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1. Introduction

Raman spectroscopy (RS) is one of the most important nondestructive and noncontact
vibrational spectroscopy method providing primarily an information on the vibrational and
electronic properties in confined systems [1]. The beauty and the power of RS
(conventional and micro-Raman) can be summarized as follows: no sample preparation or
damage; high spatial resolution (submicron resolution when combined with a microscopic
tool), sensitivity, and easy use. It is powerful and handy analytical tool for the

Design, Fabrication, and Characterization of Multifunctional Nanomaterials. https://doi.org/10.1016/B978-0-12-820558-7.00001-7
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characterization of great variety of nanomaterials such as quantum dots, quantum wells,
nanowires, nanopowders, nanocomposites and advanced ceramics, thin films, and
biomaterials [1].

In nanostructured confined materials, due to the violation of the ¢ = 0 selection rule,
phonons over the entire Brillouin-zone contribute to the Raman line shape causing a shift
and asymmetrical broadening of Raman optical or acoustic modes [2,3]. Proper analysis of
temperature dependent changes of the phonon mode line shape in nanostructures is of
fundamental importance to understand the changes in phonon dynamics. Significant
information regarding the phonon-phonon interactions in nanomaterials, i.e.,
anharmonicity in the lattice potential energy can be obtained. Decay dynamics of the
optical/acoustic phonon modes can be complex and dependent not only on anharmonic
phonon-phonon decay mechanisms, but on other parameters like particle size and shape,
size distribution, type and magnitude of the strain (compressed or tensile) and lattice
disorder, structural anisotropy, or surface states. From the temperature dependence of
Raman spectra it is possible to deduce about their influence on other nanomaterials
properties like thermal expansion, specific heat, or thermal conductivity.

RS, as a complementary technique to X-ray diffraction, has proved to be a useful tool to
identify structural stability of nanomaterials. Raman scattering is sensitive to the changes
in crystal structure and can be applied for detecting new phases and/or phase transitions in
investigated nanomaterials at elevated temperatures.

RS has been extensively employed for investigation the interplay between charge, spin, and
lattice degrees of freedom in nanocrystalline materials. Understanding of electron-phonon
interaction is of great importance, as this interaction plays a significant role in thermal
conduction, charge carrier mobility, and recently discovered superconductivity in
nanoparticles [4,5]. Information about the electron-phonon interaction can be obtained from
the phonon shift and linewidth of Raman modes, or through the appearance of new modes
in heterostructures of 2D materials [6]. The temperature-dependent variation of charge
coupled Raman modes enables to deduce about the strength of electron-phonon coupling.

In magnetic nanomaterials, magnetic ordering has a well pronounced effect on the phonon
frequencies near magnetic ordering temperature because the exchange coupling between
magnetic ions influences Raman mode position, linewidth and integrated intensity. The
subtle interplay between the spin and lattice degrees of freedom may be pivotal
mechanism for understanding the superconductivity in nanocomposite structures known as
nanosuperconductors [7] or can mediate magnetoelectric coupling in type-II multiferroic
materials. In composite multiferroic nanostructures spin and phonons can be strongly
coupled to the lattice strain as well, and this type of coupling is important aspect in
manipulating the magnetic or ferroelectric properties of these materials [8]. An intense
spin-phonon interaction manifests as hardening or softening of the phonon frequency or as
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nontrivial behavior of optical phonon linewidth and integrated intensity near the magnetic
ordering temperature. Due to the complexity of magnetic interactions in nanomaterials, the
coupling between the lattice and spin degrees of freedom (spin-phonon coupling) can be
different for different phonon modes, and the coupling strength may vary even in the case of
the same spin-spin interaction. Electron-phonon and spin-phonon coupling strength in
low-dimensional materials are size-dependent [9—11], and temperature-dependent RS offers
a unique opportunity of probing the temperature evolution of electron-phonon and/or
spin-phonon coupling in low-dimensional materials. Since electron-phonon and spin-phonon
interactions in nanoscaled materials can be notably modified with respect to bulk materials,
it is of great importance to get much better insight into these phenomena having a large
impact on the electronic device engineering based on novel nanosized materials [5,6,8].

In this chapter we give a brief overview of the state-of-the-art applications of temperature-
dependent RS for analyzing diverse fundamental physical processes in low-dimensional
materials. Understanding of these processes enables to predict many novel thermophysical,
optical, electric, magnetic, and superconducting nanomaterials features.

2. Anharmonicity in nanostructured materials

Anharmonic effects at elevated temperatures (7) and pressures (p), strongly affect a
number of processes in nanostructured materials including thermal and electronic transport
properties, structural phase transformation or optical properties. Although theory predicts
that heat transport is performed mainly by lower frequency acoustic phonons, the
anharmonic decay of optical phonons into acoustic phonons can also contribute to the
thermal conductivity [12,13]. Information on phonon scattering processes is therefore
important for further improvement of functionality of the nanointegrated devices. RS
provides a great deal of information about the phonon vibrations and lattice anharmonicity
and the following section will be dedicated to the research of anharmonic interactions in
nanomaterials by using temperature-dependent RS.

2.1 Basic theory of phonon-phonon interactions

Anharmonicity in the interatomic potentials (vibrational potential energy), induced by
temperature variations, causes the changes of the Raman normal modes frequency (w),
linewidth (I"), and mode intensity. Because of the anharmonicity of the lattice forces, an
optical mode can interchange energy with other lattice modes and decays into phonons of
lower energies or is scattered by thermal phonons into modes of different higher energies.
The phonon-phonon interactions are characterized by the complex quantity, phonon self-
energy [14].

A(w) — il'(w) (2.1)
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For a phonon of frequency w and wave vector ¢ in the jth branch, the real part A;(w, g)
represents the frequency shift due to anharmonicity, whereas the imaginary part I'j(w, q)

corresponds to reciprocal of the phonon lifetime t (t—! = 2T, 2T is the full width at half
maximum [FWHM] of the Raman peak) [14].

In nonmagnetic, insulating, or semiconductor nanomaterials, the variation of the frequency
of the jth normal mode with temperature at constant pressure arises from two

contributions: frequency-independent pure-volume contribution (Af(q)), emerging from
thermal expansion of the crystal and frequency-dependent, pure-temperature contribution
(AJA((L), ¢)), which results from cubic (Aj3(w, g)), and quartic (Aj4(w, ¢)) anharmonic terms

in the vibrational potential energy. The real part of phonon self-energy A(w) can be
presented as a sum of these two contributions [15].

Aj(w,q) =AF(q) + A (w,q) = AT (q) + Ap(w, q) + Dja(w, q) (2.2)

Both A]E(q) and Ajf.‘(w, q) give rise to temperature-dependent frequency shift from the

harmonic mode frequency wyp. The Raman mode frequency wj, as a function of
temperature, can be expressed as

wi(T) = wo + AT (q) + A (w, q) + Aja(w, q) (2.3)

In most solids AJE (g) <0, i.e., lattice dilation results in phonon mode softening. Frequency
shift due to thermal expansion can be evaluated from the following equation [16]:

AE :w()( 3y, [y «(r)ar’ 1) (2.4)

where «(T) is the coefficient of linear thermal expansion and v; is the mode-Gruneisen
parameter. The multiphonon processes associated with the cubic terms represent the three-
phonon decay (scattering) processes. The low-order perturbation calculations show that
frequency shift and broadening of the jth Raman mode due to these processes should be
linearly dependent on 7" [17—19].
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The first two terms in A3 and I'j3 present the contribution from phonon decay into two
phonons of lower energy (down-conversion three-phonon processes). The last two terms
describe the processes in which a nonequilibrium phonon is destroyed by a thermal
phonon and a phonon of higher energy is created (up-conversion three-phonon processes).
Up-conversion processes contribute at higher temperatures and vanish as 7" approaches
zero, whereas the down-conversion processes always have a finite contribution even at

T = 0K [20]. From Eq. (2.5) is obvious that cubic contribution is negative (A;3 < 0),
giving rise to a negative frequency shift. The quartic terms correspond to four-phonon
processes and vary linearly, but also quadratically with 7' [19].

. 1
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~1
In the aforementioned equations n; (wj) = [exp (hw’) — 1] is the thermal (Bose-

Einstein) population factor of the jth phonon mode with wave vector g and frequency w.
The quartic terms (Eqs. 2.7—2.9) may be positive or negative. Accordingly, the resultant
frequency shift due to phonon-phonon interaction may be either positive or negative
depending on the relative magnitudes of the anharmonic terms in the interatomic potential.

The up and down-conversion three (four)-phonon processes are shown diagrammatically in
Fig. 2.1A.
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Three and four-phonon anharmonic processes (A) (1), (Ill) down-conversion and (Il), (IV) up-
conversion processes. (B) three-phonon processes according to Klemens model. Based on M.
Balkanski, R.F. Wallis, E. Haro, Anharmonic effects in light scattering due to optical phonons in silicon. Phys.
Rev. B 28 (1983) 1928—1934.

Following the approach of Klemens, [21], if the optical phonon decays into two or three
acoustical phonons of lower mutually equal energies and opposite momenta, the
temperature variation of the Raman phonon frequency and linewidth can be simplified:
3 3

} +Dl1+ey—1+(ey—1)2} = wo + Aw(T) (2.11)

3
e’ —1

C(T)=To+A|l+ 2 +B|1+ 3 +
-0 et —1 e’ —1 (

)Z] =T+ AT (2.12)

. . _ h(;)() - h(L)O 1
where wg is the harmonic frequency, x = T Y = 36T A, B, C, D are anharmonic

constants and I is the intrinsic mode linewidth (temperature-independent broadening). In
Fig. 2.1B is presented a three-phonon decay process according to Klemens model. This
model, although too simplistic, is generally accepted especially after the work of Hart

et al. on Si [22].

2.2 Phonon-phonon interactions in nanomaterials

For many crystalline semiconductor or insulator materials, due to increased temperature,
the anharmonic frequency shift and broadening of the Raman modes follow down or
up-conversion three-phonon processes, [14,20], but at higher temperatures (7 > 300 K)
four-phonon processes begin to dominate [19]. In nanocrystalline materials, beside the
anharmonic effects, temperature induced changes of the Raman line profile depend on
several other factors like phonon confinement, strain, disorder/defects. Consequently,
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anharmonic processes in nanomaterials can show quite distinct behavior from those of
bulk counterparts. For more precise determination of influence of these factors on the
Raman line profile, the temperature-dependent Raman spectra can be well modeled using
phonon confinement model (PCM) [23,24] for spherical nanoparticles in which are
incorporated size, inhomogenous strain and anharmonicity [25,26].

272
" e exp <_q = >d3q
86
I(w,T)oc > / p(L)dL / . (2.13)
T - o) + a0 + ()

In the above equation, the frequency shift Aw = Aw;(q,L) + Aw(T), where the first term
presents strain contribution and the second one originates from anharmonicity; p(L) is
Gaussian distribution of particle size, g-wave vector expressed in units of 27/a (a-lattice
cell parameter), L-particle diameter, $-confinement strength and I'(T') is a phonon
linewidth, which encompasses broadening due to confinement, strain, and anharmonicity
[25]. The integration is performed along all optical dispersion branches within first
Brillouin-zone characteristic for certain material. As an example, in Fig. 2.2A are shown

(E) (b) - w,=448.5 cm”’ ) ;g
ﬂ 448 C=0cm’ 68 —.‘;
? 164
/ 1073 K 'g wis] D=-0.095 cm le2 S
B0 e
(]
e 973 K o 12 £
_ *
ZIR — ] E
= - 873 K| 442 {52
E — — 50
T 0 —lag
£ ’f 2 773 K Moo 400 600 800 000
o Temperature (K)
~— /
E‘,‘ - - — - 6?3 ( (C}
§Z - 460 60
D 573 K —
% % 455 W=462cm : 35 T
- ,J e - - - 473 K —; C=-1.1cm’ -50 Q
A e 5 4504 D=0.182 cm” =
- - - - 373 K = =32 cm” ® =
/ - - 3 e
= 1 == RT 445+ A=25cm’ -
" S = tomtil = B=0.17 cm’ 35
440 ; , ’ ’
400 500 } 60? 700 200 400 600 800 1000
Raman shift (cm™) Temperature (K)
Figure 2.2

(A) Raman spectra of Ceg 75Ndg. 250, _5 sample upon heating (circles) and cooling (dashed lines).
The variation of frequency and linewidth of F,; mode during (B) heating and (C) cooling. Full
lines present calculated values for the peak position and linewidth using the PCM model with
Klemens anzats. The best fit anharmonic parameters are given as well. Reprinted from Z.D.
Dohtevié-Mitrovié, M. Radovié, M. Séepanovié, M. Gruji¢-Brojéin, Z.V. Popovié, B. Matovi¢, S. Boskovié,
Temperature-dependent Raman study of Cep 7sNdp 250,_s nanocrystals, Appl. Phys. Lett. 91 (2007)
203118, with the permission of AIP Publishing.
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Raman spectra of cerium dioxide nanocrystals doped with 25% of Nd (Ceg 75Nd.250,_5)
upon heating over the temperature range of 293—1073 K (circles) and gradual cooling
down to room temperature (dashed lines) [25]. During the heating, the most intense F>,
Raman mode, positioned at ~450 cm ! at room temperature (RT), shifts to lower
frequencies, whereas its linewidth increases as presented in Fig. 2.2B. These spectra are
fitted using the PCM model (Eq. 2.13) with Klemens anzats (Egs. 2.11 and 2.12). The best
fits of the peak position and linewidth of F,, mode (full lines in Fig. 2.2B) upon heating
were obtained including only four-phonon anharmonic processes (D, B > 0, A = C = 0),
contrary to the bulk materials for which three-phonon anharmonic processes are dominant.
Such a behavior implies that phonon decay channels are different in nanocrystalline
particles. During the cooling process that followed annealing to 1073 K (Fig. 2.20),
anharmonic interactions in Ceq75Nd,50,_5 nanocrystals are similar to the ones in
polycrystalline CeO, [25]. Namely, three-phonon anharmonic processes dominated over
the four-phonon processes (constants A and C are much higher than B and D), designating
that after the heat treatment the particle size increased enough, so that the anharmonic
interactions are more similar to bulk materials.

Phonon-phonon interactions were investigated in Ce( gsGd, ;50,5 nanocrystals [27] by
following the changes of the >, Raman mode at elevated temperatures (293—1073 K).
High-temperature Raman spectra were analyzed by PCM model (Eq. 2.13) in which are
incorporated size, strain and anharmonic phonon decay processes which dominated over
the thermal expansion [27]. The temperature variation of >, Raman mode position and
linewidth is presented in Fig. 2.3A and B.
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Figure 2.3
Temperature dependence of (A) frequency and (B) linewidth of the F,, Raman mode in
Ceg.85Gdp.150,.5 nanopowders. The anharmonic parameters of the best fits are also presented.
Reprinted from S. Askrabic, Z.D. Dohcevic-Mitrovic, M. Radovic, M. Séepanovic, Z.V. Popovic, Phonon-
phonon interactions in Cey gsGdy 150,_5 nanocrystals studied by Raman spectroscopy, J. Raman Spectrosc. 40
(2009) 650—655 with the permission of John Wiley & Sons.
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As can be seen from Fig. 2.3A, F,, Raman mode position over the whole temperature
range was not possible to fit with a single curve based on three or four-phonon
anharmonic processes. The best fit of the experimental values in the 293—573 K
temperature range was obtained using only four-phonon anharmonic processes (full line),
whereas in the 873—1073 K temperature range three-phonon coupling prevailed (dotted
line). It was concluded that anharmonic processes were different in two temperature
ranges. The F,, mode linewidth dependency on temperature showed even more distinct
behavior, as illustrated in Fig. 2.3B. The I'(T) firstly increased with annealing, then
experienced a plateau-like behavior between 573 and 873 K and after that increased again.
Such a behavior was ascribed to the effect of increased average particle size which was
estimated from the PCM. As the particle size increased with annealing, nanoparticles started
to take on the bulk properties and the three-phonon processes became dominant, which was
confirmed from the experiment on cooling down the Ce( gsGdy 150,_5 nanocrystals to RT
[27]. This study obviously points to subtle interplay between size and anharmonic effects in
nanostructured materials, which have to be taken into account.

In the temperature-dependent Raman spectra of ZnO nanopowders [28] it was found that
E> (low) phonon mode linewidth exhibited anomalous behavior with temperature. In

Fig. 2.4A and B are presented frequency (circles) and linewidth (squares) dependence on
temperature for two Raman modes, E, (high) and E, (low) modes. As can be seen from
Fig. 2.4A and B, the nonpolar optical phonon (£, (high)) has shown expected frequency
redshift and increased broadening with increasing temperature (Fig. 2.4A) which is in
good accordance with cubic and quartic anharmonicity. On the contrary, the E, (low)
mode experienced an anomalous linewidth decrease with increasing temperature. This
anomaly was ascribed to the increased interference of acoustic and surface modes with E,
(low) optical phonon mode [28].

Optical phonon modes in most nanostructures experience frequency redshift (softening)
with increasing temperature due to the cumulative effect of thermal expansion contribution
and three-phonon processes (Eqs. 2.4 and 2.5), which give rise to a negative frequency
shift. Contrary to this, the most intense £, mode (positioned at ~144 cm™ ' under ambient
conditions) of nanophase anatase TiO, shifts to higher frequency (blueshift) with
temperature rise, whereas the other anatase modes exhibit expected softening [29—32].
Although the blueshift and broadening of this mode with regard to bulk counterpart can be
ascribed to the phonon confinement, oxygen nonstoichiometry and surface defects, [29,31],
the main contribution originates from the anharmonic interactions that generate positive
frequency shift, i.e., four-phonon anharmonic processes (Eq. 2.7) [32].

3. Size/microstrain effects and phase separation

Changes of the wavenumber and the linewidth of the Raman modes at elevated
temperatures carry important information about the particle size and shape or about
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Figure 2.4
Frequency and linewidth dependence on temperature for (A) E; (low) and (B) E; (high) Raman
modes of ZnO nanopowders. The solid lines (excluding the linewidth of E; (low) mode) are the
best theoretical fits using Klemens model. Reprinted from H.K. Yadav, R.S. Katiyar, V. Gupta,
Temperature-dependent dynamics of ZnO nanoparticles probed by Raman scattering: A big divergence in the
functional areas of nanoparticles and bulk material. Appl. Phys. Lett. 100 (2012) 051906 with the
permission of AIP Publishing.

structural phase transition which manifests itself through the appearance of new Raman
modes. The PCM, described in Section 1.2, is often used to model a Raman mode
intensity distribution in nanostructured materials where the size and strain effects lead to
significant phonon shift and asymmetric broadening [2,3,23,24]. Using the PCM, effects of
particle size, size distribution and microstrain can be disentangled. For example, in related
study, oxygen deficient CeO,_s nanopowders were annealed in the air in the temperature
range (200—500 °C) in order to study structural and vibrational properties of nanophase
CeO,_; at elevated temperatures [33]. Raman spectra of the annealed samples (S2—S5) are
presented in Fig. 2.5A together with as-synthesized CeO,_5. The most intense /', mode
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(A) Raman spectra of F,; mode for the CeO,_5 nanopowders at RT and annealed at different
temperatures (circles), fitted by PCM (full lines). (B) Nanocrystalline particle size distribution
deduced from the PCM. Samples S2—S5 represent powders annealed at different temperatures
200—500 °C. The inset presents the average particle size increase with annealing, obtained from
PCM. Reprinted from S. ASkrabi¢, Z. Dohcevic-Mitrovic, A. Kremenovic, N. Lazarevic, V. Kahlenberg, Z.V.
Popovic, Oxygen vacancy-induced microstructural changes of annealed CeO,_, nanocrystals, J. Raman
Spectrosc. 43 (2012) 76—81 with the permission of John Wiley & Sons.

(~458 cm_l) was shifted to higher wavenumbers and became more symmetric for the
samples annealed at higher temperatures (>300 °C). Another mode which was ascribed to
the intrinsic oxygen vacancies defect mode (around 600 cm™ ') became less intensive in
the samples annealed above 300 °C. This implies that with annealing the concentration of
oxygen vacancies decreased. PCM was employed [25,33] to model the changes of F»,
mode from Fig. 2.5A. The average lattice parameters were determined by Rietveld
analysis of X-ray diffraction spectra [33] and the empirical relation between lattice
parameter and particle size, a = ag + k1 - exp( —ky /L), was used in PCM, where k; and k;
are fitting parameters. Combined XRD and Raman analysis showed that during the
thermal treatment average particle size distribution (Fig. 2.5B) and particle size (inset of
Fig. 2.5B) haven’t changed much, but the average microstrain was significantly reduced,
almost three times in samples annealed at 400 °C and 500 °C. As content of oxygen
vacancies decreased too, it was deduced that relaxation of microstrain due to the improved
stoichiometry dominantly contributed to the changes seen in the Raman spectra [33].

Another temperature-dependent study of MoO5 nanoribbons [34] by Raman spectroscopy
have shown anomalies in wavenumber and linewidth behavior in the 150—400 °C
temperature range. As shown in Fig. 2.6A and B, in «(T) and I'(T) dependences (black
circles and squares) of 155 cm™' Raman mode, a plateau was observed. The w(T) and
I'(T) dependences departed from the anharmonic decay model in bulk MoOs, for which
the Raman mode frequency/linewidth monotonously decreased/increased with the
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Temperature dependence of (A) frequency (black circles) and (B) linewidth of 155 cm™' Raman
mode of MoO3 nanoribbons. Open circles present frequency versus temperature plot for bulk
counterpart. SEM images at different temperatures: (C) T =25 °C, (D) T= 150 °C and
(E) T= 2350 °C. Reprinted from J.V. Silveira, L.L. Vieira, .M. Filho, A.J.C. Sampaio, O.L. Alvesc, A.G.
Souza Filho, Temperature-dependent Raman spectroscopy study in MoO3 nanoribbons, J. Raman Spectrosc. 43
(2012) 1407—1412 with the permission of John Wiley & Sons.

temperature rise. Such a behavior could not be ascribed to a structural phase transition, as
MoO; nanoribbons are structurally stable up to 650 °C, but can be a consequence of size-
induced effects. During the thermal treatment, the crystallite size of MoO5; nanoribbons
increased. In the 150—400 °C temperature range, the anharmonic interactions and the
coalescence process are competing processes that lead to the departure from the optical
phonon anharmonic decay model and appearance of a plateau [34]. Above 400 °C
nanoribbons adopted bulk properties. SEM images of MoOj3 nanoribbons treated at
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different temperatures (Fig. 2.6C—E) confirmed morphological changes. Namely, in the
temperature regime between 150 °C and 400 °C, besides the isolated nanoribbons, large
slab structures have been formed due to the coalescence of nanoribbons. At temperatures
above 400 °C the nanoribbons were almost totally converted into large slabs behaving
more like the bulk counterpart.

A similar appearance of a plateau-like behavior in the F,, mode linewidth dependence on
temperature was observed in the case of Ce(gsGd 150,.5 nanopowders from Fig. 2.3B
[27]. From the PCM model it was deduced that anomalous behavior of the F,, mode
linewidth in the temperature range 573—873 K can be ascribed to the particle size increase
and change of the particle size distribution with annealing when nanomaterials begin to
resemble the bulk crystals [27].

RS has a potential to detect the presence of other phases through the appearance of the
peaks characteristic for a certain crystalline structure, present even in small concentrations,
and particularly in the case when two phases are very similar and cannot be resolved
through X-ray diffraction spectra [35,36]. An illustration of phase separation can be found
in the Raman spectra of Ce( g5Gdg 150,_5 nanopowders which are gradually cooled down
from 1073 K to RT [27]. During the cooling process, in the Raman spectra at 473 K a new
mode appeared at ~483 cm ™', This new mode presented one of the strongest Raman modes
of Gd,0O3 phase, confirming that phase separation took place [27]. Another example
concerns BaTiO5; which has the property of forming four structural phases depending on the
temperature [37]. At low temperatures, it has thombohedral (R) structure and the phase
transition to orthorombic (0), tetragonal (7), and cubic (C) phase occurs approximately at
180, 275 and 400 K [37]. Temperature-dependent Raman spectra of BaTiOz nanoparticles,
with a 300 nm average particle size, are a good example how to follow the structural phase
transitions in this ferroelectric material [37]. In Fig. 2.7A and B are shown Raman spectra
of 300 nm BaTiO; nanoparticles recorded at two different temperatures (83 and 503 K).

The changes in the polar A; (TO) mode position with increasing temperatures were found
to be a very good indicator of the onset of each of four phases for 300 nm nanoparticles,
as presented in Fig. 2.7C. Namely, the redshift of this mode with temperature signifies the
presence of one phase, whereas the temperature at which this mode starts to shift to higher
wavenumbers (blueshift) points to the onset of a phase transition. In Fig. 2.7C are also
indicated the temperatures of the structural phase transitions of the corresponding phases
(R, O, T, C).

4. Raman thermometry

Less known application of RS concerns its use in thermometry. RS as a noncontact
method of high spatial resolution can be used to measure the local temperature of the
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Raman spectra of BaTiO3; nanoparticles at (A) 83 K and (B) 503 K; (C) wavenumber shift of the
A1(TO) mode versus temperature for nanoparticles of 300 and 50 nm average sizes. Adapted from
M. Sendova, B.D. Hosterman, R. Raud, T. Hartmann, D. Koury, Temperature-dependent, micro-Raman
spectroscopic study of barium titanate nanoparticles, J. Raman Spectrosc. 46 (2015) 25—31 with the
permission of John Wiley & Sons.

material. It is known that Raman mode position will shift with temperature increase/
decrease due to the change of the bond length and anharmonic effects. From the peak shift
dependence on temperature a calibration curve can be formed and used for material’s
temperature estimation, but caution should be taken to accurately control the reference
material’s temperature. It is of great importance to use extremely low excitation powers in
order to prevent additional heating due to the excitation power absorption by the sample.
Another way to determine the temperature is to measure intensities of a Raman band at
the Stokes (I5) and anti-Stokes (/) positions and calculate the temperature from the
formula based on the Placzek’s approximation

4 10)
las _ (o1t ws) (2.14)

Is (0 — ws)’
where w; and wg are wavenumbers of laser excitation line and a Stokes line, respectively.
RS is nowadays readily used to determine the temperature or temperature sensitivity of
various nanocrystalline materials.
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A1(LO) frequency shift as a function of temperature for (A) spherical CdSe NCs of different size,
and (B) various shaped CdSe NCs of similar size. Reprinted from L. Chen, K. Rickey, O. Zhao, C.
Robinson, X. Ruan, Effects of nanocrystal shape and size on the temperature sensitivity in Raman thermom-
etry, Appl. Phys. Lett. 103 (2013) 083107 with the permission of AIP Publishing.

A study by Chen and coworkers [38] dealt with the effects of different size and shape of
CdSe nanocrystals (NCs) on the temperature sensitivity of the A;(LO) Raman mode shift.
This study was performed in the temperature range 300—420 K. In Fig. 2.8 is shown the
A1(LO) mode position dependency on temperature for CdSe NCs of different sizes and
shapes.

In the case of CdSe spherical NCs of different size (Fig. 2.8A), it was shown that
temperature sensitivity is higher for larger nanocrystals. From the fitting of frequency shift
(full lines) based on a model which incorporates thermal expansion and anharmonic
effects, it was deduced that in larger nanocrystals anharmonic phonon processes dominate
over the decreasing thermal expansion coefficient. In nanocrystals of different shape
(triangular and elongated from Fig. 2.8B), the temperature sensitivity decreased because
the effect of reduced thermal expansion coefficient overwhelms the anharmonic processes
[38]. Since the temperature sensitivity is dependent on crystal size and morphology, this
study points to the necessity of finding a balance between nanometric size and
morphology for the application of nanomaterials in noncontact thermometry.

Raman thermometry can be also employed for thermal conductivity measurements [39,40].
This is relatively simple method with an advantage of avoiding the influence of thermal
contact resistance on the intrinsic thermal conductivity. Applying the Raman shift method,
heat is generated by a laser spot and the detected Raman mode shift carries an information
on the induced average temperature change. The measured dependence of the peak
position on the power dissipated in the material (dw /dP) can be later used to estimate
thermal conductivity using the premise of radial or plane wave heat propagation away
from the laser spot position on the sample [39,40].
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G mode position shift as a function of total dissipated power for single-layer graphene. The
spectra are collected at RT using 488 nm laser excitation line. Reprinted with permission from A.A.
Balandin, S. Ghosh, W.Z. Bao, I. Calizo, D. Teweldebrhan, F. Miao, C.N. Lau, Superior thermal conductivity
of single-layer graphene, Nano Lett. 8 (2008) 902—907. Copyright (2008) American Chemical Society.

In the case of a graphene flakes placed over a trench made in Si/SiO, substrate, [39], and
supposing that the G mode position linearly depends on the sample temperature (v = wo+
XcT), thermal conductivity can be expressed as [39,41].

L dw\ !
K= o 2.1
2aw <ap> 2.13)

where L is the lateral dimension of the sample along which the wave propagates, W is the
sample width, a, the sample thickness and dw is a shift of G peak position due to the
variation in the heating power dP on the sample surface. Fig. 2.9 shows the G mode
position shift dependence on the total dissipated power change, from which the slope
value, dw/dP, can be extracted. The temperature coefficient x; can be obtained by
explicit Raman measurements of the G mode shift dependency on temperature change in a
separate experiment when temperature is changed in a controlled way, i.e., heating of the
entire sample in a heating stage.

Using Raman thermometry, thermal conductivity of a single-layer graphene flake was
deduced to be ~5300 W/(mK) [39]. This value is much larger compared to other carbon
materials which is of significance for this material application. In a similar way, thermal
conductivities of individual single-wall and multiwall carbon nanotubes were estimated to
be 2400 W/(mK) and 1400 W/(mK) [40].

5. Temperature behavior of acoustic vibrations in nanocrystalline
materials studied by low-frequency Raman spectroscopy

Low-frequency Raman acoustic modes have been observed in nanocrystalline materials of
various morphologies (spheres, ellipsoids, rods, etc.) and of crystallite size less than tens
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of nanometers [42—45]. The appearance of these modes in the spectra of nanocrystals
results from the geometrical confinement and coupling of longitudinal and transversal
acoustic modes within a nanocrystalline particle [46,47]. According to the theory of Lamb,
[48], the frequencies of acoustic vibrations are inversely proportional to the particle
diameter: wy, = 6;,/D, where wy, is the mode frequency, D is particle diameter and (3,
nondimensional eigensolutions of the Navier equation for homogenous elastic sphere.
According to the selection rules, only the spheroidal modes with angular quantum
numbers [ = 0 and [/ = 2 are Raman active [46]. The strongest modes in the low-frequency
region of the Raman spectra can be used to determine the particle diameter. Intensity of
the Raman modes enables the determination of the nanocrystalline size distribution and
can be described by the relation [45,49].

I(0) === C(w)s(®) (2.16)

where n(w) is Bose-Einstein factor, C(w) is the mode-radiation coupling factor, g(w) is
the density of vibrational states. The / = 0 and / = 2 modes are usually of the highest
intensity from which the size distribution can be estimated. Taking the relation between
mode frequency and particle diameter into account, in off-resonant conditions, C(w) ~ D ~
l/w and the density of states g(w) reflects the particle size distribution

N(D) ~ g(wp = By, /D). The simple relation can then be used to determine the particle
size distribution N (D) [45]:

I(w)w?

N(D) ~ g(w)=
Therefore, temperature dependent study of low-frequency acoustic modes in nanomaterials
can potentially contribute to the pool of noncontact methods for the estimation of
nanocrystalline size and/or size distribution change with temperature variation.

Although there is a huge number of papers in the literature dedicated to the temperature-
dependent behavior of optical phonons in various nanostructures, little is known about the
acoustic phonons dynamics as a function of temperature, despite their relevance in
nonradiative relaxation processes or exciton decoherence and dephasing in nanocrystalline
solids [50]. Temperature-dependent acoustic mode dynamics can be complex and
dependent not only on anharmonicity, but on other parameters like particle size, structural
anisotropy, morphology, surface states, or interactions with the charge carriers and
therefore deserves more profound investigation.

One of rare studies on temperature dependence of breathing-mode acoustic vibrations in
CdSe nanocrystals was presented in the work of Mork et al. [50] The temperature
evolution of low-frequency Raman modes of CdSe NCs of several sizes is presented

in Fig. 2.10A. All low-frequency Raman modes have shown the expected phonon
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Figure 2.10

Temperature dependence of (A) acoustic phonon energy and (B) linewidth for CdSe NCs of
different diameters. Adapted from A.J. Mork, E.M.Y. Lee, W.A. Tisdale, Temperature dependence of acous-
tic vibrations of CdSe and CdSe—CdS core-shell nanocrystals measured by low-frequency Raman spectroscopy,
Phys. Chem. Chem. Phys. 18 (2016) 28797—28801. Published by the PCCP Owner Societies.

softening, regardless the particle size, but the magnitude of observed phonon softening
could not be explained by Lamb’s model only. Since, the acoustic vibrations are dependent
not only on size, but also on bulk modulus, density, and transverse and longitudinal sound
velocities, their change with temperature has to be taken into account. In the case of CdSe
NCs, it was shown that the bulk modulus and density changes in the investigated
temperature range were less than 5%, which was insufficient to explain the observed
frequency change. It was concluded that organic ligands on the nanoparticle surface, with
different elastic modulus, can significantly contribute to the acoustic phonon shift [50]. The
linewidth (Fig. 2.10B) has shown no expected change with temperature. Such a temperature-
independent behavior of linewidth was ascribed to the strong environmental damping and
inhomogenous contribution of different nanocrystalline sizes to the linewidth [50].

A complex temperature-dependent behavior of acoustic phonons was observed in ZnO
nanoparticles too [51]. Fig. 2.11 shows the low-frequency Raman spectra of ZnO
nanoparticles recorded at elevated temperatures (300—600 K). The prominent mode
(around 22/cm) at 300 K, ascribed to spheroidal acoustic mode, shifted toward lower
wavenumbers with temperature increase and after 600 K disappeared under the Rayleigh
wing. Analyzing the temperature induced shift of the acoustic mode from Fig. 2.11B (open
circles), it was deduced that at lower temperatures under 500 K, anharmonic decay
processes and bond strength weakening were responsible for mode softening. At higher
temperatures (>500 K), fast exponential decrease of peak frequency was attributed to the
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Temperature-dependent (A) low-frequency Raman spectra of ZnO nanoparticles and (B) acoustic
mode frequency (open circles) obtained from the fitting of the acoustic mode [51]. Black circles are
the calculated values of the peak frequency [51] and dotted line presents expected frequency
behavior including anharmonic and size effects. Reprinted from H.K. Yadav, K. Sreenivas, R.S. Katiyar,
V. Gupta, Softening behavior of acoustic phonon mode in ZnO nanoparticles: the effect of impurities and parti-
cle size variation with temperature, J. Raman Spectrosc. 42 (2011) 1620—1625 with the permission of John
Wiley & Sons.

increased particle growth and coalescence process. Evident anomalous softening in the
temperature ranges 380—480 K and 500—580 K originated from the impurities and
reaction byproducts present on the surface of ZnO nanoparticles, the presence of which
was proved by thermogravimetric analysis and differential scanning calorimetry
measurements [51].

6. Electron-phonon interaction

Investigation of the interaction between electrons and lattice vibrations in nanocrystalline
materials 1s an important topic because it has substantial influence on electronic and
thermal transport, optical properties, or superconductivity. RS is convenient method for
studying the electron-phonon (e-ph) interaction and enables to quantitatively determine the
electron-phonon coupling constant. In metallic and polar or heavily doped semiconductor
nanomaterials, the interaction of phonons with the conduction electrons or electron-hole
pairs reflects in the Raman spectra as the asymmetric mode shift and broadening.
Asymmetric line shapes of the Raman phonon spectra originate from a Fano-type
interference effect between the discrete one-phonon states and a continuum of electronic
transitions and can be well described with the Fano line shape [52,53].
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where ¢; = 2(w —w;) /Ty, Ip;, w; and T'; are the intensity, bare phonon frequency and
linewidth of the ith phonon mode and ¢; is the Fano asymmetric parameter for the ith
mode. The parameter g controls the asymmetry of the Raman mode with respect to a
standard Lorentzian profile, whereas the value 1/g serves as a measure of electron-phonon
coupling strength. The increase of 1/g value indicates stronger coupling and in the limit |1/
g| — 0 the Fano profile reduces to the Lorentzian line shape [53].

The electron-phonon coupling strength can also be estimated from the Allen formula [54]
which connects the linewidth +y; of the ith phonon mode with electron-phonon coupling
constant A; [54,55]

7= 280

(2.19)
TN, gfwii

where N, is the electronic density of states at the Fermi surface per spin per unit cell, g;
is the mode degeneracy, and wy,; is the bare phonon frequency in the absence of electron-
phonon interaction. In the framework of Allen’s theory, the electronic density of states N,
can be estimated from the relation [55,56].

T
Yi= — ENgfwbiAw (2.20)

where Aw presents the difference between the bare phonon frequency and the observed
frequency.

A good example of e-ph coupling in nanophase materials presents the Raman temperature
study on LiTi,O4 superconducting thin films [57]. In Fig. 2.12A are presented
temperature-dependent Raman spectra of three 7, modes (342.2 cm ', 4333 cm ™', and
495.2 cm ™) of LiTi,O4. All T,, modes had asymmetric Fano line shape in the whole
temperature range 5—300 K and were well fitted with the Fano function (full lines on

Fig. 2.12A). The parameters g, obtained from the fitting of 75, modes from Fig. 2.12A, are
displayed in Fig. 2.12B. There is an obvious anomaly in the asymmetry parameters around
the temperature of 50 K, where the negative to positive magnetoresistance transition takes
place [57]. This anomaly was ascribed to the onset of other competing order like orbital-
related state, which can suppress the e-ph coupling by modifying the electron density of
states [57].

—1

Electron-phonon interactions can be responsible for some anomalous behavior of phonon
linewidths and intensities as a function of temperature. As an example, calculations from
first principles [58] have proven that the anomalous decrease of E,, (G band) phonon
linewidth in graphene is dominated by e-ph interactions. In Fig. 2.13 is shown the total
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linewidth of E,, mode (full line) computed from first principles, whereas dashed and
dotted lines present e-ph and ph-ph contributions. These calculations are in very good
agreement with respect to measurements [58] and have shown that the e-ph coupling has
dominant role in the temperature dependence of E,, mode linewidth. Furthermore, these
calculations are compared with the results (open circles in Fig. 2.13) obtained from the
simplified model for temperature dependence of E,, phonon linewidth due to e-ph

coupling [58,59].
how hw
e—ph __ ~e—ph . 0\ 0
YU T) =~ (0){f< 2kBT> f(ZkBTﬂ (2.21)

where f(x) = [exp(x) + 1], kg is the Boltzmann constant and %y is the E,, phonon
energy. As can be seen from Fig. 2.13, the simplified model very well reproduces the
calculations for the linewidth behavior of E,, phonon with temperature confirming the
dominant role of e-ph coupling.

Another temperature-dependent Raman study on nanostructured cuprous oxide (Cu,O)
film (Fig. 2.14), revealed the anomalous temperature behavior of the LO components of
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Figure 2.14
Temperature-dependent Raman spectra of Cu,O film. Dashed lines present the guides to the eye
of the Raman modes shift with temperature. Reprinted from W. Yu, M. Han, K. Jiang, Z. Duan, Y. Li,
Z. Hu, J. Chu, Enhanced Frohlich interaction of semiconductor cuprous oxide films determined by temperature-
dependent Raman scattering and spectral transmittance, J. Raman Spectrosc. 44 (2013) 142—146 with the
permission of John Wiley & Sons.
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()

25)_ modes [60]. Namely, an appearance of I'}s_ and

the infrared-active polar 1"%)_ and Fg

F%)_ modes at 151 and 655 cm ™' in the Raman spectra from Fig. 2.14 indicated the

presence of strong e-ph coupling mediated by Frohlich interaction. At lowest temperature
of 77 K, these modes were sharp and of high intensity. With temperature increase, their
intensity decreased and after 200 K intensities of both modes were significantly reduced.
This study pointed to much stronger Frohlich interaction at temperatures lower than

- 2)
200 K. The larger TO-LO splitting of I'|5

mode at temperatures below 200 K imply that
Frohlich interaction is very sensitive to temperature [60].

It is worth to mention that Raman studies on nanocrystalline materials [9,61] suggest

that the strength of e-ph interaction is dependent on nanocrystalline size. Therefore,
analyzing the temperature-dependent Raman spectra of nanostructured materials it is
important to correctly estimate the contributions from size effects, anharmonicity and e-ph
coupling on the Raman line profile.

7. Electromagnons in cycloidal multiferroic nanostructures

Raman scattering is an efficient tool for studying the mutual and complex coupling
between the magnetic (magnons) and lattice (phonons) excitations. One such example are
the single-magnon spin waves with an electric dipole activity, called electromagnons,
which can be excited by the electric component of electromagnetic waves and are
consequently much stronger coupled to the light than ordinary magnons which interact
through magnetic dipole excitations. Up to date, electromagnons were registered in a
variety of crystalline antiferromagnets like CuFe,_,Ga,0,, [62], garnets, [63], multiferroics
like RMn,05 (R =Y, Tb, Eu), [64], Ba,CoGe,05, [65], manganites [66].

The presence of electromagnons was first discovered in the low-temperature Raman
spectra of cycloidal multiferroic BiFeOj3 single crystals [67,68] and recently in BiFeOj;
thin films [69]. In Fig. 2.15A is presented the electromagnon Raman spectra of BiFeO;
crystal measured at 7 K in parallel and crossed polarizations in (010) plane.

