HayuHom Behy UHcTUTyTa 3a PpuU3nKy y beorpaany

Mpeamet: Monba 3a nokpeTarbe NOCTyrnKa 3a u3bop y 38are UCTParXKMBay capagHUK

Monum HayuHo sehe MHcTuTyTa 3a Ppusuky y beorpagy aa y cknagy ca [paBuiHmkom

O NOCTYNKY M Ha4uUHY BpeaAHOBatba N KBAHTUTATUBHOM MCKa3uBatby Hay4YHO-NCTPaAXKNBAYKUX
pesy/TaTa UCTPark1Baya NoKpeHe NOoCTynakK 3a Moj u3bop y 3Barbe UCTPAXKMBAY NMPUNPABHUK.
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Y npunory AOCTaB/bam:

MULL/bEHE PYKOBOAMOLL NabopaTopuje ca NpeAsorom YnaHosa Komucuje 3a nsbop y
3Bakbe;

CTPYYHYy 6uorpadmjy;

npernes HayyHe akTUBHOCTH;

cnucak objaB/beHNX HayYHWUX PagoBa u Apyrux nybankaumja;

Konuje 06jaB/beHNX HAYYHUX PaZ0Ba;

yBepehe 0 nocnesHhem ynucaHoOM U OBEPEHOM CEMECTPY Ha AOKTOPCKUM CTyAMjama;
doTOKONUje yBepera O 3aBPLIEHMM OCHOBHMM M MacTep crtygujama Ha PuU3nukom
dakynteTy YHMBeEp3uTeTa y beorpaay;

NoOTBPAY O NpUXBaTatby TEMEe AOKTOPCKE AgucepTauuje;

Y beorpagy, 12.10.2021.

C nowToBamwem,

Carba byphuh Mujun
-

)



HayuyHom Behy UHcTUTYTa 3a dU3UKy y beorpagy

MpepgmeT: Muwsbere pykosoguoua nabopatopuje o usbopy Carwwe hyphuh Mujun
Y 3Barbe UCTpaXknBay NpUnpaBHUK, ca Npeaiorom Y4saHoBa KoMmucuje 3a u3bop y 3same

Cartba byphuh MuWjuH, CTyAEHT [AOKTOPCKUX cTyauja Ha Pusmykom dakryntety
YHuBep3uTeTa y beorpaay, y LleHTpy 3a $M3KnKy UBpCTOr CTartba M HOBe MaTepujane MHCTUTYTa
3a ¢usmky y beorpagy 3anocneHa je og 03.12.2018. roguHe. Op geuembpa 2018. ao
peuembpa 2019. roguvHe 6una  je aHraxkoBaHa Ha npojekty ,,HaHOCTpPYKTypHuU
MYyNTUPYHKLMOHANHU HAHOMaTepujanun u HaHoKomnosutn” (l11450018) MwuHucTapcTtsa
NnpocBeTe, HayKe U TEXHONOLWKOT pa3Boja Penybanke Cpbuje nog pyKoBOACTBOM aKageMMKaA
3opaHa B. Nonosuha. Og asrycta 2020. aHra*kosaHa je Ha PROMIS npojekty ,, StrainedFeSC“
(bpoj: 6062656) doHma 3a Hayky Penybnuke Cpbuje nop pykosoactsom ap HeHaga
Naszapesuha.

Y 3Bakbe UCTpaxkMBay NpuMNpaBHUK M3abpaHa je y geuembpy 2018. roamHe. Y
UCTparkMBaykom pagy 6aBu ce M3yyaBatbemM AMHAMUKE pelleTKe MarHeTHMX Ksasu-2/
maTtepujana. C o63mpom Ha TO Aa wcnywaBa CBe npeasuheHe ycnose y cKnagy ca
MpaBMAHMKOM O MOCTYMKY, Ha4YMHy BpeAHOBatbd W KBAHTUTATMBHOM MWCKa3MBakby
Hay4YHOMUCTPAXKMBAYKMUX pe3ynaTaTa ucTpaxkusada MITHTP, carnacaH cam ca noKpeTamwem
nocTynKa 3a ns3bop Carbe byphuh MujuH y 3Barbe UcTparknsay capagHuk

3a cactaB Komucuje 3a usbop Carbe byphuh MujuH y 3Barbe UCTparkMBad capagHuK
npegnaxkem:

1. ap HeHapa Maszapesuha, Buwer HaydyHor capagHuKka, MHctuTyTa 3a dmsnky y beorpaay
2. ap bojaHy Buwinh, Buiwier Hay4yHor capagHuKka, MHcTtuTyTa 3a pusmuky y beorpaay

3. ap hopha Cnacojesuha, pegosHor npodecopa Pusmykor dpakynteta YHUBep3UTeTa y
beorpagy

akagemuk 3opaH B. Monosuh

Hay4YHM CaBETHMUK,
pyKkoBoawunau, nabopatopuje
3a GpU3MKY UBPCTOr CTakba




CtpyyHa 6uorpaduja Carwwe hyphuh Mujun

Catba byphuh MujuH pohema je y beorpagy 29.09.1993. rogmHe. HakoH 3aBpLueHe
OCHOBHe LWKoAe M rmmaHsnje, 2012. roanHe ynucyje ®usnmykm parkyntet YHuBepsnuTeTa y
Beorpag, cmep lMpumereHa U KoMjymepcKa pu3uka, Ha Kome aunaomupa 2016. roauHe, ca
npoce4yHom oueHom 9.57. HaKoH ycnewHo 3aBpLUeHWX OCHOBHWX CTyAWuja, UCTe roguHe
ynucyje mactep ctyanje Ha dusmyom pakyntety, cmep TeopujcKka u eKcrnepumeHanHa ¢hu3uKa.
Y oksupy npojekta 2015-2-ES01-KA107-022648 nporpama ERASMUS+ macTtep Tesy nog
HasmeBom ,KomnapaTuBHa cTyamja nonapus3oBaHe ONTUYKE emUCuje U3 MONAPHUX WU
HenoMapHUX KBAHTHWUX Tavaka vy GaN/InGaN HaHOXMuuama“ paan Ha TexHUYKom
YHuBep3utety y Maapuay, nog meHtopctBom aAp apka lavesnha, n Ha CamocTasiHOM
YHuBep3utety y Magpuay, nog meHtopctBom Ap CHexkaHe flasuh. MacTtep pag, nopg
meHTopcTBOM Ap Cnasuue Manetuh n KomeHTopcTtBom aAp CHexkaHe Jlasuh, 6paHu 5. jyna
2017. roanHe, Yynme 3aBpluaBa macTep CTyauje ca npoceyHom oueHom 10.00. Y pebpyapy
2018. cBOj Hay4yHO-UCTParKMBAYKM paj HacTaB/ba Ha UMHCTUTYTY 3a ¢uM3MKy y Beorpaay, y
LleHTpy 3a UBpPCTO CTakbe M HOBE maTtepujane y rpynu Ap 3opaHa B. Monosuha. [JokTopcKe
ctyamje Ha ®usunukom daryntety y beorpaay, ya HaydyHa obnact Qu3uka KOHOEH308aHE
mamepuje u cmamucmu4ka u3uKa, ynucyje y oktobpy 2018. roamnHe, nog MeHTOPCTBOM AP
Henapa /asapesuha. Ha npojekty MIMHTP ,,HaHOCTPYKTYPHU MYATUDYHKLUOHAHU
HaHoMmaTepujanu M HaHokomno3utn“ (111450018) Kojum je pykoBoamMo akagemuk 3opaH B.
Monosuh 6una je aHraxkosaHa og aeuembpa 2018. oo geuembpa 2019. rogmHe. Opg, aBrycTa
2020. roauHe aHraxkoBaHa je Ha npojekty ®oHaa 3a HayKy Penybnanke Cpbuje ,,StrainedFeSC“
(bpoj: 6062656) unju je pykosoaunau ap HeHapn flasapesuh. Y gocagawmoj Kapujepu Camba
Byphuh MujuH je nybaukosana 4 HayuHa paga: 1 us kateropuje M21a un 3 us Kateporuje M21,
0f, KOjuX je HaBegeHa Kao NpBM ayTop Ha 3 pada, Kao U caonwTera ca MehyHapoanx cKynosa

WTamnaHux y nssoay (M34).



Mpernep Hay4yHe akTMBHOCTU Carbe hyphuh Mujun

TOKOM [OOKTOPCKUX cTyauja, nog pykosoactBom aAp HeHapa Jlasapesuha, Carba
byphuh MujuH ce 6aBuM UcNUTUBAHLEM BUOPALMOHUX OCOOBMHA MaArHETHUX KBasu-2[
maTepujana metogom PamaHoBe crneKkTpockonuje.

YcnelwHa cMHTe3a rpadeHa npu ambujeHTanHum ycnosma 2004. rogmHe oTBopuAa je
NoTNyHO HOBY 06s1acT eKcnepumeHTanHe ¢U3MKe YBPCTOr CTarba- KBasu-2[l maTepujane.
OTKpuhe HOBMX U er3oTUYHMX peHOMeHa y 0BOj BPCTM MaTepujana, a Koju Cy OACYTHU Kop,
HMX0BMX 3[] aHONOroHa, 3aCNYXKHO je 3a HEUCLPMHO MHTEpPEeCcOBakbe Koje y»Ku1Bajy. OHO WTo
je nocebHO 3aHMM/bMBO W KOPMUCHO Kog, oOBe rpyne martepujana jecte moryhHocT
KOHTPOAMCAtba HUXOBUX GUIUUKMX U XEMUJCKMX KAPAKTEPUCTMKA NPUMEHOM CMOJ/ballHbMX
yTmuaja. EkcnepumeHTanHa notepaa ¢depomarHeTHor ypehewa y KBasu-2[] BaH pAep
BancoBum maTepujana 3HauajHo je npolmpuna obnact kuxose moryhe npumeHe n ycmepuna
WMHTEpecoBakbe HayYHMKa Ka UCMUTUBaKY MarHeTHor ypehera y HOBO CMHTETUCAHUM KBasu-
2[1 maTepujannma. Y OKBMPY HE€HOr MUCTpaKuBawa, Carwa byphuh MujuH ucnutmeana je
maTtepujane u3 gBe Besinke damuamnje kBasm-2[l matepujana — Tpuxannae npenasHux metana
W AnxankoreHmge npenasHux metana.

NcTpakunBakba y OKBMPY TpMXannga npenasHux metana GpoKycmpaHa cy MCnuTuBake
AMHaMUKe pelneTke xpom-joamnaa (Crls) u BaHagujym-joauaa (Vis). FnasHM pesyntaTn oBUX
pafioBa jecy noTBpAa CTPYKTypHOr ¢asHor npesasa NpBOr peda y Xpom-joanay (u3
HUCKOTemnepaTypcke pomboesapcke R3 cTpyKType y BUCOKOTEMENPaTYPCKY MOHOKAUHUYHY
C2/m CTPYKTYpY), Ha TEMMEpPaTypPU HUXKO]j Of, OHE KOja Ce NOMUKLE Y CTPYYHO] IUTEpaTypu, 1
KpaTKogoMeTHO ypeherbe KpucTanHe cTpykType Vis. [oaaTHo, cnekTpu AobujeHn Ha
3aNPEMUHCKMM KPUCTaMMA XPOM-jogMAQ He YyKa3dyjy Ha MNpeTXo4HO MNpujaB/beHY
KOErsucTeHumjy HUCKOTEMMEPATYpPCKe W BUCOKOTemMepaTypcke d¢ase. LWTo ce Tnve
PamaHoBMX cnekTapa AobujeHnx Ha BaHagujym-joangy, nonapusauMoHa 3aBUCHOCT
eKCcnepumMmeHTanHUX QGOHOHCKMX MOJa MOKasasa je Hecnarakbe ca Nosaapm3aLMoOHOM
3asucHowhy Teopujom npeasuheHnx PamaH akKTUBHUX MoZa 3a CUMeTpUjy aobujeHy XRD
ekcnepumeHtTom. fla 61 ce OTKpMO Yy3pOK Hecnaratba PamaHoBor m XRD eKcrnepumeHTa,
ypaheH je cMHxpoTpoHckKM XRD ekcnepumeHT, Yume je yTBpheHo aa KpuctanHa pelseTka Vi3

MMa PasINunToO AYyrogomMeTHO (§3) N KPaTKOAOMETHO ypehere (Pglc).



Pesyntatn pobujeHn Ha 1T  CTpyKTypu TaHTan-gucyndupga, UCNUTUBAHOT
OVXanKkoreHMga npenasHor meTtana, NoKasaau Cy Aa efieKTPOHCKa PamaHoBa CNeKTpoCcKonuja
MOXKe [a Ce KOPWUCTM KAo eKCcnepuMeHTaNHa TeXHMKa 3a ogpehmsarbe MoToBor npouena y
maTtepujana y Kojuma fonasu Ao meTan-usonaTop npesnasa. Nopesn notepheHor oTBaparba
MoToBor npoLlena y 0BOM MaTepujany, Ha Koju cy cyrepucanm npeTxogHo objas/mbeHe ARPES
CTyAnje, y OBOM pay je no npBM NyT NpeAcTaB/baHa SMHAMMKA peLLeTKe Hecamep/buBe
(incommensurate) ¢ase Tanaca rycTMHe HaenekTpucarba. Kako Tanacu ryctuHe
HaeneKTpucarba NpeacTaB/bajy jow yBeK Heobjalwne pU3nMUKM GeHoMeH, 0Baj pas NOKyLwao

j€e 4a Npy»Kun OCHOBY 3a HeroBo 60s/be pasymeBakbe.
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The vibrational properties of Crl; single crystals were investigated using Raman spectroscopy and were
analyzed with respect to the changes of the crystal structure. All but one mode are observed for both the
low-temperature R3 and the high-temperature C2/m phase. For all observed modes the energies and symmetries
are in good agreement with DFT calculations. The symmetry of a single layer was identified as p31/m. In
contrast to previous studies we observe the transition from the R3 to the C2/m phase at 180 K and find no
evidence for coexistence of both phases over a wide temperature range.

