, whose magnetization138
reaches a saturation value easily. An absence of saturation can be attributed to the effect139
of spin canting. Even in sintered mechano-synthesized nickel ferrite, the surface/volume140
ratio is rather great and the dangling bonds (uncompensated electrons) at the surface of the141
particles can contribute to magnetization.142

The measurement of the coercivity warrants the determination of the magnetization143
response with better accuracy and resolution particularly at small applied fields. Hence, a144
separate set of hysteresis curves was showed for each sample with an applied field of −1.2 ×145
105 A m−1 to 1.2 × 105 A m−1 at room temperature (the inset M–H curves in Fig. 4). The146
hysteresis curve at low applied fields shows the values of the coercive field, Hc ≈ 6.4 ×147
103 A m−1 and the remanent magnetization, Mr ≈ 8 A m2 kg−1 and Mr ≈ 0.25 A m2148
kg−1 for sample of NiFe2O4 and ZnFe2O4, respectively. The extrapolated magnetization149
M0 measured on the NiFe2O4 spinel ferrite obtained by a soft mechanochemical synthesis150
is higher than that for spinel ferrites produced by other methods [16].151

The magnetic properties of the NiFe2O4 with an inverse spinel structure can be ex-152
plained in terms of the cations distribution and magnetization originates from Fe3+ ions at153
both tetrahedral and octahedral sites and Ni2+ ions in octahedral sites. Hysteresis loops in154
Fig. 4 are typical for soft magnetic materials and the “S” shape of the curves together with155
the negligible coercivity (Hc ≈ 6.5 × 103 A m−1) indicate the presence of small magnetic156
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particles exhibiting superparamagnetic behaviors. In superparamagnetic materials, respon-157
siveness to an applied magnetic field without retaining any magnetism after removal of the158
magnetic field is observed. This behavior is an important property for magnetic targeting159
carriers. In fact, the difference between ferromagnetism and superparamagnetism fabricates160
in the particle size. Literature data imply that when the diameter of particles is less than161
50 nm, the particles show the character of superparamagnetism.162

Figure 4 shows the tiny magnetic hysteresis loop for ZnFe2O4 sample. The curve is “S”163
shape with low coercivity (6.4 × 103 A m−1) and extremely small remanence magnetization.164
This sample shows superparamagnetic behavior superposed to paramagnetic behavior. In165
fact, the magnetic behavior of zinc ferrite is very sensitive to the crystallinity and particle166
and grain size [17]. Greater particle size (and smaller tension inside the particle) implies a167
structure that is closer to normal spinel structure: this means that Fe is only in the octahedral168
positions, with very low exchange interaction. The bulk zinc ferrite is paramagnetic at169
ambient temperature.170

The increase in electrical conductivity σ DC with temperature is due to the increase in171
the thermally activated drift mobility of charge carriers according to the hopping conduction172
mechanism. The activation energy for the thermally activated hopping process was obtained173
by fitting the DC conductivity data with the Arrhenius relation [18]174

σDC(T ) = σ0 exp

(
−�E

kT

)
,

where σ 0 is the pre-exponential factor with the dimensions of (�cm)−1K, �E is the175
activation energy for DC conductivity, T is the absolute temperature and k is the Boltzmann’s176
constant. The slope of the log(σ DC) versus (1/T) straight line is a measure of activation177
energy of the NiFe2O4 and ZnFe2O4 ferrites. By using Arrhenius equation, the determined178
values of the conduction activation energy �E are 0.452 eV and 0.395 eV for NiFe2O4179
and ZnFe2O4, respectively. If we analyze the obtained values for the conduction activation180
energy, one can see that NiFe2O4 has a higher value compared to ZnFe2O4 sample. This181
showed that more energy is required for electron exchange between Fe2+ and Fe3+ ions182
for the NiFe2O4. As shown in Fig. 5, NiFe2O4 has a lower DC conductivity than ZnFe2O4.183
It is in good accordance with the fact that the higher activation energy is associated with184
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Figure 5. Temperature dependence of DC electrical conductivity on NiFe2O4 and ZnFe2O4 ferrites
at different temperatures (Color figure available online).
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the lower electrical conductivity. Also, there is no remarkable change in the slope in the185
measured temperature range for both samples.186

Complex impedance spectroscopy [19] is a powerful technique in solid states because187
of its ability to understand the electrical conduction mechanism of the synthesized materials.188
In the present analysis, the impedance spectroscopy has been used as a well-developed tool189
to separate out the grain/bulk and grain boundary contribution to the total conductivity of190
NiFe2O4 and ZnFe2O4 ferrite. Depending on the electrical properties of the samples, the191
AC response can be modeled with two semi-circles in the impedance plane, the first in a low192
frequency domain represents the resistance of grain boundary. The second one obtained in193
a high frequency domain corresponds to the resistance of grain or bulk properties [20].194
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Figure 6. Cole-Cole plots for the sample of the (a) NiFe2O4 and (b) ZnFe2O4 ferrites at different
temperatures (Color figure available online).
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Figure 6 shows the complex impedance plane plots of sintered NiFe2O4 and ZnFe2O4195
ferrites as a function of frequency at different temperatures. Generally, two semicir-196
cles are observed in the Cole-Cole plots of both samples between the frequency range197
100 Hz–10 MHz. A larger one at low frequency represents the resistance of the grain198
boundary and a smaller one obtained at the higher frequency side corresponds to the re-199
sistance of grain of bulk properties. It is noticeable that the impedance spectra of NiFe2O4200
and ZnFe2O4 ferrites include both grain and grain boundary effects. This appearance of201
two semicircles indicates a phenomenon which is typically related to the presence of a202
distribution of relaxation time.203

As one can see in impedance spectra of both ferrites, the diameters of the semicircles204
exhibit decreasing trends with the increase in temperature. It indicates that the conductivity205
increases with increase in temperature supporting the typical negative temperature coeffi-206
cient of resistance behavior of NiFe2O4 and ZnFe2O4 usually shown by semiconductors.207
On impedance spectra is observed that NiFe2O4 has a higher impedance value of ZnFe2O4208
at all temperatures, so it is in good accordance with the fact that the conductivity of NiFe2O4209
is lower than conductivity of ZnFe2O4. The impedance value of both samples is decreased210
by two orders of magnitude, which is due to thermal activation mechanism. The rise of211
temperature brings with an enhanced conductivity, and hence, decreasing the impedance212
values.213

In order to correlate the electrical properties of the NiFe2O4 and ZnFe2O4 sample214
with the microstructure of the material, an equivalent circuit model consisting of two215
serially connected parallel R-CPE elements, shown in Fig. 7, has been used to interpret the216
impedance spectra. Here Rg and Rgb represent the grain and grain boundary resistance and217
CPEg and CPEgb are the constant phase elements for grain interiors and grain boundaries,218
respectively. The resistance of the circuit represents a conductive path and a given resistor219
in a circuit account for the bulk conductivity of the sample. The constant phase element220
CPE is used to accommodate the non-ideal behavior of the capacitance which may have its221
origin in the presence of more than one relaxation process with similar relaxation times.222
The impedance of a CPE can be described as [21]223

ZCPE = A−1(jω)−n,

where ω is the angular frequency, A and n (0 ≤ n ≤ 1) are fitted parameters. When n = 1,224
then the CPE describes an ideal capacitor with C = A, while when n = 0 the CPE describes225
an ideal resistor with R = 1/A. The capacitances are generally associated with space charge226
polarization regions. The CPE elements in the equivalent circuit model have been used to227
describe non ideal Debye-like behavior [22, 23] and enable taking into account phenomena228
occurring in the interface regions, associated with inhomogeneity and diffusion processes229
[24, 25].230

Analysis and simulation of impedance spectra was performed using EIS Spectrum231
Analyzer software [26]. The different electrical parameters calculated from the complex232

Figure 7. Proposed equivalent circuit model for analysis of the impedance spectroscopy data.
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impedance plots at selected temperatures. In these types of ferrites, the value of the grain233
boundary resistance is generally larger than the resistance of the grain, Rgb ≥ Rg. Addi-234
tionally, the semicircle representing the grain boundaries lays on the lower frequency side235
since the relaxation time of the grain boundaries is much larger than that of the grains.236
Also, it is observed that the both resistances decrease with increasing temperature. It in-237
dicates that the conductivity of NiFe2O4 and ZnFe2O4 ferrites increases with increase in238
temperature. The higher values of resistance of both grain and grain boundary for NiFe2O4239
mean this ferrite has a lower conductivity than ZnFe2O4. This decrease in the resistance of240
grains and grain boundaries has been suggested to be due to the thermal activation of the241
localized charges. Two types of thermal activations, i.e., carrier density in the case of band242
conduction and carrier mobility in case of hopping, are responsible for the reduction in the243
resistive properties with temperature [27]. For all the temperatures the capacitance of the244
grain boundary is larger than that of the grain for both types of ferrite samples, which can245
be explained on the basis that capacitance is inversely proportional to the thickness of the246
media.247

4. Conclusions248

The ferrites have been prepared by soft mechanochemical synthesis starting from the249
mixture of the powders. Single phase nanosized powders of NiFe2O4 and ZnFe2O4 ferrites250
were synthesized for 25 h and 18 h by ball milling and sintered at 1100 ◦C for 2 h. X-251
ray diffraction of the prepared samples show single phase cubic spinel structure. In the252
Raman spectra, all first-order Raman active modes are observed in the forms characteristic253
for NiFe2O4 inverse and ZnFe2O4 normal spinel structures. Both of the ferrites were254
superparamagnetic at room temperature. ZnFe2O4 ferrite was very poor magnetic.The255
conduction activation energy, �E is 0.452 eV and 0.395 eV for NiFe2O4 and ZnFe2O4256
ferrites, respectively. The analysis of the complex impedance data shows that the capacitive257
and reactive properties of the sintered ferrites are mainly attributed due to the processes258
which are associated with the grain and grain boundary. The grain and grain boundary259
resistances of sintered samples exhibit decreasing trends with an increase in temperature.260
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ZnFe2O4 has been obtained by soft mechanochemical synthesis in a planetary ball mill. Zn(OH)2 and α-Fe2O3 are used as 
initial compounds. This mixture was activated mechanically for 18 h, uniaxially pressed and sintered at 1100°C/2h. The 
phase composition and cation distribution of the as-prepared and the sintered samples were analysed by XRD, Raman and 
IR spectroscopy and magnetic measurements. Morphology was examined by SEM. For investigation of the relaxation 
mechanism in the sintered ZnFe2O4 we used the complex impedance measurement, which suggested that the resistance of 
grain boundary and the resistance of bulk (grain) coexist in the temperature range 298-423 K and give adequate frequency-
dependent responses. 
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1. Introduction 
  

The spinel ferrites are very important materials 

because of their excellent magnetic and electrical 

properties [1]. These materials have been used in many 

applications including electronics, magnetic storage, 

ferrofluid technology, as carriers for magnetically guided 

drug delivery, and as contrast agents in magnetically 

resonance imaging [2]. The chemical formula of the spinel 

ferrite can be written as MFe2O4, where M (M = Mn, Ni, 

Zn) is a divalent metal cation. The M
2+

 and Fe
3+

 cations 

can be distributed into two crystal sites of spinel structure: 

tetrahedral (A) and octahedral [B] sites. A whole range of 

distribution of cations is possible in ferrites, whose crystal 

chemical formula can be generally represented by                 

(M
2+

1-λFe
3+

λ)[M
2+

λFe
3+

2-λ]O4
2+

, where parentheses and 

square brackets denote cation sites of tetrahedral and 

octahedral coordination, respectively [3]. λ represents the 

so-called degree of inversion defined as the fraction of the 

(A) sites occupied by Fe
3+

 cations. The cation arrangement 

can vary between two extreme cases. One is the normal 

spinel (λ = 0), where all the divalent M cations occupy (A) 

sites and all the trivalent Fe cations occupy [B] sites. The 

other one is the inverse spinel (λ = 1), where all the 

divalent ions occupy [B] sites and trivalent cations are 

equally distributed between (A) and [B] sites. Spinels with 

the cation distribution intermediate between normal and 

inverse (i.e., partially inverse spinels; 0 < λ < 1) are also 

very frequent.  

Many methods, such as traditional ceramic synthesis 

[4], hydrothermal synthesis [5], sol-gel techniques [6], co-

precipitation [7], mechanical milling [8, 9] etc., have been 

used to fabricate the ferrites starting from various 

precursors. Mechanochemical processing is a novel and 

low- cost effective method of producing a wide range of 

nanopowders. It involves the use of a high energy ball mill 

to initiate chemical reactions and structural changes. It was 

shown that mechanochemical processing is a very 

promising technique that can be applied to the synthesis 

and processing of various high-tech materials. Soft 

mechanochemical synthesis method developed by Senna 

[10] posseses some advantageous because highly reactive 

compounds containing oxygen-hydrogen groups are used 

as a precursors. In fabricating of ferrites used method and 

sintering temperature dramatically affect the crystal sizes 

and cation distribution.  

Zinc ferrite is not only interesting in basic researches 

in magnetism, but also has great potential in technological 

application. Previously, we have prepared MnFe2O4 and 

NiFe2O4 ferrites [11, 12]. The objective of present work is 

primarily to prepare of ZnFe2O4 ferrite by soft 

mechanochemical synthesis and to study this ferrite using 

different methods of characterization. 

 

 

2. Experimental procedures 
 

For The following crystalline powders were used as 

starting materials: zinc(II)-hydroxide (Zn(OH)2, Merck 

95% purity) and hematite (α-Fe2O3, Merck 99% purity). 

Soft mechanochemical synthesis was performed in air 

atmosphere in planetary ball mill (Fritsch Pulverisette 5) 

for 18 h. The powder mixture was pressed into pallet using 

a cold isostatic press (8 mm in diameter and ~3 mm thick 

and sintered at 1100 °C for 2 h (Lenton-UK oven) without 

pre-calcinations step. Heating rate was 10 °C min
-1

, with 
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nature cooling in air atmosphere. Characterization of the 

obtained samples was carried out by several methods. 

The formation of phase and crystal structure of the 

ZnFe2O4 was verified via the X-ray diffraction 

measurements (XRD). Model Philips PW 1050 

diffractometer equipped with a PW 1730 generator (40 kV 

x 20 mA) was used with Ni filtered CoKα radiation of 

1.78897 Å at the room temperature. Measurements were 

done in 2θ range of 15-80° with scanning step width of 

0.05° and 10 s scanning time per step. 

Raman measurements of mixture powder and sintered 

sample were performed using Jobin-Ivon T64000 

monochromator. An optical microscope with 100x 

objective was used to focus the 514 nm radiation from a 

Coherent Innova 99 Ar
+
 laser on the sample. The same 

microscope was used to collect the backscattered radiation. 

The scattering light dispersed was detected by a charge-

coupled device (CCD) detection system. Room 

temperature Raman spectra are in spectral range from 100 

to 800 cm
-1

.  

The infrared (IR) measurements were carried out with 

a BOMMEM DA-8 FIR spectrometer. A DTGS 

pyroelectric detector was used to cover the wave number 

range from 50-700 cm
-1

. 

The microstructure of sintered sample was examined 

using scanning electron microscope (SEM, Model Sirion 

200 SITP, operated at 10 kV). 

The magnetization measurements were done at room 

temperature using VSM 200 cryogenic magnetometer in 

magnetic field from 0 kOe to ± 80 kOe. 

Impedance measurements were carried out in the 

frequency range 100 Hz to 10 MHz on a HP-4194A 

impedance/gain-phase analyzer using a HP-16048C test 

fixture at the temperature of 298-423 K. 

   

 

2.  Results and discussion 
 

Fig. 1 show the X-ray diffraction patterns of ZnFe2O4 

powder obtained from stoichiometric mixture of powders 

Zn(OH)2 and -Fe2O3 in a ball mill for 18 h and after 

sintered at 1100 °C for 2 h. Both, the powder and sintered 

ZnFe2O4 are single-phase ferrites with spinel structure. To 

get more information, the crystallite sizes of powder and 

sintered sample were calculated from X-ray peak 

broadening using the Scherrer formula [13]: 

 

     L = К λCo / (β cos hkl)                         (1) 

 

where L is the crystallite size, λCo is the wavelength of X-

ray radiation (1.78897 Å for Co-K), hkl is the Bragg 

angle and β is the full width at half maximum (FWHM) of 

the diffraction peak (reflection from (hkl) crystal plane) 

reduced for instrumental broadening. К is a Scherrer 

constant. The estimated average particle size is 13 nm for 

powder and 100 nm for the sample sintered at the 

temperature of 1100 °C for 2 h. 

       The obtained XRD patterns show clear peaks whose 

positions and relative intensities correspond to the bulk 

ZnFe2O4 (JCPDS card 89-7412) and are well indexed as 

cubic spinel phase with the fcc structure [14]. The 

diffractograms show different reflection planes indexed as 

(hkl): (111), (220), (311), (222), (400), (422), (511) and 

(440). Based on the measured positions of diffraction 

peaks it can be calculated lattice constant by well-known 

relation: 

 

  a = λCo (h
2 
+ k

2 
+ l

2
)

½
/(2sinθhkl)                (2) 

 

        Calculated lattice constant for sintered sample is a = 

0.8419 nm, slightly (0.035%) less than in the bulk (JCPDS 

card 89-7412, a = 0.8422 nm). Lattice constant of powder 

sample is 0.8402 nm, 0.24% less than crystal lattice 

constant, what indicates presence of nano effects. 

        Raman spectra of samples obtained from mixture of 

Zn(OH)2 and α-Fe2O3 powders for 18 h milling time and 

after sintered are analyzed by deconvolution (Fig. 2). 

Crystal ZnFe2O4 has normal spinel structure. The group 

theory predicts 5 Raman active modes in spinel structure: 

A1g + Eg + 3F2g. All five Raman peaks in sintered ZnFe2O4 

are clearly visible and have symmetric form, what is a 

characteristic of normal spinel structure. Raman spectra of 

ZnFe2O4 nanocrystalline samples, obtained by 

mechanochemical method at low temperature have visible 

doublets and it could be concluded that spinel structure of 

these samples is mostly inversed. 
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Fig. 1. X-ray diffraction patterns of the ZnFe2O4 obtained 

 for 18 h milling time and after sintered at 1100 C for 2 h. 
 

In the cubic ferrites, the strongest modes above 600 

cm
-1

 correspond to symmetric stretching of oxygen in 

tetrahedral AO4 groups, so the modes about 630 cm
-1

 can 

be reasonably considered as Ag symmetry. Eg (~ 250 cm
-1

) 

is due to symmetric bending of oxygen with respect to 

cation in tetrahedral surrounding. F2g(2) (~ 350 cm
-1

) and 
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F2g(3) (~ 450 cm

-1
) correspond to the vibrations of 

octahedral group: F2g(2) is due to asymmetric stretching 

and F2g(3) is caused by asymmetric bending of oxygen. 

F2g(1) (~ 160 cm
-1

) is due to translational movement of the 

whole tetrahedron. Double modes in the as-prepared 18 h 

milled sample imply that ordered sublattice of Zn ions in 

tetrahedral sites exist together with sublattice of Fe-ions. 
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Fig. 2. Raman spectra at room temperature of the 

ZnFe2O4 obtained for 18 h milling time and after sintered  

                                  at 1100 C for 2 h. 

 

 

For further characterization of the synthesized 

ZnFe2O4 ferrite, IR spectra were recorded in the range of 

50-700 cm
-1

 (Fig. 3), where all the group theory predicted 

spinel modes (4 F1u) are expected to be [15]. The most 

exaggerated features in spectra, F1u(3) and F1u(4), 

correspond to the stretching of cation-oxygen bond in in 

octahedral and tetrahedral sites, respectively. It is known 

that the higher band at ~700 cm
-1

 corresponds to the 

intrinsic vibrations of tetrahedral site and the lower band at 

~400 cm
-1

 is attributed to the vibrations of octahedral site. 

The different values of the energy position for these modes 

are due to different values of metal ion - O
2-

 distances for 

octahedral and tetrahedral sites. In reflectivity spectra of 

ZnFe2O4 TO-LO splitting of the most intensive F1u(4) IR 

mode is visible. Fitted values of TO and LO modes in the 

sintered sample agree well with values in bulk. Values of 

the corresponding modes in the as-prepared powder 

sample are expectedly modified due to superposition of 

bulk and surface effects.  
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Fig. 3. IR spectra at room temperature of the ZnFe2O4 

obtained for 18 h milling time and after sintered at 1100 

C for 2 h. 

 

Fig. 4 shows the SEM micrograph for the sample 

obtained from the mixture of Zn(OH)2 and α-Fe2O3 

powders by the soft mechanochemical synthesis for 18 h 

milling time, than sintered at 1100 °C for 2 h. The sintered 

zinc ferrite consists of polygonal grains, with relatively 

homogeneous grain distribution, with an average grain size 

varying from 0.2-1 μm. It is well known that the 

microstructure of materials strong influences on the 

magnetic and electrical properties, so it will be done 

detailed research in the future.  
 

 

 
 

Fig. 4. SEM micrograph image of the ZnFe2O4 sintered  

at 1100 C for 2h. 

 

 

The magnetization curves of the zinc ferrite measured 

at room temperature are shown in Fig. 5. Sintered sample 
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exhibits a paramagnetic behavior, what is expected in the 

case of bulk, or crystalline material with crystalline size of 

100 nm order. Such material is practically without internal 

tensions and in the case of sintered ZnFe2O4 a normal 

spinel structure with fully populated antiferromagnetic 

tetrahedral [B] sites is established. ([B] - [B] 

superexchange interaction is weak and bulk ZnFe2O4 

became antiferromagnetic at about 10 K.) On the other 

hand, in the as-prepared sample with nano-sized 

crystallites can be recognized a superparamagnetic 

behavior [16, 17]. The estimated value of saturation 

magnetization is Msat = 51.13 emu/g what is a result of the 

inversion of cations. The largest superexchange interaction 

in spinel ferrites, in the case of ZnFe2O4 established 

between Fe
3+

 ions in (A) and [B] sites, generates such high 

value of magnetisation. Nano-powder of ZnFe2O4 in the 

as-prepared sample is predominantly of mono-domen 

crystallites what is confirmed by a small remanence 

magnetization, Mrem = 5 emu/g. Open hysteresis loop, with 

coercive field, Hcoerc = 100 Oe (in combination with high 

magnetization), shows that ferrimagnetic transition 

temperature is well above the room temperature. The fact 

that magnetization does not achieve a saturation in the 

magnetic fields up to ± 80 kOe implies a surface spin 

disorder. Ordering of these spins in a magnetic field 

contributes in the magnetic moment of the mono-domen 

ZnFe2O4 crystallites, also.  
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Fig. 5. Magnetic measurements of the ZnFe2O4 obtained for  

18 h milling time and after sintered at 1100 C for 2 h. 

