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Abstract

We report temperature-dependent Raman scattering and magnetization stud-

ies of van der Waals ferromagnetic compound CrSi0.8Ge0.1Te3. Magnetic sus-

ceptibility measurements revealed dominant ferromagnetic interactions

below TC which shift to the lower values due to the presence of vacancies.

A Raman active mode, additional to the ones predicted by symmetry in the

parent compounds, has been observed. This Ag symmetry mode most likely

emerges as a consequence of the atomic vacancies on Si/Ge site. Presence of

the strong spin–phonon coupling at temperature around 210 K is indicated

by deviations from conventional phonon self-energy temperature dependence

of all analysed modes.
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1 | INTRODUCTION

Considerable progress has been made in the field of
material science through developing new materials and
revealing their properties in the last decade. Namely, in
the recent years, large family of van der Waals materials
with inherent magnetism became the focus of experimen-
tal and theoretical research, because they seem suitable
for numerous technical applications.[1-7] The family
includes Fe3− xGeTe2 metallic materials with high
magnetic transition temperature,[8-10] semiconductors
CrXTe3 (X = Si, Ge, Sn) and CrX3 (X = Cl, Br, I) mono-
layers[2,11-13] and heterostructures.[14]

CrSiTe3 and CrGeTe3 are ferromagnetic (FM) semi-
conductors with band gap of 0.4 and 0.7 eV and Curie
temperatures (TC) of 32 and 61 K, respectively.[15-18] Twin-
ing of CrSiTe3 single crystals along c-axes was revealed by
X-ray diffraction experiment as well as Cr3+ ions magnetic
order.[15] Recently, through high-resolution angle-re-
solved photoemission spectroscopy (ARPES), it was possi-
ble to identify full electronic structure near the Fermi
level. Due to spin–orbit coupling, CrSiTe3 is a Mott-type
FM insulator.[19] Electronic structure of CrGeTe3 single
crystals was also investigated by ARPES.[20] It was shown
that the low-lying valence bands are centred around the Γ
point and are mainly formed from Te 5p orbitals.
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Raman scattering studies of CrSiTe3 reveal strong
spin–lattice coupling in the paramagnetic phase[15,21] as a
consequence of a short-range magnetic order in this com-
pound. In addition to renormalization of energies and
linewidths of observed Raman active modes, coupling of
doubly degenerate Eg mode with magnetic continuum
was found.[21] The coupling results in an asymmetric
phonon line shape up to 180 K. Besides the splitting of
two low-energy Eg modes in the magnetic phase of
CrGeTe3 and unconventional behaviour of phonon prop-
erties around transition temperature, experimental
results indicate spin–phonon coupling effect with mag-
netic quasi-elastic scattering.[22] Pressure-dependent
Raman scattering study of CrGeTe3 showed a decrease in
bond length, the deviation of Cr–Te–Cr angle, and reduc-
tion of phase transition temperature.[23]

Change of the carrier concentration plays an impor-
tant role in the physics of semiconducting materials as it
can lead to surprising physical properties. Very small var-
iations in dopant concentrations can lead to structural
modifications and considerable changes in magnetic
transition temperature. Here, we report a Raman scatter-
ing and magnetization studies of CrSi0.8Ge0.1Te3. Our
scanning electron microscopy (SEM) measurements
reveal 10% of Ge atoms concentration and 10% of vacan-
cies. Vacancies induced a decrease in TC was detected
within magnetic susceptibility measurements. In the
Raman scattering results, we identified three Ag and four
Eg symmetry modes. Additional peak of the Ag symmetry
is also observed in our spectra. This mode may be traced
to vacancies and possible inhomogeneous distribution of
Ge atoms substitution on Si atomic site at nano-scale.
Energies of modes predicted by symmetry analysis are
found between the experimental values of parent
compounds CrSiTe3 and CrGeTe3, reported previously in
Milosavljevi et al..[21] The presence of the strong
spin–phonon interaction at temperature around 210 K
is indicated in small deviations from conventional
temperature-dependent behaviour of the observed modes
energies and linewidths, including additional one.

2 | EXPERIMENT AND
NUMERICAL METHOD

CrSi0.8Ge0.1Te3 single crystals were grown as described
previously.[24] Magnetic properties were measured in a
Quantum Design MPMS-XL5 system.

SEM measurements were performed using FEI
HeliosNanolab 650. This microscope is equipped with an
Oxford Instruments energy dispersive spectroscopy (EDS)
system with an X-max SSD detector operating at 20 kV.
Measurements were performed on as-cleaved samples

deposited on a graphite tape. The elemental composition
EDS mapping was obtained on crystals that appeared to
be uniform for several tens of microns. The maps show
the presence of Cr, Ge, Te and Si.

For Raman scattering experiment, Tri Vista 557 spec-
trometer was used in the subtractive backscattering
micro-Raman configuration. The combination of gratings
was 1800/1800/2400 grooves/mm and the entrance slit of
80 μm. Solid state laser with 532-nm line was used as an
excitation source. In our scattering configuration, plane
of incidence is ab-plane, where |a|= |b| (∡ða,bÞ= 120∘ ),
with incident (scattered) light propagation direction
along c-axes. Samples were cleaved in the air before being
placed in vacuum. All measurements were performed in
high vacuum (10−6 mbar) using a KONTI CryoVac con-
tinuous Helium flow cryostat with 0.5-mm thick window.
Laser beam focusing was achieved using microscope
objective with ×50 magnification. All spectra were
corrected for Bose factor.

Spin-polarized density functional theory calculations
were performed in Quantum Espresso software pack-
age,[25] based on plane waves and pseudopotentials, using
Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional[26] and projector augmented wave (PAW)
pseudopotentials.[27,28] The cutoff for wavefunctions and
the charge density of 85 and 425 Ry were chosen, respec-
tively. The k-point were sampled using the Monkhorst-
Pack scheme, on 8 × 8 × 8 Γ centred grid used for both
structures. Optimization of the lattice parameters and
atomic positions in unit cell was performed until the
interatomic forces were minimized down to 10−6 Ry/Å.
Treatment of the van der Waals interactions is included
using the Grimme-D2 correction, in order to obtain the
lattice parameters more accurately. Phonon wave num-
bers were calculated within the linear response method,
as implemented in PHonon part of Quantum Espresso.

FIGURE 1 Energy dispersive spectroscopy (EDS) mapping on

a CrSi0.8Ge0.1Te3 single crystal [Colour figure can be viewed at

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

In order to investigate uniformity and elemental composi-
tion of CrSi0.8Ge0.1Te3 sample, SEM measurements were
performed on as-cleaved crystals. EDS mapping presented
in Figure 1 shows that the ratio of Cr:Si:Ge:Te (averaged
over 10 measurements) is 1:0.8:0.1:3. This result reveals
the presence of 10% Ge atomic vacancies in the sample.

Figure 2a,b presents the temperature dependence of
zero-field cooling (ZFC) magnetic susceptibility χ(T) =M
(T)/H measured in 1-kOe magnetic field applied parallel
to a (a) and c (b) crystallographic axes. Curie–Weiss law
χ = C

T−θ fit at high temperatures yields Weiss tempera-
tures θa = 61(2) K, θc = 70(2) K and high temperature
paramagnetic moments μeff,a = 4.14(2)μB and μeff,c = 3.91
(2)μB for CrSi0.8Ge0.1Te3, consistent with dominant FM
interactions below Tc and in line with the observed FM
Tc and magnetic hystheresis loops.[13,24] The approximate
Tc value can be determined from the minima of the
dχ/dT curves insets in Figure 2(a,b). It should be noted

that, instead of monotonous rise, there is a weak but
discernible shift to lower temperature in dχ/dT in
CrSi0.8Ge0.1Te3 when compared with CrSiTe3. This small
reduction in FM transition temperature is likely induced
by the presence of vacancies, as suggested by the EDS
data. The presence of vacancies in this class of materials
usually disarrange magnetic exchange due to disorder
increment, which leads to the reduction of TC.

[29]

Isostructural parent compounds CrSiTe3 and CrGeTe3
crystallize in the rhombohedral crystal structure,
described with space group R3 (C2

3i).
[30] According to fac-

tor group analysis, five Ag and five double degenerate Eg

symmetry modes are expected to be observed in the light
scattering experiment. Detailed symmetry analysis, pho-
non mode distribution and selection rules for parent
compounds (CrSiTe3 and CrGeTe3) can be found in
Milosavljevi�c et al.[21] In our scattering configuration, the
plane of incidence is ab plane, where |a|= |b|
(∡ða,bÞ= 120∘ ) (inset in Figure 3), and the direction of
incident (scattered) light propagation is along c-axes.
According to the selection rules for this scattering
configuration,[21] all Raman active modes may be
observed, having in mind that Ag symmetry modes can
be detected only in parallel polarization configuration.
The Eg symmetry modes are expected to appear in both
the parallel and cross polarization configurations. Raman
spectra of CrSi0.8Ge0.1Te3, obtained by continuous change
of the angle between polarization vectors of incident and

FIGURE 2 Temperature dependence of zero-field cooling

(ZFC) χ=M/H for CrSiTe3, CrSi0.8Ge0.1Te3 and CrGeTe3 in 1-kOe

magnetic field applied in-plane (a) and along the c-axis (b). Insets

show transition temperatures of ferromagnetic orders (dχ/dT) and

magnetic hystheresis loops taken at 2 K

FIGURE 3 Raman spectra of CrSi0.8Ge0.1Te3 single crystal,

measured at 100 K, as a function of angle θ, between incident and

scattered light polarization. Inset: schematic representation of the

incident and scattered light polarization with respect to the crystal

orientation [Colour figure can be viewed at wileyonlinelibrary.com]
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scattered light, θ=∡ðei,esÞ , (0∘⩽θ⩽90∘ ) at 100 K, are
shown in Figure 3. It can be seen that by changing this
angle, starting from θ = 0�, the intensities of the peaks at
energies 80.2, 116.4 and 145.5 cm−1 continuously
decrease and completely vanish for polarization angle of
90�. Therefore, these excitations obey pure Ag symmetry.
On the other hand, the peaks at energies of 84.5, 88.3,
117.2 and 215.0 cm−1 are not influenced by change of
polarization angle, so they can be identified as Eg symme-
try modes.

Here, one should note that the feature observed at
around 117 cm−1 in both scattering configurations is
actually a two-peak structure comprising of 116.4-cm−1

Ag and 117.2-cm−1 Eg symmetry modes. Detailed analysis
of the structure for two scattering configurations is pres-
ented in Figure A1 of Appendix. Furthermore, closer
inspection of the data revealed that peak at energy of
145.5 cm−1, which obeys pure Ag symmetry, is also com-
posed of two modes, P1 (144.6 cm−1) and A3

g (146.7 cm
−1),

as shown in Figure A2 of Appendix.
Calculated optical phonon wavenumbers of the

parent compounds, CrSiTe3 and CrGeTe3, together with
their experimental Raman active values as well as Raman
mode energies of CrSi0.8Ge0.1Te3, are compiled in Table 1.
As expected, experimental values of CrSi0.8Ge0.1Te3
Raman active modes are found between the values of the
observed modes in parent compounds.[21] Figure 4a
shows compositional evolution of the peaks with highest

intensity, assigned as E3
g and A3

g symmetry modes in par-
ent compounds. The E3

g mode energy changes almost lin-
early (Figure 4b), as a consequence of change in lattice
parameters and “change of mass” effect. The observed
energy shift is followed by doubling of the linewidth,
dominantly induced by the significant crystalline disor-
der. The similar type of behaviour, with somewhat larger
increase in the linewidth, was also observed for the A3

g

symmetry mode. The most striking feature was the addi-
tional Ag symmetry mode (denoted as P1, see Figure A2
of the Appendix), observed in the doped sample. Gener-
ally, both the substitutional defects and vacancies may
have similar impact on the Raman modes energy and
linewidth. Here, the appearance of P1 peak can be under-
stood as a consequence of the presence of vacancies on
Si/Ge atomic site and their inharmonious distribution at
nano-scale. The mode “splitting” is detected only for the
A3
g but not for other observed modes, due to the fact that

different nature of these vibrations results in different
values of energy shifts. In the case of other modes, the
difference between the shifts for corresponding domains
is smaller than the spectral resolution of the instrument
(�1.8 cm−1), and therefore, the separate modes can not
be resolved.

Figure 5 shows CrSi0.8Ge0.1Te3 Raman scattering
spectra measured at various temperatures. For clarity,
spectra obtained for cross polarization configuration are

FIGURE A1 Decomposition of unresolved A2
g and E3

g

symmetry modes obtained by simultaneous modelling in parallel

and cross polarization configuration. Grey line represents the

measured data, Voigt line of A2
g mode is shown by green, and blue

lines represent the E3
g symmetry mode in parallel (upper panel) and

cross (lower panel) polarization. The orange line is the

superposition of these two lines [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE A2 Decomposition of phonon mode in parallel

scattering configuration on two Ag symmetry modes. Open circles

represent the measured data and the blue one sum of two Voigt

profile line shapes. Data modelled with one Voigt profile line shape

(orange line) deviates significantly from measured data [Colour

figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 Phonon symmetry, calculated (T= 0 K) and experimental (T= 100 K) Raman active phonon wavenumbers of parent

compounds CrSiTe3 and CrGeTe3.
[21] Experimental values for Raman active phonons of CrSi0.8Ge0.1Te3 at 100 K are shown in the last

column

Raman active modes

Calculations Experiment

Symmetry CrSiTe3 CrGeTe3 CrSiTe3 CrGeTe3 CrSi0.8Ge0.1Te3

A1
g 88.2 84.2 — — 80.2

E1
g 93.5 82.0 88.9 83.5 84.5

E2
g 96.9 90.8 — — 88.3

E3
g 118.3 114.2 118.2 112.2 117.2

A2
g 122.0 105.9 — — 116.4

A3
g 148.0 134.8 147.4 137.9 146.7

A4
g 208.7 200.3 — — —

E4
g 219.5 209.6 217.2 217.5 215.0

E5
g 357.4 229.8 — — —

A5
g 508.9 290.7 — 296.6 —

Note: All values are given in cm−1.

FIGURE 4 (a) Raman scattering spectra of E3
g and A3

g phonon

modes of CrSiTe3 (orange line), CrSi0.8Ge0.1Te3 (yellow line) and

CrGeTe3 (green line) at T = 100 K measured in cross (left panel)

and parallel (right panel) scattering configuration, respectively.

(b) Energy (grey line) and linewidth (red line) of these two

modes with respect to the percentage of Si atoms concentration.