DOI: 10.1103/PhysRevB.98.104307

I. INTRODUCTION

Two-dimensional layered materials have gained attention
due to their unique properties, the potential for a wide spec-
trum of applications, and the opportunity for the development
of functional van der Waals heterostructures. Crl; is a member
of the chromium-trihalide family which are ferromagnetic
semiconductors [1]. Recently they have received significant
attention as candidates for the study of magnetic monolayers.
The experimental realization of Crl; ferromagnetic monolay-
ers [1] motivated further efforts towards their understanding.
Crl; features electric field controlled magnetism [2] as well as
a strong magnetic anisotropy [3,4]. With the main absorption
peaks lying in the visible part of the spectrum, it is a great
candidate for low-dimensional semiconductor spintronics [5].
In its ground state, Crl; is a ferromagnetic semiconductor with
a Curie temperature of 61 K [1,6] and a band gap of 1.2 eV
[6]. It was demonstrated that the magnetic properties of Crl;
mono- and bilayers can be controlled by electrostatic doping
[2]. Upon cooling, Crls undergoes a phase transition around
220 K from the high-temperature monoclinic (C2/m) to the
low-temperature rhombohedral (R3) phase [3,7]. Although
the structural phase transition is reported to be first order,
it was suggested that the phases may coexist over a wide
temperature range [3]. Raman spectroscopy can be of use here
due to its capability to simultaneously probe both phases in a
phase-separated system [8—10].

A recent theoretical study predicted the energies of all
Raman active modes in the low-temperature and high-
temperature structure of Crl; suggesting a near degeneracy
between the A, and B, modes in the monoclinic (C2/m)
structure. Their energies match the energies of E, modes in
the rhombohedral (R3) structure [7].

In this article we present an experimental and theoretical
Raman scattering study of Crl; lattice dynamics. In both
phases all but one of the respective modes predicted by
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symmetry were observed. The energies for all modes are
in good agreement with the theoretical predictions for the
assumed crystal symmetry. Our data suggest that the first-
order transition occurs at T, &~ 180 K without evidence for
phase coexistence over a wide temperature range.

II. EXPERIMENT AND NUMERICAL METHOD

The preparation of the single crystal Crl; sample used in
this study is described elsewhere [11]. The Raman scatter-
ing experiment was performed using a Tri Vista 557 spec-
trometer in backscattering micro-Raman configuration with
a 1800/1800/2400 groves/mm diffraction grating combina-
tion. The 532 nm line of a Coherent Verdi G solid state laser
was used for excitation. The direction of the incident light
coincides with the crystallographic ¢ axis. The sample was
oriented so that its principal axis of the R3 phase coincides
with the x axis of the laboratory system. A KONTI CryoVac
continuous helium flow cryostat with a 0.5-mm-thick window
was used for measurements at all temperatures under high
vacuum (10~® mbar). The sample was cleaved in air before be-
ing placed into the cryostat. The obtained Raman spectra were
corrected by the Bose factor and analyzed quantitatively by
fitting Voigt profiles to the data whereby the Gaussian width
Igauss = 1 cm™! reflects the resolution of the spectrometer.

The spin polarized density functional theory (DFT) calcu-
lations have been performed in the Quantum Espresso (QE)
software package [12] using the Perdew-Burke-Ernzehof
(PBE) exchange-correlation functional [13] and PAW pseu-
dopotentials [14,15]. The energy cutoffs for the wave func-
tions and the charge density were set to be 85 and 425 Ry,
respectively, after convergence tests. For k-point sampling, the
Monkhorst-Pack scheme was used with a 8 x 8 x 8 grid cen-
tered around the I" point. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces

©2018 American Physical Society
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were smaller than 10~® Ry/A. To treat the van der Waals
(vdW) interactions a Grimme-D2 correction [16] is used in
order to include long-ranged forces between the layers, which
are not properly captured within LDA or GGA functionals.
This way, the parameters are obtained more accurately, es-
pecially the interlayer distances. Phonon frequencies were
calculated at the I' point using the linear response method
implemented in QE. The phonon energies are compiled in
Table III together with the experimental values. The eigen-
vectors of the Raman active modes for both the low- and
high-temperature phase are depicted in Fig. 5 of the Appendix.

III. RESULTS AND DISCUSSION

Crl; adopts a rhombohedral R3 (C3) crystal structure
at low temperatures and a monoclinic C2/m (C;h) crys-
tal structure at room temperature [3], as shown in Fig. 1.
The main difference between the high- and low-temperature
crystallographic space groups arises from different stacking
sequences with the Crl; layers being almost identical. In the
rhombohedral structure the Cr atoms in one layer are placed
above the center of a hole in the Cr honeycomb net of the two
adjacent layers. When crossing the structural phase transition
at T, to the monoclinic structure the layers are displaced
along the a direction so that every fourth layer is at the same
place as the first one. The interatomic distances, mainly the
interlayer distance, and the vdW gap, are slightly changed by
the structural transition. The crystallographic parameters for
both phases are presented in Table I. The numerically obtained
values are in good agreement with reported x-ray diffraction
data [11].

The vibrational properties of layered materials are typically
dominated by the properties of the single layers composing
the crystal. The symmetry of a single layer can be described
by one of the 80 diperiodic space groups (DG) obtained by

FIG. 1. Schematic representation of (a) the low-temperature R3
and (b) the high-temperature C2/m crystal structure of Crl;. Black
lines represent unit cells.

TABLE I. Calculated and experimental [11] parameters of the
crystallographic unit cell for the low-temperature R3 and high-
temperature C2/m phase of Crl;.

Space group R3 Space group C2/m

T (K) Calc. Expt. [11] Calc. Expt. [11]
a(A) 6.87 6.85 6.866 6.6866
b (A) 6.87 6.85 11.886 11.856
c(A) 19.81 19.85 6.984 6.966
o (deg) 90 90 90 90

B (deg) 90 90 108.51 108.68
y (deg) 120 120 90 90

lifting translational invariance in the direction perpendicular
to the layer [17]. In the case of Crlz, the symmetry analysis
revealed that the single layer structure is fully captured by the
p31/m (D},) diperiodic space group DG71, rather than by
R32/m as proposed in Ref. [7].
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FIG. 2. (a) Compatibility relations for the Crl; layer and the crys-
tal symmetries. Raman spectra of (b) the low-temperature R3 and
(c) the high-temperature C2/m crystal structure measured in parallel
(open squares) and crossed (open circles) polarization configurations
at 100 and 300 K, respectively. Red and blue solid lines represent fits
of Voigt profiles to the experimental data.
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TABLE II. Wyckoff positions of the two types of atoms and their contributions to the I'-point phonons for the R3 and C2/m as well as the
p31/m diperiodic space group. The second row shows the Raman tensors for the corresponding space groups.

Space group R3 Diperiodic space group p31/m Space group: C2/m

Atoms Irreducible representations Atoms Irreducible representations Atoms Irreducible representations
Cr (6¢) A+A+E,+E, Cr (2¢) Ay +Ay+E+E, Cr (4g) Ag+A,+2B,+2B,
2A1,+AL+A; I(4i) 2A,+2A,+B;+B,
1(18 3A,+3A,+3E,+3E, I (6k i . # ¢
(18) g A Bt (66) +245,+3E,+3E, 1(8/) 3A,+3A,+3B,+3B,

a
A = a
b
—c —d
2Eg: —c
—d e

According to the factor group analysis (FGA) for a single
Crl; layer, six modes (2A1, + 4E,) are expected to be ob-
served in the Raman scattering experiment (see Table II). By
stacking the layers the symmetry is reduced and, depending
on the stacking sequence, FGA yields a total of eight Raman
active modes (4A, + 4E,) for the R3 and 12 Raman active
modes (6A, + 6B,) for the C2/m crystal symmetry. The
correlation between layer and crystal symmetries for both
cases is shown in Fig. 2(a) [18,19].

Figure 2(b) shows the Crl; single crystal Raman spectra
measured at 100 K in two scattering channels. According
to the selection rules for the rhombohedral crystal structure
(Table II)) the A, modes can be observed only in the parallel
polarization configuration, whereas the E, modes appear in
both parallel and crossed polarization configurations. Based
on the selection rules the peaks at about 78, 108, and 128 cm~!
were identified as A, symmetry modes, whereas the peaks
at about 54, 102, 106, and 235 cm~! are assigned as E,
symmetry. The weak observation of the most pronounced
A, modes in crossed polarizations [Fig. 2(b)] is attributed to

the leakage due to a slight sample misalignment and/or the
presence of defects in the crystal. The energies of all observed
modes are compiled in Table III together with the energies
predicted by our calculations and by Ref. [7], and are found
to be in good agreement for the £, modes. The discrepancy is
slightly larger for the low energy A, modes. Our calculations
in general agree with those from Ref. [7]. The Ag mode of
the rthombohedral phase, predicted by calculation to appears
at about 195 cm™~!, was not observed in the experiment, most
likely due to its low intensity.

When the symmetry is lowered in the high-temperature
monoclinic C2/m phase [Fig. 2(c)] the E, modes split into an
Ag and a B, mode each, whereas the rhombohedral A and A}
modes are predicted to switch to the monoclinic B, symmetry.
The correspondence of the phonon modes across the phase
transition is indicated by the arrows in Table III. The selection
rules for C2/m (see Table II) predict that A, and B, modes
can be observed in both parallel and crossed polarization
configurations. Additionally, the sample forms three types of
domains which are rotated with respect to each other. We

TABLE III. Phonon symmetries and phonon energies for the low-temperature R3 and high-temperature C2/m phase of Crl;. The
experimental values were determined at 100 and 300 K, respectively. All calculations were performed at zero temperature. Arrows indicate the

correspondence of the phonon modes across the phase transition.

Space group R3 Space group C2/m
Symm.  Expt.(cm™!)  Calc.(cm™')  Calc. (cm™!) [7] Symm.  Expt.(cm™')  Calc. (cm™')  Calc. [7] (cm™")
1

E! 54.1 59.7 53 B 52.0 57.0 52
A; 53.6 59.8 51

A;’, 73.33 89.6 79 — A; 78.6 88.4 79

E§ 102.3 99.8 98 < A; 101.8 101.9 99
B; 102.4 101.8 99

E; 106.2 112.2 102 < B; 106.4* 108.9 101
Ag 108.3 109.3 102

Az 108.3 98.8 88 E— B; 106.4* 97.8 86

Az, 128.1 131.1 125 — Az, 128.2 131.7 125

A: - 195.2 195 — B; - 198.8 195

Eg 236.6 234.4 225 <: Ag 234.6 220.1 224
B¢ 235.5 221.1 225

#Observed as two peak structure.
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FIG. 3. Temperature dependence of the A, and A} phonon
modes of the rhombohedral structure and the corresponding Az,
and A; modes of the monoclinic structure, respectively. (a) and (b)
Raman spectra at temperatures as indicated. The spectra are shifted
for clarity. Solid red lines represent Voigt profiles fitted to the data.
(c) and (d) and (e) and (f) Temperature dependence of the phonon
energies and linewidths, respectively. Both modes show an abrupt
change in energy at the phase transition at 180 K.

therefore identify the phonons in the C2/m phase in relation
to the calculations and find again good agreement of the
energies. The B; and B modes overlap and therefore cannot
be resolved separately. As can be seen from the temperature
dependence shown below [Fig. 4(b)] the peak at 106 cm™!
broadens and gains spectral weight in the monoclinic phase in
line with the expectance that two modes overlap. The missing
rhombohedral Ag mode corresponds to the monoclinic B;
mode, which is likewise absent in the spectra.

The temperature dependence of the observed phonons is
shown in Figs. 3 and 4. In the low-temperature rhombohe-
dral phase all four E, modes as well as Ai, and A§ soften

upon warming, whereas Az, hardens up to T =~ 180 K before
softening again. Crossing the first-order phase transition from
R3 to C2/m crystal symmetry is reflected in the spectra
as a symmetry change and/or renormalization for the non-
degenerate modes and lifting of the degeneracy of the E,
modes as shown in Table II. In our samples, this transition
is observed at T; ~ 180 K. The splitting of the E, phonons
into A, and B, modes at the phase transition is sharp (Fig. 4).
The rhombohedral A;, and Ai, phonons show a jump in energy
and a small discontinuity in the linewidth at T (Fig. 3). Our
spectra were taken during warming in multiple runs after
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FIG. 4. Temperature dependence of the rhombohedral Ai, and E,
modes. (a)—(c) Raman spectra in parallel (open squares) and crossed
(open circles) light polarizations at temperatures as indicated. The
spectra are shifted for clarity. Blue and red solid lines are fits of
Voigt profiles to the data. Two spectra were analyzed simultaneously
in two scattering channels with the integrated intensity as the only
independent parameter. (d)—(f) Phonon energies obtained from the
Voigt profiles. Each E, mode splits into an A, and a B, mode above
180 K.

cooling to 100 K each time. We found that the temperature
dependence for the phonon modes obtained this way was
smooth in each phase. McGuire et al. [3,20] reported Ty in
the range of 220 K, a coexistence of both phases and a large
thermal hysteresis. However, they also noted that the first and
second warming cycle showed identical behavior and only
found a shift of the transition temperature to higher values for
cooling cycles. We therefore consider the difference between
the reported transition around 220 K and our 7y ~ 180 K
significant. To some extent this difference may be attributed
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to local heating by the laser. More importantly, we find no
signs of phase coexistence in the observed temperature range.
The spectra for the low-temperature and high-temperature
phases are distinctly different (Fig. 2) and the E, modes
exhibit a clearly resolved splitting which occurs abruptly at 7.
We performed measurements in small temperature steps (see
Figs. 3 and 4). This limits the maximum temperature interval
where the phase coexistence could occur in our samples to
approximately 5 K, much less than the roughly 30 to 80 K
reported earlier [3,20]. We cannot exclude the possibility
that a small fraction of the low-temperature phase could still

(a)

B/=57.0cm’ A'=598cm’ A’=88.4cm’

S g g
P T ”‘s

0\4/ B )

A’=131.7 cm’

*ﬁe’-”'\feé *—‘%;e”"

e el P

(b)

A‘=109.3cm’ B!=97.8cm’

E,=59.7 cm’

)/,

A, =89.6 cm”

—9880m

A

Al=131.1cm’

\

B;=198.8 cm’

E;

coexist with the high-temperature phase over a wider tempera-
ture range, whereby weak peaks corresponding to the remains
of the low-temperature R3 phase might be hidden under the
strong peaks of the C2/m phase.

