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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."”” The family
includes Fe;_,GeTe, metallic materials with high
magnetic transition temperature,’* ' semiconductors
CrXTe; (X = Si, Ge, Sn) and CrX; (X = Cl, Br, I) mono-
layers>'13 and heterostructures.!**

Cedomir Petrovic® |

of all analysed modes.
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We report temperature-dependent Raman scattering and magnetization stud-
ies of van der Waals ferromagnetic compound CrSiy gGey;Tes. Magnetic sus-
ceptibility measurements revealed dominant ferromagnetic interactions
below T 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 A, 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

magnetism, phonons, raman spectroscopy, van der Waals materials

CrSiTe; and CrGeTe; are ferromagnetic (FM) semi-
conductors with band gap of 0.4 and 0.7eV and Curie
temperatures (Tc) of 32 and 61 K, respectively.['> 18! Twin-
ing of CrSiTe; single crystals along c-axes was revealed by
X-ray diffraction experiment as well as Cr** ions magnetic
order.I'® 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, CrSiTe; is a Mott-type
FM insulator.l'! Electronic structure of CrGeTes single
crystals was also investigated by ARPES."?! It was shown
that the low-lying valence bands are centred around the I
point and are mainly formed from Te 5p orbitals.
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Raman scattering studies of CrSiTe; reveal strong
spin-lattice coupling in the paramagnetic phase!'>?!! 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 E, mode with magnetic continuum
was found.”" The coupling results in an asymmetric
phonon line shape up to 180 K. Besides the splitting of
two low-energy E, modes in the magnetic phase of
CrGeTe; and unconventional behaviour of phonon prop-
erties around transition temperature, experimental
results indicate spin-phonon coupling effect with mag-
netic quasi-elastic scattering.!”?!  Pressure-dependent
Raman scattering study of CrGeTe; showed a decrease in
bond length, the deviation of Cr-Te-Cr angle, and reduc-
tion of phase transition temperature.[*!

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 CrSipgGeg Te;. Our
scanning electron microscopy (SEM) measurements
reveal 10% of Ge atoms concentration and 10% of vacan-
cies. Vacancies induced a decrease in T, was detected
within magnetic susceptibility measurements. In the
Raman scattering results, we identified three A, and four
Eg symmetry modes. Additional peak of the A, 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 CrSiTe; and CrGeTes, reported previously in
Milosavljevi et al.?! The presence of the strong
spin-phonon interaction at temperature around 210K
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

CrSipgGeg 1 Te; 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 um. Solid state laser with 532-nm line was used as an
excitation source. In our scattering configuration, plane
of incidence is ab-plane, where lal= Ibl (£(a,b)=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 (107° 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 x50 magnification. All spectra were
corrected for Bose factor.

Spin-polarized density functional theory calculations
were performed in Quantum Espresso software pack-
age,*! based on plane waves and pseudopotentials, using
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional’® and projector augmented wave (PAW)
pseudopotentials.l*”?%! 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 x8x 8 I' 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 107° Ry/A.
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
a CrSigGe 1 Te; single crystal [Colour figure can be viewed at

Energy dispersive spectroscopy (EDS) mapping on

wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION

In order to investigate uniformity and elemental composi-
tion of CrSiy3Gey,Te; 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 y(T) = M
(T)/H measured in 1-kOe magnetic field applied parallel
to a (a) and c (b) crystallographic axes. Curie-Weiss law
x= ﬁ fit at high temperatures yields Weiss tempera-
tures 6, = 61(2) K, 6. = 70(2) K and high temperature
paramagnetic moments peg, = 4.14(2)up and per. = 3.91
(2)up for CrSiysGeyTe;, consistent with dominant FM
interactions below T, and in line with the observed FM
T, and magnetic hystheresis loops.''>**! The approximate
T, value can be determined from the minima of the
dy/dT curves insets in Figure 2(a,b). It should be noted
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FIGURE 2 Temperature dependence of zero-field cooling
(ZFC) y=M/H for CrSiTes, CrSijgGey,Tes; and CrGeTe; in 1-kOe
magnetic field applied in-plane (a) and along the c-axis (b). Insets
show transition temperatures of ferromagnetic orders (dy/dT) and
magnetic hystheresis loops taken at 2K
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that, instead of monotonous rise, there is a weak but
discernible shift to lower temperature in dy/dT in
CrSij 3Gey,Te; when compared with CrSiTes;. 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 CrSiTe; and CrGeTe;
crystallize in the rhombohedral crystal structure,
described with space group R3 (C2,).**! According to fac-
tor group analysis, five A, and five double degenerate E,
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 (CrSiTe; and CrGeTes;) can be found in
Milosavljevic et al.l? In our scattering configuration, the
plane of incidence is ab plane, where lal=Ibl
(«£(a,b) =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,[n] all Raman active modes may be
observed, having in mind that A, symmetry modes can
be detected only in parallel polarization configuration.
The E, symmetry modes are expected to appear in both
the parallel and cross polarization configurations. Raman
spectra of CrSiggGeo Tes, obtained by continuous change
of the angle between polarization vectors of incident and

2, 3
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B a2 58T
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FIGURE 3 Raman spectra of CrSi, gGeg 1 Tes single crystal,
measured at 100 K, as a function of angle 0, 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, 6= x(ej,es), (0°<O<90° ) at 100K, are
shown in Figure 3. It can be seen that by changing this
angle, starting from 6 = 0°, the intensities of the peaks at
energies 80.2, 1164 and 1455cm™' continuously
decrease and completely vanish for polarization angle of
90°. Therefore, these excitations obey pure A, symmetry.
On the other hand, the peaks at energies of 84.5, 88.3,
117.2 and 215.0cm™" are not influenced by change of
polarization angle, so they can be identified as E, symme-
try modes.

Here, one should note that the feature observed at
around 117cm™" in both scattering configurations is
actually a two-peak structure comprising of 116.4-cm™*
Ag and 117.2-cm™ E, symmetry modes. Detailed analysis
of the structure for two scattering configurations is pres-
ented in Figure Al of Appendix. Furthermore, closer
inspection of the data revealed that peak at energy of
145.5cm ™, which obeys pure Ag symmetry, is also com-
posed of two modes, P1 (144.6 cm™") and A} (146.7 cm ™),
as shown in Figure A2 of Appendix.

Calculated optical phonon wavenumbers of the
parent compounds, CrSiTe; and CrGeTes, together with
their experimental Raman active values as well as Raman
mode energies of CrSiysGey,Tes, are compiled in Table 1.
As expected, experimental values of CrSiygGey Tes
Raman active modes are found between the values of the
observed modes in parent cornpounds.[21] Figure 4a
shows compositional evolution of the peaks with highest

T=100K
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FIGURE A1 Decomposition of unresolved A; and E;

symmetry modes obtained by simultaneous modelling in parallel
and cross polarization configuration. Grey line represents the
measured data, Voigt line of A§ mode is shown by green, and blue
lines represent the Eg 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]
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FIGURE A2 Decomposition of phonon mode in parallel

scattering configuration on two A, 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]

intensity, assigned as E; and Az symmetry modes in par-
ent compounds. The E; 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 Ag
symmetry mode. The most striking feature was the addi-
tional A, 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
Ag 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_l), and therefore, the separate modes can not
be resolved.

Figure 5 shows CrSipgGep;Tes Raman scattering
spectra measured at various temperatures. For clarity,
spectra obtained for cross polarization configuration are
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TABLE 1 Phonon symmetry, calculated (T= 0 K) and experimental (T = 100 K) Raman active phonon wavenumbers of parent
compounds CrSiTe; and CrGeTe3.|21| Experimental values for Raman active phonons of CrSij sGe,;Te; at 100 K are shown in the last

column

Raman active modes

Calculations Experiment

Symmetry CrSiTe; CrGeTe; CrSiTe; CrGeTe; CrSij 3Gey 1 Te;
Ay 88.2 84.2 — — 80.2
E, 93.5 82.0 88.9 83.5 84.5
E; 96.9 90.8 — — 88.3
E; 118.3 114.2 118.2 112.2 117.2
A; 122.0 105.9 — — 116.4
A3 148.0 134.8 147.4 137.9 146.7
Ag 208.7 200.3 — — —
E; 219.5 209.6 217.2 217.5 215.0
E; 357.4 229.8 — — —
A3 508.9 290.7 — 296.6 —

Note: All values are given in cm ™.
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FIGURE 4 (a) Raman scattering spectra of E; and A; phonon FIGURE 5 Raman spectra of CrSiysGeg 1 Tes single crystal
modes of CrSiTe; (orange line), CrSi; sGeg 1 Te; (yellow line) and measured at various temperatures. The spectra were analysed by
CrGeTe; (green line) at T = 100 K measured in cross (left panel) using multiple Voigt peak functions and a single
and parallel (right panel) scattering configuration, respectively. 2 = alw/ (T + »?) + be function, for parallel (9 = 0°, solid
(b) Energy (grey line) and linewidth (red line) of these two coloured lines) and cross (¢ = 90°, dashed coloured lines) scattering
modes with respect to the percentage of Si atoms concentration. configuration. For clarity, higher and lower energy ranges (left and
Energy and linewidth of P1 mode are marked with black and red right panel) are multiplied by the factor of five [Colour figure can
star, respectively [Colour figure can be viewed at be viewed at wileyonlinelibrary.com|
wileyonlinelibrary.com]
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FIGURE 6 Energy and linewidth temperature dependence of
A} (a,b), A (c,d), P1 (e,f) and A} (g,h) Raman modes [Colour figure
can be viewed at wileyonlinelibrary.com]

only shown for the mid-energy range. Temperature
dependence of energies and linewidths of all the observed
A, symmetry modes, including P1, are presented in
Figure 6. By heating the sample from 100K to approxi-
mately 210 K, monotonous decrease in energy of all the
A, symmetry modes is present, dominantly driven by
thermal expansion.*!! In the temperature region around
210K, 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 A, symmetry modes linewidth. This effect is more
pronounced for higher energy modes where the
anharmonicity is expected to be higher. Similar response
of analysed E, symmetry modes is present and shown in
Figure 7.

Concerning previously reported strong spin-phonon
coupling in CrSiTe;,*>*" 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.'*?! Due to the doping
and presence of vacancies, strong magnetic correlations
in CrSijgGey 1 Te; are sustained up to 210 K.
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FIGURE 7
Eg (a)b),
be viewed at wileyonlinelibrary.com]

Energy and linewidth temperature dependence of
E; (c,d) and E; (e,f) symmetry modes [Colour figure can

4 | CONCLUSIONS

In summary, we presented temperature-dependent
Raman scattering and magnetization studies of doped
van der Waals ferromagnet CrSiy3GegTe;. 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 T. 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 A, 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 CrSiygGeyTes single crystal, in
different polarization configurations (Figure 3), in the
energy range around 117 cm ™, 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 Al, 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 Ag, and Eg modes, at energies 116.4 and 117.2cm ™",
respectively. This is completely supported with theoreti-
cal calculations presented in Table 1.
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Abstract
Four distinct tungsten suboxide (WOs;_,) 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 W,05,,.; formula (in shape of
platelets or nanotiles), or as nanowires (Ws014, W;gOy9). 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, Magneli 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 WO;
and WO, and substoichiometric Magneli phases (WOs5_,,
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,
WO; is a large indirect bandgap n-type semiconductor, with
bandgap values reported in the 2.6-3.0 eV range [15-17]. In
nanosized WOj3;, 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 Magneli phases with different combinations of
edge- or corner-sharing WOy 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 WOg
octahedra become edge-sharing [22], while in the latter WO,
bipyramids are formed and share their equatorial edges with
the WO¢ 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 WO; [8]. Furthermore, it was reported that the
oxygen vacancy defect states induced by annealing can sig-
nificantly improve electrical conductivity [24]. Substoichio-
metric WO3_, 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 WO;_, 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 WO, g3 nanorods
(W5404¢g) can sustain strong localized surface plasmon reso-
nances (LSPR), centred around 1.4eV (corresponding to
A =900nm) [26]. Electrical transport measurements of
WO,5 (Ws50,4) show that they exhibit metallic behaviour
[29]. On the other hand, based on electrical transport mea-
surements and photoluminescence spectra, WO, 7, (Wg049)
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 W,03,,_; in
two distinct morphologies (platelets and nanotiles), and
WS014 (WOzg) and W18049 (W02.72) 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 200kV. 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 290-450nm
(corresponding to 3.1-4.3 eV) at nominal resolution of 3 nm, with
the excitation spectral band centered at 275nm (4.51eV). 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 x 100 magnification was used for focusing the
laser beam and collecting scattered light. Laser power was kept
below 0.5 mW 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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Figure 1. Electron microscopy images of (a), (e) platelets, (b), (f) nanotiles, (c), (g) WsO14 NW and (d), (h) W;3O49 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 W,03,,.1) or “-diameter and length

(for nanowires), and the assessed work function.

Stoichiometry Shape Thickness/diameter™  Lateral size/length®  Work function (eV)
W,,03,,.1 Platelets 100 nm Up to 4 um 4.18-4.31
W, 05,1 Nanotiles 100 nm Up to several pym 4.94-5.30
W5014 (WO55) Nanowires  100-200 nm Several tens pym 4.20-4.34
Wig049 (WO37,) Nanowires Up to 3 um Several tens pm 4.55-4.57

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~° 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 WO;_, phases grow as thin plate-like crystals
(platelets, nanotiles) or as nanowires (WsOp4, WigOyo).
Figure 1 shows SEM and TEM images of the W,0s3,

platelets (a), (e) and nanotiles (b), (f); WsO4 nanowires (c),
(g), and WgO49 nanowires (d), (h). The stoichiometry and
size of all four studied WOs5_, phases is summarized in
table 1.

The W,0s;,.; platelets grow epitaxially from W;9Oss
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 yum. Several W,03,.; Magneli
phases, such as WigOs3 (WOj044), Wi7050 (WO3041),
Wi6047 (WO2038), Wi5044 (WO2933), Wi4041 (WO3.929),
W9026 (W02.889) and W]0029 (WO2.9), were found within a
single platelet [36].

The nanotiles with the length and width up to a few um
are approximately 100nm 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 (W02_93g), W15044
(WO3.033), W14041 (WO3.028), W 13033 (WO3023), W2035
(WO2.917)’ and W11032 (WOZ'QOQ), all haVing the same
W,,03,,.; formula [37]. In both plate-like morphologies (i.e.
nanotiles and platelets), CS planes are observed, as shown in
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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.

figures 1(e), (f). The distance between the CS planes reflects
the stoichiometry of a particular block.

Both W50,4 and W;3049 nanowires have constant dia-
meters along the lengths of several tens of um. The W50 4
NWs are thinner, with the mean diameter of 100200 nm,
while W;3049 NWs have significantly larger diameters of up
to 3 um, 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 WO;_, nanotile or
platelet. The results are compared with the previously pub-
lished data obtained on the WsO;4, and W;3049 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 WsO;4 nanowires (4.20-4.34eV) [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 WsO;4 and W,3O49 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 Ws04 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 WOs;_,
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™ ', W-—O-W bending modes between
approximately 200 and 400 cm ™', whereas between 600 and
900 cm ™! one can observe W—O stretching modes [40, 41].
Figure 3 represents room temperature Raman spectra of
WOs5_, nanostructures measured in three polarization
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Figure 3. Raman scattering spectra of WOj3_, 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.

WnOSn-l platelets Wn03n—1 nanotiles W5014 (WO28) W18049 (W02'72)

UV-vis (nm) 207, 222, 241, 281, 323 205, 216, 240, 281, 200, 223, 258, 326, 760 198, 208, 296, 776

324, 416
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

configurations: short and long parallel, with incident and to the short and long axis of the sample but mutually
scattered light polarized along short and long axis of the orthogonal. In the case of the platelets, short and long
sample respectively; and crossed, with polarisations parallel parallel configurations are equivalent due to their symmetry.
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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”!
related to lattice vibration, six peaks centred at 235, 271, 300,
319, 340 and 380 cm ', originating from W—O-W bending
vibrations and one weak (690 cmfl) and two strong (778 and
808 cm ') 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 ™!, and two sharp overlapped
peaks at 778 and 802 cm ™ '. 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 (105cm ') originating from
lattice vibration, one strong peak at 271 cm” !, a few weak
peaks (at 231, 317, 331, 365 and 428 cm_l) in the W—-O-W
bending region, and two prominent W-O stretching vibra-
tions centred at 697 and 807 cm ' 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 cmfl),
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™ ', with the two prominent ones at 135
and 807 cm ', coinciding with the results given in [37].

Raman spectra of nanowires are qualitatively different
from those of quasi-2D materials. Namely, for WsO4 NW, in
short parallel polarization seven lattice (at 67, 129, 139, 151,
181, 208 and 214 cmfl), six W-—O-W bending (at 288, 325,
376, 391, 430 and 448cm ') and five W-O stretching
vibrations, centred around 635, 712, 767, 819 and 912 cm b
were observed. Crossed polarization revealed Raman peaks at
151, 181, 208, 288, 325, 448 and 712 cm !, whereas in long
parallel polarization one can observe peaks at 73, 108, 147,
167, 181, 237, 297, 319, 350, 376, 394 and 737 cm ™.

In the short parallel polarization, the W;gO49 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 ', 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_l, 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
821cm ', 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 800cm ' 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 WsO;4 and W;gOy49
nanowires have better crystallinity and higher number of
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Figure 4. (a) Room temperature PL spectra and (b) UV—vis
extinction spectra of platelets, nanotiles, WsO4 and W ;gOy49
nanowires.

W-0-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 275nm (4.51eV). 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
300nm (4.1eV). 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 WOj 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 WO;_, materials allows distinct optical transitions, often
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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 (V9), single- (V{4), or
double-charged (V(23+) [25, 27, 34]. Within these models, the
removal of an O atom from WOj; structure (ReOs-type,
WO_0*-W®") results in creation of a V9 state. This
corresponds to creation of either a W + W*" or 2W°*
defect states with levels inside or near the valence band
(WH=VE-Wo" or W>T-V2-W>*") [25]. Removal of one
additional electron, (i.e. conversion to V& (W>1)), leads to
Coulombic repulsion between the positive vacancy and the
nearest W-ion, displacing the ion and shifting the defect level
into the bandgap (W>T—VH-WOh). Removal of another
electron creates a new state within the CB (W —V3 —wo™).
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 w3t
states are shallow and can act as donor states, while electrons
trapped in deeper states (W*") 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 WO octahedron, the VB
lowers and the CB rises, thus increasing the bandgap [50].

For PL spectra reported for W;3049 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 WsO14
NW [29], while for the W,;gO49 NW, an additional 4+ state
can appear [52, 53].

Focusing on the O 1s spectrum of nanotiles, platelets and
W50,4 NW, it can be observed that the peak at 533.5eV 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 WO; 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 V(Z)+ 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 WO5_, 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 WOj 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 [S7].

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.



Nanotechnology 33 (2022) 275705

B Visi¢ et al

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 359nm and 416nm 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 W,3049 NWs, this peak can be deconvolved into two
peaks positioned at 198 and 208 nm. W;gO49 NWSs 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,
Ws0,4 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 W40 (WOjg3) and W;9Oss
(WO,.g9) nanorods, positioned at 900nm 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) W;g049
(WO, 7,) 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
W19055 (WO, g9) 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 WO; [55]. On the other hand, W,4,065 (WO5 g3)
nanorods support strong LSPRs, as evidenced by a broad
peak centred around 900 nm [26]. WOj3_, reduced cubic
nanosheets have a narrow peak around 220 nm, with a
broader one centred around 300nm [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 WO, (W5yOsg)
nanoparticles [54] and WO;_, quantum dots [59]. For the
WO, ¢ 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]:

A(hv — Eg)"
o=——"
hv

Here, « is the absorption coefficient, A is a constant, and E, 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 WOj3, bulk WO, and WO, o
nanowires were reported at 2.67 eV, 3.05eV and 3.17 eV,
respectively [3, 32]. For W;gO49 nanorod bundles, the
absorption edge is situated at 2.95 eV [31]. The decrease of
the bandgap value of these nanorods by approximately
0.5eV compared to that of the WOj; nanoparticles of
similar size (3.44eV) [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 2.6eV and 1.11eV) [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 W>"
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 3.48and 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 WOg octahedra in such sub-
stoichiometric materials [12, 24].

Nanowires show the indirect bandgap values of 2.16 and
2.62eV for W50, and W;3049, respectively. As these
materials show LSPR fingerprints and therefore free charge
carriers, their bandgap decreased with respect to WO;.

The calculated direct optical bandgap is 4.11eV
(302 nm) for the platelets and 4.05eV (306 nm) for the
nanotiles. These values are in good agreement with the
dominant PL peaks that are situated at 4.15eV and 4.11 eV
for the platelets and nanotiles, respectively. As discussed
previously, both recorded PL bands are in the UV region, in
the 3.9-4.2eV 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 WO5_,
nanostructures with different morphologies and/or stoi-
chiometries are presented. While the two quasi-2D mate-
rials show polycrystallinity, nanowires are of uniform
W50,4 and W,3O49 composition. Raman spectra reveal that
less oxidized W,03,_; stoichiometries have higher number
of W-0O 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 W,03,_; 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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ARTICLE INFO ABSTRACT

Keywords: Pyrophyllite, with the chemical formula Al,Si,O,,(OH),, is a naturally occurring and abundant van der Waals
Natural two dimensional materials mineral belonging to the group of phyllosilicates. It is very soft, layered crystal used for sculpting and an
Phy”"}fﬂlllcates excellent electrical and thermal insulator aimed for the operation at high pressure and temperature. Here, for
Pyrophyllite

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.

Nanofriction and wear
Insulating properties
Atomic force microscopy

1. Introduction After the discovery of graphene, the second generation of 2D ma-

terials, which includes hexagonal boron nitride, 2D transition metal

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].
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E-mail address: bvasic@ipb.ac.rs (B. Vasié).
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dichalcogenides (such as MoS,, WS,, MoSe,, WSe,, MoTe,) 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 MoS, and tungstenite WS,. 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: SiO, tetrahedra in green, AlO, 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 hk! 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 Al,Si,O;((OH),. Single layer of pyrophyllite consists of the
AlOg octahedral sheet sandwiched between two SiO, 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 SiO,/Si sub-
strate (with 300 nm thick SiO,). 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)).