Energy and linewidth of P1 mode are marked with black and red

star, respectively [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 5 Raman spectra of CrSi0.8Ge0.1Te3 single crystal

measured at various temperatures. The spectra were analysed by

using multiple Voigt peak functions and a single

χ00cont = aΓω=ðΓ2 +ω2Þ+ bω function, for parallel (θ = 0�, solid
coloured lines) and cross (θ= 90�, dashed coloured lines) scattering

configuration. For clarity, higher and lower energy ranges (left and

right panel) are multiplied by the factor of five [Colour figure can

be viewed at wileyonlinelibrary.com]
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only shown for the mid-energy range. Temperature
dependence of energies and linewidths of all the observed
Ag symmetry modes, including P1, are presented in
Figure 6. By heating the sample from 100 K to approxi-
mately 210 K, monotonous decrease in energy of all the
Ag symmetry modes is present, dominantly driven by
thermal expansion.[31] In the temperature region around
210 K, these modes' energy exhibit small deviation,
followed by a continuous decrease up to room tempera-
ture. In the same temperature region, deviation from
expected anharmonic type of behaviour is observed for
all the Ag symmetry modes linewidth. This effect is more
pronounced for higher energy modes where the
anharmonicity is expected to be higher. Similar response
of analysed Eg symmetry modes is present and shown in
Figure 7.

Concerning previously reported strong spin–phonon
coupling in CrSiTe3,

[15,21] which persists up to 180 K, we
believe that this unconventional behaviour of energies
and linewidths can be attributed to the coupling of the
phonon modes to the spin system.[32] Due to the doping
and presence of vacancies, strong magnetic correlations
in CrSi0.8Ge0.1Te3 are sustained up to 210 K.

4 | CONCLUSIONS

In summary, we presented temperature-dependent
Raman scattering and magnetization studies of doped
van der Waals ferromagnet CrSi0.8Ge0.1Te3. SEM mea-
surements revealed the presence of 10% vacancies on
Si/Ge atomic site. As a consequence, magnetization mea-
surements detected small but clear decrease in TC. Seven
out of 10 Raman active modes have been assigned in our
Raman spectra. Temperature dependence of all the
observed modes shows the persistence of magnetic corre-
lations up to 210 K. In addition, the results revealed the
appearance of the peak that obey pure Ag symmetry,
which is attributed to the possible inhomogeneous distri-
bution of Ge atoms and vacancies at nano-scale. This
study provides an insight into the impact of doping and
presence of vacancies on magnetic and lattice properties
in this class of materials.
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APPENDIX: A DECOMPOSITION OF
UNRESOLVED MODES

Analysing the spectra of CrSi0.8Ge0.1Te3 single crystal, in
different polarization configurations (Figure 3), in the
energy range around 117 cm−1, becomes clear that lower
energy part completely disappears in cross polarization
configuration, whereas higher energy part persists.
Enlarged part of this energy region is shown in
Figure A1, in parallel and cross polarization configura-
tion at temperature of 100 K. After simultaneous model-
ling of these spectra becomes clear that they consist of
the A2

g and E3
g modes, at energies 116.4 and 117.2 cm−1,

respectively. This is completely supported with theoreti-
cal calculations presented in Table 1.
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On the other hand, existence of P1 is not predicted by
theoretical calculations, as Raman active peak. Only
closer inspection and detailed analysis, presented in

Figure A2, shows that much better agreement with
experimental results gives modelling as a superposition
of two Voigt lines.
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Abstract
Four distinct tungsten suboxide (WO3–x) nanomaterials were synthesized via chemical vapour
transport reaction and the role of their crystal structures on the optical properties was studied.
These materials grow either as thin, quasi-2D crystals with the WnO3n-1 formula (in shape of
platelets or nanotiles), or as nanowires (W5O14, W18O49). For the quasi-2D materials, the
appearance of defect states gives rise to two indirect absorption edges. One is assigned to the
regular bandgap occurring between the valence and the conduction band, while the second is a
defect-induced band. While the bandgap values of platelets and nanotiles are in the upper range
of the reported values for the suboxides, the nanowires’ bandgaps are lower due to the higher
number of free charge carriers. Both types of nanowires sustain localized surface plasmon
resonances, as evidenced from the extinction measurements, whereas the quasi-2D materials
exhibit excitonic transitions. All four materials have photoluminescence emission peaks in the
UV region. The interplay of the crystal structure, oxygen vacancies and shape can result in
changes in optical behaviour, and the understanding of these effects could enable intentional
tuning of selected properties.

Supplementary material for this article is available online

Keywords: tungsten oxides, Magnèli phases, nanowires, quasi-2D materials

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

1. Introduction

The family of tungsten oxides, including stoichiometric WO3

and WO2 and substoichiometric Magnèli phases (WO3–x,
0<x<1), is widely studied due to numerous intriguing
properties [1–5]. These tungsten (sub)oxides have been used
as photodetectors [6, 7] and gas sensors [8–10], in photo-
catalysis and photoelectrochemical water splitting [3, 11, 12],
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in smart windows [13] and optoelectronics [14]. In bulk form,
WO3 is a large indirect bandgap n-type semiconductor, with
bandgap values reported in the 2.6–3.0 eV range [15–17]. In
nanosized WO3, quantum size effects appear, resulting in a
blueshift of the bandgap up to 3.25 eV, with the bandwidth
modulation correlated to the size of the nanoparticles [18].
This is a direct consequence of the quantum confinement
effect.

Due to the crystal shear mechanism, various sub-
stoichiometric Magnèli phases with different combinations of
edge- or corner-sharing WO6 octahedra can be formed [19].
This may lead to appearance of crystal shear (CS) planes and
pentagonal columns (PC), which form to accommodate
oxygen vacancies [20, 21]. For less reduced suboxides (i.e. x
<0.2), CS planes occur; while PCs are formed for x greater
than 0.2. In the former, CS planes’ corner-sharing WO6

octahedra become edge-sharing [22], while in the latter WO7

bipyramids are formed and share their equatorial edges with
the WO6 octahedra [23]. The degree of reduction and
appearance of oxygen vacancies can be crucial for under-
standing the change of the optical response with respect to the
fully oxidized WO3 [8]. Furthermore, it was reported that the
oxygen vacancy defect states induced by annealing can sig-
nificantly improve electrical conductivity [24]. Substoichio-
metric WO3–x are mostly found to be blue or light green,
which is a structure-sensitive phenomenon and is mainly a
consequence of the stoichiometry or oxygen vacancies
[25, 26]. First-principles pseudopotential and total-energy
projector-augmented wave method calculations showed that
single oxygen vacancies and substoichiometric crystal struc-
tures modify the optical properties and generate different
types of defect states in the bulk [27, 28].

For nanostructured WO3–x, various phenomena may lead
to different size- and shape- dependent behaviour within the
same stoichiometry. This can lead to seemingly contradictory
results, if only the effect of the degree of reduction is con-
sidered. It was reported that the metallic WO2.83 nanorods
(W24O68) can sustain strong localized surface plasmon reso-
nances (LSPR), centred around 1.4 eV (corresponding to
λ=900 nm) [26]. Electrical transport measurements of
WO2.8 (W5O14) show that they exhibit metallic behaviour
[29]. On the other hand, based on electrical transport mea-
surements and photoluminescence spectra, WO2.72 (W18O49)
nanowires (NWs) show a semiconducting behaviour [30, 31].

A close relationship between the creation of oxygen
vacancies and stoichiometry (i.e. degree of reduction) and
morphology has been reported [32–34]. Both the stoichio-
metry and the amount of oxygen vacancies heavily depend on
the synthesis conditions, and in turn determine the optical and
electrical properties, such as photoluminescense and electrical
conductivity. Therefore, a careful structural study of these
materials is significant for interpreting optical spectra. In this
paper, we report on optical properties of various nanos-
tructured suboxides; namely, multistoichiometric WnO3n–1 in
two distinct morphologies (platelets and nanotiles), and
W5O14 (WO2.8) and W18O49 (WO2.72) nanowires.

2. Methods

2.1. Synthesis

All the materials were synthesized via chemical vapour
transport reaction in a two-zone furnace, using iodine as the
transport agent. The synthesis protocols are described in detail
in [29, 35–37].

2.2. Electron microscopy

Scanning electron microscopy (SEM) was performed on Supra
35 VP (Carl Zeiss, Germany). High-resolution transmission
electron microscopy (HRTEM) and electron diffraction (ED)
images were obtained by a Cs probe-corrected TEM/STEM
JEOL ARM 200CF microscope equipped with a cold-FEG
electron source, operating at 200 kV. Cross-sections of the
samples for TEM analysis were obtained using a Helios
NanoLab 650 Focused Ion Beam-scanning electron micro-
scope (FIB).

2.3. Photoluminescence

The solutions for the optical measurements were prepared
using purified water (extinction) or ethanol (photo-
luminescence and Raman spectroscopy).

Photoluminescence spectra were measured using an optical
spectrometer (PTI QuantaMaster 8000 by Horiba) with a con-
tinuous Xe lamp and a photomultiplier sensitive in visible and
near-infrared part of the spectrum (Hamamatsu R2658). Holo-
graphic reflection gratings blazed at 300 nm were used in the
dual-stage excitation monochromator, and ruled gratings (500 nm
blaze) in the single-stage emission monochromator. The spectra
were measured in the wavelength range of 290–450 nm
(corresponding to 3.1–4.3 eV) at nominal resolution of 3 nm, with
the excitation spectral band centered at 275 nm (4.51 eV). All
presented spectra were corrected for spectral dependence of the
instrument’s excitation and emission channels.

2.4. Extinction measurements

Extinction measurements were performed with an UV–vis
spectrometer (Perkin-Elmer lambda 950). The spectra were
recorded with a 1 nm resolution. The solution was hand-shaken
and the suspensions were measured using quartz cuvettes.

2.5. Raman scattering

The Raman scattering measurements were performed using a Tri
Vista 557 Raman system in backscattering micro-Raman con-
figuration. The 532 nm line of VerdiG solid-state (for platelets)
and the 514.5 nm line of Ar+/Kr+ ion gas laser (for nanotiles
and nanowires) were used as an excitation source. A microscope
objective with ×100 magnification was used for focusing the
laser beam and collecting scattered light. Laser power was kept
below 0.5mW at the sample surface, in order to minimize local
heating. Spectra were recorded in parallel and crossed polar-
isation configuration. All measurements were performed in air,
at room temperature. Spectra were corrected for the Bose factor.
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2.6. Kelvin probe force microscopy

The work function (WF) was measured with the Kelvin probe
force microscopy (KPFM) method using a non-contact fre-
quency-modulated atomic force microscope (NC-AFM,
Omicron VT-AFM, Taunusstein, Germany) operating in
ultra-high vacuum (10−9 mbar). The samples were dispersed
in isopropanol and drop casted on a freshly cleaved highly
oriented pyrolytic graphite (HOPG) substrate. The AFM and
the KPFM images were taken simultaneously on the same
area. KPFM was used to determine the WF of the samples by
measuring the contact potential difference (CPD) between the
substrate (HOPG) and the samples. As HOPG has a fairly
stable WF value of 4.60 eV [38], it is commonly used as a
reference material in KPFM measurements.

3. Results and discussion

3.1. Composition and morphology

The studied WO3–x phases grow as thin plate-like crystals
(platelets, nanotiles) or as nanowires (W5O14, W18O49).
Figure 1 shows SEM and TEM images of the WnO3n-1

platelets (a), (e) and nanotiles (b), (f); W5O14 nanowires (c),
(g), and W18O49 nanowires (d), (h). The stoichiometry and
size of all four studied WO3–x phases is summarized in
table 1.

The WnO3n-1 platelets grow epitaxially from W19O55

nanowires. These nanowires can either get detached from the
platelets by mild sonication, or remain at the long edge of the
platelet, as seen in figure 1(a). The platelets grow in a rec-
tangular geometry and are approximately 100 nm thick with
the lateral size of up to 4 μm. Several WnO3n-1 Magnèli
phases, such as W18O53 (WO2.944), W17O50 (WO2.941),
W16O47 (WO2.938), W15O44 (WO2.933), W14O41 (WO2.929),
W9O26 (WO2.889) and W10O29 (WO2.9), were found within a
single platelet [36].

The nanotiles with the length and width up to a few μm
are approximately 100 nm thick. They have characteristic
surface corrugations that can be several tens of nm deep. They
are multi-stoichiometric, with six distinct stoichiometries
within a single nanotile: W16O47 (WO2.938), W15O44

(WO2.933), W14O41 (WO2.928), W13O38 (WO2.923), W12O35

(WO2.917), and W11O32 (WO2.909), all having the same
WnO3n-1 formula [37]. In both plate-like morphologies (i.e.
nanotiles and platelets), CS planes are observed, as shown in

Figure 1. Electron microscopy images of (a), (e) platelets, (b), (f) nanotiles, (c), (g) W5O14 NW and (d), (h) W18O49 NW. Top panel
corresponds to SEM, while the bottom panel corresponds to TEM images.

Table 1. Stoichiometry of tungsten suboxide nanomaterials, their shape, thickness and lateral size (for 2D WnO3n-1) or
*-diameter and length

(for nanowires), and the assessed work function.

Stoichiometry Shape Thickness/diameter* Lateral size/length* Work function (eV)

WnO3n-1 Platelets 100 nm Up to 4 μm 4.18–4.31
WnO3n-1 Nanotiles 100 nm Up to several μm 4.94–5.30
W5O14 (WO2.8) Nanowires 100–200 nm Several tens μm 4.20–4.34
W18O49 (WO2.72) Nanowires Up to 3 μm Several tens μm 4.55–4.57
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figures 1(e), (f). The distance between the CS planes reflects
the stoichiometry of a particular block.

Both W5O14 and W18O49 nanowires have constant dia-
meters along the lengths of several tens of μm. The W5O14

NWs are thinner, with the mean diameter of 100–200 nm,
while W18O49 NWs have significantly larger diameters of up
to 3 μm, with rarely observed thin ones [35]. The cross-sec-
tional views of such nanowires (figures 1(g), (h)) reveal that
they are composed of several single-crystalline units.

3.2. Work function

The WF was measured on an individual WO3–x nanotile or
platelet. The results are compared with the previously pub-
lished data obtained on the W5O14 and W18O49 nanowires
[35]. The topography and Kelvin images are shown in
figure 2.

The platelet shown in figure 2(a) is around 140 nm
thick. The CPD measured on the platelets was between
290 and 420 mV lower than on HOPG, corresponding to a
WF of 4.18 ̶ 4.31 eV. Very similar WF values were reported
earlier for W5O14 nanowires (4.20–4.34 eV) [35]. On the
other hand, the CPD obtained on the nanotiles was between
340 and 700 mV higher than on HOPG, indicating a WF of
4.94–5.30 eV. The WF of the nanotiles is thus substantially

higher compared to both W5O14 and W18O49 nanowires
(4.55–4.57 eV) [35].