 

 

In the present investigation, the impedance 

spectroscopy [18] is used as well-developed tool to study 

the electrical properties of ferrites. By using this method, 

the AC response can be modeled with two semi-circles in 

the impedance plane; the first in a low frequency domain 

represents the impedance of grain boundary. The second 

one obtained in a high frequency domain corresponds to 

the impedance of grain or bulk properties [19]. Cole-Cole 

plots of impedance data for sintered ZnFe2O4 ferrite as a 

function of frequency at different temperatures are 

presented in Fig. 6. As one can see, the impedance 

spectrum shows presence of two semi-circles for measured 

frequency range 100 Hz -10 MHz. It suggests that there 

are two effects pertaining to the microstructural 

inhomogeneity: grain and grain boundary. The diameters 

of these semi-circles exhibit decreasing trends with the 

increase in temperature. This indicates that the 

conductivity increases with increase in temperature 

supporting the negative temperature coefficient of 

resistance behavior of the ZnFe2O4 usually shown by 

semiconductors. Additionally, the impedance value of 

investigated zinc ferrite decreases by two orders of 

magnitude, which is due to thermal activation mechanism 

[20]. The rise of temperature brings to an enhanced 

conductivity, and hence, decreasing the impedance values.  

Successful modeling of the impedance response is 

achieved using an equivalent circuit consisting of two 

serially connected parallel R-CPE elements taking into 

account grain and grain boundary effects, see inset in Fig. 

6. Here Rg and Rgb correspond to the grain and grain 

boundary resistance and CPEg and CPEgb are the constant 

phase elements for grain interiors and grain boundaries, 

respectively. The constant phase element (CPE) is used to 

accommodate the nonideal Debye-like behavior of the 

capacitance which is given by relation C = Q
1/n

R
(1–n)/n

, 

where the value of parameter n is 1 for a pure capacitor 

[21]. The electrical parameters of proposed circuit were 

calculated for every temperature measurement by 

analyzing the impedance data using EIS Spectrum 

Analyzer software [22] and are given in the Table 1. It is 

observed that resistance and capacitance have higher 

values for the grain boundary than for the grain. The fact 

that the capacitance of grain boundary (Cgb) is larger than 

capacitance of grain (Cg) can be explained on the basis that 

capacitance is inversely proportional to the thickness of 

the media. As temperature increases, both the grain 

resistance (Rg) and grain boundary resistance (Rgb) are 

found to decrease, which is indicated by a shift in the 

radius of the semicircular arcs towards left side of the real 

(Z') axis. This provides convincing evidence that the 

electrical properties of sintered ZnFe2O4 ferrite are 

dependent on microstructure as well as temperature. Since 

the relaxation time of grain (τg = RgCg) and grain boundary 

(τgb = RgbCgb) are different, the impedance spectroscopy 

allows separation of those. For temperature range from 

298 K to 423 K, the calculated values of τg of the ZnFe2O4 

sample fall in the range of 7.78 μs to 0.068 μs, 

respectively. Besides, the calculated values for τgb are from 

8.31 ms to 0.312 ms in the same temperature range. In 

addition, grain boundary relaxation times are about three 

orders of magnitude larger than those of the grain-interior. 

This means that in the grain boundary structure the time 

spent in the relaxation process is longer. Also, it is 

observed that the decrease of both resistances with 

increasing temperature results in the decrease of relaxation 

time. This variation of relaxation times with temperature is 

a clear proof that the relaxation process is temperature 

dependent [23-25].   
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Fig. 6. Cole-Cole plots for the sample of the ZnFe2O4 ferrite at different temperatures. Inset: proposed equivalent  circuit  model  

for  analysis of  the impedance  spectroscopy data. 

 

 
Table 1. Impedance parameters calculated from the complex impedance plots at different temperatures. 

 

 

T [K] 

 

 

Rg [Ω] 

 

 

Cg [F] 

 

 

 

 

 

ng 

 

 

 

 

 

Rgb [Ω] 

 

 

Cgb [F] 

 

 

 

 

 

ngb 

 

298 5.44E+04 1.43E-10  0.83979  1.17E+06 7.11E-09  0.80709 

323 3.98E+04 2.35E-10  0.82919  4.51E+05 9.53E-09  0.79713 

348 3.42E+04 3.00E-10  0.81115  1.77E+05 1.36E-08  0.78479 

373 2.45E+04 1.66E-10  0.85086  6.53E+04 2.87E-08  0.72616 

398 7.80E+03 7.81E-11  0.89961  1.89E+04 4.58E-08  0.69429 

423 3.87E+03 1.76E-11  0.98706  1.08E+04 2.89E-08  0.74088 

 

 
 4. Conclusions  
 

In this paper, we obtained ZnFe2O4 ferrite by soft 

mechanochemical synthesis starting from the mixture of 

Zn(OH)2 and -Fe2O3 powders and sintered at 1100 °C/2h. 

It has been shown that mechanochemical treatment of 

mixture with starting materials leads to forming the phase 

of ZnFe2O4 after 18 h of milling. In the Raman and IR 

spectra are observed all of the group theory predicted first-

order active modes characteristic for spinel structure. 

Raman modes of sintered ZnFe2O4 are in the form 

characteristic for normal spinel structure, and in the case 

of powder, Raman spectra show a presence of cation 

inversion. A high magnetization of a milled sample 

confirms cation inversion, also. Sintered sample has a 

normal spinel structure and, as a consequence, 

paramagnetic behavior at 300 K. The sintered ZnFe2O4 

consists of the polygonal grains. The analysis of the 

complex impedance data shows that the capacitive and 

reactive properties of the sintered ZnFe2O4 ferrite are 

mainly attributed due to the processes which are associated 

with the grain and grain boundary. Also, it is seen that the 

radius of curvature of Cole-Cole plots is decreased with 

increasing temperature, suggesting a mechanism of 

temperature-dependent on relaxation. 
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Nickel-zinc ferrite, Ni0.5Zn0.5Fe2O4 was prepared by a soft mechanochemical route from mixtures of Ni(OH)2, Zn(OH)2 and 
Fe(OH)3 powders in a planetary ball mill. The mechanochemical treatment provoked reaction leading to the formation of the 
Ni0.5Zn0.5Fe2O4 spinel phase what was monitored by XRD, TEM, SEM, IR and Raman spectroscopy. The spinel phase was 
first observed after 5h of milling and its formation was completed after 10 h. The synthesized Ni0.5Zn0.5Fe2O4 has a 
nanocrystalline structure with a crystallite size of about 16 nm. Four active modes are seen in the far-infrared reflectivity 
spectra. The Raman spectrum suggests an existence of mixed spinel structure in the obtained nano-powder samples.  
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1. Introduction 
  

Spinel ferrites have attracted intense interest in 

fundamental science, especially for addressing the basic 

relationship between magnetic properties and their crystal 

chemistry and structure [1-3]. The spinel structure is 

shown in Fig. 1. Ferrites have been extensively 

investigated in recent years for their useful electrical and 

magnetic properties and applications in information 

storage systems, magnetic bulk cores, magnetic fluids, 

microwave absorbers and high frequency devices [4, 5]. 

Among the spinel ferrites, Ni-Zn ferrite is a magnetic 

material that is much used by the modern electronics 

industry due to its high electrical resistivity, high values of 

magnetic permeability, low dielectric loss, together with 

high mechanical strength, good chemical stability, and low 

coercivity [6]. 

 

 
 

Fig. 1. The cubic unit cell of spinel oxides consists of 56 

ions: 32 anions (O2-) and 24 cations. In ternary spinel 

ferrites, MFe2O4, M and Fe cations are distributed over 

the    sites    of    tetrahedral   (A)   and   octahedral  [B]  

                                  coordination. 

It is well known that nickel ferrite has an inverse 

spinel structure with Ni
2+

 ions at octahedral [B] sites and 

Fe
3+

 ions equally distributed at tetrahedral (A) and 

octahedral [B] sites. Whereas, zinc ferrite has a normal 

spinel structure with Zn
2+

 ions at A-sites and Fe
3+

 ions at 

B-sites. Therefore, when Ni
2+

 is substituted with Zn
2+

 in 

Ni1-xZnxFe2O4, the cation distribution can be represented 

as (Zn
2+

xFe
3+

1-x)[Ni
2+

1-xFe
3+

1+x]O
2-

4 [7]. 

Since the particle size is reduced to a nanometer level, 

NiFe2O4 and ZnFe2O4 show a change of magnetic ordering 

[8, 9] and a magnetic moment that is attributed to the 

cation redistribution in the form of a mixed spinel 

structure with variation of ‘x’ depending on the thermal 

history [10]. Indeed, nanostructured materials exhibit 

unusual physical and chemical properties, significantly 

different from those of the bulk materials due to their 

extremely small size or large specific surface area [11]. 

The spinel ferrite powders are usually prepared through 

conventional solid-state reaction [12, 13], sol-gel 

technique [14, 15], hydrothermal synthesis [16], co-

precipitation [8, 17] and mechanochemical process [18]. 

Mechanochemical synthesis is the general name given to 

the process of milling of powders which is accompanied 

by chemical reactions. It was first developed for the 

preparation of intermetallic compounds and nano-

crystalline alloys. Novel approach to mechanochemical 

synthesis, based on reactions of solid acids, based hydrated 

compounds, crystal hydrates, basic and acidic salts, has 

been called soft mechanochemical synthesis [19]. The 

dissolved substances in the solid state substantially change 

their nature. It can influence on the comparison and 

properties of the final product. Peculiarities of soft 

mechanochemical reactions consist in the high reactivity 

of surface functional groups, notably, OH groups [19-21]. 
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The major advantages of soft mechanochemical synthesis 

lie in the formation of reaction products at a room or a low 

temperature and the refinement of produced powders to a 

nanometer size range. This is reflected primarily in the 

simplicity of the procedure and equipment used. In many 

cases, when it comes to classical synthesis reaction 

sintering process, requires high temperatures, which can 

present an additional problem in industrial production. 

Mechanochemical derived precursors exhibit significantly 

higher reactivity and thus lower the sintering temperature.  

Previously, we have used this method synthesis to 

prepare Mn-, Ni- and ZnFe2O4 ferrites [22]. The objective 

of present work is primarily to prepare the Ni0.5Zn0.5Fe2O4 

ferrite by soft mechanochemical synthesis and to study this 

ferrite using different methods of characterization. 

 

 

2. Experimental procedures 
 

For mixtures of crystalline powders, the starting 

material were: nickel(II)-hydroxide (Ni(OH)2, Merck 95% 

purity), zinc(II)-hydroxide (Zn(OH)2, Merck 95% purity) 

and iron-hydroxide (Fe(OH)3) in equimolar ratio. Soft 

mechanochemical synthesis was performed in air 

atmosphere in planetary ball mill (Fritsch Pulverisette 5) 

for 10 h. Characterization of the obtained samples was 

carried out by several methods. 

The formation of phase of the Ni0.5Zn0.5Fe2O4 was 

verified via the X-ray diffraction measurements (XRD). 

Model Philips PW 1050 diffractometer equipped with a 

PW 1730 generator (40 kV x 20 mA) was used with Ni 

filtered CoKα radiation of 1.78897 Å at the room 

temperature. Measurements were done in 2θ range of 15-

80° with scanning step width of 0.05° and 10 s scanning 

time per step. 

Raman measurement of the obtained powder was 

performed using Jobin-Ivon spectrometer. An optical 

microscope with 100x objective was used to focus the 514 

nm radiation from a Coherent Innova 99 Ar
+
 laser on the 

sample. The backscattered light was collected by a charge-

coupled device (CCD) detection system. Room 

temperature Raman spectra are in spectral range from 100 

to 800 cm
-1

.  

The reflectivity measurements were carried out with a 

BOMMEM DA-8 spectrometer. A DTGS pyroelectric 

detector was used to cover the wave number range from 

50-700 cm
-1

. 

TEM studies were performed using a 200 kV TEM 

(JEM-2100 UHR, Jeol Inc., Tokyo, Japan) equipped with 

an ultra-high resolution objective lens pole piece having a 

point-to-point resolution of 0.19 nm, being sufficient to 

resolve the lattice images of nanoparticles. Due to 

relatively small size of the nanoparticles selected area 

electron diffraction patterns (EDP) over the multiple 

nanocrystals was recorded to obtain the characteristic 

diffraction rings with structure-specific d-values.  

The morphology of powder sample of soft Ni-Zn 

ferrite was synthesized by planetary mill and the size of 

crystallite was examined by Scanning Electron 

Microscopy SEM (JEOL JSM-5200). 

3. Results and discussion 
 

The X-ray diffraction pattern of ferrite sample having 

general formula Ni(1-x)Zn(x)Fe2O4 where x = 0.5 are shown 

in Fig. 2. The diffractogram of the mixtures of starting 

Ni(OH)2/Zn(OH)2/Fe(OH)3 hydroxide powders, Fig. 2, 

suggests that hydroxides are amorphous (0 h of milling). 

After 10 h of milling, there are no traces of starting 

materials, ie any other intermediate reaction product. The 

pattern was indexed using PCPDFWIN data (PDF #52-

0278) for Ni-Zn ferrite. There are no extra peaks 

indicating purity of the sample synthesized. The positions 

of the Bragg lines were used to obtain the interplanar 

spacing, Table 1. The result is in agreement with the 

reports in the literature [12]. The average crystallite size 

(L) obtained from the most intense line (3 1 1) was (16 

nm) as estimated by Scherrer equation as follows [23]: 

 

L = К λCo / (β cos hkl) 

 

where L is the crystallite size, λCo is the wavelength of X-

ray radiation (1.78897 Å for Co-K), hkl is the Bragg 

angle and β is the full width at half maximum (FWHM) of 

the diffraction peak (reflection from (hkl) crystal plane) 

reduced for instrumental broadening. К is a Scherrer 

constant.  

The obtained XRD patterns show clear peaks whose 

positions and relative intensities correspond to the bulk 

Ni0.5Zn0.5Fe2O4 and are well indexed as cubic spinel phase 

with the fcc structure [16]. The diffractograms show 

different reflection planes indexed as (hkl): (111), (220), 

(311), (222), (400), (422), (511) and (440). Based on the 

measured positions of diffraction peaks it can be 

calculated lattice constant by well-known relation for 

cubic crystals: 

 

a = λCo (h
2 
+ k

2 
+ l

2
)
½
/(2sinθhkl) 

 

Calculated lattice constant for obtained nanopowder 

Ni0.5Zn0.5Fe2O4 is 8.3734 Ǻ (in PCPDFWIN data is given 

a = 8.382 Ǻ for bulk). 
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Fig. 2. X-ray diffraction patterns of the mixture of  

amorphous     starting    Ni(OH)2/Zn(OH)2/Fe(OH)3  

hydroxide powders and the Ni0.5Zn0.5Fe2O4 obtained 

                           for 10 h of milling time.  
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Table 1. Calculated d-values from XRD data and from EDP. 

 

hkl dXRD 

(nm) 

ring 

no. 

dEDP 

(nm) 

(111) 0.4834 1 0.4841 

(220) 0.2960 2 0.2959 

(311) 0.2546 3 0.2531 

(400) 0.2093 4 0.2093 

(422) 0.1709 5 0.1707 

(511) 0.1611 6 0.1619 

(440) 0.1481 7 0.1482 

 

 

The structure of normal spinel (like bulk ZnFe2O4) is 

face-centered space group Fd3m [Oh
7
], with 8M

II
Fe2

III
O4 

units per full unit cell containing 56 atoms, and the 

smallest Bravais cell consists of 2 formula units with 14 

atoms [24]. The irreducible representation at the zone 

center modes could be described as follows by factor 

group analysis [25]: 

 

Г = A1g(R) + Eg(R) + F1g + 3F2g(R) + 2A2u + 2Eu + 

4F1u(IR) + 2F2u 

 

where R and IR denote Raman and infrared activity of the 

modes, respectively. There are predicted five symmetry-

allowed, first-order Raman active modes (A1g + Eg + 3F2g) 

and four IR active modes. It is common to use this 

representation for inverse or partially inverse spinels for 

the sake of simplicity. 

In the present study of Ni0.5Zn0.5Fe2O4 more than 5 

Raman modes are visible in Fig. 3. Compared with Ref-s. 

[25-28], these peaks are characteristics for Ni-Zn ferrite. 

More than five peaks in Raman spectra are the 

consequence of the inversion of cations, as well as the 

existence of three types of cations. The analysis of the 

deconvoluted spectrum shows that above 600 cm
-1

 are 3 

modes with A1g symmetry, originated from symmetric 

stretching of oxygen tetrahedrons with different cations 

inside. At the lowest wave number, about 636 cm
-1

, is a 

contribution of the most massive Zn
2+

-ions in tetrahedral 

surrounding, followed by Ni
2+

 at about 687 cm
-1

 and Fe
3+

 

at 720 cm
-1

. Similar situation is with other Raman modes, 

also. Eg modes (two of them are separated) are due to 

symmetric bending of oxygen with respect to cations in 

tetrahedral surrounding. F2g(2) and F2g(3) correspond to 

the vibrations of octahedral group. F2g(1) are due to 

translational movement of the whole tetrahedrons. 

Small intensity of Fe-O4 component of A1g mode and 

high intensity of Ni-O4 component suggest that there is a 

small amount of Fe
3+

 ions, but high amount of Ni
2+

 in 

tetrahedral sites, what implies that cations are 

redistributed. 
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Fig. 3. Raman spectra at room temperature of the 

Ni0.5Zn0.5Fe2O4 obtained for 10 h milling time. 

 

 

Far infrared reflectivity spectra of the synthesized 

Ni0.5Zn0.5Fe2O4 ferrite were recorded at room temperature, 

Fig. 4. Expectedly weak intensity of the reflectivity 

spectrum of nanopowder and broadness of the recorded IR 

modes don’t allow separation of the different cations 

contributions in the observed bands. The highest energy 

band F1u(4) at ~ 580 cm
-1

 corresponds to the vibrations of 

cation-oxygen bonds in tetrahedral sites and the lower 

band F1u(3) at ~ 360 cm
-1

 is attributed to the vibrations of 

the cation-oxygen bond in octahedral site.  

FIR spectrum, presented at Fig. 4 is fitted by plasmon 

- phonon interaction model of dielectric function [29, 30]: 
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ne
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]. 

 

The first term in equation is the lattice vibration 

contribution, whereas the second term is the Drude term 

for the free-carrier contribution to the dielectric constant. 

LOTO are longitudinal (transverse) frequencies and 

LOTO their dampings, p is plasma frequency, p plasma 

damping, n free charier concentration, m
*
 their effective 

mass, 0 is dielectric constant of vacuum (8.854·10
-12

 F m
-

1
) and  is the high frequency dielectric constant. 

Spectrum is fitted with one plasmon and 5 phonons. 

Besides 4 zone centre modes, it was necessary to introduce 

one mode more to describe a discrete feature in the low 

energy of FIR spectrum (probably activated by disorder). 

Fitting parameters are listed in Fig. 4. On the basis of 

obtained value of the plasma frequency, it is possible, 

knowing the effective mass, to estimate the concentration 

of free carriers, as n = (4πωp
2
ε0ε∞m

*
)/e

2
. To our 

knowledge, the effective mass for various types of charge 

carriers is estimated only for SiMg2O4, SiZn2O4 and 

SiCd2O4 in Ref. [31]. An approximate value from the 
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mentioned study m

*
 = 0.4·m0 was used in the calculation 

of carrier concentration and obtain n = 5.4·10
18

 cm
-3

.  

The concentration calculated from FIR measurement 

correspond to free band carriers that could be excited at a 

given temperature. Due to relatively wide energy gap in 

NixZn1-xFe2O4 (1.9 - 2.26 eV) [32, 33], amount of these 

carriers is relatively small at ambient temperature. 
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Fig. 4. IR spectrum of the Ni0.5Zn0.5Fe2O4 recorded at 

room temperature is presented by open circles; The fit of 

spectrum is presented by red line. Fitting parameters are 

given in the inset. 

 

The mechanochemical synthesis of Ni0.5Zn0.5Fe2O4 is 

feasible and complete after 10 h milling time. This is 

considerably less time compared with the time (346.5 ks or 

96 h) for which the spinel Ni0.5Zn0.5Fe2O4 obtained in the 

work by Todaka and co-authors [34]. It can be seen that 

the nanoparticles are about 30 nm in diameter. Fig. 5 

shows the TEM micrograph for the sample obtained from 

the mixture of Ni(OH)2, Zn(OH)2 and Fe(OH)3 powders by 

the soft mechanochemical synthesis for 10 h milling time. 

TEM analysis on our sample revealed that ferrite sample is 

composed of nanosized particles with size around 20 nm, 

what is in accordance with obtained XRD-value (16 nm). 

Jovalekić and co-authors [18] were synthesized 

nanocrystalline Ni0.5Zn0.5Fe2O4 in a high energy planetary 

mill starting from the NiO, ZnO and Fe2O3 oxide powders. 

The obtained nickel-zinc ferrite has many inhomogeneities 

and a distorted spinel structure.  

 

 
 

Fig. 5. TEM micrograph image and electron diffraction 

patterns (Debye-Sherrer rings) of the Ni0.5Zn0.5Fe2O4 

ferrite sample obtained by milling for 10h from the 

mixture of Ni(OH)2, Zn(OH)2 and Fe(OH)3 hydroxide 

powders. 