B. Vasic et al.

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: SiO,/Si for AFM measurements (morphological characteri-
zation), Au-coated SiO, /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 0—0 geometry (the sample in the horizontal position) in parafocusing
Bragg-Brentano geometry using D/teX Ultra 250 strip detector in 1D
standard mode with CuKe,, radiation source (U = 40 kV and I =
30 mA). The XRPD pattern was collected in 2-90° 26 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 NSGO1 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 uN. 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.
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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 pN. 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 pN was applied on
segments which are to be scratched. The scratching velocity was around
0.2 pm/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 00/ (/ = 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 = 51402) A, b = 8.994) A, ¢ = 9.284) A, a = 91.888)°, f =
99.36(15)°, y = 89.16(15)°, V = 423(3) A3. 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~! and 3600 to
3750 cm~L. The first range describes the fundamental vibrations of all
phyllosilicates, whereas the second one displays the vibrations of the
H,0/0H 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™! as well as H,0/OH
peak at 3670 cm~!. Details and the full assignment of all modes could
be found elsewhere [47].
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Fig. 2. Raman spectrum of a bulk pyrophyllite for two spectral ranges: the fundamental vibrations of phyllosilicates (left) and the H,O/OH range (right).

pyrophyllite

pyrophyllite

height (nm)

(b)

pyrophyllite

10 15
distance (um)

20

Sio,

pyrophyllite

1.5

0.5 1
distance (um)

Fig. 3. (a), (c) Topographic images of pyrophillite flakes mechanically exfoliated on Si/SiO, 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
~15x 20 pm?. The root-mean-square roughness calculated on 5x 5 pm?
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 AlOg octahedral sheet sandwiched between two
SiO, tetrahedral layers. According to XRPD results, the thickness of
the neutral trilayer is 6.39 A, whereas the thickness of van der Waals

gap is 2.76 A [45], measuring from the center of oxygen ions (07).
Accordingly, the effective thickness of the trilayer is around 9.2 A,
measuring from the top to bottom oxygen surfaces since we have
to add two oxygen ion radii of 2.8 A. 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 A) 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/SiO,. (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 pm. 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 pm (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 SiO, 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 SiO,.
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 SiO, 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 p,,, = 0.12 is more than four times lower than the friction
coefficient of surrounding silicon-dioxide substrate (ug;o, = 0.5). At the
same time, u,, 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/SiO,. (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 - Al,Si;O,y(OH),, talc - Mg;Si,O;4(OH),)
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 SiO,
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 pN, 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 (MoS,,
and WS,) [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
pN [52,53], while in the case of pyrophyllite, it is much lower, around
1 pN. 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.
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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.

a(E). Namely, the well known Bourguer-Lambert-Beer (BLB) law gives
the absorption coefficient as ap; g(E) = (1/d)In(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 E,, we used the Tauc
method [61] and the standard fitting procedure of the linear part of
(a(E)E)* (Tauc plot), i.e. (a(E)E)* = const - (E — E,). The Tauc plot
displaying (a(E)E)? as a function of the energy of incident light E = hv
(h is the Planck constant, v 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).
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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 1/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 102 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 pm in
the case of the mechanical exfoliation, and 1 pm 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.

CRediT authorship contribution statement

Borislav Vasié: Conceptualization, Investigation, Methodology, For-
mal analysis, Visualization, Writing — original draft. Rado$ Gaji¢:
Conceptualization, Investigation, Formal analysis, Resources, Supervi-
sion, Funding acquisition, Writing — review & editing. Ivana MiloSevié:
Investigation, Visualization. Zarko Medi¢: Investigation, Visualiza-
tion. Marina Blagojev: Investigation, Visualization. Marko Opadci¢:
Investigation, Formal analysis, Visualization. Aleksandar Kremen-
ovié: Investigation, Formal analysis, Visualization, Writing — review &
editing. Dejan Lazié: Investigation, Formal analysis.

Declaration of competing interest

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

Data availability
Data will be made available on request.
Acknowledgments

We acknowledge funding provided by the Institute of Physics Bel-
grade, through the grant of the Ministry of Education, Science, and
Technological Development of the Republic of Serbia. A. K. acknowl-
edges funding provided by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (contract No.
451-03-68/2022-14/200126).

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.apsusc.2022.155114.

References

[1] K.S. Novoselov, AK. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos,
L.V. Grigorieva, A.A. Firsov, Electric field effect in atomically thin carbon films,
Science 306 (2004) 666-669.

[2] AXK. Geim, K.S. Novoselov, The rise of graphene, Nature Mater. 6 (2007)
183-191.

[3] T.F. Avouris, P. nad Heinz, T. Low, 2D Materials, Cambridge University Press,
2017.

[4] Y.M. Jhon, J.H. Lee, 2D Materials for Nanophotonics, Elsevier, 2021.

[5] M. Houssa, A. Dimoulas, A. Molle, 2D Materials for Nanoelectronics, CRC Press,
2016.

[6] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Single-layer MoS,
transistors, Nat. Nanotechnol. 6 (2011) 147-150.

[7] M. Xu, T. Liang, M. Shi, H. Chen, Graphene-like two-dimensional materials,
Chem. Rev. 113 (2013) 3766-3798.

[8] S.Z. Butler, S.M. Hollen, L. Cao, Y. Cui, J.A. Gupta, H.R. Gutiérrez, T.F. Heinz,
S.S. Hong, J. Huang, A.F. Ismach, E. Johnston-Halperin, M. Kuno, V.V. Plashnitsa,
R.D. Robinson, R.S. Ruoff, S. Salahuddin, J. Shan, L. Shi, M.G. Spencer, M.
Terrones, W. Windl, J.E. Goldberger, Progress, challenges, and opportunities in
two-dimensional materials beyond graphene, ACS Nano 7 (2013) 2898-2926.

[9] R. Ganatra, Q. Zhang, Few-layer MoS,: A promising layered semiconductor, ACS
Nano 8 (2014) 4074-4099.

[10] S. Manzeli, D. Ovchinnikov, D. Pasquier, O.V. Yazyev, A. Kis, 2D transition metal
dichalcogenides, Nat. Rev. Mater. 2 (2017) 17033.

[11] K. Zhang, Y. Feng, F. Wang, Z. Yang, J. Wang, Two dimensional hexagonal
boron nitride (2D-hBN): synthesis, properties and applications, J. Mater. Chem.
C 5 (2017) 11992-12022.

[12] S. Balendhran, S. Walia, H. Nili, S. Sriram, M. Bhaskaran, Elemental analogues
of graphene: Silicene, germanene, stanene, and phosphorene, Small 11 (2015)
640-652.

[13] M. Naguib, V.N. Mochalin, M.W. Barsoum, Y. Gogotsi, 25Th anniversary article:
MXenes: A new family of two-dimensional materials, Adv. Mater. 26 (7) (2014)
992-1005.

[14] S. Shaikhutdinov, H.-J. Freund, Ultrathin silica films on metals: The long and
winding road to understanding the atomic structure, Adv. Mater. 25 (2013)
49-67.

[15] R. Frisenda, Y. Niu, P. Gant, M. Muifoz, A. Castellanos-Gomez, Naturally
occurring van der waals materials, npj 2D Mater. Appl. 4 (2020) 38.

[16] T. Gould, S. Lebégue, T. Bjorkman, J.F. Dobson, 2D structures beyond graphene:
The brave new world of layered materials and how computers can help discover
them, in: F. Iacopi, J. Boeckl, C. Jagadish (Eds.), 2D Materials, Academic Press,
2016, pp. 1-33, Ch. 1.

[17] K. Momma, F. Izumi, VESTA3 for three-dimensional visualization of crystal,
volumetric and morphology data, J. Appl. Crystallogr. 44 (2011) 1272-1276.

[18] A.B. Alencar, A.P.M. Barboza, B.S. Archanjo, H. Chacham, B.R.A. Neves, Experi-
mental and theoretical investigations of monolayer and few-layer talc, 2D Mater.
2 (2015) 015004.

[19] A. Harvey, J.B. Boland, I. Godwin, A.G. Kelly, B.M. Szydlowska, G. Murtaza, A.
Thomas, D.J. Lewis, P. O’Brien, J.N. Coleman, Exploring the versatility of liquid
phase exfoliation: producing 2D nanosheets from talcum powder, cat litter and
beach sand, 2D Mater. 4 (2017) 025054.

[20] A.R. Cadore, E. Mania, A.B. Alencar, N.P. Rezende, S. de Oliveira, K. Watanabe,
T. Taniguchi, H. Chacham, L.C. Campos, R.G. Lacerda, Enhancing the response
of NH; graphene-sensors by using devices with different graphene-substrate
distances, Sensors Actuators B 266 (2018) 438-446.


https://doi.org/10.1016/j.apsusc.2022.155114
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb1
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb1
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb1
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb1
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb1
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb2
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb2
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb2
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb3
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb3
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb3
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb4
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb5
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb5
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb5
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb6
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb6
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb6
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb7
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb7
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb7
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb8
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb9
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb9
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb9
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb10
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb10
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb10
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb11
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb11
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb11
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb11
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb11
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb12
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb12
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb12
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb12
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb12
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb13
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb13
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb13
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb13
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb13
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb14
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb14
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb14
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb14
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb14
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb15
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb15
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb15
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb16
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb17
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb17
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb17
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb18
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb18
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb18
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb18
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb18
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb19
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb20

B. Vasic et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[331

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

B. Vasié, C. Czibula, M. Kratzer, B.R.A. Neves, A. Matkovié¢, C. Teichert, Two-
dimensional talc as a van der Waals material for solid lubrication at the
nanoscale, Nanotechnology 32 (2021) 265701.

D. Nutting, G.A. Prando, M. Severijnen, 1.D. Barcelos, S. Guo, P.C.M. Christianen,
U. Zeitler, Y. Galvdo Gobato, F. Withers, Electrical and optical properties
of transition metal dichalcogenides on talc dielectrics, Nanoscale 13 (2021)
15853-15858.

G.A. Prando, M.E. Severijnen, 1.D. Barcelos, U. Zeitler, P.C.M. Christianen, F.
Withers, Y. Galvao Gobato, Revealing excitonic complexes in monolayer WS, on
talc dielectric, Phys. Rev. Appl. 16 (2021) 064055.

A.C. Gadelha, T.L. Vasconcelos, L.G. Cancado, A. Jorio, Nano-optical imaging of
in-plane homojunctions in graphene and MoS, van der Waals heterostructures
on talc and SiO,, J. Phys. Chem. Lett. 12 (2021) 7625-7631.

A. Castellanos-Gomez, M. Wojtaszek, N. Tombros, N. Agrait, B.J. van Wees, G.
Rubio-Bollinger, Atomically thin mica flakes and their application as ultrathin
insulating substrates for graphene, Small 7 (2011) 2491-2497.

X. Ji, Y. Kang, J. Ouyang, Y. Chen, D. Artzi, X. Zeng, Y. Xiao, C. Feng, B. Qi,
N.Y. Kim, P.E. Saw, N. Kong, O.C. Farokhzad, W. Tao, 2D black mica nanosheets:
Synthesis of ultrathin biotite nanosheets as an intelligent theranostic platform for
combination cancer therapy, Adv. Sci. 6 (2019) 1970118.

Z. Huang, T. Lan, L. Dai, X. Zhao, Z. Wang, Z. Zhang, B. Li, J. Li, J. Liu, B. Ding,
AK. Geim, H.-M. Cheng, B. Liu, 2D functional minerals as sustainable materials
for magneto-optics, Adv. Mater. 34, 2110464.

R. de Oliveira, L.A.G. Guallichico, E. Policarpo, A.R. Cadore, R.O. Freitas,
F.M.C. da Silva, V. d. C. Teixeira, R.M. Paniago, H. Chacham, M.J.S. Matos,
A. Malachias, K. Krambrock, 1.D. Barcelos, High throughput investigation of an
emergent and naturally abundant 2D material: Clinochlore, Appl. Surf. Sci. 559
(2022) 153959.

A.R. Cadore, R. de Oliveira, R. Longuinhos, V. de C. Teixeira, D.A. Nagaoka,
V.T. Alvarenga, J. Ribeiro-Soares, K. Watanabe, T. Taniguchi, R.M. Paniago, A.
Malachias, K. Krambrock, 1.D. Barcelos, C.J.S. de Matos, Exploring the structural
and optoelectronic properties of natural insulating phlogopite in van der waals
heterostructures, 2D Mater. 9 (2022) 035007.

Y. Niu, J. Villalva, R. Frisenda, G. Sanchez-Santolino, L. Ruiz-Gonzdalez, E.M.
Pérez, M. Garcia-Hernandez, E. Burzuri, A. Castellanos-Gomez, Mechanical and
liquid phase exfoliation of cylindrite: a natural van der Waals superlattice with
intrinsic magnetic interactions, 2D Mater. 6 (2019) 035023.

A. Matkovié, L. Ludescher, O.E. Peil, A. Sharma, K.-P. Gradwohl, M. Kratzer, M.
Zimmermann, J. Genser, D. Knez, E. Fisslthaler, C. Gammer, A. Lugstein, R.J.
Bakker, L. Romaner, D.R.T. Zahn, F. Hofer, G. Salvan, J.G. Raith, C. Teichert,
Iron-rich talc as air-stable platform for magnetic two-dimensional materials, npj
2D Mater. Appl. 5 (2021) 94.

A.J. Molina-Mendoza, E. Giovanelli, W.S. Paz, M.A. Nifio, J.O. Island, C. Evangeli,
L. Aballe, M. Foerster, H.S.J. van der Zant, G. Rubio-Bollinger, N. Agrait, J.J.
Palacios, E.M. Pérez, A. Castellanos-Gomez, Franckeite as a naturally occurring
van der Waals heterostructure, Nature Commun. 8 (2017) 144009.

M. Velicky, P.S. Toth, A.M. Rakowski, A.P. Rooney, A. Kozikov, C.R. Woods,
A. Mishchenko, L. Fumagalli, J. Yin, V. Z6lyomi, T. Georgiou, S.J. Haigh, K.S.
Novoselov, R.A.W. Dryfe, Exfoliation of natural van der Waals heterostructures
to a single unit cell thickness, Nature Commun. 8 (2017) 14410.

K. Ray, A.E. Yore, T. Mou, S. Jha, K.K.H. Smithe, B. Wang, E. Pop, A.K.M. Newaz,
Photoresponse of natural van der Waals heterostructures, ACS Nano 11 (2017)
6024-6030.

M.A. Ali, HAM. Ahmed, H.M. Ahmed, M. Hefni, Pyrophyllite: An economic
mineral for different industrial applications, Appl. Sci. 11 (2021) 11357.

G.W. Timco, Z. Dvorak, H.H. Schloessin, Dielectric properties of pyrophyllite as
a function of water vapor pressure, J. Appl. Phys. 47 (1976) 2232-2233.

E. Izci, The investigation of dielectric properties of pyrophyllite, Key Eng. Mater.
264-268 (2004) 1361-1364.

E.W. Bucholz, X. Zhao, S.B. Sinnott, S.S. Perry, Friction and wear of pyrophyllite
on the atomic scale, Tribol. Lett. 46 (2012) 159-165.

E.L. Brightbill, Design Rules for Discovering 2D Materials from 3D Crystals,
University of North Carolina at Chapel Hill, 2016.

M. Shamim, T.K. Mukhopadhyay, K. Dana, Kinetic pathway for thermal
exfoliation of pyrophyllite, Appl. Clay Sci. 114 (2015) 40-47.

K.S. Novoselov, D. Jiang, F. Schedin, T.J. Booth, V.V. Khotkevich, S.V. Morozov,
AK. Geim, Two-dimensional atomic crystals, Proc. Natl. Acad. Sci. USA 102
(2005) 10451-10453.

A. Matkovié, I. Milosevié¢, M. Mili¢evié¢, T. TomasSevi¢-1li¢, J. Pesi¢, M. Musi¢,
M. Spasenovi¢, D. Jovanovié, B. Vasi¢, C. Deeks, R. Panajotovi¢, M.R. Beli¢, R.
Gaji¢, Enhanced sheet conductivity of Langmuir-Blodgett assembled graphene
thin films by chemical doping, 2D Mater. 3 (2016) 015002.

L.R. Milosevi¢, B. Vasié, A. Matkovi¢, J. Vujin, S. Askrabié, M. Kratzer, T. Griesser,
C. Teichert, R. Gaji¢, Single-step fabrication and work function engineering of
Langmuir-Blodgett assembled few-layer graphene films with Li and Au salts, Sci.
Rep. 10 (2020) 8476.

M. Varenberg, 1. Etsion, G. Halperin, An improved wedge calibration method for
lateral force in atomic force microscopy, Rev. Sci. Instrum. 74 (2003) 3362-3367.
J.H. Lee, S. Guggenheim, Single crystal X-ray refinement of pyrophyllite-1Tc,
Am. Mineral. 66 (1981) 350-357.

11

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Applied Surface Science 608 (2023) 155114

R. Wardle, G.W. Brindley, The crystal structures of pyrophyllite, 1Te, and of its
dehydroxylate, Am. Mineral. 57 (1972) 732-750.

A. Wang, J.J. Freeman, B.L. Jolliff, Understanding the Raman spectral features
of phyllosilicates, J. Raman Spectrosc. 46 (2015) 829-845.

J. Kloprogge, Chapter 6 - Raman spectroscopy of clay minerals, in: W.P.
Gates, J.T. Kloprogge, J. Madejova, F. Bergaya (Eds.), Infrared and Raman
Spectroscopies of Clay Minerals, in: Developments in Clay Science, vol. 8, 2017,
pp. 150-199.

B. Lafuente, R.T. Downs, H. Yang, N. Stone, 1. The power of databases: The
RRUFF project, 2015, pp. 1-30.

P. Nemes-Incze, Z. Osvath, K. Kamarés, L.P. Bir6, Anomalies in thickness
measurements of graphene and few layer graphite crystals by tapping mode
atomic force microscopy, Carbon 46 (2008) 1435-1442.

K.-S. Kim, H.-J. Lee, C. Lee, S.-K. Lee, H. Jang, J.-H. Ahn, et al., Chemical vapor
deposition-grown graphene: The thinnest solid lubricant, ACS Nano 5 (2011)
5107-5114.

B. Vasi¢, A. Matkovié, U. Ralevi¢, M. Beli¢, R. Gaji¢, Nanoscale wear of graphene
and wear protection by graphene, Carbon 120 (2017) 137-144.

A. Ozogul, E. Gnecco, M.Z. Baykara, Nanolithography-induced exfoliation of
layered materials, Appl. Surf. Sci. Adv. 6 (2021) 100146.

Y.-T. Fu, G.D. Zartman, M. Yoonessi, L.F. Drummy, H. Heinz, Bending of layered
silicates on the nanometer scale: Mechanism, stored energy, and curvature limits,
J. Phys. Chem. C 115 (2011) 22292-22300.

X. Qin, J. Zhao, J. Wang, M. He, Atomic structure, electronic and mechanical
properties of pyrophyllite under pressure: A first-principles study, Minerals 10
(2020) 778.

A. Castellanos-Gomez, M. Poot, A. Amor-Amords, G.A. Steele, H.S.J. van der
Zant, N. Agrait, G. Rubio-Bollinger, Mechanical properties of freely suspended
atomically thin dielectric layers of mica, Nano Res. 5 (2012) 550-557.

G.D. Zartman, H. Liu, B. Akdim, R. Pachter, H. Heinz, Nanoscale tensile, shear,
and failure properties of layered silicates as a function of cation density and
stress, J. Phys. Chem. C 114 (2010) 1763-1772.

B. Vasié¢, A. Matkovié, R. Gajié, I. Stankovi¢, Wear properties of graphene edges
probed by atomic force microscopy based lateral manipulation, Carbon 107
(2016) 723-732.

R. Buzio, A. Gerbi, S. Uttiya, C. Bernini, A.E. Del Rio Castillo, F. Palazon, A.S.
Siri, V. Pellegrini, L. Pellegrino, F. Bonaccorso, Ultralow friction of ink-jet printed
graphene flakes, Nanoscale 9 (2017) 7612-7624.

M. Fox, Optical Properties of Solids, Oxford University Press, 2010.

P. Makuta, M. Pacia, W. Macyk, How to correctly determine the band gap
energy of modified semiconductor photocatalysts based on UV-Vis spectra, J.
Phys. Chem. Lett. 9 (2018) 6814-6817.

G. Cassabois, P. Valvin, B. Gil, Hexagonal boron nitride is an indirect bandgap
semiconductor, Nat. Photonics 10 (2016) 262-266.

G.-H. Lee, Y.-J. Yu, C. Lee, C. Dean, K.L. Shepard, P. Kim, J. Hone, Electron
tunneling through atomically flat and ultrathin hexagonal boron nitride, Appl.
Phys. Lett. 99 (2011) 243114.

L. Britnell, R.V. Gorbachev, R. Jalil, B.D. Belle, F. Schedin, M.I. Katsnelson, L.
Eaves, S.V. Morozov, A.S. Mayorov, N.M.R. Peres, A.H. Castro Neto, J. Leist, A.K.
Geim, L.A. Ponomarenko, K.S. Novoselov, Electron tunneling through ultrathin
boron nitride crystalline barriers, Nano Lett. 12 (2012) 1707-1710.

Y. Hattori, T. Taniguchi, K. Watanabe, K. Nagashio, Layer-by-layer dielectric
breakdown of hexagonal boron nitride, ACS Nano 9 (2015) 916-921.

Y.Y. Illarionov, T. Knobloch, M. Jech, M. Lanza, D. Akinwande, M.I. Vexler,
T. Mueller, M.C. Lemme, G. Fiori, F. Schwierz, T. Grasser, Insulators for 2D
nanoelectronics: the gap to bridge, Nature Commun. 11 (2020) 3385.