The KPFM and AFM images also reveal that the WF is
morphology dependent. In the case of platelets, the WF is
slightly lower at the edge (figure 2(c)), similar to measure-
ments performed on the edges of W5O14 nanowires [35]. This
might be due to the growth mechanism, as the platelets grow
from nanowires [36], or due to band bending [39]. The WF of
nanotiles also varies with location and was found to be lower
inside the corrugations (figure 2(f)). The difference between
the CPD at top and the bottom of the corrugation can be up to
350 meV. The summarized positions of WF values are pre-
sented in table 2.

3.3. Optical properties

3.3.1. Raman spectroscopy. Raman spectra of WO3–x

nanomaterials can be tentatively divided into three
regions, characterized by the peaks originating from
different types of vibrations. Lattice modes generally
appear below 200 cm−1, W–O–W bending modes between
approximately 200 and 400 cm−1, whereas between 600 and
900 cm−1 one can observe W–O stretching modes [40, 41].
Figure 3 represents room temperature Raman spectra of
WO3–x nanostructures measured in three polarization

Figure 2.AFM (a), (d) and KPFM images (b), (e) of platelets and nanotiles, respectively. The CPD profiles and the matching thickness (c), (f)
correspond to the areas marked with dashed rectangles.
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configurations: short and long parallel, with incident and
scattered light polarized along short and long axis of the
sample respectively; and crossed, with polarisations parallel

to the short and long axis of the sample but mutually
orthogonal. In the case of the platelets, short and long
parallel configurations are equivalent due to their symmetry.

Figure 3. Raman scattering spectra of WO3–x nanostructures measured at room temperature in three polarization configurations: (a) parallel,
with incident and scattered light polarized along the short axis of the samples (short parallel configuration), (b) crossed, and (c) parallel, with
incident and scattered light polarized along the long axis of the samples (long parallel configuration). For clarity, lower and higher-energy
ranges are displayed with different scale factors.

Table 2. Summary of the assessed absorption and PL transitions, bandgap and work function values in tungsten suboxide nanomaterials.

WnO3n-1 platelets WnO3n-1 nanotiles W5O14 (WO2.8) W18O49 (WO2.72)

UV–vis (nm) 207, 222, 241, 281, 323 205, 216, 240, 281,
324, 416

200, 223, 258, 326, 760 198, 208, 296, 776

PL (nm) 299, 323 302, 316 298, 324 299, 319
Bandgap (direct) (eV (nm)) 4.11 (301) 4.05 (306)
Bandgap (indirect) (eV (nm)) 3.76 (330), 3.17 (391) 3.48 (356), 2.78 (446) 2.16 (574) 2.62 (473)
WF (eV) 4.18–4.31 4.94–5.30 4.20–4.34 4.55– 4.57
Average WF (eV) 4.25 5.12 4.27 4.56
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Therefore, only two spectra were sufficient to observe all
prominent modes noted in [36].

In platelets’ crossed polarization configuration spectrum,
there are four weak peaks, at 85, 105, 130 and 165 cm−1

related to lattice vibration, six peaks centred at 235, 271, 300,
319, 340 and 380 cm−1, originating from W–O–W bending
vibrations and one weak (690 cm−1) and two strong (778 and
808 cm−1) W–O stretching vibrations. In parallel configura-
tion, one can observe few relatively weak peaks, at 85, 105,
120, 130, 297, 319 and 340 cm−1, and two sharp overlapped
peaks at 778 and 802 cm−1. These results are in very good
agreement with those from [36].

In the case of the nanotiles’ short parallel polarization
spectrum, only one weak peak (105 cm−1) originating from
lattice vibration, one strong peak at 271 cm−1, a few weak
peaks (at 231, 317, 331, 365 and 428 cm−1) in the W–O–W
bending region, and two prominent W–O stretching vibra-
tions centred at 697 and 807 cm−1 are observed. In the
crossed scattering configuration one can recognize the three
highest intensity modes from that were also observed in the
short parallel polarization (at 271, 697 and 807 cm−1),
whereas spectrum in long parallel polarization contains
sharper and more pronounced low energy peaks, indicating
good crystallinity and well-defined W–O bond length. Closer
inspection revealed eight peaks, at 92, 113, 135, 175, 294,
319, 338 and 807 cm−1, with the two prominent ones at 135
and 807 cm−1, coinciding with the results given in [37].

Raman spectra of nanowires are qualitatively different
from those of quasi-2D materials. Namely, for W5O14 NW, in
short parallel polarization seven lattice (at 67, 129, 139, 151,
181, 208 and 214 cm−1), six W–O–W bending (at 288, 325,
376, 391, 430 and 448 cm−1) and five W–O stretching
vibrations, centred around 635, 712, 767, 819 and 912 cm−1,

were observed. Crossed polarization revealed Raman peaks at
151, 181, 208, 288, 325, 448 and 712 cm−1, whereas in long
parallel polarization one can observe peaks at 73, 108, 147,
167, 181, 237, 297, 319, 350, 376, 394 and 737 cm−1.

In the short parallel polarization, the W18O49 NW
spectrum hosts a large number of peaks, at 113, 129, 149,
153, 178, 190, 211, 215, 238, 245, 278, 341, 358, 390, 422,
449, 463, 527, 644, 689, 737, 801, 871 and 882 cm−1, some
of which are overlapping. In crossed polarization configura-
tion there are only a few peaks, centred at 211, 215, 238, 245,
341, 422, 463, 871 and 882 cm−1, whereas the spectrum in
the long parallel polarization contains modes at 113, 119, 131,
142, 168, 190, 232, 247, 280, 297, 341, 378, 390, 422 and
821 cm−1. The peak positions of all four materials are
summarized in tables S1–4 (available online at stacks.iop.
org/NANO/33/275705/mmedia).

Unlike the spectra of the nanotiles and platelets, where
the W–O stretching modes centred around 800 cm−1 are
absolutely dominant, Raman spectra of the nanowires contain
a large number of sharp peaks in the first two frequency
regions, which are comparable or even more dominant than
the ones from the stretching vibrations region. This indicates
that 2D materials contain a higher number of W–O bonds
with well-defined lengths, whereas W5O14 and W18O49

nanowires have better crystallinity and higher number of

W–O–W bonds with well-defined bond angles. The fact that
spectra of all the analysed materials strongly depend on the
sample orientation and light polarization unequivocally
confirms their anisotropic structure.

3.3.2. Photoluminescence. In figure 4(a), the PL spectra of
all four materials are presented, measured with the excitation
centred at 275 nm (4.51 eV). The PL spectra were
deconvolved, confirming that they contain two distinct
emission lines in the UV region (figure S1). All of these
suboxides have a dominant, high-energy peak situated around
300 nm (4.1 eV). An additional, red-shifted component
appears in the 320 nm region (∼3.9 eV), but its contribution
varies. The positions of the PL peaks are summarized in
table 2.

Because bulk WO3 is an indirect band-gap semiconduc-
tor, its photoluminescence (PL) spectrum does not have any
prominent features. In contrast, the appearance of new states
in WO3–x materials allows distinct optical transitions, often

Figure 4. (a) Room temperature PL spectra and (b) UV–vis
extinction spectra of platelets, nanotiles, W5O14 and W18O49

nanowires.
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associated with PL emission lines. Many studies were
reported on PL activity of the substoichiometric oxides
[42–49], and, in general, correlated the electronic transitions
to the defect states within the band gap, arising from oxygen
vacancies. The two processes guiding these transitions were
assigned either to the occurrence of localized states in the
bandgap, stemming from oxygen vacancies or other defects;
or to a band-to-band transition, arising from the electron–hole
recombination induced by quantum confinement. However,
there is no general consensus on interpretation of the observed
emissions, as the experimental reports differ and do not
unambiguously assign the observed emissions to the proposed
mechanisms.

Theoretical models show that an oxygen vacancy can be in
three new states, namely in a neutral (VO

0 ), single- (VO
+), or

double-charged (VO
2+) [25, 27, 34]. Within these models, the

removal of an O atom from WO3 structure (ReO3-type,
W6+

–O2-
–W6+) results in creation of a VO

0 state. This
corresponds to creation of either a W6++W4+ or 2W5+

defect states with levels inside or near the valence band
(W4+

–VO
0
–W6+ or W5+

–VO
0
–W5+) [25]. Removal of one

additional electron, (i.e. conversion to VO
+ (W5+)), leads to

Coulombic repulsion between the positive vacancy and the
nearest W-ion, displacing the ion and shifting the defect level
into the bandgap (W5+

–VO
+
–W6+). Removal of another

electron creates a new state within the CB (W6+
–VO

2+
–W6+).

Therefore, the neutral state lies inside the valence band (VB),
single-charged in the band gap, and the double-charged state
inside the conduction band (CB). In other words, the W5+

states are shallow and can act as donor states, while electrons
trapped in deeper states (W4+) would need more energy to get
excited into the CB. It is also important to note that the
bandgap is closely related to the W–O bond length. When an O
vacancy is introduced, structural relaxation of the lattice leads
to an increase of the W–W distance. As the W ion gets
displaced from the center of the WO6 octahedron, the VB
lowers and the CB rises, thus increasing the bandgap [50].

For PL spectra reported for W18O49 nanowires and
nanorods, peaks appear in UV and blue spectral regions
[31, 43, 45, 51]. For the nanorods, the peak located in the UV
region blueshifts from 350 to 320 nm as the nanorod diameter
decreases. This effect is assigned to quantum confinement,
since the stoichiometry remains the same. The blue peak is
situated around the absorption edge at 430 nm and does not
show any size dependence, therefore it was assigned to the
defect states within the bandgap [31].

Previously reported XPS measurements on these materi-
als can provide more insight into origin of the transitions
[29, 36, 37]. The valence band spectrum of the platelets
indicates a semiconducting behaviour with a negligible
density of states at the Fermi energy. On the other hand,
the valence band spectrum of the nanotiles revealed a slightly
metallic behaviour at room temperature due to a partial
overlapping of a broad O 2p peak with W 5d orbitals [36, 37].
The W spectra confirm the presence of 5+ and 6+ oxidation
states in both nanotiles and platelets. For the nanotiles, 6+
states represent 84% of the total W 4f, with the remaining
16% assigned to 5+, giving the average oxidation number of

5.84 and 3 – x value of 2.92. Similarly, the platelets spectrum
is comprised of 81% of 6+and 19% of 5+, with the
oxidation number of 5.81 and 3 – x value of 2.91. These
values are in great agreement with the stoichiometry deduced
from the composition [36, 37]. Since the XPS measurements
mainly correspond to the surface layers, these results confirm
that the samples have no surface contaminations and that the
additional defects do not accumulate at the surface layers.
Similarly, 5+ and 6+ states have been observed for W5O14

NW [29], while for the W18O49 NW, an additional 4+ state
can appear [52, 53].

Focusing on the O 1s spectrum of nanotiles, platelets and
W5O14 NW, it can be observed that the peak at 533.5 eV is
the most prominent for the platelets, the intensity decreases
for NW while it is completely absent for the nanotiles. The
WF values were increasing in the same order. This peak,
together with the one at 532.0 eV, is attributed to O binding
with W in lower oxidation states. HRTEM images shown in
figure S3 reveal that the CS planes in the platelets appear
parallel to the basal plane, which is still within the depth
sensitivity of the XPS. On the other hand, the CS planes in the
nanotiles are not close to the surface and are terminated in an
unordered fashion, with the regular WO3 dominating the
surface. The effect of the oxidation state of the surface W can
be of a great influence on the optical properties of these
materials. Therefore, we can attribute the two observed
emission bands in the UV to two electron–hole recombination
processes, whereby the hole comes from the VB, while the
electrons come from two resonant states within the CB, i.e.
from two VO

2+ states [25, 48].

3.3.3. Extinction. As previously mentioned, both theoretical
and experimental studies correlated oxygen vacancies and/or
substoichiometric crystal structure to the appearance of defect
states [27, 54, 55]. It was reported that up to x=0.1, the
optical and electrical properties of bulk WO3–x are governed
primarily by localized electrons involved in polarons [26].
The insulator-metal transition begins at x=0.1, as the
polaron wave functions start to overlap and form
delocalized states [56]. As the x increases, free electrons
start to dominate optical processes. In general, the indirect
bandgap corresponds to the electronic transition from the
filled O 2p orbitals at the top of the valence band to the empty
W 5d orbitals in the conduction band [57]. Therefore, the
absorption spectrum of WO3 is essentially featureless until the
photon energy reaches the bandgap value. Near the UV
region, interband transitions start to take place and govern the
optical properties [57].

Extinction (UV–vis) measurements, which include con-
tributions of both absorbance and scattering processes, were
performed on all four materials and the spectra are presented
in figure 4(b). Although the samples were diluted in order to
avoid the multi-scattering regime, the scattering effects in the
near UV region cannot be completely excluded. The
deconvolution of all the spectra has been performed and the
positions of the individual peak contributions extracted, as
shown in figure S2.
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The most prominent transitions appear in the UVC range,
with two contributions centred at 207 and 222 nm for the
platelets and at 205 and 216 nm for the nanotiles, with another
peak situated at 240 nm for both. Additionally, there are two
prominent and closely positioned peaks, situated at 281 and
324 nm. These peaks may originate from exitonic transitions,
as described later. A wide and less intense peak is also
observed at 359 nm and 416 nm for the platelets and
nanotiles, respectively. For both materials, the scattering is
accounted for with a model function, as described in the SI.

On the other hand, the spectra of nanowires are
significantly different compared to the quasi-2D materials.
Both types of NWs have a high-energy peak around 200 nm.
For W18O49 NWs, this peak can be deconvolved into two
peaks positioned at 198 and 208 nm. W18O49 NWs spectrum
has a higher-energy peak centred at 296 nm, ending with a
broad transition at 776 nm. In addition to the peak at 200 nm,
W5O14 NWs have a very weak peak at 223 nm and an
additional broad peak at approximately 300 nm, which can be
deconvoluted into two peaks situated at 258 and 326 nm. An
even broader peak appears at 760 nm in the near-IR part of the
spectrum. The emergence of the near-IR peaks can be
associated with LSPR due to free charge carriers. LSPR were
observed previously in W24O68 (WO2.83) and W19O55

(WO2.89) nanorods, positioned at 900 nm and 600 nm,
respectively [26, 55]. Assigning the near-IR tails to LSPR
is also in agreement with earlier measurements on these NWs,
which suggested metallic behaviour [29, 35].