TEM analysis revealed that ferrite sample is 

composed of roundish nanosized particles with size around 

20 nm, what is in accordance with obtained XRD-value 

(16 nm). In the Fig. 5 electron diffraction pattern (EDP) is 

given. The calculated d-values for one sample are shown 

in Table 1 together with values obtained from XRD-

analysis. 
SEM micrograph (Fig. 6) shows powder sample of 

Ni0.5Zn0.5Fe2O4 ferrite that was synthesized by planetary 

mill synthesis procedure. The nanoscale crystallite tend to 

agglomerate because of the dipolar feild of each crystallite 

[35]. Agglomerated crystallites form grains with sizes 

substantially greater than 20 nm. 

 

 

 
 

Fig. 6. SEM image of the Ni0.5Zn0.5Fe2O4 ferrite sample 

obtained by milling for 10h from the mixture of Ni(OH)2, 

Zn(OH)2 and Fe(OH)3 hydroxide powders. 

 

 

4. Conclusions  
  

In this paper, we obtained Ni0.5Zn0.5Fe2O4 ferrite by 

soft mechanochemical synthesis starting from the mixture 

of appropriate amounts of hydroxide powders. It has been 

shown that mechanochemical treatment of mixture with 

starting materials leads to forming the pure phase of 

Ni0.5Zn0.5Fe2O4 after 10 h of milling. In the Raman and IR 

spectra are observed all of the group theory predicted first-

order active modes characteristic for spinel structure. 
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Cd1-xMnxS nanoparticles (x=0.05-0.4) with average particle size of about 2.2nm were synthesized using the colloidal 
chemistry method and characterized by Raman scattering measurements. The dominant Raman line of Cd1-xMnxS 
nanoparticles was at about 300cm

-1
 showing asymmetric broadening for ω<300cm

-1
. Significant change in the line intensity 

for different Mn content x and excitation wavelength λ was noticed. 
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1. Introduction 
 

Cd1-xMnxS nanoparticles (NPs) with size quantum 

confinement belong to the diluted magnetic semiconductor 

quantum dot class of materials that has been widely 

studied in the last few years. The study of diluted magnetic 

semiconductors, such as Cd1-xMnxS quantum dots, is 

strongly motivated due to the localization of magnetic ions 

in the same places as the free-like electron and hole 

carriers occurring in these nanomaterials [1,2]. This 

interesting phenomenon causes unique properties in 

diluted magnetic semiconductors dots that can be explored 

in different technological applications, such as wavelength 

tunable laser [3], solar cells [4,5], spintronic devices [6], 

etc. Cd1-xMnxS is a typical example of diluted magnetic 

semiconductor. Mn
2+

 ions can be incorporated in A
II
B

VI
 

semiconductor host in large proportions without 

substantially altering the crystallographic quality of the 

material. Finally, Mn
2+ 

ion is electrically neutral in an 

A
II
B

VI
 host, thus avoiding the formation of any acceptor or 

donor impurities in the crystal. 

Vibrational spectroscopy (Raman spectroscopy) is a 

powerful, non-destructive technique sensitive to local 

environment, ideal for in site probing during growth and 

device fabrication and operation [7]. Similar as for the 

bulk materials, Raman spectroscopy provides information 

about optical vibrational modes of semiconductor 

nanoparticles [8-10].  

In this paper, we present a continuation of our effort 

to understand the properties of powders consisting of 

nanosized diluted magnetic semiconductors preparated 

using colloidal chemistry method. The influence of the 

composition and the excitation wavelength on the Raman 

active vibrations were studied in detail. 

 

 

 

2. Synthesis and characterization 
 

Colloidal dispersions consisting of Cd1-xMnxS NPs 

were prepared by mixing a solution containing Cd(NO3)2 

and MnSO4 with a solution containing Na2S in the 

presence of surface active agent hexametaphosphate 

(NaPO3)6. The concentration of cations ([Cd
2+

] + [Mn
2+

]) 

was constant (2×10
-3

M), while S
2-

 ions were used in 

excess (2.4×10
-3

M). The concentration of (NaPO3)6 was 

2×10
-2

M. Light and air were excluded during the 

preparation of this colloid. After precipitation of colloidal 

particles, the solvent was removed by vacuum evaporation 

at room temperature. The obtained yellow powders could 

be redisolved in water to give a colloid with the same 

structured absorption spectrum as the solution before 

evaporation. The content of Mn
2+

 ions was up to x=0.3 and 

was checked out by X-ray dispersive fluorescence analysis 

technique. This technique gives results with uncertainty of 

10%. 

The X-ray diffraction analysis of Cd1-xMnxS NPs 

showed hexagonal wurtzite crystal structure. UV-Vis 

absorption spectra were recorded on Perkin-Elmer Lambda 

5 instrument. A blue shift of the absorption onset of the 

Cd1-xMnxS nanoparticles compared to the bulk Cd1-xMnxS 

was about 0.3eV. The radius of the particles was 

calculated using an effective mass approximation model 

[11]. The calculated value for the particle size of                      

Cd1-xMnxS nanoparticles was found to be 2.2nm. The 

results of experimental and theoretical studies of the 

Raman active vibrations in nanosized CdS crystals we 

reported in Ref. [12]. 

 

 

3. Results and discussion 

 
The unpolarized Raman spectra were excited by 488, 

496.5, 501.7 and 514.5nm lines of an argon laser in the 
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back-scattering geometry. The Jobin Yvon U-1000 

monochromator, with a conventional photo counting 

system was used. Measurements were performed in 

spectral region from 150 to 450cm
-1

 at room temperature. 

The main feature in measured Raman spectra was mode at 

≈300cm
-1

. Raman mode at ≈300cm
-1

 is slightly 

asymmetric and broadened toward lower frequencies and 

can be well identified as LO type phonon mode confined 

in a spherical nanocrystal.  

All Cd1-xMnxS NPs samples showed significant 

changes in experimental Raman line shape, mainly in 

intensity, as a function of excitation energy. For each Mn 

content (x), the intensity of the line decreases with the 

increase of the excitation wavelength λ, where the rate of 

the decrease depends on the Mn content (x). As an 

example, the Raman spectra of Cd0.9Mn0.1S sample for 

various excitation wavelengths (λ= 488, 496.5, 501.7 and 

514.5nm) are presented in Fig.1. The ratio of Raman 

intensities (I488/I514) of mode at about 300cm
-1

 for various 

contents of Mn
2+ 

is given in Fig. 2. This picture 

summarizes the change in the intensity for all contents 

(x=0; 0.05; 0.1; 0.15; 0.3) and applied excitations. From 

Fig. 2 it is clear that the ratio of  Raman intensities 

changes nonlineary as a function of Mn
2+

 content and has 

a maximum at x=0.1. The observed effect can be 

explained by the fact that the band gap energy of Cd1-

xMnxS NPs is a function of particle size and content of 

Mn
2+

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Raman spectra of the Cd0.9Mn0.1S nanoparticles at 

different laser excitations (488, 496.5, 501.7 and 514.5nm). 
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Fig. 2. Ratio of Raman intensities (I488/I514) as a  

function of Mn2+ content. 

Decrease of semiconductor nanocrystals size leads to 

an increase in band gap energy. For a fixed size of                 

Cd1-xMnxS nanoparticles the band gap energy is a function 

of Mn
2+ 

content and has a minimum around x=0.1 [13]. 

Because of that, among the Cd1-xMnxS NPs with different 

Mn
2+ 

content, the nanocrystals with x=0.1 are the closest 

to the resonant regime, and potentially have the strongest 

intensity of Raman line. The experimental data confirmed 

that the strongest intensity of Raman line is for the x=0.1 

sample for all applied excitation energies. 

The Cd1-xMnxS NPs were not theoretically treated at 

this moment, because it is complicate to distinguish the 

influence of size and Mn
2+

 content on the phonon 

properties. In the Mn
2+

 doped bulk CdS samples new 

impurity modes appear between TO-LO frequencies of 

CdS [14,15]. The TO-LO modes originating from the 

impurities are not well resolved for the samples with low 

Mn
2+

 content. 

 

 

4. Conclusion 
 

We investigated Raman spectra of Cd1-xMnxS 

nanoparticles synthesized using colloidal chemistry 

method and small enough to show effects due to the 

phonon confinement. In the Raman spectra an asymmetric 

line was observed at about 300cm
-1

. Registered nonlinear 

change in intensity for different Mn
2+

 content x and 

excitation energies is connected to nonlinear changes of 

energy gap. 
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Growth, characterization and optical quality of calcium 

fluoride single crystals grown by the Bridgman method 
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Calcium fluoride - CaF2 single crystals were grown using the Bridgman technique. By optimizing growth conditions, 111-
oriented CaF2, crystals up to 20 mm in diameter were grown. Number of dislocations in CaF2 crystals which were made by 
the method of Bridgman was 5×10

4 
- 2×10

5
 per cm

2
. In this paper we used XRD, Raman spectroscopy and the 

measurement of transmission in the mid IR-range to investigated structural and optical properties of obtained CaF2 single 
crystals. 
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1. Introduction 
  

A calcium fluoride (here after abbreviated as CaF2) 

single crystal has excellent transmission characteristics 

down to the vacuum ultraviolet region, and it is utilized as 

a lens material in the wafer-stepper of semiconductor 

lithography technology together with synthetic quartz. 

CaF2 single crystals of more than 10 in diameter are 

required for the lens materials. Such large CaF2 single 

crystals are grown by the Czochralski method [1, 2] or the 

vertical Bridgman method [3, 4]. Extremely high material 

performances are required for the lens material in the 

wafer-stepper to achieve high resolution of lithography. 

Among them, the reduction of birefringence caused by the 

residual stress is one of the technical problems. In the 

Czochralski method, residual stress is induced in the 

crystal by thermal stress, where as, in the vertical 

Bridgman method, residual stress is induced not only by 

thermal stress but also due to mechanical stress caused by 

the contact of the crystal and crucible. Generally as-grown 

single crystals with larger diameter have larger residual 

stress, which results in larger birefringence in as-grown 

crystals. Therefore, annealing after single-crystal growth is 

in dispensable process, when CaF2 single crystals are used 

for the lens material in the wafer-stepper. Such annealing 

reduces the residual stress and suppresses the 

birefringence at a low level, but a very long annealing 

period is required to reduce the birefringence to the target 

value. Numerical simulations of residual stress and 

birefringence play an important role for searching 

effective annealing conditions.  

 CaF2 is an ionic crystal with the fluorite structure. 

The lattice is a face centered cubic (fcc) structure with 

three sublattices. The unit cell of the material is most 

easily described as a simple cubic lattice formed by the F
-
 

ions where a Ca
2+

 ion is contained in every second cube. 

The remaining empty cubes (called interstitial or hollow 

sites) are important for defect formation and diffusion, but 

also for the accommodation of unwanted impurities like 

rare earth ions and dopants. The lattice constant is a = 

5.4626 Å [5] (Fig. 1). 

 

 
Fig. 1. Unit cell representation of CaF2 structure 

 

 

 Single crystal CaF2 used in the optical device can be 

of natural origin - fluorite, under which name is often 

referred to in literature [6] and synthetic single crystal 

CaF2 which is usually obtained growth from the melt. By 

its chemical and physical properties of the single crystal 

CaF2 is very different from other materials that have been 

developed techniques to obtain single crystals. The 

relatively high melting point (over 1300 °C), high 

chemical aggressiveness of fluorine at these temperatures, 

relatively small chemical compounds CaF2 stability at high 

temperatures and very strong ability to react CaF2 with 

traces of water vapor, require the use of special growth 

conditions to obtain quality crystals. Therefore, the growth 

of a single crystal CaF2 may take place either in vacuum or 

in an inert gas atmosphere (argon or helium) at purity of at 
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least 99.99% in order to prevent the presence of traces of 

moisture or oxygen.  

The aim of the present work was to obtain single 

crystal CaF2 optical quality. The structural and optical 

properties obtained crystal was characterized using XRD, 

Raman and FTIR spectroscopic characterization.  

 

 

2. Experimental procedures 
 

The Bridgman method of crystal growth is relatively 

simple and allows operation in a vacuum, and also in an 

inert atmosphere. In this method, the crucible uses a 

cylindrical shape with a conical bottom. The procedure 

consisted of the following: the crucible cylindrical shape 

with melted batch CaF2 down from the upper hot chamber 

of the furnace in the cooler lower chamber of the same 

furnace. The bottom of the crucible was in the shape of a 

cone and that in the formation of germs and begins the 

process of crystallization. The crucible was from 

spectroscopically pure graphite [2-8]. One of the main 

drawback of this method is that in the course of growth 

can be seen the process of crystal growth, so that if it 

comes to the appearance of polycrystalline, this can be 

concluded only after the completion of the process of 

growth and cooling crystals.  

To obtain single crystals of CaF2 by the Bridgman 

method in a vacuum has been used device BCG 356. 

Initial samples of single crystals were mostly clear and 

transparent, but some were cracked. Because of the small 

temperature gradient there were a sudden crystallization 

process and the appearance of dendrites in the lower part 

of the crucible, and therefore made changes to the 

structure of the crucible. With this change we have 

achieved that cone of the lower part of the crucible is in 

the form of a tube. Therefore we have achieved that by the 

sudden crystallization takes an extended part of the 

crucible, thus avoiding the occurrence of dendrites. The 

crystals that were obtained on the crucible constructed in 

this way were of better quality. However, when grinding 

the upper surface of the crystal, because the dirt that clung 

to that, there have been cracks crystal along a plane of 

cleavage. 

Experiments have been performed with CaF2 in the 

form of a powder. Since this device works in a vacuum, 

there was a danger that the air contained in the powder 

CaF2, when you turn on the vacuum pump, disperses the 

powder throughout the apparatus. Therefore, the CaF2 

powder was compaction and sintered in the form of pills. 

With such obtained pills could easily and quickly be filled 

crucible. Power generator was initially Pgen = 3.8 kW, and 

was later increased to Pgen = 3.94 kW. The crystal growth 

rates were 6 mm h
-1

, 12 mm h
-1

, 24 mm h
-1

 and 48 mm h
-1

.  

The observations relating to the dislocation were 

recorded by observing an etched surface of CaF2 crystal, 

using a Metaval of Carl Zeiss Java metallographic 

microscope with magnification of 270x. To test the 

dislocations were used CaF2 samples that are obtained by 

cleaving the crystals CaF2 per plane splitting 111. The 

samples were etched with concentrated sulfuric acid from 

10 to 30 min. It has been shown that the best results are 

obtained on the sample crystal is etched for 15 min.  

The crystal structure of CaF2 single crystal was 

approved using the X-ray diffractometer (XRD, Model 

Philips PW 1050 diffractometer equipped with a PW 1730 

generator, 40 kV x 20 mA, and using CuKα radiation of 

1.540598 Å at the room temperature. Measurements were 

done in 2θ range of 10-90° with scanning step width of 

0.05° and 10 s scanning time per step. 

The Raman scattering measurements of CaF2 crystal 

was performed in the backscattering geometry at room 

temperature in the air using a Jobin-Yvon T64000 triple 

spectrometer, equipped with a confocal microscope (100x) 

and a nitrogen-cooled charge coupled device detector 

(CCD). The spectra have been excited by a 514.5 nm line 

of Coherent Innova 99 Ar
+
 - ion laser with an output 

power of less than 20 mW to avoid local heating due to 

laser irradiation. Spectra were recorded in the range from 

100 - 800 cm
-1

.  

The transmission a spectrum of CaF2 sample 

(powdered and pressed in the disc with KBr) was obtained 

by transmission Fourier transforms infrared (FTIR) 

Hartmann&Braun spectrometer, MB-series. The FTIR 

spectrum was recorded between 4000 and 400 cm
-1

 with a 

resolution of 4 cm
-1

. 

 

 

3. Results and discussion 
 

CaF2 single crystals are obtained by the vertical 

Bridgman method in vacuum. Experiments were carried 

out with the crystal growth rate of 6-48 mm h
-1

. The best 

result was obtained with a crystal growth rate of 6 mm h
-1

. 

If the growth rate of the single crystal CaF2 larger, 

experiments showed that these crystals contain more stress 

and that in this case it is more likely to obtain polycrystals. 

Stresses in single crystals we have tried to eliminate 

annealing of crystals. The process of annealing was carried 

out on the plate and bulk crystal CaF2. The temperature of 

annealing of the plate was at 1000 °C for 3 h, and the 

temperature of annealing of the bulk crystal was at 1000 

°C and 1080 °C for 1 - 3 h. Annealing is carried out under 

an inert atmosphere of argon. It was noticed that after 

annealing, plate CaF2 did not have enough stress. 

Annealing bulk single crystal CaF2 had less stress than 

non-annealing. The obtained single crysta of CaF2 was 20 

mm in diameter and 90 mm in length. A polished plate of 

CaF2 with a diameter of 20 mm is displayed in Fig. 2. 

 

 
Fig. 2. Photographs of Bridgman-grown CaF2  

single crystals 
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The general conclusion is that in all samples was 

observed relatively high dislocation density (ranging from 

60000 to 140000) as a consequence of greater internal 

stresses, which have emerged in the process of cooling. 

From the Fig. 3 it can be observed dislocations on CaF2 

single crystal. Etch pits have the shape of a three-sided 

pyramid. Number of dislocations in CaF2 crystals which 

were made by the method of Bridgman was 5·10
4 

- 2·10
5
 

per cm
2 
(Fig. 3).  

  

 
 

Fig. 3. The microscopic image of the surface CaF2  

crystal plate in the direction 111. Magnification of 270x 

 

        The sample of CaF2 single crystal was of cubic 

structure with the Fm3m space group 9. XRD pattern 

(Fig. 4) was indexed by using JCPDS database (card no. 

87-0971). The XRD pattern was found to match exactly 

with those reported in the literature [10, 11]. The displayed 

peaks correspond to (h k l) values of (1 1 1), (2 2 0), (3 1 

1), (4 0 0), (3 3 1) and (4 2 2). Using the (h k l) values of 

different peaks, the lattice constant (a) of the sample was 

calculated. Their lattice parameter was calculated from the 

equation of plane spacing for cubic crystal system and 

Bragg’s law for diffraction [12]. The lattice parameter was 

5.4520.011 Å, calculated from the obtained XRD 

diagram, which was in good agreement with the literature 

5, 13.  
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Fig. 4. X-ray diffraction pattern of the CaF2  

powdered sample 

 

 

Three atoms in cubic O
5

h (Fm3m) primitive cell of the 

CaF2 crystal are given nine fundamental vibrations, 

described by the following Oh-irreducible representations 

(at k = 0): Γ = 2T1u + T2g. According to several 

comprehensive work (see, e.g. [14-19]), their distribution 

among optical and acoustical are: the triply degenerate T2g 

optical phonon is Raman active and IR inactive; one of the 

T1u representations (triply degenerate as well) corresponds 

to the zero frequency acoustic mode, while the other T1u 

species is actually split into a double degenerate transverse 

optical mode and a nondegenerate longitudinal optical 

mode, all the above are IR active. The room-temperature 

first order T2g one-band spontaneous Raman scattering 

spectra of CaF2 crystal is shown in Fig. 5. In this single 

allowed SRS-promoting optical mode with frequency ωSRS 

= 319.7 cm
-1

 Ca
2+

 cation remains stationary and the 

neighboring substitutional fluoride F
-1

 ions vibrate against 

each other [19-21]. 
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Fig. 5. Raman spectra of the CaF2 single crystal at 

 room temperature 

 

 

FTIR transmission was measured in order to check the 

purity of the obtained CaF2. As shown in Fig. 6, the sharp 

peaks of the absorption at 2854 cm
-1

 and 2936 cm
-1 

are
 

assigned to the symmetric and antisymmetric stretching 

vibration of -CH2 groups [22]. Also, the spectra shows two 

broad IR absorption peaks at ∼3432 cm
-1 

and 1628 cm
-1

 

are assigned to the symmetrically stretching vibration and 

antisymmetric stretching vibration of hydroxyl groups -

OH, implying the presence of H2O molecules [23, 24]. The 

peak at 671 cm
-1

 in the FTIR spectra was assigned to the 

Ca-F stretching vibration of CaF2 [25]. The band at ∼2357 

cm
-1

 is due to KBr pellets used for recording FTIR 

spectrum [26]. 
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Fig. 6. FTIR spectra of CaF2 
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         The properties of the crystal, such as density of 

dislocations, cystallinity, and impurities concentrations, 

determine the optical quality.  

  

 

 4. Conclusions  
 

 CaF2 single crystals in diameter of 20 mm are 

obtained by the vertical Bridgman method in vacuum. The 

crystal growth rate was 6.0 mm h
-1

. Number of 

dislocations is of the order of 5×10
4 

- 2×10
5
 per cm

2
. The 

crystal structure was confirmed by XRD. The Raman T2g 

optical mode at 319.7 cm
-1

 was observed. The FTIR 

transmission spectra indicate that there are some amounts 

of -CH2, -OH or water molecules and organic groups 

adhering to the surfaces. Based on our work and 

observations during the experiment, it could be concluded 

that the obtained transparent single crystal CaF2 of good 

optical quality, which was the goal of our work. 
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The objective of this study was characterization of anodic film obtained when Ag43Cu37Zn20 alloy was treated 
electrochemically in 3.5% wt. NaCl under potentiostatic conditions. At the potential of +0.25 V a complex multilayer film is 
formed. XRD shows that it consists of CuCl and zinc hydroxichlorides with a small amount of Cu2O, probably formed in the 

film pores. The anodic film is a mixture of Cu2O, CuCl, Zn5(OH)8·H2O and -Zn(OH)Cl. Phases of the alloy, Ag and Cu rich, 
show different anodic behavior. It was assumed that all phonon lines in the obtained Raman spectra were of the Lorentzian 

type, which is one of the common type of lines for this kind of analysis. Phases of Ag, CuCl, -Zn(OH)Cl, Cu2O and 
Zn5(OH)8(Cl)2·H2O were all registered by XRD. 
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1. Introduction 
  

Silver based brazing filler alloy are used for joining 

most ferrous and nonferrous metals, except Al and Mg. 