KXK. Kim, H.S. Lee, Y.H. Lee, Synthesis of hexagonal boron nitride het-
erostructures for 2D van der Waals electronics, Chem. Soc. Rev. 47 (2018)
6342-6369.

F. Giannazzo, G. Fisichella, G. Greco, P. Fiorenza, F. Roccaforte, Conductive
atomic force microscopy of two-dimensional electron systems: From AlGaN/GaN
heterostructures to graphene and MoS,, in: M. Lanza (Ed.), Conductive Atomic
Force Microscopy: Applications in Nanomaterials, WILEY-VCH Verlag, Weinheim,
Germany, 2017, pp. 163-186, Ch. 7.

F. Giannazzo, G. Greco, F. Roccaforte, C. Mahata, M. Lanza, Conductive AFM of
2D materials and heterostructures for nanoelectronics, in: U. Celano (Ed.), Elec-
trical Atomic Force Microscopy for Nanoelectronics, Springer, Berlin, Germany,
2019, pp. 303-350, Ch. 10.

C.-Y. Zhu, J.-K. Qin, P.-Y. Huang, H.-L. Sun, N.-F. Sun, Y.-L. Shi, L. Zhen, C.-Y.
Xu, 2D indium phosphorus sulfide (In,P;Sy): An emerging van der Waals high-
k dielectrics, Small 18 (2022) 2104401.

Y. Ji, C. Pan, M. Zhang, S. Long, X. Lian, F. Miao, F. Hui, Y. Shi, L. Larcher,
E. Wu, M. Lanza, Boron nitride as two dimensional dielectric: Reliability and
dielectric breakdown, Appl. Phys. Lett. 108 (2016) 012905.

A. Ranjan, N. Raghavan, M. Holwill, K. Watanabe, T. Taniguchi, K.S. Novoselov,
K.L. Pey, S.J. O’Shea, Dielectric breakdown in single-crystal hexagonal boron
nitride, ACS Appl. Electron. Mater. 3 (2021) 3547-3554.

J.L. Rosenholtz, D.T. Smith, The dielectric constant of mineral powders, Am.
Mineral. 21 (1936) 115-120.


http://refhub.elsevier.com/S0169-4332(22)02642-3/sb21
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb21
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb21
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb21
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb21
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb22
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb23
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb23
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb23
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb23
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb23
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb24
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb24
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb24
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb24
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb24
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb25
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb25
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb25
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb25
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb25
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb26
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb28
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb29
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb30
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb31
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb32
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb33
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb34
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb34
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb34
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb34
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb34
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb35
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb35
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb35
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb36
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb36
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb36
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb37
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb37
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb37
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb38
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb38
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb38
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb39
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb39
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb39
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb40
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb40
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb40
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb41
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb41
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb41
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb41
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb41
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb42
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb43
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb44
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb44
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb44
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb45
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb45
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb45
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb46
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb46
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb46
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb47
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb47
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb47
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb48
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb49
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb49
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb49
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb50
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb50
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb50
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb50
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb50
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb51
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb51
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb51
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb51
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb51
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb52
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb52
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb52
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb53
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb53
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb53
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb54
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb54
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb54
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb54
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb54
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb55
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb55
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb55
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb55
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb55
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb56
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb56
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb56
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb56
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb56
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb57
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb57
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb57
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb57
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb57
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb58
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb58
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb58
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb58
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb58
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb59
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb59
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb59
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb59
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb59
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb60
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb61
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb61
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb61
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb61
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb61
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb62
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb62
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb62
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb63
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb63
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb63
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb63
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb63
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb64
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb65
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb65
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb65
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb66
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb66
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb66
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb66
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb66
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb67
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb67
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb67
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb67
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb67
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb68
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb69
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb70
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb70
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb70
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb70
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb70
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb71
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb71
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb71
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb71
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb71
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb72
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb72
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb72
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb72
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb72
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb73
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb73
http://refhub.elsevier.com/S0169-4332(22)02642-3/sb73

PHYSICAL REVIEW B 107, 165151 (2023)

Editors’ Suggestion

Optical conductivity and vibrational spectra of the narrow-gap semiconductor FeGa;

C. Martin®,' V. A. Martinez,> M. Opaci¢ ®,® S. Djurdjié-Mijin®,? P. Mitri¢ ®,*> A. Umiéevi¢ ©,* A. Poudel ®,' 1. Sydoryk ®,!
Weijun Ren®,>® R. M. Martin®,” D. B. Tanner®,” N. Lazarevi¢ ®,* C. Petrovic®,’ and D. Tanaskovi¢ ®°
1School of Theoretical and Applied Sciences, Ramapo College of New Jersey, Mahwah, New Jersey 07430, USA
2Department of Physics, University of Florida, Gainesville, Florida 32611, USA
3 Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
*Vinca Institute of Nuclear Sciences, National Institute of the Republic of Serbia, University of Belgrade,
P.O. Box 522, 11001 Belgrade, Serbia
3>Condensed Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, New York 11973, USA

$Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, China

7Deparzment of Physics and Astronomy, Montclair State University, Montclair, New Jersey 07043, USA

® (Received 24 February 2023; accepted 10 April 2023; published 26 April 2023; corrected 5 May 2023)

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 FeGaj; single crystal. The
optical conductivity indicates that FeGa; 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 Mossbauer 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,
FeSb,, and FeGaj, share some common features, but also
show important differences. FeSi and FeSb, behave as insu-
lators only at temperatures 7* < 100 K which corresponds
to the energy much smaller than the band gap E, ~ 50 meV
[2—4]. A buildup of the in-gap spectral weight at temperatures
kpT* <« E,, 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 FeSb, remains a subject of various studies and controversy
[19-21].

2469-9950/2023/107(16)/165151(7)
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FeGasz has a significantly larger band gap, E, ~ 0.4 eV
[22,23], than FeSi and FeSb, 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 pq4. has a power law temperature dependence
consistent with the variable-range hopping transport driven
by the localized in-gap states. In the interval 20 < 7 < 45K
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 pq., 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 E, ~ 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

©2023 American Physical Society
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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 FeGas 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 FeGas 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~!. 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 Mossbauer 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. IIl and IV contains our
conclusions.

II. METHODS

Single crystals of FeGas were grown as described previ-
ously [22]. For infrared measurements a small crystal was
polished until a smooth surface of about 3 mm? area was
obtained, then mounted on a helium-flow optical cryostat.
The temperature dependence of reflectance was measured
between 30 and 24 000 cm™', using a combination of
two Fourier-transform infrared spectrometers: a Bruker 113v
for far infrared (30-600 cm~') and a Bruker Vertex 70,
with extended spectral range, from midinfrared to visible
(10024 000 cm™!). Reflectance in visible and ultraviolet
(12 000-50 000 cm~!) 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~', 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™!,
while 2 cm ™! 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 3’Fe-Mossbauer spectrum of the FeGas 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 >’Co(Rh) source. The
Doppler velocity scale was calibrated by using the Mossbauer
spectrum of metallic «-Fe. The spectra were fitted by the
RECOIL program [27]. The center shift value (CS) is quoted
relative to the a-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 8x8x 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 12x12x 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 Mdssbauer spectra.

A. DFT band structure

The semiconductor FeGajz belongs to the P4, /mnm space
group and it has a tetragonal P-type lattice with lattice pa-
rameters a=6.2628(3) A and ¢=6.5546(5) A [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 1. Nonequivalent atomic positions from the DFT
calculation.

Atom P4n2 X y z
Fe 4f 0.34367 0.34367 0
Gal 4c 0 0.5 0
Ga2 8J 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-I'-X-M-T" in the
Brillouin zone. Our results are very similar to previous work
[23,32], showing that FeGaj 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(w) 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(w) 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 o (w). It
corresponds to the imaginary part of the dielectric function,
o1(w) = wey(w)/4m, describing the absorption of electro-
magnetic radiation [33,34]. Figure 2(b) shows o} (w) obtained
from the Kramers-Kronig transformation of R(w). As this
transformation involves integration of R(w) from zero to in-
finity, we used extrapolation of our measurements. At high
frequency (w — 00), 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
® < 30cm™! we set R(w) =R (30cm™"), but we checked
that o) (w) is not sensitive to the precise form of R(w) in the

Energy (eV)

25
DOS

FIG. 1. DFT band structure of FeGa; and density of states in
units states/(eV f.u.).
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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 @ — 0. The same result is obtained using the Hagen-
Rubens formula, R(w) =1 — A/w, 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. oy(w)
rapidly decreases for frequencies fiw < 0.9eV (7000cm™").
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 fiw = E, ~ 0.4 eV
the spectral weight is significantly reduced, yet it remains
substantial also at fiw < E,. 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 FeGajs in the independent-
particle approach poorly compares with our experiments [24].
On the other hand, our optical spectra for fiw 2 0.5 eV are

165151-3



C. MARTIN et al.

PHYSICAL REVIEW B 107, 165151 (2023)

3500 T | T | T I‘ ; | ‘I !
o — 300K
'c 200
3000 — S i
G 100}
__ 2500 S 3
— 0 L 1 L ! 1
' 0 200 400
€ 2000

0 I | I | I | I | ! |
0 1‘ 1 2 3 4 5

E, hw (eV)

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 E, has origins
in the impurity states can be obtained from analysis of the
temperature dependence of oj(w). At finite temperatures, in
a standard band gap semiconductor a small spectral weight
would appear just below E, 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 FeSb, 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 7 = 300K is reduced both below and
above E, [see Figs. 2(b) and 3]. The reduction of the spectral
weight below E; 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 E, 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
dp/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~!, 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™")
E? 69.00 76.08
Al 113.50 107.61
E> 117.50 116.18
El‘f'(’ 149.85 161.78
A2 1622 162.28
E$ 166.99 168.69
ES10 199.50 201.71
EN 231.50 229.45
E 275.00 281.2
A 287.30 296.61
E516 332.50 329.0

brational modes with very close frequencies. The space group
P4, /mnm has the corresponding point group Dgj(4/mmm).
Thus, all the normal modes are classified according to ir-
reducible representations of Dy, (4/mmm). The factor group
analysis predicts 12 Raman and 11 infrared-active modes,
along with ten silent and two acoustic modes:

IRaman = 3A1g + 4Eg + 2By + 3By,
I'r = 3A3, + 8E,,
Dgilent = 2424 + 2A2, + 4By, + 2By,
Lacoustic = Aoy + Ei. (D

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 FeGaj [see Eq. (1)].
Wyckoff positions of the atoms, their contributions to the
I'-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

165151-4



OPTICAL CONDUCTIVITY AND VIBRATIONAL SPECTRA ...

PHYSICAL REVIEW B 107, 165151 (2023)

TABLE III. Contributions of each atom to the I"-point phonons
for the P4,/mnm space group and the corresponding tensors for
Raman active modes.

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

Irred. rep. Expt. (cm™") Calc. (cm™")
Space group P4, /mnm E;’z 2681
Atoms Irreducible representations B! . 127.99 125.52
Fe (4f) Ajg +Asg + Ay + By, E}* 138.96 139.06
+Bi, + By + Eg + 2F, Al, 146.58 145.89
G 5 YR S 16167 to151
/ 2B 2B B aE, B 179.01 165.09
a 00 c 0 0 0 d 0 A, 180.12
Ap=[0 a o] B,=[0 - 0 By=[d 0 0 ng 238.27 239.62
00 b 0 0 0 000 E]® 264.40 258.94
c 00 0 0 —e Bi, 269.28 262.96
'E,=10 0 e] %E,=| 0 0 0 ng 321.43 318.53
0 e 0 e 0 0 A3 331.80 32241

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

Raman spectra of FeGaj single crystals, measured from
the (011) plane of the sample, at temperature 7 = 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™! were assigned as A, and peaks at 127.99 and
269.98 cm~!' were assigned as Big. The phonon lines at
138.96, 179.01, and 264.40 cm ™' are assigned as E,, whereas
modes at 161.67, 238.27, and 321.43 c¢cm™! correspond to
the B,, symmetry modes. The full list of measured phonon

T=100 K Al FeGa, Polarization angl(()eO
E5,6
g
B] i 180°
g2 =l gt
| o W
) vy
gﬂ,mw L.J‘u ‘
= el !
x - i M
| M I
- 1 M
S=s=a
il -
- A
=i
wg 1 1 1 1 1
100 150 200 250, 300 350

Raman shift (cm™)

FIG. 4. Polarization-dependent Raman spectra of FeGaj single
crystals. Measurements were performed with measuring step of 10°
at temperature 7 = 100 K.

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™', and weakly temperature de-
pendent. This indicates a good crystallinity of the sample and
absence of a metal-insulator transition or magnetic ordering.

Relative transmission

TTTT T T T TTT
8 4 0 4 8
Velocity (mm/s)

Relative transmission

-1.5 -10 -05 0 0.5

Velocity (mm/s)

1.0 15 20

FIG. 5. Room temperature >’ Fe-Mossbauer spectra of the FeGas
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 FeGa;
sample recorded within the high-velocity range. The orange line is
just a guide for the eye.
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D. Maéssbauer spectra

The 3"Fe-Mdssbauer spectroscopy was used to investigate
quality and ordering of the prepared sample and to check
for the presence of Fe-based impurity phases. The >’Fe-
Mossbauer spectra of the FeGas 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 FeGas spectrum recorded in the low-velocity
range was fitted with one Lorentzian-shaped doublet using
the RECOIL program [27]. The obtained Mossbauer parameters
for the measured doublet are center shift CS = 0.28 mm/s,
quadrupole splitting A = 0.31 mm/s, and FWHM of the
Lorentzian lines is 0.22 mm/s. The obtained results closely
match the hyperfine parameters for FeGas 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
Mossbauer spectroscopy measurements of a narrow-gap
semiconductor FeGas, along with DFT band structure and
vibrational frequencies calculation. We find that the optical
conductivity decreases for frequencies below fiw ~ 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
E, ~ 0.4 eV. At room temperature the spectral weight below
E, 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 Mossbauer 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 FeGaj are
not strong, in line with previous studies.
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The vibrational properties of 2H-TaSe,_,S, (0 < x < 2) single crystals were probed using Raman
spectroscopy and density functional theory calculations. The end members revealed two out of four symmetry-
predicted Raman active modes, together with the pronounced two-phonon structure, attributable to the enhanced

electron-phonon coupling. Additional peaks become observable due to crystallographic disorder for the doped
samples. The evolution of the Ezzg mode Fano parameter reveals that the disorder has a weak impact on
electron-phonon coupling, which is also supported by the persistence of two-phonon structure in doped samples.
As such, this research provides thorough insights into the lattice properties, the effects of crystallographic

disorder on Raman spectra, and the interplay of this disorder with the electron-phonon coupling in 2H-TaSe,_,S,

compounds.

DOI: 10.1103/PhysRevMaterials.8.024004

I. INTRODUCTION

Transition metal dichalcogenides, a well studied family of
quasi-2D materials, have attracted considerable attention in
the recent years due to their rich phase diagrams, thickness-
dependent transport, unique optical properties and collective
electron phenomena (e.g., charge density waves and super-
conductivity) [1-5]. Since the experimental confirmation of
the coexistence of superconductivity (SC) and charge den-
sity waves (CDW) transition metal dichalcogenides have
established themselves as the ideal candidates for their inves-
tigation, given that these phenomena arise at experimentally
accessible temperatures in them [6-8].

Previous experimental research has shown that at room
temperature both 2H-TaS, and 2H-TaSe; crystallize into the
hexagonal structure, described by the space group P63/mmc
(Dgn) [9,10]. The opulent phase diagram of 2H-TaSe; in-
cludes numerous charge density wave (CDW) phases at high
temperatures—the incommensurate CDW (ICCDW) phase
at Tic = 122 K, the single commensurate CDW (SCCDW)
phase in the temperature range from 7}5c = 112 K to Tjoc =
90 K, and the triply commensurate (TCCDW) phase at T3¢ =
90 K [9-12]. As for 2H-TaS,, transition from the normal
(metallic) to the ICDW phase occurs at Tepw = 78 K [13].
These materials exhibit unusually large Raman two-phonon
scattering cross section, often correlated with the existence of
CDW phase [10,13-15]. Two-phonon feature in 2H-TaS, was

2475-9953/2024/8(2)/024004(8)
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attributed to second-order scattering of acoustic and quasi-
acoustic modes near the gcpw = 2I'M [16].

The latest experimental results indicate that the substitution
of Se atoms with S atoms leads to a weak double dome
evolution of the superconducting critical temperature Tyc.
The Tysc dependence coincides with the evolution of crys-
tallographic disorder, suggesting that the crystalline disorder
favors superconductivity while suppressing the CDW phase
[17]. Similarly, other types of disorder generated by etching
nanopores in monolayer TaS, sheets [18], or by spontaneous
filling of vacant sulfur sites by oxygen in few-layer 2H-TaS,
samples [19] enhance superconductivity in this system. In
addition, first-principles calculations have revealed that the
electron-phonon coupling within TaS, sheets is drastically
boosted (by oxygenation up to 80%) [19], providing addi-
tional pathway to enhance superconductivity by doping, while
suppressing the CDW state.

In this work, we present a Raman spectroscopy study
of 2H-TaSe;_, S, (0 < x < 2) alloys. Obtained experimental
results were found to be in good agreement with the den-
sity functional theory (DFT) calculations. The experimental
Raman spectra of the end compounds host two out of the
four symmetry-predicted Raman active modes. Additionally,
a low-intensity overtone peak O; obeying pure A, selection
rules can be observed only in the spectra of 2H-TaS,. The
origin of the two-phonon structure is attributed to enhanced
electron-phonon coupling within phonon branches around the

©2024 American Physical Society
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M and L points. In the spectra of doped samples additional
peak and a dynamic evolution of the two-phonon structure
are observed due to crystallographic disorder. Our analysis
of the inverse Fano parameter 1/|g| of E22g mode indicates a
weak impact of crystallographic disorder on electron-phonon
coupling.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The preparation of the single crystal 2H-TaSe,_,S, alloys
used in this study is described elsewhere [17]. The Raman
experiment was performed using a Tri Vista 557 spectrom-
eter with a 1800/1800/2400 grooves/mm diffraction grating
combination in a backscattering configuration. As an exci-
tation source, the 514 nm line of a Coherent Ar™ /Kr* ion
laser was used. The direction of the incident (scattered) light
coincides with the crystallographic ¢ axis. Laser beam fo-
cusing was achieved through a microscope objective with
50x magnification. During the measurements the samples
were placed inside of a KONTI CryoVac continuous helium
flow cryostat with 0.5-mm-thick window. All samples were
cleaved in the air before being placed into the cryostat. The
obtained Raman spectra were corrected by the Bose factor
and presented with linear scale. The spectrometer resolu-
tion is comparable to the Gaussian width of 1 cm~!. Next,
we have performed density functional theory (DFT) calcula-
tions as implemented in the ABINIT package [20]. We have
used the Perdew-Burke-Ernzerhof (PBE) functional, an en-
ergy cutoff of 50 Ha for the plane wave basis, and included
spin-orbit coupling by means of fully relativistic Goedecker
pseudopotentials [21,22], where Ta-5d4°6s2, S-353p*, and Se-
4s%4p* states are treated as valence electrons. The crystal
structure was relaxed so that forces on each atom were be-
low 0.05 meV/A and the total stress on the unit cell below
0.1 bar. This relaxation yields lattice parameters a = 3.39 A,
¢ = 14.00 A for TaS; and @ = 3.51 A, ¢ = 14.37 A for TaSe,.
Subsequently, the phonons and the electron-phonon coupling
(EPC) were obtained from density functional perturbation
theory (DFPT) calculations, also within ABINIT [23]. Here,
we have used a 16 x 16x6 k-point grid for the electron wave
vectors and an 8 x8x3 q-point grid for the phonon wave vec-
tors. For the electronic occupation, we employed Fermi-Dirac
smearing with broadening factor orp = 0.01 Ha (sufficiently
high to exclude unstable phonon modes related to the low-
temperature CDW phases).

The phonon-wave-vector (q)- and mode(v)-resolved
electron-phonon coupling, plotted in Fig. 2, was evaluated as

2
NFCL)qU

2
)"qv Z |g£n,k+qm| 8(5kn —E&F )8(8k+qm - EF)s

Kk,n,m

where Np is the electronic density of states at the Fermi
level (¢r), wqy are the phonon frequencies, gy, . qn the
electron-phonon coupling matrix elements obtained from
DFPT calculations, with n and m electronic band indices, and
€kn (Ek+qm) the electronic eigenvalue for band n (m) and elec-
tronic wave vector k (k+q) obtained from DFT calculations.

structure of

FIG. 1. Schematic
2H-TaSe, (2H-TaS,) in various orientations.

representation of crystal

III. RESULTS AND DISCUSSION

A. 2H-TaSe; and 2H-TaS,

All single crystal alloys of 2H-TaSe,;_,S, (0 <x<2)
crystallize into P63/mmc crystal structure (Fig. 1) [9,10].
Wyckoff positions of atoms and their contributions to the
I'-point phonons together with corresponding Raman tensors
for the two end compounds are listed in Table I. In total, the
symmetry analysis predicts four Raman-active modes (A, +
Eig + 2E,,) for the two end compounds of 2H-TaSe,_,S,.
According to the Raman tensors presented in Table I, Ay,
modes can be observed only in parallel polarization configura-
tion, whereas E>, modes can be observed in spectra measured
both in parallel and crossed polarization configurations. For
our backscattering configuration, where laser beam is focused
along the ¢ axis onto the ab plane, the E;; mode is unobserv-
able.

Raman spectra of the two end compounds 2H-TaSe, and
2H-TaS; measured at 7 = 150 K are presented in Figs. 2(a)
and 2(c), respectively. This particular temperature has been
chosen because it is significantly higher than the critical
temperature of the CDW phase transitions. The Raman

TABLE I. Wyckoff positions of atoms and their contributions to
the I'-point Raman active phonons for the P6;/mmc space group of
2H-TaSe, (and 2H-TaS,) together with the corresponding Raman
tensors.