Extinction spectra of these suboxides vary substantially
in the literature, even within the same stoichiometry or
morphology. For example, ultrathin (sub-nanometre) W18O49

(WO2.72) nanowires show a large absorption tail in the visible
part of the spectrum, which saturates upon oxidation [32, 51].
This effect points to the presence of a large number of oxygen
vacancies or substoichiometric crystal structures. For the
nanowires with larger diameter, the absorption in the visible
and near-IR range drops. Nanorod bundles of the same
stoichiometry have rather featureless spectra, with a steady
decrease with increasing wavelength [31]. In the case of
W19O55 (WO2.89) nanorods, the extinction spectrum in UV–
vis consists of one broad peak situated at 600 nm (2.07 eV)
and a strong absorption band at 200–400 nm, similar to that
seen in bulk WO3 [55]. On the other hand, W24O68 (WO2.83)
nanorods support strong LSPRs, as evidenced by a broad
peak centred around 900 nm [26]. WO3–x reduced cubic
nanosheets have a narrow peak around 220 nm, with a
broader one centred around 300 nm [58]. The strong
absorption in the long wavelength region is attributed to the
new, oxygen vacancies-induced levels below the conduc-
tion band.

Qualitatively, the line shapes of the nanotiles and
platelets spectra are similar to those of WO2.9 (W20O58)
nanoparticles [54] and WO3–x quantum dots [59]. For the
WO2.9 NPs, the UV–vis spectrum consists of two shoulders at
220 and 265 nm, and a band at 320 nm with the bandgap
estimated at 3.1 eV (400 nm). These NPs are also stoichio-
metrically the closest to platelets and nanotiles. Quantum dots
have a high-intensity high-energy peak followed by broader

bands around 230 and 285 nm. Therefore, the two peaks
found in the nanotiles and platelets and positioned at 281 and
323 nm are most likely a consequence of the crystal structure,
i.e. the CS planes.

From the measured extinction spectra, direct and indirect
optical bandgaps can be calculated using the equation [60]:

n
n

a =
-( )A h E

h
,

g
n

Here, α is the absorption coefficient, A is a constant, and Eg is
the indirect bandgap for n=1/2 and direct bandgap in the
case of n=2. The corresponding Tauc plots are presented in
figure S4.

The optical bandgaps are highly sensitive to morph-
ology and stoichiometry. In the literature, the measured
optical bandgaps of bulk WO3, bulk WO2.9 and WO2.9

nanowires were reported at 2.67 eV, 3.05 eV and 3.17 eV,
respectively [3, 32]. For W18O49 nanorod bundles, the
absorption edge is situated at 2.95 eV [31]. The decrease of
the bandgap value of these nanorods by approximately
0.5 eV compared to that of the WO3 nanoparticles of
similar size (3.44 eV) [61] is assigned to the presence of
new states correlated to the oxygen vacancies. The
appearance of these new states can lead to the rise of two
indirect absorption edges, as reported for the suboxide
nanosheets (at 2.6 eV and 1.11 eV) [58]. In general, the
optical bandgap of these nanostructured suboxides is
governed by several different processes. The quantum
confinement results in the increase of the bandgap, i.e. the
smaller the particle, the larger the bandgap. A similar effect
can be assigned also to the Burstein–Moss shift [62].
Namely, in the case of n-type metal oxide semiconductors,
an increase of dopants (i.e. oxygen vacancies and W5+

atoms) shifts the absorption edge to higher energies due to
filling states. Consequently, the measured bandgap, as
determined from the onset of interband absorption, moves
to higher energies (i.e. undergoes a blue shift). On the other
hand, in heavily doped semiconductors, bandgap renorma-
lization takes place. As the electrons start interacting with
defects and impurities, their energy shifts due to a variety
of effects, such as exchange interaction or Coulombic
repulsion [63]. Consequently, the bandgap shrinks with
increasing doping level, explaining the decrease of the
band-gap with the increase of x [64]. The complex interplay
of all these effects makes the value of the bandgap difficult
to predict.

For both the nanotiles and platelets, an increase of the
indirect bandgap is observed. However, there is an opening
of another, lower energy bandgap. This bandgap appears as
a consequence of the altered electronic structure due to
bond length changes caused by oxygen vacancies and
formation of CS planes with W atoms in lower oxidation
states. The appearance of two indirect absorption edges
was previously reported in suboxide nanosheets [58]. The
two indirect bandgaps appear at 3.76 and 3.17 eV for the
platelets and at 3.48 and 2.78 eV for the nanotiles. The
former value can be assigned to the regular bandgap
(between the VB and the CB), while the latter appears
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between a new, defect-induced band and CB. The regular
gap coincides with the transitions observed in the
extinction spectra. These values lie in the upper range of
the bandgaps reported in the literature, which is attributed
to the distortions in the WO6 octahedra in such sub-
stoichiometric materials [12, 24].

Nanowires show the indirect bandgap values of 2.16 and
2.62 eV for W5O14 and W18O49, respectively. As these
materials show LSPR fingerprints and therefore free charge
carriers, their bandgap decreased with respect to WO3.

The calculated direct optical bandgap is 4.11 eV
(302 nm) for the platelets and 4.05 eV (306 nm) for the
nanotiles. These values are in good agreement with the
dominant PL peaks that are situated at 4.15 eV and 4.11 eV
for the platelets and nanotiles, respectively. As discussed
previously, both recorded PL bands are in the UV region, in
the 3.9–4.2 eV range and can be assigned to two resonant
states introduced by oxygen vacancies [27, 47]. Namely, an
electron–hole pair forms an exciton near the oxygen vacancy.
When an electron is excited to a state at or above the
resonance, it can be trapped. The emission bands in the UV
are thus attributed to electron–hole recombination, where the
electron comes from one of the two resonant levels in the CB,
while the hole occupies the VB. Therefore, the direct bandgap
stems from optical transitions related to the defect states.
These transitions and the corresponding bandgaps are at the
same positions for nanotiles and platelets, confirming their
similar stoichiometry. The bang gap values and extinction
peak positions are presented in table 2.

4. Conclusions

Structural and optical properties of four different WO3–x

nanostructures with different morphologies and/or stoi-
chiometries are presented. While the two quasi-2D mate-
rials show polycrystallinity, nanowires are of uniform
W5O14 and W18O49 composition. Raman spectra reveal that
less oxidized WxO3x–1 stoichiometries have higher number
of W–O bonds with well-defined lengths, whereas more
reduced tungsten suboxides have a higher number of W–

O–W bonds with well-defined bond angles. The extinction
spectra reveal the appearance of excitonic states for the less
oxidized WxO3x–1 stoichiometries and two indirect band-
gaps deduced from the Tauc plots. Both values appear in
the upper range reported for suboxide materials, which can
be explained by the formation of oxygen vacancies. The
extinction spectra of the more reduced tungsten suboxides
show the presence of LSPR in the near-IR region. Their
bandgaps are lower, as they have a higher number of free
charge carriers, confirmed by the LSPR-like peaks. PL
spectra reveal two distinct emission peaks in the UV range,
present in all four nanomaterials. They are attributed to
electron–hole recombination, with the hole stemming from
the VB and electron from one of the resonant states within
the CB. Furthermore, the effects of stoichiometry and CS
planes are discussed in relation to the understanding of the
optical properties.
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A B S T R A C T

Pyrophyllite, with the chemical formula Al2Si4O10(OH)2, is a naturally occurring and abundant van der Waals
mineral belonging to the group of phyllosilicates. It is very soft, layered crystal used for sculpting and an
excellent electrical and thermal insulator aimed for the operation at high pressure and temperature. Here, for
the first time, two-dimensional (2D) pyrophyllite obtained by both mechanical and liquid phase exfoliation is
presented and investigated at the nanoscale. The layered structure provides low friction coefficient of around
0.1 as measured by friction force microscopy. The wear properties, studied by atomic force microscope (AFM)
based scratching, are distinctly different from graphene. Since the wear is initiated at low normal forces, 2D
pyrophyllite can be routinely carved by the AFM tip and it is suitable for scratching based nanolithography.
According to our optical measurements, 2D pyrophillite is an insulator with a band gap of ∼ 5.2 eV. Local
current measurements by conductive AFM reveal that 2D pyrophyllite flakes behave as efficient electrical
insulators with a breakdown voltage of around 6 MV∕cm. Therefore, the obtained results indicate possible
applications of 2D pyrophyllite as a low-cost electric insulator and lubricant, as well as an easily-machinable
material at the nanoscale.

1. Introduction

Layered materials are usually defined as a special crystal class
existing in the form of weakly stacked atomic layers, like graphene
in graphite. General property of these materials are the strong in-
plane bonds and very weak interactions perpendicular to the planes,
typically of the van der Waals type. Therefore, layered materials that
can be exfoliated into atomically thin layers are often called van der
Waals materials. Two dimensional (2D) materials concerns crystalline
solids consisting of a single or few atomic layers. Huge interest for
them started when large graphene flakes were isolated for the first
time in 2004 by Novoselov et al. using mechanical exfoliation [1].
Extraordinary properties of graphene [2] triggered the search for new
2D materials. Nowadays hundreds of different 2D materials beyond
graphene have been devised and thoroughly investigated because of
their extraordinary properties that are not present in corresponding
counterpart bulk materials. As a result, 2D materials find numerous
applications in nanoelectronics, nanophotonics and optoelectronics,
spintronics, sensing and many other fields [3–5].

∗ Corresponding author.
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After the discovery of graphene, the second generation of 2D ma-
terials, which includes hexagonal boron nitride, 2D transition metal
dichalcogenides (such as MoS2, WS2, MoSe2, WSe2, MoTe2) and func-
tionalized graphene, quickly appeared [6–11]. The third-generation of
2D materials includes elemental analogues of graphene such as silicene,
germanene, stanene, phosphorene [12], as well as with 2D transi-
tion metal carbides and carbonitrides (MXenes) [13], 2D silicon diox-
ide [14], and minerals [15]. Interestingly, many of them were firstly
discovered by numerical calculations, and afterwards, experimentally
obtained [16].

The most of 2D materials are synthetic, for instance large-scale 2D
materials are commonly prepared by chemical vapour deposition. On
the other hand, natural van der Waals minerals exist in most classes
of 2D materials like semi-metallic graphite and semiconducting molyb-
denite MoS2 and tungstenite WS2. In recent years, a new family of 2D
materials has appeared. It is based on layered natural minerals as a
source of 2D materials [15]. This family includes 2D insulating materi-
als based on phyllosilicates such as talc [18–24], muscovite (mica) [25],
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Fig. 1. (a) Polyhedral representation of pyrophyllite-1A structure: SiO4 tetrahedra in green, AlO6 octahedra in blue, oxygen atoms in red, OH group in yellow. The unit cell is
outlined in black. VESTA program [17] was used for three-dimensional visualization of the crystal structure. (b) Optical image of the crystalline pyrophyllite used in this study.
(c) Optical micrograph of mechanically exfoliated 2D pyrophillite flakes. (d) XRPD pattern of bulk pyrophyllite crystal which contains pyrophyllite-1A (PDF card # 01-075-0856)
and small amount (near detection limit) of dickite-2M1 (PDF card # 00-058-2002). Most intense ℎ𝑘𝑙 reflections are marked.

biotite [26], vermiculite [27], clinochlore [28], and phlogopite [29],
as well as 2D magnetic materials such as cylindrite [30] and iron-
rich talc [31]. Furthermore, semiconducting van der Waals mineral
franckeite has been used for the exfoliation of 2D van der Waals het-
erostructures [32–34]. Therefore, 2D materials can be obtained directly
from natural minerals by just simple exfoliation and without complex
synthetic procedures. As a result, search of 2D materials among natural
minerals can be particularly interesting. Furthermore, clay minerals
are abundant in Earth crust and therefore they serve as cost-effective
sources of 2D materials. This mainly concerns phyllosilicates or layered
silicates such as talc, pyrophyllte, kaolinite, gibbsite, etc., which are the
most common and abundant clays.

Pyrophyllite (from Greek pyro—fire and phyllos—a leaf) is natural
van der Waals mineral which belongs to the talc–pyrophyllite family
of phyllosilicates. It is a hydrous aluminum silicate with the chemical
formula Al2Si4O10(OH)2. Single layer of pyrophyllite consists of the
AlO6 octahedral sheet sandwiched between two SiO4 tetrahedral layers
(Fig. 1(a)). Pyrophyllite is a chemically inert material, good electrical
and thermal insulator with a high melting point [35] and with a fairly
high dielectric constant [36,37]. As a clay mineral, it is abundant
and inexpensive. Therefore, it is widely used in refractories, high-
grade ceramics, electric insulators, and as a filler in order to improve
properties of paper, plastic, rubber, paint and other mixtures [35].
As a van der Waals material, pyrophyllite has a lamellar structure
which indicates good frictional properties and its applications as a
lubricant [38]. It is very soft mineral [35] which provides easy ma-
chining and making of various profiles, while at the same time, it can
withstand large pressures. Therefore, bulk pyrophyllite mineral exhibits
interesting properties with a broad range of potential applications. Still,

its 2D form has not been studied so far, although small flakes of few
layer pyrophyllite have been obtained by liquid phase exfoliation [39],
whereas thermal exfoliation was investigated as well [40], but not in
the context of 2D layers.

Here we present our report on 2D pyrophyllite with the focus on
its properties related to potential applications as 2D electric insulator,
lubricant and material suitable for nanolithography. Using mechanical
and liquid phase exfoliation (LPE), we routinely fabricated few-layer
pyrophyllite which can be exfoliated down to single-layer thickness.
The initial characterization was done by X-ray powder diffraction
(XRPD), Raman spectroscopy, UV–VIS spectroscopy, and optical mi-
croscopy. Afterwards, we focused on nanoscale mechanical and elec-
trical properties of 2D pyrophyllite such as friction, wear, nanoscale
machining, as well as insulating properties and dielectric breakdown,
which were investigated by atomic force microscopy (AFM) based
methods.

2. Experimental methods

2.1. Sample preparation

Here we used the crystalline pyrophyllite from Hillsborough, Or-
ange County, North Carolina, USA (Fig. 1(b)). 2D pyrophyllite flakes
were obtained by the mechanical exfoliation [41] onto SiO2∕Si sub-
strate (with 300 nm thick SiO2). Briefly, thick pyrophyllite flakes were
separated from the bulk crystal by an adhesive tape. These flakes were
further thinned by multiple peeling against two pieces of the tape,
and finally transferred onto the substrate. The flakes of interest were
selected by optical microscopy (typical optical micrograph depicted in
Fig. 1(c)).
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The starting material for LPE of pyrophyllite was ground pyro-
phyllite crystal (Hillsborough mine, Orange County, North Carolina,
USA). Its dispersion was obtained in N-N-Dimethylformamide (DMF,
Sigma Aldrich, product no. D4551), while the initial concentration of
pyrophillite was 10 mg/mL (in 10 mL cylindrical vial). The solution
was then sonicated in a low-power ultrasonic bath for 12 h. The
resulting yellowish dispersion was centrifuged for 15 min at 1000 rpm.
In order to fabricate pyrophyllite films from the obtained dispersion,
Langmuir–Blodgett Assembly (LBA) technique at a water–air interface
was used. This technique was previously employed for the preparation
of graphene films as well [42,43]. In the first step, a small amount
of pyrophyllite dispersion in DMF was added at the water–air inter-
face. Then, after the pyrophyllite film was formed at the interface, it
was slowly picked up by desired substrate. Three different substrates
were used: SiO2∕Si for AFM measurements (morphological characteri-
zation), Au-coated SiO2∕Si for C-AFM measurements (current maps and
breakdown voltage), and quartz for UV–VIS spectroscopy.