This classification includes a range of silver based filler 

metal compositions which may have various additions 

such as Cu, Zn, Cd, Sn, Mg, Ni and Li. 

Generally speaking, the addition of Zn lowers the 

melting temperature of the Ag-Cu binary alloys and helps 

wet Fe, Co and Ni. Cd is also effective in lowering the 

brazing temperature of these alloys and assists in wetting a 

variety of base metals. Especially, Cd and Zn are 

vaporized during brazing. 

The joining technique of copper alloy to steel has 

been widely applied in nuclear, aerospace and industry 

fields [1-3]. The conventional fusion welding of these 

materials usually leads to the irregularity interface and 

welding deficiency between copper alloy and steel [4, 5]. 

Silver based brazing filler alloys are commercially 

available as both wrought and cast products, including 

wire and cable, sheet, strip, plate, rod, bar, tubing, 

forgings, extrusions, castings and powder metallurgy 

shapes. Certain mill products, chiefly wire, cable and most 

tubular products, are used by customers without further 

metal working. On the other hand, most flat rolled 

products, rod, bar, mechanical wire, forgings and castings 

go through multiple metal working, machining, finishing 

and/or assembly operations before emerging as finished 

products. 

Electrochemical properties in chloride solutions of the 

alloys that belong to the Ag-Zn-Cu system are investigated 

recently [6, 7]. These alloys do not show an 

anodic passive film region on polarization curves, 

although they have anodic film on the surface. The aim of 

the present work was to structural and spectroscopic study 

of electrochemically treated Ag-Cu-Zn alloy in 3.5% wt. 

NaCl.  

 

 

2. Experimental procedures 
 

The silver (99.99%), copper (99.99%) and zinc 

(99.995%) for electrode preparation were produced by 

recycling process. More details of the process and 

analytics can be found elsewhere [8-10]. The alloy for the 

electrode was prepared by ingot metallurgy method in two 

phases. The second, repeated, process was required due to 

high zinc losses for small charges. The obtained ingot was 

machined into cylinders with 7.14 mm diameter. It was 

subjected to homogenization annealing at 600 °C (T=0.92 

Tmelt.) for 24 h in nitrogen atmosphere and slowly cooled 

for the next 8 h to the room temperature in the same 

protective atmosphere. Finally, the specimen was mounted 

in polytetrafluoroethylene mould. Chemical composition 

(wt.%) of the alloy used in the present study was 43.5% 

Ag, 37.7% Cu, 18.8% Zn, and trace amounts (in total less 

than 20 wt. ppm) of Pb, Sn, Ni, Fe and Cd, according 

chemical analysis performed by inductively coupled 

plasma atomic emission spectroscopy. This composition 

fulfills requirements of BS1845:1984 Ag5 standard [11].  

All chemicals were of analytical grade produced by 

Merck (Germany). All solutions were prepared with ultra-
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pure water of resistivity not less than 18 MΩcm. Test 

solution, 3.5 wt. % NaCl, was prepared by dissolving 

35.000 g of NaCl in 1000 ml glass flask to the total mass 

of solution of 1000.00 g. pH value was adjusted to pH = 

6.70 ± 0.15 by dropwise addition of 0.1 M NaOH solution.  

X-ray Powder Diffraction (XRPD) patterns of 

investigated sample were obtained on a Philips PW-1050 

diffractometer, operated at 40 kV and 30 mA, using Ni-

filtered CuK1,2 radiation. The Bragg-Brentano focusing 

geometry was used with a fixed 1° divergence and 0.1° 

receiving slits. The patterns were taken in 10-100° 2 

range with step of 0.05° and exposure time of 6 s per step. 

For X-ray structural phase analysis, software EVA 9.0 

Release 2003, Bruker AXS GmbH, Karlsruhe, Germany, 

was used.  

The micro-Raman spectra were taken in the 

backscattering configuration and analyzed using a 

JobinYvon T64000 spectrometer, equipped with a nitrogen 

cooled charge-coupled-device detector. As an excitation 

source we used the 532 nm line of a Ti:sapphire laser. The 

measurements were performed at 20 mW laser power.  

The alloy surface and corrosion products were studied 

using the scanning electron microscope (SEM model: 

JOEL JSM-6610LV operated at 20 kV) and field emission 

scanning electron microscopy (FEG-SEM model: 

TESCAN MIRA3 operated at 20 kV). Chemical 

composition of the alloy surface and products on surface 

were determined using energy dispersive X-ray 

spectroscopy (EDS). EDS detector was Oxford 

Instruments model X-Max SDD. 

 

 

3.  Results and discussion 
 

Fig. 1 shows the results of X-ray diffraction (XRD) of 

the specimen after the potentiostatic test. The peaks of 

phases, (Ag1-x-yCuyZnx) solid solution and Cu3Zn (-brass) 

are present, as well as before the potentiostatic test.  
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Fig. 1. RD pattern of the Ag43Cu37Zn20 electrode after 

anodic potentiostatic polarization treatment at +0.25 V 

for 5 min in 3.5% wt. NaCl solution at 25 °C. 

 

 

X-ray structural phase analysis was applied for 

identification the new phases formed after potentiostatic 

test using the EVA 9.0 computing program. It can be 

noticed that beside the peaks that belong to (Ag1-x-

yCuyZnx) solid solution phase, the peaks that correspond to 

pure Ag phase also have appeared. They have been formed 

by reduction of Zn and Cu content in solid solution during 

the potentiostatic polarization at +250 mV. The peaks of 

(Ag1-x-yCuyZnx) solid solution phase are positioned at 

somewhat larger 2theta (2) values than the peaks of pure 

Ag phase. This difference increases with an increase of 2 

angles, meaning that the lattice parameter of Ag-rich phase 

is smaller than the lattice parameter of pure Ag phase, 

which can be explained by larger ionic radius of Ag than 

ionic radii of Zn and Cu. Noticeable increase of relative 

ratio of (Ag1-x-yCuyZnx) solid solution and pure Ag phases 

with the increase of 2 angle implies that electrode surface 

is covered by pure Ag in thin layer beneath which is (Ag1-

x-yCuyZnx) solid solution phase.  

Fig. 2 shows the Raman spectra of the Ag43Cu37Zn20 

alloy recorded after anodic potentiostatic polarization 

treatment at +0.25 V for 5 min in 3.5% wt. NaCl solution 

at room temperature. The main Raman peaks are indicated 

in the spectrum. The presence of silver (Ag), cuprous 

chloride (CuCl), zinc hydroxychloride (-Zn(OH)Cl), 

cuprous oxide (Cu2O) and simonkolleite 

(Zn5(OH)8(Cl)2·H2O) is registered.  
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Fig. 2. Raman spectra of the Ag43Cu37Zn20 alloy  

at room temperature. 

          

 

Very strong silver peaks (cyan circles) indicate the 

formation of Ag areas, segregate from the Cu-Zn alloy. 

Observed Ag peaks at 920, 1189, 1234, 1368, 1442 and 

1577 cm
-1

 are in general agreement with the previously 

published results [12]. 

Cuprous chloride has the cubic zinc blende structure 

with two atoms in the primitive cell so that there is only 

one triply degenerate fundamental optic mode, which is 

both Raman and infrared active. The first-order phonons 

of CuCl visible in Raman spectra (open triangles) are TO-

phonon at 150 cm
-1

 and LO-phonon at 238 cm
-1 

[13, 14]. 

-Zn(OH)Cl (green squares) are illustrated in Fig. 2. Three 

main peaks are observed at 207 and 268 cm
-1

, assigned to 

a Zn-Cl bond, and 386 cm
-1

, attributed to a Zn-O vibration 
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characteristic of this structure. Zinc hydroxychloride is 

also characterized by two main OH fundamental stretching 

bands at 920 and 1031 cm
-1

 [15, 16]. 

Cu2O crystallizes in a cubic lattice with two molecules 

per unit cell and space group Pn3m. Since it exhibits 

inversion symmetry, its electronic and vibrational states 

are of definite parity. In the Raman spectra of treated alloy 

are seen several Cu2O modes (black triangles). A weak 

mode at about 150 cm
-1

 can be a combination of TO-mode 

of CuCl and mode of Cu2O. At 515, 621 and 690 cm
-1

 are 

modes of Cu2O [17-19]. The Raman peaks at 207 and 386 

cm
-1

 indexed by pink triangle, which agree very well with 

what are found in the [12], were assigned to 

Zn5(OH)8(Cl)2·H2O (simonkolleite). A peak at 207 cm
-1

 

was attributed to the Zn-Cl bond and that at 386 cm
-1

 to 

Zn-O which had a vibration characteristic of a 

simonkolleite structure. The presence of Ag, CuCl, -

Zn(OH)Cl, Cu2O and Zn5(OH)8(Cl)2·H2O is in agreement 

with the XRD results. 

Fig. 3 shows a typical SEM image of surface film 

formed under potentiostatic condition over the Cu3Zn 

phase. Two characteristics formations are observed, dark 

and bright features. At the level of surface of 100-200 pm
2
 

relatively homogeneously distributed crystals on the film 

surface are evident. Among the numerous crystals of 

irregular shape, those with tetrahedral structure are 

particularly recognized. CuCl has this structure although 

octahedral Cu2O and hexagonal ZnO could have similar 

appearance. Dark parts of the image are micropores in the 

film structure. Position of the fcc structured crystals 

suggests chemical origin of the deposition. It is a 

characteristic of CuCl surface films on pure copper and 

brass. Fig. 3 indicates rapid crystal nucleation. 

 

 
 

Fig. 3. FE SEM micrograph of the Ag43Cu37Zn20 alloy 

sample after potentiostatic polarization at +250 mV and 

for 300 s, part of surface film over Cu3Zn phase 

 

 

These crevices are deep and could directly connect 

electrode surface and electrolyte. Crystals of CuCl smaller 

than 1 m in different phases of formation and sizes in the 

range of magnitude order, from a few tens up to few 

hundreds of nm. Rounded grains are probably redeposited 

copper and black basic matrix is mixture of copper and 

zinc compounds revealed by XRD and Raman. This 

indicates that darker surfaces of anodic film originated 

from Cu3Zn phase. It is possible that insoluble compounds 

of Cu and Zn originated form Ag solid solution as well, 

but since lower concentrations of soluble Cu (copper 

chloride complexes like CuCl2

 and CuCl3

2
) it is unlikely 

that activity of these ions in the outer Helmholz plane 

exceeds the solubility equilibrium for the reaction: 

CuCl2

CuCl(film)+Cl


 [20]. Similar is for Zn soluble 

chloride complexes ZnCl4
2

 and Zn(OH)2Cl2
2

 in relation 

with Zn(OH)Cl [21]. 

Very different surface is observed in the areas of over 

the silver solid solution (Fig. 4). These parts are formed 

over Ag-rich phase. Nanosized white grains are the main 

part of structure with some micro sized irregular shaped 

agglomerated particles. Basic structure (without 

agglomerates) is probably result of dealloying (mainly 

dezincation but also decopperization) of the Ag-rich phase 

as suggested from XRD analysis. SEM micrograph (Fig. 

4) indicates that the structure is even more porous than the 

previous one shown in Fig. 3.  

 

 
  

Fig. 4. FE SEM micrograph of the Ag43Cu37Zn20 alloy 

sample after potentiostatic polarization at +250 mV for 

300 s, part of surface film over (Ag, Zn) solid solution. 

 

The compositions of areas shown in Fig. 3 and Fig 4, 

were determined by means of EDS. Absence of silver is 

characteristics of area in Fig. 3 and low concentration of 

Cu and Zn of area in Fig. 4. Lower concentration of Zn 

indicates dealloying of silver solid solution. 

Table 1. EDS analysis in Fig. 3 and Fig 4. 

 

Element/ 

Area 

O Cl Cu Zn Ag 

At. % Wt. % At. % Wt. % At. % Wt. % At. % Wt. % At. % Wt. % 

Fig. 3 16.86 5.55 25.45 18.57 47.27 61.82 10.38 13.97 0.04 0.09 

Fig. 4 21.51 4.70 9.11 4.41 15.98 13.87 2.82 2.52 50.58 74.50 
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4.  Conclusions 
 

The anodic film formed on alloy in 3.5% NaCl 

solution under potentiostatic conditions is a mixture of 

Cu2O, CuCl, Zn5(OH)8·H2O and -Zn(OH)Cl. Phases of 

the alloy, Ag and Cu rich, show different anodic behavior. 

For analysis of the Raman spectra it was assumed that all 

phonon lines were of the Lorentzian type, which is one of 

the common type of lines for this kind of analysis. That 

analysis combined with the XRD proved that phases of 

Ag, CuCl, -Zn(OH)Cl, Cu2O and Zn5(OH)8(Cl)2·H2O 

form the anodic product on the electrode surface. Porosity 

of film at surface is confirmed by SEM images. 
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New approach and comparative studies of structura; and electrical properties  
of nano spinel ferrites prepared by soft mechanochemical synthesis  
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Ferrites are very attractive materials for technological applications due to their combined 
properties as magnetic conductors (ferrimagnetic) and electric insulators. Spinel ferrites, by virtue 
of their structure, can accommodate a verity of cations at different sites enabling a wide variation in 
electrical and magnetic properties. Spinel ferrites MFe2O4 (M=Mn, Ni, Zn) were obtained by soft 
mechanochemical synthesis in a planetary ball mill. The appropriate mixture of oxides and 
hydroxides were used as initial compounds. This mixture was mechanically activated, uniaxial 
pressed and sintered at 1100°C/2h. The phase composition of the sintered samples was analyzed by 
XRD, Raman and IR spectroscopy. Morphologies were examined by SEM. In this study, DC-
resistivity was measured as a function of temperature from 298-473 K and activation energy of 
sintered samples was determined. The AC-conductivity measurements in the same temperature 
range were carried out in the frequency range 100Hz-1MHz. The electrical conductivities show an 
increase with increasing temperature indicating the semiconducting behavior of the studied ferrites. 
The conduction phenomenon of the investigated samples has been explained on the basis of 
hopping model. Analysis of the complex impedance spectra has been used to study the effect of 
grain and grain boundary on the electrical properties of ferrites.  
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Electrical and Dielectric Characterization of ZnxNi1-xFe2O4 Ferrite 
Ceramics Prepared by Sintering of Nanopowders 
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Nanostructured ZnxNi1-xFe2O4 (x= 0.0, 0.5 and 1) ferrite ceramics were successfully 
prepared by a conventional sintering of nanosized powders (10–25 nm), synthesized by soft 
mechanochemical treatment of high–purity Ni(II), Zn(II) and Fe(III) hydroxides as 
precursors. Electrical properties, such as DC resistivity as a function of temperature and AC 
conductivity as a function of frequency and temperature, were examined. The variation of DC 
resistivity with temperature well obeys the Arrhenius law, indicating semiconductor–like 
behavior of the prepared ferrites. The drift mobility was estimated from the DC resistivity 
data and found to increase with increasing temperature from ambient to 200°C. The 
experimental results reveal that AC electrical conductivity of all three samples increases with 
increasing frequency of the applied field from 100 Hz to 10 MHz. Analysis of the AC 
conductivity data by means of Jonscher’s universal power law shows that correlated barrier 
hopping mechanism is the most probable mechanism of electrical conduction for ZnxNi1-

xFe2O4 ferrites. As part of a systematic study, dielectric constant and dielectric loss (tanδ) are 
also studied as a function of frequency and temperature. The dielectric behavior of ferrite 
ceramics can be explained by using the mechanism of polarization process, which is 
correlated to hopping of charge between Fe2+ and Fe3+ ions at octahedral sites of the spinel 
lattice. 
 

INV2  
Study of Nanodimensional Spinel Ni0.5Zn0.5Fe2O4 Ferrite Prepared by 

Mechanochemical Synthesis 
 

Zorica Lazarević 
Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, Serbia 

 
The nanodimensional Ni0.5Zn0.5Fe2O4 ferrites were prepared from mixture of 

NiO/ZnO/α-Fe2O3 and Ni(OH)2/Zn(OH)2/Fe(OH)3 powders by (soft) mechanochemical 
synthesis after 5 and 10 h of milling time. The XRD of the sample obtained after 10 h milling 
time shows single phase cubic spinel structure. TEM analysis revealed that all samples are 
composed of more or less agglomerated nanosize particles. The average size of nano 
crystallites is ~20 nm. The degree of the cation inversion of NZF is estimated for spinel 
fraction in all samples by Rietveld analysis. In the Raman and IR spectra are observed all of 
first-order active modes. In the spectra of the single phase “hydroxide” samples it is visible 
that the energy position and intensity of modes is dependent on the composition and cation 
distribution. It was shown that the modes in Raman spectra of nickel-zinc ferrite that originate 
from vibrating of different cations could be clearly distinguished. From the ratio of intensities 
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of the A1g -type Raman modes, it is possible to estimate the inversion of cations. The 
Mössbauer spectra were fitted by several subspectra and according to known subspectral areas 
of both iron sites the degree of inversion was calculated, also. The cation inversion is δ = 
0.36(3) for ferrite sample obtained from the mixture of appropriate hydroxide for 10 h 
milling.       
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EPMA, BIB-SEM and FIB-SEM Investigations on Gas Shales from the 
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Porosity and permeability are essential parameters for reservoir rocks. As these 
parameters are directly related to the rock fabric, high resolution techniques are increasingly 
used to determine reservoir quality of shale gas plays. Techniques developed for conventional 
reservoir rocks, characterized by large (>10 µm) pores, cannot fully be applied to study gas 
shales. 

The Dniepr Donets Basin (DDB) is a Devonian rift-structure located within the East 
European Craton. It is filled with Devonian syn-rift sediments and a thick Carboniferous to 
Mesozoic post-rift succession. The basin hosts more than 200 conventional oil and gas fields. 
Apart from that, recent investigations focus on the potential for unconventional hydrocarbon 
production (shale gas). Because of their high average content of total organic carbon (5-6 %), 
Upper Visean Rudov Beds are one of the main target horizons for shale gas exploration 
within the DDB. The organic rich black shales can be subdivided into different facies zones 
according to their mineralogical composition. Those facies zones, predefined by x-ray 
diffraction measurements on core samples, have been visualized in detail using SEM imaging 
of fresh broken surfaces, allowing a rapid assessment of mineral distribution and rock fabric. 
Changing permeability and fraccability, which are essential for reservoir characterization, are 
directly related to microscale changes in rock texture and mineralogical composition. In case 
of Rudov Beds, a basin-centered, brittle siliceous facies is most likely referred to a high 
contribution from deep water radiolaria and is separated from a transitional clayey and a 
marginal carbonate rich facies. In contrast, a higher abundance of coaly layers as well as 
inertinite macerals, derived from syn-depositional wildfires, reflects increased terrestrial 
influence in the marginal areas of the basin. 

Another major issue in terms of reservoir quality is represented by type and 
distribution of organic matter (OM) within the inorganic mineral matrix. Combined SEM 
imaging, EDX and WDX element mapping on polished sections help visualizing the complex 
distribution of organic particles within the fine-grained matrix as well as interactions of OM 
and inorganic phases like clay minerals. Light element mapping of finely dispersed OM, as 
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present in the world for several decades already. Nevertheless, in Serbia the discipline is just 

at the beginning of development. In this paper I’ll try to explain the importance of the 

ethnoarchaeological research at local level and in wider, regional frames. 
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Fluorine doping of cathode materials for rechargeable batteries 
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In the continuing search for alternative cathode materials for rechargeable batteries 

with improved electrochemical performances, there is a need for a versatile approach that will 

address concerns regarding low reversible capacity, poor capacity retention, low operating 

voltage and structural instability. So far, a lot of investigation was focused on cation doping. 

On the other hand, there is much less investigation on anion doping of cathode materials. 

Taking olivine-type LiFePO4 and layered NaxCoO2 as example materials for lithium- and 

sodium- ion batteries, respectively, the influence of fluorine doping on both the structure and 

the electrochemical performances was examined. The crystal structure refinement revealed 

that fluorine incorporation preserves the parent structure. Furthermore, small oxygen 

replacement by fluorine ions changes electronic structure and consequently modifies 

electrical properties. 

 

INV-REHA3 

Spectroscopy study of LiFePO4 catode materials for Li-ion battery 

prepared in the thermo-acoustic reactor 

 

Zorica Ž. Lazarević
1
, Janez Križan

2
, Gregor Križan

2
, Valentin N. Ivanovski

3
,  

Miodrag Mitrić
3
, Martina Gilić

1
, Nebojša Ž. Romčević

1
 

 
1
Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, Serbia

 

2
Maistrova ulica 19A, 2250 Ptuj, Slovenija

 

3
Institute of Nuclear Sciences Vinča, University of Belgrade, Belgrade, Serbia 

 

LiFePO4 is a potential cathode candidate for the next generation of secondary lithium 

batteries. The iron based olivine type cathodes (mainly lithium iron phosphate, LiFePO4) are 

regarded as possible alternatives to cathodes based on rare metal composites. Industry uses 

mostly methods in solids and less hydrothermal synthesis. The pilot reactor was built 

according to the principles of the thermos-acustic burner. It consists of a burner on the basis 

of the Helmholtz resonator. The sample synthesized in incomplete combustion and resonance 

mode of reactor and calcined at 700°C. The obtained samples were characterized by X-ray 

diffraction, Raman and Mössbauer spectroscopy. The aim of this work is to show that is 

possible to achieve a desired crystal phase with only a proper mode of operation. The 

seemingly rapid transformation of amorphous into pure phase material was attributed to two 

mechanisms; increasing the number of particles due to the reduction in size and a larger 

number of collisions between particles due to the strong turbulent flow associated with 

explosive combustion. 
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ABSTRACT  

The aim of the present work is characterization of electrochemically treated Ag43-Cu37-Zn20 alloy in 

near neutral chloride solutions by the X-ray diffraction and Raman spectroscopy. At potential of +0.25 V, a 
complex multilayer film is formed. XRD shows that it consists of CuCl and zinc hydroxichlorides with small 

amount of Cu2O, probably formed in the film pores. It can be concluded that the Raman spectroscopy is 

observed almost all the modes that are registered with the XRD analysis. 
Keywords: alloy, XRD, Raman spectroscopy  

1 INTRODUCTION  

Silver based brazing filler alloys have been widely used in various industries including 

high-tech like: electronics, automotive, aerospace and similar. They are suited filler materials 

for joining ferrous and non-ferrous metals, and alloys, except aluminum and magnesium.  