Two types of electromagnon excitations were registered in the Raman spectra of BiFeO;
crystal, which lie in (cyclon modes, ¢) and out (extra-cyclon modes, ¥) of (-12-1)
cycloidal plane [67]. The cycloidal plane is formed by the vector of spontaneous
polarization P along [111] direction and cycloid propagation defined by the wavevector ¢
along [10-1] direction, as sketched in Fig. 2.15B. These low-energy Raman modes show
sudden increase of intensity at temperatures close to the spin reorientation phase transition
(140 K) which is additional confirmation of their magnetic nature [67].

In the framework of simple Landau-Ginzburg model for cycloidal multiferroics, Sousa and
Moore [70] have shown that the modes which propagate along the cycloidal plane
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(A) Electromagnon Raman spectra of BiFeOj single crystal obtained using parallel (//) and
crossed (L) polarizations in the (010) plane; (B) schematic representation of cycloidal magnetic
order in BiFeO3 and (C) dispersion curves of cyclon (¢) and extra-cyclon () modes in the direc-
tion perpendicular to (-12-1) cycloidal plane (full lines), and along [111] direction (dashed lines).
Reprinted figure with permission from M. Cazayous, Y. Gallais, A. Sacuto, R. de Sousa, D. Lebeugle, D.
Colson, Possible observation of cycloidal electromagnons in BiFeOs, Phys. Rev. Lett. 101 (2008) 037601.
Copyright (2008) by the American Physical Society, R. De Sousa, J.E. Moore, Optical coupling to spin waves
in the cycloidal multiferroic BiFeOs, Phys. Rev. B 77 (2008) 012406. Copyright (2008) by the American
Physical Society.

(ky = O), are simple plane waves with different dispersions depending on their coupling to
electrical polarization

% = k- (@ modes) (2.22)

W =c <I;2 - q2> (¥ modes) (2.23)

with k = (ky 4+ nq)2 + k% + kg and n as integer. The propagation along the k, direction
leads to the appearance of small gaps in the propagation frequency due to the pinning of
the cycloidal plane by the electrical polarization. The numerical solutions of spin waves
propagation [70] in the direction perpendicular to (-12-1) cycloidal plane (full lines) and
along [111] direction (dashed lines) are shown in Fig. 2.15C.
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Figure 2.16

Temperature dependence of (A) electromagnon spectra of BiFeOj3 thin films in normal
configuration (B) wavenumber, linewidth (FWHM), and intensity of electromagnon mode at
18.75 cm ™. Reprinted from W. Azeem, S. Riaz, A. Bukhtiar, S.S. Hussain, Y. Xu, S. Naseem, Ferromag-

netic ordering and electromagnons in microwave synthesized BiFeOs thin films, . Magnet. Magnet. Mater.
475 (2019) 60—69, Copyright (2019) with permission from Elsevier.

Recently, electromagnons have been found in the low-frequency Raman spectra of BiFeO3
thin films [69]. The temperature-dependent electromagnon spectra is shown in Fig. 2.16A.
Two intense modes (at 18.75 cm ™! and 25.8 cm™ ') together with four other modes of
lower intensity were observed at 40 K. These two low-energy electromagnon modes are
strongly affected by temperature. In Fig. 2.16B is presented the temperature variation of
the wavenumber, linewidth and intensity of 18.75 cm ™' electromagnon mode. As can be
seen, neither frequency, linewidth nor intensity exhibit monotonic behavior. Instead, there
is an anomaly at around 80 K. Such a behavior can be correlated with changes in the
cycloid spin arrangements at low temperatures like spin reorientation transition in BiFeO3
single crystal [68] or in orthoferrites like TmFeO5 [71].

From these studies, it can be concluded that RS is a suitable optical method not only for
detection of electromagnons, but for revealing more about the anharmonicity in magnetic
order of cycloidal multiferroic nanostructures.

8. Spin-phonon interaction

RS is a useful tool to elucidate spin-phonon (s-ph) coupling mechanism, because the
Raman modes in magnetic materials can be sensitive to the magnetic ordering.
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Spin-phonon interaction manifests as nontypical temperature dependence of optical
phonon frequency, linewidth and integrated intensity, since all these phonon features can
be influenced by the exchange coupling between magnetic ions at and below the
temperatures of magnetic phase transitions. It is expected that the coupling between the
lattice and spin degrees of freedom (spin-phonon coupling) is different for different
phonon modes because the magnetic interactions can be complex and the spin-phonon
coupling constant may vary even in the case of the same spin-spin interaction [72].

In magnetic materials, the change of a jth phonon mode frequency with temperature can
be expressed as:

wi(T) — wj(To) = Awj(T) = Awiar + Awanh + Awe_ph + Aws_ph (2.24)

The first three terms present the change of the phonon frequency due to the lattice
expansion/contraction, intrinsic anharmonicity and electron-phonon coupling, whereas the
fourth term accounts for the effect of the s-ph contribution. The frequency shift due to
s-ph coupling can be expressed as [73,74].

Awg_ph = — 09 = —A_ph{SiS)) (2.25)

where wy is the eigenfrequency in the absence of s-ph coupling; §;S; denotes the spin-spin
correlation function for adjacent spins localized at the ith and jth sites and A;_pp, is the
s-ph coupling constant which is different for each phonon and may have positive or
negative sign [73]. From the mean field theory and considering nearest neighbor
interaction it follows that

(S:8;) =S*¢(T) (2.26)
where ¢(T) is the normalized short-range order parameter which is estimated from the

mean field theory [73] and defined as ¢(T) = |SiSj‘ / S2. According to the mean field

theory, ¢(T) decreases with temperature from 1 at 7= 0 K and falling to 0 at temperature
of magnetic phase transition (either Ty or T¢). The Aw,_p, can be now expressed as

Awg ph = — A5 pnS°$(T) (2.27)

2
On the other hand, according to the mean field approximation the S;S; « <%?> , Where

M(T) is the temperature-dependent average magnetization per magnetic ion and My is the
saturation magnetization [75—77]. Therefore, the shift of the Raman mode due to s-ph

2
coupling is w;_pp & (%) . In antiferromagnetic (AF) and ferromagnetic (FM) materials

spin correlation function S;S;;1 approaches zero for T > Ty, T¢ and the spin-phonon
coupling usually terminates in the paramagnetic phase.
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Raman spectroscopy has been utilized to study spin-phonon coupling in various magnetic
nanomaterials [11,78—80] through the temperature-dependent variation of the one-phonon
or two-phonon Raman spectra. CuO nanowires are a good example to study spin-phonon
interaction and the effect of size decrease on the spin-phonon coupling constant [11]. In
Fig. 2.17A are presented Raman spectra of in-plane CuO nanowires, with the mean
diameter of 120 nm, at different temperatures across the Néel temperature, Ty (~143 K).

Two well-defined modes at around 300 and 348 cm ™' of Ag and B;, symmetries were

registered at 193 K. With temperature decrease an additional mode at ~231 cm ™'
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Figure 2.17
(A) Raman spectra of CuO nanowires with mean diameter <d> = 120 £ 8 nm at various
temperatures across the Ty; (B) temperature variation of spin-phonon mode frequency and
(C) change of spin-phonon coupling constant on nanowires mean diameter. Reprinted from P.-H.
Shih, C.-L. Cheng, S.Y. Wu, Short-range spin-phonon coupling in in-plane CuO nanowires: a low-temperature
Raman investigation, Nanoscale Res. Lett. 8 (398) (2013) 1—6 with the permission of SpringerNature.
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appeared. This mode is ascribed to the zone-folded LA phonon from the Z' point of the
Brillouin-zone boundary, which can appear in the Raman spectra below Ty as a
consequence of the onset of long-range AF magnetic order and phonon modulation of the
exchange constant [72]. This mode exhibits unusual variation both in intensity and
frequency with decreasing temperature below Ty. Namely, intensity of this mode abruptly
increases, whereas the frequency significantly hardens below 7. This anomalous behavior
results from a strong spin-phonon interaction [72]. The temperature variation of spin-
phonon mode frequency for CuO nanowires of different mean diameter and bulk
counterpart is shown Fig. 2.17B. The spin-phonon mode temperature variation can be well
described by Eq. (2.27) (solid lines) for S* ~ 1/4”° using empirical formula for d(T)=1-
(T/Twn)" (solid lines) [79]. In such a way T and spin-phonon coupling constant A, can
be estimated. As can be seen from Fig. 2.17B and C, with decreasing diameter, 7 and A,.
ph tend to decrease. This implies that the size effect weakens the strong spin-phonon
interaction, favorizing the short-range AF ordering [11].

Another example of strong spin-phonon interaction was reported in multiferroic BiFeO3
thin films [80] evidenced through the temperature behavior of the two-phonon

Raman modes, 244, 2Eg and 2Ey. These modes are positioned at around 968, 1110, and
1265 cm ™! at RT. Upon heating, as shown in Fig. 2.18A, all Raman modes slightly shift to

(@)
(b)

o = e
(=] o n

Intensity (Arb. Units)
e

I'(2Es) / I'(2Eg)

L
s

e
n
T

Reduced 2E; Raman Intensity (Arb. Units)

i L | 5 .
100 200 300 400 500 600

o

K
A_,) E,E,
Temperature (°C)

' 360 ' 660 960 *TE‘IDDI‘ISIOCII
Raman Shift (cm)
Figure 2.18
(A) Temperature dependence of unpolarized Raman spectra of BiFeO3 film and (B) reduced
integrated intensity of 1260 cm™' two-phonon Raman mode (blue dots). Temperature depen-
dence of the integrated intensity ratio between 2E8 and 2E9 two-phonon modes is presented
with red circles. The solid lines are guide to the eye. Reprinted from M.O. Ramirez, M. Krishnamurthi, S.
Denev, A. Kumar, S.-Y. Yang, Y.-H. Chu, E. Saiz, J. Seidel, A.P. Pyatakov, A. Bush, D. Viehland, J. Oren-
stein, R. Ramesh, V. Gopalan, Two-phonon coupling to the antiferromagnetic phase transition in multiferroic
BiFeOs, Appl. Phys. Lett. 92 (2008) 022511 with the permission of AIP Publishing.
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lower frequency and broaden due to anharmonicity, but the integrated intensity of two-
phonon modes drastically decrease, particularly of two-phonon mode 2Eq. Above the Néel
temperature, this mode almost disappeared. Eliminating the contribution from Bose-
Einstein population, the reduced intensity of 2E¢ mode is presented in Fig. 2.18B (blue
circles) and compared to the reduced intensity of 2Eg mode (red circles). As can be seen, a
remarkable decrease of the integrated intensity of 2E9 mode is seen when approaching Ty,
and above the temperature of magnetic phase transition it is almost constant. The
integrated intensity ratio, I'(2Eg)/T'(2Ey), is almost constant up to 200 °C and abruptly
decreases in the vicinity of Néel temperature, indicating strong spin-two-phonon coupling
in BiFeO; [80].

9. Summary

This chapter presents a brief review how temperature-dependent RS comes to be of
significant importance for investigating various phenomena in nanostructured materials.
Raman spectra of diverse nanomaterials in the form of metal-oxide nanopowders, quantum
dots, nanowires, nanoribbons, carbon-based, and multiferroic nanostructures were analyzed
as examples.

It was shown that the application of RS at elevated temperatures is a very convenient
method to study the anharmonic interactions through the evolution of optical phonon
modes in nanophase materials. The temperature evolution of the Raman modes can be
successfully modeled by PCM which incorporates size, strain, and anharmonic effects and
enables to estimate the contribution of each of these effects. It was shown that the size,
morphology, and size distribution largely determine which of the anharmonic processes
(three or four-phonon anharmonic interaction) will be dominant, pointing out that phonon-
phonon interactions can be different in nanomaterials compared to their bulk counterpart.
Low-frequency RS provided the information about the acoustic phonons dynamics as a
function of temperature in nanocrystalline solids as well. It was demonstrated that the
decay dynamics of the acoustic phonons was complex and dependent not only on different
size and size distribution, i.e., coalescence process at higher temperatures, but also on
organic ligands with different elastic modulus and impurities bound to the nanoparticle
surface.

Temperature-dependent Raman scattering has a potential to detect the formation of other
structural phases, present even in small concentrations, through the appearance of new
peaks characteristic for a certain crystalline structure. As a noncontact method of high
spatial resolution, RS can be used in thermometry for the measurements of the local
temperature or thermal conductivity of nanomaterials.
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RS is a suitable optical method for probing lattice and charge excitations, as well as
interplay between them. In the Raman spectra of low-dimensional materials electron-
phonon interaction manifests itself by an asymmetric Fano line shape of the phonon
modes. The electron-phonon coupling strength can be estimated directly from the fitting of
the Raman spectra at different temperatures with the Fano function or from the linewidth
of the phonon modes using Allen’s formula. Besides, in nanophase materials, the electron-
phonon interaction is sensitive to temperature and nanocrystallite size.

Special class of nanomaterials present magnetic and multiferroic nanomaterials. In these
materials, it was shown that phonon frequency, linewidth, and integrated intensity may all
be influenced by the exchange coupling between magnetic ions and from their temperature
dependence it is possible to investigate both spin-ordering and spin-reorientation
transitions, revealing more about the complexity of magnetic interactions in nanophase
materials.

In summary, from the temperature induced changes of the Raman features (peak position,
intensity, or linewidth) it is possible to predict many new thermophysical, electric, and
magnetic nanomaterials properties.
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1. Introduction

Nanoscale world is at the border between the quantum realm at the smaller dimensions
and the classical one at larger. At the quantum side of this divide, systems under
consideration consist of few particles and the properties of the sample often do not average
into well-behaved quantities with deviations from the mean value much smaller than the
mean value itself. So standard assumptions of both the classical physics and the standard
statistics can break down within the nanoscale domain. This occurrence impacts the
methods for probing the transport at the nanoscale.
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Copyright © 2021 Elsevier Inc. All rights reserved. 9



10 Chapter 2

Noncontact measurements of transport can offer distinct advantages. Macroscopic contacts
necessary for the standard transport measurements often disturb the system since they are
immensely larger than it. The structure of the contacts needs to impact the system as little
as possible, requiring cooling to very low temperatures. Thermal noise introduced by
contacts is hard to distinguish from the quantum noise that is an interesting property of the
probed system.

Experiment is always performed on an object composed of nonidentical units and averaging
of the properties does not automatically occur within the measurement apparatus. Moreover,
the most interesting properties are often encoded into distribution of the results of
measurements, and not exclusively in their mean values. Quantum side of the breakdown is
somewhat different. The quantum transport theory deals with universality of the transport. In
the quantum limit, as most transparently seen in the Landauer formula for conductivity, the
whole variety of the transport behavior boils down to the number and transmitivities of
transport channels. The variety of quantum behavior in transport appears due to macroscopic
quantum phenomena or lies hidden in the variability of nominally identical nanoscale systems.

To probe the rich variety of transport phenomena at the nanoscale, it is preferable to look at
the properties of conducting quasiparticles than to look at the integral characteristics of a
collection of them. Quasiparticles are most easily accessed through spectroscopic techniques,
like Raman spectroscopy, electron spin resonance (ESR), and infrared reflection (IRR)
spectroscopy. Resonant nature of excitations and response detection in spectroscopy offer us a
way to discriminate between constituents of the nanoscale system and look exclusively at the
processes that are in resonance with the appropriate driving. Therefore the noncontact
spectroscopic measurements give us an opportunity to see the nanoscale world in more detail.

This chapter is partitioned in three sections which are organized as follows. In the first
section, we provide a short introduction to the Raman scattering technique followed with a
review on an indirect finding of the two different variable range hopping (VRH) transport
mechanisms based on the analysis of the temperature dependent electronic Raman
background of nanocrystalline BiFeO; [1]. The subsequent section tackles a summary on
how both particle size decreased and Nd doping influence the Plasmon—phonon
interaction and optical conductivity in CeO,_, nanocrystals investigated by IRR
spectroscopy [2]. Finally, in the third section, the main aspects of conduction ESR have
been briefly introduced in which terms the temperature evolution and character of
transport properties of single-walled carbon nanotubes have been elaborated [3].

2. Raman scattering

2.1 Short introduction to Raman scattering technique

In solid state spectroscopy, the inelastic scattering of photons by lattice vibrations (LVs) is
known as Raman effect. The photon energy can be lost or gained in such processes, which
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1s accomplished by the phonon creation or annihilation, and termed in literature as Stokes
or anti-Stokes Raman excitation, respectively. Brillouin Raman scattering (RS), however,
stands for a particular case of RS that concerns the scattering by acoustic phonons of very
low frequencies, unlike common Raman which involves optical phonons. The theory of
Raman spectroscopy can be found elsewhere. Nevertheless, for a rather comprehensive
elaboration the reader is further referred to seminal Mitra’s work [4], some of which
fragments we will rely on in what follows.

Following the first principles of electromagnetism, the incident electromagnetic field of the
photons is coupled with the phonons via dipole moments that are induced by the phonon
field. The electronic 3 x 3 polarizability tensor ¢, is modulated by the variation of the
lattice due to the normal vibration of frequency w, and can be expanded in terms of the

time dependent atomic displacement components u;, = up(O)ei‘*’P‘ as

1
Qi = “;(492 + Z“;(nl;z,p”p + EZZal(nzgmupuq + ... (2.1)
P P 9
where
J 9
ol = (—am> Lald) = (—“’"> 2.2)
’ aup up:O ’ aupauq MPZO, Mq:()

If E denotes the electric field of incident electromagnetic radiation with frequency w,

—

E =E (0)e', (2.3)
then the induced dipole moment can be written as

—

M=3aE, (2.4)
which ultimately yields induced dipole moment along p mode
M,=a"Ege + aWE e (Fn ), (0) + AP E el (UF20)02(0) ... (2.5)

First term in Eq. (2.5) represents nothing but elastic Raleigh scattering process. The
energy of the electromagnetic radiation remains unchanged in this case. The derivative of
the electronic polarizability in the second term in Eq. (2.5) gives rise to the first-order RS

processes when incident photon (h?l, hw1> is absorbed or created to create or destroy a
phonon (h?, hw). The final photon, with both different wave vector and frequency

(h?z, hw2> from the incident one, gets emitted in such a way that the energy and the

momentum are totally conserved. Reduced Planck’s constant is denoted as #.
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In doped semiconductors and disordered metals, spectral recoil of light in RS
consistently comprises a number of distinctive peaks generated by optically active
phonons, as well as, an extended frequency continuum which is in direct relationship
with electronic response [6]. This continuous spectral background originates from
low-energy electronic excitations, which reflects the charge carrier scattering rate, and
is familiarly known in literature as the Raman electronic background [1,7—11].
Falkovsky [7] was first to provide a theoretical foundation for the spectral profiles of
Raman electronic background in “dirty” metals. The effects of electronic excitations in
Raman are usually observed at low-energy scales and are attributed to scattering by
phonons or impurities involving finite momentum transfers (k # 0) as a result of the
finite penetration depth of light in materials. Later on, Zawadowski and Cardona [8]
proposed a Feynman diagrammatic approach to estimating the Kubo spectral response
function within the scope of ladder approximation [12] at g =0. Most importantly, these
authors were first to recognize an intimately related link between the nonresonant
electronic excitations seen in Raman with the carrier transport.

As with nonresonant RS electronic response, the related Feynman diagrams (see Fig. 2.1)
are composed of wavy lines denoting photon propagators. Their initial and final

(momentum, energy) are respectively (h?l, hw1> and (h?z, hw2>. An electron-hole

pair of (momentum: % = ?1 — 72, energy: w = w] — w»), scattered by phonons and/or
impurities, become generated by the incoming photon propagator. Phonon propagator,
given in dashed line (Fig. 2.1), can be excited by the electron/hole inside a pair and is
further captured by its counterpart (hole/electron), as is enforced by the ladder
approximation. At last, upon summing up all the dominating ladder-like diagrams, Raman
differential cross section due to the purely electronic response [9,11], reads as

d%s 1 wT
o X )
dwdQ 1 —exp(—hw/kgT) 14+ (Q)T)z

(2.6)

R )
O o
ASNANO nAVAVAVAV ..
(7iKy, fiwn) (7K, fiwy) (7K, fiw) ™
Figure 2.1
Raman scattering of light (wavy lines) due to phonons (dashed lines). Electron-hole formations
(solid lines) represented via loops in the Feynman diagrams of third order (first order Raman
scattering). Processes involving electron and hole contributions are given in left and right
diagrams, respectively. Vertex [] represents electron-photon interaction, while vertex represents
electron-phonon interaction as is given in Ref. [S]. The drawing is adapted from D.M. Djokic, B.
Stojadinovic, D. Stepanenko, Z. Dohcevic-Mitrovic, Probing charge carrier transport regimes in BiFeOs
nanoparticles by Raman spectroscopy, Scr. Mater. 181 (2020) 6—9. https://doi.org/10.1016/).scriptamat.
2020.02.008.
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At a particular value of the effective scattering rate, 1/1, the proportionality factor in
Eq. (2.6) is a function of different variables depending on the type of the experimental
setup [10]. The temperature-dependent Bose-Einstein factor and expression resembling
Drude function are respectively given as the second and third term in the product of
Eq. (2.6), while 1/7 involves two terms in the sum as follows

1/t=1/t9 + Dg’. (2.7)

1/7¢ stands for the charge carrier scattering rate due to phonons/impurities in ¢— 0 limit,
which is concerned with nothing but bulk channels. The second term (qu), however,
gives rise to the effects of processes nonconserving momenta, very often pronounced in
nanocrystals [1]. It is safe to neglect the bulk term (1/7¢) if there is no experimental
evidence for the electronic Raman background in the case of bulk materials. D is the
diffusion constant which is, based on the Einstein relation, related to electric conductivity
o in the following manner

D=aqg/ (g(eF)ez), (2.8)

where e = 1.6 x 107!° C. The average value of the electronic density states close to the
Fermi level [9] is denoted with g(eF).

2.2 Multiferroic BiFeO3 nanoparticles

Crystalline bismuth ferrite stands for a multiferroic material increasingly attracting the
attention among the researchers and is also one of few materials to provide both
ferroelectric (T¢c = 1100 K) and antiferromagnetic (7Ty =643 K) properties at room
temperature [13] and even higher. It is important to know that BiFeO5 has proven
undemanding to obtain in ambient conditions. BiFeOs is classed as rhombohedrally
distorted ABOj3 perovskite structure (space group R3c) with lattice parameter

amm = 3.965 A, a rhombohedral angle oy, of 89.30—89.48°, and ferroelectric polarization
along [111]pseudocubic direction at room temperature [14]. Primitive unit cell consists of two
unit formulas and contains 10 atoms. This structure can be represented as two distorted
perovskite unit cells, connected along the main pseudocubic diagonal [111] to form a
rhombohedral unit cell, as is given in Fig. 2.2A. Bi*" ions are situated at A lattice sites
and are surrounded by 12 oxygen atoms. On the other hand side, Fe’" ions are located at
B lattice sites, and they are surrounded by six oxygen atoms with which it forms a FeOg
octahedron. In this configuration, Bi*" and Fe’" ions are shifted along [111] direction, and
two oxygen octahedrons are rotated around [111] direction in the opposite directions by
14° that can be seen from the position of the green octahedrons in Fig. 2.2B. This means
that the Fe-O-Fe angle deviates from 180° to amount nearly 154—156° [16,17]. The unit
cell can also be described in a hexagonal frame of reference, where the hexagonal
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Figure 2.2
Schematic representation of (A) rhombohedral structure framed by orange dashed lines,
(B) hexagonal perovskite structure of BiFeO5 with [111] ferroelectric polarization direction given
in gray arrow, and (C) hexagonal cell (black), rhombohedral (red), and pseudocubic (blue) unit
cell with corresponding unit vectors drawn in arrows. The figure is to a rather large extent reworked
from J.-G. Park, M.D. Le, J. Jeong, S. Lee, Structure and spin dynamics of multiferroic BifeOs, J. Phys.
Condens. Mat. 26 (2014) 433202. https://doi.org/10.1088/0953-8984/26/43/433202.

c-axis is aligned parallel to the diagonals of the perovskite cube. In other terms,
[001 Jhexagonat || [111]pseudocubic- The corresponding hexagonal lattice parameters (Fig. 2.2C

are apex = 5.579 A and cpex = 13.869 A [14,18].

Bulk BiFeOs is a semiconductor with literature values of the bandgap determined by
optical measurements at room temperature in the range from 2.1 to 2.8 eV. Several authors
claim that BiFeOj; has a direct bandgap transition at about 2.1—2.8 eV [19—22]. There are,
however, published studies in which it has been shown that BiFeO5 has an indirect
bandgap transition of about 0.4—1.0 eV, quite smaller as compared to the values obtained
for the direct transition [23]. Density functional theory calculations [24,25] have
corroborated an indirect energy transition of about 2.1 eV, while in the room temperature
absorption spectra recorded on BiFeOs thin film, the transition at approximately 2.17 eV
has been observed [26].

Finally, according to Catalan and some of the references therein [16], based on two-probe
DC resistivity measurements carried out on high-quality bulk samples of BiFeOs, the log
resistivity value undergoes two slopes in Arrhenius law with increasing temperature.
Actually, it has been found that the activation energy of the charge carriers decreases from
nearly 1.3 down to nearly 0.6 eV as the material is heated above Ty with the anomaly
around it. However, one does not expect such type of conducting behavior when the scale
of the crystal moves down to several nanometers. Indeed, in the case of defective
nanoparticles with a core/shell structure [1], the nanoparticle shell may have metallic and/
or semiconducting features, while the nanoparticle core prominently features insulating
properties. This casts a shadow over models that are commonly applied in pristine bulk
materials to fit the resistivity data in systems with disorder and/or decreased dimensions.
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At a scale ranging down to nanometers, BiFeO3 has proven very prospective for a
potential use in satellite communications, electrically accessed magnetic memory,
commercial applications for photovoltaics and alternative sensors [16]. Most essentially,
the electric resistance of BiFeO; is found to be a key parameter that should comply with
the prime industrial requirements. Accomplishing high-electric conductivity value in this
nanoscopic compound from its powders is one of the major assets and is perceived as a
very promising in development of the novelty. Moreover, it proves quite demanding to
identify the charge carrier transport, as well as, to distill electric conductivity value using
the contact probes themselves invasively [27,28]. On the other hand, RS tool is widely
known as a local and highly informative experimental probe capable of assessing the
origin and dynamics of charge carriers in conducting materials. This makes Raman
technique a reliable, yet noninvasive, means for investigating the transport properties of
materials that are treated with utmost delicacy.

Fairly recent temperature-dependent RS study, carried out on the multiferroic BiFeO;
nanoparticles of high purity and relied on the temperature evolution electronic Raman
background [1], has explored an exciting prospect of extracting the relevant piece of
information about the electric transport in this nanoscopic compound. |1-RS measurements
were recorded over the temperature range of 80—723 K, while the related spectra were
gathered at the backscattering arrangement with solid state 532 nm Nd:YAG laser as
excitation at sub-mW laser powers on the sample itself. There were more than 13 optical
phonon modes (symmetry: A; and E) detected in the experiment, while the spectra were
decomposed with Lorentzian lineshape profiles, as is presented in Fig. 2.3 at four different
temperatures. The entire number, together with frequency positions, of the optically active
phonon modes of BiFeO3; nanoparticles detected with Raman were found exactly the same
with those observed in temperature-dependent RS spectra undertaken for bulk crystalline
BiFeO; [29]. However, the authors [1] properly commented on the emerged splittings of a
number of few polar LO+4-TO phonon modes, which naturally appear in the case of
BiFeO3 nanoparticles [30,31]. As with bulk, the prediction based on the factor group
analysis turns out to be in accordance with the experiment implying 13 (44| 4 9E)
optically active modes in phonon Raman spectra [32].

In contrast to Raman spectra recorded for on bulk BiFeO3, Raman active optical modes
pertinent to BiFeO3 nanoparticles were evidenced to seat on quite a broad spectroscopic
profile (Fig. 2.3 shaded in light gray). Such a spectroscopic feature has a pronounced
temperature dependence and is familiarly known as Raman electronic background. In
literature, indeed there are spectroscopic backgrounds akin to one studied in Ref. [1] such
as nonresonant Raman continuous profile observed in metal-oxide thin films [33].
However, the related profile is quite shapeless, moreover with strong intensity, and is
ascribed to entirely electronic RS recoil independent of bands due to the phonons. This
Raman electronic background emerges as a result of the surface roughness at atomic scale.
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Figure 2.3

Raman scattering spectra given for four representative temperatures (data points presented in
black). The spectra are composed of a continuous electronic background (shaded in light gray)
and Lorentzian phonon peaks (/ines in blue). The overall fitting line is drawn with red line. The figure
is adopted from the published work D.M. Djokic, B. Stojadinovi¢, D. Stepanenko, Z. Dohcevic-Mitrovic,
Probing charge carrier transport regimes in BiFeO3 nanoparticles by Raman spectroscopy, Scr. Mater. 181
(2020) 6—9. https://doi.org/10.1016/].scriptamat.2020.02.008.

In addition, it has been reported that, in extremely small metallic particles [34] and
metallic thin film islands with adsorbents [35], RS due to the particle-hole pair excitations
brings about the emergence of the phononless continuous electronic background. This can
be explained in terms of the momentum conservation violation generated in the presence
of the electronic states at surface. Furthermore, even in the bulk hole-doped manganese
perovskites, the broad electronic Raman response associated with the scattering by
conduction electrons has been determined to cause a drastic change at the phase transition,
as shown by Liu et al. [36]. The evolution of the effects of electron correlations in this
compound could be assessed computably with temperature.

The authors of Ref. [1] have fittingly cast the surface states situated at particle boundaries
in the role of localization centers via which the conduction can run efficiently. In terms of
energy, these states are located near the vicinity of the Fermi level and they are, in
general, unequally distributed to evolve with both spatial and energy gap between them.
Therefore, the charge carrier conduction mechanism in which the hopping energy varies
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with the hopping range can be safely modeled for description of the transport over an
extended temperature range in disordered semiconductors and/or amorphous solids, such
as nanoscaled materials. Commonly, exceptionally high-electric resistivity values are
observed in such systems. As such, these values serve as a definite fingerprint to rule out
any conventional metallic/semiconducting type of conductivity mechanism intrinsic to
(semi)conductors. VRH mechanism, nonetheless [37], stands for a rather viable transport
mechanism in nanoparticles with no other alternative acceptable, as was reported in

Ref. [1] for BiFeO5; nanoparticles. Two different types of VRH charge carrier transport
mechanisms in 3D have been probed in a contactless way using temperature-dependent
Raman spectroscopy, and it has been evidenced that these two are affected by different
degrees of the electron correlation strengths on the opposite sides of the antiferromagnetic
phase transition. Below the transition temperature, the transport undergoes the mechanism
explained by Efros and Shklovskii [38], whereas at high temperatures, the charge carrier
transport adheres to the traditional Mott VRH theory [37].

Here we provide a brief account of the Mott and Efros—Shklovskii laws based on a
concise analysis from a seminal paper by Arginskaya and Kozub [39]. The central focus of
this study was on a considerable diversity of theoretical results emerging from calculations
for the exponential prefactors in various VRH expressions, as well as, the crossover from
VRH conductivity of Mott type in which the density of electronic states at Fermi level is
g(e =ep) = const toward VRH conductivity running via states separated by a Coulomb
gap when g(e =ep)xe?. Aharony et al. [40] have made an attempt to obtain the universal
analytic expression for the temperature dependence of conductivity, a(T), in the crossover
region from Mott to Efros—Shklovskii law. In general terms, temperature dependence of
the VRH conductivity ¢(7) can be written down as

o(T) = anexp <—%) : (2.9)

where n might take on 1/4 or 1/2 in 3D with respect to the law chosen, Mott’s or
Efros—Shklovskii’s. Constant factors ¢, and 7,, depend on the preferred of the two
models. However, the common feature of most of the relevant studies in the field of VRH
boils down to simplistic approaches in estimating the exponential prefactor g,. As a
traditional rule, o, is generally assumed to have no temperature dependence.

Factors g, and T,,, which are given in Eq. (2.9), can be computed straightforwardly by
optimizing the correlation linking the energy and spatial separation between the lattice
sites. Once an electric field is applied, hopping in the direction of the field is rather
preferred at different probabilities with respect to both distance and energy separation. As
with the 3D free electron case, in original Mott paper [37], it was in a simplified way
presented that the hopping energy is inversely proportional to the cube of the hopping
distance, while the hopping frequency v for a given temperature 7" was found to depend on
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two following parameters: r as the spatial distance between the sites in units of
localization length & and W as their typical hopping energy separation. Namely,

VZV()CXP(-%-%), (2.10)
where v=w, for both r = 0 and W = 0, whereas kg = 1.38 x 10723 J/K stands for
Boltzmann constant. The hopping frequency characterizes the relative number of directed
charge carrier hops due to the electric field. Indeed, in noncrystalline systems, the

variables r and W are not randomly independent so that one can be combined into a single
parameter by minimizing the total exponent in (Eq. 2.10). In the actual fact, the hopping
from one site to another with a lower energy/distance occurs at high rate. However,
reaching both low energy/distance sites at the same time remains utterly impossible. The
same reasoning applies for the large energy/distance sites that altogether justifies the
application of variation method and thence the term “variable” in VRH.

Variable hopping processes translate a charge carrier by a range r within a time ~ 1/ v,
but at a preferred W value that maximizes the electric current via hopping. This
proportionality squarely leads to the VRH expression for conductivity which is given in
(Eg. 2.9). Yet, to relate r with W or vice versa, one has to further assume that most of the
mobile carriers come from a narrow energy window near the Fermi level of width ~ kgT.
In such a way, the carrier density n, of spin S = 1/2 which as the other factor prominently
figures in the expression for the conductivity and can be computed by integration as

5F+kBT
ne :2/ g(e)de, (2.11)
EF

where g(&) measures the total number of states (dN) per both energy (dE) and volume unit
(V), each of which is double degenerated (25 + 1 = 2).

One must emphasize that the wise choice of g(¢) leads to the correct expression for the
exponent 7, which differs by switching from 3D Mott (n = 1/4) to Efros—Shklovskii
regime (n = 1/2). Experimental measurements in disordered systems do reveal that the
electron density of states (DOSs) may strongly vary in the vicinity of Fermi level, and it
seems reasonable to suggest that the theoretical concept of uniform DOSs near the Fermi
level is certainly insufficient to describe conduction mechanisms which account for the
Coulomb gap, as there is a jump in the electron DOSs due to Coulomb interactions
between localized states. In general, one can write down

kgT, = { CP/(g(gF)§3), forn=1/4

2.12
¢? | (4mege £), forn =1/2 12
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where kg = 1.38 x 10723 J/K and gg = 8.85 x 1012 F/m, while ¢ stands for the
localization length of electron wave function of the surface states. ¢, represents the
percolation constant varying from 5 to 20. &, corresponds to the relative permittivity
constant. Nevertheless, even when the DOSs is not constant, the 3D Mott VRH
conductivity pattern is fully recovered if presented like Eq. (2.9), but is rather referred to
as the 3D Efros—Shklovskii VRH [38] when 7 is, in particular, equal to 1/2. In Ref. [41],
a few temperature dependencies of the hopping conductivity, which come under exponent
1/4 or 1/2, are presented and the reader is further redirected to this reference to properly
infer the validity of use of VRH at high temperatures in disordered materials.

Nanoscaled BiFeOj; puts itself forward as a suitable candidate for exploring the crossover
from 1/2 to 1/4 exponent VRH conductivity as demonstrated in Ref. [1] based on the
Raman spectra. More interesting is the fact that crystalline BiFeO5; nanoparticles do not
only undergo a crossover but even a pronounced phase transition at ~640 K below which
Coulomb correlations take place to form the antiferromagnetic ordering. Above the
transition temperature, however, these correlations become overwhelmed by the
temperature fluctuations through the concrete manifestation of the metallic-like
paramagnetic state.

There is a presence of localized surface states occupying the energies near the Fermi
level in the BiFeO; nanomaterial. These states through a mediation back the VRH
transport even over a broad range of temperature. Temperature variations of In(1 /7),
which is proportional to In(¢) based on the Einstein relation from Eq. (2.8) are
linearized against 7" in Fig. 2.4A with n = 1/2 and Fig. 2.4B with n = 1/4, in the
strongly correlated (T < Ty) and paramagnetic phase (T > Ty), respectively. Relying on
the calculation for e, =28 from the impedance dielectric spectroscopy of BiFeO;
nanoparticles [42] and following (12) one can find that £ =7 nm, while the DOSs

g(eF) in the high-temperature phase nearly amounts 2.1 x 10'® localized states per

(eV x cm?). The result £=7 nm is physically meaningful since £ < (), where the
average particle size () =66 nm has been computed from the GauPian particle size
distribution recorded by Scanning Electron Microscopy at room temperature on BiFeO;
(Fig. 2.4C and D). Finally, p = 1 /o =4t/ ({0)*e%g(er)) =350 mQcm, which stands for
an extraordinarily high value that is not commonly encountered in conventional metals.
This value goes beyond the maximum resistivity value (~1 mQcm) limited by the
Mott-Ioffe-Regel criterion [43,44], which categorizes crystalline BiFeO3; nanoparticles
into a family of bad conductors and ultimately suggests that the conduction bands are
vanishing. This eliminates any possibility for the fixed thermally activated transport
generic to intrinsic semiconductors to dominate over 3D VRH.
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Figure 2.4

The dependence (T~") versus (In(1 /7)) in both paramagnetic phase (subfigure (A), n =1/ 2)
and antiferromagnetic phase (subfigure (B), n = 1/4) with the linear fitting curves given in red.
The surface morphology of the nanocrystalline BiFeO3 particles made with TESCAN SM-300
(subfigure (C)) and the corresponding histogram of the distribution of the particle size given in
gray, fitted by the Gaup distribution (red line), where (64 £2) nm is mean value and (28 +2)nm
is standard deviation (subfigure (D)). The frequency of occurrence is labeled as f(R). The entire
figure is taken from D.M. Djokic, B. Stojadinovic, D. Stepanenko, Z. Dohcevic-Mitrovic, Probing charge
carrier transport regimes in BiFeO3 nanoparticles by Raman spectroscopy, Scr. Mater. 181 (2020) 6—9.

https://doi.org/10.1016/].scriptamat.2020.02.008.

In certain disordered semiconductors, loffe and Regel [45], as well as Mott [46], have
altogether realized that conduction states pertinent to such systems fail to survive due to
the indefinite reduction in free mean path of carriers that scatters by. The key argument is
that it can never become shorter than the typical interatomic spacing. In this case, the
concept of carrier velocity cannot be properly formulated, and the entire coherent
quasiparticle motion is lost. The notion of a minimum metallic conductivity is actually in
accordance with a minimum mean free path.
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Generally, the choice of 3D VRH ought to be provisionally accepted as an assumption. In
the case of BiFeO; nanoparticles, the existence of the Mott VRH mechanism has already
been deduced from the DC/AC measurements. These results are presented in Ref. [27].
Furthermore, the assumption about the validity of VRH is substantiated by the fact that the
estimated resistivity value ultimately exceeds the Mott-Ioffe-Regel maximum

(350 mQcm>> 1 mQcm). This implies that the conduction band energy sector tends to
fade away leaving no room for the fixed thermally activated transport to prevail, which
typically requires a markedly high density of conduction band states. Therefore, the
BiFeO5 nanoparticles are safe to be termed as bad conductors that retain metallic behavior,
through qualitative features such as temperature evolution. Quantitatively, however, the
bad conductors very much resemble the electric insulators as was observed in Ref. [1].
Specifically, the BiFeO5; nanoparticle shell exhibits metallic behavior whereas the core
insulator one, which is a case in defective nanoparticles with a core/shell structure.

3. Infrared reflection

3.1 Short introduction to infrared reflection technique

Infrared solid state spectroscopy stands for one of the most powerful and versatile
techniques meant for optically probing a diverse family of materials in a contactless
manner. The IRR response can assume either a purely electronic or a purely LV character.
The two cases have distinctly different approaches to the quantitative treatment of the
interaction processes between the radiation field and matter. The latter has conclusively
proven powerful for analyzing propagating vibrations with which crystal structures can be
revealed in ionic crystals and polar semiconductors. This analytical probe is highly useful
even for systems poor in the degree of crystallinity, which is oftentimes encountered in
nanoscopic matter.

In the long-wave limit (g =0), optically active vibrations of an ionic bipartite lattice
encapsulate the motion of one type of atoms relative to that of the other sublattice, yet
both in spatial phase. The natural concomitants of such motions comprise strong electric
dipoles of the material that can, accordingly, be directly coupled with the external electric
field at a given polarization angle of the incident electromagnetic radiation. The theory of
the IRR response originating form the interaction between the radiation field and the
matter is purely phenomenological and can be found elsewhere [4,47,48], based on
Maxwell’s and the macroscopic equations describing the vibrations in a polar material.
The reflective IRR spectroscopic recoil begins with a singularity in the dielectric function
observed at the transverse optical (TO) frequency of the polar phonon mode. The
singularity occurs as the radiation field of the incident electromagnetic wave couples with
the TO phonon mode. Coulombic force effects in the polar crystal shift the LO mode to
higher energies in contrast to the TO mode. The TO mode has a complex pole of the
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complex dielectric response function €(w), whereas the LO mode is associated with a
complex zero of €(w). Consequently, the incident infrared electromagnetic waves at
frequencies over the so-called reststrahlen TO-LO window are dispersed in such a way
that they fail to propagate through the condensed medium, but undergo reflection. In an
ideal polar crystal with undamped oscillators, the frequency selective reflectivity amounts
exactly 100%, but the reality is rather followed with the oscillator damping. Formally, the
reflectivity is given by the Fresnel formula

A(w) —1]7 — 1?42
R(w) = |A@) ~ 1 ‘ _ (nlw) = 1)t () (2.13)
) +1 - (n(w) +1)7 + k()
where R(w) is the frequency-dependent fraction of light intensity reflected. Complex
frequency dependent index of refraction, n(w), is related to the complex dielectric
response as
n(w)=n(w) — ik(w) = \/é(w). (2.14)
The frequency dependent real part, n(w), and imaginary part, k(w) as the extinction
coefficient, of the complex refractive index n(w) satisfy the following relationships
e1(w) =n(w)* — k(w)* and & (w) = 2n(w)k(w), (2.15)
where finally
g(w) = e1(w) + iez(w). (2.16)

For this reason, it is of uppermost importance to model, as well as, parametrize ne(w) that
properly describe the system probed by the IRR technique.