2.2. XRPD measurements, Raman and UV–VIS spectroscopy

The structural characterization was done by XRPD which was con-
ducted at room temperature on Rigaku Smartlab X-ray Diffractometer
in 𝜃−𝜃 geometry (the sample in the horizontal position) in parafocusing
Bragg–Brentano geometry using D/teX Ultra 250 strip detector in 1D
standard mode with CuK𝛼1,2 radiation source (U = 40 kV and I =
30 mA). The XRPD pattern was collected in 2−90◦ 2𝜃 range, with the
step of 0.01◦, and data collection speed of 6◦/min. The pyrophyllite
sample was spinning in the horizontal plane with the speed of 60
rounds per minute. The low background single crystal silicon sample
holder was used to minimize the background. The PDXL2 integrated
XRPD software (Version 2.8.30; Rigaku Corporation) was employed for
XRPD data treatment.

Raman scattering measurements were performed on Tri Vista 557
Raman system, in backscattering micro-Raman configuration. The
514.5 nm line of an Ar+∕Kr+ gas laser was used as an excitation source.
Laser power was less than 1 mW on a sample in order to minimize its
local heating. A microscope objective with the 50x magnification was
used for focusing the laser beam. All measurements were performed at
ambient conditions.

Optical transmittance of the pyrophyllite film (obtained by liquid
phase exfoliation) was measured by ultraviolet–visible (UV–VIS) spec-
trophotometer Beckman Coulter DU 720 in the range from 200 to
900 nm.

2.3. AFM measurements

The morphological characterization of 2D pyrophillite was done by
imaging in the tapping AFM mode. Friction was measured using friction
force microscopy, by recording the lateral force which corresponds
to the lateral torsion of the AFM cantilever during scanning in the
contact AFM mode. The friction signal was calculated as a half differ-
ence between lateral forces measured in forward and backward scan
direction. The measurements were done using NSG01 probes (nominal
stiffness 5 N∕m) from NT-MDT, while the applied normal load was up to
∼300 nN, well below the threshold force needed to initiate wear. The
wedge calibration of frictional forces was used in order to transform
measured lateral signal into frictional forces [44].

Wear properties were studied by scratching the pyrophyllite flakes
in the AFM contact mode. Square domains were scratched with an
increased normal force (applied by the AFM tip) from the bottom to
the top of the scan regions. The maximal normal load needed to initiate
wear was around 1 μN. When a wear was initiated, the normal force was
held constant. Mechanically robust and stiff, diamond coated probes
DCP11 (nominal stiffness 11.5 N∕m) from NT-MDT were used since they
allowed high normal forces needed for scratching as well as subsequent
imaging of scratched areas in the tapping AFM mode.

The AFM based nano-lithography was done using diamond coated
probes HA_HR_DCP (nominal stiffness 35 N∕m) from NT-MDT in three
modes: nanoindentation and two lithographic modes, vector and raster.
The nanoindentation mode is very similar to the measurement of force–
displacement curves. The AFM scanner holding a sample was moved
only vertically (without scanning in the horizontal plane) toward the
AFM tip in order to induce a point-like deformation in pyrophyllite.
For this purpose, the applied normal load was around 6 μN. In the
lithographic modes, pyrophillite surface was scratched in the AFM
contact mode according to predefined templates. In the case of the
vector lithography, the templates were defined by discrete lines only,
whereas in the case of the raster lithography, the square domains were
taken for simplicity. During the nano-lithography, two force levels were
applied. The low force level was applied along trajectories of the AFM
tip which should stay intact (the movements between discrete line
segments to be scratched, from the initial position to the first line
segment, and from the last line segment back to the initial position). On
the other hand, a high force level in the range ∼2−6 μN was applied on
segments which are to be scratched. The scratching velocity was around
0.2 μm∕s. It was significantly decreased compared to the scanning speed
in order to provide an efficient lithography.

The study of insulating properties and dielectric breakdown requires
2D pyrophyllite flakes placed between two metallic electrodes. In order
to make possible study at the nanoscale, conductive AFM (C-AFM) was
employed. For this purpose, the pyrophyllite flakes obtained by LPE
method were deposited on a gold substrate. Then, a metallic AFM tip
on the top of a pyrophyllite flake served as a top electrode, while the
underlying gold was a bottom electrode. The bias voltage was applied
on the gold, while the AFM tip in contact with the pyrophyllite flakes
was (virtually) grounded. The current imaging was done by scanning
in C-AFM mode, using highly doped and conductive, diamond coated
probes DCP11, and simultaneously recording topography and local
current. Dielectric breakdown was examined by measuring local I/V
curves at single point, while the bias voltage was swept in a range
±10 V.

3. Results and discussion

3.1. Structural and vibrational properties

The results of XRPD measurements presented in Fig. 1(d) show
that the specimen predominantly contains crystalline pyrophyllite-1A
(PDF (Powder Diffraction File) card # 01-075-0856), whereas a small
amount (near detection limit) of dickite-2M1 (PDF card # 00-058-
2002) was also identified. The most intense reflections in the XRPD
pattern of the dominant phase are 00𝑙 (𝑙 = 1−5) which is in accordance
with the layered structure of pyrophyllite-1A. The XRPD results indicate
that a crystalline pyrophyllite sample (Fig. 1(b)) has a triclinic lattice
and 2:1 structure (two tetrahedral sheets and one octahedral sheet)
depicted in Fig. 1(a). The refined unit cell parameters for pyrophyllite-
1A are the following (estimated standard deviations in parenthesis):
𝑎 = 5.14(2) Å, 𝑏 = 8.99(4) Å, 𝑐 = 9.28(4) Å, 𝛼 = 91.88(8)◦, 𝛽 =
99.36(15)◦, 𝛾 = 89.16(15)◦, 𝑉 = 423(3) Å3. The refined values, within
an experimental error, are in a very good agreement with the values
obtained for pyrophyllite-1A (OH group in the structure) in both single
crystal XRD experiment [45] and powder XRD experiment [46].

Raman spectra of the bulk crystalline pyrophyllite are presented
in Fig. 2 in the spectral ranges from 50 to 1100 cm−1 and 3600 to
3750 cm−1. The first range describes the fundamental vibrations of all
phyllosilicates, whereas the second one displays the vibrations of the
H2O∕OH group [47–49]. Our spectra are fully consistent with the pre-
vious published Raman spectra of crystalline pyrophyllite [47]. They
contain all fundamental modes up to 1100 cm−1 as well as H2O∕OH
peak at 3670 cm−1. Details and the full assignment of all modes could
be found elsewhere [47].



Applied Surface Science 608 (2023) 155114

4

B. Vasić et al.

Fig. 2. Raman spectrum of a bulk pyrophyllite for two spectral ranges: the fundamental vibrations of phyllosilicates (left) and the H2O∕OH range (right).

Fig. 3. (a), (c) Topographic images of pyrophillite flakes mechanically exfoliated on Si∕SiO2 with (b), (d) corresponding height profiles along dashed lines with indicated
characteristic step heights.

3.2. Morphology

Fig. 3(a) depicts the topography of a typical flake obtained by
mechanical exfoliation, with the height profile given in Fig. 3(b). It
is a few-layer pyrophyllite with a thickness of ∼5 nm and an area of
∼15 × 20 μm2. The root-mean-square roughness calculated on 5 × 5 μm2

areas is only 0.6 nm indicating atomically flat surface free of residues.
The height profile (Fig. 3(b)) reveals that a step height between two
domains is only ∼1 nm.

The trilayer structure of the pyrophyllite unit cell displayed in
Fig. 1(a) consists of AlO6 octahedral sheet sandwiched between two
SiO4 tetrahedral layers. According to XRPD results, the thickness of
the neutral trilayer is 6.39 Å, whereas the thickness of van der Waals

gap is 2.76 Å [45], measuring from the center of oxygen ions (O2−).
Accordingly, the effective thickness of the trilayer is around 9.2 Å,
measuring from the top to bottom oxygen surfaces since we have
to add two oxygen ion radii of 2.8 Å. Therefore, the thickness of
single layer pyrophyllite measured by AFM should be around more or
the same. The smallest thickness measured in our AFM experiments
was always around 1 nm. The same minimal thickness was observed
in AFM scratching based experiments as discussed below. Therefore,
this value corresponds to the single layer of pyrophyllite. The small
discrepancy between expected (around 9.2 Å) and measured thickness
(around 1 nm) probably appears due to adsorbed water layer which is
inevitable at ambient conditions and/or due to measurements done in
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Fig. 4. (a) Ground pyrophyllite mineral used as a starting material for LPE and (b) the resulting dispersion employed for LBA. (c) Topographic image of pyrophillite flakes obtained
by LPE and subsequent LBA on Si∕SiO2. (d) Height profile along the dashed line in (c). Histograms of (e) height and (f) lateral size of the flakes shown in (c).

tapping AFM mode, which commonly gives an increased step height on
atomically thin layers [50].

Generally, we routinely exfoliated few layer pyrophillite flakes with
the lateral size larger than 10 μm. On the other hand, yield of single
layers was low, while their size was significantly smaller. One example
is illustrated in Fig. 3(c). The corresponding height profile in Fig. 3(d)
displays two single-layer step heights of ∼1 nm, and the third step
height of ∼2 nm which corresponds to double-layer flake. As can be
seen, the area of the single layer pyrophyllite is only several square
micrometers.

The ground pyrophyllite crystal and its yellowish dispersion used
in LPE are depicted in Fig. 4(a) and (b), respectively. Topography of
2D pyrophyllite obtained by the LPE method is depicted in Fig. 4(c).
The height profile in Fig. 4(d) displays three step heights of ∼5 nm.
Samples produced by the LPE method consist of a network of flakes
with a typical height of 5−15 nm (Fig. 4(e)) and lateral dimensions of
∼1 μm (Fig. 4(f)). The flakes have well defined shapes, flat surface and
regular edges. Although they are thicker and smaller compared to those
fabricated by the mechanical exfoliation, LPE method provides large
scale production of 2D pyrophyllite. At the same time, the LPE method
can be easily adapted to various substrates. This was employed below
in the study of insulating properties and dielectric breakdown of 2D
pyrophyllite, where the flakes were deposited on a gold substrate.

3.3. Friction

Friction properties are analyzed on a small segment of the pyrophyl-
lite layer surrounded by SiO2 as depicted in Fig. 5(a). In the friction
force map displayed in Fig. 5(b), the pyrophyllite is represented by

a dark contrast, thus indicating decreased friction compared to SiO2.
The height and friction force profiles from Fig. 5(c) reveal three times
lower friction on the pyrophyllite. The same measurements were done
for the normal force in the range ∼30−330 nN. Average friction forces
on both pyrophyllite and SiO2 were calculated from the histograms of
friction maps and the corresponding results are presented in Fig. 5(d).
As can be seen, the friction force approximately linearly increases
with the normal force in accordance with Amonton’s law. The friction
coefficients were calculated from the slopes of the linear fits (dashed
lines in Fig. 5(d)). The obtained friction coefficient of the pyrophyllite
flake 𝜇pyr = 0.12 is more than four times lower than the friction
coefficient of surrounding silicon-dioxide substrate (𝜇SiO2

= 0.5). At the
same time, 𝜇pyr is very similar to the friction coefficient of graphene
grown by chemical vapour deposition [51] and 2D talc [21]. Therefore,
the presented results indicate good lubricating properties of few-layer
thick pyrophyllite.

Generally, mechanical and liquid phase exfoliation give 2D layers
with the same physical properties. The main difference between two
methods is morphology of produced layers, the lateral size of the flakes
before all. Therefore, we expect the same friction properties of pyro-
phyllite obtained by both methods. Additional friction measurements
on LPE pyrophyllite prove this predictions. The results presented in
figure S1 of Supplementary material show that pyrophyllite flakes ob-
tained by LPE has a low friction coefficient of around 0.14, that is, very
similar to pyrophyllite obtained by the mechanical exfoliation (0.12).
Compared to the surrounding silicon-dioxide substrate, the friction is
again decreased by around four times.

In our previous manuscript [21] we investigated friction as a func-
tion of talc thickness in detail. Talc friction reduces with number of
layers (talc thickness), which is similar to other 2D materials, since so
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Fig. 5. (a) Topography and (b) friction force map of pyrophyllite flake on Si∕SiO2. (c) Height and force profiles along dashed lines in (a) and (b), respectively. (d) Average friction
force (calculated from histograms of friction maps such as the one presented in (b)) as a function of the normal force applied by the AFM tip. Friction coefficients were calculated
as slopes of the linear fits represented by dashed lines.

called puckering effect, responsible for the friction of 2D materials, is
less pronounced for thicker layers due to larger bending rigidity. In the
case of talc, this dependence is rather weak, since single layer is 1 nm
thick and already consists of three atomic planes. Pyrophyllite and talc
belong to the family of 2:1 phyllosilicates. Their chemical formulas are
almost identical (pyrophyllite - Al2Si4O10(OH)2, talc - Mg3Si4O10(OH)2)
and they have practically the same structure (octahedral plane with
metallic (Al or Mg) ion sandwiched between two tetrahedral SiO lay-
ers). The thickness of the single layer (around 1 nm) is similar in
both materials. Therefore, dependence of the friction as a function of
pyrophyllite thickness should be the same as for talc. This conclusion is
further confirmed in figure S1(b) of Supplementary material depicting
friction map of pyrophyllite flakes produced by LPE. Although their
thicknesses vary in a broad range from only several nanometers to
several tens of nanometers, the friction force on the pyrophyllite is
associated with a single peak in the corresponding histogram given in
figure S1(c) (the observed dispersion (width of the histogram peak) is
very similar to the dispersion of the friction force measured on SiO2
substrate).

3.4. Wear

The next step was to analyze wear properties and behavior of
2D pyrophyllite for high normal load applied by the AFM tip during
scanning in contact mode. Fig. 6(a) displays the topography recorded
after the AFM scratching of the central square domain. From the
right, left, and top side, the scratched domain is surrounded by walls
(represented by a bright contrast) formed from the material deposited
by the AFM tip. Enlarged topographic image of the scratched area is
presented in Fig. 6(b) together with the characteristic height profile in
Fig. 6(c). At the bottom of the figure, the pyrophyllite surface is flat
and without visible wear scars due to low normal load. At the same

time, the lateral force recorded during the AFM scratching is low and
approximately constant as depicted in Fig. 6(d) and (e). Since there is
no wear, the lateral force corresponds to the friction between the AFM
tip and pyrophyllite.