Space group: P63 /mmc (194)

Atoms Irreducible representations
Ta (2b) Ey,
Se/S (4f) A13+E|g+E2g

Raman tensors

024004-2
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FIG. 2. [(a) and (c)] Raman response of 2H-TaSe, and 2H-TaS, for parallel polarization configuration at 7 = 150 K. The blue solid line
represents the cumulative fit consisting of electronic continuum (dashed line) and phonon modes. The electronic continuum was modeled using
simplified approach as described in [24], utilizing the following function: R; (w, T) = a(T) tanh % + b(T) % Here a(T), b(T'), and ¢(T)
are temperature dependent parameters determined for each sample. Phonon modes were fitted using Fano line profile. Parts of spectra not
covered by cumulative fit were identified to originate from two-phonon scattering. The contributions of the Ta (orange) and Se/S atoms (blue)
to the calculated PDOS are shown as insets. First Brillouin zone with indicated points and lines of high symmetry is also shown in the inset
of (a). [(b) and (d)] The calculated phonon dispersion of corresponding pure samples in the normal phase, with the value of electron-phonon

coupling constant (A) indicated through the color scale.

spectra of the pristine samples exhibit two prominent peaks, calculations and are not in the focus of this study. The phonon
assigned as A, and E22g symmetry modes, accompanied dispersions, obtained from the DFPT calculations, are shown
by a broad structure and an additional peak in the case in Figs. 2(b) and 2(d), together with the calculated values of
of 2H-TaS,. For clarity, Raman-active modes observed in  the EPC constant A. These indicate the presence of nonzero
2H-TaS, spectra are marked with asterisk. Theoretically EPC in E22 scattering channel, giving rise to asymmetric line
predicted modes are first analyzed, after which we address profiles. On the other hand in the A, channel no EPC was

the origin and nature of additional peak and broad structure. found, thus they should have symmetric profiles, as we have
The Raman responses of both samples were analyzed with a  observed.
cumulative fit to include electronic continuum and discrete In addition to the observed Raman-active modes, the spec-

single-phonon excitations. The Breit-Wigner-Fano profile  tra of 2H-TaS, in the parallel polarization configuration host
was used to model single-phonon excitations, due to visible  the O, peak, with energy at about ~490cm~"'. This peak
asymmetry of the Ej, modes. For simplicity, the Aj, modes  cannot be explained in terms of the first-order Raman scat-
were fitted with constant Fano parameter |g| = 50, as they are  tering as its energy is well beyond the phonon energy range
highly symmetric. The phonon energies obtained in this way, [see Fig. 2(d)]. Despite this, we have included this peak in
alongside the calculated ones are listed in Table II. The lower the cumulative fit in order to track its energy. Previously
frequency Ezlg modes are related to shear (§) movements of reported large two-phonon scattering cross section in this ma-

the layers, with frequencies of ~5 cm™! for both compounds, terial [10,13-16] indicates a second-order Raman scattering,
whereas B , modes represent the layer breathing (LB) and are which might occur due to defect and/or enhanced EPC. The
expected at frequencies ~10 cm '\ absence of additional first-order peaks at energies with the

As can be seen in Table II, the discrepancy in experimen-  highest phonon density of states (PDOS) values contradicts

tal and theoretical phonon energy is less than 10% for all ~ the expectations for defect-induced peaks [25]. Considering
observed modes. The Ezlg modes were not observed in the that one Qf the PDOS maxima (~250cm™") is located near
investigated energy region in accordance to our numerical  the energies that correspond to the half energy of O, peak
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TABLE II. Phonon symmetries and phonon energies (in units
of cm™!) at I' and their degeneracies for the P6;/mmc structure of
2H-TaS, and 2H-TaSe,. The experimental values were determined
at 300 K with experimental uncertainty of 0.3 cm~!. The DFPT cal-
culations were performed at zero temperature. In case of the lowest
two modes, “S” stands for shear and “LB” for layer breathing.

2H-Ta$S, 2H-TaSe,
Symm. Deg. Calc. Exp. Calc. Exp.
Ezlg, S) 2 49 55
B{g (LB) 1 10.4 10.7
Ex, 2 208.0 1254
E, 2 208.1 125.4
Ezzg 2 271.3 288.8 189.1 207.7
E\, 2 271.3 189.2
Ay 1 341.6 241.8
B%g 1 348.0 245.1
B, 1 368.0 216.9
Aj, 1 368.5 402.9 217.7 234.7

[Fig. 2(c)], we believe that this peak is an overtone in na-
ture and is observable due to enhanced EPC. To determine
the validity of this assumption, the phonon dispersion curves
and electron-phonon coupling constant A [Fig. 2(d)] were
further examined. If the O; peak is, indeed, observable due
to electron-phonon coupling, we would expect that optical
phonon branches around energies wp, /2 express high values
of A. As it is indicated in Fig. 2(d), several optical branches
along the lines of high symmetry, at energies just below 250
cm™!, meet this condition thus supporting our assumption.

The broad structures in the spectra of 2H-TaSe, and
2H-TaS,, with energies at about ~130 and ~160 cm~ !, re-
spectively, are centered in the gap of the theoretical PDOS,
thus not a result of the first-order Raman scattering. Con-
sidering previous discussion on the origin of the O; peak in
2H-TaS, spectra and applying similar analysis, these struc-
tures can likewise be explained as a two-phonon processes,
predominantly overtones in nature but also with combinations
contribution (as can be deduced from Fig. 5), also originating
from the enhanced electron-phonon coupling. As shown in
Fig. 2, peaks in PDOS values can be found in the @yphon/2
energy ranges. By examining the phonon dispersion curves
of 2H-TaS, and 2H-TaSe, (Fig. 2), several phonon branches
with enhanced EPC are in the appropriate energy range for the
two-phonon process. In the case of 2H-TaS,, these branches
fall within the energy range of 100-150 cm™', while for
2H-TaSe,, they lie in the range of 50-100 cm™!. It was re-
ported in a previous study [16] that the origin of two-phonon
structure in 2H-TaS; is in the vicinity of the CDW wave vector
qcow = %FM, where strong EPC exists. We argue that the
origin of large scattering cross section for the two-phonon
process is enhanced EPC in a much larger phase space that
is required to reproduce the high Raman cross-section of the
observed structures.

The phonon branches along (and in the vicinity) the lines
of high symmetry: I'-M, A-L, and L-M (illustrated in Fig. 2),
demonstrate the highest values of the electron-phonon cou-
pling constant, and we believe that these regions of phase

X=2 2H-TaSe,_S, T=150 K
x=1.65 g |l e
x=1.5

Ry" (arb. units)

100 200 300 400 500 600
Raman Shift (cm™)

FIG. 3. Raman spectra of 2H-TaSe,_,S, measured at 150 K in
parallel polarization configuration. Additionally to the A, A7, Ezzg,
and Ezzg‘ modes, one peak assigned as P; and PDOS projection onto
two-phonon structure arise in the spectra of doped materials. With
dashed lines are marked places of PDOS maxima in both pure sam-

ples. Spectra contain offset in y direction for clarity.

space contribute to the two-phonon process. As anticipated,
these branches closely coincide with energy levels that corre-
spond to @yphon/2, since the major contribution lies in the Ay,
symmetry corresponding to the overtones (see Appendix A).
This provides a strong argument to support our assumptions,
regarding the nature and the origin of the two-phonon
structures. Significantly higher intensity of the two-phonon
structure in 2H-TaS;, compared to the O; peak, can be at-
tributed to the stronger EPC observed in the corresponding
phonon branches, as supported by our DFT calculations.

B. 2H-TaSe,_,S, (0 <x < 2)

Raman spectra of the 2H-TaSe,_,S, (0 < x < 2) single
crystals measured in parallel polarization configuration at
T = 150 K are presented in Fig. 3. The two modes that are
present in the spectra of pristine 2H-TaSe,—A |, and E 28, can
also be observed in the spectra of the doped samples. The A,
symmetry mode persists in the spectra up to 2H-TaSeS. As x
increases further we cannot be certain that the existing feature
in spectra is Aj, mode, because of low Se content and possible
2H-TaS, PDOS contributions. Converesly, E22g vanishes for

x = 0.84, while A’fg and Ezzg‘ modes can last be found in the
spectra of 2H-TaSe; 16S0.84 and 2H-TaSe( sS| s, respectively.
Considering that E3, and E3* arise from the out-of-phase
in-plane oscillations of Ta and Se/S atoms, the dependence
on sulfur content x exhibits a discontinuous behavior. For
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FIG. 4. The evolution of phonon energies (black) and line widths
(orange) of the (a) A’l‘g and (b) A;, Raman-active modes. (c) The
evolution of phonon energies, line widths and inverse value of
Fano parameter 1/|gq| (teal) of the EZZ; and Ezzg modes with the
sulfur content x. Tepw (dark red) dependence on the sulfur content
x (obtained from electrical resistivity measurements presented in
Ref. [17]), together with the electronic phase diagram (shaded red)
of 2H-TaSe,_, S, reflect the evolution of crystallographic disorder.

the Aj, mode (out-of-plane movement of Se/S atoms), we
observe continuous change with doping alongside simulta-
neous coexistence of A, and Aj, peaks in samples where
Se/S concentration ratio is around unity. In the specific case
of 2H-TaSeS, at the nanoscale level, localized regions may
emerge where either Se or S atoms predominate. Although
these regions possess a sufficient size to generate detectable
signals, they are significantly smaller in comparison to the
laser spot (~5 um?), resulting in the inclusion of a consid-
erable number of such clusters of atoms within the laser’s
spatial coverage. Consequently, the resulting Raman spectrum
displays discernible contributions from both elements. The
concentrations at which the E22g mode vanishes directly cor-
relate with disorder reaching its maximum value. Given that
doping modifies the bond lengths of Ta-S and Ta-Se atoms,
which, in conjunction with the accompanying lattice disorder,
has a detrimental effect on the E22 mode.

The gradual substitution of the selenium atoms with sulfur
in the 2H-TaSe; crystals introduces crystallographic disorder,
giving rise to new scattering channels that result in additional
peak observed in the Raman spectra of doped materials. This
new peak with energy at about 342 cm™!, assigned as P is
observed exclusively in doped spectra measured in parallel
polarization configuration, therefore obeying A, symmetry
rules. It is presumably an overtone mode, as its energy closely

matches double that of the location where the highest PDOS
value of the 2H-TaSe, is situated.

To further investigate the effects of crystallographic dis-
order, we have inspected the evolution of phonon parameters
with the sulfur content x, depicted in Fig. 4. As in the case of
pure samples, all phonon lines were fitted using Fano profiles.
No asymmetry was observed for the A;, modes and they were
fitted with the value of Fano parameter g being fixed at 50.
All modes but E22g harden with the increase in the sulfur
concentration in the measured crystals. Given the difference
in the atomic mass of Se and S and a reduction of the unit cell
volume [17], one would expect that the Ezzg mode also hardens

with increasing x [26-28]. The unexpected behavior of E}
mode might be attributed to the enhanced EPC, which po-
tentially overcompensates previously mentioned effects. All
Raman modes broaden due to increased crystallographic dis-
order. Considering that the Fano profiles are used to describe
the line shape originating from coupling between phonon and
electronic continuum, and that the Fano parameter depends
on the interaction strength between the phonon and the con-
tinuum, the inverse value of Fano parameter 1/|q| can be
used as a direct measure of the strength of EPC [29-32]. The
interference of two-phonon structure in the fitting procedure
produces large uncertainty [see Fig. 4(c)], preventing a clear
assertion about the EPC, other than it persists through growing
disorder. This result falls within the range of the potential
increase in disorder-induced EPC [17].

Crystallographic disorder also has a significant impact on
the evolution of two-phonon structure. Changing the sulfur
content to x = 0.09, the broad structure in pristine 2H-TaSe,
spectra centered at around 130 cm~! undergoes a further
broadening accompanied by pronounced evolution of the
shoulder at around ~110 cm™!, likely due to more pro-
nounced evolution of the EPC in the related phonon branches.
Raising the sulfur content to 0.25 and thus further increasing
disorder restores the structure to a solitary broad peak. How-
ever, the most drastic change is observed in the spectra when
x = 0.84, where four first order peaks are superimposed onto
a broad two-phonon structure. As discussed previously, the
additional peaks might become observable in Raman exper-
iment due to defect scattering and are related to the regions
where the PDOS reaches its maximum: at ~90 cm~' and
~110 cm~! for 2H-Ta$,, at ~80 cm~! and ~175 cm~! for
2H-TaSe, (see Fig. 2). These correspond rather well with
the energies of the newly observed phonon modes. Raising
the concentration of sulfur to x = 1 results in a wholly di-
luted structure consisting of two broad peaks at around ~80
and ~160 cm~!. In the spectra with sulfur content x = 1.65,
structure resembles that of the x = 0.84, albeit of less clarity
among peaks. From these observations, we can see that the
primary impact of disorder on the two-phonon structure is
manifested by the broadening of peaks and the projection of
the PDOS. Furthermore, the persistence of the two-phonon
structure across doped samples suggests that disorder does
not hinder the electron-phonon coupling. This corollary aligns
with previous observations regarding the 1/|q| parameter of
the E22g mode.

Our results reveal the origin of two-phonon structures in
the 2H-TaSe,_, S, compounds. It is also evident that, although
disorder does not directly influence the strength of the EPC (in

024004-5



J. BLAGOJEVIC et al.

PHYSICAL REVIEW MATERIALS 8, 024004 (2024)

the range from x = 0.25 to 1.65), it affects the phenomena that
share EPC as a seemingly common origin differently. While
the CDW is destroyed, SC and the two-phonon structure sur-
vive [17] suggesting that strong EPC alone is insufficient to
sustain the CDW in a disordered lattice. It is interesting to
note that these materials simultaneously and independently
experience the effects of disorder and EPC.

IV. CONCLUSIONS

In this study, we conducted a Raman scattering analysis of
2H-TaSe,_,S, (0 < x <2) alloys. The Raman spectra of the
end compounds host two out of the three symmetry-expected
Raman active modes for backscattering configuration and
an additional peak O; of A;, symmetry, present only in
the 2H-TaS, spectra. This O; peak is a result of second-
order Raman scattering, overtone in nature, observable due
to the prominent EPC, characteristic for CDW materials.
The broad two-phonon structures observed in pristine sam-
ples were linked to enhanced EPC in the corresponding
phonon branches, as obtained from our first-principles calcu-
lations. The gradual substitution of Se atoms with S atoms
results in crystallographic disorder, introducing new scatter-
ing channels—in the form of an additional peak P; of Ay,
symmetry, as well as PDOS projection and broadening of all
phonon modes. Dependence on sulfur content showed hard-
ening of all modes, except for Ezzg mode. Softening of the

E22g mode and its discontinuous dependence were attributed to
strong EPC. Coexistence of A, peaks in intermediate doping
levels arises probably due to nanoscale clusters comprised
mainly of either Se or S atoms. In spectra where disorder
reaches its maximum, four single-phonon peaks accompanied
the background two-phonon structure, with energies corre-
sponding to the region of PDOS maxima. The negligible
influence of disorder on the EPC was supported by the contin-
ued presence of the two-phonon structure and the behavior of
the 1/|q| parameter associated with the E22g mode. Thus, in the
absence of changes in either electron-electron [17] or EPCs,
significant rise of Ts¢ in doped alloys is only due to disorder-
induced CDW suppression. Our findings provide insights
into the intricate relationship between disorder and EPC,
shedding light on their combined influence in governing the
vibronic and collective electronic behavior of 2H-TaSe,_,S,
compounds.
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APPENDIX A: MODE ASSIGNATION AND NATURE
OF ADDITIONAL PEAKS

Raman spectra of all samples were measured in parallel
and crossed polarization configurations in order to correctly
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FIG. 6. Raman response as a function of the Raman shift. Quan-
titative analysis of the Efg, Ezzg‘, Ay, and A7, modes at T = 150 K.
The blue and green solid lines represent Fano and Voigt profiles
fitted to the experimental data, respectively. Experimental data is

represented by open squares.

assign theoretically predicted modes as well as the unexpected
and additional peaks and structures. From the Raman spectra
presented in Fig. 5 theoretically predicted A, and E22g modes
were easily identified. Given that the O; and P; peaks are
only present in parallel polarization configuration, they obey
pure A, symmetry rules. Two-phonon structure is present in
both polarization configurations, but with significantly higher
intensity in A, channel. Additional features in two-phonon
structure in the spectra of 2H-TaSe; 5S¢ s are only present
in parallel polarization configuration, thus they are possi-
bly overtones in nature or single-phonon excitations of Ay,
symmetry.

APPENDIX B: FITTING DETAILS

All peaks were fitted using both asymmetric Fano profiles
and symmetric Voigt profiles. Since the line widths of the
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& e
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FIG. 7. Raman response as a function of the Raman shift. Quan-
titative analysis of the Ezzg and Ezzg modes for indicated sulfur content
x in the measured crystals. The blue lines represent Fano profiles
fitted to the experimental data.

analyzed phonon modes were much greater than the resolu-
tion of spectrometer o, the real width of the peaks could be
obtained without the need to use Fano profiles convoluted
with a Gaussian function, where 'y, = 0. The comparison
between the obtained fits are presented in Fig. 6. As it can
be seen, peaks E22g and E22; show clear asymmetric line shape,
whereas the A, symmetry peaks do not. Therefore, the latter
were fitted with Fano parameter value |g| being fixed at 50.
Acquired phonon parameters as a function of sulfur content
x are presented in Fig. 4. The increase in doping leads to
the significant decrease in the relative intensity of E22g Raman
active modes, therefore the obtained phonon parameters have
slightly higher error bar compared to the A;, modes. Fits
obtained using Fano profiles in the energy range of peaks E22g
and E22* are presented in Fig. 7. The two-phonon structure
interferes with the lower energy side of the peaks in the spectra
of all doped samples, contributing to the mentioned error.
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ABSTRACT: Fano resonances frequently emerge in Raman
spectra of metals and doped semiconductors; however, extracting
the relevant microscopic parameters typically requires nonlinear
fitting procedures that obscure physical insight and increase the
computational cost. Here, we demonstrate that a universal
geometric feature is encoded in renormalized Fano lineshapes
and can be revealed through an angular parametrization that
exposes intrinsic symmetries and spectral invariants. Within this
representation, extremal separations and nodal points have
analytically been related to key underlying variables with a direct
physical significance. We have successfully interpreted the
dimensionless Fano profile within a many-body framework in
terms of isolated dressed single-phonon dynamics associated with
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corrected Raman vertices, effectively decoupled from purely electronic contributions. A comparison with reported Raman data on
doped silicon demonstrates a substantial reduction in computational complexity, thereby enabling efficient and physically
transparent material characterization without reliance on resource-intensive modeling platforms.

F or nearly a century, since Fano’s pioneering observations'
and the landmark theoretical framework,” asymmetric
Fano lineshapes arising from quantum interference between
discrete states and continua have emerged as one of physics’
most universal spectroscopic signatures. From nuclear physics3
and atomic autoionization” to cutting-edge discoveries in
plasmonic® and optic metamaterials,® semiconductor quantum
dots,” Kondo lattices,® carbon nanotubes’ and graphene,m’11
Dirac materials,'” laser use to quantum-simulate Fano
resonances'> and photonics,'* thence various phenomena
spanning 10 orders of magnitude in energy, Fano profiles
appear with striking universality."”> A fundamental yet elusive
principle connects phenomena across vastly different energy
scales: neutron scattering resonances at MeV energies,
plasmonic modes at eV, and phonon dynamics at meV probed
by Raman spectroscopy. The latter has emerged as an ideal
experimental platform for demonstrating that this unifying
principle is inherently geometric in nature. As an exceptionally
informative and noninvasive experimental tool, Raman
scattering spectroscopy serves as a local probe capable of
simultaneously assessing the nature and dynamics of both
phonons and charge carriers in conductive systems.'® Raman
scattering proceeds through at least two distinct pathways: a
discrete phononic channel (magnitude T}y, ) associated with the
conventional one-phonon process and a continuum electronic
channel (magnitude T,) arising from photon-induced
electron—hole excitations.'” When these channels overlap in

© 2026 American Chemical Society

WACS Publications 4167

energy, their quantum-mechanical interference produces
asymmetric Fano lineshapes, a hallmark of Raman spectra in
metals and doped semiconductors.'®'? In wide-gap insulators,
the electronic contribution is negligible and phonons display
nearly symmetric Lorentzian profiles, whereas in metals and
doped materials, the electronic continuum is typically
comparable to or stronger than the phononic amplitude. The
electron—phonon coupling (magnitude g) mediates the
interference,”* "> allowing the discrete phonon to mix with
the continuum, thereby renormalizing the phonon frequency
and line width. The Raman electronic background, decoupled
from phonons, remains approximately flat across phonon
energies because characteristic phonon scales (a few tens of
meV) are small compared with electronic band-structure
features (a few €V). Exceptions arise in disordered metals™
and in nanoscaled conductive systems,”> where low-energy
electronic excitations generate a smooth yet frequency-
dependent electronic Raman background noninterfering with
phonon modes that lies beyond the scope of the present study.
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In this Letter, we demonstrate that angular parametrization
unveils the universal geometric character and inherent
symmetries of renormalized Fano Raman spectra by
foregrounding key spectral features, namely, extremal points
and their separations. We translate these geometric insights
into a rapid originally developed fitting scheme that
simultaneously retrieves microscopic material properties with
superior performance compared with standard methodologies
for metallic and doped semiconducting systems. We further
benchmark our model against available experimental data for p-
type Si reported in the literature. Within a many-body
framework, we interpret the resulting dimensionless, renor-
malized Fano line shape in terms of dressed Raman vertex
amplitudes that accompany the renormalized, purely phononic
dynamics, as ordinarily probed by Raman scattering.

