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Hayanom Behy HHCcTHTYTa 3a Ou3UKYy y beorpany

Beorpaz, 06.08.2025.

IIpeamer:

Monda 3a moKpeTrame [MOCTYIIKA 3a CTUIlalke 3Barba HCTpaXXKnBad-capaJHuK

Ha ocHOBYy WcCHOymeHOCTH ycaoBa mnpeaBuhennx IIpaBWIHUKOM O CTHIAKY
HUCTPaKMBAYKUX ¥ HAay4YHUX 3Bamha, MIPOIKCAHOTr 0f] CTpaHe pecoOpHOr MUHMCTapCTBa,
momuM Hayuno Behe mHCTHTYTa 3a dusnKy y Beorpajay Ja IIoKpeHe IOCTyIaK 3a Moj
U350p Y 3Bak-e UCTPaKMBa4 capaJHuK.

V npusiory mocraB/baM:

1. MUnUbe e PYKOBOAKOIIA Tad0opaTopHje ca MpeyIoroM KOMUCH]je 3a U360p Y 3Bambe
2. CtpyuHy duorpadujy

3. IIpermiea HayYHUX aKTUBHOCTH

4. Crimcak Hay4YHUX pajioBa

5. [IoTBp/y O cTATyCy CTy/€HTa JOKTOPCKUX CTY¥ja 1 MPHUjaB/beH0j TEMU JOKTOPCKE
aucepraiyje

6. Komnuje gumyiomMa OCHOBHUMX U MaTep CTyauja

7. Komrje Hay4YHUX pazioBa

C momiToBameM,
JoBau BarojeBuh

HUCTpaKuBa4 IIPUITPaBHUK
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HayuHom Behy UHcTUTYTa 32 duU3unKy y beorpaay

Mpeamet: Muwsbere pykosoauoua o usdopy JosaHa bnarojesuha y 3sarbe uctparkusay
capagHuK

JosaH Bnarojesuh je 3anocneH Ha UHCTUTYTY 3a dpu3mnky y beorpaay. Oa aeuemdpa 2022.
roavHe aHraxosaH je y J/labopaTopuju 3a KBaHTHe maTepujane LieHTpa 3a ¢pu3nky uspcror
cTarba U HOBE maTtepujane, rae u3paay AOKTOpCKe aucepraumje odassba Nog MOjUM
MEHTOPCTBOM.

C 0831Mpom Ha TO Aa ucnyrbasa CBE YC/10BE NPOonucaHe 3aKOHOM O HayLM U UCTPaXNBarbuma,
Kao v MpaBUIHUKOM O CTULaHY UCTPAXKMBAYKUX U HAYYHUX 3Batba, KOjU je AOHEeNo
MWHUCTAPCTBO HayKe, TEXHO/IOLWKOT Pa3Boja U MHOBALMja, carnacaH cam ca NnokpeTarem
nocTynka u npeanaxkem nsdop JosaHa bnarojesuha y 3sarbe UCTPaXXknsay CapagHuK.

3a cactas Komucuje 3a nsdop JosaHa bnarojeBnha y 3sare UCTpaxxnsBay CapagHUK npeaiaxem
cnepehe unaHose:

Ap AHa Munocasbesuh, HayuHu capagHuK, MHCTUTYT 3a dusuky y beorpagy
Ap Henap Nasapesuh, HayuHu caBeTHUK, MHCTUTYT 3a dusuky y beorpaay

Ap 3opuua Nonosuh, BaHpeaHu npodecop, YHuBepsuTeT y beorpagy — ®usuuku dakynret

/}LU‘&;) Jﬂ%&o«fe JZ»aﬂ\

ap HeHap Jlasapesuh
Hay4yHUW CaBeTHUK MHCTUTYTa 32 GU3KNKY
pykoBoaunay, LleHTpa 3a $M3nKy 4BpCTOr CTarba
M HOBe maTtepujane