In the experiment, the normal load was increasing as the AFM tip
was moving from the bottom to the top. For high enough normal load of
around 1.1 μN, the wear was initiated and afterwards, the normal load
was held constant. As a result of the wear, pyrophyllite surface became
crumpled with many local holes and bumps. The holes present local
depressions made by peeling pyrophyllite layers, while bumps are local
hills formed out of the material previously peeled off (Fig. 6(c)). The
height profile in Fig. 6(c) reveals several step heights of ∼1 nm. They
correspond to single layer of pyrophyllite which therefore indicates that
the AFM scratching leads to layer-by-layer peeling. The lateral force
during the scratching (Fig. 6(d) and (e)) is increased compared to the
bottom area without wear scars. Although this is expected due to higher
normal load applied by the AFM tip, the lateral force profile is not flat
anymore, but strongly oscillating. Obviously, bright puddles in the force
map (Fig. 6(d)) and peaks in the force profile (Fig. 6(e)) correspond
to strongly increased lateral force required for tearing and peeling of
pyrophyllite layers.

According to the presented results, during the AFM scratching,
pyrophyllite behaves in a different manner compared to well known 2D
materials such as graphene and transition metal dichalcogenides (MoS2,
and WS2) [52,53]. The scratching of these materials is associated
with wrinkling at the initial stage, while at higher normal loads, it
is followed by a sudden tearing along the direction of the AFM tip
movement, and finally by a peeling of large segments and their folding.
On the other hand, in the case of pyrophillite, exfoliated segments made
by the AFM scratching are small, not folded, and they form local bumps
of irregular shapes. Recently, similar results have been obtained for
muscovite (mica), another phyllosilicate van der Waals mineral, and
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Fig. 6. (a) Topographic image of a pyrophyllite flake after the AFM scratching. (b) The topographic image of the domain encircled by the dashed line in (a) focusing on the
scratched area only. (c) The height profile along the dashed line in (b) with indicated step heights of ∼1 nm and local hole/bump (encircled by dashed lines). (d) The lateral force
map recorded during the AFM scratching. (e) The lateral force profiles along two dashed lines in (d), standing for the area with and without wear.

the observed difference in wear properties were explained by different
mechanical properties [53]. Accordingly, significant thickness of single
layer of pyrophyllite (∼1 nm) and large bending rigidity of ∼70 eV [54]
limit its flexibility and folding. At the same time, Young’s modulus
(modulus of elasticity) of ∼100 GPa [55,56] and tensile strength less
than 10 GPa [56,57] are much lower than in the case of graphene and
transition metal dichalcogenides, which indicates much brittle structure
of pyrophyllite. This can be indirectly confirmed by comparing thresh-
old normal loads needed to initiate wear. In the case of graphene and
transition metal dichalcogenides, the threshold load is at least several
μN [52,53], while in the case of pyrophyllite, it is much lower, around
1 μN. As a result, pyrophillite layers are easily torn into small pieces
during AFM scratching.

Wear of 2D materials is always started from their edges (these are
weak points for wear), and not on homogeneous (flat) 2D flakes [58].
Since LPE 2D materials are associated with small flakes and huge
number of exposed edges, their wear resistance is determined by their
edges [59], and it is always lower that the wear resistivity of 2D
material itself. For this reason, wear of LPE pyrophyllite was not studied
here.

3.5. Nanoscale machining and nanolithography

As mentioned in the previous section, the AFM scratching of
graphene and transition metal dichalcogenides generally leads to their
peeling, but not to local cutting along directions defined by the move-
ment of the AFM tip. On the other hand, lower elasticity and tensile
strength of 2D pyrophyllite indicate that it could be suitable material
for AFM scratching based nanolithography. The results of the nano-
lithography of 2D pyrophyllite are presented in Fig. 7. Three basic
shapes and characteristic height profiles are presented for the following

cases: the hole made by nanoindentation (Fig. 7(a–b)), the trench
carved out by line scratching (Fig. 7(c–d)), and the square crater made
by raster scratching (Fig. 7(e–f)). As can be seen, the AFM tip induces
local carving of a pyrophyllite flake. This process is associated with the
tearing of the pyrophyllite into small pieces, which are then deposited
around the tip during its motion. The deposited material was then
removed by several additional scans in contact AFM mode (not shown
here). They were done at lower normal load, which was insufficient
to cause pyrophyllite cutting and wear, but high enough to provide
pushing of the deposited material by the AFM tip.

As can be seen, 2D pyrophyllite is efficiently carved by applying a
local pressure at single point (Fig. 7(a)) as well as during AFM tip mo-
tion (Fig. 7(c)). Making of holes on wider areas is successfully achieved
by AFM scratching along array of parallel lines (Fig. 7(e)). Depth of
created objects was controlled by applied normal load as illustrated
in Fig. 7(e–f) showing that a deeper crater was formed by a higher
normal force. The width of the line trench in Fig. 7(c) is 150−300 nm.
It is strongly influenced by the width of the diamond coated probes
employed here, and it is reasonable to expect that a better resolution
and more narrow features could be created with sharper AFM tips.

3.6. Electronic bandgap

Electronic bandgap was estimated from UV–VIS spectroscopic mea-
surements. For that purpose, a large-area pyrophyllite film was ob-
tained by LPE. The film thickness was around 20 nm as determined
by AFM measurement. Transmittance through the pyrophyllite film
for wavelengths in the range 200−900 nm is displayed in the inset of
Fig. 8. As can be seen, the film is transparent with the transmittance
in the visible region above 97%. The obtained transmittance spectrum
allows the calculation of an intrinsic optical absorption coefficient
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Fig. 7. The topographic images and the height profiles for three characteristic structures made by nanolithography of pyrophyllite: (a–b) single hole obtained by nanoindentation,
(c–d) trench made by the AFM scratching along single line, (e–f) four square domains made by raster scratching.

Fig. 8. The Tauc plot with estimated bandgap energy of ∼5.20 eV obtained from the transmittance (plot in the inset) through ∼20 nm thick pyrophyllite film obtained by LPE on
a quartz substrate.

𝛼(𝐸). Namely, the well known Bourguer–Lambert–Beer (BLB) law gives
the absorption coefficient as 𝛼BLB(𝐸) = (1∕𝑑)ln(1∕𝑇 ), where 𝑑 is the
film thickness and 𝑇 the measured transmittance [60]. This is the
simplest law representing the optical absorption in semiconductors, and
in practice the BLB law turned out to be more than a good enough
approximation.

For the estimation of a direct optical bandgap 𝐸𝑔 , we used the Tauc
method [61] and the standard fitting procedure of the linear part of
(𝛼(𝐸)𝐸)2 (Tauc plot), i.e. (𝛼(𝐸)𝐸)2 = const ⋅ (𝐸 − 𝐸𝑔). The Tauc plot
displaying (𝛼(𝐸)𝐸)2 as a function of the energy of incident light 𝐸 = ℎ𝜈
(ℎ is the Planck constant, 𝜈 is the frequency of incident photon) is given
in Fig. 8. The plot indicates that the pyrophyllite film has a direct band
gap of around 5.20 eV (the value obtained as the intersection point
of the linear fit of the Tauc plot and x-axis). The obtained value is
consistent with the theoretical value of 5.42 eV [55], whereas to best
of our knowledge, this is the first experimentally obtained value of the
pyrophyllite bandgap. The measured value is also close to the band
gap of 2D hexagonal boron nitride (∼6 eV) [62], which implies that
pyrophyllite can be considered as efficient 2D insulator as well.

3.7. Insulating properties and dielectric breakdown

Hexagonal boron nitride has been a standard choice as insulator
in 2D electronics [63–67]. Insulating properties and dielectric break-
down are usually explored by placing materials between two metallic
electrodes in order to form a capacitor. Furthermore, C-AFM [68,
69] provides characterization at the nanoscale [63–65,70–72]. Recent
studies have extended the family of 2D insulators to materials with
improved properties, such as high-𝑘 van der Waals dielectrics [70].

In order to study dielectric properties, 2D pyrophyllite flakes ob-
tained by LPE were deposited on a conductive substrate—thin gold
film, which acted as a bottom electrode, while the AFM tip had a role
of the top electrode. The topography image (Fig. 9(a)), corresponding
current map (Fig. 9(b)), and characteristic profiles (Fig. 9(c)) reveal
that pyrophyllite flakes with a thickness ranging from 3 nm to 22 nm
are associated with a dark (black) contrast in the current map and zero
current. The black color of pyrophyllite flakes in the current map in
Fig. 9(b) is spatially homogeneous and therefore it does not contain
current spikes which would indicate a possible dielectric breakdown.
As a result, at the applied bias voltage 𝑈 = 2 V, several nanometer
thick pyrophyllite behaves as 2D insulator.
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Fig. 9. (a) Topography and (b) the corresponding current maps of the pyrophillite flakes (obtained by LPE) deposited onto gold substrate. (c) The overlapped height and current
profiles along the dashed lines in (a) and (b).

Fig. 10. (a) and (b) Successive cycles of the I/V curves measured at single point (but two different points). (c) The I/V curves (the first cycle only) measured at three different
points of the same 10 nm thick pyrophyllite flake. The inset displays the I/V curves in semi-logarithmic scale.

In order to induce a dielectric breakdown, local I/V curves were
measured in a wider voltage range. Typical results are given in
Fig. 10(a) showing five successive cycles measured at the same point
in the voltage range ±10 V. In the first cycle, the current is zero for
voltages below ∼8 V. After reaching this threshold voltage, the current
rapidly grows indicating dielectric breakdown. In the next cycles (2–
5), for small voltages below ∼0.5 V, the current practically linearly
increases with the applied bias voltage without any threshold (small
nonlinearities around the zero voltage indicate possible Schottky barri-
ers at the tip-sample contact, whereas the decreased slope of I/V curves
for the voltages higher than ∼0.5 V is due to limitations of the current
amplifier). Therefore, pyrophyllite does not behave as an insulator
anymore and the metallic AFM tip is practically short circuited by the
bottom gold electrode. In another case presented in Fig. 10(b), after
the first cycle and dielectric breakdown, the region with zero (or near
to zero) current becomes narrower indicating gradually decreasing the
electronic bandgap of pyrophyllite.

Fig. 10(c) displays the I/V curves (only the first cycles shown)
measured at three different points on the same flake. Rapid increase
of the current is observed for threshold voltage in the range 5−7 V.
The semilogarithmic scale displayed in the inset reveals that below
the threshold voltage, the current is at almost constant level in the
order of 10−2 nA. Taking into account that the thickness of examined
pyrophyllite flake was ∼10 nm, the dielectric breakdown strength of 2D
pyrophyllite is around 6 MV∕cm. Although the obtained value is slightly
below the strength of 2D hexagonal boron-nitride (∼8 MV∕cm) [63],
the presented results indicate that 2D pyrophyllite has good insulating
properties and could be considered as an efficient 2D dielectric and
gate oxide. One of the main issue with applications of hexagonal
boron-nitride as 2D insulator is its low dielectric constant (∼3.9) re-
sponsible for high leakage currents. Although dielectric measurements
of pyrophyllite are very rare [36,37], it is reasonable to expect lower
leakage currents due to larger dielectric constant of pyrophyllite of
around 10, which is also similar to the permittivity of the second

member of 2:1 family of phyllosilicates—talc [73]. Still, this has to
be confirmed in future studies since leakage currents are influenced
by other factors, such as layers’ quality (absence of structural defects)
and the conduction/valence band discontinuity with respect to the
substrate.

Morphological changes after the dielectric breakdown of phyrophyl-
lite are illustrated in Fig. 11. Two- and three-dimensional images of
the pyrophyllite flake (Fig. 11(a) and (b), respectively) are recorded
in tapping mode after 30 I/V curves measured in the range ±10 V at
the point marked by the arrow. As can be seen, a small hole appeared
at the point where the I/V curves were measured, while protrusions
appeared around the hole. Height profile in Fig. 11(c) reveals that
the hole depth is around 1 nm which corresponds to the thickness of
single layer of pyrophyllite. The presented results demonstrate that
high local electric fields causing dielectric breakdown lead to local
fracture of 2D pyrophyllite. The hole depth equal to the thickness of
single layer of pyrophyllite indicates that in the considered case, only
the most top pyrophyllite layer was locally cut, while the pyrophyllite
thickness is reduced at this point. Although additional measurements
should be done in future studies, these results suggest layer-by-layer
breakdown of pyrophyllite which was previously confirmed in the case
of hexagonal boron nitride [65].

Friction measurements done after the induced dielectric breakdown
demonstrate that the point where I/V curves were previously measured
is associated with increased friction compared to the rest of pyro-
phyllite flake. The increased friction indicates some chemical and/or
structural changes on the pyrophyllite surface which should be further
explored in future studies.

4. Conclusions

In a summary, we have thoroughly characterized pyrophyllite crys-
tal and then successfully fabricated 2D flakes by using both mechanical
exfoliation and LPE. Pyrophyllite was exfoliated down to single layer.
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Fig. 11. (a) Two-dimensional topographic image of the pyrophyllite flake after 30 I/V curves measured in the range ±10 V at the point marked by the arrow. (b) Three-dimensional
topographic image of the area marked by dashed square in (a). (c) Height profile along the dashed line marked in (a).

The lateral size of typical few-layer flakes was in the order of 10 μm in
the case of the mechanical exfoliation, and 1 μm in the case of the LPE.
2D pyrophyllite has different wear properties compared to graphene
and transition metal dichalcogenides. The wear is initiated at much
lower normal loads while AFM based scratching leads to the tearing of
pyrophyllite into small pieces, contrary to nano-exfoliation and folding,
typically observed on graphene for example. Such wear properties
provide easy machining at the nanoscale by the AFM tip which can be
used as a tool for local carving and reshaping of pyrophyllite flakes. At
the same time, 2D pyrophyllite has a low friction coefficient of ∼0.1 and
therefore, it joins the family of other van der Waals layered materials as
a potential candidate for ultra-thin coatings aimed for solid lubrication
in micro- and nano-mechanical devices. The optical measurements on
thin (∼20 nm) 2D pyrophyllite film obtained by the LPE reveal that it
is transparent in the visible domain, with a large band gap of 5.2 eV.
The local studies by C-AFM demonstrated that several nanometer thick
pyrophyllite flakes behaves as 2D insulators with a high breakdown
voltage of around 6 MV∕cm, which is close to hexagonal boron-nitride.
In addition, the larger dielectric permittivity of pyrophyllite compared
to the boron nitride could provide lower leakage currents which needs
to be confirmed in future studies.
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Intermetallic narrow-gap semiconductors have been intensively explored due to their large thermoelectric
power at low temperatures and a possible role of strong electronic correlations in their unusual thermodynamic
and transport properties. Here we study the optical spectra and vibrational properties of FeGa3 single crystal. The
optical conductivity indicates that FeGa3 has a direct band gap of ≈ 0.7 eV, consistent with density functional
theory (DFT) calculations. Most importantly, we find a substantial spectral weight also below 0.4 eV, which is
the energy of the indirect (charge) gap found in resistivity measurements and ab initio calculations. We find
that the spectral weight below the gap decreases with increasing temperature, which indicates that it originates
from the impurity states and not from the electronic correlations. Interestingly, we did not find any signatures
of the impurity states in vibrational spectra. The infrared and Raman vibrational lines are narrow and weakly
temperature dependent. The vibrational frequencies are in excellent agreement with our DFT calculations,
implying a modest role of electronic correlations. Narrow Mössbauer spectral lines also indicate high crystallinity
of the sample.