Fano Profile and Geometric Universality

Raman spectra in metals and doped semiconductors exhibit
characteristic asymmetric Fano lineshapes, the response of
2
which reads as S(&; q) = Sw(f:? , where £ = (0 — w,)/Aw
represents the frequency detuning from the renormalized
phonon frequency w, expressed in the phonon line width Aw.
The real-valued Fano parameter q quantifies the degree of
asymmetry, while S, denotes the intrinsic flat continuum
background measured in arbitrary units. Motivated by two
closely related transformations, one employed for a classical
Fano oscillator in ref 26 and the other introduced in ref 13 in
the context of phase-controlled amplification of ultraviolet
absorption in resonantly driven He-atoms, we adopt a
comparable but distinctly different approach to map the g-
parameter domain into a phase domain (0 < ¢ < x) as 1/q =
tan(¢/2), where negative q values follow by symmetry when
required. Within this formalism, one can judiciously construct
a dimensionless, baseline-normalized Raman response spectral

function f(w), defined as

dof S(w; ¢) — S,

flw) = S, = p(o)
cos p-Aw/x sin (0 — w,) /7

(Aw)* + (0 — @) (Aw) + (0 — o,)*

(1)

where p(@) = mAw/sin*(p/2). Notably, in this suitably
formulated function, f(®), phase ¢ is naturally interpreted as
an admixing angle that partitions the real (dispersive
Lorenztian) component, weighted by sin ¢, from the imaginary
(absorptive Lorenztian) component, weighted by cos ¢. As
shown in Figure 1a, f(w) vanishes asymptotically as @ — o0,
passing through one single node at @ = @. It exhibits one
global minimum at $(@,, f(®,)) and one global maximum at
Py(w,, f(w,)), the former of which universally attains the
value —1 irrespective of the angle ¢. It is instructive to
emphasize that @, does not denote the bare (intrinsic) phonon
frequency Q,, but rather the renormalized (dressed)
frequency @, = Q, + 6Q, where the shift 5Q arises primarily
from electron—phonon coupling in the absence of anharmo-
nicity and corresponds to the real part of the phonon self-
energy. By the same token, the line width Aw is a renormalized
quantity determined by the imaginary part of the self-energy
(i.e., the phonon damping). These considerations follow the
standard many-body framework for phonon renormalization.””
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Figure 1. (a) Dimensionless, baseline-normalized Raman response
function f(w), plotted in magenta over the full frequency range @ €
(—o0, +00), vanishing in the asymptotic limits. The straight green line
joining the maximum and the minimum of this curve satisfies the
equation F(). (b) Three-dimensional stacked area representation of
the baseline-normalized response f(w) as a function of /iw for selected
values of ¢. (c) Color-mapped surface contour plot of f(w) projected
onto the @-Aw plane, enabling continuous tracking of the character-
istic frequencies (@), w,(¢), and @(¢); the energies are expressed
in units of 7.

Expanding on a few preliminary attempts in ref 28 on certain
characteristic features, we further establish that the points ¥,
and P, together with (@, f(w,)), are collinear and form the
straight green line in Figure 1a governed by the equation F(®).
If the w-abscise is replaced by &-abscise, the slope of this line
forms an angle ¢ = 7/2 — ¢ with slope coeflicient tan ¢ = q.
The line intercepts the w-axis at point w*. This insightful
finding identifies one of the universal geometric features
inherent to the redefined Fano profile function f(w).
Moreover, a particularly noteworthy geometric aspect of f(w)
concerns the relationship linking the two extremal frequencies
@, and w, to the nodal one @. Regardless of the angular value,
the nodal frequency is invariably located at the midpoint
between the two extremal frequencies. Besides the finding that
@ = (w; + ®,)/2, V @, there is yet another equally compel-
ling result that @ = (0™ + @,)/2, V ¢. For example, the
trajectories (), @,(¢), and @(@) can readily be traced in
the @-Aw plane in the 3D illustrations (Figure 1b,c),
specifically plotted for Am, = 300 cm™ and AAw = 40
cm™'. Figure 1b presents stacked area plots of flw) for a
discrete set of ¢ values, emphasizing the evolution of the
asymmetric profile with an angle. Figure lc, in contrast, shows
a surface contour plot color-mapped onto the @-Aiw plane to
highlight continuous variation. In both 3D renderings, one
observes that the line shape asymmetry vanishes as ¢ — 0
(equivalently ¢ — ), as expected when f(w) approaches a
Lorentzian form. Its amplitude becomes formally divergent in
this limit, an only seemingly peculiar feature that is, however,
readily regularized by the scale factor S, which becomes
sufficiently infinitesimal to compensate for the divergence in
S(w) as ¢ — 0.

Standard line shape analysis in condensed matter spectros-
copy relies on identifying characteristic features that encode

https://doi.org/10.1021/acs.jpclett.6c00592
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Table 1. Expressions for the Relevant Points and Separations of the Two Functions from Figure 1a“”

Points/Separations (Abscise) Ty, Aw, @)

, w, — Aw/tan(¢p/2)

w, Wy + Aw tan(¢/2)

, Qe + 0Q

bw,, = lw, — w) Aw tan(¢p/2)/sin*(¢/2)
w* @, — 2Aw/tan ¢

&= (0, + 1,)/2 = (0" + w,)/2 ®y — Aw/tan @

Points/Separations (Ordinate) Fwg, Aw, ¢)

faoy) -1

Aw,) 1/ tan*(¢/2)
Aeoo) 1/ tan*(p/2) — 1
5fpp = If(w,) — f(o)) 1/ sin*(¢/2)
F(w*) 0

F(@) = f(w,)/2 1/2 tan*(p/2) — 1/2

“f(w) (spectral baseline-normalized Fano’s profile) and F(w) (straight line) expressed as general #(w,, Aw, @) dependencies, where ¥ € {f, F}.

microscopic information. Here, we adopt a peak-to-peak

framework, defining the peak-to-peak amplitude

5pr o If(w,) — f(w)| and peak-to-peak frequency shift

def )
0w, = lw, — )| as the separations between spectral extrema

% and P, along the ordinate and abscise, respectively. This
approach yields quantitative insights into the underlyin

physics while minimizing sensitivity to experimental artifacts.”

Using the analytical expressions for the symmetry points and
separations of both curves f(w) and F(w) in terms of (@, Aw,
@), as summarized in Table 1, we plot the angular
dependencies of 5fpp((p) (dimensionless) and 5a)PP((p)
(normalized to Aw units), along with the normalized nodal
frequency &(¢) = (@(¢) — w,)/Aw (dimensionless), as
shown in Figure 2a. Each function exhibits distinct angular

(@) (b) A ny =16 x 1020 cm=3
\

flw)

O N Wk T 3

-15
0 7/4 7/23r/4 T™-8 -6 -4
14

-2 0 2 4
(@ — o)/ Aw

Figure 2. (a) Angular dependence of the peak-to-peak amplitude
5fpp((p) and peak-to-peak frequency shift 5(upp((/)) expressed in Aw,
together with & () = (@(¢) — w,))/Aw dependence. (b, c) Room-
temperature Raman spectra of p-type Si single crystals with lower and
higher doping levels, respectively, renormalized as the dimensionless
Fano spectral function versus the reduced detuning £ = (0 — w,)/
Aw. Green solid line connects the spectral extrema, demonstrating
that the slope equals the Fano parameter. These experimental Raman
data, adopted from the literature,>”*! were refined using smoothing
algorithms to enhance signal quality.

behavior. While £(¢) is a monotonically increasing function
antisymmetric about ¢ = 7/2 and &f,,(¢) decreases
monotonically over the entire angular range down to 1, the
function dw,,, (@) exhibits a minimum value of 2A® at ¢ = 7/2
(corresponding to g = 1), precisely where f,, = 2 and @
coincides with @, Remarkably, these three experimentally
accessible quantities, of ,,, 6w, and @, uniquely determine the
fundamental spectral parameters, such as @, Aw, and q. This
framework naturally decouples intrinsic material properties

4169

from extrinsic experimental factors, enabling unambiguous
microscopic interpretation of the spectroscopic response.

To demonstrate experimental applicability and to validate
the geometric universality of the redefined Fano function f(w)
under experimental conditions as well, we reanalyze archival
Raman data’”’' for p-type Si single crystals measured at room
temperature with 488 nm laser excitation. The reported spectra
were digitized from the two original publications, smoothed by
extrapolation, and analyzed at two doping levels, as shown in
Figure 2b,c. While both data sets exhibit Fano profiles with
nearly identical phonon-dressed energies and line widths
(differing by only a few cm™"), they differ substantially in their
asymmetry aspect ratios (q). Comparable effects were
evidenced in heavily doped polycrystalline silicon thin
films.” Such marked variation in g renders these systems
ideally suited for testing our geometric framework where the
asymmetry is encoded in the angle ¢ with all other spectral
parameters held nearly unchanged. Incidentally, we extract ¢ =
26° for hole concentration n, = 1.6 X 10*” cm™ (Figure 2b)
and @ = 39° for hole concentration n, = 4.0 X 10*° cm™3
(Figure 2c). The data are parametrized in terms of the reduced
detuning coordinate &, which measures the deviation from the
dressed phonon frequency @, in units of the line width Aw. In
this representation, the straight line connecting the spectral
maximum and minimum intersects the data precisely at £ = 0,
with its slope coeflicient coinciding with the Fano asymmetry
parameter q = tan ¢, where ¢ = 7/2 — . Moreover, both data
sets reach the universal minimum value of —1 in exact
agreement with the theoretical predictions. For a detailed
discussion on the sign and values of g in doped Si samples, a
recent review provides a comprehensive analysis of the
influence of comparable carrier concentrations across contrast-
ing doping types n and p.

Streamlined Fitting Algorithm

Experimentalists require efficient and intuitive methods for
analyzing Raman spectra that balance accuracy with practical
usability. While nonlinear least-squares fitting algorithms yield
exact results, their iterative refinement procedures are
computationally intensive and time-consuming, limiting
throughput in high-volume spectroscopic investigations. We
present an alternative fitting strategy that enables rapid
extraction of fundamental microscopic parameters through
straightforward identification of spectral extrema from the raw
data (w, S(w)) in natural units (A = 1). The procedure is
remarkably simple: one identifies the minimum and maximum
signal values in the raw spectrum, corresponding to frequencies
@, and w,, respectively. Their arithmetic mean immediately
yields the nodal frequency @ = (w; + ®,)/2, while the signal
intensity tightly centered around this midpoint, S(®),
coincides exactly with the continuum background §,. This

https://doi.org/10.1021/acs.jpclett.6c00592
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baseline value enables direct transformation of the measured

spectrum S(w) into the dimensionless redefined Fano 2 / " .

b () Ta (xo(w) +2xp(w)) = Taq 1 T

function f(w). In this representation, dw,, Of,, and @
become directly accessible parameters out of which all other
relevant spectroscopic quantities can be derived using the
analytical expressions comprehensively provided in Table 1.
Notably, the asymmetric Fano parameter is translated into

q= /5fpp — 1, while p = méw,, léfpp — 1. Most impor-

tantly, the dressed phonon frequency and its line width are
obtained, respectively, as

S 6 —1
oy =@+ 0wy, _ c‘;wpp) Ay — Dpp afpp
fPP fPP
(2)
while the integral boils down to
+0oo 2
/_OO flw)dw = mdw,,| 1 — ? /5pr -1 "
PP

thereby delivering complete spectroscopic characterization
without any iterative optimization. It is worth noting that the
present method does not directly yield the phonon frequency
shift 6Q. However, if the intrinsic bare phonon frequency of
the material is known, such as #Q,,, = (520.2 + 0.5) cm™, the
widely accepted value for the first-order Raman-active optical
phonon mode in pristine Si at room temperature,”* then 5Q =
@y — L, follows immediately. Thus, this novel fitting
procedure transforms what is traditionally a computationally
demanding optimization problem into a direct, physically
transparent approach, offering experimentalists immediate
access to key physical parameters without sacrificing
quantitative rigor. Real experimental data are, however,
inevitably subject to noise and measurement uncertainty. It
is therefore essential that error propagation be carefully tracked
and incorporated into the final expressions of Table 1 following
the standard error analysis methodology.

Feynman—Fano Decoupled Phonon Diagrams

The dimensionless baseline-normalized Raman/Fano response
spectral function f(w) has a generic form that corresponds to
the imaginary part of susceptibility. It can be rendered as

s |

@ — wy + 1Aw

flo)= - %ﬂm{

1 A .
- ;ﬂm{xpmo (w5 9)} @

where 7 (w; @) propagator accordingly amounts to the
Raman/Fano susceptibility, both subtracted and normalized
with respect to the nonresonant continuum-like bare electronic
Raman susceptibility, which is equal to the Fano susceptibility
in the g = 0 limit of vanishing electron—phonon coupling
(vertex amplitude g € R). This type of Raman response
through the purely electronic channel,*>*® devoid of isolated
pole singularities, can diagrammatically be represented by a
bare particle-hole bubble with two electronic Raman vertices
weighted with real amplitudes T

4170

where the contribution T’ (@) is proportional to the joint

density of electron—hole excitations as well as coincides
precisely with the frequency-independent background S, or
equivalently, the spectral baseline.

Upon eliminating the yo(®) contribution from the spectral
response through our novel approach, the renormalized Fano
susceptibility 7 (w; @) assumes a previously unreported,
yet physically transparent and remarkably illuminating form:

i _ 1
Founo (@5 0) = \p(@) "> x

w — wy + 1Aw
Vi)

D ()
X \p(p) e
V(o) ()

Here, D(®) stands for the renormalized phonon propagator,
characterized by an isolated pole obtained from the Dyson
equation,”” which incorporates the bare phonon propagator
and the electronic contribution mediated via electron—phonon
coupling (6Q = gz)(o’ (w) and Aw = gz)(o” (w)). This descrip-
tion assumes the absence of phonon anharmonicity and
disorder-induced phonon scattering. Furthermore, one can
identify the effective left (complex amplitude V;(¢)) and right
(complex amplitude Vx(¢)) photon-phonon vertices as if they
emerge naturally in direct phonon Raman scattering. This
bears a striking resemblance to the Raman scattering
mechanism in insulators, where the process is dominated by
the T, matrix element (real transition amplitude) for the one-
phonon Raman process, and in diagrammatic terminology, it is
the phononic vertex that couples the external light field to the
renormalized phonon. By absorbing the entire electronic
contribution into their structure, the complex conjugate
vertices

V(@) = Vi) = {p(p) e™""? (6)

effectively reshape the renormalized phonon propagator D(w)
so as to isolate it from the residual electronic response in the
Fano susceptibility. The two vertices thereby facilitate the
Raman scattering from the incident photon (#®;, dashed lines)
into the scattered photon (Aw,, dashed curve), which we
ultimately distill into an unprecedented minimal diagrammatic
representation as

~ huw; Vi, D(w) Vg huw;
XFano(w;@):****>**O\W¢V\fofy7,,.

N hws
SE-

Such a Raman polarizability diagram naturally preserves the
proper parity symmetry through the squared appearance of the
corrected vertex, which directly determines the Raman
scattering efficiency.”’ The reduced diagram thus collapses
into a single decoupled phonon-like Raman polarizability
propagator with mutually conjugated vertices that now encode
both absorptive and dispersive contributions arising from the
underlying electronic origin. Furthermore, this reduces to the
familiar Fano form
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” o) — _ 1 _
Jiwo (& @) = V7 (q l)><§+l><ﬁ(q ) -

commonly expressed in terms of the dimensionless frequency
shift £ = (w — ®y)/Aw and asymmetry factor q.

A natural question arises regarding the microscopic nature of
@ and hence p(¢). To address this, one must account for both
electronic and phononic Raman scattering channels, including
their mutual interference, all of which possess phonon-like
poles. This implies complete subtraction of the purely
electronic poleless T, yy(w) T, contribution (the sole term
with no phonon pole). Accordingly,

iFano(W; 30) X <yoo =

Wavy phonon lines in the diagrams denote dressed phonon
propagators that account for the effects of scattered photon
propagation through the material.>’ The resulting renormal-
ized Fano-type Raman efficiency is proportional to the
imaginary part of the sum of these Feynman diagrams, where
terms of the order g* can be naturally neglected. This yields the
following expressions for both ¢ and p as functions of the
effective microscopic interaction parameters:

tan(g/2) = [A—‘”] Lo

& NTw (8)
p =1+(L)2 T )
TAw Aw ) | Ty (9)

while

S, X Aw = Tph2 x tan*(¢/2) (10)

Remarkably, this regularizes the apparent p(p — 0)
divergence through an exact cancellation: the vanishing S,
compensates the singularity in precise proportion within the
resultant Raman response S(w; @), revealing the elegant self-
consistency of the framework developed herein.

In summary, we revealed the universal geometry and
embedded symmetry of dimensionless renormalized Fano
Raman lineshapes via angular mapping that highlights relevant
spectral nodes and separations. These features have been
implemented in a novel fitting procedure that efficiently
extracts microscopic sample properties while outperforming
standard methods for metals and doped semiconductors. We
further validated our method against experimental data from
the literature and interpreted the dimensionless renormalized
Fano line shape through many-body framework via corrected
vertex amplitudes associated with the conventional single-
phonon Raman processes, now uniquely decoupled from the
electronic contribution.
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Fluctuation-enhanced electron-phonon coupling in FeSe
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The interactions among lattice, charge, and spin degrees of freedom fundamentally shape material properties.
In FeSe, symmetry-breaking perturbations serve as highly sensitive probes of these couplings. Previous work
has shown that defects and isoelectronic substitution can substantially alter these interactions, giving rise to
additional phonon modes. In this study, uniaxial strain is employed as a tunable symmetry-breaking control
parameter to probe the intrinsic lattice response in the absence of disorder. The temperature evolution of
phonon excitations was examined with a temperature resolution of 3 K in the vicinity of the nemato-structural
transition temperature 7, under strain applied along the (110) and (100) crystallographic directions. A subtle
asymmetry of the A’I’Z mode appears in the unstrained crystal within a narrow temperature window around 75,
originating from the emergence of an additional mode in the fully symmetric channel. With applied strain, this
feature becomes more distinctly resolved. The anomaly is attributed to modifications of the coupling between
lattice and electronic degrees of freedom driven by the ordering fluctuations right above the nematic transition.
These fluctuations may enhance the susceptibility of the electron-lattice system and enable two-phonon Raman
scattering involving the acoustic mode near the X and R points. The presence of this two-phonon scattering
depends on both the strength and the direction of the applied strain, indicating a high sensitivity of FeSe to local

symmetry breaking.

DOI: 10.1103/yhzg-Tn5t

I. INTRODUCTION

FeSe is the simplest iron-based superconductor exhibiting
T. = 9 K at ambient pressure [1]. Superconductivity is sub-
stantially enhanced in bulk samples under pressure, with 7
reaching 36 K at 10 GPa [2,3], while thin films display even
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higher 7; values of about 50 K [4,5]. Substituting 17% of
Se with S raises 7, to 11 K [6], while intercalating alkali
ions or molecular layers between the FeSe sheets can boost
it above 40 K [7]. These results demonstrate that even small
modifications of the structure can lead to substantial changes
in the properties of FeSe. Consequently, since superconduc-
tivity is a highly sensitive indicator of interactions between
electrons and the related excitations of the spin and lattice
degrees of freedom, FeSe serves as an excellent platform
for disentangling the various types of coupling mechanisms
that remain under debate in iron-based systems. Among the
different internal and external perturbations, the application
of uniaxial stress specifically targets the interplay of the lattice
with predominantly orbital degrees of freedom.

Published by the American Physical Society
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Angle-resolved photoemission spectroscopy (ARPES) has
revealed that the low-energy electronic structure of FeSe con-
sists of three hole-like bands around the I'" point and two
electron-like bands centered at M [8—13]. In the tetragonal
phase, the two electron pockets at M are nearly circular
and symmetry-equivalent, arising from hybridized d,; and d,,
orbitals. Below the nemato-structural transition, this orbital
degeneracy is lifted, producing pronounced anisotropic shifts
and hybridization gaps near M. As a consequence, only one
of the two electron bands continues to cross the Fermi level,
while the other one is pushed above it, an effect commonly re-
ferred to as the “missing-electron-pocket problem” [8,10,14].
In twinned crystals, where orthorhombic domains of both
orientations coexist, the ARPES intensity maps at M reveal
two perpendicular, peanut- or propeller-shaped Fermi surface
contours originating from the two domain variants. In de-
twinned crystals, where uniaxial strain aligns the domains to
a single orthorhombic one, only one of these features remains
visible [9], reflecting the intrinsic electronic reconstruction
driven by nematic order. Simultaneously, the hole band at I
sinks below the Fermi level and becomes anisotropic, con-
sistent with orbital polarization between d, and d,, states
below T; [8,9].

Building on these observations, an open question remains
as to how the delicate balance between lattice and electronic
degrees of freedom in FeSe responds to externally applied
symmetry-breaking fields. The missing electron pocket at the
M point and the pronounced orbital polarization indicate that
the electron—phonon coupling (EPC) in this material is inher-
ently anisotropic and strongly tied to local symmetry [15,16].
By selectively breaking the in-plane fourfold symmetry, a
strain field directly interacts with the nematic order parameter
and tunes the lattice potential without introducing embedded
disorder. Ideally, uniaxial strain would allow us to disentangle
the role of electron-electron and electron-phonon coupling
in FeSe.

To address this, we employ uniaxial strain as a clean and
reversible control parameter, focusing on the narrow temper-
ature range around the nemato-structural transition, where
EPC effects are expected to be strongest. By tracking the
temperature evolution of zone-center phonons under strain
applied along the (110) and (100) crystallographic directions,
we demonstrate that the direction of the applied stress and
related distortion symmetry dictate the lattice response and
its coupling to electronic fluctuations.