IV. CONCLUSION

We studied the lattice dynamics in single crystalline Crl;
using Raman spectroscopy supported by numerical calcu-
lations. For both the low-temperature R3 and the high-
temperature C2/m phase, all except one of the predicted

B’=108.9 cm’

.

I 43\‘ Yol ’3’%\

B’=101.8cm” Al=101.9 cm’

B;=221.1 cm’

\&‘g
e

-~
L] |

E}=99.8 cm” =112.2cm”

=195.2 cm’ E/=234.4 cm’

s s

FIG. 5. Raman-active phonons in Crl; for (a) the monoclinic phase hosting A, and B, modes and for (b) the rhombohedral phase hosting
A, and E, modes. Blue and violet spheres denote Cr and I atoms, respectively. Solid lines represent primitive unit cells. Arrow lengths are
proportional to the square root of the interatomic forces. The given energies are calculated for zero temperature.
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phonon modes were identified and the calculated and experi-
mental phonon energies were found to be in good agreement.
We determined that the symmetry of the single Crls layers is
p31/m. Abrupt changes to the spectra were found at the first-
order phase transition which was located at 7 &~ 180 K, lower
than in previous studies. In contrast to the prior reports we
found no sign of phase coexistence over temperature ranges
exceeding 5 K.
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APPENDIX: EIGENVECTORS

In addition to the phonon energies we also calculated
the phonon eigenvectors which are shown in Fig. 5(a)
for the high-temperature monoclinic phase and in Fig. 5(b)
for the low-temperature rhombohedral phase. The energies,
as given, are calculated for zero temperature. The relative
displacement of the atoms is denoted by the length of the
arrows.
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We present Raman spectroscopy measurements of the van der Waals bonded ferromagnet Fe;_,GeTe,,
together with lattice dynamics. Four out of eight Raman active modes are observed and assigned, in agreement
with numerical calculations. The energies and linewidths of the observed modes display an unconventional
temperature dependence at about 150 and 220 K, followed by the nonmonotonic evolution of the Raman
continuum. Whereas the former can be related to the magnetic phase transition, the origin of the latter anomaly

remains an open question.

DOI: 10.1103/PhysRevB.99.214304

I. INTRODUCTION

A novel class of magnetism hosting van der Waals bonded
materials has recently become of great interest, since the
materials are suitable candidates for numbers of technical ap-
plications [1-5]. Whereas CrXTes (X = Si, Ge, Sn) and CrX3
(X = Cl, Br, I) classes maintain low phase transition temper-
atures [1,6-9] even in a monolayer regime [10], Fe;_,GeTe,
has a high bulk transition temperature, between 220 and 230 K
[11,12], making it a promising applicant.

The Fe;_,GeTe, crystal structure consists of Fe;_,Ge sub-
layers stacked between two sheets of Te atoms, and a van der
Waals gap between neighboring Te layers [13,14]. Although
the structure contains two different types of Fe atoms, it is
revealed that vacancies take place only in the Fe2 sites [13,15].

Neutron diffraction, thermodynamic and transport mea-
surements, and Mdssbauer spectroscopy were used to analyze
the magnetic and functional properties of Fe;_,GeTe,, with
an Fe atom deficiency of x ~ 0.1 and To =225 K. It is
revealed that at a temperature of 1.5 K, magnetic moments
of 1.95(5)up and 1.56(4)up are directed along the easy
magnetic ¢ axes [16]. In chemical vapor transport (CVT)
grown Fe;GeTe, single crystals, besides the ferromagnetic
(FM)-paramagnetic (PM) transition at a temperature of 214 K,
FM layers order antiferromagnetically at 152 K [17]. Close to
a ferromagnetic transition temperature of 230 K, a possible
Kondo lattice behavior, i.e., coupling of traveling electrons
and periodically localized spins, is indicated at Tx = 190 £
20 K, which is in good agreement with theoretical predictions
of 222 K [18].

Lattice parameters, as well as the magnetic transition tem-
perature, vary with Fe ion concentration. Lattice parameters
a and c follow the opposite trend, whereas the Curie temper-
ature Tc decreases with an increase of Fe ion concentration
[15]. For flux-grown crystals, the critical behavior was inves-
tigated by bulk dc magnetization around the ferromagnetic
phase transition temperature of 152 K [13]. The anomalous
Hall effect was also studied, where a significant amount of
defects produces bad metallic behavior [19].
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Theoretical calculations predict a dynamical stabil-
ity of Fe;GeTe, single-layer, uniaxial magnetocrystalline
anisotropy that originates from spin-orbit coupling [20].
Recently, anomalous Hall effect measurements on single-
crystalline metallic Fe;GeTe, nanoflakes with different thick-
nesses are reported, with a 7¢ near 200 K and strong perpen-
dicular magnetic anisotropy [21].

We report Fe;_,GeTe, single-crystal lattice dynamic cal-
culations, together with Raman spectroscopy measurements.
Four out of eight Raman active modes were observed and
assigned. Phonon energies are in a good agreement with theo-
retical predictions. Analyzed phonon energies and linewidths
reveal fingerprint of a ferromagnetic phase transition at a
temperature around 150 K. Moreover, discontinuities in the
phonon properties are found at temperatures around 220 K.
Consistently, in the same temperature range, the Raman con-
tinuum displays nonmonotonic behavior.

II. EXPERIMENT AND NUMERICAL METHOD

Fe;_.GeTe, single crystals were grown by the self-flux
method as previously described [13]. Samples for scanning
electron microscopy (SEM) were cleaved and deposited on
graphite tape. Energy dispersive spectroscopy (EDS) maps
were collected using a FEI Helios NanoLab 650 instrument
equipped with an Oxford Instruments EDS system, equipped
with an X-max SSD detector operating at 20 kV. The surface
of the as-cleaved Fe;_,GeTe, crystal appears to be uniform
for several tens of microns in both directions, as shown in
Fig. 4 of Appendix A. Additionally, the elemental composi-
tion maps of Fe, Ge, and Te show a distinctive homogeneity
of all the three elements (Fig. 5 of Appendix A).

For Raman scattering experiments, a Tri Vista 557 spec-
trometer was used in the backscattering micro-Raman con-
figuration. As an excitation source, a solid state laser with a
532 nm line was used. In our scattering configuration, the
plane of incidence is the ab plane, where |a| = |b| (£(a, b) =
120°), with the incident (scattered) light propagation direction

©2019 American Physical Society
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TABLE 1. Top panel: The type of atoms, Wyckoff positions, each site’s contribution to the phonons in the I' point, and corresponding
Raman tensors for the P6;/mmc space group of Fe;_,GeTe,. Bottom panel: Phonon symmetry, calculated optical Raman active phonon
frequencies (in cm™") for the magnetic (M) phase, and experimental values for Raman active phonons at 80 K.

Space group P63 /mmc (No. 194)

Fel (4e) Alg + Eig + Epg+Asz + Evy
Fe2 (2c) Eyg+Az + Ev
Ge (Zd) E2g+A2u + Ey,
Te (2¢) A+ Ejg + Exypt+Ar, + Ey,
Raman tensors
a 0 O 0 —c d —d 0
Alg— 0 a 0 E1g= 0 C Ezg— —d —d 0
0 0 b —c 0 0 0o 0
Raman active modes
Symmetry Calculations (M) Experiment (M)
Ezlg 50.2
Ellg 70.3
E22g 122.2 89.2
Al < 137.2 121.1
Elzg 209.5
Egg 228.6 214.8
A%g 2334 239.6
E} 3343

along the c axes. Samples were cleaved in the air, right before
being placed in the vacuum. All the measurements were
performed in the high vacuum (10~° mbar) using a KONTI
CryoVac continuous helium flow cryostat with a 0.5 mm
thick window. To achieve laser beam focusing, a microscope
objective with x50 magnification was used. A Bose factor
correction of all spectra was performed. More details can be
found in Appendix C.

Density functional theory (DFT) calculations were per-
formed with the QUANTUM ESPRESSO (QE) software package
[22]. We used the projector augmented-wave (PAW) pseu-
dopotentials [23,24] with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [25]. The electron wave func-
tion and charge density cutoffs of 64 and 782 Ry were chosen,
respectively. The k points were sampled using the Monkhorst-
Pack scheme, with an 8 x 8 x 4 I'-centered grid. Both mag-
netic and nonmagnetic calculations were performed, using
the experimentally obtained lattice parameters and the calcu-
lated values obtained by relaxing the theoretically proposed
structure. In order to obtain the lattice parameters accurately,
a treatment of the van der Waals interactions is introduced.
The van der Waals interaction was included in all calculations
using the Grimme-D2 correction [26]. Phonon frequencies in
the I point are calculated within the linear response method
implemented in QE.

III. RESULTS AND DISCUSSION

Fe;_,GeTe, crystallizes in a hexagonal crystal structure,
described with the P63/mmc (Dgh) space group. The atom
type, site symmetry, each site’s contribution to the phonons

in the I point, and corresponding Raman tensors for the
P63 /mmc space group are presented in Table 1.

Calculated displacement patterns of Raman active modes,
which can be observed in our scattering configuration, are
presented in Fig. 1(a). Since the Raman tensor of the £, mode
contains only the z component (Table I), by selection rules,
it cannot be detected when measuring from the ab plane in
the backscattering configuration. Whereas A, modes include
vibrations of Fe and Te ions along the ¢ axis, E;, modes
include in-plane vibrations of all four atoms. The Raman
spectra of Fe;_,GeTe; in the magnetic phase (M), at 80 K, and
nonmagnetic phase (NM), at 280 K, in a parallel scattering
configuration (e; || e;), are presented in Fig. 1 (b). As it can be
seen, four peaks at 89.2, 121.1, 214.8, and 239.6 cm~! can be
clearly observed at 80 K. According to numerical calculations
(see Table I), peaks at 89.2 and 239.6 cm~! correspond to
two out of four E;, modes, whereas peaks at 121.1 and
239.6 cm™! can be assigned as two A, symmetry modes. One
should note that numerical calculations performed by using
experimentally obtained lattice parameters in the magnetic
phase yield a better agreement with experimental values. This
is not surprising since the calculations are performed for the
stoichiometric compound as opposed to the nonstoichiometry
of the sample. Furthermore, it is known that lattice parameters
strongly depend on the Fe atom deficiency [15]. All calculated
Raman and infrared phonon frequencies, for the magnetic
and nonmagnetic phase of Fe;_,GeTe,, using relaxed and
experimental lattice parameters, together with experimentally
observed Raman active modes, are summarized in Table II of
Appendix D.

After assigning all observed modes we focused on their
temperature evolution. Having in mind finite instrumental

214304-2



LATTICE DYNAMICS AND PHASE TRANSITIONS IN ...

PHYSICAL REVIEW B 99, 214304 (2019)

R, (arb. units)

280K

1 1 L 1
100 150 200 250 300 350 400
Raman shift (cm™)

FIG. 1. (a) Displacement patterns of A;, and E,, symmetry
modes. (b) Raman spectra of Fe;_,GeTe, single crystal measured
at different temperatures in a parallel polarization configuration.

broadening, the Voigt line shape was used for the data analysis
[27,28]. The modeling procedure is described in detail in
Appendix B and presented in Fig. 6. Figure 2 shows the
temperature evolution of the energy and linewidth of the A} 2
Eg’g, and A%g modes between 80 and 300 K. Upon heating
the sample, both the energy and linewidth of A] ¢ and A%g
symmetry modes exhibit a small but sudden discontinuity at
about 150 K [Figs. 2(a) and 2(e)]. An apparent discontinuity
in energy of all analyzed Raman modes is again present at
temperatures around 220 K. In the same temperature range
the linewidths of these Raman modes show a clear deviation
from the standard anharmonic behavior [27-31].

Apart from the anomalies in the phonon spectra, a closer
inspection of the temperature-dependent Raman spectra mea-
sured in the parallel polarization configuration reveals a
pronounced evolution of the Raman continuum [Fig. 3(a)].
For the analysis we have used a simple model including
a damped Lorentzian and linear term, x/ , o al'w/(w* +
') + bw [32], where a, b, and T are temperature-dependent
parameters. Figure 3(b) summarizes the results of the analysis
with the linear term omitted (most likely originating from a lu-
minescence). At approximately the same temperatures, where
phonon properties exhibit discontinuities, the continuum tem-
perature dependence manifests nonmonotonic behavior. The
maximum positions of the curve were obtained by integrating
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FIG. 2. Energy and linewidth temperature dependence of A}g

[(a) and (b)], E3, [(c) and (d)], and A}, [(e) and (f)] phonon modes in
Fe;_,GeTe,.

those shown in Fig. 3(b). The inset of Fig. 3(b) shows the
temperature evolution of their displacements. This analysis
confirms the presence of discontinuities in the electronic con-
tinuum at temperatures around 150 and 220 K, which leaves
a trace in the phonon behavior around these temperatures
(Fig. 2). While we do not have evidence for the Kondo effect
in the Fe;_,GeTe, crystals we measured, a modification of
the electronic background at FM ordering due to localization
or the Kondo effect cannot be excluded.

The temperature evolutions of the phonon self-energies and
the continuum observed in the Raman spectra of Fe;_,GeTe,
suggest the presence of phase transition(s). Magnetization
measurements of the samples were performed as described in
Ref. [13], revealing a FM-PM transition at 150 K. Thus, the
discontinuity in the observed phonon properties around this
temperature can be traced back to the weak to moderate spin-
phonon coupling. The question remains open regarding the
anomaly observed at about 220 K. As previously reported, the
Curie temperature of the Fes;_,GeTe, single crystals grown
by the CVT method is between 220 and 230 K [11,12,14],
varying with the vacancy concentration, i.e., a decrease in the
vacancy content will result an increment of 7¢ [15]. On the
other hand, the Fe;_,GeTe, crystals grown by the self-flux
method usually have a lower Curie temperature, since the
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FIG. 3. (a) Raman spectra of Fe;_,GeTe, at four temperatures
measured in a parallel polarization configuration. Solid lines rep-
resent the theoretical fit to the experimental data. (b) Temperature
evolution of the electronic continuum after omitting the linear term.
Inset: Displacement of the maximum of fitted curves.

vacancy content is higher [13,15]. Crystals used in the Raman
scattering experiment presented here were grown by the self-
flux method with a Fe vacancy content of x & 0.36 [13]. This
is in good agreement with our EDS results of x = 0.4 £ 0.1,
giving rise to the FM-PM transition at 150 K. Nevertheless,

10 um

FIG. 4. SEM image of a Fe;_,GeTe, single crystal.