Inclusion of cadmium in brazing fillers gives the following advantages: reduces the brazing 

temperature, lowers cost and improve mechanical properties of alloys. Owing to the inherent 

toxicity of cadmium, legislation all over the world restricting the use of cadmium in brazing 

alloys, especially for application in the food industry and medicine. Cadmium-free silver 

brazing alloys that can replace Ag based brazing alloys containing cadmium, are the ternary 

AgCuZn or multi-component alloys based on them or Ag-Cu system with the addition of Ga, 

Sn, In and Ni [1]. The investigated alloy has the composition of BS1845:1984 Ag5 

commercial alloy, i.e. Ag43-Cu37-Zn20. Electrochemical behavior of ternary brazing alloys of 

the Ag-Cu-Zn system has not been extensive investigated. Some interest existed in the 

eighties, but the investigations had a limited scope. The main aspects of the studies were a 

type of corrosion at brazed joints, open circuit potential in chloride solutions (brazing alloys 

and binary silver alloys) and electrochemical galvanic action between the coexisting phases 

as responsible for corrosion of filler metal and interface [2]. 

The aim of present work has been characterized by the X-ray diffraction and Raman 

spectroscopy electrochemically formed Ag43Cu37Zn20 alloy after treatment in near neutral 

chloride solutions (in 3.5 wt.% NaCl). 

2 EXPERIMENTAL  

High purity metals (99.99%) for electrode preparation were produced by the recycling 

process. More details of the process and analytics can be found elsewhere [3]. The alloy for 

mailto:lzorica@yahoo.com
mailto:stevad@gmail.com
mailto:mmitric@vinca.rs
mailto:silvana.dimitrijevic@irmbor.co.rs
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the electrode was prepared by two consecutive steps of ingot casting in a graphite mould. The 

second, repeated, process was performed in the aim to correct composition caused by high 

zinc loses for small charges. The obtained ingot was lathe machining into cylinder with 7.14 

mm diameter. It was subjected to homogenization annealing at 873 K (T  0.9 T(m)) for 24 h 

in nitrogen atmosphere and slowly cooled to the room temperature in the same protective 

atmosphere. Finally, the specimen was mounted in polytetrafluoroethylene (PTFE) mould. 

Chemical composition (wt.%) of the alloy used in the present study was 43.5% Ag, 37.7% 

Cu, 18.8% Zn, and trace elements (Sn, Pb, Fe, Ni) as analyzed by the inductively coupled 

plasma atomic emission spectroscopy. Chemical composition fulfills the requirements for 

BS1845:1984 Ag5 standard.  

The all chemicals were of analytical grade produced by Merck (Germany). All 

solutions were prepared with ultra-pure water of resistivity not less than 18 MΩ cm
–1

. Test 

solution, 3.5 wt. % NaCl, was prepared by dissolving 35 g of NaCl in 1000 ml glass flask to 

the total mass of solution of 1000 g. pH value was adjusted to pH=6.70. 

The X-ray Powder Diffraction (XRPD) patterns of investigated sample were obtained 

on the Philips PW-1050 diffractometer, operated at 40 kV and 30 mA, using Ni-filtered Cu 

K 1,2 radiation. The Bragg–Brentano focusing geometry was used with a fixed 1° divergence 

and 0.1° receiving slits. The patterns were taken in 10-100° 2  ranges with a step of 0.05° 

and exposure time of 6 s per step. For the X-ray structural phase analysis, software EVA 9.0 

Release 2003, Bruker AXS GmbH, Karlsruhe, Germany, was used.  

The micro-Raman spectra were taken in the backscattering configuration and analyzed 

using a JobinYvon T64000 spectrometer, equipped with a nitrogen cooled charge-coupled-

device detector. As an excitation source we used the 532 nm line of a Ti:sapphire laser. The 

measurements were performed at 20mW laser power. 

RESULTS AND DISCUSSION 

Figure 1 shows the results of X-ray diffraction (XRD) of the specimen after the 

potentiostatic test. The peaks of both phases, (Ag1-x-yCuyZnx) solid solution and Cu3Zn 

( -brass) are present, as well as before the potentiostatic test. X-ray structural phase 

analysis was applied for identification the new phases formed after potentiostatic test 

using the EVA 9.0 computing program. It can be noticed that beside the peaks that 

belong to (Ag1-x-yCuyZnx) solid solution phase, the peaks that correspond to pure Ag 

phase also have appeared. They have been formed by reduction of Zn and Cu content in 

solid solution during the potentiostatic polarization at +250 mV. The peaks of (Ag1-x-

yCuyZnx) solid solution phase are positioned at somewhat larger 2theta (2 ) values than 

the peaks of pure Ag phase. This difference increases with an increase of 2  angles, 

meaning that the lattice parameter of Ag-rich phase is smaller than the lattice parameter 

of pure Ag phase, which can be explained by larger ionic radius of Ag than ionic radii of 

Zn and Cu. Noticeable increase of relative ratio of (Ag1-x-yZnxCuy) solid solution and 

pure Ag phases with the increase of 2  angle implies that electrode surface is covered by 

pure Ag in thin layer beneath which is (Ag1-x-yCuyZnx) solid solution phase.  

Figure 2 shows the Raman spectra of the Ag43Cu37Zn20 alloy recorded after anodic 

potentiostatic polarization treatment at +0.25 V for 5 min in 3.5% wt. NaCl solution at 

room temperature. The main Raman peaks are indicated in the spectrum. The presence 

of silver (Ag), cuprous chloride (CuCl), zinc hydroxychloride ( -Zn(OH)Cl), cuprous 

oxide (Cu2O) and simonkolleite (Zn5(OH)8(Cl)2·H2O) is registered.  
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Very strong silver peaks (cyan circles) indicate the formation of Ag areas, 

segregate from the Cu-Zn alloy. Observed Ag peaks at 920, 1189, 1234, 1368, 1442 and 

1577 cm
-1

 are in general agreement with the previously published results [4]. 
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Figure 1 XRD pattern of the Ag43Cu37Zn20 electrode after anodic potentiostatic polarization 

treatment at +0.25 V vs SCE for for 5 min in unbuffered 3.5% wt. NaCl solution at 25 °C 

Cuprous chloride has the cubic zincblende structure with two atoms in the primi-

tive cell so that there is only one triply degenerate fundamental optic mode, which is 

both the Raman and infrared active. The first-order phonons of CuCl visible in the 

Raman spectra (open triangles) are TO-phonon at 150 cm
-1 

and LO-phonon at 238 cm
-1

 

[5, 6]. -Zn(OH)Cl (green squares) are illustrated in Figure 2. Three main peaks are 

observed at 207 and 268 cm
-1

, assigned to a Zn-Cl bond, and 386 cm
-1

, attributed to a 

Zn-O vibration characteristic of this structure. Zinc hydroxychloride is also characterized 

by two main OH fundamental stretching bands at 920 and 1031 cm
-1 

[7, 8].  

Cu2O crystallizes in a cubic lattice with two molecules per unit cell and space group 

Pn3m. Since it exhibits inversion symmetry, its electronic and vibrational states are of 

definite parity. In the Raman spectra of treated alloy are seen several Cu2O modes (black 

triangles). A weak mode at about 150 cm
-1

 can be a combination of TO-mode of CuCl and 

mode of Cu2O. At 515, 621 and 690 cm
-1

 are modes of Cu2O [9-11]. The Raman peaks at 

207 and 386 cm
-1

 indexed by pink triangle, which agree very well with what are found in the 

[7], were assigned to Zn5(OH)8(Cl)2·H2O (simonkolleite). A peak at 207 cm
-1
 was attributed 

to the Zn-Cl bond and that at 386 cm
-1
 to Zn-O which had a vibration characteristic of a 

simonkolleite structure. 

The presence of Ag, CuCl, -Zn(OH)Cl, Cu2O and Zn5(OH)8(Cl)2·H2O is in agreement 

with the XRD results.  
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Figure 2  Raman spectra of the Ag43Cu37Zn20 alloy at room temperature 

CONCLUSION 

The anodic film is a mixture of Cu2O, CuCl, Zn5(OH)8·H2O and -Zn(OH)Cl. Phases 

of the alloy, Ag and Cu rich, show different behavior under anodic polarization. For analysis 

of the Raman spectra we assumed that all phonon lines were of the Lorentzian type, which is 

one of the common type of lines for this kind of analysis. It has already mentioned, phases of 

Ag, CuCl, -Zn(OH)Cl, Cu2O and Zn5(OH)8(Cl)2·H2O were all registered by the XRD. 
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Structural, Electrical Conduction
and Dielectric Studies
of Mechano-synthesized Manganese
Nanoferrite

Dalibor L. Sekulić, Zorica Ž. Lazarević and Nebojša Z. Romčević

Abstract In this paper, we have investigated the structural, electrical and dielectric
properties of nanostructured manganese ferrite of 49 nm grain size, synthesized by
mechanochemical technique. The structural studies have been made by using the
X-ray diffraction, TEM and Raman spectroscopy, which confirmed the formation of
spinel phase and nanostructure of prepared MnFe2O4. The electrical measurements
were made in the frequency range 102–106 Hz at different temperatures between 25
and 175 °C. The temperature dependence of DC conductivity satisfies the
Arrhenius relation, which indicates the semiconducting nature of sintered sample.
The drift mobility was estimated from the DC conductivity measurement and it has
been found that the temperature dependent. Analysis of the experimental AC
electrical conductivity data shows that correlated barrier hopping mechanism is the
most probable mechanism of conduction for prepared manganese ferrite. The
dielectric permittivity and loss tangent of MnFe2O4 decrease with increase in fre-
quency, while these parameters increase with increasing temperature. Such
dielectric behavior is explained by using the mechanism of polarization process,
which is correlated to hopping of charge between Fe2+ and Fe3+ ions as well as
between Mn2+ and Mn3+ ions at octahedral sites.
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1 Introduction

Ferrite materials as semiconductors have always attracted lots of attention due to
their unique set of physical properties which may be used for wide range of the
technological applications. An important property of these materials is their higher
electrical resistance, compared with that of other magnetic materials, which greatly
reduces eddy current losses at high frequencies [1]. In recent decades, it has been
demonstrated that spinel ferrites exhibit improved electrical and dielectric proper-
ties in the nanocrystalline form compared with those of the micrometre sized grains
[2, 3]. In general, the spinel ferrites can be represented by formula DM2O4, where
D and M are divalent and trivalent cations, respectively. The cation distribution
between the tetrahedral (A) and octahedral [B] has the form (D1-xMx)[DxM1-x]O4,
where x is the so-called degree of inversion defined as the fraction of tetrahedral
(A) sites occupied by trivalent cations D [4].

Among the spinel ferrites, manganese ferrites are the subject of extensive
investigation because of their broad applications in several technological fields,
including microwave devices, computer memory chips, transformer cores, rod
antennas, magnetic drug delivery, and many other branches of electronic and
telecommunication engineering [5]. These materials belong to a group of soft
ferrites characterized by high resistivity and low dielectric loss. Mn-ferrite, repre-
sented by general formula MnFe2O4, has a face-centred cubic structure with two
types of lattice sites: a tetrahedral site (A) formed by four oxygen anions and an
octahedral lattice site [B] formed by six oxygen anions. Earlier studies have shown
that MnFe2O4 is a partial inverse spinel ferrite, where in the bulk form it was about
20 % inverse, but a higher inversion up to 60 % was reported in nanosized man-
ganese ferrite [6].

It is well established that the electrical and dielectric properties of ferrites, as well
as structural and magnetic, are strongly dependent on the preparation conditions,
sintering temperature and time, chemical composition, particle size and doping of
additives [3, 7]. These physical properties are of great importance for ferrites, not
only from the application point of view, but also from the fundamental point of
view. Hereof, the investigation of such properties at different temperatures and
frequencies may provide valuable information for the preparation of high quality
ferrite materials for various applications in electronics. The study of dielectric
properties and electrical conductivity provides useful knowledge about the behavior
of localized electron charge carriers leading to greater understanding of the
mechanism of the dielectric polarization in the investigated ferrites [8].

Attempts towards improving the technological performance of ferrites have led
to the development of various techniques for the synthesis of homogeneous and
reproducible ferrites. In recent years, manganese ferrite has been successfully
synthesized by using a several methods, such as co-precipitation [5, 6], sol-gel
[5, 9], citrate [5, 10], solid-state reaction [11, 12] and other techniques that have
been proposed. Most of these methods have achieved particles of the required sizes
and shapes, but they are difficult to employ on a large scale because of their expensive

156 D.L. Sekulić et al.



and complicated procedures, high reaction temperatures, long reaction times, toxic
reagents and by-products, and their potential harm to the environment. In order to
get good quality and low-cost Mn-ferrite with desired physical properties for
electronic applications, a recently reported novel approach to mechanochemical
method, so-called soft mechanochemical synthesis [13], has been used to prepare
this ferrite material. The peculiarity of soft mechanochemical reactions consists in
the high reactivity of surface functional groups, notably, OH groups. Unlike the
other methods mentioned above, this technique is effective method of producing a
wide range of nanopowders, environmentally friendly, does not require expensive
starting materials or extremely high temperature.

In view of the technological importance of manganese ferrites, the present
studies were undertaken to understand the structural, electrical and dielectric
properties of nanostructured manganese ferrite prepared using soft
mechanochemical synthesis. In order to provide valuable information for the
potential application of synthesized MnFe2O4, we have carried out a detailed study
about electrical conductivity and dielectric permittivity over a wide range of fre-
quencies as a function of temperature.

2 Experimental Details

2.1 Sample Preparation and Structure Characterization

Spinel manganese ferrite was prepared by soft mechanochemical method. Starting
compounds used for synthesizing of Mn-ferrite nanopowder were manganese(II)-
hydroxide (Mn(OH)2, Merck 95 % purity) and hematite (α-Fe2O3, Merck 99 %
purity) in equimolar ratio. The starting hydroxides were amorphous, while hematite
was crystalline. Mechanochemical synthesis was performed in air atmosphere in
planetary ball mill (Fritsch Pulverisette 5) for 25 h. The synthesis procedure was
reported in detail in our earlier publication [14]. The obtained MnFe2O4 ferrite
powder was pressed into circular disc shaped pellet using a cold isostatic press. The
pressed pellet with a dimension of 1 mm thick and 7 mm diameter was sintered at
1100 °C for 2 h (Lenton-UK oven) without pre-calcinations step. Heating rate was
10 °C/min with nature cooling in air atmosphere.

The formation of phase and crystal structure of mechano-synthesized manganese
ferrite was approved using the X-ray diffractometer (XRD, Model Philips PW 1050
diffractometer). TEM study was performed using a 200 kV transmission electron
microscope (Model JEOL JEM-2100 UHR) equipped with an ultra-high resolution
objective lens pole piece having a point-to-point resolution of 0.19 nm, being
sufficient to resolve the lattice images of nanoparticles. Raman measurement of
sintered sample was performed using Jobin-Ivon T64000 monochromator. The
room temperature Raman spectra are in spectral range from 100 to 800 cm−1.
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2.2 Electrical Measurements

For electrical measurements MnFe2O4 pellet was polished and coated with high
purity silver paste on adjacent faces as electrodes, thus forming parallel plate
capacitor geometry with ferrite material as the dielectric medium. In such a way
prepared sample can be considered as electrical equivalent to a capacitance Cp in
parallel with a resistance Rp, as shown in Fig. 1. These parameters were measured
directly in the frequency range 102–106 Hz at different temperatures between 25
and 175 °C using an Impedance Analyzer HP-4194A. The temperature was regu-
lated with an accuracy of ±0.5 °C using a Beckman CTC 250 temperature con-
troller. In this measurement setup, a personal computer with in-house built software
implemented by LabVIEW was used for acquisition of measured data.

As dielectric permittivity is complex in nature ε(ω) = ε′(ω) + jε″(ω), the real
part of dielectric permittivity was determined using the following relation:

e0ðxÞ ¼ Cpd
e0A

; ð1Þ

where d is the thickness of the sample, A the cross sectional area at surface of the
ferrite pellet and ε0 represents the permittivity of free space equal to
8.85 × 10−12 F/m. The imaginary part of dielectric permittivity was calculated
using the following equation:

e00ðxÞ ¼ d
xe0RpA

: ð2Þ

The loss factor or dissipation factor (tan δ) in sintered Mn-ferrite as dielectric
material is given by the relation:

tan d ¼ e00ðxÞ
e0ðxÞ : ð3Þ

From the real part of the dielectric permittivity and the loss factor, the AC
conductivity of MnFe2O4 sample was evaluated using the relation:

Fig. 1 Schematic
representation of prepared
manganese ferrite and its
equivalent electric circuit
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rACðxÞ ¼ xe0e
0 tan d: ð4Þ

The temperature dependent DC conductivity of the prepared manganese ferrite
was measured by simple two probe method within temperature range 25–175 °C.
A Source Meter Keithley 2410 was used for the said purpose. The DC conductivity
was calculated by using the following formula:

rDC ¼ d
RA

; ð5Þ

where R is the measured resistance, A is area of cross section of the sample and d is
the thickness of the sample.

From temperature dependent DC conductivity, the drift mobility of the charge
carriers in the present sample is determined by the following well-known equation
[15]

ld ¼
rDC
ne

; ð6Þ

where e is the charge of electron and n is the concentration of charge carrier that can
be calculated from the equation [3]:

n ¼ NAqsBFe

M
: ð7Þ

Here, NA is the Avogadro’s number, ρs the measured bulk density of sintered
sample, BFe the number of iron atoms in the chemical formula of the ferrite andM is
the molar mass of the sample.

3 Results and Data Analysis

3.1 Structural Analysis

Figure 2 shows the X-ray diffraction spectra of MnFe2O4 powder and appropriate
ferrite sample after sintering at 1100 °C/2 h. All peaks detected at about the
2θ = 22°, 36°, 42°, 44°, 51°, 64°, 68° and 75° clearly pointed to the formation of
the new phase of MnFe2O4 (JCPDS card 74-2403). The peaks are well indexed to
the crystal plane of spinel ferrite (k h l) (111), (220), (311), (222), (400), (422),
(511) and (440), respectively. This confirms that the mechanochemical synthesis of
Mn-ferrite is feasible and complete after 25 h milling time of the mixture of the
Mn(OH)2/α-Fe2O3 and sintered at 1100 °C/2 h. The size crystallite has been estimated
from the broadening of the XRD peaks using the Scherrer’s equation [3, 8]:
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L ¼ 0:9kCo

ðw� w1Þ cos h ; ð8Þ

where kCo ¼ 1:78897 Å is wavelength of used X-ray source, θ is the angle of
diffraction, w and w1 are the half intensity width of the relevant diffraction peak and
the instrumental broadening, respectively. The mean size was found to be 16 and
49 nm for powder and sintered manganese ferrite sample, respectively. Based on
the measured positions of diffraction peaks, the lattice constant a of the sample was
determined by using well-known relation [16]:

a ¼ k
2 sin h

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
: ð9Þ

The obtained lattice constants are 8.428 Å and 8.421 Å for powder and sintered
Mn-ferrite sample, respectively.

The shape, size and morphology of mechano-synthesized Mn-ferrite particles are
characterized by direct observation via transmission electron microscope (TEM).
The representative TEM images with corresponding EDP of the powder sample
obtained after appropriate milling time is depicted in Fig. 3. Bright-field TEM
reveals the nanoscale nature of the manganese ferrite particles, mostly in the size
ranges between 10 and 50 nm. The shape of the majority of the nanoparticles
appears spherical. The crystallites in this system are rounded and tend to
agglomerate into larger clusters with diameters of several hundreds of nanometers.
Measurements of the diffraction rings confirmed that they correspond to the crystal
planes of spinel structure.

Figure 4 shows Raman spectra for the MnFe2O4 ferrite prepared by the soft
mechanochemical synthesis. To simplify, peaks are assigned as for normal spinel

Fig. 2 X-ray diffraction
patterns of the manganese
ferrite powder and sintered
sample at 1100 °C/2 h
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structure. But, all five Raman peaks are asymmetric with shoulder on the low
energy side. Each peak can be presented like a doublet, what is a characteristic of
the inverse spinel structure. At a microscopic level the structure of Mn-ferrite can be
considered as a mixture of two sublattices with Fe3+ and Mn2+. It is supposed that
Fe3+ and Mn2+ are ordered over the [B]-sites. In nanocrystalline samples asym-
metry is partly due to confinement and size-distribution of nanoparticles. The A1g

mode is due to symmetric stretching of oxygen atoms along Fe–O (and M–O)
bonds in the tetrahedral coordination. Eg is due to symmetric bending of oxygen
with respect to the metal ion and F2g(3) is caused by asymmetric bending of
oxygen. The F2g(2) is due to asymmetric stretching of Fe (Mn) and O. The F2g(2)
and F2g(3) correspond to the vibrations of octahedral group. F2g(1) is due to
translational movement of the tetrahedron, metal ion at tetrahedral site together with

Fig. 3 Transmission electron
microscopy image of
mechano-synthesized
manganese ferrite
nanoparticles

Fig. 4 Raman spectra for the
manganese ferrite sintered at
1100 °C/2 h
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four oxygen atoms. There is a negligible displacement of metal atoms in modes A1g,
Eg and F2g(3) [17].