Our measurements reveal an asymmetry between the low-
energy and the high-energy wing of the AY " mode in a narrow
temperature range around 7;. We analyze this effect in terms
of an additional fully symmetric contribution associated with
modifications of EPC near the nematic transition. The com-
parison with FeS and FeSe;_,S, places this observation in
the broader context of 11-type iron chalcogenides [17,18],
where additional fully symmetric Raman features appear
when phonons off the zone center are coupled by enhanced
EPC. In pure FeSe, the additional contribution appears only
close to T, suggesting that nematic fluctuations provide the
relevant enhancement mechanism. Some of the vibrational
properties of FeSe show the interdependence of lattice and
electronic fluctuations near 7. Altogether, FeSe emerges as a
system where symmetry breaking, nematic fluctuations, and

EPC seem to be entangled, such that even subtle perturbations
to the lattice or electronic structure lead to pronounced and
anisotropic responses.

II. METHODS

The FeSe single crystals were grown using chemical vapor
transport (CVT) [19]. The high-purity sample had a transition
from a tetragonal to an orthorhombic structure at 7; = 89.1 K
[20]. The measurements in the temperature range between 78
and 300 K were performed in a KONTI CryoVac He-flow
cryostat capable of a base vacuum of 10~% mbar. The sample
was cleaved immediately before evacuating the cryostat.

We attached the sample to the actuators of a homemade
strain cell (see Appendix E), using a two-component epoxy
adhesive (Tokyo Measuring Instruments Laboratory EA-2A)
developed for use in cryogenic environments (4-323 K). A
schematic of the sample mounting is shown in Figs. 1(a)
and 1(b). Throughout this work, all strain direction labels are
defined with respect to the crystallographic tetragonal 2-Fe
unit cell, with axes @ and b (b = a). This convention is consis-
tent with previous strain studies of Fe-based superconductors,
where strain along the tetragonal (100) and (110) directions
induces distortions of By, and B,, symmetry, respectively
[8,21]. The 1-Fe unit cell, commonly used to describe the
electronic structure, is rotated by 45° with respect to the crys-
tallographic 2-Fe cell [Fig. 1(e)]; therefore, the B, and By,
labels are interchanged between the two notations [22]. In our
experiment, tensile strain was applied in two configurations:
along the tetragonal (110) direction [Fig. 1(a)], corresponding
to ep,,, and along the tetragonal (100) direction [Fig. 1(b)],
corresponding to &g, , .

The strain values were estimated from the response of a
strain gauge glued to the body of the strain cell, while the sam-
ple itself was attached directly between the fixed and movable
plates. Measurements were performed under three nominal
tensile-strain conditions, denoted as zero strain (£,5,), low
strain (¢'°%), and high strain (g"#"), corresponding to 0%,
0.13%, and 0.21% relative change, respectively. Since the
strain gauge does not measure the microscopic strain directly
transferred to the crystal, small deviations may arise from the
epoxy layer, sample mounting, and strain-transfer efficiency.
Therefore these values should be regarded as nominal strain
levels. The analysis focuses on the qualitative dependence of
the Raman response on strain direction and magnitude rather
than on an exact determination of the microscopic strain in the
sample.

Previous transport studies of FeSe showed that, for compa-
rable ep,, strain, the shift of 7 is of order 1 K [23]. Since our
temperature steps around 7 are 3 K, such a shift is below our
experimental resolution. Thus we discuss our results relative
to the unstrained 7; rather than assigning a separate 7; value
for each strain configuration.

The Raman scattering experiment was performed using
a Jobin Yvon T64000 triple spectrometer in back-scattering
micro-Raman configuration. To achieve a resolution close to
1 cm™! per pixel on the CCD detector, we used diffraction
gratings with 1800 grooves/mm. In the back-scattering con-
figuration, the incident and scattered photons propagate nearly
parallel to the crystallographic c axis, and the polarizations are
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FIG. 1. (a) and (b) Diagram showing the applied strain direction, labeled with respect to the 2-Fe crystallographic unit cell. Fixed and
movable sample plates integrated into a piezoelectric device are labeled as FP and MP, respectively. (c) Schematic representation of the FeSe
2-Fe Brillouin zone and Fermi surface in the tetragonal and (d) the nematic phase (adapted from Ref. [10]) . (e) Crystal structure of FeSe
in the ab plane (b = a). The solid line represents the 2-Fe crystallographic unit cell determining the symmetry of the lattice vibrations. The
dashed line represents the 1-Fe unit cell with axes @’ and &' relevant for electronic and spin excitations. (f) Selection rules for four main
linear polarization configurations. The light polarizations x and y are aligned with the crystallographic axes (a, a). The Raman-active A’,’Z and

B‘l’i,’ phonons are projected in parallel x'x" and perpendicular x"y’ scattering configurations, respectively. Electronic and spin excitations are
preferably described in the 1-Fe cell, where B, and B,, are swapped with respect to the xy system (symmetries in brackets).

in the ab plane as shown in Fig. 1(f). We use Porto notation
for describing the light polarizations and assume that b = a
above and below T; because of the very small orthorhombic
distortion and b L a, a’ = (a + b)/~/2, and b’ = (a — b)//2
[Fig. 1(e)]. Then xx means that both incoming and outgoing
polarizations e; and, respectively, es are parallel to the a axis
[Fig. 1(D)].

For excitation, we used a mixed-gas Art /Kr" laser (Co-
herent Innova 70C) operating at the 514.5 nm emission line.
The laser beam was focused using a microscope objective lens
having an ultralong working distance and x50 magnification,
allowing a spot size of approximately 6 wm. The power of
the incoming polarized light was adjusted for each measure-
ment to deliver | mW on the sample surface or 0.5 mW
absorbed by the material, inducing heating of approximately
4 K. All temperatures shown here were corrected for this heat-
ing. The experimental Raman intensities were divided by the
Bose-Einstein factor, yielding response functions Ry " (w). For
describing the phonon lines, Voigt profiles (a convolution of
a Lorentzian and a Gaussian profile) turned out to be superior
to simple Lorentzians since the intrinsic linewidths are very
small. The Gaussian and the Lorentzian profiles account for
the resolution of the spectrometer (typically 1 cm™!) and the
linewidth of the phonon peaks, respectively.

III. RESULTS

A. Uniaxial strain, symmetry, and selection rules

The experimental geometry and the two strain configu-
rations employed in this study are illustrated in Fig. 1 and
described in the Methods section. In one configuration, the Fe-
Fe bond direction is parallel to the strain direction [Fig. 1(a),
Bs,, see Fig. 1(e) for definition]. In the other one, the strain is
applied along the crystallographic a axis or at 45° with respect

to the Fe-Fe bond direction [Fig. 1(b), B, see Fig. 1(e)
for definition]. These two geometries were selected as they
impose distortions of different symmetry: (i) strain along the
Fe-Fe bond (eg,,) couples directly to the nematic distortion
that describes the transition of the quadratic 1-Fe unit cell into
an orthorhombic one; (ii) strain along a transforms the 1-Fe
tetragonal cell into a diamond or rhombohedron (B}, symme-
try; see Methods). This approach enables a direct comparison
of different symmetry-breaking mechanisms and their impact
on the lattice dynamics.

Since B,, strain directly couples to the nematic order pa-
rameter, it is important to recall how the underlying electronic
structure evolves across the nemato-structural transition. The
corresponding Fermi surface topology above and below Tj
is schematically illustrated in Figs. 1(c) and 1(d), respec-
tively, using the 2-Fe Brillouin zone. In the tetragonal phase
[Fig. 1(c)], FeSe hosts two hole-like bands centered at the I’
point and two symmetry-equivalent elliptical electron pockets
at the M point (the Brillouin zone of the 1-Fe cell is twice as
large and M becomes X). Below T [Fig. 1(d)], lifting of the
dy./d,. orbital degeneracy leads to an anisotropic reconstruc-
tion of the electronic states [§—10] and propellers oriented
along k, of the 1-Fe cell.

The selection rules governing phonon Raman scattering
are dictated by the symmetry of the crystallographic 2-Fe
unit cell. In our case, only in-plane polarizations (within the
ab plane) are applied, as illustrated in Fig. 1(e), where solid
and dashed lines represent the 2-Fe and 1-Fe unit cells, re-
spectively. While the 1-Fe unit cell is often used to describe
electronic and spin excitations, since the relevant bands and
the magnetism derive from the Fe orbitals, the 2-Fe unit cell
provides the appropriate framework for analyzing phonon
modes.

Incident and scattered photons propagate approximately
along the ¢ axis. Under these conditions, the selection rules
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FIG. 2. Raman spectra in x'x’ scattering geometry. The spectra in the range of the Afg phonon line were measured as a function of strain

and temperature, as indicated in the first row and column, respectively. In addition to the measurements, we described the experimental data by
model fits (see text). The blue-shaded area marks the symmetry-allowed A‘l’g mode, and the green-shaded area highlights an additional feature
emerging near T;, labeled A},. The top panel above the spectra schematically illustrates the sample orientations for the &5, and g, strain and

the related distortions of the unit cell. The sf;ifg“
2-Fe unit cell, while &'

low
and ¢ By

dictate that only Af;’ and B’l’;' Raman-active modes are observ-
able for the P4/nmm (space group 129) symmetry. Fig. 1(f)
shows which phonon modes are projected for a given scatter-
ing geometry. In the x'x’ (see Methods section) configuration,
the scattering probes only the nondegenerate fully symmetric,
in-phase vibration of Se atoms along the ¢ axis (Af:) since
there is no B,, phonon. In the crossed x'y’ polarization, the
observed B’I’Z mode breaks the fourfold C4 rotational symme-
try and corresponds to the out-of-phase vibration of Fe atoms
along the c axis.

B. Raman spectra of FeSe

The nemato-structural phase transition in FeSe occurs at
T, = 89.1 K (see Fig. 7 in Appendix A) [15,16,20], with
the crystal symmetry decreasing from tetragonal P4/nmm to
orthorhombic Cmma symmetry. The transition leaves b = a,
but introduces a small deviation from 90° between a and b
[15,18,24-26] of 0.23°, for § = (@’ — b')/(d’ + b') = 0.002
[27,28] (for the definition of &’ and &' axes, see Fig. 1 and

denote spectra obtained under uniaxial tensile strain applied along the diagonal of the

and 811;1‘: correspond to spectra obtained under tensile strain along the a axis.

Methods section). Although this deviation does not affect the
selection rules, there are subtle spectral changes across this
transition, and we performed detailed temperature-dependent
Raman scattering measurements with temperature steps of 3 K
in the vicinity of 7.

We first examine the x'x” spectra. Fig. 2 (spectra panels)
shows the spectral region of the A‘;’Z phonon as a function of
temperature and applied tensile strain. From top to bottom, we
show six representative temperatures; from left to right, we
show results for different strain directions and magnitudes.
Specifically, the first two columns correspond to B, strain,
inducing an orthorhombic distortion of the Fe plane, while
the last two columns correspond to Bj, strain (see top panel).
The spectra in the middle column represent the nominally
unstrained case (&, ). This compilation enables a direct com-
parison of how distinct strain configurations affect the Af "
phonon evolution with temperature. From left to right, the ef-
fects of strain become progressively more evident, illustrating
its systematic impact on the phonon response (details in the
Discussion section and Appendix B).
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In the unstrained case (Fig. 2, middle column), we observe
a change on the low-energy side of the Afg phonon, where a

kink at approximately 3 cm~! below the A‘f:f line develops in
the narrow range of temperatures. We label this new feature
as A}, to denote its fully symmetric character in the FeSe
compound (see Fig. 5). Upon cooling, the mode appears well
above T; and disappears quickly at a slightly strain-dependent
temperature at or below T; (see also Fig. 8) [20].

A similar behavior is observed for By, strain coupling
directly to nematic order and enhancing the orthorhombic
distortion of the Fe plane (Fig. 2, left columns). The additional
A} ¢ peak appears only at higher temperatures (94-106 K)
compared to the unstrained case.

In contrast, B, strain produces a considerably different
evolution (Fig. 2, right columns). For low-magnitude strain
(sg’]‘;v), the A’lg feature is observed over an extended tem-
perature interval ranging from 88 to 106 K and appears as
a well-defined shoulder on the low-energy side of the A’l’g.

With increasing strain (sgiih), the feature emerges at the same

temperature as for 8};‘: but remains visible up to about 109 K,
indicating a slight broadening of the anomaly window.

To be more quantitative, we described all spectra using
Voigt profiles (see Methods section). None of the spectra in
the range 88 to 106 K could be described reasonably well
using a single line. The discrepancy was most evident for By,
strain (Fig. 2, right columns), where the line shape directly
indicates the presence of an additional peak on the low-energy
side. When a second Voigt component was introduced, the
fit quality improved significantly for both the unstrained and
strained cases, within the corresponding temperature ranges
discussed above. This observation is discussed in detail in
the Discussion section, with the full analysis presented in
Appendix B.

Figure 3 shows x'y’ Raman spectra in the energy range
of the Bf;’ mode at selected temperatures. The orthorhombic

distortion (ep,,) causes the B{’Z phonon to shift to slightly
higher energies at low temperatures, whereas rhombohedral
distortion (eg,,) results in shifts of about 1 cm~! toward lower
energies. As the temperature increases, these strain-induced
shifts progressively decrease, and the phonon energies con-
verge toward those of the unstrained sample.

C. Temperature dependence of the phonon excitations

Using the results of the quantitative analysis, we now focus
on the temperature dependences of the energies and linewidths
of all detected excitations in the zero-strain regime, as well as
under low and high strain conditions along the two directions
considered. The extracted phonon energies and Lorentzian
linewidths of the A " and A} , modes are presented in Fig. 4,
in the left and right panels, respectively. The temperature
dependence of the linewidths for each strain configuration was
further modeled using the standard expression for symmetric
anharmonic decay [29]:

2Aph-ph
T.(T) = FL(O)(l + %) 1)

eXsT — |

Ryx"(e, T) (arb. units)

170 180 190 200 210
Raman shift o (cm™)

FIG. 3. Strain-dependent Bf: Raman spectra at temperatures as
indicated. At 269 K, strain has very little effect. Upon approaching
the transition at T, By, strain leads to a blue shift (blue) of the
phonon, while B, strain causes a red shift (orange) with respect to
the unstrained case (green).

where I'1(0) and ®(0) were obtained by extrapolating
linewidths and energies to the zero-temperature limit, while
the phonon-phonon coupling constant (Aynpn) is a free pa-
rameter. The phonon energy w(7T) is influenced by both
anharmonic decay and lattice contraction and is given by the
following expression [30]:

V(T) -V (0 r'Z(0
() =w(0)[1 - \)/(0) = - 2;2((0))

.
x <1+—M}j“"h )] )
e — |

Here, the volume V (T') was determined from experimental
lattice parameters [3], and V (0) was evaluated by extrapolat-
ing the data to the zero-temperature limit. Using Aph.pn from
Eq. (1), the Griineisen parameter y, which relates phonon
energy and thermal expansion, was obtained from Eq. (2) as
the only remaining free parameter.

Both the energies and linewidths of the A’l’: mode are
well reproduced for all experimental strain conditions using
the same set of parameters (dashed and solid black lines in
Fig. 4), with A,ppn ~ 0.25 and y ~ 0.4. This consistency is
expected since the A‘lyh mode corresponds to vibrations of Se
atoms along the c-axis, and the applied in-plane strain has
only a minor effect on the out-of-plane bonding environment.
Consequently, the oscillator potential of the phonons remains
essentially unchanged.

The BY " mode, corresponding to out-of-phase vibrations of
the Fe atoms along the ¢ axis, exhibits a moderate and sys-
tematic response to strain. The phonon energy and linewidth
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FIG. 4. Temperature dependence of the A‘i’;’ and A}, mode energies (left) and Lorentzian linewidths (right) for different strain configura-

tions. From top to bottom, the phonon energy and linewidth evolution for [(a) and (f)] sgizgqh, [(b) and (g)] sg’z‘;’, [(c) and (h)] &,e10, [(d) and (i)]

eg);;, and [(e) and (§)] egiih. The black [(a)—(e)] dashed and [(f)—(j)] solid lines represent the temperature dependencies of the phonon energies

[according to Eq. (2)] and linewidths [according to Eq. (1)], respectively.

evolve smoothly without any anomalous behavior, indicating
that this mode is also only weakly affected by strain (see
Fig. 9). The corresponding phonon-phonon coupling con-
stants and Griineisen parameters are summarized in Table I.
y ~ 2 is several times larger than that of the A’I’Z mode and
reflects the stronger coupling of By, vibrations to lattice con-
traction and in-plane bonding geometry, as out-of-phase Fe
displacements modulate the overlap of the in-plane 3d orbitals
of the Fe-Fe network.

We now turn to the most crucial part of the results, the
analysis of the additional A}, mode and its evolution with
strain and temperature. Figure 4 summarizes the behavior of
the AII'Z and A|, peaks under different strain configurations.

We first examine the energy offset of the A . mode with

respect to the A[fg mode. In the unstrained sample (€,er,), the

maximal energy difference of about 2 cm™ occurs at the

lowest temperature where the A}  mode is detected. Applying
a nematic distortion (ep,,) reduces this offset, whereas e,

strain enhances it, with its separation from the Afg mode ex-
ceeding 3 cm~! at the lowest temperature. In all cases, the A ¢

mode shifts toward the Af; mode upon heating. This strain-
dependent evolution indicates that the relative position of the
A} . mode is controlled by the symmetry of the applied strain
field and its coupling to the electronic degrees of freedom, an
aspect analyzed in detail in the Discussion section.

The temperature dependence of the linewidth of the A ¢
mode is shown in Figs. 4(f)-4(j). For the &4, and &g, strain

configurations, the linewidth closely follows that of the A’l’g
mode, with a similar broadening. In contrast, under €py, strain,
the peak becomes noticeably narrower at lower temperatures
than in all other cases. This behavior likely reflects the strain-
induced deviation from the nematic ordering.
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TABLE 1. Parameters of the B’l’: mode obtained from a
least-squares fit of the temperature dependence of energies and
linewidths [Fig. 9]. The phonon-phonon coupling constant (Aph-ph)
and Griineisen parameter (y) were extracted for different strain di-
rections and strengths.

Strain Aph-ph 4
high
S 0.18 2.0
£l 0.16 2.0
8
SZSTO 0:2 2.0
£l 0.13 1.8
Big
epe 0.13 1.8

IV. DISCUSSION

The most unexpected result of this study is the additional
feature slightly below the A} Z phonon energy, observed within
a narrow temperature interval around the nematic transition at
T, = 89.1 K (Fig. 2). Although the additional A < contribu-
tion is not directly resolved as a separate structure because
of its small energy difference from the A‘fg phonon and its
low intensity, the two-component analysis of the phonon line-
shape performed for different strain configurations supports
the presence of two overlapping contributions. This effect is
most pronounced under high B, tensile strain, whereas for the
other strain configurations, including nominally zero strain,
the corresponding asymmetry is weaker and observed in a
narrower temperature range.

To assess this behavior quantitatively, we fit one- and
two-component models to the spectra, with each component
described by a Voigt profile. Figure 5 shows representative
spectra measured at 7 =106 and 133 K under high B,
strain, ehlgh The A}, contribution is most clearly resolved
at T = 106 K, where the two-component model provides
an improved description of the low-energy asymmetry, as
demonstrated by the residuals AR)({f ,(w), their difference
8(1.2)(w), and the corresponding R7 , values. By contrast, for
the spectrum at 7 = 133 K, the two-component model no
longer yields a better description of the measured data. This
provides quantitative support for the presence of an additional
contribution below the symmetry-allowed A’l'g phonon. The
residual difference, §(; 2)(w, T'), over the entire measured tem-

. . high
perature range for three strain configurations, & B’]g ,
8

8g'gh, is presented in Fig. 8 of Appendix B. This analysis

shows that the A < contribution is not an artifact, but is sys-
tematically observed in the vicinity of 7; and thus statistically
significant.

FeS and FeSe;_,S, provide useful reference systems in
which additional Raman features associated with the fully
symmetric response have been observed. In FeS, an overtone
excitation inside the gap of the PDOS originates from a two-
phonon scattering process involving acoustic branches close
to the Brillouin zone boundary in the M and A regions [see
Fig. 6(a)]. Its activation inside this gap has been attributed
to enhanced EPC in FeS, where acoustic phonons acquire
sufficient coupling strength to produce the overtone near twice
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FIG. 5. Comparison of one- and two- component fits to the asym-
metric A1 peak. Results are shown for the 83 " Strain configuration
at T = 106 K and T =133 K. [(a) and (d)] Measured spectra
(open symbols) together with the one-component (orange) and two-
component (purple) models. The A? Z phonon and A’ contributions
comprising the two-component model are shown by the blue and
green shading, respectively. [(b) and (e)] Residuals ARy (w) and
AR5 (w) for the one- and two-component fits, respectively. The cor-
responding R%,z values are indicated. [(c) and (f)] Difference between
the residuals, 8(;2)(w) = AR (w) — AR, (w). The dashed lines
indicate zero residual, while the green shading marks the spectral
region associated with the A}, contribution.

their zone boundary energy [17]. As shown in Fig. 6(a), the
energies of the acoustic branches at M and A in FeS lie
approximately at half of those of the Ai’; phonon line.

The situation in FeSe;_,S, is notably different for small
x: the PDOS does not have a gap, and an additional feature
emerges in the Aj, channel even at the lowest substitution
levels (x = 0.04-0.05) [18,31] (see Fig. 10, Appendix D). The
appearance of this feature at such low x suggests that even
weak sulfur substitution perturbs the lattice and electronic
environment locally, thereby modifying the A;; response.
Therefore the persistence and evolution of these features favor
a scenario where EPC of some acoustic branches may be
enhanced at the Brillouin zone boundary.

Unlike in FeSe;_,S,, where the additional structure de-
velops on the high-energy side of the A{’g line (Fig. 10) and
survives at all temperatures [31], in FeSe the additional mode
appears on the low-energy side of the A’l’h mode in the small
temperature interval around T (Fig. 4).