Map Data 1

2.5 um

2.5 um 2.5 um

FIG. 5. EDS mapping on a Fe;_,GeTe, single crystal. (a) Sec-
ondary electron image of the crystal with the mapping performed
within the rectangle. (b)—(d) Associated EDS maps for Fe, Ge, and
Te, respectively.

an inhomogeneous distribution of vacancies may result the
formation of vacancy depleted “islands” which in turn would
result in an anomaly at 220 K similar to the one observed in
our Raman data. However, the EDS data (see Fig. 5) do not
support this possibility. At this point we can only speculate
that while the long-range order temperature is shifted to a
lower temperature by the introduction of vacancies, short-
range correlations may develop at 220 K.

IV. CONCLUSION

We have studied the lattice dynamics of flux-grown
Fe;_,GeTe, single crystals by means of Raman spectroscopy
and DFT. Four out of eight Raman active modes, two Ay,
and two E,,, have been observed and assigned. DFT cal-
culations are in good agreement with experimental results.
The temperature dependence of the A} @ Eg’g, and A%g mode
properties reveals a clear fingerprint of spin-phonon cou-
pling, at a temperature of around 150 K. Furthermore, the
anomalous behavior in the energies and linewidths of the
observed phonon modes is present in the Raman spectra at
temperatures around 220 K with the discontinuity also present
in the electronic continuum. Its origin still remains an open
question, and requires further analysis.
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APPENDIX A: ELECTRON MICROSCOPY

In order to examine the uniformity of Fe;_,GeTe,, Scan-
ning electron microscopy (SEM) was performed on as-
cleaved crystals. It can be seen from Fig. 4 that the crystals
maintain uniformity for several tens of microns. Furthermore,
the elemental composition was obtained using EDS mapping,
as shown in Fig. 5. The atomic percentage, averaged over
ten measurements, is 47%, 17%, and 36% (4+2%) for Fe, Ge,
and Te, respectively, with the vacancy content x = 0.4 +0.1.
The maps associated with the selected elements appear homo-
geneous, as they are all present uniformly with no apparent
islands or vacancies.

APPENDIX B: DATA MODELING

In order to obtain the temperature dependence of the
energies and linewidths of the observed Fe;_,GeTe, phonon
modes, the Raman continuum, shown in colored lines in

TABLE II. Top panel: Comparison of calculated energies of
Raman active phonons using relaxed (R) and experimental [nonre-
laxed (NR)] lattice parameters for the magnetic (M) and nonmagnetic
phase (NM), given in cm~!. Obtained experimental values in the
magnetic phase at a temperature of 80 K are given in the last column.
Bottom panel: Comparison of calculated energies of infrared optical
phonons of Fe;_,GeTe,.

Raman active modes

Calculations

Sym. NM-R M-R NM-NR M-NR  Experiment (M)
Ez'g 28.4 49.6 33.9 50.2

El‘g 79.2 70.2 71.7 70.3

E22g 115.5 121.0 100.0 122.2 89.2
A}g 151.7 139.2 131.7 137.2 121.1
Elzg 225.5 206.0 194.3 209.5

Efg 238.0 232.6 204.9 228.6 214.8
Afg 272.0 262.6 235.7 2334 239.6
Efg 362.0 337.6 3154 334.7

Infrared active modes

Aéu 70.7 96.6 73.5 92.7

El'u 112.5 121.2 89.4 121.6

A%M 206.0 162.5 183.1 153.7

Efu 226.4 233.6 192.1 231.3

A;u 271.8 248.6 240.8 241.0

E} 361.1 336.6 314.7 334.7

lu

Fig. 3(a), was subtracted for simplicity from the raw Raman
susceptibility data (black line). The spectra obtained after the
subtraction procedure are presented in Fig. 6 (black line) for
various temperatures. Because of the finite resolution of the
spectrometer and the fact that line shapes of all the observed
phonons are symmetric, the Voigt line shape (I'g = 0.8 cm™!)
was used for data modeling. Blue, yellow, and green lines in
Fig. 6 represent fitting curves for A}, E3,, and A7, phonon
modes, respectively, whereas the overall spectral shape is
shown in the red line.

APPENDIX C: EXPERIMENTAL DETAILS

Before being placed in a vacuum and being cleaved, the
sample was glued to a copper plate with GE varnish in order to
achieve good thermal conductivity and prevent strain effects.
Silver paste, as a material with high thermal conductivity, was
used to attach the copper plate with the sample to the cryostat.
The laser beam spot, focused through an Olympus long-
range objective of x 50 magnification, was approximately
6 um in size, with a power less than 1 mW at the sample
surface. A TriVista 557 triple spectrometer was used in the
subtractive mode, with a diffraction grating combination of
1800/1800/2400 grooves/mm and the entrance and second
intermediate slit set to 80 pm, in order to enhance stray light
rejection and attain good resolution.
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APPENDIX D: CALCULATIONS

In Table II the results of DFT calculations are pre-
sented for magnetic (M) and nonmagnetic (NM) relaxed
and experimental lattice parameters. For comparison, the

experimental results are shown in the last column. Since the
lattice parameters strongly depend on the Fe atom deficiency,
the best agreement with experimental results gives the mag-
netic nonrelaxed solution.
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We present a polarization-resolved, high-resolution Raman scattering study of the three consecutive charge
density wave (CDW) regimes in 17-TaS, single crystals, supported by ab initio calculations. Our analysis of
the spectra within the low-temperature commensurate (C-CDW) regime shows P3 symmetry of the system,
thus excluding the previously proposed triclinic stacking of the “star-of-David” structure, and promoting
trigonal or hexagonal stacking instead. The spectra of the high-temperature incommensurate (IC-CDW) phase
directly project the phonon density of states due to the breaking of the translational invariance, supplemented
by sizable electron-phonon coupling. Between 200 and 352 K, our Raman spectra show contributions from
both the IC-CDW and the C-CDW phases, indicating their coexistence in the so-called nearly commensurate
(NC-CDW) phase. The temperature dependence of the symmetry-resolved Raman conductivity indicates the
stepwise reduction of the density of states in the CDW phases, followed by a Mott transition within the C-CDW
phase. We determine the size of the Mott gap to be Qg4,, ~ 170-190 meV, and track its temperature dependence.

DOI: 10.1103/PhysRevB.103.245133

I. INTRODUCTION

Quasi-two-dimensional transition metal dichalcogenides
(TMDs), such as the various structures of TaSe, and TaS,,
have been in the focus of various scientific investigations over
the last 30 years, mostly due to the plethora of charge density
wave (CDW) phases [1,2]. Among all TMD compounds 17 -
TaS; stands out because of its unique and rich electronic phase
diagram [3-6]. It experiences phase transitions at relatively
high temperatures, making it easily accessible for investi-
gation and, mainly for the hysteresis effects, attractive for
potential applications such as data storage [7], information
processing [8], or voltage-controlled oscillators [9].

The cascade of phase transitions as a function of temper-
ature includes the transition from the normal metallic to the
incommensurate CDW (IC-CDW) phase, the nearly commen-
surate CDW (NC-CDW) phase, and the commensurate CDW
(C-CDW) phase occurring at around Tjc = 554 K, Inc =
355 K, and in the temperature range from 7c, = 180 K to
Tcy = 230 K, respectively. Recent studies indicate the possi-
bility of yet another phase transition in 17°-TaS; at Ty = 80K,
named the hidden CDW state [10—12]. This discovery led to a
new boost in attention for 17°-TaS,.

Upon lowering the temperature to Tic = 554 K, the normal
metallic state structure, described by the space group P3ml
(D4)) [13], transforms into the IC-CDW state. As will be
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demonstrated here, the IC-CDW domains shrink upon further
temperature reduction until they gradually disappear, giving
place to the C-CDW ordered state. This region in the phase
diagram between 554 and roughly 200 K is characterized by
the coexistence of the IC-CDW and C-CDW phases and is
often referred to as NC-CDW. At the transition temperature
T, IC-CDW domains completely vanish [14] and a new lat-
tice symmetry is established. There is a general consensus
about the formation of “star-of-David” clusters with in-plane
V13a x A/13a lattice reconstruction, whereby 12 Ta atoms
are grouped around the 13th Ta atom [15,16]. In the absence of
any external strain fields, this can be achieved in two equiva-
lent ways (by either clockwise or counterclockwise rotations)
thus yielding domains [17]. Despite extensive investigations,
both experimental and theoretical, it remains an open ques-
tion whether the stacking of star-of-David clusters is triclinic,
trigonal, hexagonal, or a combination thereof [15,16,18-20].
The C-CDW phase is believed to be an insulator [3,21-23]
with a gap of around 100 meV [13]. Very recent theoretical
studies based on density-functional theory (DFT) find an ad-
ditional ordering pattern along the crystallographic c axis. The
related gap has a width of approximately 0.5 eV along k, and
becomes gapped at the Fermi energy Er in the C-CDW phase
[24,25].

Nearly all of the previously reported results for opti-
cal phonons in 17-TaS, are based on Raman spectroscopy
on the C-CDW phase and on temperature-dependent mea-
surements in a narrow range around the NC-CDW to
C-CDW phase transition [13,15,18-20]. In this paper we
present temperature-dependent polarization-resolved Raman

©2021 American Physical Society
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measurements in the temperature range from 4 to 370 K
covering all three CDW regimes of 17-TaS,. Our analysis
of the C-CDW phase confirms the symmetry to be P3, while
the NC-CDW phase is confirmed as a mixed regime of com-
mensurate and incommensurate domains. The Raman spectra
of the IC-CDW phase mainly project the phonon density of
states due to the breaking of translation invariance and sizable
electron-phonon coupling. The growth of the CDW gap upon
cooling, followed by the opening of the Mott gap, is traced via
the initial slope of the symmetry-resolved spectra. The size of
170-190 meV and the temperature dependence of the Mott
gap are directly determined from high-energy Raman data.

II. EXPERIMENTAL AND NUMERICAL METHODS

The preparation of the studied 17-TaS, single crystals
is described elsewhere [26-29]. Calibrated customized Ra-
man scattering equipment was used to obtain the spectra.
Temperature-dependent measurements were performed with
the sample attached to the cold finger of a He-flow cryostat.
The sample was cooled down to the lowest temperature and
then heated. In either case the rates were less than £1 K/min.
All measurements were performed in a high vacuum of ap-
proximately 5 x 107> Pa.

The 575-nm laser line of a diode-pumped Coherent GEN-
ESIS MX-SLM solid state laser was used as an excitation
source. Additional measurements with the 458- and 514-nm
laser lines were performed with a Coherent Innova 304C
argon ion laser. The absorbed power was set at 4 mW. All
spectra shown are corrected for the sensitivity of the instru-
ment and the Bose factor, yielding the imaginary part of
the Raman susceptibility Ry”, where R is an experimental
constant. An angle of incidence of ®; = 66.0 & 0.4° and
atomically flat cleaved surfaces enable us to measure at ener-
gies as low as 5 cm~! without a detectable contribution from
the laser line since the directly reflected light does not reach
the spectrometer. The corresponding laser spot has an area of
roughly 50 x 100 um? which prevents us from observing the
possible emergence of the domains [17,30]. The inelastically
scattered light is collected along the surface normal (crystal-
lographic ¢ axis) with an objective lens having a numerical
aperture of 0.25. In the experiments presented here, the linear
polarizations of the incident and scattered light are denoted as
¢; and e, respectively. For e; horizontal to the plane of inci-
dence there is no projection on the crystallographic ¢ axis. For
the low numerical aperture of the collection optics e; is always
perpendicular to the ¢ axis. Low-energy data up to 550 cm™!
were acquired in steps of AQ = 1cm~! with a resolution
of ¢ &~ 3 cm~!. The symmetric phonon lines were modeled
using Voigt profiles where the width of the Gaussian part is
given by o. For spectra up to higher energies the step width
and resolution were set at AQ = 50 cm~! and o &~ 20 cm !,
respectively. The Raman tensors for the Ds; point group are
given in Table I. Accordingly, parallel linear polarizations
project both Aj, and E, symmetries, while crossed linear
polarizations only project E,. The pure A;, response then can
be extracted by subtraction.

We have performed DFT calculations as implemented in
the ABINIT package [31]. We have used the Perdew-Burke-
Ernzerhof (PBE) functional, an energy cutoff of 50 Ha for the

TABLE I. Raman tensors for trigonal systems (point group Ds34).
00 c 0 0 0 —c —d
A, = a 0 0 —c d zEg =l-c 0 O
0 b 0 d 0 —-d 0 0

plane-wave basis, and we have included spin-orbit coupling
by means of fully relativistic Goedecker pseudopotentials
[32,33], where Ta-5d%6s> and S-3s%3p” states are treated as
valence electrons. The crystal structure was relaxed so that
forces on each atom were below 10 ueV/A and the total
stress on the unit cell below 1 bar, yielding lattice parame-
ters a = 3.44 A and ¢ = 6.83 A. Subsequently, the phonons
and the electron-phonon coupling (EPC) were obtained from
density-functional perturbation theory (DFPT) calculations,
also within ABINIT [34]. Here, we have used an 18 x 18 x 12
k-point grid for the electron wave vectors and a 6 x 6 x 4
g-point grid for the phonon wave vectors. For the electronic
occupation we employed Fermi-Dirac smearing with broaden-
ing factor opp = 0.01 Ha, which is sufficiently high to avoid
unstable phonon modes related to the CDW phases.

S O Q

III. RESULTS AND DISCUSSION

A. Lattice dynamics of the charge-density wave regimes

Temperature-dependent symmetry-resolved Raman spec-
tra of 17-TaS, are presented in Fig. 1. It is obvious that their
evolution with temperature is divided into three distinct ranges
(IC-CDW, NC-CDW, and C-CDW) as indicated. The lattice
dynamics for each of these ranges will be treated separately in
the first part of the section. In the second part we address the
electron dynamics.