The density of ferrite materials also plays an important role in the variation of
electrical and dielectric properties. Less amount of pores leads to a lower diffusion
resistance of electrons and holes through the ferrite. As a result, higher density
(lower porosity) causes an increase in the value of electrical conductivity and
dielectric constant [16, 18]. The sintered bulk density was determined by measuring
the mass m and the dimensions of sample and using equation

qs ¼
m

pr2h
; ð10Þ

where r is the radius of the sample and h is the width of the sample. The obtained
value of sintered density is of the order of 4.46 g/cm3 for prepared Mn-ferrite. On
the other hand, the X-ray density of the sample was calculated using the relation

qx ¼
8M
a3NA

; ð11Þ

where a is crystal lattice parameter obtained in the XRD analysis, M is the
molecular weight of the sample, NA is the Avogadro’s number. As there are 8
molecules in the unit cell, so 8 is included in the formula. It was obtained that the
value of ρx is of the order of 5.14 g/cm3 for sintered manganese ferrite. The X-ray
density is higher than that of the sintered density and this difference is primarily due
to the porosity of the Mn-ferrite [3]. Taking into account these two density values, it
was found that the porosity of MnFe2O4 under study is about 13.2 % by using the
expression P = (1 − ρs/ρx) × 100. The formation of pores is usually affected by
many factors such as the pressing procedure, the sintering time and the sintering
temperature.

3.2 DC Electrical Conductivity and Drift Mobility

From the application point of view, the DC electrical conductivity is one of the
most important parameters of ferrite materials. The low value of conductivity is
necessary for most electronic applications that require negligible eddy currents,
which degrade the ferrite performance. The results of DC conductivity measure-
ments of nanostructured manganese ferrite under study are depicted in Fig. 5. It can
be seen that the DC conductivity increases with the increase of temperature in
accordance with the literature, since spinel ferrites possess the typical semicon-
ducting behavior [19]. The low DC conductivity of 3.91 × 10−6 (Ωcm)−1 is
obtained at room temperature, which may be contributed to nanosized ferrite par-
ticles. Ferrite materials with smaller particles consist of more number of grain
boundaries which act as barriers to the flow of electrons [20]. It is also evident that
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there is a linear increase in measured DC conductivity of present ferrite for almost
three orders of magnitude with temperature varying from 25 to 175 °C. This
behavior could be related to the increase in the drift mobility of the thermally
activated charge carriers according to the hopping conduction mechanism and not
to thermally creation of the charge carriers [21]. It is widely known that the charge
carriers in ferrites are considered as localized at the ions or vacant sites and con-
duction occurs via a hopping process. The hopping probability depends upon the
activation energy which is associated with the electrical energy barrier. Activation
energy for the thermally activated hopping process was determined from the slope
of the linear plots of DC electrical conductivity using Arrhenius equation [22]:

rDCðTÞ ¼ r0 exp � DE
kBT

� �
: ð12Þ

Here σ0 is the pre-exponential factor with the dimensions of (Ωcm)−1, ΔE is the
activation energy in (eV), kB is the Boltzmann’s constant and T is absolute tem-
perature. The calculated value of the activation energy of 0.409 eV clearly suggests
that the conduction mechanism in synthesized Mn-ferrite is due to small polaron
hopping according to Klinger [23].

Using the experimental data for DC electrical conductivity of present manganese
ferrite at each temperature, the drift mobility of the charge carriers was determined
according to the relations (6) and (7). The temperature dependence of drift mobility
is depicted in the inset of Fig. 5. It can be seen that the drift mobility shows a same
behavior as well as DC conductivity; it strongly dependent on the temperature and
increases exponentially with increasing temperature. Moreover, values of the esti-
mated drift mobility are very low (about 1 × 10−9 to 3 × 10−7 cm2 (V s)−1)
compared to those expected in the case of normal semiconductors (about
1–100 cm2(V s)−1). Such low values are not new as far as manganese ferrite, since
low values of the drift mobility were reported earlier [24]. This is clear evidence

Fig. 5 Variation of DC
electrical resistivity with
temperature for manganese
nanoferrite. Inset shows
temperature dependence of
drift mobility of the charge
carriers
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that the band conduction mechanism is omitted in the studied temperature range and
the hopping conduction mechanism is responsible for the conduction process. Due
to the lattice vibrations, the localized charge carriers start hopping from one site to
another as the temperature increases [25].

3.3 AC Conductivity and Conduction Mechanism

In order to obtain a clear understanding of the conduction mechanism, the AC
electrical conductivity of sintered MnFe2O4 ferrite was studied as a function of
frequency at different temperatures between 25 and 175 °C. The conductivity is
calculated from the experimental data using Eq. (4). Frequency variation of AC
conductivity of the sample at selected measuring temperatures is presented in
Fig. 6. It is noticed that electrical conductivity shows an increasing trend as the
frequency increases, which is a general behavior of ferrites. At room temperature,
the AC conductivity at 100 Hz is of the order of 4.2 × 10−6 (Ωcm)−1, which is very
close to DC conductivity values, and then it increases to 5.3 × 10−5 (Ωcm)−1 at
1 MHz as given in Table 1. However, it is clear that the Mn-ferrite sample exhibits
two types of AC conductivity behavior at two different regions, low-frequency and
high-frequency region, which are valid for all temperatures. Characteristic transi-
tional frequency between these two regions is around 1 kHz at 25 °C and reaches to
10 kHz at 175 °C. From Fig. 6 it is evident that this transitional frequency shifts to
higher values as temperature rises. Such frequency dependence of conductivity may
be attributed to the structural parameters in the ferrites like grain boundaries and
grains [19, 26]. The grain boundaries are the region of mismatch between the
energy states of adjacent grains and hence act as a barrier to the flow of electrons. In
the low-frequency region values of AC conductivity are nearly the same, which is
due to that grain boundaries are much more active than grain at low frequencies, so
the hopping probability of charge carriers is less [3, 27].

Fig. 6 Frequency
dependence of AC electrical
conductivity for manganese
nanoferrite at selected
temperatures
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In the high-frequency region, the ferrite grains became more active and increase
in AC conductivity obeys universal Jonscher’s power law behavior [28]:

rACðx; TÞ ¼ AðTÞxsðTÞ: ð13Þ

where ω is angular frequency of AC field, A and s (0 ≤ s ≤ 1) are the temperature
dependent parameters; A has the unit of electrical conductivity whereas s is
dimensionless. The experimental data yields a value of Jonscher’s coefficient s,
whose nature of the temperature dependence determines the conduction mechanism
of the ferrite material [29]. Qualitatively, small polaron mechanism is usually
associated with increase in s with increasing temperature, while correlated barrier
hopping model shows a decrease in s with increasing temperature. In overlap large
polaron mechanism of AC conduction, value of parameter s first decreases reaching
a minimum value and then starts increasing again [30].

The parameter s was calculated from the slope of log(σAC) versus log(ω) at each
temperature. For the examined Mn-ferrite sample, values of Jonscher’s coefficient
decrease from 0.397 to 0.196 with increasing temperature from 25 to 175 °C as
given in Fig. 7. A linearly decreasing trend of this parameter s with temperature
suggests that correlated barrier hopping model [31] is suitable for explaining AC
conduction mechanism in sintered manganese ferrite. The same mechanism for AC
conduction was proposed in the case of nanocrystalline MnFe2O4 synthesized by
co-precipitation method [8]. According to this model, the charge carrier hops
between the sites over the potential barrier separating them and temperature
dependent parameter s is given with the following equation [32]:

sðTÞ ¼ 1� 6kBT
Wm

: ð14Þ

In this relation, Wm is the effective barrier height, kB is Boltzmann’s constant and
T is absolute temperature. The value of barrier height was calculated from the slope

Table 1 The values of AC conductivity, dielectric permittivity and dielectric loss tangent for
sintered manganese ferrite at selected frequencies and temperatures

Temperature (°C) Frequency (Hz) σAC (Ω−1 cm−1) ε′ ε″ tan δ

102 4.28 × 10−6 1163 789 0.678

25 104 7.85 × 10−6 392 14 0.036

106 5.31 × 10−5 331 1 0.003

102 4.58 × 10−5 1751 8138 4.647

75 104 6.14 × 10−5 415 106 0.255

106 3.77 × 10−4 335 6 0.017

102 2.89 × 10−4 4918 52,301 10.634

125 104 3.01 × 10−4 524 553 1.055

106 8.43 × 10−4 348 14 0.040
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of 1−s versus temperature in the range from 25 to 175 °C and it was found to be
equal to 0.386 eV, see inset of Fig. 7.

3.4 Dielectric Properties

The effect of applied electric field frequency on the real part of dielectric permit-
tivity (ε′) at selected temperatures is represented in Fig. 8. It is clear from the
analysis of the graph that ε′ decreases continuously with increasing frequency,
exhibiting a normal dielectric behavior [3, 33]. In fact the real part of dielectric
permittivity of sintered manganese ferrite reduces from 1163 to 331 when fre-
quency increases from 102 to 106 Hz at room temperature, see Table 1. It is also

Fig. 7 Variation of
Jonscher’s coefficient s with
temperature

Fig. 8 Frequency
dependence of real part of
dielectric permittivity (ε′) for
manganese nanoferrite at
selected temperatures
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can be seen that the dielectric dispersion is rapid at lower frequencies, up to 104 Hz,
while it remains almost independent of applied field at high frequency side. Such
behavior, observed in a number of ferrite materials, is mainly due to the Maxwell–
Wagner type of interfacial polarization [34] which is a result of inhomogeneous
nature of the dielectric structure in the sample. Based on this, space charges carriers,
located at the grain boundary in polycrystalline materials, act as dipoles under an
alternating electric field and contribute to polarization [35]. At frequencies higher
than 104 Hz, a relatively independent value of ε′ with frequency is attributed to the
electronic and ionic polarizations that are frequency independent.

According to Rabinkin and Novikova [36], it is observed that the mechanism of
dielectric polarization is similar to the mechanism of electrical conduction in fer-
rites. It is well known that the exchange of electrons between Fe2+ and Fe3+ ions
and the exchange of holes between Mn3+ and Mn2+ ions in the octahedral sites of
manganese ferrites result in local displacement of charge carriers in the direction of
applied field, which is responsible for polarization [8, 9, 35]. The decrease in the
polarization with increasing frequency is due to the fact that frequency of charge
carrier exchange is not able to follow the alternating field [16]. Consequently, the
dielectric permittivity remains approximately the same. Even at the frequency of
106 Hz, the synthesized Mn-ferrite has the appreciable value of dielectric permit-
tivity of 331 at room temperature, which makes it useful for the high-frequency
applications.

Further, Fig. 8 indicates an increase in the real part of dielectric permittivity with
increasing temperature which is the normal dielectric behavior of magnetic semi-
conductor ferrites [3]. It is obvious that the variation of ε′ with temperature at lower
frequencies is much more pronounced than at higher frequencies. The rapid
increase in dielectric permittivity with temperature at low frequencies can be
explained on the basis of the fact that interfacial and dipolar polarizations are
strongly temperature dependent [6]. The accumulation of charges at the grain
boundary increases with the increasing temperature, causing an increase in the
interfacial polarization. As a result, the net dielectric polarization increases, leading
to a significant changes in ε′ with temperature. The relatively insignificant variation
of dielectric permittivity with temperature observed at higher frequencies can be
attributed to electronic and ionic polarizations, which are main contributors and
independent of both temperature and frequency [11].

The frequency dependence of imaginary part of the dielectric permittivity (ε″) at
selected temperatures is shown in Fig. 9. By observation of graph it can be noticed
that ε″ decreases more slowly in compared to ε′ with increasing frequency, because
ε″ is proportional to the 1/ω while ε′ is proportional to the 1/ω2 [37]. Further, the
behavior of ε″ with temperature for sintered sample is qualitatively analogous with
the variation of ε′ with temperature, but with higher values at higher temperatures,
see Table 1.

The loss of electrical energy into the ferrite materials is usually characterized by
the value of dielectric loss tangent (tan δ), which is defined as the ratio of the
imaginary part of the dielectric permittivity to the real part, see Eq. (3). Figure 10
demonstrates the frequency variation of tan δ of nanostructured MnFe2O4 ferrite
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under investigation at some selected temperatures. In general, it can be inferred that
the dielectric loss decreases with increasing frequency, thereby showing a quali-
tatively similar behavior with frequency as well as ε″. The tan δ shows normal
dielectric behavior at temperatures up to 75 °C. Beyond that temperature in fre-
quency response of the dielectric loss tangent is observed an anomalous behavior,
where are apparently present small Debye peaks. These peaks appear when the
frequency of the external AC field is approximately equal to the hopping frequency
of the charge carriers and the phenomenon is termed as ferromagnetic resonance
[30]. In the case of Mn-ferrite similar behavior of tan δ was observed by Batoo et al.
[11]. As the temperature increases, the shifting of these Debye peaks towards higher
frequency region is often attributed to the increase in the rate of hopping of charge
carriers. Also, Fig. 10 shows that temperature dependence of dielectric loss exhibits
increasing trend, which is a result of the increasing electrical conductivity of the

Fig. 9 Frequency
dependence of imaginary part
of dielectric permittivity (ε″)
for manganese nanoferrite at
selected temperatures

Fig. 10 Frequency
dependence of dielectric loss
tangent (tan δ) for manganese
nanoferrite at selected
temperatures
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ferrite sample with temperature [38]. This was expected due to the increase in
thermally activated drift mobility of electric charge carriers according to the hop-
ping conduction mechanism [39]. In the present study, the values of sample’s
dielectric loss tangent, in the range of 6 × 10−1 to 3 × 10−3 at room temperature as
given in Table 1, makes the synthesized manganese ferrite technologically
important. Such low value of tan δ can be attributed to more homogeneous ferrite
processed by soft mechanochemical technique.

4 Conclusions

In summary, the effects of temperature and frequency on the electrical and dielectric
properties of nanostructured manganese ferrite successfully prepared by the soft
mechanochemical method were studied in detail. The DC electrical conductivity
measurement indicated the typical semiconductor like nature of sample. In addition,
the temperature dependence of DC conductivity well obeys the Arrhenius law and
the activation energy is calculated from the slope of conductivity plots.
Temperature variation of drift mobility shows the same behavior as the DC con-
ductivity; it increases with increasing temperature. The AC electrical conductivity
of present Mn-ferrite remains almost constant at low-frequency region, up to 1 kHz
at 25 °C, and becomes sensitive at the high-frequency side. The variation of
Jonscher’s coefficient with temperature in the power law frequency dependent AC
conductivity indicates that correlated barrier hopping model is suitable for
explaining conduction mechanism. The variation of real and imaginary part of
dielectric permittivity with frequency of an applied electric field shows the usual
dielectric dispersion, which was explained in the light of Maxwell–Wagner theory
of interfacial polarization in accordance with Koop’s phenomenological theory. At
temperatures above 75 °C, the present anomalous frequency dependence of
dielectric loss tangent can be attributed to the resonance effect. In view of the
studied electrical and dielectric properties, the mechano-synthesized MnFe2O4

nanoferrite with low value of the conductivity and appreciable value of the
dielectric permittivity is promising candidate for various electronic devices
applications.
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It was demonstrated that we didn’t succeed to obtain  
magnets with desired characteristics from wet milled 
powder with particles in submicrometer range The main 
reason was too high oxygen and carbon content. So we are 
going to shown results of magnetic measurements for 
magnets produced from powders no. 39. (blue line) and 55. 
(green) which were obtained applying dry milling. These 
results are presented in Fig. 8.  
 

 

27 - dry HEBM (600 rpm, 2 min 
BPR=3.9) d50=7.00 µm 

30 - wet SA HEBM (600 rpm, 180 
min, BPR=10.6) d50=0.74 µm 

31 - dry HEBM (as 27) +  
wet SA HEBM (600 rpm, 180 
min, BPR=10.6) d50=0.90 µm 

Fig. 7. Particle size distribution from MIP measurements for 
different milled powders. 
 

TABLE I 
MICROSTRUCTURAL ANALYSIS RESULTS  

 

sample 

microstructural parameters 

milling conditions average 
crystallite size 

(Å) 

average 
microstrain 

(×10-3) 
Jet milled 

NdFeB 963 6.2 Starting material 
d50=6.0 m 

HD 
NdFeB 1104 0.7 Starting material 

18 112 2.3 

wet milling 
600 rpm, 180 min, BPR=10.7, 
5 mm 
d50=0.75 m 

30 110 2.0 

wet milling 
600 rpm, 180 min, BPR=10.3, 
5 mm 
d50=0.74 m 

31 107 3.5 

dry milling + wet milling 
600 rpm, 2 min, BPR=3.9,  
600 rpm, 180 min, BPR=10.3 
d50=0.90 m 

39 789 1.1 

dry milling in three steps 
150 rpm, 12 min, BP=10.2 
600 rpm, 12 min, BP=10.2 
150 rpm, 12 min, BP=10.2 
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Fig. 8. Measured 
BH curves at room 
temperature for the 
no. 39. and no. 55. 
magnets made from 
powders studied. 

 
It can be seen that magnet made from powder no. 39. 

has higher remanence, but lower coercivity than magnet 
made from powder no. 55. Both magnets are obtained from 
dry HEB milled HD NdFeB powder. Only difference is in 
applied rotation speed: 600 rpm for 39, and 450 rpm for 55. 

Density of the sintered magnets is lower than was 
expected; the main reason was relatively broad range of 
PSD. 
 

IV. CONCLUSION 
 

It was shown that presence of surfactant is crucial at 
impeding cold welding and the agglomeration of particles 
during ball milling. In this work, we reported our results on 
producing NdFeB particles in submicrometer range and 
study their size and properties as a function of the different 
milling conditions. 

Our future work concerning HEBM, will be directed 
towards obtaining particles with the more narrow the PSD 
and development of methods for submicrometer magnetic 
nanoparticles separation. 

In spite of the fact that we succeeded in obtaining 
nano/submicrometer particles by SAHEBM, our efforts to 
achieve magnets with good characteristics have failed. The 
main obstacle was the high content of oxygen and carbon 
in the wet milled powder. So there is a great need to find 
suitable route to completely remove organics (both milling 
medium and surfactant) from the HEB wet milled powder. 
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Characterization of Yttrium Orthoferrite (YFeO3) 
Nanoparticles as Humidity Sensor Materials  

at Room Temperature 
 

D.L. Sekulic, Z. Lazarevic, C. Jovalekic and N. Romcevic 
 
 

Abstract - In the recent years more and more attention has 
been directed to the study of potential application of ferrite 
nanoparticles as the humidity sensing materials. In this paper, we 
reports the humidity sensing characteristics of yttrium orthoferrite 
(YFeO3) nanoparticles synthesized by a mechanochemical route 
from mixture of Y2O3 and α–Fe2O3 powders in a planetary ball 
mill. Structural analysis of ultrafine YFeO3 nanoparticles with an 
average size of about 12.4 nm was performed by means of SEM 
and X–ray diffraction measurements. The electrical measurements 
were made in the frequency range 100 Hz to 5 MHz. The 
dependence of impedance response on the relative humidity has 
been also examined. The relative humidity was generated is in the 
range from 15% RH to 85% RH at room temperature. Under these 
conditions, the linear response in the entire relative humidity 
range was observed at relatively low measurement frequency i.e. 
at 5 kHz. Good repeatability and stability was also observed. 
 

I. INTRODUCTION 
 

Nanostructured ferrite materials as semiconductors 
have always attracted lots of attention due to their unique 
set of physical properties which may be used for wide 
range of the technological applications. In recent years 
ferrite nanoparticles are being increasingly recognized as a 
prerequisite for obtaining high humidity sensitivity for the 
fabrication of humidity sensors [1]. Humidity sensors based 
on ferrite nanomaterials have certain advantages compared 
to other types of humidity sensors, such as the chemical 
and thermal high stability, low cost, simple construction 
and small size [2]. Basically, these sensors can detect 
humidity on the principle of measuring a change in the 
electrical properties (resistivity, permittivity or general 
impedance) by water vapor adsorption and by their 
penetration through the open pores throughout the material, 
resulting significant changes in their electrical 
characteristics [3]. For this purpose, ferrite nanoparticles 
are very suitable materials because of their high specific 
surface area and high resistivity which can significantly 
decrease when the surrounding humidity increases [4]. 

 

As one of four types of the ferrite crystal structure, 
orthoferrites have been extensively studied from 
fundamental and technical points of view due to their 
specific combination of electric, magnetic and optic 
properties allowing the design of multifunctional devices. 
In general, the orthoferrites represented by chemical 
formula RFeO3 (where R is normally a rare earth ion) 
crystallize in an orthorhombic distorted perovskite structure 
with the Pnma space group [5]. Yttrium orthoferrite 
(YFeO3), as a typical member of orthoferrite family, has 
been extensively studied because of interesting physical 
and chemical properties which result from their ionic and 
electronic defects [6]. However, the synthesis of single 
phase YFeO3 has been reported to be a difficult task due to 
the preferred formation of secondary phases like Y3Fe5O12 
and Fe3O4 [7], probably arising from its thermodynamic 
instability. Attempts towards improving the technological 
performance of yttrium orthoferrite have led to the 
development of various techniques for their synthesis such 
as sol–gel, coprecipitation, low temperature hydrothermal 
technique, simple solution method and others. 

With the aim to provide valuable information both 
from the viewpoint of fundamental scientific interest and its 
potential application to various nanodevices, we have 
carried out a study about electrical properties of mechano-
chemical synthesized YFeO3 nanoparticles over a wide 
range of frequencies at room temperature. The dependence 
of impedance response of yttrium orthoferrite nanoparticles 
on the relative humidity has been examined. The results 
show that these ultrafine nanoparticles can be proposed as 
promising material for humidity sensing devices. 
 

II. EXPERIMENTAL DETAILS 
 
A. Synthesis 
 

YFeO3 nanoparticles were synthesized by means of 
mechanochemical processing using mixtures of high–purity 
precursors: yttrium (II) oxide (Y2O3, Alfa Aesar 99.9% 
purity) and hematite (–Fe2O3, Merck 99% purity) in 
equimolar ratio. Mechanochemical synthesis was carried 
out by planetary ball mill (Fritsch Pulverisette 5) in air 
atmosphere for 2.5 h. The required milling time for 
obtaining single–phase yttrium orthoferrite nanoparticles 
was determined experimentally by X–ray diffraction 
technique. Using a cold isostatic press, synthesized ultrafine 
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YFeO3 powders were pressed into circular disc shaped 
pellet with a diameter of 10 mm and a thickness of 1.5 mm 
and as such it was used for further testing. 
 