IRR signal of poorly conductive ionic crystals with large splitting between TO and LO
frequencies is commonly fitted with a complex dielectric function given by the following
expression

2 2 4
" Wigj — @ +1WYLQ;
£(w) =¢€w H WA — W2+ iwYTo; (2.17)
7 WTO) TTOj

where wyo; and wro; are longitudinal and transverse frequencies of the j-th oscillator,
respectively, while y1q; and vy o; are their energy dampings, and €« corresponds to the
high-frequency dielectric constant (w— o). This model presents four tunable parameters
for each TO/LO mode and is employed for description of purely phononic spectra. The
model is familiarly known as the LV model, or habitually, four-parameter factorized
form of the dielectric function. Its major disadvantage consists in the fact that it
considers no contribution from the itinerant electronic excitations, neither single particle
nor collective [49].
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However, a great deal of semiconductors has a sizable portion of itinerant charge
carriers. Accordingly, the full description of the infrared optical reflectivity data of such
materials has to allow for both phonon and electronically collective (plasmon)
excitations. The cohabitation between the phonons and plasmons brings inexorably about
a somewhat pronounced interaction between the plasmons and LO phonons. This effect
becomes the most striking if the plasma frequency wp lies situated close to the LO
phonon energy. In this case, the complex dielectric function [50] can be factorized to
read as follows

—+ .
Hjmj]n ((1)2 + l(x)’YLOj — (,()I%Oj)
me]m:l <(;) —+ i’YPj) H]’?:I <Q)2 —+ iQ)’YTOj — O)%Oj)

where wro; and y1q; are frequencies and damping of the TO modes, respectively. vp

H(w) = o0 (2.18)

represents the plasma damping rate. The equation directly expresses the coupled plasmon-
LO phonon frequencies wio; and damping rates 7y ;. This model is in literature termed as

the coupled plasmon-phonon (CPP) model.

In conducting oxides [48], on the other hand side, the Drude model can be employed with
no coupling for fitting the infrared reflectivity spectra. The plasmon contribution to the
complex dielectric function is expressed through the Drude term so that €(w) is composed
of two additive terms in the following manner

2 2
Hw)—ew | [T "7 Tl wp . (2.19)
f w%oj — w? +iwyrg; ©(w —ivp)

The first product term is concerned with the pure phonon contribution, while the second
term represents the contributions originating from the collective electronic
excitations—plasmons. The w(to,1.0); and ¥(to,L0); are (TO/LO) frequencies and the

related damping rates of the decoupled phonon modes. The wp and vp are the plasma
frequency and its daping rate. This model brings us a material advantage in decoupling the
phonon from the plasmon contributions, and is called the decoupled plasmon-phonon
(DPP) model. Besides the aforementioned “classical” Drude term, sometimes the so-called
Double-damped Drude term is used, as is given in

. . (2.20)
i w%oj' — w? + iy, w(w — i)

2,2 : ) 2 ,
() = £w ( Wioj — @ T WYLo;  wp+i(yp — 70)w> |
J

The difference between the dynamic damping (yp) at plasma frequency and the static
damping () at zero frequency represents particular distinctiveness of this model.
The second term in the additive form of €(w) turns into the classical Drude term once
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vp = 7Yo- The use of this model, which is also called DPP, provides more flexibility.
In fact, a rather precise description of the parametrized complex dielectric function is
offered by the model in numerical fittings based on it.

As with nanomaterials, the related IRR spectra can be properly analyzed using the
Bruggeman effective medium approximation [51]. The basic Bruggeman model includes
the influence of porosity as

E(w) — &g (w) |~ 1 — &efr (w) B
o) + % @) ) T\ T 2y (@) (1-7) =o. (2.21)

A decrease of the powder volume fraction as compared to the ambient air leads to a
decrease in the reflectivity values, and thence the IRR features may become significantly
broadened if there is a greater air fraction in the powder. For the binary material with a
great degree of inhomogeneity, constituted of the material €(w) and air (e, = 1) with the

volume fractions f and 1 — f, respectively, the empirical relation for the complex effective
dielectric function & (w) must obey the above-written equation.

3.2 Doped nanocrystalline CeO,

As one of the most stable oxide of cerium, cerium dioxide CeO, is considered to be
highly important functional material with outstanding applications in many various
fields. It crystallizes into a fluorite face centered cubic structure with space group Fj,3,,
(No. 225) to form a simple cubic oxygen suba lattice where the cerium ions occupy
alternate cube centers (see Fig. 2.5A) [52]. In terms of Wyckoff positions, Ce atoms are
located at the centers of the tetrahedrons (4a) (0,0,0) of which corners are populated with

-y

2u

Figure 2.5
The fluorite face centered cubic crystal structure of CeO, (A) and its normal mode of the
infrared active lattice vibrations of (B). Ce ions are denoted in green, while O ions are denoted
in red.



Transport properties of nanoscopic solids 25

oxygen ions (8c) (1/4, 1/4, 1/4). Observing the existence of the center of inversion, the
structure has exactly one IRR (F,) and one Raman (F,) active mode [32], both of
which are triple degenerated. As is shown in Fig. 2.5B, the normal mode of the infrared
optically active vibrations consist of motions of both Ce and O atoms, but in the
opposite directions.

Nanocrystalline CeO, is distinguished by its enhanced electric conductivity, size lattice
relaxation, as well as, many other advantages to bulk CeO,. As to what has been
reviewed in Ref. [53], decreasing particle size of crystalline CeO, particles down to
nanoceria dioxide crystals results in the formation of oxygen vacancies which can be
further employed as descriptors for determining the valence state of Ce in the
nanoparticles. Actually, the large surface to volume ratio, then the inclination toward the
oxygen consumption, and basically, freeing Ce because of the reversible transition
between Ce® " and Ce*" ions altogether lead to enormous catalytic capacity of this
material. Nanoscaled CeO, is furthermore found applicable to the active area of research
for renewable energy, solid oxide fuel cells, water and air purification, optical glass
polishing and decolorizing, UV ray filters, and many others [53].

Doped nanocrystalline CeO,, however, deserves a special attention as the optimal doping
with Cu or Nd has proven efficient in inducing the semiconductor-to-metallic state crossover
[2,52] in nanoceria dioxide. Moreover, electrons localized at the vacancies may behave like
free charge carriers to contribute drastically to the electrical conductivity [54]. This
originates from the presence of free charge carriers, which are numbered in the nanoceria
lattice, as the number of oxygen vacancies becomes increased by Nd content [55].

Following Ref. [2], the IRR spectroscopy has been applied to nondestructively investigate
the mechanism of the influence of the plasmon due to the enhanced conductivity upon the
phonon spectra with increasing Nd content in nanocrystalline CeO, This material is a
polar semiconductor so that both phonon and plasmon excitations can be registered in the
IRR spectra, whereby the plasmon-phonon coupling mechanism can be explored, while the
extent to which the system acquires metallicity can be assessed. Radovic et al. [2] have

recorded the infrared reflectivity spectra on pure and Nd-doped CeO,_y nanopowders at

ambient temperature in far-infrared region from 100 up to 700 cm™'.

Fig. 2.6 shows the IRR spectra of undoped and Nd-doped CeO,_, nanopowders fitted with
the two models: coupled plasmon-phonon and decoupled plasmon-phonon with double-
damped Drude term. The concentration of the dopant is increased from 0% to 25%. The
IRR spectra markedly differ from those done on bulk CeO,, as the bulk reststrahlen region
is split into two extended TO-LO modes over 200—550 cm™~! range with decreasing
crystallite size. The splitting is more pronounced in samples with rather small crystallite
sizes and is accompanied with the redshift of the two LO modes, as well. Also, one can
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Figure 2.6
Infrared reflectivity spectra of undoped and Nd-doped CeO,_, nanopowders involving the two
theoretical fits based on coupled plasmon-phonon and decoupled plasmon-phonon model. The
credits for the figure are given to M. Radovic, Z. Dohcevic-Mitrovic, N. Paunovic, S. Boskovic, N. Tomic, N.
Tadic, I. Belta, Infrared study of plasmon-phonon coupling in pure and Nd-doped CeO,_,, nanocrystals, |.
Phys. D Appl. Phys. 48 (2015) 065301—065306. https://doi.org/10.1088/0022-3727/48/6/065301.

notice that with the raise of the dopant concentration, the low energy Drude tail and the
screening of the phonon modes became more and more prominent, due to the strong
presence of the free charge carriers. In the actual fact, increasing Nd content in the
nanoceria dioxide lattice can generate a huge number of oxygen vacancies [2], while the
plasmon-phonon interaction in the Nd-doped samples gets stronger.

Following the fits based upon both models applied (Fig. 2.6), all the plasmon modes
registered in all nanoceria dioxide samples exhibit a frequency decrease with Nd doping,
as can be seen from Fig. 2.7. The shift in the plasma frequency toward lower energies with
increasing Nd concentration occurs owing to the weighted effective charge carrier mass, as
there is no dopant impact on the free carrier concentration [2]. In fact, the plasma
frequency is inversely proportional to the effective electron mass. This feature, together
with the enhanced plasmon-phonon coupling with Nd doping, affords us a better insight
into the transport properties of crystalline nanoceria based on the infrared-derived optical
conductivity [48].

4. Electron spin resonance

4.1 Short introduction to electron spin resonance technique

ESR exemplifies a very sensitive and informative experimental technique, based on the use
of magnetic field, which continues to find countless applications not only in solid state and
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Evolution of the plasma frequency with the increased Nd dopant concentration as inferred from
the two models: coupled plasmon-phonon and decoupled plasmon-phonon. The credits for the
figure are given to M. Radovi¢, Z. Dohcevic-Mitrovic, N. Paunovié, S. Boskovic, N. Tomi¢, N. Tadic, I. Belca,
Infrared study of plasmon-phonon coupling in pure and Nd-doped CeO,_, nanocrystals, J. Phys. D Appl. Phys.
48 (2015) 065301—065306. https://doi.org/10.1088/0022-3727/48/6/065301.

nano, but also in biomedical and environmental sciences. By means of ESR spectroscopy,
one is able to directly probe electron spin response at resonance that certainly makes ESR
as one of the most powerful probe to investigate magnetic properties in various compounds.
More interestingly, ESR stands for both noninvasive and contactless tool with ability to
analyze accurately the nature and dynamics of charge carriers in conductive systems no
matter how their geometry welcomes electrical leads and contacts in an electrical circuit.

Familiarly known as CESR in abbreviated term, conduction electron spin resonance has
captivated much scientific attention for its capacity to measure the electrical conductivity
of systems from bulk over microsized down to nanoscopic conducting materials. In the
actual fact, in the conducting systems, the free electron motion exerting eddy current
leaves an impact upon the recorded signal at resonance through asymmetry as the definite
signature. This was originally recognized by Feher and Kip [56], Dyson [57] who put
forward that asymmetric CESR lineshapes originate as linear combinations due to the two
facts: (1) the attenuation of the AC field through the skin depth and (2) the capability of
itinerant electrons to diffuse backward and forward through the skin depth region in many
instances between consecutive spin flips that is only critical to transmission-based CESR
techniques. In the case of transmissive CESR, magnetization can penetrate far deeply into
metals unlike the AC magnetic field. This gives an extra contribution to enhancing the
asymmetry of the signals at resonance [58,59].

Dating back to the 1950's, Freeman John Dyson is the first in the field to be credited with
fully deriving the asymmetric CESR profiles. For the obvious reasons, such CESR lines
are referred in literature to as Dysonians of which asymmetry extent is oftentimes
quantified using A/B ratio (see the inset in Fig. 2.8), as common signature of metallicity
in CESR experiments.
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As with CESR operating in the reflection mode, Chapman et al. [61] developed an
approach based on Dyson’s theory to grasp both on- and off-resonance signal for the
various crystal shapes, such as flat plates, long cylinders, and spheres. This allows the
prediction of the asymmetric nature of CESR absorption profiles depending on geometry
of the conducting samples with different size. Furthermore, Platzman and Wolf [62]
examined spin waves excitations at resonance in paramagnetic metals that are described
within the frame of Fermi-liquid theory. Their extended theory boils down to Dyson’s in
the limit of short momentum relaxation times. Dyson’s theory was additionally generalized
to involve various shapes of conducting crystals at desirable resonant magnetic field
directions [63—65]. Later on, Kaplan pointed out that there is a substantial discrepancy
between Dyson’s theory and experimental results recorded in CESR based on the
reflection mode [66]. Actually, CESR becomes recoiled rather with electric than magnetic
component of the frequency-dependent electromagnetic field. The component of electric
field is known to get easily coupled with the free electron momentum across the surface
via relativistic spin-orbit interaction. This fact finds its application in the quantum
mechanical density matrix method, which ultimately brings about the rather general form
of CESR signal as [67]:

X" (w)cosg + x'(w)sing. (2.22)

Terms x” and x’ represent the absorptive and dispersive parts of the CESR signal. The
magnitudes of their contributions are measured with cos¢ and sin¢, respectively, both of
which disappear in the limit of highly conductive samples, where ¢ is the signal phase.
Eq. (2.22) does represent a particular manifestation of Dysonian, which falls into the range
of the so-called “NMR limit” [68,69]. In that case, the electron diffusion rate is
considerably slower as compared to the spin relaxation rate, and there is no need to
consider other limits so as to reasonably infer CESR spectra of usual metallic samples.
Spin dynamics itself as regards this case can lead to nothing but Lorentzian-profiled
absorptions (x”), unlike the situations with reduced dimensionality or motionally narrowed
signals [70,71].

In a recent CESR study [60], the authors have favored Kaplan’s approach, made for
analyzing the CESR lineshape, to impart a valuable piece of information on the
conductivity of samples with different geometries. Key lengths and points of CESR lines,
necessary for simplification of a fitting procedure of CESR lineshape, have been
established in this account to analytically derive, as well as, grasp the geometry

independent asymmetry ratio limit A/B— (5 +3+/3 ) /4, encountered in literature as
universal 2.55 limit, when the CESR is carried out on extremely conducting samples. A/ B
ratio value markedly evolves once nano- or microsized metallic samples start to
agglomerate into larger ones that makes the CESR technique especially helpful in
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monitoring the extent to which the clustering takes place [72,73]. Moreover, in Ref. [60],
the phase dependence of the asymmetry ratio A/B is given as

(1 + 2cos 2?(1)) (3cos (g — ?) + sincj))
A/B= 57 (2.23)
4cos E—? 1 + sin E_Z_qﬁ
6 3 6 3

which can be further employed to relate A/B with the conductivity. Namely, Chapman
et al. [61] introduced the parameter n=d /0, where d represents the characteristic length
od the sample (thickness or diameter), while o is the skin depth at given resonant
frequency. It is exactly this quantity that is in correlation with the sample conductivity.
The absorptive and dispersive parts of the CESR signal in Ref. [61] are respectively x(n)
and y(n) so that y(n)/x(n) exactly corresponds to tan¢ in Ref. [60]. According to

Ref. [61], x(n) and y(n) for the three relevant geometries look like

x(n) = sinh(n) + sin(7) 1+ cosh(n)cos(n)y
Plate = Zn(cosh(in) +cos(n)) — (cosh(n) + cos(n)) (2.24)
y(n) = sinh(n) — sin(n) sinh(n)sin(n)

2n(cosh(n) +cos(n)) = (cosh(n) + cos(n))z'

() = 1 - 2(Ber(9)Ber’ () + Bei()Bei’ (9))(Ber(9)Bei’ () — Ber'(9)Bei())
(Ber*(99) + Beiz(t(}))2 ’

y(n) = (Ber'(?) — Bei*(9)) (Bei'?(9) — Ber'?(9)) — 4Ber(1)Bei(d)Ber' (1) Bei' (9)
(Berz(t‘}) + Beiz(t‘}))2 ’

Cylinder= <

where 9=7/V2.
\

) (2.25)
gx(n) = i ::4774—
8(sinh(n) + sin(n)) N 8sinh(n)sin(n) sinh(n) —sin(n) sinh?(n) — sin’(7)
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n(cosh(n) —cos(n))  (cosh(n) — cos(n))*
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This set of the three dependencies allows us to compute A /B versus logn as is presented in
Fig. 2.8. Oftentimes, A/B can be expended in the form of the linear approximation with
respect to either m or is proportional to the conductivity of the probed spins. The latter
approximation works well in the case of the carbon nanotubes [3] of which CESR-based
charge carrier transport is going to be discussed in detail throughout the upcoming section.

4.2 Carbon nanotubes

As a building brick that takes fascinating variety of forms such as diamond, fossil fuels,
and graphite, together with innumerable compounds derived from it, carbon stands for
one of the most impressive elements in the periodic table. Increased focus of renewed
scientific interest in carbon has stepped into the realm of novel carbon-based materials,
specifically known as the carbon allotropes at nanoscopic level, such as carbon
nanotubes. These were first discovered as multiwalled forms by Iijima in 1991 [74]
initiating the golden era of the physics and chemistry of carbon nanostructures. Carbon
nanotubes are distinguished by their outstanding electronic, mechanical, and transport
properties revealing uncorrelated (semi)conducting nature of the tubes in relation to the
curvature and chirality. They also prove suitable for various applications which spam
from the use as light and electron emitters [75] up to optical biosensors for life sciences
and biomedicine [76].
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Figure 2.8
Asymmetry ratio A/B dependence on log(n) regarding the three relevant geometries: infinite
plate (black), long cylinder (dark red), and sphere (dark blue). All the three curves converge to
the asymptotic A/B ratio of (5+431/3)/4 at n— . The inset represents graphically the A/ B
ratio in an arbitrarily selected CESR line. The figure is adopted from D.M. Djokic, D. Stepanenko, Z.
Dohéevié-Mitrovié, Extreme conduction electron spin resonance: A/B— (5+3+/3)/4, the universal limit of
lineshape asymmetry ratio, J. Magn. Magn. Mater. 491 (2019) 165616. https://doi.org/10.1016/].
Jmmm.2019.165616.



Transport properties of nanoscopic solids 31

Even with the aid of nanoscaled technologies, making ideal electric contacts to adequately
probe nanotube conductivity remains a perplexing puzzle. Electron backscattering,
imbalanced injection of incident electron modes, and high-ohmic contact resistance are
identified as the chief culprits at minuscule dimensions. However, nanotubes with large
diameters have the added advantage of favoring low-ohmic contact resistance in a
four-probe electric measurement [77]. This made them perfectly suited for the
investigation of quantum interference caused by the Aharonov—Bohm effect specific by
the pronounced magneto-resistance oscillations as a function of magnetic flux [78].

Despite their short diameters, transport electric properties of multiwalled nanotubes
oftentimes remain consistent with theoretical models used to describe disordered
conductors in 2D. This might be explained by the fact that the electron wavelength is quite
smaller than the nanotube diameter [79]. On the other hand side, one-dimensional essence
of carbon nanotubes becomes already evident through specific heat and thermal lattice
conductivity measurements since the phonon wavelength exceeds typical nanotube
diameters [80], unlike the before-mentioned electron wavelength. Moreover, according to
Ref. [81], it has been demonstrated that the electric transport in single walled carbon
nanotubes exhibit a dependence in agreement with Luttinger liquid models.

Temperature and power-dependent CESR on an ensemble of metallic SWCNTs have been
performed to infer their transport properties based on the insights into the spin dynamics
[3]. The powder-form samples comprised acid-purified laser-oven SWCNTs which were
prepared using the standardized annealing procedure, while the related CESR spectra were
recorded as a function of temperature from 3.4 K to the ambient temperature at the
X-band spectrometer. To yield a rather detailed insight into the transport mechanism, the
authors of Ref. [3] studied the temperature evolution of the asymmetry Dysonian line
shape parameter, « =A/B, which is to the first order approximation proportional to the
conductance of the probed electron spins. These can relax by interaction with itinerant
electrons that are present in metallic SWCNTSs. In addition, the spin dephasing rate at
resonance narrows with increasing temperature, which is a signature of the motional
narrowing, a phenomenon that is particular to metallic systems.

Temperature dependence of the natural logarithm of conductivity, In(¢) which in this case
boils down to In(«), is oftentimes plotted versus n-th root of inverse temperature [41].
Exponent n provides information on the charge carrier transport mechanism and when n
approaches 1/4, it leaves a hallmark of 3D Mott VRH transport mechanism [37].

As shown in Fig. 2.9, the Dysonian asymmetry parameter tends to follow a three-
dimensional variable-range hopping behavior at low 7. From the scaling relationships in
Eq. (2.12), the localization length of the electronic wave function, &, is roughly estimated
to be ~ 100 nm, whereas the DOSs g(er) amounts ~ 10! localized states per (eV x cm’)
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Figure 2.9

Natural logarithm of the asymmetry parameter, «=A/B, graphed versus the fourth root of
inverse temperature. The logarithm is found to undergo the 3D VRH mechanism. The data are
taken from W.D. Rice, R.T. Weber, P. Nikolaev, S. Arepalli, V. Berka, A.L. Tsai, J. Kono, Spin relaxation
times of single-wall carbon nanotubes, Phys. Rev. B 88 (2013) 041401—041405. https://doi.org/10.1103/
PhysRevB.88.041401.

around the Fermi energy. The traditional four-point probe transport measurements on the
similarly prepared SWCNT samples [3] have, to some extent, corroborated the present
picture of the CESR observed 3D VRH at low T.

As with nanoscopic systems such as SWCNTSs, one can even venture to state that the VRH
conduction mechanism, owing to the localized edge/surface states positioned around Fermi
level, may extend even over a wide range of temperatures [1]. At high temperatures, the
conduction mechanism in bulk systems commonly runs intrinsically via thermal activation
through conduction bands. On the other hand side, there are, as a rule, defect states across
the nanotube surface, effectively making its pristine length quite short and comparable to
nanoscaled dimensions (Fig. 2.10). In this case, the overlaps between the orbitals decrease
to cause the bands to become less dense. This leads to the band splittings to eventually
open up wide gaps at rather high energies. Bands that are high in energy have, therefore,
tendency to fade away so does the conduction band, as contrary to an ideally pristine
SWCNT. It is thus reasonable to adopt that VRH mechanisms may apply up to somewhat
higher temperatures in defected nanotubes. Certainly, the intrinsic thermally activated
transport via conduction band can be ignored comparing to the VRH due to the evanescent
DOSs, as is given in Fig. 2.10.

5. Concluding remarks

In summary, noncontact measurements of transport have been evidenced to offer various
advantages to studying novel nanoscopic materials such as: multiferroic crystalline BiFeO3
nanoparticles, doped nanocrystalline CeO, used for fuel cell applications, as well as,
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Figure 2.10
Plots of the electronic density of states versus energy for an ideally pristine (upper part) and a
defected semiconducting SWCNT (lower part), computed using the tight-binding model. The
electronic states of the defects forming the effective SWCNT edges are given in green circles. They
are distributed around Fermi level at zero energy above which the DOS perishes gradually as the

energy goes higher.

single walled carbon nanotubes exploited for molecular electronics and spintronics.

The transport properties of these novel multifunctional materials have been reviewed in
this chapter in the light of noninvasive spectroscopic techniques which involve: RS, IRR,
and ESR. Through brief introductions made at the beginning of each section, these three
contactless spectroscopic tools have been described in detail.
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VARIABLE RANGE HOPPING MECHANISM OF CARRIER
TRANSPORT IN BiFeO3; NANO-PARTICLES REVEALED VIA
RAMAN SCATTERING TECHNIQUE

Dejan M. Djokié¢, Bojan Stojadinovi¢, Dimitrije Stepanenko,
Sonja Askrabi¢, Zorana Dohcevi¢-Mitrovié

Nanostructured Matter Laboratory, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11 080 Belgrade, Serbia

Single-phase multiferroic BiFeOs compound has recently captivated much
attention because of its desirably high ferroelectric Curie temperature of ~1100 K
and antiferromagnetic Néel temperature Tn of ~640 K, which both slightly decrease
with decreasing crystallite size. As such, BiFeO; at nanoscale proves to be promis-
ing for prospective applications in memory smart devices, satellite communications,
novel sensing technologies, and spintronics. In order to meet these industrial
requirements, the electric resistance of BiFeO; nanopowders must far exceed low
msulation electric transport values, of which mechanism 1s hard to capture using
contact probes. As highly informative experimental tool, Raman spectroscopy
demonstrates ability to assess the nature and dynamics of charge carriers in
conductive systems in a contactless indirect manner. In the present study we have
analyzed broad electronic Raman scattering response of BiFeOs; nanoparticles as a
function of temperature (80-723 K) from which the carrier scattering rate can be
estimated [1]. Two different 3D phonon-assisted Variable Range Hopping (VRH)
electron transport mechanisms have been detected. VRH model due to Mott [2] is
accompanied with the high-temperature paramagnetic phase (above Tx), whereas the
VRH mechanism based on Efross & Shklovskii model [3] has been revealed in the
strongly correlated low-temperature phase (below Tn). Our preliminary estimation
of the electronic density of states above Tx exceeds number of 10! electron states
per (eV cm?®), which is in agreement with the finding by Ruby & Inbanathan [4]
obtained directly from DC electrical resistivity measurements in doped BiFeOs thin
films. In both cases the electron localization length has been found to closely match
the average nanoparticle size of few tens of nanometers. This finding indicates that
the system 1s disordered enough to localize the charge-carrier states within the
nanoparticles.

1. A. Zawadowski, M. Cardona, Phys. Rev. B, 42 (1990) 10732

2. N.F. Mott, Electronic Processes in Non-Crystalline Materials, Oxford Univ. Press, 1979
3. A.L. Efros, B.I. Shklovskii, J. Phys. C: Solid State Phys., 8 (1975) L49
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SPIN-PHONON COUPLING IN NANOSTRUCTURES REVEALED
BY RAMAN SPECTROSCOPY

Bojan Stojadinovi¢, Sonja ASkrabi¢, Novica Paunovi¢, Dejan Djokié,
Zorana Dohcevi¢-Mitrovié

Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080
Belgrade, Serbia

The knowledge of the subtle interplay between the spin and lattice degrees of
freedom (spin-phonon coupling) presents an important aspect in manipulating the
magnetic, ferroelectric and magneto-electric properties of composite nanostructures.

Spin-phonon interaction in magnetic nanostructures most often manifests as
non-typical temperature dependence of optical phonons frequencies, since phonon
energies can be influenced by the exchange coupling between magnetic ions at and
below the temperatures of magnetic phase transitions. Due to the complexity of
magnetic interactions in nanomaterials, the coupling between the lattice vibration
and the magnetic order can be different for different phonon modes and the coupling
strength may vary even in the case of the same spin-spin interaction. Raman
spectroscopy is a very powerful technique to elucidate the spin dynamics and the
effects of the interaction of optical phonons with different magnetic ordering. More
or less phonon frequency deviation from anharmonic behaviour manifests in the
Raman spectra as positive/negative frequency shift below magnetic ordering
temperature and is dependent on the relative strength of antiferromagnetic (AFM) or
ferromagnetic (FM) exchange interaction. From this shift it is possible to derive
estimates for the spin-phonon coupling strength.

The spin-phonon coupling mechanism will be demonstrated on the example of
two different magnetic nanomaterials, antiferromagnetic bismuth ferrite, BiFeOs,
and ferrimagnetic iron garnet, DysFesO;,. The spin-phonon interaction in these
materials was explained within the mean field approach which enabled to extract the
spin-spin correlation function and in addition allowed a quantitative assessment of
the spin-phonon coupling strength for different phonon modes.

26
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Abstract

®

CrossMark

The presented research introduces an innovative bottom-up approach, involving synthesis,
characterization and application of SnO, nanomaterials in advanced technologies. SnO,
nanosheets are synthesized with a hydrothermal method and screen-printed on a flexible
substrate with interdigitated electrodes. The obtained measurements reveal that the synthesized
material has a rutile crystal structure with preferable (1 10) orientation and oxygen-defects,
unique morphology and good electric conductivity. Multifunctional performance is evaluated
for gas and ultraviolet A (UVA; 365 nm) light sensing. The designed sensor shows a better
response to ethanol in comparison to 2-propanol and acetone, indicating the selectivity feature
among the investigated volatile organic compounds. Photocurrent measurements reveal a good

photoconversion rate, suitable for UVA monitoring.

Keywords: SnO,, oxygen vacancies, electrical properties, gas sensors, light sensors

(Some figures may appear in colour only in the online journal)

1. Introduction

Metal oxides stand out as a landmark in materials science due
to their unique properties, widely exploited in basic research
and technological applications. Among these materials, tin
oxide (SnO») is a prime example of multifunctionality, since
it possesses low electrical resistance combined with high
optical transparency in the visible spectrum. Such a feature
is highly demanded for optoelectronic devices (solar cells,
light emitting diodes (LEDs) and smart windows) [1-5]. Also,
SnO, based materials are recognized for their outstanding
surface related catalytic properties, leaving high impact on
gas-sensing performance and broad applications in sensing
technologies [6—8]. Chemical gas sensors based on tin oxide

1361-6463/19/385305+7$33.00

films, coupled with heater elements, gave rise to the golden
era in the evolution of commercial products for monitoring of
various types of gases, over the past three decades. However,
with the recent advancement of sensor network technolo-
gies and increased need for sensor array devices, focus on
the application of tin oxide sensors has shifted to cost-effi-
cient platforms, low power consumption (room temperature
operating conditions) and to the sub ppm detection range.
Significant efforts are being continuously invested in nano-
materials design to improve sensors sensitivity and selectivity.

Chemical routes for the synthesis of SnO, nanomaterials
have been evolving in parallel with wide adoption and appli-
cation of these materials in advanced technologies. Among
such processes, the hydrothermal method has proven to be

© 2019 IOP Publishing Ltd  Printed in the UK
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the most versatile, reliable, repeatable, clean and environ-
mentally-friendly technique for obtaining SnO, nano-
materials with targeted properties. The portfolio of the
hydrothermal method in synthesis of tin oxide-based nano-
materials extends over different types of dimensionality and
morphologies, like nanocrystals [9, 10], nanowires [I1],
nanorods [12, 13], nanoneedles [14, 15], nanosheets [14-20],
snowflakes [21] and nanoflowers [22]. An accumulated library
of knowledge points to the fact that low dimensional 0D and
1D materials usually have a larger specific surface area than the
3D microstructures, which is highly desired in sensor applica-
tions, but they have poor thermal stability. For example, nano-
particles easily tend to form agglomerates, transforming into
polycrystalline material and discarding their unique proper-
ties related to their nanostructured nature, whereas nanosheet
structures are highly effective in mitigating the agglomera-
tion, yielding better structural integrity. Also, synthesis of
SnO, nanosheets has gained a lot of research interest in recent
years since they exhibit exceptional selectivity feature towards
ethanol sensing [15-17, 20, 23], compared to the other nano-
structures. Two of the biggest problems facing hydrothermal
synthesis of tin oxide nanosheets is the precise control of the
oxidation state of Sn ions over the exposed surfaces and con-
trol of impurities concentration (highly reduced SnO phase)
[24]. Optimization of hydrothermal parameters for synthesis
of SnO; into clean and single phase nanosheet morphology is
one of the foundations for their successful application in sen-
sors technologies.

Recent technological developments imposed strong
demands for the integration of multifunctional properties
of nanomaterials into a single device [25, 26], where metal
oxides like SnO; hold great potential to meet market demands.
Still, many precise and sophisticated technologies used for the
fabrication of state-of-art devices involve complex processes
which are not compatible with large scale production.
Therefore, alternative approaches need to be developed to
meet the high demand of such devices, like low-cost and mass
producible multifunctional platforms. A major challenge for
successful integration of nanomaterials in new technologies
lies in the preservation of the material fundamental properties
through the functionalization process. This challenge is
conditioned with the low production cost of the final device.
Lots of research activities are currently dedicated to the
development of flexible electronics [27], aiming to take
advantage over traditional rigid platforms in cost, mechanical
flexibility, biocompatibility and biodegradability.

The main idea behind the conducted research was to
uncover versatile surface properties of SnO, nanomaterials
and to develop a simple and potentially scalable bottom-up
approach for implementation of such unique properties into
sensing devices, by combining hydrothermal synthesis and
screen-printing functionalization. Basic parameters of the
hydrothermal method, such as the precursor type, pH value
and reaction temperature, were optimized for obtaining SnO,
nanopowders with the desired structural, morphological,
electrical and sensing properties. Functional paste for the
screen-printing of synthesized nanomaterial was specially
formulated in order to preserve materials fundamental

features without the need for an additional high-temperature
curing step. The undertaken approach revealed great potential
for the application of SnO, nanosheets, with enhanced surface
features, in alcohol gas-sensing and UVA photodetection.

2. Experimental

The hydrothermal method was used to synthesize SnO,
powder. The starting precursors were tin(IV) chloride pen-
tahydrate (SnCly-5H,0) (Acros Organics, Belgium), sodium
hydroxide (NaOH) (Sigma-Aldrich, USA) and hydrochloric
acid (HCI) (Centrohem, Serbia). Initially, HCl and distilled
water were mixed and stirred on a magnetic stirrer, at 50 °C,
for 30 min, to produce the solution with a pH between 0 and
1. Further, SnCly x 5H,0 (17.529 g) was added and the mixed
solution was homogenized under constant stirring. The NaOH
solution was added dropwise until the the pH value of the
solution reached 9. After this process, a whitish liquid was
formed and transferred to the autoclave and heated to 180 °C
for 12h. The obtained powders were filtered and dried.

Fabrication of an interdigitated electrodes (IDE) structure
and functionalization of the synthesized powders was achieved
by screen-printing, using an EKRA 2H screen printer. Silver
IDEs were printed using commercial Novacentrix Metalon
paste with 75% of Ag loading. The SnO;-based screen-
printing paste, used for deposition of the sensitive layer, was
prepared by dispersing 2 g of SnO, synthesized nanoparticles
into 400 pl of terpineol (Sigma-Aldrich). To this dispersion,
600ml of polyvinyl pyrrolidone (Sigma-Aldrich) ethanol
solution (1 g/10ml) was added. Then, dispersion was treated
with an ultrasonic horn for 5min and the obtained paste was
left at room temperature to dry for 24 h. The dried film was
treated at 100 °C for 2h.

X-ray diffraction (XRD) measurements were performed
on a Rigaku MiniFlex600 system in the 20° to 80° range,
with 0.03° scan step. Scanning electron microscopy (SEM)
images were taken with JEOL JSM 6460 LV microscope.
Micro-Raman measurements were performed on a Tri
Vista 557 Raman system equipped with a nitrogen-cooled
charge-coupled device (CCD) detector, using a 532nm laser
line (Coherent Verdi G) as an excitation source. Electrical
analysis was performed using the impedance spectroscopy
measurements on SP-200 Biologic potentiostat/galvanostat,
in the 10 Hz-7 MHz frequency range. DC measurements
were collected on a Yokogawa-Hewlett—Packard 4145A
semiconductor probe analyzer. Gas-sensing performance
was evaluated using a custom-built chamber equipped with
nitrogen purging inlet/outlet, evaporator and fan. Photocurrent
measurements were collected using a custom-built set-up with
high power LED, operating at 365 nm with power of 100 mW.

3. Results and discussion

XRD spectra of the synthesized SnO, powder is shown in
figure 1(a). The diffraction peaks can be indexed to tetragonal
rutile phase characteristics for tin oxide, with corresponding
Miller indices denoted for each diffraction peak according to
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Figure 1. Structural and morphological characterization. (a) XRD
spectra of the synthesized SnO, powder. (b) Large area SEM image of
the nanosheets. The inset shows magnified image with denoted sheet
thicknesses. (c) Raman spectra of the synthesized SnO, nanosheets.

JCPDS card 21-1250. No traces of impurities or other phases
were observed. Sharp and narrow diffraction peaks suggest
good crystallinity of powders composed of larger crystallites,
even though the low hydrothermal temperature was used. The
most intense peak in the diffraction spectra comes from the
(110) plane, unlike the reported spectra for some sintered
and crystalline SnO, samples, where (10 1) peak is dominant
[28]. Calculation of the relative ratios between the intensi-
ties of the main diffraction peaks in figure 1(a), in compar-
ison with the literature data [28], leads to the assumption that
synthesized crystallites have a preferable (110) orientation.
Such an assumption is justified with several theoretical and
experimental studies [29-31], which demonstrated that (110)
is the most stable surface of tin oxide with the lowest forma-
tion energy.

The morphology and particle size of the SnO, powders
were investigated by the SEM technique. An SEM micrograph
of the SnO, nanosheets is given in figure 1(b). The inset of
figure 1(b) shows a magnified SEM image with determined
thicknesses of several representative nanosheets. As shown,
synthesized SnO, powder is composed of nanosheets whose
lateral dimensions are in the 1 yum—10 pm range and the thick-
ness of the individual sheets is around 100 nm.

Based on analysis of XRD and SEM results, it can be
noted that selected parameters of the synthesis process pro-
duce exposed surfaces of the SnO; nanosheets with dominant
(110) surface termination, which is most suitable for gas-
sensing applications [31].

Figure 1(c) presents Raman spectra of the synthesized
SnO, nanosheets in the 400cm™~'-750cm ™! range.

The most prominent peak and two weak features are
assigned to first order Raman active phonons of SnO, rutile
structure (triply-degenerate Eg mode and doubly-degenerate
A2g mode) [32]. A very interesting feature in the presented
spectra is the appearance of the defect-related mode (Vo) at
580cm ™! attributed to the formation of oxygen vacancies and
surface mode (S) at 690cm™! which is activated by surface
structural disorder [32, 33]. Reported results by Diéguez et al
[32] and Rumyantseva et al [33] provide clear evidence that
the Raman intensity of these modes is strongly related to sur-
face oxygen species, with a strong influence on the gas-sensing
properties of SnO, nanomaterials. A pronounced Vo peak in
the measured spectrum is a fingerprint of the high concentra-
tion of the oxygen vacancies in the synthesized nanosheets
with high potential for applications in sensing technologies.

After successful synthesis and characterization, the SnO,
nanosheets were functionalized into sensor components using
versatile screen-printing technology. A PET substrate was
chosen as a flexible platform for integration of a sensor trans-
ducer and sensitive layer, because this material is extensively
used in modern food and beverage packaging technology.
Transducer fabrication was performed by screen-printing of
Ag paste in the form of IDEs on the PET substrate. Printed
silver paste was cured at 200 C for 1 h and the resulting IDE
structure has 200 microns width of individual digits and 100
microns gap between the digits. The effective surface area of
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Figure 2. (a) (Left) Image of the printed SnO; nanosheets on

the IDE electrodes and PET substrate. (Right) 3D profile of the
screen-printed film, determined with optical profilometry. (b)
Imaginary part of complex impedance as a function of frequency.
The upper right inset presents the Cole—Cole plot extracted from
the impedance measurements. The lower left inset shows DC
characterization in the form of /(V) curves.

the electrodes is 28 mm?. Next, the paste with SnO; nano-
particles was screen-printed on top of the electrodes. The
resulting printed device, exhibited in figure 2(a), is featured
by thickness of 32 um and has a uniform coverage of the IDE
structure, with a relatively flat surface as presented in the 3D
optical profile image.

AC electrical characterization of the designed sensor device
was performed using the impedance spectroscopy measure-
ments in the 10 Hz—7 MHz frequency range and the obtained
results are shown in figure 2(b). Electrical response of poly-
crystalline materials is commonly described using an approxi-
mate microstructure model combining grain regions, grain
boundaries regions and electrodes [6]. The dependence of the
imaginary part of the impedance (Z”) with frequency revealed
a single broad peak. The appearance of such peaks in the
impedance spectrum is a signature of relaxation processes that
occur during the current transport and they can be described
with the mentioned microstructure model. The main peak in
the imaginary part of impedance is centered at a frequency
of 2.6kHz, which could be used for extracting the value of
electronic relaxation time in the material 7 = 1/f ~ 0.4 ms.
A relatively long relaxation time is favourable for photo-
voltaic and photocatalitic applications, since it can ensure a
longer lifetime of photo or thermally generated electron-hole
pairs. In the upper right inset of figure 2(b), the Cole—Cole
plot extracted from impedance measurements is shown. The
single semicircle arc observed in the Cole—Cole plot can be
attributed to grain boundary electrical resistance and the onset
of the uncomplete arc can be ascribed to the contribution of
the electrode resistance (for the frequencies below 100 Hz)

[34, 35]. The origin of the dominant grain boundary resistance
can be explained by taking into account the results of the SEM
measurements, where it was established that the synthesized
powder consists of nanosheets with a lot of contact surfaces
between individual particles. Additional charge is accumu-
lated at the opposite sides of the contact surfaces, disrupting
the electron flow between the nanosheets and giving rise to
the so-called interfacial polarization in impedance measure-
ments. The intersection of the Cole—Cole plot with the Z’ axis
occurs near the origin, which reveals negligible grain resist-
ance (R, =~ 0).