1. C-CDW phase

At the lowest temperatures 17-TaS, exists in the com-
mensurate C-CDW phase. Here, the atoms form so-called
star-of-David clusters. Different studies report either triclinic
stacking of these clusters leading to P1 unit cell symme-
try [16], or trigonal or hexagonal stacking and P3 unit cell
symmetry [15,18-20]. A factor group analysis predicts 57
A, Raman-active modes with an identical polarization de-
pendence for P1 unit cell symmetry, and alternatively 19
Ag+19 E, Raman-active modes for P3 unit cell symmetry [13]
Our polarized Raman scattering measurements at 7 = 4 K,
measured in two scattering channels, together with the cor-
responding cumulative fits are shown in Fig. 2. As it can be
seen, we have observed modes of two different symmetries in
the related scattering channels. This result indicates trigonal or
hexagonal stacking of the star-of-David clusters. The symmet-
ric phonon lines can be described by Voigt profiles, the best fit
of which is shown as blue (for parallel light polarizations) and
red (crossed polarizations) lines. After fitting Voigt profiles
to the Raman spectra, 38 phonon modes were singled out.
Following the selection rules for A, and E, symmetry modes,
19 were assigned as A, and 19 as E, symmetry, meaning all
expected modes could be identified. The contribution from
each mode to the cumulative fit is presented in Fig. 2 as green
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FIG. 1. Symmetry-resolved Raman spectra of 17-TaS, at tem-
peratures as indicated. Both C-CDW (blue lines) and IC-CDW (red
lines) domains yield significant contributions to the Raman spectra
of the NC-CDW phase (green lines).

TABLE II. Aj, and E, Raman mode energies experimentally
obtained at 7 = 4 K.

n, wa, (em™") wg, (cm™")
1 62.6 56.5
2 73.3 63.3
3 83.4 75.3
4 1149 82.0
5 121.9 90.5
6 129.5 101.1
7 228.7 134.8
8 244.1 244.0
9 271.9 248.9
10 284.2 257.5
11 298.6 266.6
12 307.2 278.3
13 308.2 285.0
14 313.0 292.9
15 321.2 300.5
16 3242 332.7
17 332.0 369.2
18 367.2 392.6
19 388.4 397.7
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FIG. 2. Raman spectra at T = 4 K, i.e., in the C-CDW phase,
for parallel and crossed light polarizations. Red and blue solid lines
represent fits of the experimental data using Voigt profiles. Spectra
are offset for clarity. The short vertical lines depict central frequen-
cies obtained from the data analysis. The exact energy values are
presented in Table I1.

lines, whereas the complete list of the corresponding phonon
energies can be found in Table II.

2. IC-CDW phase

At the highest experimentally accessible temperatures 17 -
TaS, adopts the IC-CDW phase. Data collected by Raman
scattering at T = 370 K, containing all symmetries, are shown
as a blue solid line in Fig. 3. As 17-TaS; is metallic in this
phase [25] we expect the phonon lines to be superimposed on
a continuum of electron-hole excitations which we approxi-
mate using a Drude spectrum shown as a dashed line [35,36].

Since the IC-CDW phase arises from the normal metallic
phase, described by space group P3ml [13,37], it is inter-
esting to compare our Raman results on the IC-CDW phase
to an ab initio calculation of the phonon dispersion in the
normal phase, shown as an inset in Fig. 3. Four different
optical modes were obtained at I': E, at 189 cm™! (double
degenerate), E, at 247 cm~! (double degenerate), Ay, at 342
cm™!, and Ay, at 346 cm™!. A factor group analysis shows
that two of these are Raman active, namely Eg and A, [13].

We observe that the calculated phonon eigenvalues of the
simple metallic phase at I do not closely match the observed
peaks in the experimental spectra of the IC-CDW phase.
Rather, these correspond better to the calculated phonon
density of states (PDOS), depicted in Fig. 3. There are es-
sentially three different ways to project the PDOS in a Raman
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FIG. 3. Raman response for parallel light polarizations in the IC-
CDW phase at 370 K (blue line). The dashed line depicts the possible
electronic continuum. The contributions of the Ta (dark brown) and
S atoms (light brown) to the calculated PDOS (gray area) are shown
below. The inset shows the calculated phonon dispersion of 17'-TaS,
in the simple metallic phase, with the electron-phonon coupling (1)
of the optical branches indicated through the color scale.

experiment and to overcome the g ~ 0 selection given by the
small momentum of visible light: (i) scattering on impurities
[38], (ii) enhanced electron-phonon coupling [39], and (iii)
breaking of the translational symmetry in the IC-CDW phase.
(i) We rule out chemical impurity scattering, expected to exist
at all temperatures, as the low-temperature spectra (Fig. 2)
show no signs thereof. (ii) The additional scattering channel
may come from the electron-phonon coupling (EPC). The
calculated EPC, A, in the optical modes (inset of Fig. 3) is
limited, yet not negligible, reaching maxima of ~0.2 in the
lower optical branches around the Brillouin zone (BZ) points
I' and A. The calculated atom-resolved PDOS shows the
acoustic modes to be predominantly due to Ta and the optical
modes due to S, as a result of their difference in atomic mass.
The acoustic modes display several dips that are signatures of
the latent CDW phases, for which the EPC cannot be reliably
determined. Significant EPC in the optical modes of 17'-TaS,
is furthermore supported by experimental results linking a
sharp increase in the resistivity above the IC-CDW transition
temperature to the EPC [37]. It also corroborates calculated
[14] and experimentally obtained [13] values of the CDW
gap, which correspond to intermediate to strong EPC [37].
(iii) Although EPC certainly contributes we believe that the
majority of the additional scattering channels can be traced
back to the incommensurate breaking of the translational in-

variance upon entering IC-CDW. Thus the “weighted” PDOS
is projected into the Raman spectrum [see Figs. 1(a) and 1(b)].
These “weighting” factors depend on the specific symmetries
along the phonon branches as well as the “new periodicity”
and go well beyond the scope of this paper.

3. NC-CDW phase

The nearly commensurate phase is seen as a mixed phase
consisting of regions of commensurate and incommensurate
CDWs [40,41]. This coexistence of high- and low-temperature
phases is observable in our temperature-dependent data as
shown in Fig. 1. The spectra for the IC-CDW (red curves) and
C-CDW phase (blue curves) are distinctly different, as also
visible in the data shown above (Figs. 2 and 3). The spectra of
the NC-CDW phase (235 K < T < 352 K) comprise contri-
butions from both phases. As 352 K is the highest temperature
at which the contributions from the C-CDW phase can be
observed in the spectra, we suggest that the phase transition
temperature from IC-CDW to NC-CDW phase is somewhere
in between 352 and 360 K. This conclusion is in good agree-
ment with experimental results regarding this transition [4-6].

B. Gap evolution

The opening of a typically momentum-dependent gap in
the electronic excitation spectrum is a fundamental prop-
erty of CDW systems which has also been observed in
1T-TaS, [13,37,42]. Here, in addition to the CDW, a Mott
transition at the onset of the C-CDW phase leads to an
additional gap opening in the bands close to the I point
[21,43]. Symmetry-resolved Raman spectroscopy can provide
additional information here using the momentum resolution
provided by the selection rules. To this end, we look at the
initial slopes of the electronic part of the spectra.

As shown in Figs. 4(a)-4(c), different symmetries project
individual parts of the BZ [36,44]. The vertices given by the
hexagonal symmetry of 17-TaS, are derived in Appendix C.
The A, vertex mainly highlights the area around the I" point
while the E, vertices predominantly project the BZ bound-
aries. The opening of a gap at the Fermi level reduces Np,
leading to an increase of the resistivity in the case of 17-TaS,.
This reduction of Ng manifests itself also in the Raman spectra
which, to zeroth order, are proportional to Ng [35,44]. As
a result, the initial slope changes as shown Figs. 4(d) and
4(e), which zoom in on the low-energy region of the spec-
tra from Fig. 1. The initial slope of the Raman response is
Rlimg_,¢ % o Nr1p, where R incorporates only experimen-
tal factors [44]. The electronic relaxation I'§ o (Npto)~ ! is
proportional to the dc resistivity p(T) [45]. If a gap opens up
there is vanishing intensity at 7 = 0 below the gap edge for an
isotropic gap. At finite temperature there are thermally excited
quasiparticles which scatter. Thus, there is a linear increase at
low energies [35]. The black lines in Figs. 4(d)—4(g) represent
the initial slopes and their temperature dependences. The lines
comprise carrier relaxation and gap effects, and we focus only
on the relative changes.

Starting in the IC-CDW phase at T = 370 K [Fig. 4(d)]
the initial slope is higher for the E, spectrum than for Ay,
symmetry. While the CDW gap started to open already at
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FIG. 4. Evolution of the gaps. (a)—(c) Squared Raman vertices
and Fermi surface of 17-TaS, for the indicated symmetries in the
normal phase above Tic. The derivation of Raman vertices is pre-
sented in Appendix C. (d)-(g) Low-energy Raman spectra for A,
symmetry (blue) and E, symmetries (red) at temperatures as indi-
cated. The spectra shown are zooms on the data shown in Fig. 1. The
black lines highlight the initial slope of the spectra. (h) High-energy
spectra at 4 K. Vertical dashed lines and colored bars indicate the
approximate size and error bars of the Mott gap for the correspond-
ingly colored spectrum. (i) Temperature dependence of the Mott gap
A (= A, Ep).

554 K around the M points [43], which are highlighted by the
E, vertex, the Fermi surface projected by the E, vertex contin-
ues to exist. Thus, we may interpret the different slopes as a
manifestation of a momentum-dependent gap in the IC-CDW
phase and assume overall intensity effects to be symmetry
independent for all temperatures. At 7 = 352 K [Fig. 4(e)]
the slope for E, symmetry is substantially reduced to below
the Ay, slope due to a strong increase of the CDW gap in the
commensurate regions [43] which emerge upon entering the
NC-CDW phase. Further cooling also decreases the slope for
the Az spectrum, as the Mott gap around the I' point starts
to open within the continuously growing C-CDW domains
[40,41]. Below T = 270 K the initial slopes are identical for
both symmetries and decrease with temperature. Apparently,
the Mott gap opens up on the entire Fermi surface in direct
correspondence with the increase of the resistivity by ap-
proximately an order of magnitude [3]. Finally, at the lowest
temperature close to 4 K the initial slopes drop to almost zero
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FIG. 5. Raman spectra up to high energies for (a) parallel and
(b) crossed polarizations of the incident and scattered light at tem-
peratures as given in the legend.

[Fig. 4(g)], indicating vanishing conductivity or fully gapped
bands in the entire BZ.

Concomitantly, and actually more intuitive for the opening
of a gap, we observe the loss of intensity in the Raman spectra
below a threshold at an energy 2g,,. Below 30 cm~! the in-
tensity is smaller than 0.2 counts(mW )~ [Fig. 4(g)] and still
smaller than 0.3 counts(mW s)~! up to 1500 cm™! [Fig. 4(h)].
For a superconductor or a CDW system the threshold is given
by 2A, where A is the single-particle gap, and a pileup of in-
tensity for higher energies, 2 > 2A [44]. A pileup of intensity
cannot be observed here. Rather, the overall intensity is further
reduced with decreasing temperature as shown in Figs. 5 and
6 in Appendixes A and B. In particular, the reduction occurs
in distinct steps between the phases and continuous inside the
phases with the strongest effect in the C-CDW phase below
approximately 210 K (Fig. 5). In a system as clean as 17-TaS,
the missing pileup in the C-CDW phase is surprising and
argues for an alternative interpretation.

In a Mott system, the gap persists to be observable but
the pileup is not a coherence phenomenon and has not been
observed yet. In fact, the physics is quite different, and the
conduction band is split symmetrically about the Fermi en-
ergy Ep into a lower and a upper Hubbard band. Thus in
the case of Mott-Hubbard physics the experimental signa-
tures are more such as those expected for an insulator or
semiconductor having a small gap, where at T = 0 there
is a range without intensity and an interband onset with a
band-dependent shape. At finite temperature there are ther-
mal excitations inside the gap. For 17-TaS, at the lowest
accessible temperature, both symmetries exhibit a flat, nearly
vanishing electronic continuum below a slightly symmetry-
dependent threshold (superposed by the phonon lines at low
energies). Above the threshold a weakly structured increase is
observed. We interpret this onset as the distance of the lower
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FIG. 6. Luminescence contribution to the Raman data. (a), (b) In-
tensity as a function of the absolute frequency for (a) 7 = 330 K and
(b) T =4 K. The approximate peak maximum of the contribution
attributed to luminescence is highlighted by the gray shaded area. (c),
(d) Raman susceptibility calculated from (a) and (b), respectively,
shown as a function of frequency (Raman) shift. The luminescence
peak appears at different Raman shifts depending on the wavelength
of the laser light. At 7 =4 K the spectra are identical up to 1600
cm™! for all laser light wavelengths.

Hubbard band from the Fermi energy Ep or half of the dis-
tance between the lower and the upper Hubbard band, shown
as vertical dashed lines at 1350-1550 cm~! = 170-190 meV
[Fig. 4(h)]. The energy is in good agreement with gap obtained
from the in-plane angle-resolved photoemission spectroscopy
(ARPES) [43], scanning tunneling spectroscopy [46], and
infrared spectroscopy [13] which may be compared directly
with our Raman results measured with in-plane polarizations.
Upon increasing the temperature the size of the gap shrinks
uniformly in both symmetries [Fig. 4(i)] and may point to
an onset above the C-CDW phase transition, consistent with
the result indicated by the initial slope. However, we cannot
track the development of the gap into the NC-CDW phase as
an increasing contribution of luminescence (see Appendix B)
overlaps with the Raman data.

Recently, it was proposed on the basis of DFT calcula-
tions that 17-TaS, orders also along the ¢ axis perpendicular
to the planes in the C-CDW state [24,25]. This quasi-one-
dimensional (1D) coupling is unexpectedly strong and the
resulting metallic band is predicted to have a width of ap-
proximately 0.5 eV. For specific relative ordering of the star
of David patterns along the c axis this band develops a gap of
0.15 eV at Eg [25], which is intriguingly close to the various
experimental observations. However, since our light polariza-
tions are strictly in plane, we have to conclude that the gap

observed here (and presumably in the other experiments) is
an in-plane gap. Our experiment cannot detect an out-of-plane
gap. Thus, neither a quasimetallic dispersion along the ¢ axis
nor a gap in this band along k, may be excluded in the C-CDW
phase. However, there is compelling evidence for a Mott-like
gap in the layers rather than a CDW gap.