B. Characterization 
 

The crystalline structure and phase purity evaluation 
were carried out applying X–ray diffraction (XRD, Model 
Philips PW 1050 diffractometer) at room temperature. For 
structural analysis of the prepared samples, XRD data were 
collected using CoKα radiation (λ = 1.78897 Å) in a wide 
range of Bragg's angles 2θ (10° ≤ 2θ ≤ 80°) with a scanning 
step size of 0.01° in a 10 s per step of counting time. The 
particle size and morphology of the product was examined 
by means of scanning electron microscopy (SEM, Model 
JEOL JSM–6460LV). 

The electrical and dielectric properties of synthesized 
YFeO3 nanoparticles were studied over a wide frequency 
range of 100 Hz to 5 MHz at room temperature using a 
computer–controlled Impedance Analyzer HP–4194A with 
a laboratory set of temperature control equipment. To 
perform these measurements, the surfaces of pellet were 
polished properly and electrodes were formed by high 
purity silver paste deposited on opposite sides of the 
pellets, which were cured for 48 h, thus forming parallel 
plate capacitor geometry with ferrite material as the 
dielectric medium. 

For the humidity sensing measurements, YFeO3 
orthoferrite pellet as sensor element was placed in a closed 
test glass chamber between two silver electrodes which are 
connected to the Impedance Analyzer HP–4194A to 
measure the change in impedance with respect to relative 
humidity at 27°C ± 1°C. The compressed air directed into 
the chamber was firstly dehydrated over silica gel and 
CaCl2 and then humidity level was varied from 15% to 
85% by bubbling air through water and mixing it with dry 
air. In such measurement system, relative humidity and 
temperature were monitored by a commercial humidity and 
temperature probe (Tecpel DTM–321). 
 

III. RESULTS AND DISCUSSION 
 
A. Structure analysis 
 

The room temperature X–ray diffraction pattern of the 
as–synthesized YFeO3 nanoparticles is presented in Fig. 1. 
The XRD results confirm the formation of orthorhombic 
distorted perovskite structure with Pnma space group 
(PDF#39–1489). There was no evidence of the presence of 
secondary phase indicating the high quality and single 
phase of yttrium orthoferrite nanoparticles prepared by 
mechanochemical processing in a planetary ball mill after 
2.5 hours of milling. The existence of broad peaks in the 
XRD pattern can be attributed to the ultrafine nature and 
small crystallite size of the particles [8]. From the full 
width at half maximum of the most intense line (121) in the  
 

 
 
Fig. 1. The room temperature X–ray diffraction pattern of the as–
synthesized YFeO3 nanoparticles. 
 
XRD spectra and by using the well–known Scherrer’s 
equation [8], the average crystallite size of prepared YFeO3 
nanoparticles was estimated to be 12.4 nm 

The room temperature SEM image of prepared YFeO3 
nanoparticles is shown in Fig 2. The microstructural 
analysis shows that the synthesized nanopowder contains 
the particles (crystallite) with almost regular spherical 
morphology. It was also found that these nearly spherical 
nanoparticles have a narrow size distribution between 5 and 
30 nm which is in good agreement with results of X–ray 
structure analyse. 
 
B. Electrical conductivity and dielectric constant 
 

Frequency dependence of AC electrical conductivity 
σAC (i.e. conductivity spectrum) for prepared YFeO3 
nanoparticles at room temperature is shown in Fig. 3. It is 
clear from this plot that the electrical conductivity shows 
an increasing trend as the frequency increases, which is a 
general behavior of ferrite materials. Namely, the 
conductivity spectrum of yttrium orthoferrite nanoparticles 
shows two distinct regimes in the studied frequency range. 
At low frequency the conductivity is almost independent of 
the frequency and can be ascribed to DC conductivity, 
 

 
 
Fig. 2. SEM image of prepared YFeO3 nanoparticles. 
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YFeO3 powders were pressed into circular disc shaped 
pellet with a diameter of 10 mm and a thickness of 1.5 mm 
and as such it was used for further testing. 
 
B. Characterization 
 

The crystalline structure and phase purity evaluation 
were carried out applying X–ray diffraction (XRD, Model 
Philips PW 1050 diffractometer) at room temperature. For 
structural analysis of the prepared samples, XRD data were 
collected using CoKα radiation (λ = 1.78897 Å) in a wide 
range of Bragg's angles 2θ (10° ≤ 2θ ≤ 80°) with a scanning 
step size of 0.01° in a 10 s per step of counting time. The 
particle size and morphology of the product was examined 
by means of scanning electron microscopy (SEM, Model 
JEOL JSM–6460LV). 

The electrical and dielectric properties of synthesized 
YFeO3 nanoparticles were studied over a wide frequency 
range of 100 Hz to 5 MHz at room temperature using a 
computer–controlled Impedance Analyzer HP–4194A with 
a laboratory set of temperature control equipment. To 
perform these measurements, the surfaces of pellet were 
polished properly and electrodes were formed by high 
purity silver paste deposited on opposite sides of the 
pellets, which were cured for 48 h, thus forming parallel 
plate capacitor geometry with ferrite material as the 
dielectric medium. 

For the humidity sensing measurements, YFeO3 
orthoferrite pellet as sensor element was placed in a closed 
test glass chamber between two silver electrodes which are 
connected to the Impedance Analyzer HP–4194A to 
measure the change in impedance with respect to relative 
humidity at 27°C ± 1°C. The compressed air directed into 
the chamber was firstly dehydrated over silica gel and 
CaCl2 and then humidity level was varied from 15% to 
85% by bubbling air through water and mixing it with dry 
air. In such measurement system, relative humidity and 
temperature were monitored by a commercial humidity and 
temperature probe (Tecpel DTM–321). 
 

III. RESULTS AND DISCUSSION 
 
A. Structure analysis 
 

The room temperature X–ray diffraction pattern of the 
as–synthesized YFeO3 nanoparticles is presented in Fig. 1. 
The XRD results confirm the formation of orthorhombic 
distorted perovskite structure with Pnma space group 
(PDF#39–1489). There was no evidence of the presence of 
secondary phase indicating the high quality and single 
phase of yttrium orthoferrite nanoparticles prepared by 
mechanochemical processing in a planetary ball mill after 
2.5 hours of milling. The existence of broad peaks in the 
XRD pattern can be attributed to the ultrafine nature and 
small crystallite size of the particles [8]. From the full 
width at half maximum of the most intense line (121) in the  
 

 
 
Fig. 1. The room temperature X–ray diffraction pattern of the as–
synthesized YFeO3 nanoparticles. 
 
XRD spectra and by using the well–known Scherrer’s 
equation [8], the average crystallite size of prepared YFeO3 
nanoparticles was estimated to be 12.4 nm 

The room temperature SEM image of prepared YFeO3 
nanoparticles is shown in Fig 2. The microstructural 
analysis shows that the synthesized nanopowder contains 
the particles (crystallite) with almost regular spherical 
morphology. It was also found that these nearly spherical 
nanoparticles have a narrow size distribution between 5 and 
30 nm which is in good agreement with results of X–ray 
structure analyse. 
 
B. Electrical conductivity and dielectric constant 
 

Frequency dependence of AC electrical conductivity 
σAC (i.e. conductivity spectrum) for prepared YFeO3 
nanoparticles at room temperature is shown in Fig. 3. It is 
clear from this plot that the electrical conductivity shows 
an increasing trend as the frequency increases, which is a 
general behavior of ferrite materials. Namely, the 
conductivity spectrum of yttrium orthoferrite nanoparticles 
shows two distinct regimes in the studied frequency range. 
At low frequency the conductivity is almost independent of 
the frequency and can be ascribed to DC conductivity, 
 

 
 
Fig. 2. SEM image of prepared YFeO3 nanoparticles. 

 
 
Fig. 3. Frequency dependence of AC electrical conductivity and 
dielectric constant for YFeO3 nanoparticles at room temperature. 
 
whereas AC conductivity exhibits dispersion in power law 
fashion at higher frequencies [9]. At room temperature, the 
AC conductivity at 1 kHz is of the order of 7×10-8 Scm-1 
indicating high resistance which is very desirable property 
for humidity sensing application [4]. The low value of 
conductivity can be attributed to nanosize of YFeO3 
particles considering that ferrite materials with smaller 
particles consist of more number of grain boundaries which 
act as barriers to the flow of electrons [10]. 

The effect of applied field frequency on the relative 
dielectric constant of the prepared YFeO3 nanoparticles at 
room temperature is also represented in Fig 3. As a general 
trend, the dielectric constant of sample decreases with 
increase in frequency showing a more significant 
dispersion in low frequency region. Such behavior can be 
explained based on the fact that the dielectric constant, in 
general, is directly related to the dielectric polarization [9]. 
In as–prepared YFeO3 nanoparticles, there is a finite 
contribution from surface polarization which gives initial 
higher values of dielectric constant that fall rapidly with 
frequency as it cannot follow the applied frequency. At 
frequencies higher than 500 kHz, very small decrease in the 
dielectric constant value can be attributed to the atomic and 
electronic polarizations that are almost independent of 
frequency [8]. 
 
C. Humidity sensing properties 

 
In order to study the humidity sensing performance, 

the impedance Z of fabricated YFeO3 nanoparticles was 
measured as a function of relative humidity (RH) at 
different frequencies and room temperature (27°C). In the 
RH range between 15% and 85%, the obtained results are 
depicted in Fig. 4. The linear response in the entire RH 
range was observed at relatively low measurement 
frequency. Namely, linear fit log Z(Ω) = 7.746 − 0.033×RH,        
R2

 = 0.9983(R2 represents the correlation coefficient) to the 
experimental data at 5 kHz indicates the good quality of fit 
and high linear response. At this frequency, the impedance 

changes by two orders of magnitude from 1.74×107 Ω to 
9.12×104 Ω as relative humidity increases from 15% to 
85%. This significant decrease in impedance value with 
RH can be attributed to the adsorption of water molecules 
onto the surface of YFeO3 nanoparticles [11]. At high 
measurement frequency (i.e. 50 kHz), the impedance plot  
becomes flat since the adsorbed water molecules are not 
polarized due to the rapid change in the direction of the 
applied electric field at higher frequency.  

Humidity hysteresis is one of the most important 
characteristics which is defined as the maximum difference 
between the adsorption and desorption curves. The 
hysteresis curve in Fig. 5 shows the process of adsorption 
and desorption at room temperature. As can be seen, the 
sensing curves for the humidification and desiccation 
processes almost overlap with each other showing very 
small hysteresis. Humidity hysteresis error was determined 
using well–known expression ± ΔRHmax/(2FFS) [12], where  
 

 
 
Fig. 4. Relative humidity dependence of impedance of YFeO3 
nanoparticles at various frequencies and room temperature. 
 

 
 
Fig. 5. Humidity hysteresis at 5 kHz nad room temperature.  
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where ΔRHmax is the difference in output for the process of 
adsorption and desorption and FFS is the full scale output. 
The hysteresis error was calculated to be 1.9% indicating a 
good reliability.  

The stability is also important parameter of humidity–
sensing properties. The prepared YFeO3 nanoparticle pallet 
was tested repeatedly once in two days under fixed 
humidity levels (15%, 35%, 55%, and 75% RH) at 5 kHz in 
a period of 10 days. As shown in Fig. 6, there are slight 
fluctuations in the impedances with time, which directly 
confirm the good stability. 
 

IV. CONCLUSION 
 

In summary, low cost YFeO3 nanoparticles with an 
average size of about 12 nm were successfully synthesized 
by a mechanochemical treatment of high–purity initial 
precursors. The electrical measurement results show that 
prepared yttrium orthoferrite nanoparticles possess a low 
conductivity value and usual value of a dielectric constant. 
With increasing frequency, these parameters show normal 
behaviour of ferrite materials at room temperature. For the 
first time the humidity sensing properties of fabricated 
YFeO3 nanoparticles were also evaluated in the relative 
humidity range between 15% and 85% at room 
temperature. These ultrafine nanoparticles exhibit good 
humidity sensing characteristics such as high linearity and 
response, hysteresis within 2%, good repeatability, stability 
and broad range of operation (15–85% RH). Therefore, 
yttrium orthoferrite nanoparticles are quite promising 
material for the fabrication of a humidity sensor. Further 
research is also needed regarding the response and recovery 
time. 
 
 
 

 
 
Fig. 6. Stability of response monitored at different humidity 
conditions for 10 days. 
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RHEOLOGICAL PROPERTIES OF AQUEOUS Al2O3 
SUSPENSIONS 

 
Marijo Lalić, Marijana Majić, Lidija Ćurković, Sara Salopek 

 
Faculty of Mechanical Engineering and Naval Architecture, University of 

Zagreb, Croatia 
 

 
The aim of the present work was to investigate rheological behavior of alumina 

suspensions, considering different amounts of polyvinyl alcohol as a binder. Three 
different aqueous suspensions were prepared, containing 60, 70 and 80 wt.% of alumina 
powder. 

Spinel was added as a sintering agent and Darvan 821-A as a dispersant, in the 
amount of 0.08 and 0.4 wt.%  of dry powder weight, respectively. 

The alumina suspensions flow curves were recorded and fitted satisfactorily to the 
power law, Herschel-Bulkley and Bingham models. 

Obtained results indicate that apparent viscosity of alumina suspensions increases 
with increasing Al2O3 and polyvinyl alcohol amount. 
 

 
CHARACTERIZATION OF BARIUM BISMUTH 

TITANATE OBTAINED BY MECHANOCHEMICAL 
SYNTHESIS 
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Nebojša Ž. Romčević1, Biljana D. Stojanović2 
 

1Institute of Physics, University of Belgrade, Belgrade, Serbia  
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Barium bismuth titanate, BaBi4Ti4O15 (BBT) was prepared by homogenization and 
sintering of mixture of stoichiometric quantities of BaTiO3 and Bi4Ti3O12 obtained via 
mechanochemical synthesis. The reaction mechanism of BaBi4Ti4O15 formation and the 
characteristics of BBT powders and ceramics were studied using XRD, Raman 
spectroscopy and SEM. The results confirmed that BaBi4Ti4O15 was formed by 
tetragonal symmetry. Only 4 Raman modes are clearly observed. Ba2+ ions randomly 
occupy the Bi sites of a pseudo-perovskite layer and may enter in a bismuth oxide layer. 
BaBi4Ti4O15 ceramics possess the plate-like structure typical for layered structure 
materials. 
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P.S.B.24. 
GROWTH AND SPECTROSCOPIC CHARACTERIZATION  

OF Y3Al 5O12 - YAG SINGLE CRYSTALS 
 

Z.Ž. Lazarević, S. Kostić, N.Ž. Romčević 

Institute of Physics, University of Belgrade, Zemun, Belgrade, Serbia  
 

During the crystals growth process it is possible, according to the Czochralski`s method, to 
influence the shape of the liquid/solid interface through the growth parameters, such as both the 
growth and crystal rotation rate, as well as the temperature gradient. It also has a great effect on 
the growth mechanism affecting crystals characteristics. During the growth of Y3Al 5O12 - YAG 
crystals there appear faces on the liquid/solid interface parts parallel to facets (211) and (110). 
The mechanism of the crystals growth is different as the sections where faces appear and where 
they do not appear. These sections have various parameters of lattice causing strain in the crystals. 
Laser rods of high quality could be obtained by cutting crystals of a large diameter out of parts 
without strain. In our experimental work we found the conditions in which the facets scarcely 
appeared or are completely avoided. YAG single crystals were grown by the Czochralski 
technique under an argon atmosphere. The conditions for growing YAG single crystals were 
calculated by using a combination of Reynolds and Grashof numbers. The critical crystal diameter 
and the critical rate of rotation were calculated from the hydrodynamics of the melt. Raman and 
IR spectra of YAG single crystal were recorded in the range 50-1200 cm-1 and 40-4000 cm-1, 
respectively. The obtained results were discussed and compared with published data.  







II 
 

 

 

 

 

 

Volume Editor:  Dr. Ioanna Giouroudi 

 

 

Contact: Vienna University of Technology  

Faculty of Electrical Engineering and Information Technology  

Institute of Sensor and Actuator Systems  

Department of Industrial Sensor Systems  

Gusshausstrasse 27-29/366-ISS, 1040, Vienna, Austria  

E-mail: ioanna.giouroudi@tuwien.ac.at  

Tel: +43-1-58801-76691  

Fax: +43-1-58801-36699 

 

 

Printed by: Vienna University of Technology  

Faculty of Electrical Engineering and Information Technology  

Institute of Sensor and Actuator Systems 

    & 

 “Resch Druck”, Thomas Resch e.U., Rosinagasse 19, A-1150 Vienna 

 

 

 

 

 

ISBN: 978-3-85465-021-8  

EAN:  9783854650218 



136 |  E M S A  2 0 1 4  –  V I E N N A ,  A U S T R I A  
 
 

TP26 

Characterization of nanostructured Ni-ferrites as humidity  
sensor materials at room temperature 

 
Dalibor L. Sekulic1, Zorica Z. Lazarevic2, Cedomir D. Jovalekic3, 

Milos B. Zivanov1, Nebojsa Z. Romcevic2 
 

1Faculty of Technical Sciences, University of Novi Sad, Novi Sad, Serbia 
2Institute of Physics, University of Belgrade, Belgrade, Serbia 

3The Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbia 
 
In recent years nanostructured materials are being increasingly recognized as a prerequisite 
for obtaining high humidity sensitivity for the fabrication of humidity sensors [1, 2]. Using 
magnetic materials such as ferrites in humidity sensor applications require focusing mainly on 
their electrical properties rather than the magnetic properties [2, 3]. In this paper, humidity 
sensitivity of nanostructured Ni-ferrites synthesized by soft mechanochemical technique [4] 
from different mixtures of starting powders has been studied. Spinel structure of ferrite 
samples, sintered at 1100 °C for 2 h, was confirmed by X-ray diffraction analysis. Scanning 
electron microscopy was provided information related to the crystallite size and pores, which 
play an important role in determining the humidity sensitivity. Because sintered Ni-ferrites 
possess a porous structure, their electrical properties at different humidity conditions were 
characterized and analyzed. The relative humidity was generated is in the range from 15% RH 
to 85% RH at room temperature. Under these conditions, the significant variations of 
electrical resistivity and dielectric permittivity of present Ni-ferrites were observed. Such 
behavior suggests that these nanostructured ferrite materials can be the favorable choice for 
both capacitive and resistive humidity sensor applications. The sensitivity factor, response and 
recovery times were determined. 
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Abstract 

The electrical and dielectric properties of nanocrystalline Ni–Zn ferrite powders with average particle 

size 15 – 24 nm synthesized by a soft mechanochemical method have been studied as a function of 

frequency and temperature. Staring from mixture of high–purity Ni(II), Zn(II) and Fe(III) hydroxides, 

Ni0.5Zn0.5Fe2O4 nanoparticles have been successfully prepared in a planetary ball mill after 5 and 10 

hours of milling. X-ray diffraction measurements and TEM study confirm the formation of cubic spinel 

structure and nano-dimensional nature of the prepared samples, respectively. It was found that the 

electrical dc resistivity decreases with increase in temperature and well obeys the Arrhenius law, 

indicating that the samples have semiconductor like behavior. The activation energy and drift mobility 

were evaluated from the temperature variation of dc resistivity. The experimental results reveal that 

dielectric constant and dielectric loss tangent decrease, whereas ac electrical conductivity increases 

with increasing frequency of the applied field. This normal behavior of dielectric properties and ac 

conductivity for ferrites is attributed to the Maxwell–Wagner type interfacial polarization in general and 

hopping mechanism of charge carriers between Fe
2+

 and Fe
3+

 ions at octahedral sites of the spinel 

lattice. Frequency dependent ac conductivity was analyzed by Jonscher’s universal power law. 
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INV1 

Electrical and Dielectric Characterization of ZnxNi1-xFe2O4 Ferrite 
Ceramics Prepared by Sintering of Nanopowders 

 
Dalibor L. Sekulić1, Z. Ž. Lazarević2, Č. Jovalekić3, N. Ž. Romčević2 
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3The Institute for Multidisciplinary Research, University of Belgrade, Serbia 
 

Nanostructured ZnxNi1-xFe2O4 (x= 0.0, 0.5 and 1) ferrite ceramics were successfully 
prepared by a conventional sintering of nanosized powders (10–25 nm), synthesized by soft 
mechanochemical treatment of high–purity Ni(II), Zn(II) and Fe(III) hydroxides as 
precursors. Electrical properties, such as DC resistivity as a function of temperature and AC 
conductivity as a function of frequency and temperature, were examined. The variation of DC 
resistivity with temperature well obeys the Arrhenius law, indicating semiconductor–like 
behavior of the prepared ferrites. The drift mobility was estimated from the DC resistivity 
data and found to increase with increasing temperature from ambient to 200°C. The 
experimental results reveal that AC electrical conductivity of all three samples increases with 
increasing frequency of the applied field from 100 Hz to 10 MHz. Analysis of the AC 
conductivity data by means of Jonscher’s universal power law shows that correlated barrier 
hopping mechanism is the most probable mechanism of electrical conduction for ZnxNi1-

xFe2O4 ferrites. As part of a systematic study, dielectric constant and dielectric loss (tanδ) are 
also studied as a function of frequency and temperature. The dielectric behavior of ferrite 
ceramics can be explained by using the mechanism of polarization process, which is 
correlated to hopping of charge between Fe2+ and Fe3+ ions at octahedral sites of the spinel 
lattice. 
 