The acoustic branches near the X and R points of the
phonon dispersion [2-Fe cell, see Fig. 6(c)] are plausible
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FIG. 6. Comparison of phonon dispersions and Raman spectra of
FeS and FeSe. (a) Calculated phonon dispersion of FeS along high-
symmetry directions of the Brillouin zone. The blue-shaded area
marks the gap in the phonon density of states (PDOS). (b) Raman
spectra of FeS in xx polarization, showing the main Af: mode and
additional Ail and A‘f‘f features, the first of which lies within the
PDOS gap. (c) Calculated phonon dispersion of FeSe along high-
symmetry directions. A‘]’Z and B‘,’: values at the I' point are labeled
with green and yellow triangles, respectively. (d) Raman spectra of
FeSe in x'x’ polarization, where an additional A}, mode appears near
the A’l’;’ peak. The left inset shows the atomic displacement pattern
of the relevant acoustic mode at the X point in the 2-Fe Brillouin
zone. Figures adapted from our previous studies (for details see
Refs. [17,18]).

candidates for the origin of the two-phonon process, be-
cause twice their energy corresponds approximately to the
observed A . feature. Additionally, the longitudinal acoustic
(LA) phonon at the X point has a purely in-plane displacement
pattern of the atoms [inset of Fig. 6(d)] that produces the
same modulation of the 1-Fe cell as the nematic distortion,
which entails a reconstruction of the Fermi surface by lifting
the d,./d,, degeneracy of the bands at the M point. Thus, al-
though the X-point LA phonon induces this reconstruction at
all temperatures, the nematic susceptibility increases rapidly
close to Ty and, for symmetry reasons, this phonon couples
directly and more strongly to the fluctuations. Concomitantly,
the interaction between two zone-boundary LA modes is en-
hanced around 7y, and the energy is renormalized down. Since
two modes having the same symmetry always yield an A;, ex-
citation, the appearance of the A . mode has a straightforward
explanation.

In crystals detwinned along the Fe-Fe bond direction (B,
strain), the applied strain aligns with the nematic distortion
and promotes domain ordering. In this configuration, the
additional mode is found to gradually merge with the A[fg
phonon [see Figs. 4(a) and 4(b)] and persists over a nar-
rower temperature range, consistent with the suppression of
critical fluctuations once the lattice becomes more ordered.
Conversely, By, strain perturbs the orthogonal in-plane sym-
metry channel and modifies the local lattice environment and
the anisotropy of EPC. As a result, the temperature range
over which the A}, mode is observed broadens, and the peak
becomes more sharply defined (Figs. 2 and 4). This contrast
highlights the sensitivity of the FeSe lattice to the direction
of applied strain and indicates that the emergence of the A ¢

feature and its energy separation from the A‘;’: phonon mode
are sensitive to the balance between nematic ordering and the
modulation of EPC by lattice distortions.

Thus, while the phonon anomalies in FeS and FeSe may be
associated with the acoustic branches near the zone boundary,
the conditions enhancing the two-phonon Raman response are
different. In FeS, the effect reflects an EPC-enhanced two-
phonon response within a structurally stable phase, whereas
in FeSe it appears only near T, where critical nematoelastic
fluctuations and the temperature-dependent electronic suscep-
tibility near the M point may enhance the coupling to acoustic
lattice modes near the zone boundary.

These findings contribute to clarifying the complex be-
havior of interrelation between structural, magnetic, and
electronic degrees of freedom in FeSe. Applying stress along
the principal axis or the diagonal leads to distinctly differ-
ent responses of the electronic system and the lattice. In the
first case, the Fe plane is rhombohedrally distorted and the
fluctuation range is extended due to the suppression of the
nematic order. Consequently, the presence of the two-phonon
response survives in a broader temperature range because of
the fluctuation-induced EPC. In the second case, the nematic
order is supported by the external strain, the fluctuation range
narrows down, and the two-phonon response appears only
in a smaller temperature range. Obviously, fluctuations and
EPC are correlated here because of the eigenvector of the
longitudinal acoustic mode near the X point of the Brillouin
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zone. In the FeSe;_,S, system, additional mechanisms may
be at work such as local enhancement by disorder.

ACKNOWLEDGMENTS

We thank Andreas Baum for valuable discussions re-
garding the experimental setup, Jonas Bekaert for insightful
discussions related to lattice dynamics, Vladimir Damljanovic¢
for helpful discussions concerning the symmetry analysis of
the system, and Sanja Djurdji¢ Mijin for contributions during
the Raman experiment. The authors acknowledge funding
provided by the Institute of Physics Belgrade, through a
grant from the Ministry of Education, Science and Techno-
logical Development of the Republic of Serbia, Project No.
F-134 of the Serbian Academy of Sciences and Arts. This
research was supported by the Science Fund of the Republic
of Serbia, 10925, Dynamics of CDW transition in strained
quasi-1D systems - DYNAMIQS, and by the SF PROMIS
Program, No. 6062656 — StrainedFeSC. This work has re-
ceived funding from the European Union’s Horizon Europe
research and innovation programme under Grant Agreement
No. 101185375 (HIP-2D-QM). The collaboration between
the Institute of Physics Belgrade and the IFW Dresden
was supported by the German Academic Exchange Service
(DAAD) through Project No. 57703419 and the Ministry
of Science, Technological Development and Innovations of
the Republic of Serbia. B.V. acknowledges financial support
from the Slovenian Research Agency through Contract No.
P1-0099. C.P. acknowledges financial support from Shang-
hai Key Laboratory of MFree, China (No. 22dz2260800)
and Shanghai Science and Technology Committee, China
(No. 22JC1410300). Work at Vinca Institute was funded by
the Contract No. 451-03-1320/26-0326 (SHARPS-RS). DFT
calculations were performed using computational resources
at Johannes Kepler University (Linz, Austria). Materials
synthesis was supported by the Office of Basic Energy Sci-
ences, Materials Sciences and Engineering Division, U.S.
Department of Energy (DOE BES) under Contract No. DE-
SC0012704, Brookhaven National Laboratory (BNL).

J.B. and A.M. contributed equally to this work. J.B., A.M.,
R.H., and N.L. designed and set up the experiment. A.W. and
C.P. prepared the samples. J.P., A.S., and E.D.L. performed
the DFT calculations. E.S.B., M.V.M., and Z.V.P. contributed
to scientific discussions and interpretation of the results. J.B.,
AM., TB., B.V.,, M.O., N.P, and N.L. carried out the Raman
scattering measurements. All authors contributed to data anal-
ysis, discussion of the results, and writing of the manuscript.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not techni-
cally feasible and/or the cost of preparing, depositing, and
hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

(a)
& C(n:l)ma |TI P4/nmm I I
Wiz 0 2 (t) ‘__,.,—-""'-
N i =

nematic fluctuation

5.31

50 100 150 200 250 300
Temperature (K)

Lattice parameters a, b (A)

(b)

G (A?
5

100 K data P4/nmﬁv model

TN

Q

oo

o

ém_ 1 1 . [ _I_._'

5‘7' 10 20 30 40 50 60
Interatomic distance r (A)

__ (0

e 100 K 300 K

S o R i hrgiem Mg

- -—-J0o] - Lyl

SNEH'I" u"‘dlu"'. uﬁJLﬂI

2 © wh YLt YDV a0 Vi

(—)LD i 1 |.I| TR I—I—I—._—l—.

g‘\-'234 234 234 234 234 234

< Interatomic distance r (A)

FIG. 7. Crystal and local structure of the FeSe sample used in
this study. (a) Temperature dependence of the in-plane lattice param-
eters, with 7 as indicated. The global structure is orthorhombic (0)
Cmma below and tetragonal (t) P4/nmm above 90 K. In the tetrag-
onal phase, a known signature of nematic fluctuations is observed at
the nanoscale, as exemplified in (b). (b) The difference between the
synchrotron pair distribution function data and the tetragonal model
fit at 100 K (green line, offset for clarity) displays subtle misfits on a
unit-cell length scale (shaded region). This signature remains virtu-
ally unchanged at elevated temperature and can be rectified using the
orthorhombic local symmetry model (c) [15,16]. (¢) Comparison of
tetragonal (t) and orthorhombic (o) local symmetry models for 100,
200, and 300 K.

APPENDIX A: CRYSTAL STRUCTURE OF FESE

To access the local structure on top of the average crys-
tallographic structure, we studied a FeSe crystal by x-ray
diffraction and extracted the pair-density distribution func-
tion (pdf) at three different temperatures. Figure 7(a) shows
the in-plane lattice parameters as a function of temperature
and the effect of the tetragonal-to-orthorhombic transition at
Ty =~ 90 K. Above T, the average structure is tetragonal,
described by the P4/nmm space group, and orthorhombic
below T;, described by Cmma. Figure 7(b) shows the syn-
chrotron pair distribution function G(r) at 100 K, where r
is the interatomic distance. This experimental result is com-
pared to the expectation from a model based on the tetragonal
space group P4/nmm. The difference shows larger deviations
AG(r) between experiment and model in the range r < 5 A
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FIG. 8. Decomposition of the asymmetric A‘l’:,' Raman peak. [(a)-(c)] Difference between the residuals obtained from one- and two-

component descriptions of the Af;’ Raman mode using Voigt profiles over the measured temperature range (82-304 K). The corresponding

high

residual difference, §(12)(w, T) = AR (w, T) — AR (w, T ), is shown for three representative strain configurations: (a) €p,, » (b) €460, and

(c) egilggh. The curves are vertically offset for clarity. Dashed lines indicate zero residual difference, while the green shading marks the spectral

region associated with the additional A}, contribution.

as highlighted by the shaded region, whereas for r > 5 A the
agreement is satisfactory. The range and the magnitude of
AG(r) do not strongly depend on temperature, meaning that
the (small) local deviations from the overall tetragonal struc-
ture survive up to room temperature as shown in Fig. 7(c).
Obviously, the deviations are slow enough to be observable
by a quasistatic method [15,16].

APPENDIX B: DECOMPOSITION OF UNRESOLVED
AP} AND A}, MODES

The Af: peak in the temperature range around 7 exhibits a
pronounced asymmetry on the low-energy side in the spectra
of the twinned FeSe sample. Upon detwinning, it becomes
evident that this asymmetry arises from the emergence of an
additional peak.

In Fig. 8, the difference between the residuals ob-
tained from one- and two-component descriptions of the Af :
mode, 81 2)(w, T) = ARx{(w, T) — ARx) (w, T), with each
component represented by a Voigt profile, is shown. The com-
parison is presented over the full measured temperature range
for (a) eg’ih strain, (b) zero strain, and (c) sglih strain. The
green shading marks the spectral range associated with the
A1, contribution. Positive values of (i 2)(w, T') indicate that
the two-component model yields smaller residuals than the
one-component model, whereas values close to zero indicate
comparable fit quality. The one-component model adequately

describes the spectra for all strain configurations except within
a narrow temperature window around 7. Within this window,
systematic deviations emerge in the spectral range associated
with the A}, contribution.

APPENDIX C: B‘l’; MODE TEMPERATURE DEPENDENCE

The temperature dependences of extracted energies and
linewidths of the Bf:; mode for different strain configurations
are shown in Fig. 9. They are modeled analogously to the
A’l’h mode, as described in the main text. Both the energy
and linewidth change gradually without any anomalies. The
extracted phonon—phonon coupling parameter (Aphpn) and
Griineisen parameter () are summarized in Tab. I of the main
text for the free-standing sample (€4r0) and for the By, and By,
strain configurations.

APPENDIX D: TWO-PHONON EXCITATIONS
IN FeS AND FeSe;_Sy

Figure 10 shows the evolution of the Raman spectra of
FeSe;_,S, with increasing sulfur content x up to the QCP
(x ~ 0.2) from our previously published study (see Ref. [18]).
The spectra were recorded above the nemato-structural tran-
sition (T > Ty) in the x'x" configuration, where only a fully
symmetric mode is expected. In the FeSe compound, only a
single phonon line A’I’Z was observed. At small substitution
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and Lorentzian phonon linewidths according to Eqgs. (2) and (1),

respectively, in the main text.

levels (x = 0.05), new features emerge in the x'x’ configura-
tion [32]. With increasing sulfur content, these features gain
intensity, while the A’]’ " mode softens, weakens in intensity,
and becomes almost undetectable for x = 0.23 [18]. The spec-
trum of FeS [inset of Fig. 6(b)] contains additional features
that were previously attributed to two-phonon scattering and
to a projection of the phonon density of states [17].

APPENDIX E: STRAIN CELL

The strain cell was assembled in-house following the
designs described in Refs. [33,34]. The cell consists of a
precision frame formed by two titanium bridges connected by

FeSe,.S, S Fes A1Sé2+A’1’g
T= 100 K 8 T=8K
=
ph -
Alg _§, B';g AST
= ‘
© 200 250, 300
. a)(Cm ) x=0
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Ry" (@, T) (arb. units)

LYW mm.\m
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FIG. 10. Raman spectra of FeSe;_,S, (0 < x < 0.23) and FeS.
The spectra of FeSe;_,S, are measured at T > T; in the x'x" scat-
tering configuration where only fully symmetric phonon excitations
can be observed. Spectral lines other than the Raman-active phonons
are labeled as A?;'S. (Inset) Raman spectra of FeS at 8 K, where
two-phonon excitations are labeled as Ai,l and Aif. These figures are
adapted from our previous studies (for details see Refs. [17,18]).

three piezoelectric stacks, allowing controlled application of
uniaxial strain. The two outer stacks connect the bridges and
generate tensile strain, while the inner stack is attached to one
bridge and carries the movable sample platform (MP) at its
opposite end. The fixed platform (FP) is part of the second
bridge. Extension of the outer stacks moves the MP away from
the FP, whereas extension of the inner stack pushes the MP
toward the FP, producing compression.

To monitor the applied strain, a strain gauge was attached
between the fixed and movable platforms, beside the sample.
The strain gauge was incorporated into an electronic feedback
circuit controlling the voltage applied to the piezoelectric
stacks, so that the strain remained constant during the mea-
surements. The tensile-strain measurements discussed in the
main text were performed at 0, 70, and 140 V, corresponding
to nominal strain values of 0%, 0.13%, and 0.21%, respec-
tively. These conditions are denoted as zero strain (€er0),
low strain (¢'°%), and high strain (¢"&h). Since the focus of
this work is the qualitative strain dependence of the Raman
response, these values are treated as nominal strain lev-
els. Although the piezoelectric driver allows operation down
to =30 V, the resulting compression was negligible in the
present configuration; therefore, only tensile-strain measure-
ments were considered.
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‘Trchalcogenides CrXTe; (X = Si, Ge) are semiconducting representatives - of the van der
Waals materials, with ferromagnetic order and band gap of 0.4 ¢V for Si and 0.7 eV for Ge
compound, and Curie temperatures of 32 K and 61 K, respectively. Their layered structure
provided exfoliation to mono and few-layer nanosheets, due to the weak van der Waals inter-
layer bonding, This possibility togeather with their semiconducting and magnetic properties
makes them ideal candidates for applications in optoelectronics and nano-spintronics.

Here we present temperature dependent Raman scattering study on CrSiTe; and
CrSiy¢Gey 1 Tes. Four and eight out of ten Raman active modes were assigned and observed
for pure and slighly doped compound, respectively. The self-energies of AE and Eg 2

symmetry modes of Cr8iTe; compound exhibit unconventional temperature ¢volution around
180 K. In addition, doubly degenerate Eg mode shows a clear change of asymmetry in the

same temperature region. The observed behavior is consistent with the previously reported
presence of short-range magnetic order and strong spin-phonon coupling. Changing the
concentrations of elements in parent compounds and doping plays a significant role in
semiconducting physics and can lead to surprising physical properties, like considerable
change in magnetic transition temperature or structural modifications. SEM measurements
performed on cur CrS8i0.8Ge0.1Te3 single crystals revealed the 10% concentration of Ge
atoms and the same amount of vacancies. Inelastic scattering results on CrSi0.8Ge0.1Te3 in
addition to symmetry predicied modes, shows the presence of one mode attributed to the
inhomogencous distribution of Ge atoms, and two overtones, all obeying pure 4, selection

rules, All analyzed modes display uncenventional behavior, but in a difference from the pure
compound on a higher temperature of 210 K.
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Transitional metal dichalcogenides have attracted a lot of attention due to their rich phase
diagrams, thickness-dependent transport, distinctive optical characteristics, and the
emergence of collective electron phenomena (e. g. charge density waves - CDW and
superconductivity) which can co-exist, contrary to what was predicted by previous
theoretical studies. Given that both superconductivity and CDW phase have been
experimentally confirmed in the crystal alloys of 2H-TaSe;,S,, these materials represent
perfect candidates to investigate an intricate connection between these two phenomena.
Additionally, it was recently shown that in the metallic single crystal alloys of 2H-TaSe, 5,
the crystalline disorder favours superconductivity while suppressing CDW phase. In this
study, Raman spectroscopy was used to investigate the lattice dynamics of 2//-TaSe;-,5, (0
< x < 2) alloys. Experimental results were compared to density functional theory (DFT) and
density functional perturbation theory (DFPT) calculations. In the Raman spectra of pristine
samples two out of three symmetry predicted Raman active modes were observed, with the
missing mode being unohservable in the used backscattering geometry. Experimental values
of phonon energies are in good agreement with theoretical calculations. The temperature
dependence of phonon energies and line widths directly reflects existing CDW transitions.
The Raman spectra of doped materials were compared to those of pure samples in order to
inspect how the electron-phonon interaction and crystallographic disorder affect the phonons.
Additional peaks and a dramatic development of the two-phonon structure are detected in the
Raman spectra of the doped samples. A signature of the crystallographic disorder can also be
identified in the sulfur content dependence of phonon energies, line widths and Fano
parameter.
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Optical properties of nanostructured multi-stoichiometric tungsten suboxides

Bojana Vigi¢'™, Luka Pirker'”, Marko Opati¢’, Ana Milosavljevic’, Nenad Lazarevié®,
Boris Majaron™*, Maja Remékar' '

JfDepm-.!‘m!ent of Condensed Matter Physics, Jozef Stefan Institute, Jamova Cesta 39, 1000
Ljubljana, Slovenia, “Institute of Physics Belgrade, University of Belgrade, Pregrevica 118,
11080 Belgrade, Serbia, *Department of Complex Matter, Jozef Stefan Institute, Jamova 39,

1000 Ljubliana, Slovenia, *Faculty of Physics and Mathematics, Universily of Ljubljana,

Jadranska 19, Slovenia

Tungsten suboxide (WO3,) nanomaterials were synthesized via chemical vapor transport
method and the role of their crystal structures on the optical properties was investigated.
These materials grow either in the shape of platelets or nanotiles, or as nanowires (Ws Oy,
WgQys). For the first one which represents thin quasi-2D materials, the appearance of defect
states gives rise to two indirect absorption edges. One is assigned to the regular bandgap
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. Photoluminescence emission peaks in the UV region were detected for
all four materials. The interplay of the crystal structure, oxygen vacancies and shape can
result in changes in optical behavior, and the understanding of these effects could enable
intentional tuning of selected properties.
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Infrared and Raman study of narrow-gap semiconductor FeGa,

C. Martin', V. A. Martinez?, M. Opagi¢®, S. Djurdji¢-Mijin®, P. Mitri¢®, A. Umicevi¢’, V. N.
_ Ivanovski®, A. Poudel’, 1. Sydoryk', Weijun Ren’, R. M. Martin®, D. B. Tanner’, N.
. Lazarevié®, C. Petrovic’, and D. Tanaskovié® -

!Ramapo College of New Jersey, Mahvah, NJ 07430, US4, *Department of Physics,
University of Florida, Gainesville, Florida 32611, USA, *Institute of Physics Belgrade,
University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia, *Vinca Institute of Nuclear
Sciences — National Institute of the Republic of Serbia, University of Belgrade, Belgrade,
Serbia, *Brookhaven National Laboratory, NY 11973, US4, “Montclair State University,
Moniclair, NJ 07043, USA

Narrow-gap semiconductors have been intensively studied in the last few years due to their
huge thermoelectric power at low temperatures and possible impact of strong electronic
correlations on their physical properties. Here, we analyse infrared and Raman spectra of
FeGa; single crystal. The optical conductivity obtained from reflectance measurements
suggests an indirect energy gap of around 0.4 eV, although the existence of substantial
spectral weight at low energies prevents its precise determination. The energies of Raman
and infrared active modes obtained by our DFT calculations agree very well with the
experimental results. Temperature dependence of Raman mode energies and linewidths is
weak between 80 and 300 K, indicating the absence of any phase transition. Most of the
vibrational modes are very narrow due to weak electron-phonon and/or spin-phonon
interactions, and good crystallinity of the single crystal, which is also confirmed by the
Mdssbauer spectra.
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Unlocking the Universality of Fano’s Effect in

- Raman Spectroscopy and Its Role in Condensed

Matter Physics

Dejan M. Djoki¢?*, Marko Opaci¢* and Dimitrije Stepanenko®

Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, Belgrade 11 080, Republic
of Serbia

Abstract. Fano eflect, characterized by its distinctive asymumetric spectral profile, remains a cor-
nerstone concept in various branches of modern physics. Initially recognized in atomic systems,
this phenomenon has since proven essential in understanding the interplay between discrete and
continuum states. In the realm of condensed matter physics, the Fano effect has gained particu-
lar importance in the study of conducting systemns, where Raman spectroscopy has emerged as a
powerful noninvasive tool for probing these interactions. Through Raman scattering, the Fano ef-
fect provides critical insight into the coupling between electronic and vibrational states, offering
a unique window into the dynamics of charge carriers, excitons, and phonons in materials like
graphene, topological insulators, and other nanostructured systems. Furthermore, the role of the
Fano effect extends beyond condensed matter, impacting fields such as metamaterials, nanoanten-
nas, and even high-energy physics, where similar mechanisms govern complex phenomena. This
presentation will focus on uncovering the universal nature of the Fano Raman spectral lineshape
including its relevant nodes, geometrical properties, as well as subtly embedded symmetry features,
with an empbasis on its applicability across various materials and systems. The ongoing study will
also introduce a comprehensive, yet straightforward fitting procedure that allows experimentalists to
efficiently extract critical microscopic parameters from their Raman spectra. The method enables a
fairly efficient, rather accurate analysis, directly benefiting rescarchers in both fundamental studies
and applied experimental work.
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Nanostructured thin films with strong spin-orbit
interaction

M. Opatié 2, B. Vasi¢?, N. Tomi¢?, M. Séepanovié? and Z. Konstantinovié?
V. Fuentes?®, L1, Balcells *, B. Martinez * and A. Pomar®

“Center for Solid State Physics and New Materials, Institute of Physics Belgrade, UB, Serbia
binstituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus UAB, Bellaterra 08193, Spain

Abstract. Materials with strong spin-orbit coupling (SOC) position themselves at the frontline of
spintronics, allowing generation and manipulation of pure spin-currents [1]. Perowvskite iridaes
have received special interest as they exhibit a rich electronic phase diagram with exotic states,
due to the delicate interplay between SOC and crystal field splitting. In particular, SrfrOs has been
proposed as a topological semimetal, having band structures near the transition between semi-
metallic and insulating states, which can be finely tuned by strain and deposition conditions [2].
This electronic richness mixed with the inherent tendency of perovskite oxides towards self-
organized growth offers an enormous and unexplored potential for engineering functicmal
properties ofthin films [3] The influence of strain and nanostructured formation at the surface on
electronic transport properties of SrIrOs {s discussed (Figure 1).
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FIGURE 1. (2) Tempemture dependent resistance of nanostructured StirQs thin films grown on different substrates (S1TiO;
(STO), LaAl0, (LAO), NdGIO; (NGOY, GdScO; (GS0), LaAlOy)y;~(SnAITa0 ), (LSAT) with SEM imges (2x2 unt) (b) 8-26
measurements of the comesponding films with sirmilar thickness (25 nim<t<30 nm).
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Anisotropic Strain Response in FeSe
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“Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
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28049 Madrid, Spain
“Condensed Matter Physics and Material Science Depariment, Brookhaven National Laboratory,
Upton, NY 11973-5000, USA
dShanghai Advanced Research in Physical Sciences (SHARPS), Shanghai 201203, China
*Department of Nuclear and Plasma Physics, Vinca Institute of Nuclear Sciences, University of
Belgrade, Belgrade 11001, Serbia
ISchool of Natural Sciences, Technische Universitat Munchen, Garching 835748, Germany
E[FW Dresden, Helmholtzsirasse 20, Dresden 01069, Germany

Abstract.