CrpyuHa 6morpadmuja

Kangunar JoBan BiiarojeBuh, pohen je 10.9.1996. y [1o60jy. )KuBeo u ozpacrao y
IMITammy (Pemmybnmka Cprcka, buX) rae je 3aBpIIMO OCHOBHY U CpPedHYy IIKOJTY.
ITocTurHyTH ycmecu Ha TakKMU4YelmhbrMMa Cy My JOHe/Ir ByKoBy JuIIJioMy 3a ojiIn4vaH
ycrex M IIpuMepeHo Bajame. Y nepuoay o 2012, 1o 2014. roauHe GHMO je Imo1a3HUK
HcTpaxkuBauke ctanuile [IeTHHIla Ha ceMUHapy MaTeMaTUKe, a 3aTUM 1 nHGopMaTuke.
ITo 3aBpIIETKY cpeambe IIIKo/Ie — cMep TMMHasuja, n3abpaH je 3a yueHHKa reHepariyje.

Vrmcao je ®usuuku paxynaretr YHuUBep3urtera y beorpaay 2015. roguse, cmep b —
Teopwujcka m ekcriepuMeHTanHa pusuka. Jurromupao je 2021. roaguHe ca IPOCEYTHOM
olleHOM 8,67, a MCcTe TOAWHE YIIMCYje MacTep akaJeMcKe CTyuje Ha MCTOM cMepy. Y
nepuoay ojn ¢ebpyapa g0 Maja 2022. roauHe o6aB/bao je CTPY4YHY IIpakcy y
JIaboparopujn 3a $U3UKy UYBPCTOT CTarba M HOBe Marepujasie MIHCTUTYTa 3a QU3UKY Y
beorpazy, y okBUpYy Koje je CIIPOBEJEH eKCIIEPUMEHTA/THU [Ie0 NCTPaknBamba 3a MacTep
pan. Mactep cTtyauje je 3aBpmimo 26.9.2022. roauHe ca IpocedyHoM oleHoMm 10,
onOpaHuBIIM paj Ha TeMy ,HeypeheHoct u enexTpoH-poHOH nHTepakiuja y 2H-TaSe,.
Sy (0 € x £ 2) ucimtuBaHu MeToIoM PamMaHoBe ciekKTpocKoImje“, 1o, MeHTOPCTBOM 1P
Henapa /TazapeBuha.

JlokTopcke axageMcKe ctyamje Ha dusmykoM dakyarery, cmep Pumsmka
KOH/IeH30BaHe MaTepHje M cTaTHUCTH4Ka ¢u3mka, yrmmcao je 2022. TeMy goKTopcke
aucepranuje ,lcrpakuBame edexaTta Aommpama, Heypel)eHOCTM M Hampes3ama Ha
JUHAMMWKy pellleTke HHUCKOIMUEH3NOHA/IHUX Marepujajia MeToJoM PamaHOBe
CIIEKTpocKoIje“ 110/ pyKoBojacTBOM ap Henama JlazapeBumha oa0paHMo je Ha
konerujymy dusmdkor pakiayrera 18.6.2025. roguHe.



HperJIe/:[ Hay4YHe aKTUBHOCTHM KaHAHuJdaTa

I'maBHa ob6/1acT HCTPaXKrBamba JoBaHa BrarojeBuha cy KBa3H-
JBOAVMEH3NOHA/IHN MaTepuja/ii M IHhUX0Be O0COOMHEe, KOHKPETHO WCIIUTHUBAIbe
eBO/IyIIje JIWHaAMUKe pellleTke ca TeMIIepaTypoM M eKCTePHUM IepTrypobarjaMa —
HeypeheHocT, cTtpejH u momnmpame. Ilopen ri1aBHe 006/1aCTU HETOBO HMCTPaKMBaHh€e
yK/bydyje U [OpoydaBalkbhe KOJEeKTUBHMX  €JIeKTPOHCKUX ¢deHOoMeHa  IOMyT
CYIepnpoBOIHOCTU U Tajlaca I'yCTHE Hae/leKTprcama.