INV2  
Study of Nanodimensional Spinel Ni0.5Zn0.5Fe2O4 Ferrite Prepared by 

Mechanochemical Synthesis 
 

Zorica Lazarević 
Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, Serbia 

 
The nanodimensional Ni0.5Zn0.5Fe2O4 ferrites were prepared from mixture of 

NiO/ZnO/α-Fe2O3 and Ni(OH)2/Zn(OH)2/Fe(OH)3 powders by (soft) mechanochemical 
synthesis after 5 and 10 h of milling time. The XRD of the sample obtained after 10 h milling 
time shows single phase cubic spinel structure. TEM analysis revealed that all samples are 
composed of more or less agglomerated nanosize particles. The average size of nano 
crystallites is ~20 nm. The degree of the cation inversion of NZF is estimated for spinel 
fraction in all samples by Rietveld analysis. In the Raman and IR spectra are observed all of 
first-order active modes. In the spectra of the single phase “hydroxide” samples it is visible 
that the energy position and intensity of modes is dependent on the composition and cation 
distribution. It was shown that the modes in Raman spectra of nickel-zinc ferrite that originate 
from vibrating of different cations could be clearly distinguished. From the ratio of intensities 
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Photocatalytic properties of Al2O3/ZnO coatings formed by plasma 

electrolytic oxidation on aluminum substrate 
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Catalysis and Chemical Engineering, Njegoševa 12, 11000 Belgrade, Serbia 
4 University of Belgrade, Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia 
 

Mixed Al2O3/ZnO coatings obtained by plasma electrolytic oxidation process (PEO) 
of aluminum in water solution boric acid and borax with addition  ZnO nanoparticles. The 
oxide coatings were characterized by Scanning electron microscopy equipped with energy 
dispersive x-ray spectroscopy,  x-ray diffraction, and Raman spectroscopy. It was found that 
chemical and phase compositions strongly depend on PEO time. It was shown that 
photocatalytic activity was improved by longer time of PEO process. 
 
P15 

Structural and optical properties of chemically deposited copper selenide 
thin films 

 
M. Petrovic1, M. Gilic1, B. Hadzic1, M. Romcevic1, N. Romcevic1, J. Trajic1,  

Z. Lazarevic1 
1Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia 

 
Copper selenides are interesting metal chalcogenide semiconductor materials. They 

exist in many phases and structural forms: different stoichiometries such as CuSe (mineral 
klockmannite), Cu2Se, Cu2Sex, CuSe2 (mineral marcasite), á - Cu2Se, Cu3Se2 (mineral 
umagnite), Cu5Se4 (mineral athabaskite), Cu7Se4 etc. as well with non - stoichiometric form 
such as Cu2-xSe (mineral berzelianite) and can be constructed into several crystallographic 
forms (monoclinic, cubic, tetragonal, hexagonal, etc.). Copper selenides in different 
stoichiometries are semiconductors with p - type conductivity, and have been widely used in 
optical filters, solar cells, photo detectors, supersonic materials… 
The paper describes the structural and optical properties of copper selenide thin films. The 
films of tree different thicknesses (56.75, 79.74 and 172.70 nm) were grown by thermal 
evaporation on glass substrate, at room temperature and pressure better than 1 mPa. The 
surface morphology of thin films was investigated by atomic force microscopy (AFM). 
Formation of Cu - Se thin films is concluded to proceed unevenly, in the form of islands 
which later grew into agglomerates. The structural characterization of Cu - Se thin film was 
investigated using X - ray diffraction pattern. The presence of two - phase - system is 
observed. The first one is low - pressure modification of CuSe2. The second phase is solid 
solution of Cu in Se. The Raman spectroscopy was used to identify and quantify the 
individual phases presented in the Cu - Se films. The results of Raman spectroscopy are in 
good agreement with XRD results, and the presence of two phases in our system, the trigonal 
Se and orthorhombic CuSe2, is confirmed once again. 
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INV4

Electrical characterization of YFeO3 nanoferrite and
its potential application for humidity sensing

Dalibor L. Sekulić1, Zorica Ž. Lazarević2, Čedomir D. Jovalekić3, Nebojša Ž. Romčević2

1University of Novi Sad, Faculty of Technical Sciences, Novi Sad, Serbia
2University of Belgrade, Institute of Physics, Belgrade, Serbia

3 University of Belgrade, The Institute for Multidisciplinary Research, Belgrade, Serbia

Yttrium orthoferrite (YFeO3) nanoparticles with an average size of about 12 nm were success-
fully synthesized by a mechanochemical treatment of high–purity yttrium(II) –oxide (Y2O3) 
and hematite (α–Fe2O3) as initial precursors. X–ray diffraction analysis of prepared YFeO3 
confirms the formation of the pure orthorhombic crystal structure and their nano–dimensional 
nature. The nature of variation of AC conductivity spectra with frequency of the applied electric 
field from 100 Hz to 10 MHz is found to obey Jonscher’s universal power law at different tem-
peratures from ambient to 190°C. In addition, detailed analysis of the AC conductivity data has 
shown that correlated barrier hopping (CBH) mechanism is the most probable mechanism of 
electrical conduction for YFeO3 nanoparticles. The activation energy for electrical conduction 
has been calculated from the Arrhenius plot using the results of DC resistivity measurement. 
Detailed study of complex impedance and related parameters indicate that the synthesized 
nanoparticles exhibit semiconducting nature (NTCR–type behavior) and non–Debye type of 
relaxation phenomena. Further, analysis of impedance spectra by means of an equivalent circuit 
model revealed the presence of a single temperature dependent relaxation. Decrease in resis-
tances and relaxation times with temperature confirms the involvement of thermally activated 
conduction mechanism in this material. In view of the analyses of dielectric properties, it was 
noticed the usual dielectric dispersion, which was explained in the light of Maxwell–Wagner 
theory of interfacial polarization in accordance with Koop’s phenomenological theory. As part 
of a systematic study, the humidity sensing properties of fabricated YFeO3 nanoparticles were 
also evaluated in the relative humidity range between 15% and 85% at room temperature. The 
results revealed that sample responds well to the humidity by showing the significant variations 
in DC electrical resistivity values. High sensitivity, linearity of the sensitivity characteristic and 
relatively quick response time recommend that this ferrite material can be the favorable choice 
for the realization of a very good resistive humidity sensor.
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(MOS). Furthermore, the properties of these components used as switches will be analysed 
from the power consumption in stable states; switching times; and influence of parasitics point 
of view, for the first time. To achieve as realistic simulation results as possible the (SPICE) 
transistor models used here were obtained from the component producers.

OR3
The nonorthogonality effects on capacitive behaviour of quantum dot

Miloš S. Dražić, Ivana Đurišić, Viktor Z. Cerovski and Radomir Žikić
Institute of Physics, University of Belgrade, Pregrevica 118, Belgrade

It is known that the overlap between atomic orbitals produce nontrivial effects on chemical 
bonds strength,  resonance molecular energies, sensitivity of bond orders and charge densities 
in hetero-molecules. It is also strongly involved in population analysis problem. In quantum 
transport through a molecule/quantum dot attached between two electrodes, numerical codes 
rely on some predefined nonorthogonal basis sets. In steady state transport nonorthogonality 
has no influence on final results for transmission or current. The situation significantly changes 
when we have to deal with time dependent transport where charge starts to pile up in central re-
gion consisting of a molecule with additional neighboring parts of electrodes, chosen in such a 
way to provides complete screening of a molecule. The nonorthogonality introduces a problem 
due to nonunique definition of time dependent partial charges associated with electrodes and 
central region, which is a consequence of nonorthogonality between complementary subspaces, 
making the corresponding projectors non-Hermitian. The problem is solved in nonequilibrium 
Green’s functions formalism within linear response theory and the derived current expression 
clearly indicates that the occurrences of additional contributions on interfaces, compared with 
orthogonal description, can be associated with the displacement current. In a simple compara-
tive analysis it is demonstrated that there is a frequency range around resonances where capac-
itive response is only due to nonorthogonality.  

OR4
Spectroscopy Characterization of YFeO3 

Obtained by the Mechanochemically Synthesis

Zorica Ž. Lazarević1, Čedomir Jovalekić2, Dalibor Sekulić3, Valentin N. Ivanovski4, 
Ana Umićević4, Martina Gilić1, Nebojša Ž. Romčević1

1Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, Serbia
2The Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbia 

3Faculty of Technical Sciences, University of Novi Sad, Novi Sad, Serbia
4Institute of Nuclear Sciences Vinča, University of Belgrade, Belgrade, Serbia

In the past few years, a renewed interest has grown in the study of rare-earth orthorhombic 
perovskites. An important example of this trend is the family of rare-earth orthoferrites, which 
a general formula RFeO3, where R is the trivalent rare-earth metal ion. YFeO3 has been pre-
pared by a mechanochemical synthesis in a planetary ball mill. The mechanochemical reaction 
leading to formation of the YFeO3 phase was followed by X-ray diffraction, Raman and infr-
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arad spectroscopy. The ortoferrite phase formation was first observed after 1 h of milling and 
its formation was completed after 2.5 h. The synthesized YFeO3 ferrite has a nanocrystalline 
structure with a crystallite size of about 12.4 nm. There are five Raman active modes. 57Fe 
Mössbauer spectroscopy was performed in order to provide information on Fe compounds in 
the Y2O3 and α-Fe2O3 mixture.

OR5
Synthesis and structural characterization of some cathode materials for 

lithium-ion batteries

Dragana Jugović1 and Miodrag Mitrić2

1Institute of Technical Sciences of SASA, Belgrade, Serbia
2Vinča Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia

Lithium-ion batteries are under intense scrutiny as alternative energy/power sources. Their 
electrochemistry is based on intercalation/deintercalation reactions of lithium ions within a 
crystal structure of an electrode material. Therefore, the structure itself determines both the 
electrode operating voltage and the transport pathways for lithium ions. Some oxide- and 
polyanion-based materials are synthesized and studied as positive electrodes. Several synthetic 
routes were investigated. The crystal structure refinement of an X-ray powder diffraction data 
was based on the Rietveld full profile method. All relevant structural and microstructural crystal 
parameters that could be significant for electrochemical intercalation/deintercalation processes 
were determined. Structural analysis revealed different dimensionality of lithium ion motion. 
It was also shown that the structural and microstructural properties are significantly dependent 
on the synthesis condition. 

OR6
Application of ceramic components in knee arthroplasties

Aleksandar Radunović MD,MMA,Belgrade, Serbia
Popović Zoran MD, PhD, Vožd clinic,Belgrade, Serbia

Aleksandar Jevtić MD, MMA, Belgrade ,Serbia

Total knee arthroplasty is considered as very reliable and efficient procedure with excellent 
good-therm results. Despite significant improvements in endoprosthesis design and materials 
for their fabrication, debris induced aseptic loosening of the endoprosthesis is, accompanied 
by the malpositioning of the components, most frequent cause of the need for revision surgery. 
Beside this problems, there is growing number of reports of metal allergy as possible causer 
of procedure failure. For above mentioned, ceramics with its properties attracts attention as 
a material for endoprosthesis manufacturing. After relatively bad results in the early years of 
use, followed by improvements in materials and design of endoprosthesis, ceramics look like a 
promising solution, especially for patients with allergies on metal.
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P37
Highly efficient macroporous silica/iron oxide based adsorbent for arsenic 

removal

Slavko Mijatov1, Jelena Rusmirović2, Zlate Veličković3,
Aleksandra Perić-Grujić1, Aleksandar Marinković1

1Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia
2Innovation center, Faculty of Technology and Metallurgy, University of Belgrade,

Karnegijeva 4, Belgrade, Serbia
3 Military Academy, 33 General Pavle Jurišić – Šturm street, Belgrade, Serbia

Synthesis of macroporous silica based adsorbent impregnated with hydrous iron oxide (goethite 
-GT) applicable for efficient arsenic removal is presented in this work. The synthesis procedure 
was conducted in two successive steps: first step includes introduction of amino active sites 
by silica surface modification with (3-aminopropyl)trimethoxysilane, while the second step 
includes precipitation of GT on the surface of the modified silica (SiO2/GT).  The effectiveness 
of introduction of amino groups on silica surface, as well as structures of synthesized adsorbent 
were confirmed by FTIR analysis. The crystal structure of GT was determined by X-ray diffrac-
tion (XRD). The results of textural parameters and surface properties (specific surface area and 
adsorbent porosity), determined by Brunauer–Emmett–Teller analysis, indicate higher surface 
area and moderate pore diameter for the adsorbent with GT, comparing to amino modified sili-
ca. Morphology parameters, such as shape and adsorbent particle size, were examined by scan-
ning electron microscopy (SEM). The SiO2/GT adsorbent has spherical shape with the mean 
diameter of 1–2 mm and highly porous surface. High arsenic removal capacity of 35.9 mg g−1 at 
25 °C and optimal pH values of 6.6-7.4 indicates that this adsorbent is efficient and reusable for 
arsenic removal from natural water in the batch mode.

P38
The Bridgman method growth, spectroscopic characterization and 

photoluminescence of calcium fluoride single crystals

Zorica Ž. Lazarević1, Hana Ibrahim Elswie2, 3, Vesna Radojević2, 
Slobodanka Kostić1, Maja Rabasović1, Dragutin Šević1, Nebojša Ž. Romčević1

1Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, Serbia
2Faculty of Technology and Metallurgy, University of Belgrade, Belgrade, Serbia

3Faculty of Science, Tripoli University, Tripoli, Libya 

Calcium fluoride - CaF2 single crystals were grown using the Bridgman technique. By opti-
mizing growth conditions, <111>-oriented CaF2, crystals up to 20 mm in diameter were grown. 
Number of dislocations in CaF2 crystals was 5×104 - 2×105 per cm2. Selected CaF2 single crys-
tals is cut into several tile diamond saw. The plates were polished, first with the silicon carbide, 
then the paraffin oil, and finally with a diamond paste. The obtained crystals were studied by 
X-ray diffraction, Raman spectroscopy, far-IR reflectivity and by the measurement of trans-
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mission in the mid IR-range. The crystal structure is confirmed by XRD. One Raman and two 
IR optical modes predicted by group theory are observed. In the transmission spectra, except 
modes originated from vibration of -CH2 groups, hydroxyl groups -OH and KBr, is visible a 
peak at 671 cm-1 assigned to the Ca-F stretching vibrations. A low photoluminescence testifies 
that the concentration of oxygen defects within the host of CaF2 is small. All performed inves-
tigations show that the obtained CaF2 single crystal has good optical quality.

P39
Long-term monitoring of photocatalytic coating functional properties

inreal environmental conditions

S. Vučetić1, S. Markov1, A. Vidaković1, B. Miljević1, H. Hiršenberger2,
S. Pašalić3 J. Ranogajec1

1University of Novi Sad, Faculty of Technology, Bul. Cara Lazara 1, 21000 Novi Sad, Serbia
2 University of Novi Sad, Faculty of Technical Sciences,Novi Sad, Serbia

3 University of Belgrade,”Vinča” Institute of Nuclear Sciences, Belgrade, Serbia

The work studies functional properties of a photocatalytic coating (TiO2/Zn-Al) applied on the 
experimental wall inreal environmental conditions. It is possible to find several methods for 
photocatalytic activity assessment in laboratory conditions, but the methods for insitu measure-
ments of photocatalytic activity can hardly be found in any publication.  
Our study was conducted by using modern surface analysis (FTIR spectroscopy, DRIFT mode) 
and traditional microbiological techniques, in order to understand fungal colonization on the 
façades covered with a photocatalytic coating (previously developed and proved in laboratory 
as a good antifungal material).  For this purpose, an experimental wall was build and covered 
with a commercial façade paint and (TiO2/Zn-Al) photocatalytic coating. In order to induce 
fungal growth, the autochthonous microorganisms (Aspergillus niger and Cladosporiumsp.) 
were isolated from the vicinity of a wall and applied by spray technique on the experimental 
wall. The monitoring of the fungal growth and surface analysis was done during the period of 
3 years. 
The obtained results show good functional properties of the applied photocatalyticTiO2/Zn-
Al coating. Furthermore, the results provedthe need for a long term monitoring of the coating 
functional properties in real environmental conditions in order to obtain measurable and valid 
values.
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At the Institute of Mining and Metallurgy Bor a completely new electrolyte based on 

gold complex with mercaptotriazole was synthesized in a wide pH range from acid to alkaline 

media (pH=212). Synthesis of the electrolyte for hard and decorative plating was developed 

and tested. In this investigation detailed characterization of the complex in liquid and solid 

state in the whole range of its stability was performed. 

It was shown that the new electrolyte can be successfully used in electrolytic baths for 

hard and decorative plating. Contrary to the previous organics complexes of gold, it retained a 

sufficient stability in a period of at least three months. Electrochemical characteristics of 

mercaptotriazole gold complex at pH value of two and nine remained unchanged for a period 

of one year. In that period any visual changes did not appear. Based on detailed experimental 

investigations, it was concluded that the quality of decorative gold plating, obtained from a 

gold complex based on mercaptotrizole, satisfies all requirements of decorative gold plating. 

The most important advantage of this electrolyte is ecological, as the gold could be 

regenerated by simply settling with hydrogen peroxide in which the sulfur is precipitated. 

Infrared (IR) and Raman spectroscopy were used for the characterization of the crystals of 

gold complexes based on mercaptotrazole obtained from solutions with different pH values 

(2, 4, 7, and 9). The most important finding of IC/Raman spectroscopy analysis is that the 

Raman spectroscopy has provided a definitive confirmation of bond established between 

metal ion and sulfur atom. Also, both techniques indicated that the nitrogen atom in the ring 

of obtained Au-MT compound, remains protonated at pH = 9, which does not support an 

assumption formulated from the analysis of UV-spectra, that MT molecules at this pH may 

interact with the metal ion not only through the sulfur, but also through the nitrogen atom. 
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Monoclinic Sr feldspar has been prepared from Sr-LTA zeolite precursor.The crystal 

structures of Sr-feldspar are solved and refined using X-ray powder diffraction (XRPD) data 

by Rietveld method. The crystal structure of Sr-feldspar is refined in the space group I2/c and 

results indicate ordering distribution of Si and Al (unit cell parameters is a = 8.365, b = 

12.944 c=14.229 Å and agreement factors: Rexp= 15.3 Rp=19.9, Rwp=19.0, RB=15.0 RF=4.08). 

The microsturcural parameters size and strain, are determine with two crystalographic 

program Breadth and Fullprof. 
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In this work the possibility of synthesis of optical active composites with improved 

mechanical, thermal properties and functionality was investigated. Composites with a 

polymer matrix based on single crystals have great potential in the field of optical 

communication systems where active micro to nano crystals dispersed in an optically 

transparent matrix. Synthesis and characterization of nano to micro modified polymer 

composites on the basis of single crystal are performed. CaF2 single crystals in diameter of 20 

mm are obtained by the vertical Bridgman method in vacuum. Composite films PMMA-CaF2 

was obtained with preserved optical properties of single crystals, whereas the thermal and 

mechanical properties improved. Composite films PMMA-CaF2 was obtained with preserved 

optical properties of single crystals, whereas the thermal and mechanical properties improved. 

For characterization composite films were used the following methods: DSC, Raman 

spectroscopy, FTIR and nanoindentation test. Results od DSC analysis for composite films 

PMMA-CaF2 revealed that the thermal propertis od polymer was improved by embeding 

inorganic particles. Tg for composit was higher the for pure polymer. FTIR spectrum of 

composites there are well defined peaks for PMMA and some of the vibration modes of Ca–F 

bond at 671 cm
-1

. This means that CaF2 crystals in the composite have been identified and 

that no other bounds with PMMA were created during the processing. The Raman spectra of 

CaF2 single crystal, PMMA and the composites revelaed all modes found are well matched 

with literatures. By addition of 1% and 2% CaF2 crystals can be seen the peaks are the same 

as in the spectrum of PMMA. The intensity of these peaks in the composite is about 364, 481, 
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600, 812 and 964 cm
-1

. It was also noted a sharp peak at 323 cm
-1 

which is characteristic of 

CaF2. A weak band near 400 cm
-1

 in possibly be (COC) in spectrum of the PMMA and 

the composites 1% and 2% CaF2 with PMMA. 
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The electrical resistivity () and PTCR (Positive Temperature Coefficient of 

Resistivity) effect doped BaTiO3 ceramics with different dopant were investigated in this 

paper, The content of additive in doped samples were ranged from 0.01 to 1.0 at% Er/Yb. The 

samples were prepared by a conventional solid state sintering procedure and sintered at 

1320

for 4 hours. For samples doped with Er2O3 (0.01 at% Er/Yb), SEM analysis shows 

abnormal grain growth with the average size range between 20 µm - 40 μm. For samples 

doped with Yb2O3 the average size was from 30 µm - 50 μm. With increase of dopants 

concentration the average grain size decreases, and for samples doped with 1.0 at% Er/Yb, 

grain size range between 3 m - 20 m for samples doped with Er and between 1 m - 10 m 

for samples doped with Yb2O3. The specific electrical resistance were measured in 

temperature range from 25°C to 170°C at different frequencies, ranged from 100Hz to 1MHz. 

To a temperature of 120°C, resistance has a slight increase with increasing of temperature, 

but above this temperature the resistance rapidly increasing. The value of the specific 

electrical resistance decreases with increasing concentration of Er/Yb, reached the minimum 

at certain dopant content (0.5 at% Er/Yb), then increased rapidly with dopant content in high 

doping level. 

 

P6 

Application of Curcumin in Dye-Sensitized Solar Cells 

 

Stefan Ilic, Vesna Paunović 

  
1
University of Nis, Faculty of Electronic Engineering, Aleksandra Medvedeva 14, Niš, Serbia 

 

Dye-sensitized solar cells are the closest mankind has come to replicating nature’s 

photosynthesis. The type of a dye influence the efficiency of these cells. In this paper we 

studied curcumin dye as sensitizer in dye-sensitized solar cells and compared him with mostly 

used cyanidin. The results have shown that curcumin has higher efficiency and higher 

absorption in the visible part of the spectrum compared to cyanidin. Model dye molecules, 

curcumin and cyanidin, are deprotonated upon adsorption on the titanium dioxide surface. 

The energy levels obtained from the calculation indicate a higher probability of electron 

transition from molecule to titanium dioxide surface in the case of curcumin than in the case 

of cyanidin. Based on these results, we concluded that curcumin dye has better properties as 

sensitizer in dye-sensitized solar cells. 
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