DOI: 10.1103/PhysRevB.107.165151

I. INTRODUCTION

Correlated narrow-gap semiconductors represent a class
of materials known for their large thermopower at low tem-
peratures and other anomalous transport and thermodynamic
properties [1]. Three iron compounds among them, FeSi,
FeSb2, and FeGa3, share some common features, but also
show important differences. FeSi and FeSb2 behave as insu-
lators only at temperatures T ∗ � 100 K which corresponds
to the energy much smaller than the band gap Eg ≈ 50 meV
[2–4]. A buildup of the in-gap spectral weight at temperatures
kBT ∗ � Eg, clearly seen in optical [5–8] and photoemission
spectroscopy [9], is a signature of strong electronic correla-
tions [10,11]. A crossover from a nonmagnetic insulator to
a bad metal is accompanied by a large increase in the spin
susceptibility which obtains Curie-Weiss form above room
temperature [12,13]. This crossover leaves fingerprints also
in the Raman vibrational spectra which become strongly tem-
perature dependent. The width of vibrational peaks increases
several times in the bad-metal region as compared to the low-
temperature insulating state [14–16]. At temperatures near
10 K there is a large peak in the thermopower |S| [17,18].
The exact role of the electronic correlations, in-gap states,
anisotropy, and phonon drag in colossal thermopower found
in FeSb2 remains a subject of various studies and controversy
[19–21].

FeGa3 has a significantly larger band gap, Eg ≈ 0.4 eV
[22,23], than FeSi and FeSb2 due to the stronger hybridization
between 3d orbitals of Fe and 4p orbitals of Ga. The elec-
tronic structure calculations imply modest contribution of
electronic correlations. Density functional theory (DFT) [24]
and LDA+U [23] calculations give almost the same band
structure, while dynamical mean field theory (DFT+DMFT)
[25] gives only slightly reduced band gap. Nevertheless,
the temperature dependence of dc resistivity is nontrivial: it
strongly deviates from a simple activated transport at low tem-
peratures, and features four distinct transport regimes which
are associated with a presence of the in-gap states [22,23,25].
For T � 5 K ρdc has a power law temperature dependence
consistent with the variable-range hopping transport driven
by the localized in-gap states. In the interval 20 � T � 45 K
the charge transport is activated, but corresponds to a small
gap of ≈40 meV between the in-gap states and the con-
duction band. Then, following a minimum in ρdc, there is a
metalliclike transport up to ≈80 K which presumably cor-
responds to the regime where most of the in-gap electrons
are already transferred to the conduction band. For T >

300 K the charge transport is activated, consistent with the
wide gap Eg ≈ 0.4 eV. The measurements show weak sample
anisotropy and weak temperature dependence of magnetic
susceptibility, whereas the DFT+DMFT calculations give
small mass renormalization, as well as strong charge and spin
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fluctuations [25]. A maximum in the Seebeck coefficient |S|
at T ≈ 15 K is argued to be a consequence of the phonon-
drag effect [23]. In this picture the in-gap states supply free
charge carriers and the acoustic phonons cause an additional
scattering of the electrons opposite to the direction of a tem-
perature gradient, leading to the large thermoelectric power.
Interestingly, to our knowledge, there has been so far only
one infrared spectroscopy study of FeGa3 in polycrystalline
samples [26], restricted to room temperature and energies
larger than 90 meV.

In this paper, we present infrared and Raman spectroscopy
study of FeGa3 single crystal in the temperature range be-
tween 4 and 300 K. The reflectance is measured in the energy
interval between 30 and 24 000 cm−1. The infrared and Ra-
man active vibrational frequencies are in excellent agreement
with our DFT calculations, indicating good crystallinity and a
small influence of electronic correlations. Good crystallinity
is corroborated also by measured Mössbauer spectra. The
most prominent feature of the optical spectra is the existence
of the in-gap states below the charge gap of approximately
0.4 eV. We observe a reduction of the in-gap spectral weight
as the temperature increases to 300 K and conclude that this
spectral weight originates from the impurities. Details of ex-
perimental and numerical methods are presented in Sec. II.
The results are shown in Secs. III and IV contains our
conclusions.

II. METHODS

Single crystals of FeGa3 were grown as described previ-
ously [22]. For infrared measurements a small crystal was
polished until a smooth surface of about 3 mm2 area was
obtained, then mounted on a helium-flow optical cryostat.
The temperature dependence of reflectance was measured
between 30 and 24 000 cm−1, using a combination of
two Fourier-transform infrared spectrometers: a Bruker 113v
for far infrared (30–600 cm−1) and a Bruker Vertex 70,
with extended spectral range, from midinfrared to visible
(100–24 000 cm−1). Reflectance in visible and ultraviolet
(12 000–50 000 cm−1) was measured at room temperature
only, using a Perkin-Elmer 650 UV/VIS grating spectrometer.
As no temperature dependence was observed above about
12 000 cm−1, all temperatures were merged with room tem-
perature data in visible and ultraviolet parts of the spectrum.
To capture correctly the width and line shape of lattice vibra-
tions, the far-IR data were taken with a resolution of 0.5 cm−1,
while 2 cm−1 or larger values were used at higher frequencies.
Both gold and aluminum mirrors were used for reference,
and in order to correct for surface roughness the sample was
also gold coated, using a commercial Ted Pella Cressington
108 sputtering machine. Because of the polishing involved,
the precise orientation of the electric field (polarization) with
respect to the crystallographic axes of the samples is not
clearly defined, hence we cannot discuss potential anisotropic
optical properties.

Raman scattering measurements were performed using a
TriVista557 Raman system, equipped with a nitrogen-cooled
CCD detector, in backscattering micro-Raman configuration.
Grating configuration was 1800/1800/2400 grooves/mm, in
order to achieve the best possible resolution. The 514.5-nm

line of an Ar+/Kr+ gas laser was used as an excitation source
and a microscope objective with factor 50 magnification was
used for focusing the beam. All measurements were carried
out with laser power less than 1.5 mW at the sample, in order
to minimize local heating. Room temperature measurements
were done in air, whereas for low temperature measurements
the sample was placed in a KONTI CryoVac continuous flow
cryostat, with a 0.5-mm-thick window. Spectra were corrected
for the Bose factor.

The 57Fe-Mössbauer spectrum of the FeGa3 pow-
dered sample was measured at room temperature in high
(≈ ±9 mm/s) and low (≈ ±2 mm/s) Doppler velocity range.
The spectra were collected in standard transmission geometry
in constant acceleration mode using a 57Co(Rh) source. The
Doppler velocity scale was calibrated by using the Mössbauer
spectrum of metallic α-Fe. The spectra were fitted by the
RECOIL program [27]. The center shift value (CS) is quoted
relative to the α-Fe (CS = 0).

First-principles DFT calculations of electronic structure
and phonon frequencies were performed using the open-
source QUANTUM-ESPRESSO package [28,29]. We employed
the ultrasoft Vanderbilt-type pseudopotentials with Perdew-
Burke-Ernzerhof exchange and correlation functional. For
the Fe atom we considered 3s, 3p, 3d , and 4s as valence
electrons (in total 16), while the Ga valence electrons were
taken to be the electrons from 3d , 4s, and 4p orbitals (in
total 13). Thus, a minimum of 110 bands was needed to
perform the calculations since we have four formula units per
unit cell, but we nevertheless considered 128 bands, which is
a very convenient number for parallelization purposes. The
plane wave kinetic energy cutoff was set to 70 Ry, which
proved to be sufficient for all our calculations. The ionic re-
laxation, self-consistent, and normal mode calculations were
performed using the Monkhorst-Pack scheme, with the k mesh
of 8×8×8, which corresponds to 75 k points in the irreducible
part of the Brillouin zone. On the other hand, the density of
states (DOS) calculation requires a much larger number of k
points in order to be accurate, and hence we performed the
non-self-consistent calculation with a k mesh of 12×12×12 in
order to calculate the DOS. We used density functional pertur-
bation theory (DFPT) [30] in order to calculate the vibrational
frequencies.

III. RESULTS

We first present the band structure calculations. These re-
sults are known from the literature, but we nevertheless show
them for completeness and in order to put into context the
analysis of the experimental data that follow. Then we present
optical, Raman, and Mössbauer spectra.

A. DFT band structure

The semiconductor FeGa3 belongs to the P42/mnm space
group and it has a tetragonal P-type lattice with lattice pa-
rameters a=6.2628(3) Å and c=6.5546(5) Å [31]. In the DFT
calculations we used the lattice parameters from the experi-
ment and relaxed only the fractional coordinates of the atoms.
These coordinates, shown in Table I, are only slightly adjusted
from their measured values.
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TABLE I. Nonequivalent atomic positions from the DFT
calculation.

Atom P4̄n2 x y z

Fe 4 f 0.34367 0.34367 0
Ga1 4c 0 0.5 0
Ga2 8 j 0.15575 0.15575 0.26295

Figure 1 shows the dispersion relations and the density of
states, calculated along the k path Z-R-A-Z-�-X -M-� in the
Brillouin zone. Our results are very similar to previous work
[23,32], showing that FeGa3 is an indirect-gap semiconductor
with the calculated band gap of 0.44 eV. The bands around the
Fermi level are formed from the hybridized Fe 3d and Ga 4p
orbitals.

B. Optical conductivity and infrared vibrational modes

The reflectance R(ω) measured at several temperatures
between 25 and 300 K is shown in Fig. 2(a). Note that the
spectra are shown on a logarithmic frequency scale so that
we can distinguish both the low- and high-frequency features.
The low-frequency reflectance is close to 1 which indicates a
possible presence of the in-gap states that we will discuss in
detail below. The far-infrared frequency region is shown on a
linear scale in the inset. The peaks in R(ω) correspond to the
infrared-active vibrational modes.

A better insight into the excitation spectrum can be ob-
tained from the real part of the optical conductivity σ1(ω). It
corresponds to the imaginary part of the dielectric function,
σ1(ω) = ωε2(ω)/4π , describing the absorption of electro-
magnetic radiation [33,34]. Figure 2(b) shows σ1(ω) obtained
from the Kramers-Kronig transformation of R(ω). As this
transformation involves integration of R(ω) from zero to in-
finity, we used extrapolation of our measurements. At high
frequency (ω → ∞), the data were bridged with calculations
of the dielectric function based on the x-ray photoabsorp-
tion, following the procedure described in Ref. [35]. For
ω < 30 cm−1 we set R(ω) = R (30 cm−1), but we checked
that σ1(ω) is not sensitive to the precise form of R(ω) in the

FIG. 1. DFT band structure of FeGa3 and density of states in
units states/(eV f.u.).

FIG. 2. Reflectance (a) and optical conductivity (b) as a func-
tion of frequency in the whole measured frequency range at several
temperatures. The insets show the low-frequency data on a linear
scale.

limit ω → 0. The same result is obtained using the Hagen-
Rubens formula, R(ω) = 1 − A

√
ω, where A is a constant

adjusted to fit the first several points from the measurements
[33,34].

The optical conductivity at 25 and 300 K is shown in Fig. 3
on a linear energy (frequency) scale in units of eV. σ1(ω)
rapidly decreases for frequencies h̄ω � 0.9 eV (7000 cm−1).
This is consistent with the DFT band structure shown in Fig. 1.
It gives the smallest direct gap of 0.67 eV near the Z point
in the Brillouin zone, but in many regions of the Brillouin
zone the gap is between 0.7 and 0.9 eV. At h̄ω = Eg ≈ 0.4 eV
the spectral weight is significantly reduced, yet it remains
substantial also at h̄ω < Eg. We note that we did not attempt
to calculate the optical spectra since a reliable calculation
requires us to include the particle-hole interaction on a level
of the Bethe-Salpeter equation, which is a very challenging
task even for weakly interacting semiconductors [36,37]. A
calculation of the optical spectra of FeGa3 in the independent-
particle approach poorly compares with our experiments [24].
On the other hand, our optical spectra for h̄ω � 0.5 eV are
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FIG. 3. Optical conductivity as a function of frequency at 25 and
300 K. The inset shows the infrared vibrational modes which are fit-
ted by 11 Lorentzians. The green line corresponds to the cumulative
fit.

in rather good agreement with the spectra on polycrystalline
samples of Ref. [26].

Evidence that the spectral weight below Eg has origins
in the impurity states can be obtained from analysis of the
temperature dependence of σ1(ω). At finite temperatures, in
a standard band gap semiconductor a small spectral weight
would appear just below Eg due to the phonon assisted excita-
tions. The same amount of the spectral weight would recover
just above the band edge, where the absorption becomes
slightly lower due to the finite hole (electron) concentration
in the valence (conduction) band at finite temperatures [33].
On the other hand, in FeSi and FeSb2 a spectral gap is closed
at higher temperatures due to the strong correlation effects. In
this case, transfers of the spectral weight occur over the energy
range much larger than the band gap. However, in our case
the spectral weight at T = 300 K is reduced both below and
above Eg [see Figs. 2(b) and 3]. The reduction of the spectral
weight below Eg should correspond to the depopulation of
the impurity band, which leads to the reduction in the light
absorption for subgap energies [25]. Hence, we conclude that
the spectral weight below Eg is due to impurity states. We
note that a small surplus of Fe atoms in comparison to the
stoichiometric ratio is found in wavelength dispersive x-ray
spectroscopy [23]. Our conclusion is in line with the statement
that the transfer of the electrons from the impurity states
to the conduction band is a likely cause of the anomalous
dρ/dT > 0 resistivity temperature dependence around 100 K
[20,25].

We now turn our attention to the far-infrared part of the
spectrum from 50 to 350 cm−1, which contains infrared vi-
brational modes. From the inset of Fig. 2(b) it appears that
most of the phonon peaks are rather broad. However, that is
not the case since several peaks, in fact, consist of two vi-

TABLE II. Irreducible representation of infrared-active modes
and their frequencies. The measured frequencies are obtained at
300 K. Numerical values are obtained within DFPT calculation.