From the diameter of the existing semicircle (figure
2(b), inset), we could estimate grain boundary resistance
R, ~ 2.7k, as well as microscopic electrical conductivity:

Oop = Ri (%) ~2025Sm™".

gb
Furthermore, the capacitance of grain boundary Cyj, ~ 0.14 uF
is calculated from the value of relaxation time and grain
boundary resistance [18].

DC electrical characterization is shown in the lower left
inset of figure 2(b), as the I(V) curve measured in the —5 V
to +5 V range. The curve has a linear response in the wide
voltage range, indicating ohmic contacts between the printed
film and electrode surface. The prepared device exhibits very
good current values in comparison to similar resistive oxide-
based sensors [6-8, 35], which represents a very good starting
point for application of the synthesized SnO, nanomaterial
in sensing devices. DC conductivity opc = 6.7Sm™! of
nanosheets was calculated from /(V) measurements. From
direct comparison of AC/DC measurements, it can be noted
that the main contribution to electrical resistance in the DC
regime also comes from the detected interfacial polarization,
which can be observed as a low frequency tail of the main
peak in the Z” spectrum in figure 2(b).

Afterwards, the gas-sensing performance of the SnO,
printed device was investigated. In figure 3(a), the dynamic
gas response curves are shown, for the SnO, nanosheets,
towards different concentrations of ethanol (from 10ppm to
500 ppm), measured at room temperature and low relative
humidity (10% RH). Sensor response is defined as the ratio
between air (Ra) and target gas (Rg) resistivities ($ = Ra/
Rg). Variations in sensor response are typical for n-type semi-
conductor materials and the sensor shows a high response for
the investigated ppm concentrations of ethanol. The response
and recovery times are shown in the inset of figure 3(a). The
printed sensor has average response times and relatively good
and stable recovery times, even at higher levels of ethanol
vapor, which is very important for sensing performance.

For practical applications, the ethanol concentration of
50ppm is of great interest, since it is the concentration usu-
ally measured by breath analyzers and food decay monitors
[36, 37]. Therefore, we have conducted selectivity testing
to establish the influence of the most common interfering
VOC gases and humidity on the performance of the designed
sensor. In figure 3(b), time resolved gas responses of the SnO,
nanosheets towards 30% RH and 50 ppm of ethanol, 2-pro-
panol and acetone vapor are compared. The obtained results
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Table 1. Comparison of the gas sensing performance of hydrothermally synthesized SnO, nanomaterials. In the table, morphology,
hydrothermal temperature, transducer design, response and recovery times, sensor response, selectivity and operating temperature are
presented from the literature data.

ht temp Resp/Rec Selectivity Operating

Morphology °0) transducer time Response  feature temp Ref
SnO,/graphene composite 120 Ceramic + Au IDE / 15 NH3 RT [40]
Sn0,@rGO composite 180 AlLO3; + Au IDE 61s/330s 47.6% CHy4 150 C [41]
Porous nanotubes 160 Al,O3 tube + Au electrodes  65/20 s 7.5 / / [42]
Porous nanosheets 120 AlOs tube + Au electrodes <10 s 6 Ethanol 300 C [17]
Flower-like structures 180 / 20s/15s 87 No 250 C [43]
Nanoneedles and nanosheets 180 AlOs tube + Au electrodes 6s-21s  33-65 Ethanol 240 C [15]
Hollow spheres 120 / 5s 11 No 350C [44]
Nanosheets 180 PET + Ag IDE 100s/40s 1.3 Ethanol RT This work
clearly show that humidity has the strongest influence on the 25 -
sensor performance at room te.mperature. A recent.study [38] a) o Respons? tlme' x| Eithans]
has demonstrated that activation of ethanol sensing on the | - e
SnO; surface is driven by low levels of humidity, but the intri- 2150 R
cate .dc.:tection Ipechanism is quit§ d.ifferent for .ethanol and B o) g o o [Recovery time] 500 ppm
humidity, offering the tool for eliminating the influence of = g o
humidity by calibration. In comparison with other VOC gases, % TR R TR 480 560
the investigated sensor has a higher response towards ethanol @ Elnane] congenralion (ppm
with faster response/recovery times, whereas the response is o 200 ppm
significantly lower for 2-propanol and acetone. % 1.5

The inset of figure 3(b) shows variation in sensor response )
for different VOC concentrations. The limit of detection
(LOD) for ethanol was obtained from the linear fit of exper-
imental data, shown in the inset of figure 3(b), and the cal- 1.01 ' . . . ) —
culated value of 1.5 ppm suggests that SnO, nanosheets have 0 5(')0 10'00 15‘00 20'00 25'00 3000
very good operating sensitivity in the 1 ppm to 500 ppm range. Time (s)
Reported DFT calculations [30, 31] have established that a
SnO; (1 10) surface has the highest adsorption affinity for gas B
molecules and therefore offer very good sensing characteris- ’ 30% RH
tics. Keeping in mind the above mentioned findings, it can b) 2o =e—Ethanol
be stated that good sensitivity and selectivity originate from 2 1:8_ o 2-propanol a
unique surface termination, morphology and defect structure o 2 . Aceto/
of the synthesized SnO; nanosheets. In comparison with the & 2.0 =l /o/ ¢
previously reported data on hydrothermally synthesized SnO, S %12 4 R
nanomaterials, presented in table 1, the obtained results in @ Diolee8—s o
the presented research suggest that the undertaken approach & 0 100 200 300 400 500
offers relatively good sensing characteristics of the synthe- 2 1.5+ Concentration (pprm)
sized nanosheets. One of the most important advancements $ Ethanol 50ppm
in the presented research can be viewed through utilization of 2-propanol 50ppm
low cost technology for sensor fabrication and in the use of Acetone 50ppm
low hydrothermal temperature with no subsequent calcination 1.0 - =
steps for obtaining the high quality SnO, nanosheets, with 0 100 200 300 400 500 600
ethanol selectivity feature. Time (s)

In order to fully exploit the potential offered by the
hydrothermally synthesized SnO, nanosheets, time-resolved ~ Figure 3. Characterization of gas sensing properties. (a) Time
photoconductivity measurements of the same sensor were per-  cS0lved gas sensing measurements of the SnO,-based sensor

f d h o fi 4 Analvsis of the obtained for different concentrations of ethanol, at room temperature. (b)
ormed, as shown 1n figure 4. Analysis of the obtained meas- Dynamic response of the investigated sensor towards 30% RH

urements and comparison with literature data [39] revealed  and 50 ppm of ethanol, 2-propanol and acetone. The inset shows
that synthesized SnO, nanosheets produce high photocurrent variation in sensor response for different VOC concentrations.
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Figure 4. Time-resolved photocurrent response of the screen
printed SnO, nanosheets.

values and that the sensor exhibits good photoconversion rates
suitable for UVA (315 nm—400nm) radiation monitoring, but
the rise and decay times (22s and 67s) are average and not
suitable for fast photodetection.

The major influence on the good photoconversion proper-
ties of SnO, nanosheets can be ascribed to specific surface
morphology and the formation of oxygen vacancies in the
crystal lattice, which was detected with SEM measurements
and Raman spectroscopy. Previous studies [29, 30] demon-
strated that oxygen vacancies introduce additional electronic
states above the O 2p valence band, which can have a strong
impact on the measured electronic relaxation time (figure
2(b)), the lifetime of the photogenerated electron—hole pair
and the observed good photoconversion rate for the UVA
radiation.

4. Conclusion

In summary, SnO, powder, with a unique structure, shape and
surface morphology, was synthesized by the hydrothermal
method. Results from XRD, SEM and Raman measurements
revealed that the synthesized sample exhibits a rutile crystal
structure, with a crystallite size in the micrometer range
and that the investigated powder consists of plane-shaped
nanosheets with a high concentration of oxygen vacancies.
Paste with SnO; nanosheets was screen-printed on a flex-
ible PET substrate with IDEs. AC measurements revealed
only a single relaxation time characteristic for interfacial
polarization, which originates from the contact surfaces
between SnO, nanosheets. DC measurements showed that
the designed device exhibits very good conductivity with
linear dependence of the sensor current with applied voltage.
Gas-sensing performance was evaluated at room temper-
ature through the detection of humidity and VOC vapors.
The designed sensor showed good response to ethanol in

comparison to 2-propanol and acetone indicating selectivity
feature of the SnO, nanosheets. Moreover, photocurrent
measurements showed that the printed flexible sensor has
very good photoconversion rate suitable for the UVA radia-
tion detection and monitoring.
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Abstract

Ultrafine pure and cobalt doped SnO, s nanocrystals (Sn; .Co O, 0 < x < 0.05) were synthesized by
microwave-assisted hydrothermal method. The as-prepared nanocrystals have single phase tetragonal rutile
structure. With increase of Co content (x > 0.01), Co entered into SnQ, lattice in mixed Co**/Co** state.
Pronounced blue shift of the band gap with cobalt doping originated from the combined effect of quantum con-
finement and Burnstain-Moss shift. Raman and photoluminescence study revealed oxygen deficient structure
of Sn0, 4 for which the prevalent defects are in the form of in-plane oxygen vacancies. Co-doping induced de-
crease of in-plane oxygen vacancy concentration and luminescence quenching. SnQ, s exhibited significantly
better photocatalytic activity under UV light irradiation, than Co-doped samples due to better UV light ab-
sorption and increased concentration of in-plane oxygen vacancies which, as shallow donors, enable better
electron-hole separation and faster charge transport.

Keywords: SnO, nanopowders, wet-chemical synthesis, defects, optical properties, photocatalysis

I. Introduction the synthesis of SnO, nanostructures with controlled
size and morphology. SnO, nanostructures like thin
films, nanobelts, nanotubes or nanowires, nanodisks and
nanocrystals have been prepared using different meth-
ods, such as carbothermal reduction process, hydrother-
mal and solvothermal, chemical vapour condensation,
laser ablation, sol-gel and molten salt techniques [9—
18]. However, for most of these methods relatively high
temperatures are required during the synthesis process
and the samples are usually subjected to additional ther-
mal treatment in order to achieve good crystallinity. In
recent years hydrothermal approaches appeared to be
widely applied as SnO, nanostructures can be obtained
with different morphologies and tunable size at mild
temperatures [8,19]. Microwave-assisted hydrothermal

Tin oxide (SnO,) is an n-type semiconductor with
large band gap (3.6 eV) at room temperature. Because of
its unique electronic, optical and electrochemical prop-
erties, SnO, is widely used in dye-sensitized solar cells,
transparent conductive electrodes, solid state sensors,
lithium-ion batteries and catalysis [ 1-7]. During the past
decade, SnO, nanostructures have become one of the
most important oxide nanostructures due to their excep-
tional properties and potential applications which are
strongly influenced by size effects and morphology [8].

In the past decade various efforts were devoted to
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synthesis (MAH) became a very promising method
for obtaining size and morphology controllable oxide
nanostructures due to the unique advantages, such as
fast heating rate and uniform heating without super-
heating of the solvent, which results in small particle
size, narrow size distribution and high purity of the ob-
tained nanopowders. Therefore, MAH appeared to be
very convenient method for obtaining ultrafine SnO,
nanopowders [19,20].

SnO, nanostructures are generally less studied as po-
tential photocatalysts compared to TiO, and ZnO, de-
spite its crystalline structure being similar to TiO, and
good properties such as high photochemical stability,
non-toxic nature, strong oxidizing power, and low-cost
[21]. In order to improve the photocatalytic efficiency of
Sn02, selective doping with metal ions, transition met-
als (gold, manganese, silver and iron) and rare—earth
elements (Ce, Sm, Gd) was performed and well pre-
sented in the review paper by Al-Hamdi et al. [21].
Among the transition metals, cobalt is rarely applied
as dopant. In fact, there are only few papers dedicated
to potential applicability of Co-doped SnO, nanostruc-
tures as photocatalysts [22-24], but none of them in-
vestigated the synergic influence of defective nature
and Co-doping on photocatalytic properties of very fine
SnO, nanocrystals. It is well known that photocatalytic
efficiency of metal oxide nanostructures can be influ-
enced by the presence of intrinsic defects such as oxy-
gen vacancies [25-28]. The presence of oxygen vacan-
cies strongly influences the charge recombination pro-
cess and the band gap structure. Namely, oxygen vacan-
cies introduce the defect levels (near conduction or va-
lence band) inside the gap and behave as trapping cen-
tres for photogenerated carriers preventing the fast re-
combination. Besides, oxygen vacancies can facilitate
the transferring of charge carriers to adsorbed species
(OH™ or water molecules and dissolved oxygen present
on the surface of the catalyst) and enhance the forma-
tion of reactive radicals which are responsible for im-
proved photocatalytic activity of oxide nanostructures
[26,27]. Moreover, the formation of defect states inside
the gap reduces the band gap and extends the absorption
to visible light [25,27]. The prominent intrinsic defects
in SnO, nanostructures are oxygen vacancies as well,
which form donor/acceptor states inside the SnO, gap,
influencing its electronic structure and making it con-
ductive [4]. As oxygen vacancies play a critical role in
many new physical phenomena, it is important to inves-
tigate associated changes in the optical and electronic
properties of pure and Co-doped SnO, nanomaterials
which can have a strong impact on photocatalytic ac-
tivity of these materials.

In the work presented here, ultrafine, nonstoichio-
metric pristine and Co-doped SnO,_; nanopowders were
synthesized via simple and cost effective microwave-
assisted hydrothermal method. This paper intends to
explore how defective structure and Co-doping pro-
voke changes of optical and electronic properties of
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SnO, _; nanocrystals influencing the photocatalytic per-
formances.

II. Experimental procedure

2.1. Materials preparation

Sn, Co, 0, (where x = 0, 1, 3 and 5mol%)
nanopowders were synthesized by microwave-assisted
hydrothermal method using SnCl, - 5H,0 (98%, Ald-
rich), CoCl, -6H,0, NaOH and HCI as starting pre-
cursors. Initially, 1 ml of hydrochloric acid was added
to 10ml of distilled water at 50 °C resulting in a so-
lution with pH between 0 and 1. Next, 17.529g of
SnCl, - 5 H,O was added and the mixed solution was ho-
mogenized under stirring with simultaneous increasing
of the water amount to approximately 50 ml. In a case
of the doped samples, 0.119g, 0.357g and 0.595 g of
CoCl, - 6 H,O were added to obtain 1, 3 and 5 mol% Co-
doped samples, respectively. NaOH was added drop-
wise under vigorous stirring until the pH of the solu-
tion was adjusted to 8. The mixed solution was placed
in a 110 ml sealed Teflon autoclave and subjected to mi-
crowave heating, applying 2.45 GHz of microwave ra-
diation at a maximum power of 800 W. The as-prepared
solution was heated at 140 °C for 10 min using heating
rate of 14 °C/min and then air-cooled to room temper-
ature. The as-prepared undoped and Co-doped SnO,
nanopowders were submitted to dialysis in order to be
separated from the solution and then dried at 80 °C for
12h.

2.2. Materials characterization

The crystalline structure and average crystallite size
of the Sn,  Co, O, ; samples were evaluated using X-ray
diffraction (XRD) measurements. The measurements
were carried out using an automatic X-ray diffractome-
ter (Rigaku, Rotaflex RU200B) with CuKea radiation
(50kV, 100mA, 2 = 1.5405 10%) in a 6-26 configuration
using a graphite monochromator. The 26 scanning range
was between 20 and 70°, with a step size of 0.02°. Mi-
crostructural analysis was made by transmission elec-
tron microscopy (TEM) FEI Titan 60-300 operating at
voltages between 60 and 300 kV, using a field emission
gun (FEG) with an objective lens (Super Twin) and a
corrector that allows resolution of 0.08 nm.

Micro-Raman scattering measurements were per-
formed at room temperature in the backscattering con-
figuration on Tri Vista 557 Raman system equipped with
a nitrogen-cooled CCD detector, using 532nm laser
line of optically pumped semiconductor laser (Coher-
ent Verdi G) as an excitation source. UV-visible dif-
fuse reflectance spectra were acquired with a Cary 5G
spectrophotometer in the 200—800 nm range. Diffuse re-
flectance spectra were transformed into the absorbance
spectra by the Kubelka-Munk method. The ellipsomet-
ric measurements were performed using high resolu-
tion variable angle spectroscopic ellipsometer (SOPRA
GESSE-IRSE) of the rotating polarizer type. The data
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were collected at room temperature in the UV-Vis spec-
tral range with a resolution of 0.02eV, for the inci-
dence angle of 70°. Photoluminescence emission mea-
surements were performed at room temperature using
Spex Fluorolog spectrofluorometer with C31034 cooled
photomultiplier under Xenon lamp excitation at 380 nm.

2.3. Photocatalytic experiments

The photocatalytic activity of the Sn;  Co,O, s sam-
ples, for the degradation of methylene blue (MB) as
model pollutant, was tested under UV illumination. The
different samples with the same photocatalyst amount
(150 mg/1) were immersed in 20 ml of an aqueous so-
Iution of methylene blue (5.0 mg/1). The beakers were
placed in a photo-reactor at controlled temperature
(15 °C), under magnetic stirring, and were illuminated
by six 15W UV lamps (TUV Philips, maximum inten-
sity at 254 nm). The solution was placed in the dark for
60 min to reach the adsorption/desorption equilibrium
before UV light exposure. Blank experiment without
UV irradiation demonstrated no adsorption of MB dye
on the surface of the Sn;_,Co, O, ; samples. The photo-
catalytic experiments were conducted at the natural pH
= 6 of MB dye. At regular time intervals 2 ml aliquots
were taken, centrifuged to remove any catalyst particles
and the concentration of the dye was determined by UV-
Vis absorption spectrophotometer (Shimadzu-UV-1601
PC) monitoring the variation of absorbance at 663 nm.

The formation of hydroxyl radicals (OH®) on the sur-
face of the SnO, ; sample under the UV light illumi-
nation was examined by photoluminescence (PL) tech-
nique using terephthalic acid (TA) as a probe molecule.
The detailed experimental procedure was described in
reference [29]. TA is known to react with OH® rad-
icals induced on the photocatalyst’s surface where it
produces highly fluorescent 2-hydroxyterephthalic acid
which shows an intense PL peak at around 425nm.
The intensity of this peak is proportional to the amount
of OH"® radicals [30,31] produced in the photocatalytic
process. The changes of the 425 nm PL peak intensity
were measured at room temperature using 315 nm exci-
tation.

II1I. Results and discussion

3.1. Crystal structure and morphology

Figure 1a shows XRD patterns of the Sn, Co,0, ,
(0 < x < 0.05) nanopowders, whereas the Rietveld re-
fined XRD spectra of the SnO, 5 and Sn sCoy, 150,
samples are presented in Figs. 1b and 1c. The XRD pat-
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Figure 1. XRD patterns of Sn, .Co, O, ; nanocrystals

(0 < x <0.05) indexed to tetragonal rutile structure of

SnO, (a), Rietveld refined XRD spectra of SnO,_; (b)

and Sn 4sCo, 4sO,_; (c) nanoparticles

terns of all the samples revealed single phase tetrag-
onal structure (cassiterite phase). The XRD peaks at
26.6, 33.8, 51.9 and 65.8° can be assigned to (110),
(101), (211) and (301) planes, which are in good agree-
ment with literature data (ICDS Ne 9163). No secondary
phases like Co oxides, Co clusters or other tin ox-
ide phases were observed. Moreover, broad diffraction
peaks of low intensities compared to those of bulk SnO,,
point to low crystallinity and small crystallite size of the
SnO, nanoparticles.

The average lattice parameters and unit cell volume
obtained from the Rietveld refinement data are given
in Table 1. These results showed an expansion of the
SnO, unit cell with increasing cobalt content up to 5%.
This variation originates from the substitution of smaller
Sn** cations (0.83 A) with larger Co>* cations in high
spin state (0.89 A) [32]. The slight shrinkage of the unit
cell observed for the 5% Co-doped sample can be re-
lated to the presence of increased amount of smaller
Co’* cations (Is: 0.68 A or hs: 0.75 A). The average
crystallite size (D) of the Sn;  Co O, s nanocrystals was
calculated with the Scherrer formula using the 110 re-
flection and their values are reported in Table 1. Obvi-
ously, the mean crystallite sizes of the undoped and Co-
doped samples are less than Bohr exciton radius (2.7 nm
for SnO,) [33] and with increased Co-doping the crys-
tallite size of the Sn;  Co O, ; nanocrystals decreases.
Such a trend implies that Co-doping has an inhibiting
effect on the crystal growth. This inhibiting effect of Co
on the crystal grains growth was already confirmed in
the work of Babu et al. [34].

TEM images of the undoped and Co-doped SnO, 4
samples are presented in Fig. 2. TEM images revealed

Table 1. Lattice parameters (a, ¢), unit cell volume (V) and average crystallite size (D) of the Sn, .Co,O, ; nanocrystals

Sample a=b[A] c[A] V[A3] D [nm]

Sn0, 4 4.722+0.002 3.180+0.003 70.905 2.5
Sny0C0y 00,5 4.747+0.002 3.201+0.003 72.131 2.4
Sny;C00 30,5 4759 +0.002 3.206+0.002 72.609 2.3
SngosC0y 050, 4744 +0.002 3.186+0.002 71.703 2.2
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Figure 2. TEM images of Sn, ,Co,0,_; (0 < x < 0.05)
nanoparticles

that the undoped SnO, ; sample is composed of single
crystalline nanoparticles of very small size and quasi-
spherical shape. The morphology of the Sn, ,Co, O, 4
nanoparticles remained the same with Co-doping. The
particles are of spherical shape with the size less than
3 nm, which is in good agreement with the results ob-
tained from XRD data. The observed agglomeration of
the Sn,_Co,O, s nanoparticles can be ascribed to small
crystallite sizes.

3.2. Raman analysis

SnO, tetragonal rutile crystalline structure (space
group P4,/mnm) has four active Raman modes (non-
degenerate Aj,, Big, By, modes, and a doubly degen-
erated £, mode), two active infrared modes (A,, and
E,) and two silent modes (Aa,, Bi,) [35]. The positions
of Ayg, Big, Byg and E, Raman modes in SnO, single
crystal under ambient conditions are 634, 123, 776 and
475cm™, respectively, and the A, and E, modes are of
much higher intensity compared to B, and B,, modes
[35].

The Raman spectra of nanocrystalline, non-
stoichiometric SnO, s are modified in comparison with
single-crystal or polycrystalline SnO,, because Raman
spectroscopy is more sensitive to intrinsic defects and
confinement effect than conventional XRD technique.
Namely, the position, bandwidth and intensity of Ra-
man modes are size dependent, i.e. Raman modes are
broadened, of lower intensity and shifted towards lower
or higher energies depending on phonon dispersion
curves. Besides, new modes of defect origin can appear
[36,37]. The room temperature Raman spectra of the
Sn, ,Co O, ; nanocrystals are presented in Fig. 3 and
they are deconvoluted using Lorentzian profiles (full
lines in Fig. 3).

In the Raman spectrum of the pure SnO, _;, the most
prominent mode is located at ~574cm!. This mode
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Figure 3. Deconvoluted room-temperature Raman spectra of
Sn,_.Co,0, s nanoparticles

is characteristic for non-stoichiometric SnO, ; and it
is not present in the Raman spectra of SnO, single-
crystal [35]. Density functional calculations performed
by Liu et al. [38] have shown that this mode arises
from in-plane oxygen vacancies (Vy,,) in the surface re-
gion of SnO, s nanoparticles, intensity of which is pro-
portional to their concentration. In very fine nanopar-
ticles this mode has the highest intensity due to the
increased concentration of oxygen vacancies. Raman
mode at ~627 cm™! can be ascribed to the A; ¢ mode of
rutile SnO, structure. This mode is of lower intensity,
broadened and shifted to lower wave numbers compared
to the bulk counterpart, due to the phonon confinement
effect [37]. As the crystallite size of the undoped SnO,
is smaller than the Bohr exciton radius, the size effect
can be very pronounced in this sample. Another broad
Raman mode at ~479 cm™' is assigned to E,; mode and
it is shifted to higher wavenumbers with size decrease
of SnO, _; nanocrystals [37]. Besides these modes, addi-
tional modes at around 430 and 540 cm™! appear. These
new modes are usually seen in very fine SnO, nanopar-
ticles [37-39], nanotubes [40] or nanoribbons [41] be-
cause of the increased degree of local disorder, i.e. loss
in long-range order due to the large number of lattice va-
cant positions, especially at the surface of nanoparticles.
These modes are of high intensity in small nanoparticles
and disappear with particle size increase. According to
some literature data, due to the relaxation of the selec-
tion rules in nanostructured SnO,, the mode at 540 cm!
is assigned to the Raman forbidden mode (By,) [40,41],
whereas the new mode at around 430cm’! can be as-
signed to the oxygen vacancy clusters (V¢) [39]. The
Ay, and E, modes exhibited redshift and broadening
with Co-doping. The redshift and broadening of these
modes are expected with substitution of Sn** ions with
larger Co** ions and decreased crystallite size due to
the phonon confinement effect. The positions and inten-
sities of the Ay,, E, and oxygen vacancy related modes
(Voin and V() are presented in Fig. 4. As it can be seen
from Fig. 4, the intensity of A, mode increases with
increased Co concentration, whereas the intensity of E,
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Figure 4. Positions and intensities of A;, and E, (a) and vacancy (V¢;, and V¢) (b) Raman modes

mode is higher in the Co-doped samples compared to
the undoped SnO, ;. The E, mode intensity slightly de-
creased in samples doped with higher Co content, as a
consequence of lattice distortion and reduction in lattice
space symmetry. The position of the Raman mode as-
cribed to in-plane oxygen vacancies (574 cm™!) did not
change significantly, whereas the Raman mode related
to vacancy clusters (430 cm™) shifts to higher energies
with Co-doping. The intensity of both modes decreased
in the Sn;, 4,Co,, 130, s sample and this trend is more ev-
ident for the Sn;, 45Co, 15O, s sample. The intensity re-
duction of oxygen vacancy related modes in these sam-
ples implies that the concentration of oxygen vacancies
decreased. The decrease of the oxygen vacancy concen-
tration is expected if the part of Co cations were in Co>*
state or if some Co cations were interstitially incorpo-
rated in SnO, ; lattice [33,42].

In order to see if Co cations substituted Sn** in Co**
state or the part of them was in Co>" state, UV-Vis
absorption measurements were performed and the ab-
sorption spectra of the Sn, Co,O, ; samples are pre-
sented in Fig. 5. In the UV range, the absorption spec-
trum of SnO, ; displays a strong absorption due to
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Figure 5. UV-Vis spectra of Sn,_,Co, O, ; nanoparticles
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the SnO, interband transition. Two peaks at 230 and
283 nm are superimposed giving the broad band which
might correspond to the surface Sn** species and to
the Sn**—Sn?* intervalence charge transfer, respec-
tively [43]. In Co-doped samples the broad band is
shifted to lower wavelength implying the band gap in-
crease with Co-doping. In the absorption spectra of
the Sn,, ,Co, 130, s and Sn;, 4sCo,, ;5sO,_; samples, new
bands appear. The band around 329nm can be as-
signed to the partial change of oxidation state of Co**
to Co’* [44], whereas the broad band around 400 nm
can be ascribed to 'Algv—2>]T2g transition of low spin
Co’* ions in octahedral environment [45]. The inten-
sity of these bands increased in the SngysCog (5O, s
sample pointing to the increased concentration of Co>*
ions. The bands around 544 and 635nm can be re-
lated to *A,(F)—>*T,(P) transition of tetrahedral Co?*
species [45]. Therefore, from the absorption spectra of
the Sny ;€0 (30, 5 and Sng 45C0y (50, 5 samples it can
be deduced that part of Co cations entered into SnO,
lattice in Co>" state, concentration of which increased
with the increased dopant content. This result supports
the finding obtained from the refined XRD spectrum of
the Sn;, 4sCo, 45O, s sample, since the shrinkage of the
unit cell was ascribed to the increased amount of Co®*
cations.

Our conclusions derived from absorption measure-
ments are well-supported by recently published work of
Roy et al. [46] concerning Co-doped SnO, nanocrys-
tals. From the XPS study, Roy et al. [46] confirmed the
mixed valence nature of Co ions in the host lattice and
they have found that the relative concentration of Co>*
exceeds that of Co** with the increase of dopant con-
tent. This study also showed that Co incorporation into
SnO, leads to the reduction of oxygen vacancies which
is consistent with our Raman study.

3.3. Optical and electronic properties

The investigation of complex dielectric function by
spectroscopic ellipsometry offers an insight into the
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Figure 6. Determination of the direct band gap for Sn, .Co, O, ; nanoparticles using Tauc law(a); variation of the band gap
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concentration of charge carriers r, for Sn, ,Co, O, ; samples (c)

most important optical properties of the nanomaterials,
such as, optical band gap, interband and intraband tran-
sitions, defect electronic states. The imaginary part of
dielectric function is directly related to the electronic
density of states and in a case of nanopowders it can be
deduced from the ellipsometric measurements by apply-
ing two-phase model approximation (in our case: SnO, g
nanocrystals/air). In order to investigate the optical band
gap behaviour and the influence of Co dopant on the
absorption edge in SnO, ; nanocrystals we applied the
Tauc model for direct band gap transition [47], knowing
that SnO, is a direct band gap material [48]. In this case
general expression for £;,(E) is:

(2 E*) = a(E ~ Ey) M
where E is the photon energy, E, is the band gap and a is
the constant related to the density of states for the con-
duction band. The Tauc plots of the Sn; ,Co O, ; sam-
ples obtained from ellipsometric measurements are pre-
sented in Fig. 6a. Linear extrapolation to zero absorp-
tion (straight lines in Fig. 6a) gives the band gap energy
values of the Sn;  Co O, ; samples.

In Fig. 6b, the dependence of the band gap energy
(from Fig. 6a) on dopant content for the Sn, Co, O, ;
samples is represented with open circles. It is obvious
that Co-doping induces an increase of the E,. Also, it
is important to notice that all investigated samples have
the band gap values higher than that for bulk SnO,. Such
changes in electronic properties of SnO, nanomaterials
can be a consequence of the quantum confinement ef-
fect. This effect causes an increase of the band gap value
due to the stronger localization of electronic states in-
side the volume of nanocrystals. The band gap energy
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shift, caused by this effect, can be calculated according
to the following relation [49]:

h2n?

2u - D?

AEC" )

E, +

where E, is the band gap value for the bulk SnO,
(3.6eV), D is the crystallite radius and y is the reduced
effective mass of the electron-hole pair. From the XRD
results it was obtained that the average crystallite size
of the undoped SnO, ; nanocrystals is lower than Bohr
exciton radius, and that it has a tendency of further de-
crease with Co-doping. Therefore, it is reasonable to
take into account the quantum confinement effect in or-
der to properly analyse the band gap behaviour of the
Sn, Co,0O, s samples. Taking the D values from Table
1 and knowing that 4 = 0.38my [48], the band gap val-
ues (AE;’"”) that arise from the quantum confinement ef-
fect were calculated using Eq. 2. The AE,™ values are
presented in Fig. 6b with open squares. Comparing the
AE" values with E;'” ones it is obvious that observed
band gap increase of the Sn, Co, O, ; samples cannot
be ascribed only to the quantum confinement effect.
Another effect that can cause a shift of optical ab-
sorption edge to higher energies is the Burstein-Moss
effect, which becomes more relevant in doped semicon-
ductors (like transparent conducting oxides) with high
charge carrier concentration. The Burstein-Moss effect
is already registered in doped SnO, thin films [50,51].
According to this effect, the widening of the optical gap
is caused by metallic doping and increase of carrier den-
sity which leads to the filling of empty semiconductor
electronic states in the vicinity of Fermi level and its
shift to higher energies. Assuming parabolic bands and
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spherical Fermi surface the band gap shift due to the
Burstein-Moss effect can be calculated by simple rela-
tion [4]:

h? 2/3
AESM = (37° - n) 3)

U

where & is Planck constant, u is the reduced effective
mass and 7, is the carrier concentration.

Additional charge, i.e. increased charge carrier den-
sity in pure and doped SnO, ; nanocrystals, can orig-
inate from the donor type defects like oxygen vacan-
cies and Co-dopants. Raman spectra have already ev-
idenced defective structure of SnO, ;, whereas Co**
dopants bring additional charge when substituting Sn**
ions. Hence, the observed increase of the E, from Fig.
6b can be ascribed to the Burstein-Moss shift (AESM).
Combining Egs. 2 and 3 it is possible to estimate the
concentration of charge carriers (n,) in the Sn; ,Co O,
samples and the obtained values are presented in Fig.
6c. These calculated values are in good agreement with
literature data for SnO, thin films [52]. As can be seen
from Fig. 6¢, doping of SnO, ; nanocrystals with Co
ions causes an increase of the charge carriers concen-
tration and shift of the optical absorption edge toward
UV region, making the investigated material more con-
ductive and at the same time more transparent.

It is well known that large number of defects, such as
oxygen vacancies or vacancy clusters, can be formed at
the SnO, nanoparticles surface and subsurface [21]. In-
trinsic oxygen vacancies can be of three types: in-plane
(Voin), bridging (Vpp) and subbridging (Vpspg) vacan-
cies [36,38]. These vacancies can be in different charge
states, i.e. vacancies which trap one, two or none elec-
trons, so called F*, F* and F** centres, and they can
form defect levels inside the SnO, 5 gap [53]. Among
the optical spectroscopy methods, photoluminescence
(PL) spectroscopy is convenient method to investigate
the defect structure of the pure and Co-doped SnO,
samples.

Room temperature PL spectra of the SnO,,
Sng 99C0y ;0,5 and Sn; 45Co (5O, s samples using a
wavelength of 380nm for excitation are presented in
Fig. 7a. The PL spectrum of SnO, s is deconvoluted

into four Gaussian peaks centred at 510, 575, 470 and
446 nm (inset of Fig. 7a). In the deconvoluted PL spec-
trum of the undoped SnO, ; two bands dominate: broad
intense band centred at around 510 nm and another band
of lower intensity at around 575 nm. Since the excita-
tion and emissions are both lower than the band gap
of SnO, 4, neither of these PL bands can be ascribed
to the recombination of the Sn 4p conduction electrons
with a holes from a O 2p band. The broad green lu-
minescence around 510 nm is already seen in SnO, thin
films [10] and nanoparticles [36] and it was attributed to
the in-plane oxygen vacancy defects [36]. Therefore, the
strong PL peak at 510 nm (2.45eV) is ascribed to Vy;,
defects. This finding is in accordance with correspond-
ing Raman spectrum in which the most prominent Ra-
man mode originates from in-plane oxygen vacancies.
Another PL band at 575 nm (2.15eV) can be ascribed to
the isolated bridging oxygen vacancy defects, i.e. singly
ionized F'* defects [53]. The PL bands around 470 and
440 nm were seen in SnO, nanopowders [54]. These PL
bands obtained with similar excitation line as in our case
were ascribed to have excitonic origin [54]. It is well
known that excitonic bands are formed near the band
edge and they are usually of much narrower bandwidth
than PL bands which originate from defect structures.
As the band gap of the SnO, ; sample is around 4 €V, it
can be concluded that PL bands at 446 and 470 nm lie
deeper in the gap. Hence, it is unlikely that these two
bands originate from some excitonic states. Perform-
ing density functional calculation for defective SnO, 4
nanocrystals, Liu et al. [38] have shown that PL. peaks at
446 and 470 nm originate from the subbridging oxygen
vacancies, Vpsp. Schematic model for different relax-
ation processes in the SnO, s nanocrystals is presented
in Fig. 7b.

Co-doping induced complete reduction of PL inten-
sity. Even the smallest percent of Co-doping (see Fig.
7a) almost completely quenched the luminescence. By
integrating the spectra of the Sn;_, Co O, ; samples from
Fig. 7a, the areas within the boundary of emission were
calculated for both undoped and doped samples in or-
der to compare the quantum efficiencies. As the spectra
were recorded under the identical excitation/absorption
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Figure 7. Room-temperature PL spectra of Sn, ,Co O, ; nanoparticles (a) and the schematic of relaxation mechanism (b)
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conditions, the drop in quantum yield value was esti-
mated to be nearly 93%, which evidently implies that
cobalt doping drastically quenches the photolumines-
cence of SnO, ;. It has been already demonstrated that
Co ions act as luminescence quenchers for metal oxides
like TiO, or ZnO, decreasing the intensity of PL emis-
sion by forming the large number of nonradiative cen-
tres [55,56]. Therefore, it can be inferred that Co-doping
of the SnO, ; nanocrystals increases the nonradiative re-
combination processes.

3.4. Photocatalytic performances

The degradation of MB under the UV light in the
presence of the Sn, Co, O, ; samples is shown in Fig.
8a. The blank experiment in the absence of the cata-
lyst (black curve) displayed almost no photocatalytic
degradation of MB under UV irradiation. The SnO,
nanoparticles exhibited high photocatalytic activity as
the degradation of MB was completed after 6 h. The
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Figure 8. Photocatalytic degradation of MB in the presence
of Sn, . Co,0,_; samples (inset: pseudo first-order reaction
kinetics of SnO,_; sample) (a) and illustration of proposed

photodegradation mechanism under
UV light illumination (b)

photocatalytic efficiency of the SnO,_; nanoparticles is
much better than the ones of bulk SnO, [53] and is com-
parable to other reported works on SnO, nanoparticles
[24,57]. Photoinduced degradation of MB was signifi-
cantly slower in the presence of Co-doped samples. Af-
ter 6 h, the MB degradation of 50% was obtained in the
presence of the Sn, 4oCo, 0, catalyst, whereas sig-
nificant decrease of photocatalytic activity was regis-
tered for the Sn,, 4,Coy, 130, 5 and Sn; 4sCo ,sO, 5 sam-
ples. The obtained results are in accordance with the
solitary work of Entradas et al. [22] who showed that
increased Co-doping resulted in the decreased photocat-
alytic activity of SnO,. The experimental kinetic data
for SnO, ; catalyst were fitted to the rate equation of a
pseudo first-order reaction In(C/Cy) = kt, where k is the
rate constant and Cy and C are the initial dye concen-
tration and that at time #. The reaction kinetics for the
SnO, ; catalyst (inset of Fig. 8a) follows the first order
and the reaction rate constant estimated from the slope
of the linear fit is 0.323h!'. The degradation process of
MB is initiated when the electron-hole pairs are formed
on the SnO, ; surface under the UV irradiation. Photo-
generated electrons and holes, if not recombined, can
migrate to the catalyst surface and react with adsorbed
oxygen, water molecules or hydroxyl anions generating
hydroxyl (OH®), superoxide (O3") or (HO3) radicals.
These reactions can be presented by Eq. 4-8:

SnO, + hy — SnO,(eg, + hi) (4)
€ + Ogaqs — 03 ®)
h{, + H,O — H" + OH"* (6)
h?, + OH" — OH® 0
0y + H* — HO} )

The photocatalytic efficiency of semiconductors like
SnO, can be enhanced by introducing lattice defects
such as oxygen vacancies because these defects can be
active sites on the photocatalyst surface and delay the
recombination of photogenerated electrons and holes
[21,58]. The as-prepared SnO, ; nanopowders are very
much oxygen deficient as confirmed by Raman results.
The oxygen vacancies can form defect states inside
the gap influencing the electronic structure of SnO,
nanoparticles, as already seen from PL spectrum. By
applying complementary techniques such as ultravio-
let photoelectron spectroscopy and ion-scattering spec-
troscopy, Cox et al. [59] analysed oxygen vacancy elec-
tronic states on the SnO, surface and they showed
that in-plane oxygen vacancies Vy;, form defect elec-
tronic states inside the SnO, gap near the conduc-
tion band behaving like F* centre donor states. Bridg-
ing/subbridging oxygen vacancies form states near the
valence band [59] playing the role of hole acceptors.
These donor/acceptor states can serve as carrier traps for
electrons and holes ensuring better charge separation ef-
ficiency and suppression of e-h recombination process.
Besides, doubly ionized (F**) or singly ionized (F*)
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in-plane or subbridging vacancies formed at the surface
of the catalyst facilitate charge transfer to adsorption
species like H,O or O,, forming reactive radicals re-
sponsible for dye degradation. The holes, hJ,, trapped
by oxygen vacancies at the nanoparticle surface react
with adsorbed H,O or OH ™ groups to form OH" radicals
(Egs. 6 and 7). Besides, electrons, e, can be trapped
by surface F** vacancies which convert to F*. Molec-
ular oxygen adsorbed on the SnO,  surface can capture

electrons located on F* states [58] to form O3~ radicals:

e+ F'* — F* )
F"+0,— O + F*™* (10)

Therefore, it is reasonable to assume that in-plane
and subbridging/bridging oxygen vacancies in different
charge states play significant role in enhancing the pho-
tocatalytic efficiency of SnO, ;. The proposed mecha-
nism of photodegradation process is presented in Fig.
8b.

Among the reactive radicals, OH® radicals are con-
sidered to be the most important oxidative agent in
photocatalytic reactions on metal-oxide nanostructures.
They have one of the highest oxidation potentials among
the oxidizing species (2.8 V) and can rapidly attack
pollutants on the semiconductor surface. These radi-
cals are considered as non-selective oxidizing species,
since they can oxidize almost all electron rich organic
molecules because of its electrophilic nature. OH® rad-
icals are usually formed by the reaction between the
holes and OH™ or water molecules present on the
surface of the catalyst (Egs. 6 and 7). The forma-
tion of OH® radicals on the surface of UV-illuminated
SnO, ; was tested by performing the experiment with
terephthalic acid, described in detail in section 2.3.
The concentration of OH® radicals was estimated from
the intensity change of the PL peak attributed to 2-
hydroxyterephtalic acid which is known to be propor-
tional to the amount of OH® radicals formed [30,31].
Figure 9 showed that intensity of PL peak at around
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Figure 9. PL intensity change of 430 nm peak observed
during UV illumination of SnO,_; sample in the solution of
terephthalic acid and recorded at different time

430nm gradually increased with the prolonged irradi-
ation time pointing to the higher formation rate of hy-
droxyl radicals. This result indicates that increased for-
mation of OH® radicals has a great effect on the photo-
catalytic activity of SnO, ;. Further investigations will
be directed to the estimation of the optimal SnO, con-
centration and the influence of solution pH on the SnO,
photocatalytic properties. In that sense, more detailed
mechanism study needs to be performed.