IV. CONCLUSIONS

We have presented a study of the various charge den-
sity wave regimes in 17-TaS, by inelastic light scattering,
supported by ab initio calculations. The spectra of lattice
excitations in the commensurate CDW (C-CDW) phase de-
termine the unit cell symmetry to be P3, indicating trigonal or
hexagonal stacking of the “star-of-David” structure. The high-
temperature spectra of the incommensurate CDW (IC-CDW)
state are dominated by a projection of the phonon density
of states caused by either a significant electron-phonon cou-
pling or, more likely, the superstructure. The intermediate
nearly commensurate (NC-CDW) phase is confirmed to be a
mixed regime of commensurate and incommensurate regions
contributing to the phonon spectra below an onset tempera-
ture Tne ~ 352-360 K, in good agreement with previously
reported values. At the lowest measured temperatures, the
observation of a virtually clean gap without a redistribution
of spectral weight from low to high energies below T¢ argues
for the existence of a Mott metal-insulator transition at a
temperature of order 100 K. The magnitude of the gap is found
to be gy, ~ 170-190 meV and has little symmetry, thus
momentum, dependence, in agreement with earlier ARPES
results [37]. At 200 K, on the high-temperature end of the C-
CDW phase, the gap shrinks to ~60% of its low-temperature
value. Additionally, the progressive filling of the CDW gaps
by thermal excitations is tracked via the initial slope of the
spectra, and indicates that the Mott gap opens primarily on
the parts of the Fermi surface closest to the I point.

Our results demonstrate the potential of using inelastic
light scattering to probe the momentum dependence and en-
ergy scale of changes in the electronic structure driven by
low-temperature collective quantum phenomena. This opens
perspectives to investigate the effect of hybridization on col-
lective quantum phenomena in heterostructures composed of
different 2D materials, e.g., alternating 7 and H monolayers
as in the 4H b-TaS, phase [47].
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APPENDIX A: RAW DATA

Figure 5 shows Raman spectra at temperatures ranging
from T =4 to 370 K for parallel [Fig. 5(a)] and crossed
[Fig. 5(b)] in-plane light polarizations. The spectra were
measured in steps of AQ =50cm™' and a resolution of
o ~ 20 cm~!. Therefore neither the shapes nor the positions
of the phonon lines below 500 cm~! may be resolved. All
spectra reach a minimum in the range from 500 to 1600
cm™!. At energies above 500 cm~! the overall intensities are
strongly temperature dependent and decreasing with decreas-
ing temperature. Three clusters of spectra are well separated
according to the phases they belong to.

In the C-CDW phase (T < 200 K, blue lines) the spectra
start to develop substructures at 1500 and 3000 cm™'. The
spectra at 200 K increase almost linearly with energy. The
spectra of the NC- and IC-CDW phases exhibit a broad max-
imum centered in the region of 2200-3200 cm ™' which may
be attributed to luminescence (see Appendix B). For clarifi-
cation we measured a few spectra with various laser lines for
excitation.

APPENDIX B: LUMINESCENCE

Figure 6 shows Raman spectra measured with parallel light
polarizations for three different wavelengths A; of the incident
laser light. Figures 6(a) and 6(b) depict the measured inten-
sity I (without the Bose factor) as a function of the absolute
frequency ¥ of the scattered light.

At high temperature [T = 330 K, Fig. 6(a)] a broad peak
can be seen for all A; which is centered at a fixed frequency
of 15 200 cm~! of the scattered photons (gray shaded area).
The peak intensity decreases for increasing A; (decreasing en-
ergy). Correspondingly, this peak’s center depends on the laser
wavelength in the spectra shown as a function of the Raman
shift [Fig. 6(c)]. This behavior indicates that the origin of this
excitation is likely to be luminescence where transitions at
fixed absolute final frequencies are expected.

At low temperature [Fig. 6(b)] we can no longer find a
structure at a fixed absolute energy. Rather, as already in-
dicated in the main part, the spectra develop additional, yet
weak, structures which are observable in all spectra but are
particularly pronounced for blue excitation. For green and yel-
low excitation the spectral range of the spectrometer, limited
to 732 nm, is not wide enough for a deeper insight into the
luminescence contributions (at energies different from those
at high temperature) and no maximum common to all three
spectra is observed. If these spectra are plotted as a function
of the Raman shift, the changes in slope at 1500 and 3000
cm™~! are found to be in the same position for all A;, values
thus arguing for inelastic scattering rather than luminescence.
Since we do currently not have the appropriate experimental

tools for an in-depth study, our interpretation is preliminary
although supported by the observations in Fig. 6(d).

As shown in the inset of Fig. 6(d) we propose a sce-
nario on the basis of Mott physics. In the C-CDW phase the
reduced bandwidth is no longer the largest energy and the
Coulomb repulsion U becomes relevant [22] and splits the
conduction band into a lower and upper Hubbard band. We
assume that the onset of scattering at 1500 cm~! corresponds
to the distance of the highest energy of the lower Hubbard
band to the Fermi energy Eg. The second onset corresponds
then to the distance between the highest energy of the lower
Hubbard band and the lowest energy of the upper Hubbard
band. An important question needs to be answered: Into which
unoccupied states right above Er does the first process scatter
electrons? We may speculate that some DOS is provided by
the metallic band dispersing along k, or by the metallic do-
main walls between the different types of ordering patterns
along the ¢ axis observed recently by tunneling spectroscopy
[46]. These quasi-1D domain walls would provide the states
required for the onset of scattering at high energy but are
topologically too small for providing enough density of states
for a measurable intensity at low energy [Fig. 4(g)] in a
location-integrated experiment such as Raman scattering.

APPENDIX C: DERIVATION OF THE RAMAN VERTICES

Phenomenologically, the Raman vertices can be derived
based on lattice symmetry, which are proportional to the Bril-
louin zone harmonics. They are a set of functions that exhibit
the symmetry and periodicity of the lattice structure proposed
by Allen [48]. These functions make the k-space sums and
energy integrals more convenient than that of the Cartesian
basis or the spherical harmonics basis, especially for those
materials who have anisotropic and/or multiple Fermi pock-
ets. The three Cartesian components of the Fermi velocity
v are recommended to generate this set of functions since
they inherit the symmetry and periodicity of the crystal lattice
naturally. However, in most cases, we do not know the details
of band dispersion. A phenomenological method is needed to
construct such a set of basis functions. Here, we demonstrate
a method based on the group theory. The Brillouin zone har-
monics can be obtained by the projection operation on specific
trial functions.

For a certain group G with symmetry elements R and sym-
metry operators P, it can be described by several irreducible
representations I',, where n labels the representation. For each
irreducible representation, there are corresponding basis func-
tions QJ{; that can be used to generate representation matrices
for a pafticular symmetry. Here, j labels the component or
partner of the representations. For an arbitrary function F, we

have
F=% fer,
r?l j

According to the group theory, we can always define a projec-
tion operator by the relation [49]

(ChH

. d .
Pl = v Z x " (R) * Py, (C2)
R
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TABLE III. Symmetry operations £ and corresponding charac-
ter table of theD;, point group.

Py x y 4 x"(R)

Alg E,
E X y 1 2
Ci éx—i—?y —‘?x—%y z 1 —1
R e N L -l
Cj x -y —z 1 0
cy —ix+ Ly Ly ly -z 1 0
cy —ix— ?y —?x + 1y -z 1 0
1 —X —y -z 1 2
Sbooawegy a2 -l
Sg'! e By Ly ly 1 —1
o, —X y Z 1 0
o) %x — %y —?x — %y Z 1 0
o) %x + %y %x — %y 1 0
that satisfies the relation

(C3)

N T,
PF”F — Zf] q)J”’
J
where d is the dimensionality of the irreducible representation
I',, N is the number of symmetry operators in the group, and
x " (R) is the character of the matrix of symmetry operator R
in irreducible representation I',,. By projection operation on a
certain irreducib1¢ representation ', we can directly get its

basis functions CIJJFn.

The basis functions are not unique. In specific physical
problems, it is useful to use physical insight to guess an appro-
priate arbitrary function to find the basis functions for specific

problems. 17-TaS; belongs to the D3, point group. There are
12 symmetry operators in this group, i.e., E, C}, C; ', C}, CY,
cy, I, Sﬁl, Se 1 o), o), o,". The coordinate transformations
after symmetry operations and the corresponding character
table are listed in Table III.

In order to simulate the periodicity of the Brillouin zone,
trigonometric functions are used as trial functions. According
to the parity of the irreducible representations, we can choose
an appropriate trigonometric function, e.g., a sine function for
odd parity representation and cosine function for even parity
representation. The combinations of them are also available.

Here, we use F = cos(k.a) as a trial function, where a is
the in-plane crystal constant. The basis function of A, can be
derived as

Dy (k) = %[cos(kxa) + 2 cos (%k,ﬂ) cos (\?kya)].
(C4)

With the same method, we obtain a basis function of E, as

<I>Eg1 k) = %[cos(kxa) — Ccos (%kxa) cos (?kﬂ)].
(C5)

Since the E, is a two-dimensional representation, the projec-
tion operation provides only one of the two basis functions
of the corresponding subspace. The second function is found
based on the subspace invariance under the symmetry opera-
tions (e.g., if we operate ® E] with C} symmetry, the result can
be presented as a linear combination of @ E] and Egz). Thus
we obtain

CDEgz (k) = 2sin (%km) sin (?kﬂ). (Co)
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ABSTRACT: We present a detailed investigation of the crystal structure
of VI, a two-dimensional van der Waals material of interest for studies of
low-dimensional magnetism. As opposed to the average crystal structure
that features R3 symmetry of the unit cell, our Raman scattering and X-ray
atomic pair distribution function analysis supported by density functional
theory calculations point to the coexistence of short-range ordered P31c
and long-range ordered R3 phases. The highest-intensity peak, A?g, exhibits
a moderate asymmetry that might be traced back to the spin—phonon

interactions, as in the case of Crl;.

B INTRODUCTION

A well-known family of transition metal trihalides (TMTs)
MX; (X = Cr, B, or I) have received a great deal of attention
due to Fotential existence of two-dimensional (2D) ferromag-
netism, ~® which has been confirmed in Crl,.”* The similar
crystal structure and magnetic properties of Crl; and VI
fostered a belief that the same might be found in the latter. In
fact, magnetization measurements revealed the 2D ferromag-
netic nature of VI; with a Currie temperature (T.) of around
50 K> Contrary to a layer-dependent ferromagnetism in
Crl,,"' the first-principles calculations predict that ferromag-
netism in VI, persists down to a single layer,” making it a
suitable candidate for engineering 2D spintronic devices.
Resistivity measurements showed VI; is an insulator with an
optical band gap of ~0.6 eV.”"?

Whereas laboratory X-ray diffraction studies reported three
possible high-temperature VI; unit cell symmetries,”'*”"*
high-resolution synchrotron X-ray diffraction confirmed a
rhombohedral R3 space group.'” A very recently published
Raman spectroscopy study indicated that the VI; crystal
structure can be described within the C,;, point group.'> All
results agree on the existence of a phase transition at a
temperature of 79 K. However, the subtle'” structural changes
below 79 K are still under debate.

The long-range magnetic order in ultrathin 2D van der
Waals (vdW) crystals stems from strong uniaxial anisotropy, in
contrast to materials with isotropic exchange interactions
where order parameters are forbidden.'*™"* 2D vdW magnetic
materials are of interest both as examples of exotic magnetic
ordezrigzoazr}d for potential applications in spintronic technol-

Atomically thin flakes of CrCl; have a magnetic transition
temperature that is different from that of bulk crystals possibly
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due to the different crystal structure of the monolayer and
ultrathin crystals when compared to bulk.””** Similar
observations were made on Crl; monolayers.””**** It has
been proposed” that the second anomaly in heat capacity in
bulk CrCl; arises due to regions close to the surface that host a
different crystal structure when compared to bulk;***’
however, due to the substantial mass fraction detected in
heat capacity measurements, this could also reflect differences
between the short-range order and long-range crystallographic
order of Bragg planes. The short-range order is determined by
the space group that is energetically favorable for a monolayer
or a few layers, whereas the long-range crystallographic order is
established over large packing lengths.

In this paper, we present an experimental Raman scattering
study of the bulk VI; high-temperature structure, supported by
density functional theory (DFT) calculations and the X-ray
atomic pair distribution function (PDF) analysis. The
comparison between the Raman experiment and DFT
calculations for each of the previously reported space groups
suggested that the high-temperature lattice vibrations of bulk
VI, are consistent with a P31c trigonal structure. Nine (ZAlg +
7E,) of 12 observed peaks were assigned on the basis of factor
group analysis (FGA) and DFT calculations. The PDF analysis
indicated the coexistence of two crystallographic phases at two
different interatomic distances, short-range ordered P31c and
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long-range ordered R3, as two segregated phases and/or as
randomly distributed short-range ordered P31c domains in the
long-range ordered R3 lattice. Raman data displayed a
moderate asymmetry of the Afg phonon line. This behavior
was attributed to the spin—phonon interaction, similar to the
case for Crly. The additional peaks in our spectra obey A,
selection rules and can be described in terms of overtones, as
well as the A,, silent modes “activated” by the symmetry
breaking.

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

The preparation of single-crystal VI; samples used in this study is
presented elsewhere.'® For the Raman scattering experiment, a Tri
Vista 557 spectrometer was used in the backscattering micro-Raman
configuration with a 1800/1800/2400 grooves/mm diffraction grating
combination. A Coherent Ar*/Kr" ion laser with a 514 nm line was
used as an excitation source. Laser beam focusing was achieved
through the microscope objective with 50X magnification. The
direction of the incident (scattered) light coincides with the
crystallographic ¢ axis. The sample, cleaved in open air, was held
inside a KONTTI CryoVac continuous helium flow cryostat with a 0.5
mm thick window. Raman scattering measurements were performed
under high vacuum (107 mbar). All of the obtained Raman spectra
were corrected by the Bose factor. The spectrometer resolution is
comparable to the Gaussian width of 1 cm™.