Irred. rep. Expt. (cm−1) Calc. (cm−1)

E 1,2
u 69.00 76.08

A1
2u 113.50 107.61

E 3,4
u 117.50 116.18

E 5,6
u 149.85 161.78

A2
2u 162.2 162.28

E 7,8
u 166.99 168.69

E 9,10
u 199.50 201.71

E 11,12
u 231.50 229.45

E 13,14
u 275.00 281.2

A3
2u 287.30 296.61

E 15,16
u 332.50 329.0

brational modes with very close frequencies. The space group
P42/mnm has the corresponding point group D4h(4/mmm).
Thus, all the normal modes are classified according to ir-
reducible representations of D4h(4/mmm). The factor group
analysis predicts 12 Raman and 11 infrared-active modes,
along with ten silent and two acoustic modes:

�Raman = 3A1g + 4Eg + 2B1g + 3B2g,

�IR = 3A2u + 8Eu,

�silent = 2A2g + 2A2u + 4B1u + 2B2u,

�acoustic = A2u + Eu. (1)

The experimental data at 300 K are fitted with 11 Lorentz
profile lines. Their cumulative contribution to the spectra is
shown in green color in the inset of Fig. 3. A complete list
of the corresponding phonon frequencies is shown in Table II.
These frequencies were obtained at 300 K, but we see from
the inset in Fig. 2(b) that the temperature dependence of the
frequencies is weak. The changes are of the order of 1% in
the temperature range between 25 and 300 K. The frequen-
cies calculated within DFPT are in excellent agreement with
measured frequencies. This implies that a crystallinity of the
sample is very good, even though some surplus of Fe iron
atoms is expected in comparison to the ideal composition [23].
In addition, excellent agreement between the calculated and
measured frequencies indicates that the electronic correlations
beyond the DFT are not strong, in line with the conclusions
from DFT+U [23] and DFT+DMFT [25] calculations.

C. Raman spectra

There are 12 Raman-active modes in FeGa3 [see Eq. (1)].
Wyckoff positions of the atoms, their contributions to the
�-point phonons, and the corresponding tensors for Raman
active modes are given in Table III. Since observability of the
Raman-active modes in backscattering configuration of the
experiment strongly depends on the orientation of the sample,
we first performed orientation dependent measurements. This
was done by rotating the sample in the steps of 10◦. The ori-
entation of the sample which provided the best observability
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TABLE III. Contributions of each atom to the �-point phonons
for the P42/mnm space group and the corresponding tensors for
Raman active modes.

Space group P42/mnm

Atoms Irreducible representations

Fe (4 f ) A1g + A2g + A2u + B1g

+B1u + B2g + Eg + 2Eu

Ga (4c) A1u + A2u + B1u + B2u + 4Eu

Ga (8 j) 2A1g + A1u + A2g + A2u + B1g

+2B1u + 2B2g + B2u + 3Eg + 3Eu

A1g =
⎛
⎝

a 0 0
0 a 0
0 0 b

⎞
⎠ B1g =

⎛
⎝

c 0 0
0 −c 0
0 0 0

⎞
⎠ B2g =

⎛
⎝

0 d 0
d 0 0
0 0 0

⎞
⎠

1Eg =
⎛
⎝

c 0 0
0 0 e
0 e 0

⎞
⎠ 2Eg =

⎛
⎝

0 0 −e
0 0 0

−e 0 0

⎞
⎠

of Raman modes of various symmetries was used in further
measurements.

Raman spectra of FeGa3 single crystals, measured from
the (011) plane of the sample, at temperature T = 100 K,
for polarization angles within the range of 0◦ and 180◦ are
presented in Fig. 4. We have identified 10 out of 12 Raman ac-
tive modes. The assignation of modes was done in accordance
with DFT calculations and polarization measurements. Peaks
that exhibit the same polarization dependence were assigned
with the same symmetry. Consequently, peaks at 146.58 and
331.80 cm−1 were assigned as A1g and peaks at 127.99 and
269.98 cm−1 were assigned as B1g. The phonon lines at
138.96, 179.01, and 264.40 cm−1 are assigned as Eg, whereas
modes at 161.67, 238.27, and 321.43 cm−1 correspond to
the B2g symmetry modes. The full list of measured phonon

100 150 200 250 300 350
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B11g B22g

E 3,4
g

A11g

E 5,6
g

B21g
180o
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ts
)

Raman shift (cm-1)
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FIG. 4. Polarization-dependent Raman spectra of FeGa3 single
crystals. Measurements were performed with measuring step of 10◦

at temperature T = 100 K.

TABLE IV. Experimental Raman frequencies measured at 100 K
and the corresponding values calculated within DFPT.

Irred. rep. Expt. (cm−1) Calc. (cm−1)

E 1,2
g 86.81

B1
1g 127.99 125.52

E 3,4
g 138.96 139.06

A1
1g 146.58 145.89

B1
2g 161.67 161.51

E 5,6
g 179.01 165.09

A2
1g 180.12

B2
2g 238.27 239.62

E 7,8
g 264.40 258.94

B2
1g 269.28 262.96

B3
2g 321.43 318.53

A3
1g 331.80 322.41

frequencies, along with their calculated values, is shown in
Table IV.

There is a very good agreement between experimental and
calculated phonon frequencies, with a discrepancy of less than
8%. A close match in experimental and theoretical results
is not surprising knowing that the investigated material is
semiconducting, with moderate electronic correlations. All of
the observed phonon lines are sharp, with the full width at half
maximum (FWHM) ≈ 2 cm−1, and weakly temperature de-
pendent. This indicates a good crystallinity of the sample and
absence of a metal-insulator transition or magnetic ordering.

noissi
msnart

evitale
R 0 4-4-8 8

Velocity (mm/s)
0 0.5-0.5 0.10.1--1.5 1.5 2.0

FIG. 5. Room temperature 57Fe-Mössbauer spectra of the FeGa3

sample recorded in the low-velocity range. Experimental data are
presented by the solid circles and the fit is given by the red solid line.
The difference (Calc. − Expt.) is shown by the dark gray line at the
bottom of the figure. The vertical arrow denotes the relative position
of the lowest experimental point with respect to the background
(relative absorption of 1.70%). The absolute difference is less than
0.05%. The inset shows the room temperature spectrum of the FeGa3

sample recorded within the high-velocity range. The orange line is
just a guide for the eye.
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D. Mössbauer spectra

The 57Fe-Mössbauer spectroscopy was used to investigate
quality and ordering of the prepared sample and to check
for the presence of Fe-based impurity phases. The 57Fe-
Mössbauer spectra of the FeGa3 are presented in Fig. 5.
The spectrum recorded in the low-velocity range showed two
absorption lines (doublet). In the spectrum recorded in the
high-velocity range, beside the observed doublet, there is
no indication of the magnetic hyperfine splitting. The thick-
ness corrected FeGa3 spectrum recorded in the low-velocity
range was fitted with one Lorentzian-shaped doublet using
the RECOIL program [27]. The obtained Mössbauer parameters
for the measured doublet are center shift CS = 0.28 mm/s,
quadrupole splitting 	 = 0.31 mm/s, and FWHM of the
Lorentzian lines is 0.22 mm/s. The obtained results closely
match the hyperfine parameters for FeGa3 from the literature
[38–42]. A very small broadening of the resonance lines ob-
served in the experiment is a strong indication that the sample
is very well ordered and of high crystallinity.

IV. CONCLUSIONS

In summary, we have performed optical, Raman, and
Mössbauer spectroscopy measurements of a narrow-gap
semiconductor FeGa3, along with DFT band structure and
vibrational frequencies calculation. We find that the optical
conductivity decreases for frequencies below h̄ω ≈ 0.9 eV
consistent with the direct band gap observed in DFT cal-
culations. Our most important finding is the appearance of
the optical spectral weight below the charge (indirect) gap
Eg ≈ 0.4 eV. At room temperature the spectral weight below
Eg diminishes as compared to the one at T = 25 K. Therefore,

we conclude that this spectral weight originates from the
impurities and not from the correlation effects. Interestingly,
we do not find signatures of the impurities in the vibrational
spectra. Both the infrared and Raman lines are very narrow,
as well as the Mössbauer spectral lines, which implies a good
crystallinity of the sample. The calculated vibrational frequen-
cies are in a very good agreement with the measurements,
which indicates that the electronic correlations in FeGa3 are
not strong, in line with previous studies.
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[25] M. B. Gamża, J. M. Tomczak, C. Brown, A. Puri, G. Kotliar,
and M. C. Aronson, Electronic correlations in FeGa3 and the
effect of hole doping on its magnetic properties, Phys. Rev. B
89, 195102 (2014).

[26] Y. V. Knyazev and Y. I. Kuz’min, The study of the structure
of the electronic states of the FeGa3 and RuGa3 compounds
by optical spectroscopy method, Phys. Solid State 59, 2244
(2017).

[27] K. Lagarec and D. G. Rancourt, RECOIL, Mössbauer spectral
analysis software for Windows (University of Ottawa, Ottawa,
Canada, 1998).

[28] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C.
Cavazzoni, D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I.
Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R.
Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri,
L. Martin-Samos et al., Quantum espresso: a modular and

open-source software project for quantum simulations of ma-
terials, J. Phys.: Condens. Matter 21, 395502 (2009).

[29] P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B.
Nardelli, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M.
Cococcioni, N. Colonna, I. Carnimeo, A. D. Corso, S. de
Gironcoli, P. Delugas, R. A. DiStasio, A. Ferretti, A. Floris,
G. Fratesi, G. Fugallo et al., Advanced capabilities for materials
modelling with quantum espresso, J. Phys.: Condens. Matter 29,
465901 (2017).

[30] S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi,
Phonons and related crystal properties from density-functional
perturbation theory, Rev. Mod. Phys. 73, 515 (2001).

[31] U. Häussermann, M. Boström, P. Viklund, O. Rapp, and T.
Björnängen, FeGa3 and RuGa3: Semiconducting Intermetallic
Compounds, J. Solid State Chem. 165, 94 (2002).

[32] Y. Imai and A. Watanabe, Electronic structures of semiconduct-
ing FeGa3, RuGa3, OsGa3, and RuIn3 with the CoGa3- or the
FeGa3-type structure, Intermetallics 14, 722 (2006).

[33] F. Wooten, Optical Properties of Solids (Academic Press,
New York, 1972).

[34] D. B. Tanner, Optical Effects in Solids (Cambridge University
Press, New York, 2019).

[35] D. B. Tanner, Use of x-ray scattering functions in Kramers-
Kronig analysis of reflectance, Phys. Rev. B 91, 035123 (2015).

[36] S. Albrecht, L. Reining, R. Del Sole, and G. Onida, Ab Initio
Calculation of Excitonic Effects in the Optical Spectra of Semi-
conductors, Phys. Rev. Lett. 80, 4510 (1998).

[37] M. Rohlfing and S. G. Louie, Electron-hole excitations and
optical spectra from first principles, Phys. Rev. B 62, 4927
(2000).

[38] G. L. Whittle, P. E. Clark, and R. Cywinski, Vacancies and site
occupation in Co-Ga-Fe alloys (Mössbauer study), J. Phys. F
10, 2093 (1980).

[39] I. Dézsi, I. Szücs, C. Fetzer, and W. Keune, The local interac-
tions of Co and Fe in β-phase Cox Ga(1−x), Acta Mater. 46, 3299
(1998).

[40] N. Tsujii, H. Yamaoka, M. Matsunami, R. Eguchi, Y. Ishida,
Y. Senba, H. Ohashi, S. Shin, T. Furubayashi, H. Abe, and
H. Kitazawa, Observation of energy gap in FeGa3, J. Phys. Soc.
Jpn. 77, 024705 (2008).

[41] G. R. Hearne, S. Bhattacharjee, B. P. Doyle, M. A. M. Ahmed,
P. Musyimi, E. Carleschi, and B. Joseph, Pressure-induced dis-
ruption of the local environment of Fe-Fe dimers in FeGa3

accompanied by metallization, Phys. Rev. B 98, 020101(R)
(2018).

[42] D. Mondal, C. Kamal, S. Banik, A. Bhakar, A. Kak, G. Das,
R. V. R., A. Chakrabarti, and T. Ganguli, Structural and elec-
tronic properties of Fe(Alx Ga1−x )3 system, J. Appl. Phys. 120,
165102 (2016).

Correction: A typographical error in the fourth affiliation was
introduced during the production cycle and has been fixed.

165151-7

https://doi.org/10.1103/PhysRevB.81.144302
https://doi.org/10.1088/0953-8984/24/25/255402
https://doi.org/10.1103/PhysRevB.50.8207
https://doi.org/10.1143/APEX.2.091102
https://doi.org/10.1038/s41598-018-29909-2
https://doi.org/10.1103/PhysRevLett.114.236603
https://doi.org/10.1038/s41535-020-00308-z
https://doi.org/10.1143/JPSJ.78.013702
https://doi.org/10.1103/PhysRevB.90.195206
https://doi.org/10.1103/PhysRevB.82.155202
https://doi.org/10.1103/PhysRevB.89.195102
https://doi.org/10.1134/S1063783417110154
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1103/RevModPhys.73.515
https://doi.org/10.1006/jssc.2001.9503
https://doi.org/10.1016/j.intermet.2005.10.013
https://doi.org/10.1103/PhysRevB.91.035123
https://doi.org/10.1103/PhysRevLett.80.4510
https://doi.org/10.1103/PhysRevB.62.4927
https://doi.org/10.1088/0305-4608/10/10/008
https://doi.org/10.1016/S1359-6454(97)00483-7
https://doi.org/10.1143/JPSJ.77.024705
https://doi.org/10.1103/PhysRevB.98.020101
https://doi.org/10.1063/1.4965718





























































	Vacancies and spin-phonon coupling in CrSi0.8Ge0.1Te3
	1  INTRODUCTION
	2  EXPERIMENT AND NUMERICAL METHOD
	3  RESULTS AND DISCUSSION
	4  CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES

	1. Introduction
	2. Methods
	2.1. Synthesis
	2.2. Electron microscopy
	2.3. Photoluminescence
	2.4. Extinction measurements
	2.5. Raman scattering
	2.6. Kelvin probe force microscopy

	3. Results and discussion
	3.1. Composition and morphology
	3.2. Work function
	3.3. Optical properties
	3.3.1. Raman spectroscopy
	3.3.2. Photoluminescence
	3.3.3. Extinction


	4. Conclusions
	Acknowledgments
	Data availability statement
	References
	Natural two-dimensional pyrophyllite: Nanoscale lubricant, electrical insulator and easily-machinable material
	Introduction
	Experimental methods
	Sample preparation
	XRPD measurements, Raman and UV–VIS spectroscopy
	AFM measurements

	Results and discussion
	Structural and vibrational properties
	Morphology
	Friction
	Wear
	Nanoscale machining and nanolithography
	Electronic bandgap
	Insulating properties and dielectric breakdown

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Supplementary data
	References