On nerieM6bpa 2022. rogrHe 3aII0C/IeH je Kao UcTpakuBad punpaBHUK y [leHTpy
3a OM3UKy UBPCTOT CTarba U HOBe Marepujaie, MHcTuTyTa 3a dusuky y beorpaay, rie
CBOje McTpakmBarbe o6aB/ba y /labopaTopuju 3a KBaHTHe MaTepujaie. TeMy TJoKTopcKe
nucepraiuje ,McrpakuBame edekara gomnmparba, HeypeheHocTn M Hampe3ama Ha
JUHAMUKY pelleTke HUCKOAMUEH3UOHA/IHUX MaTepujasia MeTojoM PamaHoBe
CIIeKTpocKoTmje“ Toj, PyKoBojicTBoM ap Henaga J/lasapeBuha op0paHno je Ha
konerujymy dusmdkor pakiayrera 18.6.2025. roguHe.

Ko-aytop je jemHor HaydHOr paja obOjaB/beH y 4Yacormmicy Physical Review
Materials 2024. roquHe. CBoje pajJioBe je MpeAcTaB/ha0 Ha HEKOJINMKO MehyHapoaHuxX
koHpepeHumja: 20th YRC - Materials Science and Engineering (2022.), The 21st
Symposium on Condensed Matter Physics(2023.), 22nd YRC - Materials Science and
Engineering (2024.), International Workshop Novel Superconducting Materials (2024.),
»Advances in Solid State Physics and New Materials“ (2025.). Takolje je yaecTBOBaoO je y
opranusanuju MehyHapogHux koHdepeHnuja ,,The 21st Symposium on Condensed
Matter Physics“ (2023.) u ,,Advances in Solid State Physics and New Materials“ (2025.).

Bbuo je pykoBoIuall HHTEPHOT NCTPaKMBAdYKOT MpojekTa MHcuTyTa 3a GU3UKY
3a majzie ucrtpaxuBave y okBupy SAIGE mporpama — SEED RESEARCH GRANT, tion,
Ha3uBOM ,,Visualization of strain tuned nematicity in FeSe“ (Mmaj—cerrtembap 2024).
V4yecHUK je npojexra ®oHja 3a Hayky dujacmopa2024 ,,2D-FETPD” (2025.-2026.)

YdyecTBOBaO je y BUIle CTPYYHMX paJuoHHIIa M KypceBa, mMel)y kojuma ce
n3aBajajy: Proposal Writing Workshop (ORNL Neutron Sciences, janyap 2025),
Visualization and Analysis of Crystal Structures Using the VESTA Program (Mmapt 2025),
Rietveld and Pair distribution function (PDF) analysis workshop (anpwui 2025) u SECUF
Summer School (jymx 2025).



Cnucaxk o6jaB/beHUX pajgoBa KaHaugaTa
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Popovié, Z. V. and Lazarevié, N., ,,Competition of disorder and electron-phonon coupling
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Liu, C. Petrovié¢, Z. V. Popovié¢, A. Milosavljevi¢, and N. Lazarevi¢, “Study of Crystal
Phases and Temperature Dependence of InSiTes”, In the Abstract Book of 22" Young
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Popovi¢, and N. Lazarevié, “Raman spectroscopy analysis of disorder effects in 2H-
TaSe»«Sx alloys”, In Abstract Book of Advances in Solid State Physics and New Materials,
Belgrade, Serbia, May 19 - 23, 2025.

(Available: https://www.advances25.solidstate.ipb.ac.rs/wp-
content/uploads/2025/05/abstractbook.pdf)
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m‘ Pemy6muka Cp6uja
M3\ YHusepsurer y Beorpany
~) Puzuukn dakynrer

Hatym: 05.08.2025. rognHe
Ha ocnosy unana 161 3akona 0 OTWITEM YIPaBHOM MOCTYTIKY K cay#xbene esnnenumje H3naje ce

YBEPEILE

baarojesuh (Crojan) Jogan, Op. WHIeKca 2022/8010, polen 10.09.1996. roaune, Ho6oj, Bocha u
Xepuerosuna, ynucan lkoneke 2024/2025. roaune, Y cTatycy: QuHaHcupame u3 Oyuera; Tun
CTYZHMja: JOKTOpPCKe akaneMcke CTyAWje; CTymujcku nporpam: ®usmka,

ITpema Cratyty paxynrera CTyauje Tpajy (6poj ronuna): TpH.
Pok 3a saBpurerak CTyaHja: y ZBOCTpYKOM Tpajamy cTyauja.