PDF and wide-angle X-ray scattering measurements were carried
out in capillary transmission geometry using a PerkinElmer
amorphous silicon area detector placed 206 and 983 mm downstream
from the sample, respectively, at beamline 28-ID-1 (PDF) of National
Synchrotron Light Source II at Brookhaven National Laboratory. The
setup utilized a 74.3 keV (4 = 0.1668 A) X-ray beam.

Two-dimensional diffraction data were integrated using the Fit2D
software package.”® Data reduction was performed to obtain
experimental PDFs (Quu = 26A7") using the xPDFsuite software
package.”” The Rietveld and PDF analyses were carried out using
GSAS-II’° and PDFgui®" software packages, respectively.

Density functional theory calculations were performed using the
Quantum Espresso software package,®” employing the PBE exchange-
correlation functional®® and PAW pseudopotentials.**** All calcu-
lations are spin-polarized. The cutoff for wave functions and the
charge density were set to 48 and 650 Ry, respectively. The k-points
were sampled using the Monkhorst—Pack scheme, ona 6 X 6 X 6 I'-
centered grid for R3 and C2/m structures and a 12 X 12 X 8 grid for
the P31c structure. Optimization of the lattice parameters and atomic
positions in the unit cell was performed until the interatomic forces
were <107% Ry/A. To obtain more accurate lattice parameters,
treatment of the van der Waals interactions is included using the
Grimme-D2 correction. The correlation effects are treated with the
Hubbard U correction (LDA+U), using a rotationally invariant
formulation implemented in QE,*® where U = 3.68 V. Band structure
plots are calculated at 800 k-points on the chosen path over high-
symmetry points. Phonon frequencies were calculated with the linear
response method, as implemented in the -honon part of Quantum
Espresso.

B RESULTS AND DISCUSSION

The first reported results for VI;, dating from the 1950s,
indicated that VI; adopts a honeycomb layer-type Bil,
structure described with space group R3, which is a structure
common in TMTs, also found in the low-temperature phase of
CrI3.6’40

There have been several proposed unit cell symmetries for
VI, in the literature: R3,'*'* C2/m,"* and P31c.” Schematic
representations of the P31c, R3, and C2/m crystal structures
are depicted in Figure 1. The corresponding crystallographic
unit cell parameters, previously reported, are listed in Table 1.

37-39

ol0oV

Figure 1. Schematic representation of the high-temperature (a) P31,
(b) R3, and (c) C2/m structures of VI;. Black solid lines represent
unit cells.

Each of the suggested symmetries implies a different
distribution of Raman active modes.

According to FGA, eight (44, + 4E,), 11 (34,, + 8E,), and
12 (64, + 6B,) Raman active modes are expected to be
observed in the light scattering experiment for R3, P31c, and
C2/m crystal structures, respectively. Wyckoff positions,
irreducible representations, and corresponding tensors of
Raman active modes for each space group are listed in Table 2.

The first step in determining the crystal symmetry from the
light scattering experiment is to compare the expected and
observed Raman active modes, shown in Figure 2. The red
solid line represents the spectrum measured in the parallel
polarization configuration, whereas the blue line corresponds
to the cross polarization configuration. Five of 12 observed
peaks emerge only in parallel, whereas five peaks and a broad
peak-like structure can be observed for both polarization
configurations. The emergence of the 123.4 cm™ peak in the
cross polarization can be understood as a “leakage” of the A?g
mode due to a possible finite ¢ axis projection and/or the
presence of defects.

Now the peaks that appear only for the parallel polarization
configuration can be assigned as either A}, or A, symmetry
modes, assuming the light polarization direction along the
main crystal axis of the C2/m structure for the later. On the
basis of the FGA for possible symmetry group candidates, the
remaining Raman active modes can be either of E, or B
symmetry. The selection rules (Table 2) do not allow
observation of the B, symmetry modes for the parallel
polarization configuration. Consequently, the peaks that can
be observed in both scattering channels were recognized as E,
modes. The absence of B, modes in the Raman spectra rules
out the possibility of the AICl, type of structure (space group
C2/m). Two possible remaining crystal symmetries (R3 and

https://dx.doi.org/10.1021/acs.inorgchem.0c02060
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Table 1. Previously Reported Experimental and Calculated Unit Cell Parameters for P31c, R3, and C2/m Structures of VI,

P31¢ R3 C2/m

caled exp.” caled exp.”” caled exp.'*
a (A) 6.87 6.89(10) 6.69 6.89(3) 7.01 6.84(3)
b (A) 6.87 6.89(10) 6.69 6.89(3) 12.14 11.83(6)
¢ (A) 13.224 13.289(1) 19.81 19.81(9) 7.01 6.95(4)
a (deg) 90 90 90 90 90 90
B (deg) 90 90 90 90 109.05 108.68
7 (deg) 120 120 120 120 90 90
cell volume (A%) 559.62 547.74(10) 767.71 814.09(8) 563.33 533.66(36)

Table 2. Wyckoff Positions of Atoms and Their Contributions to the I'-Point Phonons for the R3, C2/m, and P31c¢ Structures

and the Raman Tensors for the Corresponding Space Groups

space group P31c

space group R3

space group C2/m

atom
V (3a)
V (6¢)
1(180)

irreducible representation
Ay + Ay + E;+E,
Age + Ay, + E;+ E,

3Aj, + 3Ay, + 3Ay + 34y, + 6E; + 6F,

d e d

atom
V (4g)
I (4i)
1(8))

irreducible representation
A+ A, + 2B, + 2B,
2A,+ A, + B, + 2B,
34, + 3A, + 3B, + 3B,

irreducible representation

A+ A +E +E,
34, + 3A, + 3E, + 3E,

—c —f e
Ey=|-c —d e B=|¢e f
—f e f

oellegAf “‘

T=300 K
7=100 K \

‘\‘ “‘ “ S g 2 P h
B et o
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Figure 2. Raman spectra of the high-temperature VI; single-crystal
structure measured in parallel (red solid line) and cross (blue solid
line) polarization configurations at 100 K. Peaks observed in both
spectra were identified as E, modes, whereas peaks observed only in
the red spectrum were assigned as Aj, modes. Additional peaks that
obey pure A;, symmetry are marked as P1—P3.

P31c) are difficult to single out on the basis of the Raman data
symmetry analysis alone. To overcome this obstacle, the DFT
method was applied for each of the suggested structures.

It was reported in the literature that P31¢ VI, can have two
possible electronic states”'**'™* that both can be obtained
using DFT+U calculations by varying the smearing and mixing
parameters. This approach resulted in a Mott-insulator state
having a lower energy making it the electronic ground state of
VI;. However, the total energy difference of these two states is
small and will not be mentioned further because it is outside of
the scope of our analysis. For the sake of completeness, both
sets of phonon energies obtained through DFT calculations for
these electronic states of the P31¢ structure are listed in Table
3 together with the results for the R3 and C2/m space groups
as well as the experimental results measured at 100 K.

Now one can see that, even though the Raman mode
symmetries for the case of the R3 crystal structure can describe
our Raman spectra, there is a stronger mismatch in calculated
and experimentally determined phonon energies when
compared to the results obtained for the P31c structure. The
deviation is largest for the calculated A, mode. The closest
mode in energy, which obeys the same symmetry rules as the
calculated A} o is a peak at ~64.1 cm™', yielding a deviation of
~30%. Also, the calculated energy of the A4 mode could not be
identified within our spectrum, with the closest experimental
A, peaks being within 20%. Such deviation in theory and
experiment, >20%, indicates that the room-temperature
phonon vibrations in VI; do not originate predominantly
from the Bily structure type either, leaving P31c as the only
candidate. This indication is further reinforced by the inability
to connect the experimentally observed E, modes at ~77 and
~86 cm™! with the R3-calculated modes.

Our experimental data (Table 3) are mostly supported by
the phonon energies obtained for possible electronic states of

https://dx.doi.org/10.1021/acs.inorgchem.0c02060
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Table 3. Comparison between Calculated Values of Raman Active Phonon Energies for Insulating and Half-Metallic States of
the P31c Structure and Expenmentally Obtained Values (left)” and Phonon Symmetries and Calculated Phonon Energies for

the R3 and C2/m Structures of VI,”

space group P31c

space group R3

space group C2/m

symmetry caled (cm™?) caled (cm™?) exp. (ecm™)
E 17.2 15.2 -
A;I_g (silent) 35.0 56.8

By 62.2 61.6 59.8
A3, (silent) 69.4 72.3

B} 74.1 75.9 77.2
A, 833 84.2

E} 84.9 86.6 86.7
E; 91.5 98.4 952
A3, (silent) 922 96.3

E 974 108.3 100.4
A, 113.2 119.3 116.8
A3, 117.1 123.9 1234
A3, (silent) 121.3 147.8

E] 1322 151.9 c
Ey 149.4 166.9 c
A3, (silent) 185.9 212.1

symmetry caled (em™) symmetry caled (em™)
Ey 452 Ay 58.1
E; 69.9 By 60.0
Ay 99.3 A 82.7
E; 99.8 B} 82.9
A 10S.1 A} 85.7
A 135.5 B} 88.9
A} 167.9 A} 99.3
E} 176.8 By 99.3
Ay 1223
By 149.9
BS 161.0
AS 164.0

“The experimental values were determined at 100 K. The experimental uncertainty is 0.3 cm™

text for an explanation.

1. YAl calculations were performed at 0 K. “See the

the P31c trigonal structure with deviations of around 10% and
15%. Nine of 11 Raman modes were singled out and identified,
with E being not observable in our experimental setup due to
its low energy. The Alg mode might be missing due to its low
intensity and/or the finite spectrometer resolution. The most
striking was the observation of the broad feature at ~180 cm™,
persisting up to 300 K in both scattering channels. Whereas its
line shape resembles those of the two-magnon type of
excitation, we believe that scenario is unlikely for a
ferromagnetic material. The energy region where the feature
was observed may also suggest the possibility of a two-phonon
type of excitation. However, their scattering cross sections are
usually small and dominated by overtones, thus mostly
observed for the parallel scattering configuration.*> For
example, such an excitation was observed at ~250 cm™'
(Figure 2). Finally, the observed feature also falls into the
energy region where, as suggested by the numerical
calculations, observation of the E; and E modes is expected.
We believe that it is actually a complex structure comprising E7
and E8 Raman modes, significantly broadened by the spln—
phonon interaction, that is particularly strong on these phonon
branches. The proximity of the two very broad, presumably
asymmetric peaks hampers their precise assignment.

Closer inspection of other Raman peaks revealed that some
of them also exhibit an asymmetric line shape. To further
demonstrate this virtue, we have quantitatively analyzed the
highest-intensity peak, Alg, using the symmetric Voigt line
shape and convolution of a Fano profile and a Gausian.**~*
The asymmetric line shape (with a Fano parameter of gl =
12.3) gives a slightly better agreement with the experimental
data, as depicted in Figure 3. Considering that the observed
asymmetry in similar materials was shown to reflect the spin—
phonon interaction,"®*” we propose it as a possible scenario in
VI, as well.

Our findings, based on the inelastic light scattering
experiments, at first glance differ from those presented in ref
10. To resolve this discrepancy, we used synchrotron X-ray
Rietveld and PDF analysis. Typically, the short-range order

e ll e — Fano ® Gaussian
T=100 K A§g Voigt
/ 0
4
—_ / 0
o) // \
c
5 i
g /
s y
I~ p
e /
N
o [g|=12.3
DQI;LQ;V
R?=0.99701 )
'x - — A — .
r I — —— <~
P N
120 124 128

Raman shift (cm™)

Figure 3. Quantitative analysis of the A3 ig mode. The blue solid line
represents the line shape obtained as a convolution of the Fano line
shape and the Gaussian, whereas the green one represents a Voigt

profile fitted to experimental data (00). For details, see refs 44 and 4.

(SRO) contributes to diffuse scattering under the long-range
order (LRO) Bragg peaks when they coexist. Because the
diffuse scattering is subtracted as part of the background in the
Rietveld refinement, this method is more sensitive to the
average structure of materials. In contrast, PDF analysis is
performed on the sine Fourier transform of the properly
corrected diffraction patten, including both Bragg and diftuse

https://dx.doi.org/10.1021/acs.inorgchem.0c02060
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components. PDF is a real space function that provides a
histogram of interatomic distances, which contain information
regarding all length scales.”*™>' The 110 and 11-30 A PDF
length scales are more sensitive to SRO and LRO, respectively.
For the VI; system, the best Rietveld fit was obtained using the
R3 space group (Figure 4a), in agreement with that previously

% %) Rietveld fit for R3
__% 400F letve It Tor
=1 ] = x5 q
2 300 ‘ - >
& 200 |
2100
2
§ 0
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Figure 4. Best structural model fits to diffraction data. (a) Rietveld fit
using the R3 space group with black vertical bars indicating calculated
peak positions. (b) PDF fit using the R3 space group. (c) Two-phase
PDF fit using R3 and P31c space groups to fit LRO and SRO,
respectively. Black dots (XRD) and blue dots (PDF) represent
experimental data, and red solid lines represent the model-based fits.
The fit residues are shown at the bottom of each plot.

observed."” Not surprisngly, LRO obtained from the Rietveld
refinement showed a good agreement on the PDF length scale
of 10—30 A. However, the R3 space group gave a poor fit on
the length scale of 1.5—15 A with refined 51 to account for
correlated motion (Figure 4b). In contrast, P31c gave a better
fit to SRO, but a poor fit to LRO. The best PDF fits were
obtained by refining a weighted two-phase structural model
containing ~25 wt % SRO P31c and ~75 wt % LRO R3
phases. The refined correlation length of the SRO is ~15-20
A (Figure 4c). These results suggest two possible seanarios:
(1) coexistence of two segregated phases, LRO R3 and SRO
P31, and (2) randomly distributed short-range ordered P31c
domains in the long-range ordered R3 lattice. A detailed
structural analysis is required to pinpoint scenario 1 and/or 2,
which is beyond the scope of this work.