With Co-doping the photocatalytic performances of
SnO, ; were deteriorated. The reasons can be found in
increased number of nonradiative centres with increas-
ing cobalt concentration which act as trapping centres,
immobilizing the fast transfer of photo-generated elec-
trons to the nanoparticle surface. However, one of the
main reasons can be found in the decreased concen-
tration of oxygen vacancies which promotes the charge
separation enhancing at the same time the photocatalytic
activity. Also, the increased band gap of the Co-doped
samples decreases the number of photons with sufficient
energy to initiate photocatalytic processes, i.e. less UV
energy is absorbed.

IV. Conclusions

Single phase ultrafine Sn,  Co O, ; nanocrystals, of a
tetragonal (cassiterite-type) crystal structure, were pre-
pared using a simple microwave-assisted hydrothermal
synthesis at low temperature without the addition of
any surfactant. Rietveld refinement of the XRD data
showed that Co cations entered substitutionally into
SnO, ; lattice and the unit cell volume increased up to
x = 0.05. The slight shrinkage of the unit cell of the
Sn,, 4sCo,, 45O, sample was ascribed to the increased
amount of Co>* cations. The average crystallite size
of the SnO, ; nanocrystals was less than Bohr exci-
ton radius and it was found to decrease with increas-
ing Co-doping level. UV-Vis absorption measurements
confirmed that Co cations entered into the SnO, ; lat-
tice in mixed valence state for higher dopant content (x
> (0.01) and the concentration of Co>* cations increased
in the Sn;, 45Co, 15O, s sample. Raman spectra revealed
oxygen deficient structure of the SnO, ; nanocrystals,
whereas the oxygen vacancy concentration decreased
with increased Co-doping. Further, Co-doping brought
significant changes in the optical and electronic prop-
erties of tin oxide. SnO, 5 nanocrystals exhibited blue
shift of the band gap energy, compared to the bulk coun-
terpart, due to the combined phonon confinement and
the Burstein-Moss effects. The optical band gap energy
increased with increasing Co concentration. The lumi-
nescence process in SnO, ; nanocrystals mainly origi-
nated from oxygen vacancy related defects and it was
completely quenched in the Co-doped nanocrystals due
to the increased nonradiative recombination processes.
The oxygen-deficient SnO, _; was efficient for the light-
induced degradation of methylene blue. Enhanced pho-
tocatalytic activity of SnO, ; can be ascribed to the
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oxygen vacancies-assisted better charge separation and
faster charge transport to adsorbed species. On the other
hand, deteriorated photocatalytic performances of Co-
doped SnO, _; nanopowders can be ascribed to the de-
creased oxygen vacancy concentration and less amount
of absorbed UV light because of the band gap widening.
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of ~ 350mQcm violates the Mott-loffe-Regel criterion, corroborating that the transport does not pro-
ceed through conduction bands. Conductivity was probed noninvasively via Raman contactless setup and
studied as a function of temperature.
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Introduction. Multiferroic BiFeO3 has recently attracted much at-
tention due to its desirably high ferroelectric Curie temperature
of ca 1100K and AF Néel temperature Ty of around 640K, both
decreasing only slightly with decreasing crystallite size [1,2]. At
nanoscales, BiFeO3 turns out to be rather prospective for indus-
trial applications in photovoltaics, satellite communications, elec-
trically accessed magnetic memory, and novel sensing technologies
[3]. Electric resistance of BiFeOs3 is one of the crucial parameters
that must meet the relevant industrial requirements. In order to
avoid leakage of electric charge, achieving high resistivity is one of
the main concerns, and using nano-powders is seen as a promising
development route.

As a highly informative experimental tool, Raman scattering
spectroscopy stands for a local probe also being able to assess the
nature and dynamics of charge carriers in conductive systems in a
contactless way. On the other hand, it is exceedingly hard to iden-
tify the transport mechanism responsible for charge conduction us-
ing exclusively the contact probes [4,5]. Raman spectral response
of the scattered light in metals with disorder and doped semi-
conductors is typically composed of several peaks due to the Ra-
man active phonon excitations and a smooth frequency continuum
which reflects direct electronic response [6]. This letter focuses on
the temperature evolution of this continuous spectral background
which is formed by low-energy electronic excitations, and referred
to in the literature as the Raman electronic background [7-11]. The
charge carrier scattering rate is intimately linked to the electronic

* Corresponding author.
E-mail address: djokic@ipb.ac.rs (D.M. Djokic).
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background in Raman spectra. This enables us to follow the char-
acter of charge transport in BiFeO; nanoparticles undergoing the
AF/PM phase transition at the temperature around 640K.

As the particle size decreases into nanoscale domain, two cru-
cial changes affect the charge transport in semiconductors. Band
structures become distorted with decreasing particle size and,
eventually, the states change their nature to get localized. Be-
yond certain scale, there is no conduction band and the commonly
adopted picture of the intrinsic semiconductor transport due to the
thermal activation via conduction band states breaks down. As the
structure becomes more and more disordered, localization centers
that can trap carriers appear more prominent with the decreas-
ing particle size. Therefore, hopping varied with distance between
the localization centers can be safely hypothesized to be the dom-
inant transport mechanism even at high temperatures due to the
evanescence of the conduction band.

Our measurements of temperature dependent electronic Raman
background on the multiferroic BiFeO3; nanoparticles of high pu-
rity, synthesized via sol-gel method [12], have been interpreted
in terms of the VRH transport mechanism, which appears lead-
ing even at quite high temperatures. The role of localization cen-
ters is played by the surface states localized within particles, and
with energies in the vicinity of Fermi level. An exceptionally high
value of resistivity has been evidenced which rules out a metal-
lic type of conductivity to make VRH a viable transport mecha-
nism in the BiFeO3; nanoparticles. We communicate a detection of
the two different 3D VRH charge carrier transport mechanisms in
the nanoscaled BiFeOs, as probed by Raman spectroscopy. They
correspond to different impact of electron correlations upon the
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transport on the opposite sides of the AF/PM phase transition. In
the AF phase, the transport can well be described by the Efros-
Shklovskii VRH theory [13], while in the PM phase, the transport
follows the original Mott VRH theory [14].

Raman Scattering Spectra. jp-Raman scattering measurements
were performed using a Linkam THMSG600 microscope heating-
cooling stage in the temperature range from 80K up to 723K.
Raman spectra were collected in backscattering configuration on
TriVista 557 Raman system equipped with a nitrogen cooled CCD
detector. The A = 532nm line of solid state Nd:YAG laser was used
as an excitation source with sub-mW laser powers on the sam-
ple in order to eliminate heating effects. In the u-Raman spec-
tra of BiFeOs; nanoparticles measured over 80 — 723K, more than
thirteen optical phonon modes of A; and E symmetry have been
observed. These spectra, deconvoluted using Lorentzian absorption
profiles, are shown in Fig. 1 for four representative temperatures.

The total number and frequencies of the observed Raman ac-
tive phonon modes of BiFeO3; nanoparticles are identical to those
detected in temperature dependent Raman scattering spectra car-
ried out on bulk BiFeOs single crystals [15], apart from the split-
tings of some of the polar LO+TO phonon modes in the BiFeO3
nanoparticles [16,17]. In bulk, factor group analysis predicts ex-
actly thirteen (4A; + 9E) Raman active phonon modes [18]. Unlike
the bulk BiFeOs3, the Raman active optical modes of the BiFeO3
nanoparticles are seated on a distinctively broad spectroscopic fea-
ture (Fig. 1 shaded in light gray), which markedly varies with tem-
perature. A similar spectroscopic background consisting of a non-
resonant continuous profile was encountered in metal-oxide thin
films [19], but with nearly structureless and of a rather enhanced
intensity. This background is associated with a purely electronic
Raman response, i.e. electronic scattering contribution independent
of phonon bands, as a result of the atomic scale surface rough-
ness. Furthermore, inelastic Raman scattering by particle-hole pair
excitations was evidenced to lead to the emergence of electronic
background in both metal-island films with adsorbants [20] and
in very small metallic particles [21], which was interpreted in
terms of the momentum conservation breakdown in the presence
of the surface states. In hole-doped manganese perovskites, Liu
et al. [22] found out that the broad electronic Raman response,
accompanied with the scattering by conduction electrons, exhibits
a distinctive change through the phase transition which could be
followed quantitatively by the evolution of electron correlation ef-
fects.

A theory that describes and quantifies the profiles of Raman
electronic background in ”dirty” conductors was first developed
by Falkovsky [7]. The author observed the effects of electronic ex-
citations at low energies via scattering by impurities or phonons
to include a finite momentum transfer (q # 0) caused by the fi-
nite penetration depth. Soon afterwards, Zawadowski and Cardona
[8] employed a Feynman diagrammatic approach to evaluate the
Kubo response function in the ladder approximation [23] for q =
0, establishing a close connection with the charge carrier trans-
port lifetime. Feynman diagrams for nonresonant Raman scattering
are given in Fig. 2(a). The wavy lines denote photon propagators
with initial and final (momentum, energy): (I?,»,a),') and (Ef,wf)
up to the reduced Planck’s constant. The incoming photon gener-
ates an electron-hole pair scattered by a phonon or impurity ex-
citation (¢ = k; — k. @ = w; — ). In the ladder approximation, a
phonon or impurity (dashed line in Fig. 2(a)), excited by the elec-
tron within the pair, is caught by the counterpart hole and vice
versa. Finally, due to the dominating ladder-like diagrams, the ap-
proximation leads to the electronic Raman differential cross section
[9,11], which can be written down as

d?o o 1 T
dod2 ~ 7" X T—exp (—hw/ksT) 1+ (@1)?

(1)

The constant <% depends on several factors varying from one
experiment to another [10], which we attach no importance to
in the present study. Bose-Einstein thermal correction factor and
Drude-like expression are given by the second and third term in
the product, respectively. The effective scattering rate, 1/7, includes
two terms,

1/t = 1/19 + Dg?, (2)
—— N~
bulk nano

where 1/t denotes the scattering rate of the charge carrier by im-
purities in the g = 0 limit coming from the bulk channel, and the
second term describes the effects of momentum non-conserving
processes. The bulk term will be safely disregarded in the present
case.

Actually, there is no evidence of the electronic Raman back-
ground in bulk semiconductor BiFeO3 crystals [15], as opposed to
the present case of BiFeO3 nanocrystals (Fig. 1). The second term
in Eq. (2), which originates from the nanoscopic nature of the
crystalline BiFeO3 particles is due to the momentum conservation
breakdown. Thus, q = 27 /(¢), where (¢) represents the character-
istic length of the expected nanoparticle size. We can automatically
assume that the second term dominantly contributes to the effec-
tive scattering rate 1/t. Prefactor D represents the diffusion con-
stant and is intimately related to the electric resistivity p by the
Einstein relation: D~! = e2g(er)p, where e =1.6 x 10-1° C, with
g(ef) as the average value of the density of electronic states that
give rise to the conduction in the vicinity of Fermi level [9]. The
temperature evolution of the effective scattering rate 1/t can be
followed from Fig. 2(b) delineating a temperature set of the nor-
malized Drude-like Aw-dependences extracted from the measured
Raman temperature dependent spectra of the BiFeO; nanoparticles.

Charge Carrier Transport. Temperature variation of the logarithm
of conductivity, In(1/p), is oftentimes plotted as a function of
(1/T)" in disordered materials, such as nano BiFeOs, and “badly”
conducting ceramics [25]. Exponent n imparts information on the
DC conduction mechanism. When it is close to 1/4, n bears a signa-
ture of 3D Mott VRH transport mechanism [14], whereas an n value
close to 1/2 indicates the presence of strong Coulomb correlations
in 3D VRH [13]. Both VRH conduction mechanisms are supposed to
prevail at low temperatures owing to the localized states around
Fermi level in bulk semiconductors with disorder (blue arrow in
Fig. 2(c) left). At rather high temperatures, the conduction runs by
thermal activation via conduction band of the intrinsic semicon-
ductor (red arrow in Fig. 2(c) left). However, once the particle size
reaches nanoscales, the overlaps among the orbitals decrease. As a
result, the bands become too sparse to cause splittings by open-
ing up rather large gaps. The bands high in energy, such as con-
duction band, therefore tend to disappear as often encountered in
disordered nanoscale samples, contrary to the corresponding bulk
matter. For that reason, it is reasonable to assume that VRH mech-
anisms are applicable over temperature ranges that may extend up
to higher temperatures in disordered nanostructures like BiFeOs,
and surely far outweigh the intrinsic thermally activated transport
via conduction band which can be ignored, as is given in the right
part of Fig. 2(c).

Crystalline BiFeO3; nanoparticles exhibit the phase transition
around 640K. At temperatures below it, the Coulomb correlations
become sufficiently strong to form the AF phase, while above it
the absence of the correlations is manifested through the weakly
metallic-like PM state. We postulate the presence of localized sur-
face states with energies close to the Fermi level that mediate the
VRH transport over an extended temperature range. Temperature
variations of In(1/t), which is «In(1/p) by Einstein relation, do
differ on two sides of the AF/PM phase transition. The n values,
which straighten out the In (1/t) o« T™" curves are essentially dif-
ferent in the two phases.
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tions (solid lines). The processes are of third order in electron or hole scattering
by phonons and impurities. Electron and hole contributions are represented by up-
per and lower diagrams, respectively. y, stands for electron-photon interaction (O
vertex), while y, stands for electron-phonon interaction (O vertex) [24]. (b) Tem-
perature dependent Raman electronic Drude-like background of BiFeO3; nanoparti-
cles (Fig. 1) normalized by both Bose-Einstein thermal correction factor and <7
(Eq. (1)). Cubes in green follow the temperature evolution of effective scattering
rate 1/7, in temperature (T)-Raman shift (ﬁw) plane. (c) Conduction mechanisms
due to the intrinsic activation from valence to conduction band (red arrow) and
VRH promoted by localized states around Fermi level (blue arrow) in bulk (left) and
nanocrystal (right) semiconductor. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Temperature (T~") dependence of the logarithm of the effective scattering
rate (In(1/t)) for T < Ty in figure (a) with n = 1/2 and for T > Ty in figure (b) with
n = 1/4. Linear fits are given in red lines. (c) TESCAN SM-300 image of the surface
morphology of the BiFeO3; nanoparticle batch and (d) the related histogram of the
particle diameter distribution (bars in gray) fitted by the normal distribution func-
tion (GauR) given in red line with (64 £+ 2) nm as the mean value and (28 + 2)
nm as the standard deviation. f(¢) stands for the frequency of appearance with re-
spect to the nanoparticle size ¢. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

The temperature dependences of In(1/t) are linearized against
T—", with n = 1/2 (Fig. 3(a)) and n = 1/4 (Fig. 3(b)) in the strongly
correlated AF (T < Ty) and PM phase (T > Ty), respectively,
which is in accordance with the predictions for the applica-
bility of the two VRH mechanisms [13,14]. To be precise, the
temperature evolution of In(1/t) is proportional to (T,/T)", with
kgTyjp ~ e?[(4mege &) for n=1/2 [13] and kgTy )4 ~ 18.1/(g(ep)E3)
for n=1/4 [26], where kz=1.38x10"23]/K and ¢, = 8.85 x
10~'2F/m. Parameter £ is the localization length of wave function
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of the electronic surface states, while €, represents the relative
permittivity constant, calculated as €, ~ 28 using the impedance
dielectric spectroscopy of nanocrystalline BiFeO3 [27].

Relying on the extracted slopes from the two linear fits in
Fig. 3(a) & (b), we have come up with & ~ 7nm. This finding
proves quite meaningful as a localization length of wave function
of the electronic surface states since & < (¢), where the average
particle size (¢) reaches up nearly to 66nm. This value has been
computed as the mean value from the Gaufian particle size distri-
bution obtained from Scanning Electron Microscopy (SEM) image
of BiFeO3 nanoparticles at room temperature and using the Scan-
ning Probe Image Processor software (Fig. 3(c) & (d)). Furthermore,
the density of localized states, g(ef), can also be determined by
manipulating the fitting parameters extracted from Fig. 3(a) & (b).
Namely, g(er) ~ 2.1 x 108 localized states per (eV x c¢m?3) in
the high temperature PM phase. This allows us to estimate the re-
sistivity value p from Eq. (1) and the Einstein relation. Thus, fol-
lowing Fig. 2(b), at high temperatures h/t ~ 250 cm~!, where h =
6.626 x 10~34Js. Accordingly, p ~ 4m27/({€)%e2g(eF)) ~ 350 mQcm
at lowest. Its extraordinarily high value is not possible in conven-
tional metals and exceeds the maximum resistivity value allowed
by the Mott-loffe-Regel limit of at most ~ 1 mSQcm [28,29], which
classifies nanocrystalline BiFeO3 as a bad conductor. This finding
strongly suggests that the conduction band energy sector is likely
to fade away to ultimately acquire markedly low electronic density
of states, leaving no room for the fixed thermally activated trans-
port to take over 3D VRH. Nevertheless, other reliable experimental
tools, such as AC/DC transport measurements, infrared and electron
spin resonance spectroscopy on somewhat larger particles, might
be a good proposal to uphold the validity of the VRH mechanisms
we have put forward.

Conclusions. In summary, here is reported an indirect finding
of the two different VRH transport regimes through the analy-
sis of the temperature dependent electronic Raman background of
BiFeO3; nanoparticles. The switch between the two strikingly differ-
ent VRH transport regimes coincides with AF/PM phase transition.
The VRH exponent of n=1/2 is associated with the AF strongly
correlated phase below Ty implying the presence of correlations,
whereas the exponent n = 1/4 neatly linearizes the temperature
dependence of the logarithm of effective scattering rate in the
PM state above Ty. It has been also deduced that the nanoscaled
BiFeOj; falls into the family of bad conductors due to its exception-
ally high resistivity value. At last, it is worth mentioning that, to
the extent of our knowledge, the existence of different conduction
VRH regimes in AF and PM phases has never been previously rec-
ognized in BiFeO3 nanocrystals.
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ARTICLE INFO ABSTRACT
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We report on temperature dependence of two-phonon Raman spectra in BiFeO; nanocrystals, above and below
the Néel temperature Ty using a resonant laser excitation line (4 = 532 nm). Two-phonon modes exhibited
anomalous frequency hardening and deviation from the anharmonic decay below 7y. Such behavior strongly
supported the existence of spin-two-phonon interaction, because these modes are known to be very sensitive
to the antiferromagnetic ordering. Within the mean-field theory for the nearest-neighbor interaction, the linear
relationship between spin-spin correlation function and observed two-phonon frequency shift below 7, was
obtained. This approach enabled to quantify the spin-phonon interaction by spin—phonon coupling strength
for both two-phonon modes and justified the application of mean-field approach. Magnetic measurements
revealed the coexistence of antiferromagnetic and weak ferromagnetic phases below Ty, which were found
non competitive, additionally supporting the mean-field approach from which we deduced that the two-phonon
modes in BiFeO; are correlated with antiferromagnetic ordering below Ty.

1. Introduction

Multiferroic materials attract a lot of attention because of their
multifunctional properties and interesting fundamental physics [1,2].
Among all the single-phase multiferroic materials studied so far, BiFeO4
takes a prominent place because both ferroelectric (Curie temperature,
Tc = 1150K) and magnetic (Néel temperature, Ty ~ 640 K) tran-
sition temperatures are well above room temperature (RT). In bulk
phase BiFeO; has G-type antiferromagnetic ordering (AFM), with a
long period cycloidal modulation (62 nm) superimposed below Ty.
Above Ty, BiFeO; becomes paramagnetic (PM) [3]. In nanophased
BiFeO; spin spiral structure can be suppressed [4] and Dzyaloshinskii—
Moriya (DM) interaction becomes important. DM interaction induces
non-collinear spin states which compete with the exchange interaction
that favors anti-parallel spin alignment providing a coexistence of
ferromagnetic (FM) and antiferromagnetic ordering [2,5]. Furthermore,
the appearance of strong magnetoelectric effect in epitaxial BiFeO;
thin films [6] and nanoparticles [4], positions nanophased BiFeO;
as a leading candidate material for spintronics, magnetic field sensor
devices and ferroelectric non-volatile memories [1,5,7-9]. However,
the coupling between magnetic and ferroelectric degrees of freedom

* Corresponding authors.

in BiFeO; nanostructures still remains an open issue. Therefore, it is
of great importance to study the interplay between lattice vibrations
and magnetic excitations, because lattice distortion influences the fer-
roelectric polarization and accordingly affects its coupling to magnetic
order. Furthermore, spin-phonon interaction is fundamental for driving
relaxation in magnetic materials.

Among the optical spectroscopy methods, Raman spectroscopy
proves to be a powerful experimental tool to elucidate spin—phonon
(s-ph) interactions, since Raman mode can be sensitive to the spin cor-
relations. In magnetic nanomaterials, such as BiFeO;, optical phonon
modes can be influenced by the exchange coupling between magnetic
ions at and below the temperatures of magnetic phase transitions.
The spin-phonon interaction usually manifests as atypical tempera-
ture dependence of Raman phonon frequency, linewidth or integrated
intensity. From the deviation of the Raman mode frequency from
the anharmonicity at and below the magnetic phase transition, it is
possible to estimate the spin-phonon coupling strength in the an-
tiferromagnets or ferromagnets. Being rather phenomenological, the
approach developed by Lockwood and Cottam [10] treats the strength
of the spin—phonon coupling through the emergence of the AFM order
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parameter, that is the sublattice magnetization, but not the net one.
Moreover, it turns out that a thorough microscopic treatment due to
Djokic et al. [11] further corroborates this fact whereby the majority
of the AFM ordering contribution to the phonon spectra is observed
through the magnitude of the sublattice magnetization. The influence
of any weak FM ordering (canted or so) in the system upon spin—
phonon strength is thus greatly overwhelmed by the AFM ordering.
Phonon anomalies around and below Ty were observed in the first-
order Raman spectra of BiFeO; single crystal [12,13], ceramics [14]
and thin films [15,16] and were ascribed to the influence of spin
correlations on the phonon energies. The pioneering works of Cazay-
ous [17] and Ramirez [18] pointed at possible strong spin-two-phonon
interaction in BiFeO; single crystals and thin films, but all above
mentioned works were restricted to qualitative description of the effects
of spin correlations on the Raman active first and second-order phonons
without any deeper analysis of spin—phonon coupling mechanism.

In the light of these facts, to examine more thoroughly the coupling
between lattice and spin degrees of freedom in nanocrystalline BiFeO;,
we investigated temperature-dependent second-order Raman spectra of
BiFeO; nanocrystals in a wide temperature range below, at and above
the Néel temperature using a resonant excitation line. The anomalous
phonon hardening and obvious deviation from the anharmonicity of
two-phonon Raman modes below Néel temperature was elaborated
within a mean-field approach in order to correlate the spin—spin cor-
relation function with observed frequency shift and to estimate the
nearest-neighbor spin—phonon coupling constant. Magnetic measure-
ments have shed more light on the nature of spin—phonon coupling
mechanism in BiFeO; nanocrystals.

2. Experimental details

BiFeO; nanocrystals were synthesized by a sol-gel method and de-
tailed sample preparation and characterization of the crystal structure
and phase composition was given in Ref. [19]. BiFeO; nanoparticles
were of spherical shape with average particle size of 64 nm deduced
from SEM measurements [19,20]. Raman spectra of BiFeO; nanocrys-
tals were collected in a backscattering geometry using TriVista 557
triple spectrometer with the spectral resolution of 2 cm~!. Second-
order Raman spectra of BiFeO; nanocrystals pressed into pellets were
recorded between 80 and 723 K in the 1000-1500 cm~! frequency
range using a Linkam THMSG600 microscope heating stage. The res-
onant 532 nm line of a solid-state Nd:YAG laser was used as an
excitation source, with output laser power low enough (less than 2
mW) to avoid the heating effects and/or sample thermal degradation.
The Raman spectra were corrected by thermal occupation factor for
the second-order scattering S(w) = Sy(w)/(n + 1)2, where Sp(w) is
measured intensity and n = (¢"®/%8T —1)~! is the Bose-Einstein thermal
occupation factor [21]. Magnetic measurements at and below 300 K
were performed on a SQUID-based Quantum Design magnetometers
MPMS-5T and MPMS XL-5.

3. Results and discussions

The room-temperature Raman spectrum of BiFeO; nanocrystalline
sample in the range 40-1500 cm~! is shown in Fig. 1.

Factor group analysis for the rhombohedral R3c structure of BiFeO;
predicts 13 Raman active modes (44, + 9E), but the assignment of the
Raman modes from the literature is somewhat controversial even in
the case of BiFeOj; single crystal Raman spectra measured or calculated
in different polarizations [22-26]. As shown in Fig. 1, among the first
order I'-point phonons, modes around 79, 146, 175, 219, 261, 282,
332, 367, 435, 480 and 550 cm™! are clearly seen. According to the po-
larized Raman spectra of BiFeOj; single crystals [23,25], ceramics [27]
and thin films [28] we assigned modes around 146, 175 and 219
cm™! to A, modes and modes around 79, 261, 282, 332, 367, 435,
480 and 550 cm™! to E modes. Beside these modes, weaker Raman
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modes at around 575 and 656 cm~! and a stronger mode at ~630 cm™!
are also observed. The 575 and 656 cm~! modes (marked with *
in Fig. 1) can be ascribed to the mullite-type (Bi,Fe,O4) secondary
phase [29], the presence of which has been confirmed from the X-ray
diffraction analysis of BiFeO; nanocrystalline sample [19]. The Raman
mode at #630 cm~! is not a zone center mode [27,30]. According to
Bielecki et al. [30] this mode can be assigned to the Raman inactive
A, LO phonon mode which appears in BiFeOj; thin films, ceramics and
nanoparticles [18,30-33]. As can be seen in Fig. 1, the intense second-
order Raman modes were observed above 1000 cm™' and from now
on we will focus our attention on the temperature behavior of these
Raman modes.

The high-order Raman modes of the ferroelectric materials are
usually very weak, but in the spectrum of BiFeO; from Fig. 1 an
intense multiphonon band around 1000-1500 cm~! is observed. This
prominent band is already reported in BiFeO; thin films and single
crystals [17,18,25], as well as in BiFeO; nanoparticles [31,32]. The
broad band at 300 K from Fig. 1 was deconvoluted with Lorentzian
type profile into four modes: mode at 1090 cm~!, a strong mode at
1252 cm~! and two low-intensity phonon modes at 1150 and 1330
cm~!. The second-order modes at 1090 and 1252 cm™!, labeled as S,
and S, in Fig. 1, are, within the error limits, at the double frequency
of the first-order Raman E mode at around 550 cm~! and inactive
A, mode at around 630 cm™! [22,30]. These modes were ascribed to
two-phonon modes in accordance with literature data [13,17,18,30],
whereas the remaining two modes can be assigned to 24, modes of
Bi,Fe,Oy secondary phase [29]. Yang et al. [34] have investigated
the behavior of two-phonon modes in BiFeO; powders using different
excitation lines and reported that the intensity of two-phonon S; and
S, modes are significantly enhanced under the 532 nm excitation.
The intensity enhancement of S; and S, modes was attributed to the
resonant enhancement when the excitation energy (532 nm ~2.34 eV)
is close to the absorption edge of BiFeO;. The resonant behavior of
these modes was explained by exchange mechanism between Fe3* ions.
Weber et al. [35] also reported resonant enhancement of second-order
Raman modes in BiFeO; single crystals using 532 nm excitation, but
suggested that in-gap electronic states like defect states from oxygen va-
cancies can be involved in the resonance process. Accordingly, we used
532 nm laser line in order to track the temperature evolution of S, and
S, Raman modes. Two-phonon S; and S, modes are related to the Fe-O
vibrations, i.e. octahedral rotations [17,18,32] which are very sensitive
to the change of magnetic ordering. Moreover, it is well known that any
perturbation of spiral spin structure in antiferromagnetic BiFeO; and
distortion of FeOg octahedra due to the change of Fe-O-Fe bond angle
can lead to the appearance of ferromagnetism [2,4,5]. Therefore, we
have analyzed the behavior of S; and S, modes at temperatures below
and above the magnetic phase transition.

In Fig. 2a are presented second-order Raman spectra in the 80-723
K temperature range. With increased temperature S; and S, modes
gradually shift to lower wavenumbers and approaching the 600 K,
the wavenumber shift is followed by a pronounced decrease of in-
tensity (Fig. 2a). Similar behavior of S, mode was first observed by
Ramirez [18] and Cazayous [17] and was ascribed to the coupling of S,
mode with the magnetic sublattice. The accurate wavenumber change
of S; and S, modes with temperature was obtained by deconvoluting
the spectra from Fig. 2a with Lorentzian line shape function and Raman
spectra at several representative temperatures together with cumulative
fits are presented in Fig. 2b.

In magnetic materials, the change of phonon mode frequency with
temperature can be expressed as [36,37]:

o(T) — wy = A(T) = Awy, (T) + Ay, (T) + Aw_pp (T) + Aoy (T), ()

where w(T) is measured frequency at temperature T and w, is the
harmonic mode frequency at T = 0 K. The first term on the right-
hand side of the Eq. (1) is the frequency-independent pure-volume
contribution due to the lattice expansion/contraction. The second term
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Fig. 1. Room-temperature Raman spectrum of nanocrystalline BiFeO; with Lorentzian fit (red line) of the first- and second-order phonon regions. The modes of mullite-type
secondary phase Bi,Fe,O, are marked with (*). Inset represents the schematic of a pseudocubic unit cell including one formula unit with principle axis of polarization [111].
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Fig. 2. Second-order Raman spectra of nanocrystalline BiFeO; (a) in the 80-723 K temperature range and (b) at selected temperatures. The solid lines represent Lorentzian fits

of the experimental spectra.

is the anharmonic contribution due to phonon-phonon interactions.
The last two terms account for the effects of renormalization of the
phonon frequency due to electron-phonon and spin—phonon coupling.

In general, the change of phonon frequency due to pure-volume con-
tribution is much smaller than the intrinsic anharmonic contribution,
especially at low temperatures. BiFeO; in the form of powders or thin
films is structurally stable up to 500 °C (773 K) [38] and any phonon
frequency change due to lattice distortion is expected to be minimal,
hence the first term can be neglected. The anharmonic interactions,
significant at elevated temperatures, imply the phonon decay into two
or three phonons, with a higher probability of the former. The phonon
frequency change due to the decay of the phonon into two lower-energy

phonons (three-phonon processes) can be expressed as [39,40]:

)

where A is the anharmonic constant. In semiconductor materials like

2
ha(T)
e 2T — |

)]

Awy,(T) = A <1 +

BiFeO;, when the carrier concentration is low the third term can be
ignored. Finally, the last term in Eq. (1) is the spin—phonon contri-
bution, Aw,_,,(T), caused by the modulation of the exchange integral
by lattice vibration [36]. In magnetic materials such as BiFeO;, the
phonon frequencies can be very sensitive to the spin correlations and in
a case of Heisenberg model, Baltensberger and Helman [41] derived the
relation for the shift of the phonon frequency due to the spin—phonon
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Fig. 3. (a) Temperature dependence of frequencies of the S; and S, two-phonon modes. The theoretically predicted anharmonic trend is presented by blue line together with the
best fit anharmonic parameter (A). (b) Comparison of (M (T)/M,)* (left) and Aw,_,,(T) (right) temperature dependences.

interaction,

Ao,y (T) = =4(S; - Sip1), 3)

where 4 stands for the spin—phonon coupling constant and (S; - S, ) is
the spin—spin correlation function between adjacent spins.

The temperature dependence of S; and S, mode frequencies
(squares) is shown in Fig. 3a. As can be seen, at lower temperatures
(T < 300 K) frequencies of S; and S, modes exhibit a slower change
and at temperature around 600 K display step like anomaly. This
temperature should coincide with Néel temperature, since there is no
any known structural transition in BiFeOj; at this temperature.

In order to determine the strength of spin—-phonon coupling, it is
necessary to separate spin—-phonon and anharmonic contributions from
the change of the phonon frequency with temperature. Knowing that
phonon frequencies can be affected by AFM ordering below 7y and
that the anharmonic processes should dominate over the spin-phonon
coupling at high temperatures (7' > Ty) for which the BiFeO; is in the
PM state, the data for T > 593 K from Fig. 3a were fitted by Eq. (2)
(blue line on Fig. 3a extrapolated to T = 0 K) in order to determine
the anharmonic contribution to the phonon frequencies change. It is
obvious that frequency change of both S, and S, modes below Ty
show distinct deviation away from the expected anharmonic behavior.
Similar frequency behavior has been observed in the Raman spectra
of other antiferomagnetic [10,36,42-45] and ferromagnetic materi-
als [46,47]. Thus, anomalous frequency hardening of S; and S, modes
below Ty points out at the presence of spin-two-phonon coupling in
nanocrystalline BiFeOs. The difference between measured two-phonon
frequencies from Fig. 3a and the calculated and extrapolated anhar-
monic behavior gives us the temperature dependent frequency shift due
to spin-phonon interaction, 4w,_(T) = @(T) — @y, (T). The Awy_p, vs
T dependence (squares) for S; and S, two-phonon modes is presented
in Fig. 3b.

Within the mean-field approximation introduced by Weiss [48],
spin-spin correlation function (.S;-S;, ) for adjacent spins at the ith and
(i+ 1)th sites is proportional to the square of normalized magnetization,
(M (T)/MO)Z, and can be expressed as [49]

(Si - Siar) :< )2

SZ

M(T)

M, 4

where M(T) is in our case sublattice magnetization at temperature
T and M, is the maximal value of sublattice magnetization. Hav-
ing a look at Egs. (3) and (4) it is obvious that Aw,_y (T) should
scale with (M(T)/M,)?> curve. The (M(T)/M,)* curve was obtained
using a numerical solution for Weiss equation in a case of Fe3* ions
having spin .§ 5/2 [50] and then compared with experimentally
obtained Aw,_p,(T) for both two-phonon modes, as presented in Fig. 3b.
Obviously, for temperatures T<Ty, 4w, ,,(T) scales very good with
(M(T)/M,)? curve confirming that the significant deviation of S; and
S, phonon frequencies from anharmonic behavior below Ty, i.e. the
anomalous hardening, is actually due to spin-phonon interaction.

According to Eq. (3), from the plot dw,_,,(T) vs (S - Si,; )(T') shown
in Fig. 4 , the spin—phonon coupling constant A can be determined for
both two-phonon modes S, and S,.

The red solid lines on Fig. 4 present the linear fit of the data from
which the spin-phonon coupling constants 15 =(2.54 + 0.10) cm™!
and /132=(2.51 + 0.10) cm™! were determined. The linear behavior
of Aw,_,,(T) vs (S; - Sy )(T) for the T<Ty justifies the application
of Eq. (3), implying that in the AFM phase spin—phonon coupling
dominates over the anharmonicity and terminates in the paramagnetic
phase. Furthermore, the fact that both two-phonon modes exhibit
anomalous frequency hardening below magnetic ordering temperature
and that the values for A are very similar, indicates that there is a
universal influence of the AFM magnetic ordering upon the two-phonon
spectra.

Up to now it is well established that in antiferromagnetic BiFeO;
nanoparticles with particle size close to or less than the period of spin
cycloid appear ferromagnetic phase at room temperature [4,51-53].
BiFeO; nanoparticles can be considered to be composed of AFM core
and FM shell giving rise to changes in the magnetic characteristics [53]
or to the appearance of exchange bias and training effects [[52], and
references within]. Since our BiFeO; nanoparticles are of the average
size close to the spin cycloid period, we performed magnetic measure-
ments in order to get better insight into the two-phonon Raman modes
coupling with magnetic ordering below Ty.

Fig. 5a presents room-temperature magnetization (M) vs magnetic
field (H) dependence for BiFeO; nanoparticles. From the M-H loop
it can be seen that the magnetization curve (black circles) displays
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Fig. 4. The plot Aw,_,(T) vs (S; - S, )(T) for both two-phonon modes S, and S,. The
A values for both modes were determined from the linear fit (red solid line) of the
data. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

a hysteresis in the low-field region, indicating a presence of weak
ferromagnetism. The FM component is superimposed over a linear
background from antiferromagnetic BiFeO; phase and paramagnetic
mullite phase. After subtracting the linear background, the ferromag-
netic hysteresis curve (red squares) with the saturation magnetization
value Mg = 0.094 emu/g was obtained. The inset in Fig. 5a displays
the magnification of the hysteresis loop in the low-field region. The
FM ordering can be considered as genuine one and does not originate
from mullite or iron oxide impurity phases. Namely, mullite (Bi,Fe,Oq)
phase is paramagnetic at room temperature and undergoes a transition
to an antiferromagnetic state at Ty & 264 K [54]. Besides, the presence
of iron oxides, leads to significantly enhanced ferromagnetism with
large values of saturation magnetization [55]. The origin of FM order-
ing in otherwise antiferromagnetic BiFeO; is usually ascribed to the
suppression of the spiral spin structure in particles with diameter less
than the period of spin cycloid (62 nm) and higher distortion of FeOg
octahedra or to the uncompensated spins on the nanoparticle surface.
All of these effects lead to enhanced Dzyaloshinskii-Moriya interac-
tion and appearance of ferromagnetism in nanocrystalline BiFeO; [2,
4,52,56]. In that case BiFeO; nanoparticles can be considered to be
constituted of core/shell structure, i.e. antiferromagnetic core and fer-
romagnetic shell. As our nanocrystalline BiFeO; powders are composed
of nanoparticles with average particle size of 64 nm [19,20] it can be
supposed that the interruption of long-range AFM ordering takes place
primarily on the nanoparticle surface. This assumption is supported by
a report of Huang et al. [4] who have shown that BiFeO; nanoparticles
of core-shell structure, with size close to the period of spin cycloid, ex-
hibit increased ferromagnetism. It was further argued that FM ordering
originates not only from the surface uncompensated spins, but from
enhanced distortion of FeO, octahedra around the [111] direction.
Such enhanced structural distortion can cause suppression of spiral
spin structure and strengthening of DM interaction responsible for the
appearance of FM. Accordingly, both effects, the suppression of spin
cycloid and uncompensated surface spins, can lead to the occurrence
of weak ferromagnetism in our sample.

Fig. 5b displays zero field cooled (ZFC) and field cooled (FC) mag-
netization curves, measured at 1000 Oe. The ZFC and FC curves started
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to split below 250 K and the divergence became more pronounced
with decreasing temperature. The ZFC curve showed a peak around
the temperature of spin reorientation transition (200 K) [17,57] at
which the Fe?* magnetic moments are canted out of cycloidal plane.
Besides, ZFC curve does not tend to M = 0 with approaching T' = 0,
as one would expect in a case of the presence of iron oxide impurity
phases [58]. The ZFC/FC magnetization curves of our sample are very
different from the ZFC/FC magnetization behavior of BiFeO; single
crystal which was ascribed to the spin-glass ordering [59]. Recent
ZFC/FC measurements on BiFeO; nanoparticles with sizes close to
or less than the period of spin cycloid [4,7,56] have shown similar
pronounced splitting of the ZFC/FC curves when antiferromagnetic
and ferromagnetic orderings co-exist. Unlike the BiFeO; single crys-
tal with antiferromagnetic ordering, those BiFeO; nanostructures can
be considered as core-shell structures composed of antiferromagnetic
core and ferromagnetic shell [4,52,56] in which more pronounced
ZFC/FC splitting than in bulk BiFeO; suggests some irreversible effect
on magnetic properties like breaking of AFM order and appearance
of ferromagnetism [4,7,51,52]. Furthermore, more detailed analysis of
ZFC/FC magnetization measurements on nanocrystalline BiFeO; [53]
has shown that pronounced ZFC/FC splitting more likely originates
from the changes in the domain structure at low temperatures and even-
tual antiferromagnetic domain pinning effect [4] than from spin-glass
ordering.

In order to justify the use of mean-field theory approximation which
does not include magnetic frustrations nor quantum fluctuations apart
from the temperature ones [49], we refer to the study of Rao et al.
on polycrystalline BiFeO; [60], where one can infer from that the
Curie-Weiss temperature (6.y) tends to a very large value. Knowing
that in bulk BiFeO; Ty = 640 K [1,2] and in nanostructured BiFeO;
Ty slightly decreases with decreasing crystallite size [61], the BiFeO;
is only seemingly frustrated system, since the frustration factor, f =
|0cw|/Ty can exceed low frustration values [62]. However, we find
magnetic frustration inconsequential because of the two noncompeting
magnetic interactions: antiferromagnetic and ferromagnetic. These in-
teractions are known to be cooperative in forming the stable Néel phase
like in MnSe, [11]. Therefore, even at low temperatures, the average
value of the relevant spin component per site is nearly 5/2, implying
the stability of the AFM phase in BiFeO;. Otherwise, spin—phonon
coupling would be more complex, the Aw,_,;,(T") would substantially de-
viate from the mean-field approximation model which we applied [44,
47] and a different treatment of the spin—phonon coupling mecha-
nism would be required. The presented magnetic measurements are
in favor of the picture in which nothing else, but the AFM magnetic
ordering, without the presence of magnetic frustrations, influences
the anomalous hardening of two-phonon Raman modes below Ty in
nanocrystalline BiFeOs;.