Unconventional superconductivity often arises in materials with complex interactions, where
competing ordered states such as magnetism, nematicity, and superconductivity, interact and
sometimes overlap, making their nature elusive. Among iron-based superconductors, the
isostructural FeSe and FeS may appear similar but they differ significantly in their physical
properties. While FeSe undergoes a nematic and structural phase transition, FeS shows no
structural transition even at the lowest temperatures, with its critical temperature (7) halved
compared to FeSe. Interestingly, substituting selenium with sulfur in FeSe suppresses the nematic
transition temperature to zero near a quantum critical point (QCP), which coincides with a
significant drop in T. It has been suggested that while spin-fluctuations dominate below the QCP
and significantly affect electron-phonon interactions, nematic fluctuations become prominent
above the QCP. Here, we present a detailed Raman scaitering study of FeSe under uniaxial strain
applied along two high-symmetry crystallographic directions, (110} and {100), to investigate how
symmetry-breaking perturbations affect its lattice dynamics. Our results reveal a pronounced
anisotropy in ithe phonon response to strain: orthorhombic distortion along the (110} direction
leads to a moderate narrowing of the temperature window over which phonon anomalies occur,
while strain along (100) which introduces rhombohedral distortion, results in a significant
broadening of the temperature range over which phonon mode splitting, and energy and linewidth
anomalies are observed. We find that the fully symmetric 4;, phonon mode is particularly sensitive
to symmetry-breaking perturbations, while the B, phonon mode remains largely unaffected.

*This research was supported by the Science Fund of the Republic of Serbia, 10925, Dynamics of CDW

transition in strained quasi-1D systems - DYNAMIQS
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Strain-dependent vibrational properties of
SrIrO; thin films

M. Opaéié?, N. Tomi¢?, L. Balcells®, B. Martinez®, A. Pomar®, M.
Séepanovié? and Z. Konstantinovic®

aCenter for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080, Belgrade, Serbia
bInstituto de Ciencia de Materiales de Barcelona, ICMAB-CSIC, Campus Universitario UAB,
Bellaterra 08193, Spain

Abstract. Ruddlesden-Popper series of 5d strontium-irridates (Sr,411r,03,41) have been exten-
sively studied in the past years due to its unique properties, including spin-orbit coupling, crystal
field and electronic correlations. Interplay between these features facilitates transitions between dif-
ferent electronic states due to slight structural or chemical changes. In this work Raman spectra of
SrIrO4 thin films grown on different substrates (LAO, LSAT, STO, GSO) are investigated for vari-
ous sample orientations and light polarizations. Our attention is focused on Raman mode appearing
around 395 cm™!, which is assigned as A, symmetry mode by orfentation-dependent measure-
ments. A blue shift of this mode when going from SIO/GSO, through SIO/STO and SIO/LSAT,
to SIO/LAQ sample, was observed, which is a clear fingerprint of increasing compressive strain,
induced by substrate.
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copper at nitrogen vacancy and palladium at boron vacancy as the most promising HER
candidates, exhibiting near-thermoneutral hydrogen binding comparable to Pt(111). To assess
their practical viability, electrochemical stability was further examined through Pourbaix
analysis. This additional screening step demonstrates that copper at nitrogen vacancy is
unstable under acidic conditions and prone to hydroxyl poisoning, whereas palladium at boron
vacancy remains stable and catalytically accessible over a broad range of potentials and pH
values. The results highlight the importance of combining activity descriptors with
electrochemical stability criteria and establish a general computational framework for the
rational design of SACs on defect-engineered 2D materials.

INV9
Temperature Dependent Raman Spectra of Tio2 Brookite Nanopowder: Is
Brookite Phase Photocatalytic Active?

M. Opatié¢!, N. Tomié!, M. Gruji¢ Brojéin!, M. Radonji¢?, J. Krstic?,
M. Opagic! jié Broj Radonj
N. Lazarevié!, M. Séepanovié!

ICenter for Solid State Physics and New Materials, Institute of Physics, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia

2Scientific Computing Laboratory, Institute of Physics Belgrade, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia

Institute of Chemistry, Technology and Metallurgy, Department of Catalysis and Chemical
Engineering, University of Belgrade, Njegoseva 12, 11000 Belgrade, Serbia

Due to the fact that pure brookite phase of TiO; is extremely difficult to synthesize, literature
concerning experimental data on brookite is very scarce. The main goal of this research is the
analysis of temperature dependent Raman spectra of TiO2 nanopowder in a pure brookite
phase. Twenty-four Raman active modes were observed and assigned, based on DFT
calculations and by comparison with earlier Raman works. From the fits of energy and
linewidth temperature dependence of the selected modes, the thermal expansion coefficients in
some crystallographic directions are estimated for the first time, showing significant
anisotropy. By comparing the Raman spectra of as-prepared and a sample after annealing, it
was observed that Raman modes are narrower and more pronounced in a latter case, which can
be ascribed to more regular stoichiometry of the annealed sample. Brookite phase, as the least
investigated phase of TiO», shows exceptional photocatalytic activity in both types of samples.
Slightly better efficacy in degradation of RO16 dye exhibits as-prepared sample, probably due
to higher specific surface area, mesopore volume and the most frequent pore diameter.

INV10 :
Michael Pupin's Doctoral Dissertation: A Neglected Contribution to the
Early Development of Physical Chemistry

Neboisa [. Potkonjak

VINCA Institute of Nuclear Sciences—National Institute of the Republic of Serbia,
University of Belgrade, Mike Petrovica Alasa 12—14, 11000 Belgrade, Serbia

Michael Pupin (1858-1935) is widely recognized as a distinguished Serbian-American
scientist, inventor, and professor at Columbia University whose contributions to
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Effect of disorder and electron-phonon
interaction on 2H-TaSe,xSx lattice dynamics

Jovan Blagojevié¢!, Sanja Purdi¢ Mijin!, Ana Milosavljevié!, Marko
Opacié!, Jonas Bekaert?, Milorad Milo$evié?, Zoran Popovi¢® and Nenad
Lazarevi¢!

!Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Department of Physics & NANOlab Center of Excellence, University of Amiwerp, Groenenborgerlaan
171, B-2020 Antwerp, Belgium
3Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Abstract. Quasi-2D materials have gained a significant attention in the Jast few years because of
their unique physical properties. The family of transition metal dichalcogenides is particularly
intriguing due to their complex phase diagrams, characteristic optical properties and possibility to
observe collective electron phenomena at higher temperatures. A strong correlation was observed
between the electron-phonon interaction and the CD'W phase in materials that display such stales
Recent study has revealed that crystalline disorder promotes superconductivity while
simultaneously suppresses CD'W phase in metallic single crystal alloys of 2H-TaSezx5x:

Raman spectroscopy was used to investigate the effect of defects on lattice dynamics and electron-

phonen coupling in these materials, and the results were compared to theoretical calculations. In
our scattering configuration two out of four Raman active modes predicted by symmetry for parent
compounds are identified. Additionally, in the specira of pure samples broad twe-phonon.
structures are observed, emerging as a consequence of strong electron-phenon coupling in related

phonon branches. By substituting Se with S atoms, extra peak obeying A selection rules,

overtone in nature, appears in spectra along with an intriguing evolution of two-phonon structure.

The Raman spectra of the x = (.84 sample shows single-phonon excitations that are superimposed

on already existing structure. These excitations correspond to PDOS maxima projected due to

significant crystallographic disorder. Symmetry predicted A, modes expectedly harden with

doping as unit cell volume decreases, whereas FEz, modes exhibit anomalous behavior attributed

to enhanced electron-phonon coupling. The analysis of Ez; mode Fano parameter indicates that

disorder has a minor impact on electron-phonon interaction.
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Phonon Response of FeSe Under Uniaxial Strain

Jovan Blagojevié¢', Ana Milosavljevi¢!, Tea Belojica', Bojana Visi¢!?,
Marko Opa¢i¢!, Andrijana Solaji¢!, Jelena Pe§i¢*, Enrico Di Lucente?,
Novica Paunovi¢!, Milorad V. MiloSevi¢**, Emil S. BoZin', Aifeng
Wang®, Cedomir Petrovi¢™®*°, Zoran V. Popovic¢'®, Rudi Hackl™, Nenad
Lazarevi¢!

! Center for Solid-State Physics and New Materials, Institute of Physics Belgrade, University of Belgrade,
Pregrevica 118, 11080 Belgrade, Serbia, Serbia, * Department of Condensed Matter Physics, JoZef
Stefan Institute, Jamova cesta 39, 1000 Liubljana, Slovenia, * Department of Applied Physics and Applied
Mathematics, Columbia University, New York, US4, * COMMIT, Department of Physics, University of
Artwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium, ° Stavropoulos Center for Complex
Quantum Matter, Depariment of Physics and Astronomy, University of Notre Dame, Noire Dame, Indiana
46556, USA, ¢ Condensed Matter Physics and Materials Science Depariment, Brookhaven National
Laboratory, Upton, New York 11973-5000, USA, 7 Shanghai Advanced Research in Physical Sciences
(SHARPS), Shanghai 201203, China, * Center for High Pressure Science & Technology Advanced
Research (HPSTAR), Beijing 100094, China, * Department of Nuclear and Plasma Physics, Virda
Institute of Nuclear Sciences, University of Belgrade, 11001 Belgrade, Serbia, '° Serbian Academy of
Sciences and Arts, Kneza Mihaila 35, 11000 Belgrade, Serbia, * IFW Dresden, Helmholitzstrasse 20,
(11069 Dresden, Germany

Abstract. The interplay between lattice, charge, and spin degrees of freedom is crucial for understanding
the physical behavior of correlated materials. In FeSe, symmetry-breaking perturbations offer a powerful
approach for probing these interactions. Previous investigations have demonstrated that defects and
isoelectronic substitution can significantly influence laitice—electronic coupling, frequently leading to the
appearance of additiona] phonon-related features. In this work, uniaxial strain is ufilized as a controllable
symmetry-breaking parameter to examine the intrinsic lattice response of FeSe without introducing
disorder. : _

The temperature dependence of phonon excitations was studied with high temperature resolution near the
nemato-structural transition temperature Ts, with strain applied along the {110) and (100}
crystallographic directions. In the absence of strain, the A;g phonon mode exhibits a slight asymmetry
within a narrow temperature range around Ts, suggesting the presence of an additional excitation in the
fully symmetric Raman channel. When uniaxial strain is applied, this feature becomes considerably more
pronounced.

The observed behavior is linked to fluctuation-driven changes in the coupling between lattice and
electronic degrees of freedom above the nematic transition, Enhanced nematic fluctuations increase the
likelihood of phonon-electron-phonon processes near the X and R points of the Brillouin zone, resulting
in two-phonon scattering close to the Aig mode. The intensity and observability of this scaftering are
strongly affected by both the magnitude and orientation of the applied strain, underlining the remarkable
sensitivity of FeSe to local symmetry breaking.
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Effects of structural disorder on phonon spectra of 211 -
TaSe 5,8 , (0 <z < 2) single crystals ' |

Authors: Jovan Blagojevic'; Sanja Djurdjic Mijin%; Jonas Bekaert®; Yu Liu*; Marko Opati¢?;
Milorad V. Milogevié®; Cedomir Peltrovic?!; Nenad Lazarevié?

! Faculty of Physics, University of Belgrade, Studentski trg 12, 11001 Belgrade, Serbia & Institute
of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

% Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
* Department of Physics, University of Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium

* Department of Condensed Matter Physics and Materials Science, Brookhaven National Labora-
tory, Upton, New York 11973, USA

Presenter: M. Opaié¢ (marko.opacic@ipb.ac.rs)

Transition metal dichalcogenides, as a well studied family of quasi-2D materials,
have atiracted considerable attention in recent years due to rich phase diagrams,
thickness-dependent transport, unique optical properties and collective electron
phenomena which occur at experimentally accessible temperatures. Additionally, it
was recently shown that in the metallic single crystal alloys of 2/{-TaSe 5_ .S ; the
crystalline disorder promotes superconductivity, while suppressing charge density
wave (CDW) order. In this work, the lattice dynamics of TaSe 5 ;S , (0 < z < 2)
alloys was probed using Raman spectroscopy and results were compared to den-
sity functional theory (DFT) calculations. In order to investigate whether crystallo-
graphic disorder affects the phonons, spectra of doped materials were compared to
the ones belonging to the end alloys. The Raman spectra of the end compounds (
z = Oand z = 2) host two out of three symmetry-expected Raman active modes for
backscattering configuration. Calculated phonon energies agree well with the ex-

" perimental ones. In Raman specira of the doped samples additional peaks, though
of low intensity, can be easily identified. These additional peaks most likely arise
from the crystalline disorder. Dependence of phonon energies and linewidths on
sulfur content x also reveals a clear fingerprint of crystallographic disorder.

S506-CMPSP-113 / Oral presentation

DFT study of AIF3 intercalated in HOPG: a recharge-
able battery application

Authors: Sindy Julieth Rodriguez Sotelo'; Adriana E. Candia®; Mario C.G. Passeggi (Jr.)*; Gus-
tavo Ruano®

* Laboratorio de Fisica de Superficies e Interfaces, Instituto de Fisica del Litoral (CONICET-UNL) &
Departamento de Fisica, Facultad de Ingenieria Quimica (UNL)

* Laboratorio de Fisica de Superficies e Interfaces, Instituto de Fisica del Litoral (IFIS-CONICET-
UNL)
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Exploring the Interplay of Ordered and Fluctuating States in
Fe(Se:S): The Role of Internal Parameters and Uniaxial Strain
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Unstitute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Deparfamento de Fisica de Maferiales, Faculiad de Ciencias, Universidad Autonoma de Madrid,
28049 Madrid, Spain

3Condensed Matter Physics and Maferial Science Deparfment, Brcokhaven National Laboratory,
Upton, NY 11973-5000, LSA

4Shanghai Advanced Research in Physical Sciences (SHARPS], Shanghai 201203, China

sDepartment of Nuclear and Plasma Physics, Vinca Insfifute of Nuclear Sciences, University of
Belgrade, Belgrade 11001, Serbia
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Unconventional superconductivity often arises in materials with complex interactions,
where competing ordered states such as magnetism, nematicity, and superconductivity,
interact and sometimes overlap, making their nature elusive. Among iron-based
superconductors, the isostructural FeSe and FeS may appear similar at first glance but differ
significanfly in their physical properties. While FeSe undergoes a nhematic and structural
phase transition, FeS does not exhibit a structural transition even at the lowest
temperatures, with its critical temperature (Tc) halved compared to FeSe. Interestingly, by
substituting selenium with sulfur in FeSe, the nematic phase transition temperature can be
suppressed to zero near a quanium critical point {QCP), resulting in a significant drop in Tc
[T, 2]. It has been suggested that while spin-fluctuations dominate below the QCF and
significantly affect electron-phonon interactions, nematic fluctuations become prominent
above the QCP [3]. Given their exceptional sensitivity to variations in local crystal structure,
iron-chalcogenides are ideal candidates for studying the interplay between ordered and
fluctuating states through manipulation of internal parameters {doping) and external ones.
such as unjaxial strain. Here, we present a study of all types of excitations, including
phonons, charge, and spin fluctuations in Fe(S:Se) using inelastic light scatftering
experiments. Finally, we analyse the evolution of lattice dynamics as a function of uniaxial
tensile strain along the Fe-Fe bond direction (that contains the nematic cemponent) and
aleng the direction diggonal to it in Fede,

References

[1] A. Wang, A. Milosavljevic, et al., inorganic Chemisfry 61 (29), 11036-11045 (2022)
[2] N. Lazarevié, A. Baum, A. Milosavljevié, et al., Phys. Rev. B 106, 094510 (2023)
[3] S. Neto, et al, Nature Phys. 21, 89-26 (2025) :
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Raman signatures of CDW induced phonon folding in TaTe

‘Tea Belojica!, Jovan Blagojevié !, Marko Opagié!, Vladimir Da:rhlj anovi¢!, Jelena Pesic!,
Andrijana Solaji¢!, Cedomir Petrovic>***, Ana Milosavljevi¢!, Nenad Lazarevi¢!
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‘Depariment of Nuclear and Plasma Physics, Vinca Institute of Nuclear Sciences, University
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TaTe, is a quasi-one-dimensional transition metal telluride known for its commensurate charge
density wave (CDW) state and complex lattice modulation below 450 K. In low-dimensional
materials, CDW is mostly driven by strong electron-phonon coupling and give rise to complex
lattice distortions and collective electronic order. Despite numerous studies, the detailed
crystal structure and vibrational properties associated with the CDW state in TaTe4 have yet
to be fully characterized. Using polarization-resolved Raman spectroscopy in the temperature
range between 100 and 300 K, we investigated the vibrational properties of TaTes within its
commensurate CDW phase. In total, seventeen modes were observed, exceeding the ten
Raman-active ones expected in the high-temperature phase. The appearance of additional
modes indicates zone folding consistent with the 2a x 2a x 3¢ CDW superstructure.
Comparison with DFT-calculated phonon energies enabled assignment of the original zone-
center modes of the high-temperature structure and the additional folded modes activated by
the CDW superstructure. Beyond the discrete phonon lines, a broad continuum centered
around 150 cm™! was detected and attributed to two-phonon scattering from acoustic branches
activated by zone folding. These findings provide direct experimental evidence of phonon
folding driven by CDW modulation and underscore the infricate coupling between electronic
and lattice degrees of freedom in TaTes. This study constitutes the first polarization-resolved
Raman investigation of TaTes, offering new insight into the symmetry and temperature
evolution of folded phonons in this quasi-low-dimensional CDW system.
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Iron-based superconductors provide a key platform for studying the interplay between lattice,
electronic, and spin degrees of freedom that underlies nematicity and unconventional
superconductivity. FeSe, in particular, represents a paradigmatic but highly complex case
where nematic, orbital, and spin correlations are strongly coupled, and magnetism remains
frustrated. To elucidate how external symmetry-breaking fields influence these coupled
degrees of freedom, we examined the effect of uniaxial strain on the lattice dynamics of FeSe
using high-resolution Raman scattering. In twinned sample, an additional 4 mode appears -
very close in energy to the symmetry-allowed 41, phonon in the vicinity of nemato-structural
transition, giving rise to an asymmetric line shape. In detwinned sample, this feature becomes
more pronounced and its evolution is strongly strain direction-dependent: nematic distortion
along (110) slightly narrows, whereas strain along (100) broadens the temperature range of
the anomaly. The additional 4, mode most likely arises from enhanced scattering with acoustic
phonons along the M-A4 direction of the Brillouin zone, consistent with strain-induced
modifications of the electron—phonon interaction. Although similar feature has been detected
in isostructural and isoelectronic compound FeS, the present results reveal that the microscopic
origin of electron—phonon interactions in these materials differs substantially.
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Ruddlesden-Popper series of 5d strontium-irridates (Sru+1lrsOspn1) are one of the most
extensively studied classes of materials in the last few years due to spin-orbit coupling, crystal
field and electronic correlations of similar strength. This enables transitions between electronic
states provoked by slight structural or chemical changes. In this work Raman scattering spectra
of SrIrQ; (SIO) thin films, grown on four substrates (LAO, LSAT, STO, GSO) are studied in
various experimental conditions. Our attention is focused on Raman mode appearing at 395
cm}, with Ag symmetry. This mode shifts to higher wavenumber when going from SIO/GSO,
through SIO/STO and SIO/LSAT, and finally to SIO/LAO sample, which reflects gradual
increase of compressive strain induced by the substrate.
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