In addition to the peaks already assigned to I'-point Raman
active phonons of the P31c crystal structure (Table 2), three

additional peaks at 642 cm™ (P1), 110.1 ecm™ (P2), and
220.6 cm™" (P3) are observed (see Figure 2). According to the
results of DFT, energies of these modes correspond well to
those calculated for silent A%g, Agg, and Agg modes. Their
observability in Raman data may come from the release of the
symmetry selection rules by breaking of the (translation)
symmetry as suggested by the PDF in both scenarios.”” >
However, as previously discussed, these peaks obey Aj,
selection rules, indicating the possibility for them to be
overtones in nature. In this less likely scenario, the phonon—
phonon coupling is enhanced by the spin—phonon interaction
and/or by the structural imperfections, thus enhancing the
Raman scattering rate for the two-phonon processes.*> Hence,
the observed Raman modes reflect the symmetry of phonon
vibrations related to the SRO.**" It is interesting to note that,
besides a possible short-range crystallography that is different
from the average, VI; might also feature short-range magnetic
order above 79 K.'*

B CONCLUSION

In summary, room-temperature phonon vibrations of VI; stem
from the P31c symmetry of the unit cell. The PDF analysis
suggested the coexistence of two phases, short-range ordered
P31c and long-range ordered R3, as two segregated phases
and/or as randomly distributed short-range ordered P31c
domains in the long-range ordered R3 lattice. Nine of 12
observed peaks in the Raman spectra were assigned in
agreement with P31¢ symmetry calculations. Three additional
peaks, which obey A}, symmetry rules, could be explained as
either overtones or as activated A, silent modes caused by a
symmetry breaking. The asymmetry of one of the A;, phonon
modes, together with the anomalous behavior of Ej and EE,
indicates strong spin—phonon coupling, which has already
been reported in similar 2D materials.**>*
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Raman Spectroscopy Study on phasetransition in Crl; single crystals

Sanjaburdi¢*, Andrijana Solgji¢*, Jelena Pesi¢t, Maja Séepanoviét, Y. Liu?,
Andreas Baum®*, Ceda Petrovi¢?, Nenad Lazarevi¢', Zoran V. Popovi¢™®
Y nstitute of Physics, Pregrevica 118, Belgrade, Serbia, Brookhaven National Laboratory,
Upton, New York 11973-5000, USA, *Walther Meissner Institut, Bayerische Akademie der
Wissenschaften, 85748 Garching, Germany, “Fakultét fir Physik E23, Technische
Universitat Miinchen, 85748 Garching, Germany, *Serbian Academy of Sciences and Arts,
Knez Mihailova 35, 11000 Belgrade, Serbia

By virtue of their unique properties and the potential for a wide spectrum of applications,
such as the development of functional van derWaals heterostructures, Crl; among the other
two dimensional materials, has received significant attention in the most recent studies on the
ferromagnetic semiconductors. In this study we represent the vibrational properties of Crlg
single crystals investigated using Raman spectroscopy together with the density functional
theory (DFT) calculations. Experimental results show that first-order phase transition from
the low-temperature (R3) to the high-temperature (C2/m) phase occurs at 180K with no
evidence of the two-phase coexistence. All observed modes, in both phases, are in good
agreement with DFT calculations.
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Probing subsequent charge density wavesin 1T-TaS, by inelastic light scattering

S. Djurdji¢-Mijin,* J. Bekaert,? A. Solgji¢,! J. Pesi¢,' Y. Liu,®
M. V. Milosevic, ? C. Petrovic,® N. Lazarevi¢,* and Z. V. Popovié **

Center for Solid Sate Physics and New Materials, Institute of Physics Belgrade, University
of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia, “Department of Physics, University of
Antwerp, Groenenborgerlaan 171, B-2020 Antwerp, Belgium, *Condensed Matter Physics
and Materials Science Department, Brookhaven National Laboratory, Upton, New York
11973-5000, USA, “Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000
Belgrade, Serbia

Two-dimensiona layered transition-metal dichalcogenides (TMDs) have attracted attention
for over 30 years mostly due to multiple charge-density wave (CDW) states that had been
observed. Prime candidate is 1T-TaS, because of its unique and opulent electronic phase
diagram. It experiences various phase transitions at high temperature, starting from the
normal metallic to the incommensurate charge-density wave (IC-CDW) phase transition, at
T= 554 K. At T=355 K 1T-TaS, CDW dtate changes to nearly-commensurate CDW (NC-
CDW) phase, eventualy leading to commensurate CDW (C-CDW) phase at approximately
T= 180 K. Recent discoveries indicate the possibility of yet another phase transition in 1T-
TaS, at T= 80 K. The new state is identified as hidden CDW (H-CDW) state, and can be
induced using ultra-fast laser pulse. We present a detailed Raman spectroscopy study on
CDW transitions. Our data indicate the coexistence of different CDW states, as well as
strong electron-phonon interaction in the IC-CDW state. The experimental results presented
in this work are supported by density functional theory (DFT) calculations.
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The vibrational properties of Crl; single crystals

S. Djurdjié-Mijin,' A. Solaji¢,' J. Pesi¢,! M. Séepanovié,' Y. Liu,? A.
Baum,** C. Petrovic,?
N. Lazarevié¢,! and Z. V. Popovi¢ !

Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade,Pregrevica 118, 11080 Belgrade, Serbia
2Condensed Matter Physics and Materials Science Department, Brookhaven National
Laboratory, Upton, New York 11973-5000, USA
3Walther Meissner Institut, Bayerische Akademie der Wissenschafien, 85748 Garching, Germany
AFakultdt fiir Physik E23, Technische Universitit Miinchen, 85748 Garching, Germany
SSerbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Abstract. Crl; is a two-dimensional layered material and a ferromagnetic [1] with Curie
temperature of 61K [1,2] and first order phase transition that occurs at 220K [3,4]. This class of
materials has recently gained a lot of intention due to numerous potential applications. Here we
represent our work consisting of both experimental and theoretical Raman scattering study of Crl;
lattice dynamics. Based on our results we can distinguish two different phases for Crl3 with monoclinic

(C2/m) being the high-temperature and rhombohedral (&#3) phase being the low-temperature phase.
Abrupt changes to the spectra were found at the first order phase transition which was located at 7s =
180 K, lower than in previous studies. In contrast to the prior reports we found no sign of phase
coexistence over temperature range exceeding 5 K [5].
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Lattice dynamics and phase transitions in
Fe;_GeTe,

A. Milosavljevic®, A. Solaji¢?, S. Djurdjié Mijin®, J. PeSic?, B. Vigic, Y.
Liu®, C. Petrovic®, N. Lazarevi¢* and Z. V. Popovic®

4Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
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“Center for Solid State Physics and New Materials, Institute of Physics Belgrade, University of
Belgrade, Pregrevica 118, 11080 Belgrade, Serbia and Serbian Academy of Sciences and Arts,
Knez Mihailova 35, 11000 Belgrade, Serbia

Abstract. A new class of magnetic van der Waals bonded materials has recently become of great
interest, as a suitable candidates for various applications. Whereas CrXTes; (X = Si, Ge, Sn) and
CrX3 (X =Cl, Br, I) classes maintain low phase transition temperatures even in a monolayer regime,
Fe;_xGeTe, has a high bulk transition temperature, between 220 and 230 K, making it a promising
applicant.

Here we present DFT calculations of lattice dynamics and Raman spectroscopy measurements
of the van der Waals bonded ferromagnet Fe;_xGeTe; [1]. Four out of eight Raman active modes
are observed and assigned, in agreement with numerical calculations. The energies and linewidths
of the observed modes display an unconventional temperature dependence at about 150 and 220
K, followed by the nonmonotonic evolution of the Raman continuum. Whereas the former can be
related to the magnetic phase transition, the origin of the latter anomaly remains an open question.

REFERENCES

1. A. Milosavljevié, A. Solajié, S. Djurdji¢-Mijin, J. Pesi¢, B. Visi¢, Yu Liu, C. Petrovic, N. Lazarevi¢,
and Z. V. Popovié. "Lattice dynamics and phase transitions in Fez_;GeTe;." Physical Review B 99,
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Ha oc COH: '
OCHOBY unana 101 3akoHa 0 omuTEM YNpaBHOM MOCTYIIKY H CilykOcHe eBHAEHUMjE H3Laje ce

YBEPEIGE

Pyphuh Mujun (Fopan) Cama, Gp. unackca 2018/8017, pohena 29.09.1993. roauue, Beorpan,
Cascku BeHall, Peny6{1uka Cp6uja, ynucana wkoncke 2020/2021. roauue, y ctatycy: dunancupame
13 Gyuera; THN CTyaMja: AOKTOPCKE aKaJeMCKe CTyauje; cTyanjcku nporpam: dusnka.

[Ipema CratyTy dakynrera cryauje Tpajy (6poj ronuHa). TpH.
Pok 3a 3aBplLIeTaK CTY/AHja: Y JIBOCTPYKOM Tpajaiby CTyaH]a.

Oso ce yBepere Moxke ynotpeGuTH 3a pery/ucame BojHe obaBese, H31aBatbe BU3E, [1PaBa Ha J€4H]H 10/1aTaK, NOPOINHE
NeH3Kje, MHBAIKACKOT 0AAaTKa, 1001jatba 3APABCTBEHE KibnKMLLe, IErMTHMALHM]E 32 noB/lauiheny BOXbY U CTHNERAH]JE.

Pwsguihero nune dakynrera

Jarym: 08.10.2021. roaune
Ha ocoBy ynana 161 3akoHa 0 ONuITEM yNpaBHOM NOCTYIKY H cnyxGeHe eBHACHLINE H3AjE Ce

YBEPELE

Byphuh Mujun (Fopan) Caiba, 6p. muaexca 2018/8017, pobeta 29.09.1993. roauue, beorpaa,
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u3 GyyeTa; THI CTYAHja: JOKTOPCKE aKaACMCKE CTYAHjC; CTYAM]CKH TpOrpaM: duzmka.

Ipema CraTyTy QaxynTeTa cryauje Tpajy (6poj roAHHA): TpH.
PoK 3a 3aBpLIETaK CTy/Hja: Y ABOCTPYKOM Tpajary CTyAH]a.

WaBAELE BHIE, IPABA HA M) 1 LONATAK, OPOAHIHE

OBO ce yBepete MoKe yIoTpeOHTH 3a perylincatbe BojHe o0asese, :
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bpoj 2292016
beorpan, 05.09.2016. roaune

Ha ocHoBy unana 161. 3akoHa o0 ofiiTeM ypaBHOM MOCTYTKY U YiaHa 4.
IIpaBunnuxka o canpixajy u 061Ky oGpasaiia jaBHUX MCIIpaBa Koje M3/1ajy BHILE
LIKOJIE, GaKyITETH U YHHUBEP3HTETH, 110 3axTeBy, Pyphuh (Iopan) Came usaaje
ce caeaehe

YBEPEBE

BYPBUR (TOPAH) CABbA pohen- a 29. 09. 1993. rogune y
Beorpany, Cascku BeHal, PemyGnuka CpGuja ynucan-a mkosicke 2012/2013.
TOAMHE Ha YETBOPOTOAMIILE OCHOBHE akajaeMcke cryauje, CTyaujcku
nporpam: IIpumemeHa um KommjyTepcka (U3HKA, IOJIOXKHO-JIA j€ HCIATE
npeaBuleHe HACTaBHUM IUIAHOM M MPOrpaMoOM H 3aBpIIMO-a CTyAHje Ha
OusnukoM daxynrety 15. jyna 2016. roaune, ca cpenmom oneHoM 9,57 (neBet
u 57/100 ) y ToKy cTynMja M NMOCTUTHYTMM YKymHHM Opojem 242 ECIIB
(mBecragetpaecerasa ECII GomoBa) 1 THME CTeKao-11a BACOKY CTPYYHY CIIpeMy
Y CTPyYHHU Ha3uB

JAUIIVIOMUPAHU ®PU3UYAP

YBepeme ce u3jaje Ha JIMYHM 3aXTEB, a CIYXKH Kao JOKa3 O 3aBpIICHO]
BHUCOKO] CTPYYHO]j CIPEMH IO U3/1aBarba JUILIOME.
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1P Du3nyky dakyaTeT

L :_;_ Bpoj unaekca: 2016/7038
Seut Bisit Bpoj: 2202017

Harym: 10.07.2017.

Ha ocHoy unana 161 3akona o omutem ynpasHoM noctynky ("Cnyx6enu nuct CPJ", 6p.
33/97, 31/2001 u "Cnyx6enu rnacuuk PC", 6p. 30/2010) u cnyxGeHe eBuaeHunje, Y HUBEP3UTET Y
beorpany - ®usuuku dpakynrer, usnaje

YBEPEDWE

Camwa Byphuh

ume jegnoi poguimena I'opan, JMBI' 2909993715064, pohena 29.09.1993. iogune, beoipayg,
ouwimuna beoipag-Cascxku Benay, Peuyonruxa Cpouja, yuucana wikoncke 2016/17. iogune, gana
05.07.2017. iogune 3aépuiuna je macitiep akagemcke cuiyguje Ha ciutygujckom upoipamy Teopujcxa u
excilepumeniuania Qusuka, y wpajamwy og jegune iogune, obuma 60 (wesgeceii) ECIIE 6ogosa, ca
upoceurnom oyenom 10,00 (geceini u 00/100).

Ha ocHoBy HaBeaeHOr M3aaje joj ce 0OBO yBEepeHE O CTEYEHOM BHCOKOM 00pa3oBamy M
aKaJeMCKOM Ha3uBy MacTep GuiHuap.
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Mpesnor TeMe AOKTOPCKE Auceprauuje

Hacnos

Neelasti¢no rasejanje svetlosti na kvazi-2D materijalima

Y3 npujasy Teme AOKTOPCKE aucepTauunje Konerujymy AoKkTopckuxX CTyAwja, noTpebHO je NpUNoXuTy

cnepeha AOKyMeHTa:

1. CeMMHapcku paa (AyxuHe Ao 10 CTpaHuua)

2. Kpatky cTpyuHy 6uorpadujy nucaty y tpehem nuiyy jeAHure

3. 9oToKONMjy MHAEKCA Ca AOKTOPCKUX CTYA wja
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