4. Concluding remarks

In conclusion, we have investigated the temperature evolution of
the resonant Raman two-phonon modes in BiFeO; nanocrystals, which
are known to be very sensitive to magnetic ordering. Temperature stud-
ies have shown anomalous hardening and significant deviation of two-
phonon frequencies from the anharmonicity below Néel temperature.
The anomalous phonon hardening was ascribed to spin-two-phonon
coupling. Within the mean-field approach, the spin-spin correlation
function was correlated to the two-phonon frequency shift and the
spin—-phonon coupling strength for two-phonon modes was derived. The
linear relation between spin-spin correlation function and frequency
shift below Néel temperature confirmed no presence of fluctuations
or magnetic frustrations and justified the application of mean-field
approach. Magnetic measurements revealed the presence of weak FM
phase below Ty. The coexistence of AFM and FM ordering were found
not competitive, justifying the conclusion derived from mean-field ap-
proach that two-phonon Raman modes below Ty are strongly coupled
to AFM ordering.
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Fig. 5. (a) Room-temperature magnetization (M) vs magnetic field (H) dependence for BiFeO; nanoparticles, before (circles) and after subtraction (squares) of the linear background
component. Inset shows zoom in view of M-H curve. (b) ZFC and FC magnetization curves measured at H = 1000 Oe.
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Introduction

Contemporary society has experienced technological develop-
ment that has led research to focus on materials that have and
combine functional properties. Sodium niobate (NaNbO;) is a
multifunctional perovskite-structured material with interesting
properties'® and shows a complex structural phase transition
as a function of pressure, temperature, and particle size.””®

NaNbOj; shows polymorphism that is yet to be fully under-
stood, and several studies have focused on elucidating its
crystalline structures. Depending on the processing route,
NaNbO; can grow in paraelectric, antiferroelectric, or ferro-
electric phases.'®™? Although NaNbO; exhibits an orthorhombic
antiferroelectric phase at room temperature, some studies have
reported the ferroelectric phase of the orthorhombic structure
under this condition."*
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Piezoelectricity is one of the most interesting properties of
NaNbOj;, making this compound an environmentally friendly
substitute for lead titanate zirconate (PZT (Pb(Zr;_,Ti,)0;))"?
ceramics in piezoelectric devices. The piezoelectric effect may
be classified as direct or converse. The direct effect consists of
creating an electric charge by submitting a material to mechan-
ical stress. In turn, the converse piezoelectric effect occurs by
converting electric energy into mechanical stress.'”

Non-centrosymmetric crystals show spontaneous polariza-
tion that is an important condition for piezoelectricity to occur;
however, nonpolar materials such as zinc oxide (ZnO) with a
hexagonal wurtzite crystal structure might also present the
piezoelectric effect. This occurs because piezoelectricity is a
property with tensorial character, and the piezoelectric tensor
may vary according to the crystallographic group.'®

Energy harvesting devices'®?® operate based on the piezo-
electric effect and the piezoelectric constant of nanomaterials is
lower than that of bulk piezoelectric materials. Thus, synthesiz-
ing compounds whose characteristics allow increasing the
charges generated under certain stress is an important step
to improve the piezoelectric behavior of nanostructures. In this
sense, the growth of particles with one-dimensional morphology
has been a great alternative to enhance the piezoelectric response
of a nanomaterial.*! This occurs because the elastic coefficient of
the piezoelectric particles with one-dimensional morphology
decreases, thus increasing the elastic limit and piezoelectric con-
stant along with the lower particle diameter. Thus, the material
becomes very sensitive to low-frequency and irregular mechanical

This journal is © The Royal Society of Chemistry 2023
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vibration.”" Therefore, for energy harvesting applications, it is
essential to choose the best route to prepare particles with these
characteristics.

Studies that explore one-dimensional perovskite nanostruc-
tures for applications in energy harvesting devices have grown.>>
Many of them have addressed the one-dimensional NaNbO;
obtained from the thermal treatment of the Na,Nb,O4-H,O meta-
stable phase synthesized using a hydrothermal method.

Hydrothermal synthesis methods have the advantage of
obtaining crystalline particles with different morphologies at
low temperatures and relatively short synthesis periods. However,
by using microwave radiation as a heating source, the time and
temperature to obtaining crystalline particles decrease consider-
ably.* Such a variation in hydrothermal synthesis is known as the
Microwave-Assisted Hydrothermal Method (MAHM). In a conven-
tional hydrothermal method, orthorhombic NaNbO; with the
P2;ma space group is obtained from Na,Nb,O4sH,O synthesized
at 200 °C in 4 hours of synthesis, while NaNbO; with the Pbma
space group is obtained after 24 hours of hydrothermal treat-
ment.'® Furthermore, using the MAHM, NaNbO; (Pbma) is
obtained at 180 °C in 30 minutes.”*

The spontaneous polarization in the non-centrosymmetric
orthorhombic P2,ma phase of NaNbO; is a fundamental con-
dition for the particles to present piezoelectric and ferroelectric
behaviors.'*'%** Therefore, ensuring the growth of NaNbO; in an
orthorhombic structure with the P2;ma space group rather than
antiferroelectric symmetries (e.g., Pbcm or Pbma) is a significant
aspect to consider when aiming to synthesize NaNbO; with a
piezoelectric response. In this sense, the conventional heating of
Na,Nb,04-H,O synthesized using the hydrothermal method has
been a suitable route for obtaining one-dimensional orthorhombic
NaNbO; with the P2,ma space group.'®*

Piezoresponse force microscopy (PFM) is a powerful tool for
investigating the ferroelectricity of bulk materials, as well as mate-
rials at the nanoscale level (nanostructures and thin films).>*
In the last few decades, PFM has allowed comprehensive studies
on the processes of electrical polarization and wall dynamics of the
ferroelectric domains,’*** switching of polarization and nucleation
domains,**** and the behavior of ferroelectric properties with
different parameters in the preparation of materials.**>%

Thus, in this context, this work is a thorough study of
the structure of one-dimensional NaNbO; based on a set of
experimental characterization techniques and an atomistic
computational approach. In addition, the piezoresponse force
microscopy tool was fundamental to measure the piezoelectric
response of individual fibers, unveiling the relationship
between the crystalline structure of the fibers and their piezo-
electric behavior. The results indicate that the fibers can be
applied as piezoelectric materials.

Experimental procedure
NaNbO; fiber synthesis

The NaNbO; fibers were produced through conventional thermal
treatment of Na,Nb,O4H,O fibers synthesized using the MAHM.

This journal is © The Royal Society of Chemistry 2023
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The synthesis of Na,Nb,Os-H,O fibers started with NaOH (p.a.
Quemis), which acts as a mineralizer agent and sodium source,
Nb,Os (Alfa Aesar, 99%), and PVA (NEON). The reaction was
carried out in a Teflon vessel model XP-1500 (CEM-Corp) in a
MARS-5 (CEM-Corp.) microwave oven. The precursor suspension
was prepared by adding 0.70 g of Nb,Os to 30 mL of a solution
containing 0.36 g L' of PVA. After 10 minutes of stirring, 10.0 g of
NaOH was introduced to the suspension and kept under stirring
for 30 minutes. Then, the suspension was transferred to a Teflon
vessel and placed inside the microwave oven. The synthesis was
carried out at 160 °C for 40 minutes. The product was washed with
distilled water through centrifugation until neutralizing pH and
then dried at room temperature. After drying, the Na,Nb,O4H,O
product was calcinated at 550 °C for 4 hours in a muffle furnace to
produce NaNbO; with an anisotropic morphology.

Characterization techniques

The product obtained was characterized through X-ray powder
diffraction (XRD) using a Rigaku-DMax/2500PC diffractometer
(Japan) with Cu-Ka radiation (1 = 1.5406 A) in the 20 range
from 20° to 80° with 0.20° min~"'. The Rietveld refinement was
performed on the TOPAS Academic (v.5) software. The mor-
phology of the as-prepared samples was observed using a high-
resolution field-emission gun scanning electron microscopy
FE-SEM system (JEOL, JSM-7500F). The micro-Raman spectra
were collected in a backscattering geometry using a TriVista
557 triple spectrometer equipped with a nitrogen-cooled CCD
detector. Micro-Raman scattering measurements were per-
formed using a Linkam THMSG600 microscope heating stage
in a temperature range between room temperature and 180 K.
The 532 nm line of a solid-state Nd:YAG laser was used as an
excitation source, with an incident laser power of less than 40 mW
to minimize the heating effects and/or sample degradation.
The topography, piezo response images, and local piezohysteresis
loops in the nanoscale were obtained using a commercial AFM
(MultiMode Nanoscope V, Bruker). The AFM system was modified
to work as a piezoresponse force microscopy (PFM)*® system using
a function generator (332204, Agilent), a power source (2410C
Source Meter, Keithley), and a lock-in amplifier (SR850, Stanford).
The sample was prepared by depositing the fibers on a Pt-coated
substrate (bottom electrode). For deposition, the fibers were
suspended in isopropyl alcohol and dropped onto the substrate.
The tip was used as a mobile electrode top. During the piezo
response measurements, an external AC electric signal of 1V (RMS)
was applied between a conductive probe (PPP-NCHR, Nanosen-
sors, 42 N m ') and a bottom Pt electrode. Frequencies of 50 kHz
and 5 kHz were used to obtain out-of-plane (OP-PFM) and in-plane
(IP-PFM) piezo response measurements, respectively. The piezo
response image scans were performed with a relative angle of 17°
between the cantilever and the NaNbO; fiber.

Computational details

We carried out the computational RAMAN and relative stability
study based on Density Functional Theory (DFT) calculations®®*!
using the CRYSTAL17 package version 1.0.2,**> which employs
Gaussian-type orbitals as basic functions. The basic sets for Na,
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Nb, and O were 8-511G, 986-31(631d) G, and 8-411,"*"*" respectively.
The exchange-correlation term was treated with the following three
different functionals: PBE,*® B3LYP,**® and HSE06**~" to compare
the relative stability between the polymorphs and using only
the B3LYP functional for obtaining the vibrational modes.
All calculations treated the van der Waals interactions using
the D3 semi-empirical dispersion scheme with BJ-damping.”*>*
The k-points were sampled through the Monkhorst-Pack method
with a 5 x 5 x 5 mesh.>® Since it is necessary to use standard
space groups for input in the CRYSTAL17 package, the P2,ma
space group was treated as the standard Pmc2, space group. The
vibrational modes at the G-point were obtained according to the
FREQCAL routine implemented in CRYSTAL17, and the analytical
RAMAN intensities were obtained using the coupled perturbed
Hartree-Fock method®®®” with a simulated laser irradiation fre-
quency of 532 nm and a simulated temperature of 295 K.
We performed the simulated application of an external electric
field to the polymorphs using the finite-field approach (FIELD-
tag)®® with 60 Fourier terms for the triangular-form potential
expansion. Due to the computational cost, the Monkhorst-Pack
k-points mesh was reduced to 4 x 4 x 4.

Results and discussion

As the metastable Na,Nb,O¢ H,0 is normally used as a pre-
cursor of NaNbO; anisotropic particles, we employed micro-
waves as a heating source to accelerate the process of obtaining
Na,Nb,06-H,0. The precursor obtained by the MAHM after a
40 minute synthesis was identified using powder XRD (Fig. S1,
ESIt) as monoclinic Na,Nb,04-H,O with space group C12/c1.>
According to the diffractogram shown in Fig. 1, the conven-
tional thermal treatment of Na,Nb,0O4H,O promotes the for-
mation of orthorhombic NaNbO;. The inset of the most intense
peaks (I, II, and III) shows the peak overlap between the
NaNbO; obtained and theoretical patterns, indicating that the
sample might be composed of two possible orthorhombic
NaNbO; phases: the ferroelectric phase with the P2,ma space
group and the antiferroelectric phase with the Pbcm space group.

To clarify the polymorphism in the sample, we performed
the Rietveld refinement by combining the P2,ma and Pbcm
phases, and each phase individually (Fig. 2). The best statistical
values and optimal curve fitting were achieved by including
both P2;ma and Pbcm phases in the refinement calculations,
as shown in Table 1.

According to the Rietveld refinement quantitative analysis,
the sample consists of 87.10 wt% of the P2;ma ferroelectric
phase and 12.90 wt% of the Pbcm antiferroelectric phase.

In the NaNbO; perovskite structure, sodium is located at
the interstitial sites in the vertex of the unit cell with twelve-
coordinated sodium sites, with niobium occupying the octa-
hedral site.

Octahedral tilting is an intrinsic characteristic of perovskite
structures (ABO3) caused by the difference in the size of the
A- and B-sites; in addition to the NaNbOj; structure, A = Na',
and B = Nb°" cations. The [BOs] tilting of the orthorhombic

5526 | J Mater. Chem. C, 2023, 11, 5524-5533

View Article Online

Paper

I NaNbO,

Intensity (a.u.)

I
|
L]
N |
20 30 40 50 60 70 80 90 100 110
20 (degrees)

DR B e

Pbcm
P2,ma

o

2200 22.25 22.50 22.75 23.00 23.25 23.50
20 (degrees)

¥,

e GI QR 4

(020)
(002)

() o\
o o O
o o

| | |
31.6 31.8 32.0 32.2 32.4 32.6 32.8 33.0
20 (degrees)

45.50 45.75 46.00 46.25 46.50 46.75 47.00 47.25 47.50
20 (degrees)
Fig. 1 X-ray diffraction of NaNbO3z obtained after thermal treatment at

550 °C of Nay;Nb,Og-H20O. The insets highlight the peaks at around 22 °C
(1), 32 °C (I), and 46 °C (lll).

perovskite structure occurs around the b and ¢ axes.”* The
phase transition in NaNbO; has been linked to the tilting and
distortion on [NbOg] octahedra and the off-centered displacement

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of the structural parameters from Rietveld refinement
and DFT calculations
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Fig. 2 Rietveld refinement of NaNbO5 fibers.

Table 1 Statistical values obtained by Rietveld refinement

Ferroelectric Antiferroelectric ~ Ferroelectric and
Refinement  phase (P2;ma:  phase (Pbem: antiferroelectric
parameters CIF n° 39624) CIF n° 23239) phase
P 1.40 1.43 1.11
Rup 7.16 7.29 5.85
Rexp 5.11 5.11 5.24
Rup._dash 12.10 12.31 9.09
Rexp_dash 8.64 8.64 8.15
d-DW 0.82 0.79 1.33
Riragg 0.71 0.90 0.39 to P2,ma
0.60 to Pbcm

of niobium atoms.*® Atom positions for most phases were refined,
providing considerable variations in the positions of Nal, Nbi,
01, and O2 atoms (see Tables S1 and S2, ESIY).

These variations are caused by the displacement of atoms
resulting in more distortions in the P2;ma phase than in Phcm.

Additionally, the Nb-O bonding distortions are more pro-
nounced in the P2,ma structure,’® and displacements of oxygen
positions within the planes formed by Nb and O atoms increase
the NbOg octahedra tilts more in the antiferroelectric phase
than in the ferroelectric one.®' Table 2 shows the comparative
results obtained from Rietveld refinement and DFT calculations.
The values obtained indicate an agreement between the theore-
tical and experimental parameters.

The FEG-SEM micrographs of the powders synthesized
(Fig. 3) show that the product obtained by the MAHM consists
of fibers (Fig. 3a), and the fiber-like shape has remained
after the conventional thermal treatment at 550 °C (Fig. 3b);
in addition, it is evident that conventional heating reduces
the length of the fibers. Since microwave radiation quickly
heats the reaction medium, we produced Na,Nb,OsH,0
fibers in a shorter synthesis time than the conventional hydro-
thermal method,'® employing PVA to ensure the growth of

This journal is © The Royal Society of Chemistry 2023

P2,ma

Experimental Theoretical

Rietveld Literature®*  PBE B3LYP HSE06
Wt% phase  87.10 — — — —
a[A] 5.5651(1) 5.569 5.610  5.557  5.539
b [A] 7.7731(2) 7.790 7.829  7.755  7.739
c[A] 5.5098(2) 5.518 5.540  5.471  5.466
VI[A%] 238.347 (17)  239.38 243.32  235.77 234.37
Rpragg 0.39

Pbmc

Experimental Theoretical

Rietveld Literature®>  PBE B3LYP HSE06
Wt% phase  12.90 — — — —
a[A] 5.5147(25) 5.506 5.540  5.479  5.473
b [A] 5.5809(19) 5.566 5.617  5.569  5.548
c[A] 15.6511(84)  15.52 15.628 15.469  15.447
V[A% 481.703(382)  475.632 486.31 472.00 469.13
Rpragg 0.60

Fig. 3 FE-SEM images of (a) NaNb,Og-H,O before thermal treatment at
550 °C for 4 hours; and (b) NaNbOs obtained after thermal treatment of
Na,;Nb,Oe-H,O at 550 °C.

one-dimensional morphology and avoid the formation of the
isotropic NaNbO;.

Herein, we can consider that two types of templates influ-
ence the growth of NaNbOj;: the polymeric template that acts to
obtaining Na,Nb,0¢-H,0, and the as-prepared Na,Nb,O¢-H,0,
working as a self-sacrificing template for the NaNbO; fibers to
grow through conventional heating.®®

Higher temperatures have been reported to promote a phase
transition between two centrosymmetric structures (Pmma
to Pbcm) passing to a non-centrosymmetric Pmc2, structure
(alternative setting P2;ma); in addition, the presence of each
phase is also related to the particle size.>® According to
Johnston et al,'* the pure phase and the coexistence of the
Pbcm and P2,ma polymorphs are associated with the synthesis
methods and their varying parameters. A mix of Pbcm and
P2,ma structures is obtained through the solid-state reaction
and molten salt synthesis; however, regardless of the synthesis
parameters, the Pbcm phase was consistently present as the
major phase, suggesting it to be the more thermodynami-
cally stable of the two polymorphs. In addition, molten salt
approaches allow obtaining a pure Pbcm phase after a long

J. Mater. Chem. C, 2023, 11, 5524-5533 | 5527
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Table 3 Energy difference between the NaNbO3z polymorphs

Functional Epy,ma — Eppem (meV/f.u.)
PBE(D3-BJ) 5.8337
BSLYP(D3-B_]) 6.8644
HSE06(D3-BJ) 3.8225

heating period at 1000 °C."* A mix of Pbma and P2,ma struc-
tures is also obtained through hydrothermal synthesis at 200 °C
for 24 hours; in addition, as in the aforementioned methods,
the Pbma phase predominates. In this case, the Phma phase
is isolated by heating the as-prepared NaNbO; at 950 °C for
24 hours, while the pure P2;ma structure is produced through
thermal treatment at 600 °C for 6 hours.*

Despite the similar thermodynamic stability of the two
phases,"* the Pbcm structure is formed more easily. DFT simula-
tions allow estimating the energy difference between the poly-
morphs (Table 3), showing that the antiferroelectric Phcm phase is
slightly more stable than the ferroelectric P2,ma phase.

Unlike our work, in the cases reported above, NaNbO; was
crystallized directly from the chosen synthesis method.
Although the evidence showing that the Pbcm phase is more
stable, in our work, the 4 hour thermal annealing of the
metastable Na,Nb,Oq-H,O at 550 °C favors the formation of
the P2,ma structure of NaNbOj; instead of Phcm. Our results are
consistent with several works that report the production of
piezoelectric NaNbOj; (P2,ma phase) in one-dimensional mor-
phology by heating a metastable phase of NaNbO,; under
similar conditions used herein®'>*>%*® gince the heating
at temperatures above 600 °C modifies the one-dimensional
morphology and produces a monoclinic phase of NaNbO3.%®

In our previous work,>* Rietveld refinement showed that a
pure antiferroelectric phase of NaNbO; was obtained from the
direct crystallization into solution using the MAHM.>* However,
in the present study, the MAHM was employed to produce
Na,Nb,04-H,0, and the conventional treatment of the product
obtained from the MAHM promotes obtaining NaNbO; with
the coexistence of antiferroelectric and ferroelectric structures.
Besides, through this processing, the ferroelectric phase is
preferably formed than the antiferroelectric, implying that
somehow such phase is stabilized during the synthesis, or it
is the kinetic product in such a synthesis condition.

In addition to X-ray diffraction and Rietveld refinement,
Raman spectroscopy is an excellent tool for structural investi-
gation and unveiling the short-range order since it is sensitive
to the vibrations of the atoms in the crystalline structure.

The Raman spectra of the NaNbOj; structure (Fig. 4) are
composed of low-energy external and high-energy internal
vibrational modes. External vibrational modes are translation
modes resulting from the interaction between the NbOg octa-
hedron and Na' cation and are responsible for a split band
profile due to the presence of the Na' site. The interaction
between NbOg-NbOy octahedra contributes to external vibra-
tional modes. Internal vibrational modes arise from bending
between O-Nb-O bonding angles and stretching of the Nb-O
bonds. The variation in the geometric center of the NbOg
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Fig. 4 Raman spectra of NaNbOs fibers (obtained after thermal treatment
of NayNb,Og-H,0) recorded at different temperatures.

octahedron and the displacement of Na" cations cause tilt and
distortion in the octahedron leading to the phase transition.®”

Several reports draw on Raman spectroscopy under various
temperature conditions as a tool to understand the NaNbO;
phase transition. As NaNbO; has an orthorhombic symmetry
between —100 °C and 575 °C,*® we performed Raman spectro-
scopy measurements at 180 K (~ —93 °C), 200 K (~ —73 °C),
250 K (~ —23 °C) and, at room temperature (RT). According to
Jauhari et al., the low temperature leads to a structural disorder
resulting in the appearance, disappearance, and displacement
of vibrational modes.®® Therefore, Raman spectra were
recorded to further prove the presence of both antiferroelectric
and ferroelectric phases in NaNbO; with an orthorhombic
crystalline structure.

Investigating the phase transition from Pbcm to P2;ma
structure, Lin et al. verified that the band intensities at 62
and 75 cm ™' decrease with increased temperature.”® In work by
Shiratori et al., the Raman spectrum obtained for the Pbcm
structure presents a splitting in the band located between
61 and 74 cm™'; however, no splitting is noticed for the ferro-
electric phase.” Shakhovoy et al. also relate the ferroelectric and
antiferroelectric polymorphs of NaNbO; to the profile of the

This journal is © The Royal Society of Chemistry 2023



Published on 17 April 2023. Downloaded by National Library of Serbia on 5/22/2023 8:12:12 AM.

Paper

bands at lower wavenumbers.”! Herein, the bands between 44
and 78 cm ™" are split (Fig. 4); moreover, the splitting profile
changes as a function of temperature. The DFT calculations
(Tables S3 and S4, ESIt) allow assigning the 65 cm ™! vibration
to a B, mode in the P2;ma polymorph, with a DFT calculated
frequency of 58 cm™ ' and schematics shown in Fig. 5b, and the
78 cm ™ ! vibration to an Ag mode from the Pbcm one, with a DFT
calculated frequency of 73 cm ™" (shown in Fig. 5a).

According to Ji et al.,” the ferroelectric and antiferroelectric
structures are differentiated by the splitting in the bands
located in the region from 150 to 300 cm™%; furthermore, the
intensity of the peak at 274 cm ™" is lower for the ferroelectric
structure.’® This intense peak has a contribution of an 4; mode
from the P2;ma polymorph with a DFT calculated frequency of
277 em™ ', In addition, the peak at 280 cm ™" appears to have a
significant contribution from the A, mode with a DFT calcu-
lated frequency of 291 cm™", and such a peak decreases in
intensity as the temperature increases.

To better compare the bands, the intensities of the spectra
obtained at room temperature and 180 K were normalized

(a)

A, (600 cm?) By, (586 cm™)

(b)

A, (595 cm?) B, (582 cm)

By, (575 cm™)

View Article Online
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(Fig. 6). By examining the normalized spectra, we notice that
the temperature rise promotes the increase in the intensity of
the peak at 65 cm™ ' and decreases the intensity of the bands
related to the Nb-O vibrations (225, 255, and 280 cm ') and the
NbOg octahedra (560 and 609 cm™ ') vibrations. The spectra
shown in Fig. 6 and the relative intensities obtained from the
DFT calculations (Tables S3 and S4, ESIt) show the P2,ma
polymorph with the most intense peak around 65 cm ™" without
the Pbcm polymorph presenting intense peaks in the same
region. Thus, the P2;ma polymorph is responsible for decreas-
ing the intensity of the bands resulting from the internal
vibrational modes with the lower temperature, which, in turn,
increases the structural disorder of the material and reduces
the unit cell polarity.”>”?

In the spectra collected at 180, 200, and 250 K (Fig. 4), the
band pattern located between 55 and 80 cm ™' is the same as
those obtained by Shakhovoy et al.”" when analyzing regions
with the coexistence of the ferroelectric and antiferroelectric
phases. Therefore, based on the intensity of the bands and their
respective splitting, we assume that the higher temperature

Ag(291cm™) A, (73 cm?)

o=

A, (277 cm™) B, (58 cm™)

Fig. 5 Schematics of some Raman modes obtained using DFT of the (a) Pbcm and (b) P2;ma space groups. Color scheme: oxygen (red), niobium
(green), and sodium (purple). To ease the visualization, all the octahedral distortions were removed.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Raman normalized spectra for NaNbOs fibers recorded at RT and
180 K.

favors the presence of a ferroelectric structure, although the
ferroelectric and antiferroelectric phases coexist at all tempera-
tures throughout the analysis.

The electric field has been reported to induce the trans-
formation of the antiferroelectric phase into the ferroelectric
phase. This phase modification occurs because the atomic
displacements caused by the electric field distort the oxygen
octahedrally and modify the NaNbOj; structure.®*

Based on such a behavior presented by NaNbO;, we verified
the possibility of a phase transition occurring. DFT simulations
allow us to observe the effect of applying an electric field on the
relative energy between the NaNbO; polymorphs. The Electro-
nic Supplementary Information (ESIt) contains the complete
procedure for the rotations of the standard Pmc2, unit cell, the
growth manner to make the atomic sites match the positions
between the polymorphs, and the relationship between the
applied internal electric field and the correlated macroscopic
field. These calculations (Fig. S2-S4, ESIT) showed that only the
electric fields in the x and y directions can invert the relative
energy between the polymorphs. In addition, the electric field
magnitudes needed for such inversion are approximately
6.2 MV cm ' and 14.6 MV cm ', respectively. Thus, a few
orders of magnitude are more prominent than those found
experimentally for a single-crystal and powder samples.®™”*”>
Therefore, they should be observed more qualitatively than
quantitatively since the literature reports a divergence between
the absolute experimental and theoretical values of electric
fields.”®

We employed the piezo response microscopy technique to
investigate the nanoscale ferroelectric characteristics and the
polarization vector of the ferroelectric domain structure of
NaNbO; fibers. The out-of-plane (OP-PFM) and in-plane (IP-PFM)
piezo response images correspond to the perpendicular (vertical)
and parallel (horizontal) contributions to the fiber surface of the
ferroelectric polarization vector, respectively. Fig. 8 shows the
surface topography and piezo response images with a scan size
of 1 um x 1 pm. The NaNbO; fiber has a width of 422 nm and a

5530 | J Mater. Chem. C, 2023, 11, 5524-5533
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Fig. 7 NaNbOs fiber (a) topography, (c) piezo response signal cross-
section from blue and red lines in (b) out-of-plane, and (d) in-plane piezo
response images with frequencies of 50 kHz and 5 kHz, respectively.

height of 167 nm (Fig. 7a). The out-of-plane (OP-PFM at a
frequency of 50 kHz, Fig. 7b) and in-plane (IP-PFM at a frequency
of 5 kHz, Fig. 7d) piezo response images correspond to the same
ferroelectric domain structure in the fiber surface and reveal high
contrasted PFM images. The clear and dark regions of the color
scale contrast represent the opposite polarization orientations in
the ferroelectric domain structure. The solid lines (A and B, blue
and red lines) from the cross-section as shown in Fig. 7c show the
piezo response intensity. However, the results indicate that there
are regions with a null piezo response signal, thus indicating
regions with no ferroelectric characteristics, as highlighted by the
green solid line circle.

Fig. 8 shows the following regions measured by PFM in
different colors: regions of opposite orientations of the ferro-
electric domains (red and blue), regions without piezo response
signals (green), and regions corresponding to the substrate
(black). The regions without piezo response signals were
computed as 17.7% for OP-PFM and 15.8% for IP-PFM. The

Fig. 8 Ferroelectric domain structure of the NaNbOs fiber: (a and b) piezo
response images in distinct colors (red and blue - opposite polarization
orientations, green - non-response, and black - substrate).

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Local ferroelectric switching: (a) tip position on the NaNbOs fiber
and (b) piezo-hysteresis curves with different bias ranges.

different values occur due to the orientation of the polarization
vector on the fiber surface and its contributions to the vertical
and horizontal orientations.

These percentual values are higher than the value obtained
from Rietveld refinement for the antiferroelectric phase (12.9 wt%).
PFM generates these higher values because the domain wall
regions in PFM measurements with an inverted orientation of
ferroelectric domains (see the solid black rectangle in Fig. 8c)
were also computed as regions of null values of piezo response
signal.”””®

To investigate the switching behavior of nanoscale ferro-
electric domains, we performed successive measurements of
the local piezo loops using electrical voltages of 5 V, 10 V, and
15 V in a region with a high magnitude of piezo response
signal. Fig. 9(a) shows the position on top of the NaNbO; fiber
where the cycles were performed. Fig. 9(b) shows that the cycle
of 5 V bias did not generate an electric field superior to the
coercive electric field (E.) of the material capable of switching
the ferroelectric domain locally just below the tip. However,
the other cycles with a larger bias were able to reorientate the
ferroelectric polarization. The peak-to-peak amplitude of the
effective dj; coefficient obtained (Ads; = |+da3| + |—ds3|) was
approximately 5.89 pm V.

In a previous work, we reported the piezoelectric and ferro-
electric effect presented by flexible composites constituted by
NaNbO; particles with different morphologies and a-polyvinyl-
idene difluoride (¢-PVDF).”® Since o-PVDF is a non-polar phase
of PVDF,*® we concluded that the piezoelectric and ferroelectric
behaviors of the composites originate from NaNbO; particles.
Herein, we deepen the study of the structure of NaNbOj; fiber-
like particles supported by PFM characterization to explain the
piezoelectric behavior of NaNbO; fibers.

Conclusions

In summary, Na,Nb,0s-H,O fiber-like particles were obtained
at 160 °C over a 40-minute synthesis through a microwave-
assisted hydrothermal method in a PVA medium. The
Na,Nb,04-H,O fibers were applied as a precursor to obtain
anisotropic NaNbO; fiber-like particles. The results of powder
XRD, Rietveld refinement, and Raman spectroscopy showed
that the antiferroelectric (Pbcm) and ferroelectric phases
(P24ma) coexist in the structure of the NaNbO; fibers. The
theoretical study demonstrated that the relative stability between

This journal is © The Royal Society of Chemistry 2023
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the antiferroelectric and ferroelectric phases could be inverted
under the influence of an electric field. Such an inversion depends
on the orientation of the field PFM, whose measurements showed
that an isolated fiber is composed of ferroelectric and non-
ferroelectric phases. This finding, in turn, corroborates the results
of the structural analysis.

Furthermore, the analysis of the theoretical results indicates
that the non-ferroelectric phase may be an antiferroelectric
phase. Since the piezoelectric efficiency of NaNbO;-based
devices is linked to the structure of the ceramic structure, the
characteristics of the particles reported herein reinforce the
potential of NaNbO; for application in technologies based on
the piezoelectric effect.
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Abstract: Rosa canina L. seeds are rich in bioactive components that can add value to the various
formulations. The focus of the study was the development of liposomes for R. canina oil to protect its
sensitive compounds and prolong their shelf-life. Oil-loaded liposomes were characterized via the
determination of the particle size, polydispersity index (PDI), zeta potential, conductivity, mobility,
density, surface tension, viscosity, and stability. Raman and FT-IR spectroscopy were employed to
investigate the chemical composition of the non-treated and UV-treated samples, and the presence of
different interactions. Antioxidant and antimicrobial activities were examined as well. The liposome
size was 970.4 & 37.4 nm, the PDI 0.438 + 0.038, the zeta potential —32.9 & 0.8 mV, the conductivity
0.068 + 0.002 mS/cm, the mobility —2.58 + 0.06 umem/ Vs, the density 0.974 £ 0.004 g/cmS, the
surface tension 17.2 + 1.4 mN/m, and the viscosity 13.5 4= 0.2 mPaes. The Raman and FT-IR spectra
showed the presence of lipids, fatty acids, polyphenols, and carotenoids. It was approved that the oil
compounds were distributed inside the phospholipid bilayer and were combined with the membrane
interface of the bilayer. The UV irradiation did not cause any chemical changes. However, neither
the pure oil nor the oil-loaded liposomes showed any antimicrobial potential, while the antioxidant
capacity of the oil-loaded liposomes was significantly low. The sizes of the liposomes did not change
significantly during 60 days of storage. Due to the proven stability of the oil-loaded liposomes,
as well as the liposome’s ability to protect the sensitive oil compounds, their potential application
in the pharmaceutical and cosmetic formulations could be investigated with a focus on the skin
regeneration effects.

Keywords: liposomes; size; Raman spectroscopy; Rosa canina seed oil; stability

1. Introduction

Rosehips are pseudo-fruits from the plants of the Rosa genus in the Rosaceae family
that possess vitamin C, carotenoids, pectic substances, polyphenols, riboflavin, sugars,
lipids, plant acids, and fatty oil [1,2]. They are known to have antioxidant, antimicrobial,
anti-inflammatory, anti-diabetic, and anticancer effects [1]. Rosa canina is the major com-
mercial source of rosehips. Furthermore, rosehip seeds, as a waste (by-product) from the

manufacture of rosehip juice or syrup, contain 4.9-17.8% of fatty oil [3]. R. canina seed
oil contains polyunsaturated fatty acids, palmitic, stearic, oleic, arachidic, linoleic, and
linolenic acids, carotenoids, phenolic acids, tocopherols, squalenes, minerals, and phytos-
terols, particularly (3-sitosterol [4,5]. Plant oil with a high concentration of unsaturated
fatty acids possesses the potential health benefits but shows a higher susceptibility to lipid
oxidation, as well [6].

R. canina seed oil possesses antioxidant, antimicrobial, and anticancerogenic activities,
4.0/). shows a positive influence on dermatoses, ulcers, and other skin diseases, and represents a
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valuable source of phytonutrients that can improve the lipid metabolism [3,4,7], thus it is
becoming popular in the cosmetic, pharmaceutical, and agro-food industries. According to
the exploratory study conducted by Shabykin and Godorayhi [8], R. canina seed oil may
be a promising topical agent for the treatment of eczema, neurodermatitis, cheilitis, and
trophic ulcers of the skin. Grajzer et al. [3] have reported that the oil is a valuable source
of linolenic acid, lipophilic antioxidant compounds, particularly y- and $-tocopherol, as
well as carotenoids. The same study has shown its high radical scavenging activity and
high content of other unsaturated fatty acids. The microbiological shelf life of the fillets
exposed to the R. canina seed oil nanoemulsion was prolonged, due to the antimicrobial
properties of the oil [9]. According to Butnaru et al. [7], the addition of R. canina seed oil
in the chitosan-based bionanocomposite films, increased the antibacterial activity against
Escherichia coli.

Since R. canina seed oil contains various flavonoids, phenolic acids, carotenoids, and
unsaturated fatty acids that can be sensitive to oxygen, light, UV irradiation, enzymes, and
pH value variations, and possess a low bioavailability, the carriers for the oil should be
developed to protect the bioactive compounds and provide their higher and controlled
release, as well as a more comfortable oral or dermal applications. Namely, Mudri¢ et al. [6]
have shown that after 12 days of storage at 65 °C (corresponding to the one-month storage
at 25 °C, according to Chong et al. [10]), in pure R. canina seed oil without additional
antioxidants, the polyphenol content and radical scavenging activity significantly decreased
(~50% and ~1.5%, respectively), while in the oil sample with the polyphenol extract, the
polyphenol content, and the antioxidant capacity significantly rose. Additionally, after
12 days of storage at 65 °C, the content of palmitic, stearic, oleic, eicosenoic, and cis-11-
eicosenoic acid was significantly higher in the oil sample with the polyphenol extract than
in the pure oil [6]. Additionally, due to the low solubility in aqueous surroundings, easy
oxidization, and poor bioavailability, the application of rosehip fatty oil in hydrophilic
food, pharmaceutical, and cosmetic formulations has been limited. Thus, rosehip seed
oil requires encapsulation for further application with the aim to protect its sensitive
bioactive compounds.

Liposomes have been used as a carrier for delivering enzymes, polyphenols, drugs,
proteins, vitamins, aromas, and antioxidant compounds [11-14]. The main advantages of
liposomes over other encapsulation procedures are the stability that liposomes provide in
products with a typically high water content and the ability of liposomes to encapsulate
the hydrophilic, amphiphilic, and lipophilic compounds [15,16]. In addition, liposomes
represent non-toxic and biodegradable delivery systems that are usually prepared from nat-
urally occurring compounds, thus new formulations could be easily implemented [11,15].
The liposomal bilayer also provides the enhanced bioavailability of various drugs [17,18],
protein/peptide-based therapeutics [17], nutraceuticals [19], and polyphenols [17,20,21].
Proliposome technologies provide the high energy input of agitation and thus smaller and
uniform liposomes, compared to the other procedures for the liposomal preparation [11].
Furthermore, the proliposome method may be suitable for producing liposomes on a large
scale [22]. Since the textural, rheological, and physical properties, as well as chemical char-
acteristics of the topical and oral drug delivery systems, have a direct influence on the drug
bioavailability, as well as on the manufacture of pharmaceutical or cosmetic formulations,
the mentioned characteristics of the liposomes should be investigated. The Raman and
Fourier transform infrared (FI-IR) spectroscopy are widely used for the investigation of the
interaction of the bioactive compounds, drugs, vitamins, or hormones with a phospholipid
liposomal bilayer [23-28].

The encapsulation of fatty oils in liposomal particles was the focus of several recent
studies [29-31]. Since there is no comprehensive study regarding the encapsulation of R.
canina seed oil into liposomes, in the present study, the oil-loaded liposomes were devel-
oped and characterized with the aim to protect the sensitive biologically active components
of the oil, increase their bioavailability, and provide their controlled release, thus be poten-
tially implemented into various pharmaceutical and cosmetic formulations. Specifically,
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the particle size, polydispersity index (PDI), zeta potential, conductivity, mobility, density,
surface tension, viscosity, the Raman and FI-IR spectra, and the 60-day storage stability of
the liposomes (non-treated and UV-irradiated) were examined. Additionally, the determi-
nation of their antioxidant and antimicrobial activities was also performed. Therefore, the
presented study can provide evidence of the physicochemical properties and the biological
activity of the R. canina seed oil-loaded liposomes that can add value and improve the
quality of the pharmaceutical and cosmetic formulations.

2. Results and Discussion
2.1. Size, PDI, Zeta Potential, Conductivity, and Mobility of the Non-Treated and UV-Irradiated
Liposomes

The particle size, PDI, zeta potential, conductivity, and mobility of the empty and
R. canina seed oil-loaded liposomes (non-treated and UV-irradiated) were determined
using photon correlation spectroscopy (PCS). The results obtained immediately after the
liposomal preparation and after the UV irradiation are shown in Table 1.

Table 1. Particle size, polydispersity index (PDI), zeta potential ({), conductivity (G), and mobility ()
of the empty and Rosa canina seed oil-loaded liposomes measured immediately after the preparation
and after the UV irradiation.

Sample Size [nm] PDI { [mV] G [mS/cm] p [umem/Vs]
L 21457 4373 0467 £0.0128 —227+05P 0.020+£0.002¢ —1.794+0.03P
Luv 21273 +294?2 04724+0.023% —-176+03¢ 0.021 £0.002¢ —-1.22+£0.02°¢
L +oil 970.4 +37.4°  0460+£0.0102 —329+0.8?2 0.06840.0022 —2.5840.062

L+oilyy 9534 +122P  044340.01728 —2194+06° 003240001 —1.72+0.04P

* Values with different letters (a—c) in each row showed statistically significant differences (p < 0.05; n = 3; analysis
of variance, Duncan’s post-hoc test); L, liposomes.

As can be seen in Table 1, the size of the oil-loaded liposomes measured immediately
after the liposomal preparation was 970.4 £ 37.4 nm, while the PDI was 0.460 £ 0.010.
According to the literature, the procedures that provide a high energy input of the agitation,
which was the case of the proliposome technique used in the present study, form lower-
sized particles, compared to the other methods, such as the thin film procedure [11,15].
Isailovi¢ et al. [11] have reported that the presence of a small amount of ethanol which
is used in the proliposome method affects the liposome size, in terms of reducing the
parameter. Namely, ethanol causes the modification of the system net charge, causing
a steric stabilization. The liposomes with oil had a significantly smaller diameter than
their empty parallel (2145.7 £ 43.7 nm, Table 1). Namely, according to Fathi-Azarbayjani
et al. [32], the encapsulation of the o0il compounds within the liposomal bilayer reduces the
number of phospholipids that are incorporated into the membrane and therefore causes
the formation of smaller vesicles. The obtained PDI value of the plain and oil-loaded
liposomes (~0.460, Table 1), as a measure of the particle size distribution, indicates the
existence of a moderately disperse distribution [33]. Zhao et al. [34] have reported that
higher concentrations of lipids, particularly sterols, led to the higher PDI values showing
an increased heterogeneity. Considering the high concentration of phospholipids in the
liposomal samples (0.2 g per mL), as well as the presence of phytosterols from rosehip oil
in oil-loaded liposomes, it can be the reason for the higher PDI values, i.e., a moderately
disperse size distribution. UV irradiation did not cause statistically significant changes in
the vesicle size and uniformity of the system (Table 1).

The zeta potential determined immediately after the preparation of the oil-loaded
liposomes was —32.9 + 0.8 mV (Table 1). The zeta potential can significantly impact the
physical stability of the vesicles in suspension by determining the electrostatic repulsion
between them [11]. Thus, the negative and high value of the zeta potential (as a measure of
liposomes stability) determined in our case, accounts for a good electrostatic stabilization
of the system, preventing the aggregation and fusion of the particles [11,15]. Additionally,
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the surface charge is a key determinant of the nano-particle and encapsulated content
behavior and the elimination in vivo. The anionic nano-particles interact strongly with the
reticuloendothelial system cells scavenging the endothelial cells and the blood resident
macrophages, whereas the cationic liposomes are rapidly removed from circulation by
a combination of non-specific cellular interactions (adsorption to the anionic surface of
the blood vessel walls), and clearance by the specialized cells of the reticuloendothelial
system [35]. The rosehip oil-loaded liposomes showed a higher zeta potential (absolute
value), compared to the plain liposomal bilayer (—22.7 4= 0.5 mV, Table 1). Namely, several
research studies have reported that the sterol incorporation increased the spacing between
the phospholipid heads and caused the hydrophobic stabilization of the membrane of the
liposomes [36-38]. Therefore, the presence of phytosterols from rosehip oil can change
the order of the phospholipids and the thickness of the liposomal membrane regardless
of the nature of the functional groups in phospholipids, and these groups can participate
in creating hydrogen bonds with phytosterols, as well as in changing the zeta potential
of the liposomes [36,39]. In addition to the particle size, the PDI, and the zeta potential,
the conductivity of the prepared liposomes was determined as the fourth physical prop-
erty and amounted to 0.068 + 0.005 mS/cm for the oil-loaded liposomes (Table 1). The
electrical conductivity represents a measure of how easily an electrical current can pass
through water or any solution, and it can be used as an indicator of the total dissolved
solids [40,41]. In the case of the liposomes, the conductivity is influenced by the exposed
charge of the phospholipids and correlates to a volume of the liposome entrapment [41].
The conductivity measurements can also provide evidence of polyions that can induce
the liposome aggregation. The additional reasons for the monitoring of the conductivity
of the liposomal suspension lay in the fact that the movement of the conductive ions in
highly conductive samples can lead to the electro depolarization, degradation, and thus
inconsistent zeta potential values, while changes in the conductivity values (the increase in
values) may indicate a leakage of the encapsulated contents into the surrounding water
medium [40]. Namely, Lidgate et al. [41] have reported that in the case of a higher phos-
pholipid concentration (which was the case of rosehip oil-loaded liposomes, 0.2 g/mL), the
ions are inside the liposomal particles, their mobility is reduced, and their contribution
to the conductivity is no longer apparent, thus the value of the conductivity is pretty low.
However, the conductivity of the plain liposomes was even significantly lower (0.020 &
0.002 mS/cm), in comparison to the oil-loaded liposomes. It can be explained by the fact
that the small liposomes most notably affected the conductivity, due to a greater surface
area which exposes a greater percentage of the phospholipid head groups [41]. Thus,
the measured conductivity of the R. canina oil-loaded liposomes was greater (smaller
particles than of plain liposomes). The mobility of the liposomes, as a function of size,
surface charge, and membrane composition, was also examined (—2.58 &= 0.06 umcm/ Vs,
Table 1). In our previous study [15], the liposomes with sterols showed a higher fluidity,
thus a better mobility. Given that the R. canina seed oil possessed phytosterols, mainly
(3-sitosterol—82.1% [4], it can be the explanation for the higher mobility of the oil-loaded
liposomes, compared to the plain liposomes (—1.79 £ 0.03 umcm/Vs, Table 1). However,
the UV irradiation has caused a significant influence on the zeta potential, conductivity,
and mobility of the oil-loaded liposomes. Namely, a drop in the all mentioned values was
noticed (Table 1). According to the literature, the UV irradiation of the liposomes resulted
in the comprehensive surface charge change or even reversal from the negative to the
positive [35]. However, the zeta potential changing or switching do not always induce any
large-scale reorganization of the liposomal bilayer, disruption of the liposome integrity,
as well as leakage of the encapsulated bioactive compounds. Considering that there was
no increase in the conductivity of the oil-loaded liposomes after the UV irradiation, it
can be concluded that there was no leakage of the encapsulated compounds from the
carrier. Namely, the increase in the conductivity of the liposomes during storage is usually
related to the leakage of the encapsulated active compounds. The conductivity of the inner
medium of the liposomes can be modified by the encapsulated compounds as well [42].
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Since 30-min UV irradiation caused the water evaporation from the liposomal suspension,
the decrease in the conductivity of the UV-irradiated samples should be explained by
higher lipid concentrations which lead to a higher capture volume, the effective removal of
ions from the liposome suspension, and consequently, to the reduction in the conductivity
value [32,41]. A drop in the mobility can be explained by the degradation of (3-sitosterol
from the oil because the UV irradiation can induce the phytosterol peroxidation [43].

2.2. The Storage Stability of the Liposomes

With the aim to investigate the storage stability of the R. canina seed oil-loaded lipo-
somes (non-treated and UV-irradiated), the particle size, the PDI, the zeta potential, the
conductivity, and the mobility were determined for 60 days and the results are presented as
Figure la—e. The storage stability of the empty liposomes (non-treated and UV-irradiated)
via analyzing the particle size, PDI, zeta potential, conductivity, and mobility were also
examined for 60 days and the results are presented in Supplementy Figure Sla,b.
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Figure 1. Liposome size (a), polydispersity index (b), zeta potential (c), mobility (d), and conductivity
(e) of the non-treated and UV-irradiated Rosa canina seed oil-loaded liposomes during 60 days storage
at 4 °C; values with different letters (a—d) in each row showed statistically significant differences
(p < 0.05; n = 3; analysis of variance, Duncan’s post-hoc test); L, liposomes.

The size of the liposomal population with the rosehip oil did not change signifi-
cantly during 14 days of storage at 4 °C, but after the 21st day, the vesicle size rose from
952.8 £ 20.1 nm to 1157.7 &+ 25.8 nm and amounted to 1179.2 £ 21.4 nm at the 60th day,



Molecules 2023, 28, 276

7 of 22

whereas the PDI continuously increased from the 14th day (Figure 1b). As it is mentioned
in Section 3.1., a negative zeta potential of the oil-loaded liposomes provides a good elec-
trostatic stabilization of the liposomal suspension, providing the inhibition of the particle
aggregation and fusion, which is confirmed by the stability test (the size did not change for
more than 11.5% during the 60-day storage at 4 °C). In the UV-irradiated parallel, the same
trend is observed.

As can be seen in Supplementary Figure Sla, on the 1st day of the storage stabil-
ity study, the non-treated vesicles of the plain liposomes had the same diameter as the
UV-irradiated vesicles. However, after 60 days of storage at 4 °C incubation, the vesicle
diameters changed only for the UV-irradiated sample. Namely, on the 60th day, the
diameter for UV-irradiated liposomes was 2650.5 £ 27.1 nm and for the non-treated
2115.4 £ 45.5nm. The size of the UV-irradiated liposomes changed by 54.6% during
the 60-days storage at 4 °C. The obtained results are in agreement with the literature
data [44]. In both plain liposomes, the PDI did not change during the storage stability study
(Supplementary Figure Sla).

Moreover, the zeta potential varied in both the oil-loaded liposomes, but the trend
was different in the non-treated and the UV-irradiated samples (Figure 1c). The zeta
potential (absolute value) in the non-treated liposomes decreased from —32.9 & 0.8 mV
to —22.2 4+ 0.9 mV, while the zeta potential of the UV-irradiated liposomes decreased to
—18.8 £ 0.3 mV on the 14th day, and after that it increased up to 21.8 £ 0.9 mV on the 60th
day. The zeta potential of the non-treated plain liposomes did not change significantly
during the 60-day storage study, while in the case of the UV-irradiated parallel, the zeta
potential increased from —17.6 £ 0.3 mV to —23.8 & 0.5 mV (Supplementary Figure S1b).
According to the results of the liposomes’ mobility (Figure 1d), it can be concluded that there
were no significant changes in the mentioned parameters during the 21 days in the non-treated
oil-loaded liposomes, but after that, the mobility decreased up to —1.70 = 0.06 pmem/Vs.
However, the mobility of the UV-irradiated parallel did not change during the 60-day storage.
Moreover, in the UV-irradiated plain liposomes, an increase in the mobility of the liposomes
after 14 days (from —1.22 4 0.02 pmcm/Vs to —1.71 & 0.03 pmcm/Vs) is observed, while in
the non-treated plain liposomes, there were no changes in the mobility during the 60 days.
Therefore, the trend of the zeta potential changes, is the same as the trend of the mobility
changes in the case of the unloaded liposomes.

According to Lidgate et al. [41], the measurement of conductivity of the stored li-
posomal vesicles can provide important information related to their size and integrity,
i.e,, the potential leaking of the encapsulated substances. Namely, the changes in conduc-
tivity can indicate whether the liposomes have fused, i.e., the decrease in conductivity,
or leaked, i.e., an increase in conductivity. The conductivity of both non-treated and
UV-irradiated oil-loaded liposomes (Figure 1e) significantly decreased during the 60-day
stability study (from 0.068 £ 0.002 mS/cm to 0.007 £ 0.003 mS/cm for the non-treated
and from 0.032 4+ 0.001 mS/cm to 0.009 £ 0.001 mS/cm for the UV-irradiated). The same
trend is observed in the case of the plain liposomes (Supplementary Figure S1b). As can
be noticed, the conductivity of the oil-loaded liposomes decreased on the 14th day, after
that the values did not change. A similar trend was observed in the PDI values of the
mentioned liposomes (the increase in the PDI on the 14th day, after that the values were
the same). Therefore, the decrease in the conductivity can be related to the fusion of some
parts of the liposomal population, which influenced the size distribution, but not particle
size represented as the mean value (Figure 1a,b).

2.3. Density, Surface Tension, and Viscosity of the Liposomes

The physical properties, including the density, surface tension, and viscosity were de-
termined in the pure R. canina seed oil, the empty, and the oil-loaded liposomes (non-treated
and UV-irradiated). Since the mentioned parameters have a key role in the manufacture of
pharmaceutical and cosmetic products, they should be investigated, in order to improve
the product quality.
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As can be seen in Table 2, the density of the oil-loaded liposomes was 0.974 + 0.003 g/cm?®
for the non-treated and 0.959 + 0.001 g/cm? for the UV-irradiated, whereas the plain liposomes
have shown a significantly higher density, 0.995 + 0.003 g/cm3 and 0.974 + 0.004 g/cm? for
the non-treated and the UV-irradiated samples. The surface tension of the oil-loaded
liposomes was 20.3 & 1.0 mN/m for the non-treated and 23.1 & 0.2 mN/m for the UV-
irradiated, while the unloaded liposomes had a significantly different surface tension,
19.7 4+ 0.9 mN/m for the non-treated and 21.4 + 0.5 mN/m for the UV-irradiated. The
viscosity of the oil-loaded liposomes was 13.5 £ 0.2 mPaes for the non-treated and
20.2 = 0.1 mPaes for the UV-irradiated, while the viscosity of the empty liposomes was
13.9 4 0.2 mPaes for the non-treated and 20.7 £ 0.4 mPaes for the UV-irradiated. Fur-
ther, the density and surface tension of the pure oil were 0.914 + 0.001 g/ cm3 and
30.0 £ 0.8 mN/m for the non-treated and 0.915 £ 0.002 g/cm?® and 28.0 & 0.9 mN/m
for the UV-irradiated, while viscosity was 50.9 = 0.3 mPaes for the non-treated and
45.7 £ 0.1 mPaes for the UV-irradiated. In the case of the pure oil, the UV irradiation
has caused a decrease in the surface tension and viscosity values. Moreover, it was
the opposite in the oil-loaded liposomes, where the UV-irradiated samples possessed
a higher surface tension and viscosity, probably due to water evaporation during 30 min
of UV irradiation. The values of the density and surface tension did not change after the
60th day in the non-treated and UV-irradiated oil-loaded liposomes (0.969 & 0.003 and
0.962 4 0.003 g/cm? and 20.1 + 1.5 and 23.4 & 1.5 mN/m, respectively), while the viscosity
significantly decreased (6.7 £ 0.4 and 11.4 £ 0.5 mPaes), probably due to the hydrolytic
reactions characteristic of an aqueous medium.

Table 2. Density (p), surface tension (7y), and viscosity (1) of Rosa canina seed oil, empty, and oil-loaded
liposomes (non-treated and UV-irradiated).

Sample p (g/lcm®) v (mN/m) 17 (mPa-s)
oil 0.914 =+ 0.001 9* 30.0 £ 0.8 509 + 0.3
oilyy 0.915 + 0.002 ¢ 280+ 09P 457 +£0.1°
L 0.995 + 0.003 2 19.7 +£0.7¢ 139+ 0.24d
Luv 0.967 + 0.003 b 2144054 20.7 £ 04°
L+ oil 0.974 + 0.004 b 20.3 + 0.8 de 135 +0.24
L + oilyy 0.959 = 0.001 € 23.1+02¢ 202 +02¢

* Values with different letters (a—e) in each row showing the statistically significant differences (p < 0.05; n = 3;
analysis of variance, Duncan’s post-hoc test); L, liposomes.

2.4. Raman Spectra

The Raman spectroscopy was applied as the fast and nondestructive analytical tech-
nique for the chemical evaluation and the examination of the presence of different interac-
tions between Phospholipon (Ph, a commercial phospholipid mixture) and the R. canina
seed o0il, as well as the changes between the plain and oil-loaded liposomes, and their
UV-treated parallels.

The Raman features of the Ph and plain liposomes spectra (Figure 2a and Supplemen-
tary Figure S2, respectively) correspond to the C-N symmetric stretching of choline (phos-
pholipid head-group) at ~710 cm !, C-C=0 stretching at 959 cm !, the skeletal stretching
of the C—C vibrations at ~1025 cm™1, the symmetric stretching of PO, ™ at 1080 cm™ 1,
the asymmetric stretching region of the PO, ~ groups between 1170-1200 cm~*, cis=C-H
stretching vibration in the oleoyl chain at 1275 cm ™!, the methylene deformation band
(6CHy) of the fatty acid chains at 1450 cm™1, C=C stretching vibration in the oleoyl chain
at 1665 cm™!, carbonyl group (C=0) of the ester bond between glycerol and fatty acids at
1765 cm~!, the symmetric and asymmetric stretching modes of the C-H bonds in CH, and
CHj groups in the alkyl chains at 2850-2950 cm ™!, the CH stretching of the N-CHj; groups
at 3015 cm !, and the mode associated with bound water at 3325 cm ™! [23,24,28,45,46].
Additionally, the Raman mode at ~1525 cm~! can be related to the N-O stretching (proba-
bly from the impurity) that occurs at 1500-1550 cm ™! or the H-O-H bending vibration in
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the phospholipids that occurs between 1500 and 1700 cm ™! [45]. The difference between
Ph and the UV-irradiated Ph is in a slight moving from 1275 cm~! to 1260 cm ™! of the
band ascribed to the cis =C-H stretching vibration in the oleoyl chain, probably due to
the sensitivity of a double bond to the oxidation caused by the UV irradiation. The spec-
tra of the plain liposomes (non-treated and UV-irradiated), presented in Supplementary
Figure S2, contain all peaks as the spectra of pure Ph, thus it can be concluded that no
chemical changes occur in the phospholipids during the liposome formulation, which is in
agreement with the literature data [23]. However, there were differences in the intensity
of the peaks between the spectrum of pure Ph and the plain liposomes, possibly due to
the formation of hydrogen bonds. Arsov and Quaroni [47] and Chen and Tripp [48] have
reported that the relative intensity of the C=0O bands is the key parameter to monitor the
changes in the relative free and hydrogen bonded populations of the carbonyl groups of
the lipid.

The fingerprint region of the Raman spectra of the rosehip oil includes essential bands
which correlate with the most important parts of the fatty acids” molecular structure and
the region well known to characterize the unsaturation level of the fatty acid chain [49,50].
According to the literature, the dominant compounds in the R. canina seed oil are unsatu-
rated acids, including linoleic, a-linolenic, and oleic acids, while linoleic acid possesses the
highest percentage [4,51,52]. Moreover, saturated fatty acids, such as palmitic and stearic
acids, are presented in a lower percentage [53]. Linoleic, a-linolenic, and oleic acids mainly
differ in the position of the double bond, and consequently, there are two or three broad
C=C bonds with higher wavenumbers in their Raman spectra that are highly similar [54,55].
As can be seen in Figure 2, a group of overlapping bands in the region between 800 and
1100 cm~!, peaking at 1010 cm~!, may be attributed to the C—C stretching of the (CH»),
group [56]. A strong Raman phonon in the carbonyl region of the spectrum at 1160 cm~*
can be assigned to the C-C stretching of carotenoids [23,56]. The mode at 1275 cm ™! is
related to the presence of the esterified unsaturated fatty acids (cis isomers) and can be
assigned to the bending of =C-H [53]. The band at 1450 cm ! can be assigned to the C-H
scissoring of CH,, while the peak at 1520 cm ! can be assigned to the C=C stretching of
carotenoids [56]. A broad small peak at ~1600 cm ™! corresponds to the polyphenolic com-
pounds [53], which is in agreement with the study of Grajzer et al. [3] who identified and
determined, apart from a relatively high level of carotenoids in rosehip seed oil, phenolic
acids, particularly p-coumaric acid methyl ester, vanillin, and vanillic acid. Since rosehip
oil possesses an appreciable amount of lipophilic antioxidants, such as tocopherol [3],
the phonon arising from the aromatic part (chromanol ring) of tocopherol occurred at
1615 cm ™! [57]. The phonon frequency at 1650 cm~! can be assigned to the cis stretching
vibration of the C=C unsaturated lipids (cis RHC=CHR) [53,56]. The relative intensity of
all unsaturation regions of the unsaturated fatty acids (cis isomers) is in accordance with
the degree of saturation of the fatty acid in the lipid, especially in the case of the mode at
1650 cm ! [53]. A broad band in the oil spectrum ranging at ~2700 cm ™!, originates from
CHy;, and the CH3; symmetric stretching vibration [58]. The UV irradiation did not cause
changes that can be visible in the Raman spectra of the pure R. canina oil. The obtained
spectra are in agreement with the literature data and contain the common characteristic
vibrational modes of almost all vegetable oils [56].
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Figure 2. Raman spectra of the non-treated and UV-irradiated (a) Ph (a commercial phospholipids
mixture) and the Rosa canina seed oil, and (b) the oil-loaded liposomes (liquid and lyophilized) in the
spectral range from 70 to 3400 cm~1; L, liposomes.

The Raman spectrum of the rosehip seed oil-loaded liposomes showed characteristic
bands of both phospholipids and oil (Figure 2b). Namely, the mode at 959 cm ™! corresponds
to the phospholipid C-C=0 stretching. In a region of 1010-1025 cm !, the C-C stretching of
the (CH,),, group presents in Ph and oil spectra, while the mode 1150 cm ™! can be assigned
to the C—C stretching of carotenoids, which exclusively originates from oil. However, the
stretching region of the PO, groups is from 1170 to 1200 cm~!. Namely, in the oil-loaded
liposomes spectrum, the stretching region of the PO, ™~ groups of phospholipids was found
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at 1135-1195 cm ! (occurred in the spectrum of raw phospholipids as well, Figure 2a) and
it seems to be insensitive to the presence of either bilayer modifiers, such as rosehip oil.
Namely, phytosterols from plant oil, such as [3-sitosterol and cycloartenol presented in
rosehip oil [3], are incorporated within the bilayer membrane, its hydrophilic 33-hydroxyl
head group is placed in the vicinity of the phospholipid ester carbonyl groups, and its
hydrophobic steroid ring is oriented parallel to the acyl chains of the phospholipids [24].
The mode at ~1275 cm ™! relates to the cis =C-H stretching vibration in the oleoyl chain
and methylene deformation band (6CHy) of the fatty acid chains at 1450 cm~! presented in
both Ph and oil. The Raman phonon at 1525 cm ™! can be related to the C=C stretching of
carotenoids from oil, whereas the C=C stretching vibration in the oleoyl chain at 1650 cm !
is from unsaturated fats presented in Ph and oil. The symmetric and asymmetric stretching
modes of the C—H bonds in the CH, and CHjz groups in the alkyl chains are in a range of
2700 to 3000 cm ™! which occurred in the Ph and oil spectra as well. The obtained results
are expected since rosehip oil had a very strong signal during the Raman spectra recording.
Additionally, in contrast to the aqueous extracts which compounds are water soluble and
completely enveloped by the phospholipid layers [23], the liposoluble components of the
oil cannot be affected by the effect of “shielding” [59]. Namely, the lipophilic compounds
are located within the liposomal bilayer that contains phospholipid tails, whereas the
hydrophilic compounds can be located in the water vesicles [15]. According to Pohle
etal. [60], the stretching region of the PO, ~ groups at 1080 cm ! and ~1200 cm ! is marked
as being quite sensitive to the structural changes of the phosphatidylcholine micelles,
particularly in the hydrated state. In the case of the oil-loaded liposomes, a mode at
1080 cm ! disappeared, whereas the peak at ~1200 cm ! became more pronounced and
shifted to the higher wavenumber. In the study by Frias et al. [26], a polyphenol from
bearberry, encapsulated into phosphatidylcholine liposomes, influenced both of the PO, ™
stretching phonons’ frequency, depending on its location within the liposomal vesicles.
Namely, the mode associated with the symmetric PO, ™ stretching at 1080 cm~! was
affected when the polyphenol was outside, whereas the asymmetric stretching phonon
at ~1200 cm~! was influenced if the polyphenol is both inside and outside. Additionally,
the encapsulation of the polyphenols of ground ivy extract in the liposomal bilayer also
caused a slight shift of the PO, asymmetric stretching band from 1238 cm~! (empty
liposomes) to 1243 cm ™! (extract-loaded liposomes) [23]. In the case of rosehip seed oil-
loaded liposomes, changes have occurred in both the PO, ™ stretching regions indicating
that the oil compounds are located both in the phospholipid bilayer and on the surface of the
membrane. An additional fact that some of the rosehip oil components can be distributed
at the liposomal surface is the diminishing of the intensity of the phonon related to the
bound water at 3325 cm~!. Namely, the components that interact via the hydrogen bonds
can replace molecules of water adsorbed on the membrane surface. The facts that come
from the Raman analysis suggest that the oil components are not only entrapped within
the liposomal bilayer but also on the membrane surface, having a significant influence on
the physicochemical properties of the liposomes. As in the case of the plain liposomes and
pure oil, the UV irradiation did not cause changes that can be visible in the Raman spectra
of the oil-loaded liposomes.

2.5. FT-IR Spectra

The FT-IR spectroscopy was also applied in order to analyze and investigate the
presence of different interactions between the phospholipids from liposomes and R. canina
seed oil, as well as the potential influence of the UV irradiation on the liposomes and
oil compounds. The FT-IR spectra of the phospholipid mixture, rosehip oil, plain and
oil-loaded liposomes, and their UV-irradiated parallels are presented in Figure 3.
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Figure 3. FT—IR spectra of the non-treated and UV-irradiated (a) Ph (a commercial phospholipids

mixture) and Rosa canina seed oil, and (b) the plain and oil-loaded liposomes in the spectral range
from 450 to 4000 cm~!; L, liposomes.

Regarding the FT-IR spectra of the pure Ph (Figure 3a), a group peak at 623 cm ™!
assigned to O-CO-C of phospholipids, C-N symmetric stretching of choline at ~719.6 cm ™!
is observed, and the quaternary ammonium group of choline moiety gives rise to two
phonons, at 923.1 and 969 cm~1, which is related to the symmetric and asymmetric stretch-
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ing of the C-N bond, respectively [23,24]. There is a band at 1086.4 cm ! that corresponds
to the symmetric PO, ™ stretching that is partially overlapped with the band at 1062.9 cm™!
that represents the C-O-P-O-C stretching, the mode at 1174.1 and 1233.4 cm ™! are specific
for the symmetric and asymmetric stretching of the PO, ~ groups, the mode at 1377.4 cm ™!
is accompanied with the methylene group from the lipids, the mode centered at 1465.8 cm !
assigns to the scissoring vibrations of the CH, groups ascribed to the fatty acid chains, the
mode at 1651.6 cm ! is associated with bound water, the mode at 1735.4 cm ™! represents
the stretching vibrations of the ester carbonyl groups (C=0), the mode at 2923.1 cm ™! is
specific for the asymmetric stretching vibration in the CH3 groups, the mode at 2853.1 and
3009.8 cm ! represent the symmetric and asymmetric C-H stretching, and a broad mode at
3382.9 cm ! corresponds to the O-H stretching [24,61,62]. Since the FT-IR spectra of the
empty liposomes (Figure 3b) showed all characteristic bands of phospholipids, it can be
concluded that no chemical reaction occurred during the liposomal preparation that was
also approved in the Raman analysis.

The FT-IR spectra of the R. canina oil (Figure 3a) show the mode at 721.8 cm~! that
can be assigned to the carbon skeleton vibration, and the mode at 1098.3 cm~! that is
characteristic for the (C—C) stretching of the (CH;), group [56,63]. According to Qiu
et al. [56], a strong peak at 1160.5 cm ™! is related to the C-C stretching of carotenoids.
The band at 1242.8 cm ™! is assigned to the in-plane deformation vibration of the =CH
groups from the unconjugated cis double bonds, the phonon observed at 1377.5 cm~! was
associated with the deformation vibration in the phase of a methylene group from the lipids,
the band at 1459.9 cm ™! is related to the 6(C—H) deformation, the phonon at 1743.2 em~lis
characteristic for the v(C-H) ester carbonyl, which is a chemical group specific to vegetable
oils with a high content in saturated fatty acids and short hydrocarbonated chains, the
mode at 2853.5 and 2923.1 cm ! are assigned to the symmetric and asymmetric vibrations
v(C-H) of the CH; and CHj aliphatic groups from the alkyl rest of the triglycerides, and
the mode at 3009.3 cm~! is related to the =CH vibration from the lipids (methyl-oleate
group) [7,63].

In the FT-IR spectra of the oil-loaded liposomes (Figure 3b), there is one mode specific
only for the R. canina oil, at 1163.2 cm ™! (related to carotenoids). The presence of a low-
intensity band corresponds to carotenoids, clearly originating from oil, indicating that they
can be “entrapped” on the liposomal surface. Moreover, an absence of the mode that exists
in the FT-IR spectra of pure oil is observed, such as the bands at 1098.3 cm ! related to the
(C—C) stretching of the (CHy), group and 1242.8 cm~! assigned to the in-plane deforma-
tion vibration of the =CH groups from the unconjugated cis double bonds. Probably, the
components with these functional groups are located within the liposomal particles, thus
they cannot be visible in the spectra. Namely, according to the literature, when the peaks
that belong to the active compounds are invisible, it means they are completely covered by
the carrier, i.e., the indication of the efficient wrapping of the oil compounds during the
liposome entrapment, in our case [64,65]. In the FI-IR spectra of the oil-loaded liposomes,
there are also observed modes that belong to the liposome phospholipids, including the
modes at 924.7, 968.6, 1089.7, and 1058.8 cm L. However, the mode at 623 cm 1, assigned
to O-CO-C of the phospholipids, 1174.1 and 1233.4 cm !, related to the symmetric and
asymmetric stretching of the PO, groups, and 3382.9 cm ™!, corresponding to the O-H
stretching, existed in the FT-IR spectra of the plain liposomes, but were not observed in the
spectra of the oil-loaded liposomes. According to the literature, when the encapsulated
compounds are distributed inside and outside of the liposomes, it affects the asymmetric
stretching phonon at 1233 cm ™! [23]. In the case of the R. canina oil-loaded liposomes, the
mentioned band is moved from 1233.4 to 1238.5 cm ™!, indicating that the oil components
are located within the liposoluble phospholipid tails and on the liposome surface. Addi-
tionally, when the encapsulated components are only on the liposomal surface, it has an
influence on the band associated with the symmetric PO, ™ stretching (1087 cem 1) [26].
Thus, further evidence that the R. canina oil compounds are both inside and outside of the
liposomes is in the fact that the mentioned band is the same in the plain and oil-loaded
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liposomes. Some of the o0il components that are incorporated at the membrane surface,
caused a significant diminishing in the intensity of the mode assigned with bound water
(at ~1650 and ~3380 cm 1), due to their interactions through the hydrogen bonds which
replace the molecules of water adsorbed on the surface of the liposomal bilayer [23]. The
obtained results and conclusions are in agreement with the literature data, where the FT-IR
analysis showed that the flaxseed oil was encapsulated in the interior of the liposomes
and combined with the membrane interface of the bilayer as well [30]. In addition, the
same study reported that flaxseed oil loaded-liposomes were spherical with a smooth
surface (transmission electron microscopy) due to the flaxseed oil which can fill the gaps
created by the imperfect phospholipid arrangement and thus improve the intactness of
the liposomal bilayer. Namely, since the mentioned oil compounds were combined with
the membrane interface, it can explain the phenomenon that the image of the liposomes
with oil had a smooth surface, while the plain liposomes had a rough surface [30]. The
phonon at 1735.4 cm ™! (in the plain liposomes) associated with v(C-H) ester carbonyl was
moved to 1742.1 cm ™! (in the oil-loaded liposomes). The changes in the mentioned peak
occurred due to the formation of a hydrogen bond between the -OH groups present in
the oil components and the carbonyl groups of the phospholipids [24]. The mode that is
common for both the oil and phospholipids are at ~720 cm !, related to the C-N symmetric
stretching and the carbon skeleton vibration, ~1377.5 cm~! corresponds to the methylene
group from the lipids, ~1465 cm ™! assigns to the scissoring vibrations of the CH, groups,
i.e., the 6(C-H) deformation ascribed to the fatty acid chains, 2853.3 and 3009.2 cm1,
specific for the symmetric and asymmetric C-H stretching in the lipids, and 2923 cm !,
related to the asymmetric stretching vibration in the CHjz groups.

Additionally, in all examined samples, the UV irradiation did not cause chemical
changes that can be visible in the FT-IR spectra (Figure 3).

2.6. Antioxidant Potential of the Liposomes

The antioxidant potential of the R. canina seed oil, the empty and oil-loaded liposomes
(non-treated and UV-irradiated), was determined using two antioxidant assays, the ABTS
and DPPH methods.

As can be seen from Figure 4, the ABTS radical scavenging capacity was
0.200 £ 0.001 umol/mL and 0.215 £ 0.008 pwmol/mL, while the ICsy value was
0.269 £ 0.004 mg/mL and 0.215 £ 0.006 mg/mL for the non-treated and the UV-irradiated
oil-loaded liposomes, respectively. The ABTS and DPPH antioxidant activities of pure oil
under the same conditions amounted to 0.215 £ 0.010 umol/mL and 0.150 & 0.003 mg/mL,
respectively. Thus, it can be concluded that the liposome surroundings did not influence
the antioxidant activity of the R. canina oil components.

Statistically the significantly higher ABTS radical scavenging potential and the lower
ICs5¢ (higher DPPH radical scavenging activity) for the UV-irradiated sample with rosehip
oil can be explained by the fact that the UV irradiation can induce the polymerization of
the polyphenol compounds (also present in R. canina oil) that can have a higher antioxidant
potential, in comparison to the single polyphenols [66].

As was expected, the oil-loaded liposomes have shown a statistically significant
antioxidant capacity, compared to the empty liposomes, due to the presence of y-tocopherol,
d-tocopherol, carotenoids, catechins, and phenolic acids at a relatively high level, as well as
their synergistic effects that induce a significant antioxidant potential [1,3].
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Figure 4. Antioxidant capacity of the empty and Rosa canina seed oil-loaded liposomes (non-treated
and UV-irradiated) obtained in the ABTS (a) and DPPH (b) assays; ICs, the concentration of the
liposomes required to scavenge 50% of the DPPH radicals; values with different letters (a—c) showed
statistically significant differences (p < 0.05; n = 3; analysis of variance, Duncan’s post-hoc test).

2.7. Antimicrobial Potential of the Liposomes

The antimicrobial effect of rosehip oil and oil-loaded liposomes against Pseudomonas
aeruginosa, Klebsiella spp., Proteus spp., Staphylococcus aureus, and Candida albicans, iso-
lated from wound swabs was investigated. However, neither the R. canina seed oil nor the
oil-loaded liposomes showed any antimicrobial activity against all investigated microorgan-
isms. The obtained results are in agreement with the literature data where the antibacterial
effect of the R. canina seed oil prepared using Soxhlet extraction and n-hexane was not
demonstrated against P. aeruginosa, Staphylococcus spp., Lactobacillus plantarum, Proteus
mirabilis, Bacillus cereus, and Escherichia coli, while the methanol sample showed activity
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against E. coli [67]. According to the literature, the amount of the extracted biologically
active substances of rosehip seeds strongly depends on the extraction procedures (Soxhlet,
ultrasound-, microwave, sub-, and supercritical fluid extractions) and used conditions
(temperature, extraction medium, pressure, time, etc.) [1,52,68]. Namely, Szentmihalyi
et al. [68] have reported that a higher amount of bioactive compounds was obtained using
the supercritical fluid extraction and carbon dioxide/propane, in comparison to Soxhlet,
ultrasound-, or microwave-extractions and n-hexane. Additionally, a large content of active
antimicrobial compounds in the Rosa species is probably mainly distributed in pulp, not in
seeds. Apart from that, the variation in the oil’s chemical composition was also influenced
by other environmental factors, including genetic, climatic, ecologic, and the soil conditions
for plant growth [1,52].

3. Materials and Methods
3.1. Plant Material, Reagents, and Standards

R. canina seeds were purchased from the Institute for Medicinal Plants Research “Dr
Josif Panci¢”, Serbia. The following reagents were used: ethanol (Fisher Scientific, Leices-
tershire, UK) and Phospholipon 90 G (unsaturated diacyl-phosphatidylcholine) (Lipoid
GmbH, Ludwigshafen, Germany), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)—
ABTS, n-hexane, Trolox—6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, 2,2-
diphenyl-1-picrylhydrazyl—DPPH (Sigma Aldrich, St. Louis, MO, USA), and potassium
persulfate (Centrohem, Belgrade, Serbia).

3.2. Preparation of the Rosa Canina Seed Oil

The oil was extracted from grounded seeds using Soxhlet extraction with n-hexane for
6 h at 60 °C. Following the evaporation of the solvent using a IKA RV 05 rotary vacuum
evaporator (Staufen, Germany), the oil was stored in the dark at —25 °C.

The chemical characterization of the obtained rosehip seed oil was previously pub-
lished and the content of the total polyphenols amounted to 0.13 mg of gallic acid equiv-
alents/g, whereas the content of the unsaturated fatty acids was ~90%. The main fatty
acid was linoleic (55%), followed by oleic (17.1%), «-linolenic (18.2%), palmitic (4.2%),
stearic, (3.0%), eicosanoic (1.28%), cis-11-eicosanoic (0.36%), behenic (0.26%), and cis-11,14-
eicosadienoic acids (0.14%) [6].

3.3. Preparation of the Liposomal Particles and Lyophilization

The R. canina seed oil-loaded liposomes were prepared using the proliposome method [11].
The liposomes were prepared using a mixture of phospholipids (Phospholipon). The phos-
pholipids (2 g), ethanol (2.8 mL), and R. canina seed oil (1.2 mL) were stirred at 50 °C.
Once cooled to room temperature, the aqueous phase (10 mL) was added in small portions;
the emulsion was stirred at 800 rpm for 1 h. The plain liposomes (as a control) were also
prepared. In the preliminary screening, the amount of oil in the liposomal preparation was
varied (0.5-1.5 mL) and after centrifugation at 17,500 rpm and 4 °C for 45 min in a Thermo
Scientific Sorval WX Ultra series ultracentrifuge (Thermo Scientific, Waltham, MA, USA),
in the case of the samples prepared using 0.5-1.2 mL of oil, there were no oil drops on the
surface of the supernatant. Therefore, 1.2 mL of the oil was selected for the preparation of
the future liposomes that were further examined. For the Raman and FT-IR analyses, the
lyophilized samples (empty and oil-loaded liposomes before and after the UV irradiation)
were prepared as well. Following the centrifugation, the liposomes were frozen in the
freezer, LAB11/EL19LT (Elcold, Hobro, Denmark), at —80 °C for 1 h and lyophilized in
Beta 2-8 LD plus lyophilizator (Christ, Memmingen, Germany) at —75 °C and 0.011 mbar
for 24 h.

3.4. Size, PDI, Zeta Potential, Conductivity, and Mobility Analyses

The particle size, PDI, zeta potential, conductivity, and mobility of the R. canina seed
oil-loaded liposomes (immediately after the liposome preparation, after the UV irradiation,
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and during the 60-day study) were determined using PCS in Zetasizer Nano Series, Nano
ZS (Malvern Instruments Ltd., Malvern, UK). Each sample was diluted 200 times and
measured three times at 25 °C.

3.5. Storage Stability Study

The measurements of the particle size, PDI, zeta potential, conductivity, and mobility
of the obtained liposomes were repeated on the 1st, 7th, 14th, 21st, 28th, and 60th day after
the preparation of the liposomes. During the 60-day stability study, the liposomal system
was stored in the refrigerator at 4 °C.

3.6. UV Stability Study

Since the UV irradiation is widely applied commercially for sterilization in food, phar-
maceutical, and cosmetic industries, the plain and oil-loaded liposomes (3 mL in a thin layer)
were exposed to UV-C irradiation (253.7 nm) in a Petri dish for 30 min [69]; subsequently, the
size, PDI, zeta potential, conductivity, mobility, density, surface tension, viscosity, Raman and
FT-IR analyses were performed. Additionally, the UV-irradiated samples were analyzed in
terms of their biological activities (antioxidant and antimicrobial effects).

3.7. Density, Surface Tension, and Viscosity Analyses

The density and surface tension of pure the R. canina seed oil, empty and oil-loaded
liposomes (non-treated and UV-irradiated) were determined using silicon crystal as the
immersion body and a Wilhelmy plate, respectively, in Force Tensiometer K20 (Kruss,
Hamburg, Germany). Each sample (20 mL) was examined three times at 25 °C.

The viscosity of the pure R. canina seed oil, the empty, and the oil-loaded liposomes
(non-treated and UV-irradiated) were examined using a Rotavisc lo-vi device equipment
with a VOL-C-RTD chamber, VOLS-1 adapter, and spindle (IKA, Staufen, Germany). Each
sample (6.7 mL) was examined three times at 25 °C.

The measurements of the density, surface tension, and viscosity were performed on
the 1st and 60th days.

3.8. Raman and FT-IR Analyses

The micro-Raman spectra of the pure Phospholipon, the R. canina seed oil, the liquid
and lyophilized plain and oil-loaded liposomes (non-treated and UV-irradiated samples)
were collected in a backscattering configuration using a Jobin-Yvon T64000 triple spectrom-
eter equipped with a nitrogen-cooled charge-coupled device detector (HORIBA Scientific,
Kyoto, Japan). The spectral resolution was 2 cm~! and the accuracy for all measured
wavenumbers was 4-3 cm 1. The spectra have been excited by a 514.5 nm line of Ar+/Kr+
ion laser with an output power of less than 2 mW to avoid the heating effects and/or
sample thermal degradation.

The FT-IR spectra of the pure Phospholipon, R. canina seed oil, and lyophilized empty
and oil-loaded liposomes (non-treated and UV-irradiated samples) were recorded in the
transmission mode between 400 and 4000 cm !, using a Nicolet {510 spectrometer (Thermo
Scientific, Gothenburg, Sweden).

3.9. Antioxidant Assays
3.9.1. ABTS Assay

The ABTS method is based on the reduction of the ABTSe+ radical in an ethanol
solution by antioxidants [70]. A mixture of the ABTS solution and 88 pL of a potassium
persulfate solution was left to react for 24 h at 4 °C. Subsequently, 2 mL of the ABTSe+
solution was added to 20 pL of the liposomal samples (non-treated and UV-irradiated
empty and oil-loaded liposomes). The free radical scavenging activity of the liposomes
was evaluated by measuring the absorbance at 734 nm, after 6 min of incubation in the
dark, compared to the blank and calculated as AA = A.-Ax (Ac—the absorbance of ABTSe+
solution and water; Ay—the absorbance of ABTSe+ solution and liposomes). All analyses
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were carried out in triplicate and the radical scavenging capacity was expressed as mmol
Trolox equivalents per milliliter of the liposomal sample (umol/mL), using the calibration
curve of Trolox (0.2-1 mM).

3.9.2. DPPH Assay

The antioxidant activity of the non-treated and UV-irradiated empty and R. canina
oil-loaded liposomes, in terms of hydrogen donating or radical scavenging ability using
the stable DPPH radical, was examined as well [70]. All measurements were performed as
follows: the amount of 200 pL of five different concentrations of liposomes was added to
2.8 mL of the DPPH radical solution and the absorbance readings were taken after 20 min
against the blank at 517 nm. The antioxidant capacity was calculated using the following
equation: radical scavenging capacity (%) = (A. — Ax)*100/A. (Ac—the absorbance of
the DPPH solution and water; Ay,—the absorbance of the DPPH solution and different
liposomal concentrations). The results, obtained from triplicate analyses, were expressed
as the concentration of the liposomes required to scavenge 50% of the free radicals, ICs
(mg/mL).

All absorbance readings were performed on a UV spectrophotometer, UV-1800 (Shi-
madzu, Kyoto, Japan).

3.10. Antimicrobial Analysis

The antimicrobial potential of the R. canina seed oil and the oil-loaded liposomes was
investigated using three Gram-negative bacteria (P. aeruginosa, Klebsiella spp., and Proteus
spp.), one Gram-positive bacteria (S. aureus), and one fungus (C. albicans), all isolated
from wound swabs in the microbiology laboratory of the Institute for the Application of
Nuclear Energy, INEP, Belgrade, Serbia. The antimicrobial activity was examined using
the disk diffusion method [71]. The cultivation of the microorganisms was performed
aerobically for 24 h on blood agar (for bacteria) and 48 h on Sabouraud agar (for fungus).
The microorganism was incubated at 37 °C. The inoculum was prepared to an optical
density of 0.5 McFarland (1.5 x 108 CFU/mL) and the inoculum was spread on Petri dishes
with Mueller Hinton agar (for bacteria) or Sabouraud agar (for fungus). Subsequently, 75 puL.
of the samples were transferred to the wells made in agar and incubated aerobically for 24 h
at 37 °C. The criterion for detecting the inhibitory activity was the inhibition zone diameter.

3.11. Statistical Analysis

In the present study, the statistical analysis was performed using the analysis of vari-
ance (one-way ANOVA) followed by Duncan’s post hoc test, using the statistical software,
STATISTICA 7.0. The differences were considered statistically significant at p < 0.05, n = 3.

4. Conclusions

Rosehip seed oil, as a valuable source of natural bioactive compounds, was encapsu-
lated in phospholipid liposomes prepared using the proliposome technique. The vesicle
sizes of the oil-loaded liposomes did not change significantly during the 60 days of storage,
while a slight increase in the PDI values was noticed. The zeta potential and mobility
varied in all liposomal populations, but the trend depended on the absence or the presence
of rosehip oil and the UV irradiation. The conductivity of all liposomes significantly de-
creased during the 60-day stability study. The values of the density and surface tension
of the oil-loaded liposomes did not change after 60 days, while the viscosity significantly
decreased. Due to the possible synergistic beneficial effects of phospholipids and R. canina
seed oil on human skin, the liposomal particles developed in the present study can find
application in different cosmetic or pharmaceutical products. Since rosehip oil has shown a
beneficial effect on the skin regeneration in traditional medicine, while the antimicrobial
and significant antioxidant potential of the oil-loaded liposomes did not show in the present
research, future studies should focus on the in vitro effects of the R. canina oil preparations
on the migration and proliferation of skin cells in a wound scratch healing model.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules28010276/s1, Figure S1. Liposome size—bars and
polydispersity index—numbers above the bars (a) and zeta potential—bars, mobility (umem/Vs)—
numbers above the bars, and conductivity—table (b) of the non-treated and UV-irradiated plain
liposomes during the 60 days of storage at 4 °C; values with different letters (a—d) in each row showed
statistically significant differences (p < 0.05; n = 3; analysis of variance, Duncan’s post-hoc test); L,
liposomes; Figure S2. Raman spectra of the non-treated and UV-irradiated plain liposomes (liquid
and lyophilized) in the spectral range from 70 to 3400 cm .
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We report the effects of magnetic ordering on the temperature evolution of the Raman modes in
nanocrystalline DysFes01,. The DysFe;012 was synthesized by an aqueous sol—gel method. X-ray
diffraction, Raman spectroscopy and transmission electron microscopy studies revealed the phase purity
and nanocrystalline nature. We particularly focused on the spin-phonon coupling mechanism in
DysFes012, as this interaction can greatly affect the magnetoelectric and multiferroic properties of
DysFe5012. Below T, four phonon modes from the middle- and high-frequency regions displayed
anomalous behavior, which was ascribed to the spin-phonon interaction. The application of the mean-
field approach enabled us to quantify the spin-phonon coupling strength for each of these phonon
modes. Our study has shown that different phonon modes are coupled to ferromagnetic or antiferro-
magnetic ordering depending on the type of vibrational motion characteristic for a specific mode. These
results significantly enhance the understanding of the complex spin-phonon coupling mechanism and its
implications on the multifaceted properties of nanocrystalline DysFes012, such as multiferroic, magne-
toelectric, and magnetocaloric properties. Moreover, these findings have the potential to drive ad-

vancements in the optimization and development of spintronic devices.
© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

renewed the interest in these materials [6]. In recent years, the
possibility of tailoring magnetic properties by changing the mate-

Ferrimagnetic rare earth (RE) iron garnets, with general formula
RE3Fes012, present an important class of magnetic insulators due to
their interesting magnetic properties, such as the formation of
canted magnetic (double umbrella-like) structure and the huge
magnetostriction at low temperatures [1]. Interesting magneto-
optical properties [2—4], low magnetic losses in the microwave
region, and the appearance of a magnetocaloric effect [5] made
them attractive materials for magneto-optic devices, microwave
circuits, or magnetic refrigeration applications. The discovery of the
magneto-electric and magnetodielectric effects in RE iron garnets

* Corresponding author.
** Corresponding author.
E-mail addresses: bojans@ipb.ac.rs  (B.  Stojadinovi¢), zordoh@ipb.ac.rs
(Z. Dohcevi¢-Mitrovic).
Peer review under responsibility of Vietnam National University, Hanoi.
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rial morphology and reducing the grain size to nanometric di-
mensions focused the research interest towards the nanocrystalline
forms of RE iron garnets. These materials, with peculiar magnetic
properties, are expected to be particularly useful for the low-
temperature refrigeration and spintronic applications [5,7,8].

Among the RE iron garnets, dysprosium iron garnet (Dy3;Fes013)
exhibits numerous attractive physical properties, such as huge
magnetostriction [1] and magnetic and magneto-optical properties
[9,10]. The observed anisotropic magnetodielectric, magneto-
caloric, and magnetoelectric effects [11—14] imply that DysFe501;
may be a promising material for the applications in various novel
magnetodielectric, magnetocaloric, and spintronic functional de-
vices in future [15].

In RE iron garnets, due to the complexity of magnetic in-
teractions, the coupling between the spin and lattice vibrations can
greatly influence their magnetic,c, ~magnetocaloric  or

2468-2179/© 2023 Vietnam National University, Hanoi. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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magnetoelectric properties. The spin-phonon interaction plays an
important role in the spin relaxation processes, or the spin reor-
ientation transition, and can affect the ultrafast magnetic phe-
nomena [16]. Yet, the interplay between spins and phonons in RE
iron garnets is almost unstudied. Furthermore, the study of the
spin-phonon coupling mechanism in multiferroic nanostructures is
of great importance because the spins and phonons can be strongly
coupled with the lattice strain, influencing at the same time the
ferroelectric ordering and the coupling between electric polariza-
tion and the magnetization ordering [17]. It is worth to mention
that the microscopic origin of the recently discovered large
magnetoelectric effect and multiferroic phase in DysFes01; is still
unclear [11]. Therefore, a better understanding of the spin-phonon
coupling mechanism in nanocrystalline Dys;Fe501; is very impor-
tant both from the fundamental and application point of view.
Raman scattering spectroscopy is a highly sensitive and effective
method for studying spin dynamics and the effects of exchange
coupling between magnetic ions and phonons. This technique also
allows to estimate the strength of the spin-phonon coupling in
ferromagnetic (FM), ferrimagnetic, or antiferromagnetic (AFM)
materials by analyzing the temperature evolution of the Raman
mode frequencies at and below the magnetic transition
temperature.

To our knowledge, the spin-phonon interaction in RE iron gar-
nets, except for the yttrium iron garnet [ 18], was not studied before.
The lack of such studies and knowing that DysFes012 has a more
complex magnetic structure than yttrium iron garnet motivated us
to investigate the effects of magnetic ordering on optical phonon
modes in nanocrystalline DysFes01, analyzing the temperature-
dependent Raman spectra. Within the mean-field approach, we
were able to quantify the spin-phonon coupling strength of the
phonon modes, which were sensitive to magnetic ordering. These
results advance the understanding of the spin-phonon interaction
in nanocrystalline DysFes;012 and can play an important role in
better understanding of multiferroic, magnetoelectric or magne-
tocaloric properties of RE iron garnets.

2. Experimental

The nanocrystalline DysFes01, was prepared by an aqueous
sol—gel method. Iron nitrate (Fe(NOs3)3-9H,0) and dysprosium
oxide (Dy,03) were used as starting materials. Firstly, a stoichio-
metric amount of dysprosium oxide was dissolved in nitric acid. In
the following step, 100 ml of deionized water and a stoichiometric
amount of Fe(NOs)3-9H,0 were added to the solution. The
chelating agent PVA was added to the solution (the molar ratio of
the total metal ions to the PVA = 1:1), and the solution was stirred
for several hours at 55—65 °C. The formed gel was dried in an oven
(120 °C) for 24 h. Finally, the dry gel was calcined at 800 °C for 3 hiin
the air.

The crystalline structure of nanocrystalline DysFes0q, was
analysed using a Rigaku MiniFlex X-ray diffractometer in the 26
range of 15—80°, with the step width of 0.01° and the scanning rate
of 5°/min. Transmission electron microscopy (TEM) image of the
sample was collected using a JEOL JEM 2100 transmission electron
microscope. Energy dispersive X-ray analysis (EDAX) was con-
ducted using an Oxford EDAX system attached to a JEOL JEM 2100
transmission electron microscope. Temperature-dependent micro-
Raman spectra of nanocrystalline DysFe501; (pressed into pellets)
were collected in a backscattering configuration using a TriVista
557 triple spectrometer, with the spectral resolution of 2 cm ™. The
temperature measurements from 80 to 700 K were performed in a
Linkam THMSG600 cooling/heating stage. The argon/krypton ion
laser with an emitting line at A = 514.5 nm was used as an excitation
source, with the output laser power kept at less than 2 mW to avoid
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the heating effects and/or sample degradation. The Raman spectra
were corrected by the Bose-Einstein thermal occupation factor. The
magnetization vs. temperature was measured in the 6—315 K
temperature range in a magnetic field of 10 kOe, using a vibrating
sample magnetometer in a high field measuring system (HFMS,
Cryogenic Ltd).

3. Results and discussion

DysFes01; crystallizes in a cubic crystal structure with space

group 0,110 (Ia3d). The conventional unit cell consists of eight for-
mula units DysFes(FeOy)s. Fe3* ions occupy 16a octahedral (Fe®)
and 24d tetrahedral (Fe!) sites, and Dy>" ions occupy 24c dodeca-
hedral sites. These three cation sites are surrounded by 0>~ oxygen
ions (see inset of Fig. 1(a)). The X-ray diffraction (XRD) pattern of
nanocrystalline DysFes01, sample is illustrated in Fig. 1(a).

The XRD peaks are indexed to the body-centered cubic

DysFe501; crystalline structure with the 0,110 (Ia3d) space group
(JCPDS 23—0237). No impurity phases were detected. The average
crystallite size, calculated by Scherrer formula, was 60 nm. Fig. 1(b)
shows the TEM image of nanocrystalline DysFes0q, sample. The
particles of different sizes (approximately 30—80 nm) and irregular
shapes can be observed in the TEM image. The captured HRTEM
image of the sample (Fig. 1(c)) exhibits clear lattice planes, and the
distance between the adjacent planes is ~0.28 nm. The measured
plane distance matches with the (420) reflection of the DysFe501;
crystal. The Selected Area Electron Diffraction (SAED) pattern,
presented in the inset of Fig. 1(c), shows a large number of bright
spots confirming the polycrystalline structure of the prepared
DysFes;012 sample. The EDAX spectrum of DysFes0Oq;, given in
Fig. 1(d), shows the signature peaks of Dy, Fe and O elements.
Moreover, the peaks from Cu were also noticed, which originate
from the Cu grid used for dispersing the DysFes01; particles for the
imaging and EDAX studies. The weight and atomic percentage of
constituent elements (with and without Cu content) are listed in
Table 1. From EDAX analysis it can be concluded that the stoichi-
ometry of DysFes01, sample is very close to the anticipated values.

Factor group analysis for the body-centered cubic garnet crys-

talline structure with O}IO (Ia3d) space group predicts 25 Raman
active modes (3 Aig, 8 Eg and 14 Tyg) [19,20]. In Fig. 2(a) are pre-
sented Raman spectra of nanocrystalline DysFes01; in the
80—700 K temperature range. In order to follow the evolution of the
Raman modes with temperature and to determine more precisely
the mode frequency, the spectra from Fig. 2(a) were deconvoluted
using Lorentzian-type profiles. The deconvoluted Raman spectra,
for some selected temperatures, are presented in Fig. 2(b). The in-
sets display the enlarged view of the high-frequency modes
together with the best Lorentzian fits.

In Table 1 are presented the frequencies of the Raman modes,
obtained from the deconvoluted Raman spectrum at 80 K
(Fig. 2(b)). The modes are classified according to the symmetry
assignements taken from the literature for iron garnets [21—23]
and are compared with the data of Song et al. for DysFe501;, crystal
[21]. As can be seen, in the spectrum of nanocrystalline DysFe501,
the number of the Raman modes is smaller than in the spectrum of
DysFe501; crystal [21]. The appearance of fewer modes than pre-
dicted is a consequence of lower crystallinity of nanomaterials
compared to the bulk counterparts.

The assignation of the Raman modes in iron garnets is very
complex due to the presence of three different lattices in the garnet
structure. Based on the lattice dynamical calculations of the Raman
spectra in RE aluminum garnets [19, 20, 24], the high-frequency
modes (>500 cm™!) can be assigned to the internal vibrations of
the tetrahedral (FeO4) units. In the middle-frequency region
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Fig. 1. (a) XRD pattern of the nanocrystalline DysFes01,. The inset presents a garnet-type structure of space group 0,1,0 (Ia3d) with three distinct cation crystallographic sublattices
surrounded by oxygen. (b) TEM image, (c) HRTEM image (SAED pattern is presented in the inset), and (d) EDAX spectrum of the nanocrystalline Dys;Fes01,.

(300—500 cm™1), the E; Raman modes correspond to the internal
vibrations of the RE ions, tetrahedral Fe' jons, and oxygen, where
the RE and FeT ions can move in phase or in antiphase. Tog modes

Table 1
Estimated stoichiometry for Dys;Fes0;, sample from EDAX analysis. The left half of
the table is with, and the right one is without Cu content.

from the middle-frequency region present a combination of inter-

Element Weight % Atomic % Element Weight % Atomic % . .
3% 3% 3% 3% nal and rotational modes of tetrahedral units. It can be concluded
that the Raman modes from the middle-frequency region are more
0K 17.64 53.77 0K 21.38 62.84 I d of mixed character The low-f d
Fe K 2164 18.90 Fe K 26.08 21.96 complex aP] of mixed character. g e low-frequency modes
CuK 19.50 14.97 Dy L 52.54 15.20 (<.300 cm™ ') were attrlbutefi to .RE K Fe04 and/or F.eOG‘ trans-
DyL 41.21 1237 lational modes [24,25]. At this point, it is worth mentioning the
Total 100 100 Total 100 100 conclusions of Hurrell et al. [19], who pointed out that there is no
apparent grouping of modes reflecting strong tetrahedral or octa-
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Fig. 2. Raman spectra of nanocrystalline DysFes01, (a) in the 80—700 K temperature range, and (b) at selected temperatures. The dark cyan lines represent Lorentzian fits of the
experimental data and the grey lines are the cumulative fits. The anomalous phonon modes are marked with asterix. The insets display the enlarged view of the high-frequency
modes, together with individual and cumulative Lorentzian fits.
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hedral bonding of the oxygen anions, as each oxygen atom belongs
to one tetrahedron, one octahedron and two dodecahedra. Hurrell
et al. also concluded that the Raman modes which do not involve
the motion of cations (like Ajg modes), reflect more the octahedral
vibrations of oxygen anions.

In magnetic materials, the exchange coupling between magnetic
ions can affect phonon frequencies at and below the magnetic
ordering temperature (Tc or Ty). In FM materials, for T < Tc, the
temperature dependence of the phonon mode frequency («(T)) can
substantially deviate from the «(T) behavior predicted by the
phonon—phonon anharmonic model [26]:

Wanh(T) = ©ann(0) _A<1 +%>’ (1)

ekgT _ 1

where w;pp(0) is the phonon frequency at 0 K, A is the anharmonic
constant related to the three-phonon scattering strength, 7 is
Planck's constant and kg is Boltzmann's constant.

In the paramagnetic phase, at temperatures above T, spin-
phonon coupling effects diminish and become negligible
compared to the anharmonic effects [27]. Therefore, purely
anharmonic contribution to the phonon frequency can be extracted
from the w(T) dependence in the paramagnetic phase. In magnet-
ically ordered state below T¢, an anomalous behavior of the phonon
frequency is ascribed to the spin-lattice interaction [27—39]. As a
result, the change of phonon frequency below T¢ can be expressed
as the sum of anharmonic (wann(T)) and spin-phonon (ws—pn(T))
contributions: &(T) = wann(T) + Aws_pr(T).

Based on the Heisenberg model for the nearest-neighbor spin
interaction, the phonon frequency shift, due to the spin-phonon
interaction [40], can be expressed as

Aws_pn(T) = A(S;-S;), (2)

where A is the spin-phonon coupling constant and (S; -S;) is the
spin—spin correlation function between the nearest-neighbor spins
localized at the ith and jth site.

In magnetic materials with coexisting FM and AFM ordering, the
Aws_pn term, according to the theoretical model [41], can be
expressed in the form:

Dws pn(T) < —J(S; + 8j) + K(S; - Sk), 3)

where §;, Sj and Sy indicate the spin of the ith, jth and kth magnetic
ion, and (S; -Sj) and (S; - Si) are the spin correlation functions for the
nearest-neighbor or the next nearest-neighbor interactions,
respectively. The constants J and K are the spin dependent force
constants of the lattice vibrations, and present the summation of
second derivatives of the exchange integrals with respect to the
phonon displacement. The constantsJ and K are associated with the
FM and AFM nearest-neighbor or next nearest—neighbor exchange.

Assuming that the spin correlation functions (S; -Sj) and (S; - Si)
have the same temperature dependence, and that J and K have
constant values for the same Raman mode [33,41], the above
expression can be written in a simplified form:

Awg_ph(T) e (K ~)(S; ;). (4)

Depending on the relative strength between the FM and AFM
exchange interactions, from Eq. (4) follows that the frequency shift
of the Raman mode will be positive or negative depending on the
sign of the (K — J) difference. Comparing Eq. (2) and Eq. (4) it is
obvious that 1 can take negative or positive values depending on
whether the FM or AFM interaction is more dominant for the
particular mode.
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Knowing that in ferrimagnetic materials like iron garnets, the
phonon frequencies can be influenced by magnetic ordering below
Tc, and that anharmonic processes should dominate in para-
magnetic phase at T > T, the w(T) dependence for each Raman
mode from Fig. 2(a) was fitted using three-phonon anharmonic
model (Eq. (1)) for T > Tc. This analysis showed that four Raman
modes from the middle- and high-frequency regions exhibited
anomalous frequency behavior below T¢. The positions of these
modes at 80 K are 370, 411, 674 and 703 cm™ !, respectively (see
Table 2). The rest of the Raman modes have similar «(T) depen-
dence in the whole temperature range, which can be well fitted
using Eq. (1). The «(T) dependences for 370, 411, 674 and 703 cm™!
modes, together with the anharmonic fits, are presented in Fig. 3,
where the regions of paramagnetic and ferrimagnetic phases are
clearly marked. The anomalous frequency softening of 370, 674 and
703 cm~!' modes (Fig. 3(a), (c) and (d)), and hardening of the
411 cm~! mode (Fig. 3(b)), below T, imply that these modes are
strongly affected by magnetic ordering.

DysFe5;012 is a ferrimagnetic material with three magnetic
sublatticies (see inset of Fig. 4, where My, My and M, are the sub-
lattice magnetizations). Fe>* ions, located in tetrahedral d sites and
octahedral a sites, are strongly coupled via AFM superexchange
interaction (Fe'®t) — 02~ — FeO3%)). Because of the unequal
number of Fe ions in two magnetic sublatticies, the magnetizations
Mg and M, are of different magnitudes, resulting in a ferrimagnetic
ordering below Tc. The noncompensated resultant magnetization
(Mg — M,) is coupled antiparallely to the magnetization of Dy ions
(M) at dodecahedral c sites. The magnetization of DysFe501; is very
dependent on temperature [13,42—45]. At very low temperatures,
the magnetization of the Dy sublattice surpasses the resultant
magnetization of Fe sublattices. With increasing temperature, the
magnetization of the Dy sublattice falls off more quickly than that
of the Fe sublattices, and at the compensation temperature, Tcomp,
the magnetizations of Dy and Fe sublattices are mutually
compensated [1,13,43—45]. Above the Tomp, and up to the magnetic
transition temperature Tc = 525 K, the resultant magnetization of
the Fe sublattices predominates. In Fig. 4 is shown the measured
magnetization vs. temperature for nanocrystalline DysFe501,. The
compensation temperature (Tcomp) is around 225 K, in accordance
with literature data [13,43—45].

Table 2
The frequencies (in cm™') and symmetry assignments of Raman active phonons in
nanocrystalline DysFes01, at 80 K, compared with the data from Ref. [21].

Mode Present work Song et al. [21]
+3 cm™! +3 cm™!
Tog 101
Tog 143 144
Tog 170 173
Tog 235 236
E, 257 259
Tog 276
Eg 283 285
Tog 325
Eg + Aig 342 347
Tog 370 371
Eq 411 410
E, 435
Tog 442 448
Tog 504 501
Aig 507
Tog 587 589
Eq 624
Eg + Tag 674 676
Aqg + Tag 703 695
Arg + Tog 732 734
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Fig. 4. Magnetization vs. temperature for nanocrystalline DysFesOq;. In the inset is
given a schematic representation of three different magnetic sublattices of DysFes01;
with polyhedra of oxygens.

In dysprosium iron garnet, among six different FM or AFM ex-
change interactions between the Fe and the Dy spins (three Fe—Fe
interactions, two Fe—Dy interactions and one Dy—Dy interaction),
the dominant superexchange interaction is between Fe spins in
tetrahedral and octahedral sites (Fe'—Fe© interaction). The second
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strongest interaction is AFM interaction between Dy and Fe spins
(the first-nearest-neighbor Dy—Fe interaction) [44,46,47].

In materials with competitive FM and AFM interactions, like
DysFes01, the exchange interactions between magnetic ions
depend on their positions and on the positions of some nearby
non-magnetic neighbors. On the other hand, each Raman mode
involves vibrations of different magnetic and/or non-magnetic
ions. Therefore, the contribution of FM or AFM exchange in-
tegrals to the spin dependent force constants (J and K in Eq. (3))
can be different for different modes [33,40,41]. As a result, the
frequency shift due to the spin-phonon coupling (see Eq. (4))
will be negative or positive, depending on whether the FM or
AFM exchange interaction is more dominant for a particluar
mode.

In magnetically ordered phase, the opposite frequency shifts of
370, 674 and 703 cm~! modes on one side, and the 411 cm™~! mode
on the other side, can be explained in the following way. The Raman
modes at 674 and 703 cm™! are assigned to the internal vibrational
modes of the tetrahedral (FeO4) units, whereas the mode at
370 cm™! corresponds to a combination of rotational modes of the
same units [20,23,24]. The ferromagnetic Fe' — O — FeT exchange
interactions between nearest-neighbor tetrahedral Fe! jons can
strongly affect the force constants of tetrahedral (FeT — O) vibra-
tions. As a consequence, detectable changes in the phonon fre-
quencies on entering the magnetic phase should be seen. According
to the Eq. (4), the anomalous frequency softening of 370, 674 and
703 cm~! modes (Fig. 3(a), (c) and (d)) below T¢ imply that these
modes are effectively modulated by FM exchange interactions be-
tween Fe! ions in the magnetically ordered phase. On the other
hand, in RE iron garnets, some phonon modes from the middle-
frequency region can be sensitive to the AFM ordering between
the RE and Fe” ions. The Raman mode at 411 cm~! involves the
motion of dodechaedral Dy ions, tetrahedral Fe>* jons and oxygen
ions [24]. Hence, it is reasonable to assume that the antiferro-
magnetic Dy — O — FeT exchange interaction strongly affects the
frequency of 411 cm™~! mode below magnetic ordering temperature
and is responsible for the noticed anomalous positive frequency
shift of this mode.

In order to determine the strength of the spin-phonon coupling
of these modes, the influence of the spin-phonon coupling effect on
the phonon frequency Aws_pn(T) should be separated from the
anharmonic contribution w,np(T). This is usually done by taking the
difference between the measured frequency and the expected
anharmonic contribution (see Eq. (1)), Aws_pn(T) = &(T) — wann(T).
The temperature dependence of |Aws_pn| for the four phonons
modes from Fig. 3 is presented in Fig. 5.

According to the mean-field approximation, and considering an
interaction between the nearest-neighbor spins localized at the ith
and jth site, the spin—spin correlation function (S; -S;j) is propor-
tional to the square of normalized magnetization:

where M(T) is spontaneous magnetization at temperature T and My
is the maximal value of spontaneous magnetization [48].
Comparing Egs. (2) and (5), the frequency shift due to the spin-
phonon coupling Aws ph(T) should scale with the (M(T)/Mp)?
curve. The (M(T)/Mg)? curve was obtained using a numerical so-
lution of the Brillouin function [49] for the case of S = 5/2 (for Fe
and Dy ions). From Fig. 5 it can be seen that the |Aws_pn|(T) for each
mode scales very well with (M(T)/Mg)? curve (solid lines), con-
firming that the observed significant frequency deviation of these
modes from the anharmonic behavior below T, originates from the
spin-phonon coupling effects.
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According to the Eqgs. (2) and (5), the spin-phonon coupling
constant A, as a measure of the strength of the spin-phonon
interaction, can be deduced from the plot Aws_pn(T) vs.
spin—spin correlation function (S; -S;)(T). The plot of Aws_pn(T) vs.
(Si +S;)(T) for four anomalous phonon modes is presented in Fig. 6,
where the solid lines represent a linear fit of the data.

The spin-phonon coupling constants A were determined from
the slopes of the linear fits, and 4 values are given for each mode in
Fig. 6. From this study it can be deduced that A values obtained by
this approach are comparable for all four modes, but have different
signs. This result implies that competitive FM and AFM exchange
interactions affect the Raman modes differently. The negative
values of A, which are larger for the 703 and 370 cm~ ! modes than
for the 674 cm™~! mode, imply that these two modes are more
affected by FM ordering. The positive sign for the 411 cm™~! mode
implies that this mode is dominantly influenced by AFM ordering.
Since these modes originate from different vibrations between
magnetic ions, it can be concluded that the relative strength of FM
or AFM interactions and their contributions to the particular Raman
mode are closely related to the vibrational pattern of the mode.

4. Conclusion

We presented the influence of spin-phonon coupling interaction
on the phonon modes in nanocrystalline DysFe501, using Raman
spectroscopy. The nanocrystalline DysFe;01, was prepared by an
aqueous sol—gel method synthesis method and the crystal struc-
ture, morphology and composition were investigated by XRD, TEM
and Raman measurements. From the temperature evolution of the
Raman modes, it is shown that four phonon modes from middle-
and high-frequency regions displayed significant frequency devia-
tion from the expected anharmonic behavior below Tc. It is
concluded that the spin-phonon interaction lies behind the
observed anomalous frequency behavior. Different Raman modes
exhibited negative or positive shifts with respect to the anharmo-
nicity. Raman modes at 370, 674 and 703 cm!, which were
assigned to the internal tetrahedral (FeO4) vibrations, experienced
negative frequency shift with respect to the anharmonicity due to
resultant FM interaction among tetrahedral Fe3* ions. The Raman
mode at 411 cm™~ !, which involves the motion of dodecahedral Dy>*
and tetrahedral Fe>* ions, was found to be more sensitive to the
AFM exchange interaction between these ions. Within the mean-
field approach, the spin—spin correlation function was related to
the phonon frequency shift and the spin-phonon coupling strength
was estimated for each mode. It was concluded that the coupling of
Raman modes with FM or AFM ordering as well as, the strength of
this coupling are largely dependent on the vibrational pattern of
the particular mode. This study provides a foundation for a better
understanding of the fundamental physical properties of DysFe5013
based on complex magnetic behavior, thus providing valuable in-
formation for the optimization and development of spintronic de-
vices in the near future.

Acknowledgments

The authors acknowledge funding provided by the Institute of
Physics Belgrade and the Serbia-India bilateral project through the
Grants No: 451-03-47/2023-01/200024 and No: 451-02-697/2022-
09/02 of the Ministry of Science, Technological Development and
Innovation of the Republic of Serbia. The authors B.R. and N.K.
acknowledge the support from the Department of Science and
Technology, Govt. of India through India Serbia Joint S and T project
(DST/INT/IND-SERBIA/2022/2).



B. Stojadinovi¢, Z. Dohcevi¢-Mitrovic, S. ASkrabic et al.

Declaration of competing interests

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1]
[2]

[3]

[4

[5]

[6]

(7

[8

[0l

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

F. Sayetat, Huge magnetostriction in TbsFes0q, DysFes012, HosFes01,
ErsFes0q; garnets, J. Magn. Magn Mater. 58 (1986) 334—346.

WR. Eppler, M.H. Kryder, Garnets for short wavelength magneto-optic
recording, J. Phys. Chem. Solid. 56 (1995) 1479—1490.

T. Yoshimoto, T. Goto, R. Isogai, Y. Nakamura, H. Takagi, C.A. Ross, M. Inoue,
Magnetophotonic crystal with cerium substituted yttrium iron garnet and
enhanced Faraday rotation angle, Opt Express 24 (2016) 8746—8753.

R. Booth, E. White, Magneto-optic properties of rare earth iron garnet crystals
in the wavelength range 1.1-1.7 um and their use in device fabrication, J. Phys.
D Appl. Phys. 17 (2000) 579—-587.

M.H. Phan, M.B. Morales, C.N. Chinnasamy, B. Latha, V.G. Harris, H. Srikanth,
Magnetocaloric effect in bulk and nanostructured GdsFes01, materials, J. Phys.
D Appl. Phys. 42 (2009) 115007.

N. Hur, S. Park, S. Guha, A. Borissov, V. Kiryukhin, S.-W. Cheong, Low-field
magnetodielectric effect in terbium iron garnets, Appl. Phys. Lett. 87 (4)
(2005) 042901.

S.M. Zanjani, M.C. Onbasli, Thin film rare earth iron garnets with perpendic-
ular magnetic anisotropy for spintronic applications, AIP Adv. 9 (2019)
035024.

C. Suchomski, C. Reitz, D. Paji¢, Z. Jaglici¢, 1. Djerdj, T. Brezesinski, Large-pore
mesoporous HosFe501, thin films with strong room temperature perpendic-
ular magnetic anisotropy by sol-gel processing, Chem. Mater. 26 (2014)
2337-2343.

W. Wang, R. Chen, X. Qi, Analysis on three-sublattice model of magnetic
properties in rare-earth iron garnets under high magnetic fields, J. Alloys
Compd. 512 (2012) 128—131.

A. Boutaba, M. Lahoubi, V. Varazashvili, S. Pu, Magnetic, magneto-optical and
specific heat studies of the low temperature anomalies in the magnetodi-
electric DyIG ferrite garnet, J. Magn. Magn Mater. 476 (2019) 551—558.

Y. Tokunaga, S. Iguchi, T. Arima, Y. Tokura, Magnetic-field-induced ferro-
electric state in DyFeOs, Phys. Rev. Lett. 101 (2008) 097205.

K.M. Song, Y.A. Park, K.D. Lee, B.K. Yun, M.H. Jung, ]. Cho, J.H. Jung, N. Hur,
Magnetodielectric effect via a noncollinear-to-collinear spin reorientation in
rare-earth iron garnets, Phys. Rev. B 83 (2011) 012404.

P.J. von Ranke, B.P. Alho, EJ.R. Plaza, AM.G. Carvalho, V.S.R. de Sousa, N.A. de
Oliveira, Theoretical investigation on the magnetocaloric effect in garnets
R3Fes012 where (R=Y and Dy), J. Appl. Phys. 106 (2009) 053914.

C. Li, G.O. Barasa, Y. Qiu, S. Yuan, Magnetocaloric effect and sign reversal of
magnetic entropy change across the spin reorientation temperature in
R3Fe501, (R = Gd, Dy), J. Alloys Compd. 820 (2020) 153138.

J.J. Bauer, E.R. Rosenberg, S. Kundu, K.A. Mkhoyan, P. Quarterman, A.J. Grutter,
BJ. Kirby, J.A. Borchers, C.A. Ross, Dysprosium iron garnet thin films with
perpendicular magnetic anisotropy on silicon, Adv. Electron. Mater. 6 (2020)
1900820.

M. Deb, P. Molho, B. Barbara, J.-Y. Bigot, Controlling laser-induced magneti-
zation reversal dynamics in a rare-earth iron garnet across the magnetization
compensation point, Phys. Rev. B 97 (2018) 134419.

CY. Tsai, HM. Cheng, H.R. Chen, K.F. Huang, L.N. Tsai, Y.H. Chu, C.H. Lai,
W.F. Hsieh, Spin and phonon anomalies in epitaxial self-assembled CoFe,04-
BaTiOs multiferroic nanostructures, Appl. Phys. Lett. 104 (2014) 252905.

K.S. Olsson, J. Choe, M. Rodriguez-Vega, G. Khalsa, N.A. Benedek, ]. He, B. Fang,
J. Zhou, G.A. Fiete, X. Li, Spin-phonon interaction in yttrium iron garnet, Phys.
Rev. B 104 (2021) L020401.

J.P. Hurrell, S.P.S. Porto, L.F. Chang, S.S. Mitra, R.P. Bauman, Optical phonons of
yttrium aluminum garnet, Phys. Rev. 173 (1968) 851—-856.

G. Mace, G. Schaack, T. Ng, J.A. Koningstein, Optical phonons of terbium-,
dysprosium-, and ytterbium-garnet, Phys. B Condens. Matter 230 (1970)
391-402.

J.-J. Song, P.B. Klein, R.L. Wadsack, M. Selders, S. Mroczkowski, R.K. Chang,
Raman-active phonons in aluminum, gallium, and iron garnets, J. Opt. Soc.
Am. 63 (1973) 1135—1140.

J.-M. Costantini, S. Miro, F. Beuneu, M. Toulemonde, Swift heavy ion-beam
induced amorphization and recrystallization of yttrium iron garnet, J. Phys.
Condens. Matter 27 (2015) 496001.

P. Grunberg, J.A. Koningstein, L.G.V. Uitert, Optical phonons in iron garnets,
J. Opt. Soc. Am. 61 (1971) 1613—-1617.

(24]

[25]

[26]

(27]

[28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

[43]

[44

(45]

[46]

[47]

(48]
[49]

Journal of Science: Advanced Materials and Devices 8 (2023) 100600

K. Papagelis, G. Kanellis, S. Ves, G. Kourouklis, Lattice dynamical properties of
the rare earth aluminum garnets (RE3Al5012), Phys. Status Solidi B 233 (2002)
134-150.

P. Fechine, E. Silva, A. de Menezes, ]. Derov, J. Stewart, A. Drehman,
I. Vasconcelos, A. Ayala, L. Cardoso, A. Sombra, Synthesis, structure and
vibrational properties of GdIGx:YIG;_x ferrimagnetic ceramic composite,
J. Phys. Chem. Solid. 70 (2009) 202—209.

P.G. Klemens, Anharmonic decay of optical phonons, Phys. Rev. 148 (1966)
845—848.

E. Aytan, B. Debnath, F. Kargar, Y. Barlas, M.M. Lacerda, J.X. Li, RK. Lake, J. Shi,
A.A. Balandin, Spin-phonon coupling in antiferromagnetic nickel oxide, Appl.
Phys. Lett. 111 (2017) 252402.

D.J. Lockwood, M.G. Cottam, The spin-phonon interaction in FeF, and MnF,
studied by Raman spectroscopy, J. Appl. Phys. 64 (1988) 5876—5878.

E. Granado, A. Garcia, J.A. Sanjurjo, C. Rettori, I. Torriani, F. Prado, R.D. Sdnchez,
A. Caneiro, S.B. Oseroff, Magnetic ordering effects in the Raman spectra of
Laj_xMnj_xOs3, Phys. Rev. B 60 (1999) 11879—11882.

D.J. Lockwood, Spin-phonon interaction and mode softening in NiF,, Low
Temp. Phys. 28 (2002) 505—509.

J. Laverdiere, S. Jandl, A.A. Mukhin, V.Y. Ivanov, V.G. Ivanov, M.N. Iliev, Spin-
phonon coupling in orthorhombic RMnO3 (R=Pr,Nd,Sm,Eu,Gd,Tb,Dy,Ho,Y): A
Raman study, Phys. Rev. B 73 (2006) 214301.

C. Kant, ]J. Deisenhofer, T. Rudolf, F. Mayr, F. Schrettle, A. Loidl, V. Gnezdilov,
D. Wulferding, P. Lemmens, V. Tsurkan, Optical phonons, spin correlations,
and spin-phonon coupling in the frustrated pyrochlore magnets CdCr,04 and
ZnCr04, Phys. Rev. B 80 (2009) 214417—214426.

J.A. Moreira, A. Almeida, W.S. Ferreira, J.E. Aratjo, A.M. Pereira, M.R. Chaves,
J. Kreisel, S.M.F. Vilela, P.B. Tavares, Coupling between phonons and magnetic
excitations in orthorhombic Eu;_,YyMnOs, Phys. Rev. B 81 (2010) 054447.
X.-B. Chen, N.T. Minh Hien, K. Han, J. Chul Sur, N.H. Sung, B.K. Cho, L-S. Yang,
Raman studies of spin-phonon coupling in hexagonal BaFe;2019, ]. Appl. Phys.
114 (2013) 013912.

P.-H. Shih, C.-L. Cheng, S.Y. Wu, Short-range spin-phonon coupling in in-plane
CuO nanowires: a low-temperature Raman investigation, Nanoscale Res. Lett.
8(398) (2013).

A. Ahlawat, S. Satapathy, S. Maan, V.G. Sathe, P.K. Gupta, Correlation of
structure and spin-phonon coupling in (La, Nd) doped BiFeOs films, ]. Raman
Spectrosc. 45 (2014) 958—962.

Y. Sharma, S. Sahoo, W. Perez, S. Mukherjee, R. Gupta, A. Garg, R. Chatterjee,
R.S. Katiyar, Phonons and magnetic excitation correlations in weak ferro-
magnetic YCrOs, J. Appl. Phys. 115 (2014) 183907.

C.-S. Chen, C.-S. Tu, P.-Y. Chen, V.H. Schmidt, Z.-R. Xu, Y. Ting, Spin-lattice
coupling phase transition and phonon anomalies in bismuth ferrite BiFeOs,
J. Alloys Compd. 687 (2016) 442—450.

R.X. Silva, M.C.C. Jinior, S. Yanez-Vilar, M.S. Anddjar, ]. Mira, M.A. Senaris-
Rodriguez, C.W.A. Paschoal, Spin-phonon coupling in multiferroic Y2CoMnOg,
J. Alloys Compd. 690 (2017) 909—915.

W. Baltensperger, J.S. Helman, Influence of magnetic order in insulators on the
optical phonon frequency, Helv. Phys. Acta 41 (1968) 668—673.

K. Wakamura, T. Arai, Effect of magnetic ordering on phonon parameters for
infrared active modes in ferromagnetic spinel CdCr;Sy, J. Appl. Phys. 63 (1988)
5824—5829.

R. Pauthenet, Spontaneous magnetization of some garnet ferrites and the
aluminum substituted garnet ferrites, J. Appl. Phys. 29 (1958) 253—255.

M. Uemura, T. Yamagishi, S. Ebisu, S. Chikazawa, S. Nagata, A double peak of
the coercive force near the compensation temperature in the rare earth iron
garnets, Philos. Mag. A 88 (2008) 209—228.

T.D. Kang, E.C. Standard, P.D. Rogers, K.H. Ahn, A.A. Sirenko, A. Dubroka,
C. Bernhard, S. Park, YJ. Choi, S.-W. Cheong, Far-infrared spectra of the
magnetic exchange resonances and optical phonons and their connection to
magnetic and dielectric properties of DysFes01, garnet, Phys. Rev. B 86 (2012)
144112.

D.T.T. Nguyet, N.P. Duong, T. Satoh, L.N. Anh, T.T. Loan, T.D. Hien, Crystalli-
zation and magnetic characterizations of dyig and hoig nanopowders fabri-
cated using citrate sol-gel, J. Sci.: Adv. Mater. Devices 1 (2016) 193—199.

R. Nakamoto, B. Xu, C. Xu, H. Xu, L. Bellaiche, Properties of rare-earth iron
garnets from first principles, Phys. Rev. B 95 (2017) 024434.

T. Bayaraa, C. Xu, D. Campbell, L. Bellaiche, Tuning magnetization compen-
sation and Curie temperatures in epitaxial rare earth iron garnet films, Phys.
Rev. B 100 (2019) 214412.

K. Yosida, Theory of Magnetism, Springer-Verlag Berlin Heidelberg, 1996.

V. Barsan, V. Kuncser, Exact and approximate analytical solutions of Weiss
equation of ferromagnetism and their experimental relevance, Phil. Mag. Lett.
97 (2017) 359—-371.