> 0.\ Peny6muxa Cp6uja
T\ YHusepsurer y Beorpany
‘ 'm] Dusuuky pakymnrer
R LU A H.Bp.2022/8010
Harym: 05.08.2025. romune
Ha ocrosy unaua 161 3akoHa o onrrem YTPAaBHOM IOCTYTIKY W cITyxGene EBUJICHLH]e H3Naje ce

YBEPEILE

Baarojesuh (Crojan) Josan, 6p. unpexca 2022/8010, pohen 10.09.1996. rojune, Jlo6oj, Bocha u
Xepueroeuna, ynucaH wmkoncke 2024/2025. FOAWHE, y crarycy: buHancupame uz Oyuera; Tun
CTyIMja: JOKTOpcKe aKaleMCcKe CTynuje; CTYyZHjckH nporpaM: ®uzuka.

IIpema Craryty thaxynrera crymuje Tpajy (6poj roauma): TPH.
Pox 3a 3aBpmerak CTyaMja: y ABOCTpyKOM Tpajamy crymuja.

OBo ce yBepeme moxe YOOTPeOHTH 3a perynucame BOjHE 00aBe3e, n3maname BH3¢, Npaea Ha Jeunju fomatak, NOpoanYHE
NeH3Hje, HHBATHICKOr A0NaTKa, foOHjama 3paBeTBeHe KIBIKHLE, ETUTHMaunje 3a nosnawheny soxmy u CTuneHauje,

Osnamheno nuue ¢ aKynTeTa




| ROKTOPCKE CTYAMJE

NPEANOTr TEME AOKTOPCKE ANCEPTAYWNIE
|
|
|

[l koncka roauMHa

MoZalyn 0 MeHTopy AOKTOPCKE AucepTauuje

KOMETMJY MY LOKTOPCKUX CTYANJA 2024 /2028
Noaaum o CTyAeHTy
me Josay
‘ Hayuna obracT AucepTauvie
| Npesume Buaroiceus
BUFNKA KoHZEHIOBAHE MATEPUIE
Bpojuraekca | 040 /2022

Hme HEH%

Npesuue AA3APEBUTR

HayuHa obnact
3Bane

WHcTuTyunja

HUBUKA KOHLEHBOBAHE MATE IATE

HAJYHU  CABETHUR

WHCTUTYT  3A duduiky BEqrPAm,

Mpeanor Teme JOKTOPCKe AucepTaluje

Hacnose

UCTPASICUBAKE EGEKATA JOMUPAA  HESPEREHOCTY o KANPEIHA
A LUArAMUKY PEUIETICE  HUCKQUUME H3UOHAA Hite MATEPUTAU /-
METRAHOM PAMARBE  CELTPOCHALGE

ciepeha AOKyMeHTa:

1. CemuHapcki paa (ayxvHe ao 10 crparuua)

Y3 npujasy Teme A0KTOpCKe AncepTauuje Konerujymy AOKTOPCKWX CTyAuUja, NOTPeOHO je NpunoxuTtu

2. Kpatky cTpyuHy Suorpadiviy nucany y tpehem nuuy jeatuHe
3. ®oTokonujy MHAEKCA Ca JOKTOPCKMX CTyAW]a
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Muuwnewe Konerujyma AoKTopckux CTyAvja

HakoH obpasnoxewa teme AOKTOpCKe AucepTauuje Konerujym RokTopckux Cryaujaje temy
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Peiydnuka Cpduja

YHugepsuitieis y beoipagy
Ochusay: Peiryénuxa Cpduja
B Hoasony 3a pag dpoj 612-00-02666/2010-04 og 12. oxkiziodpa 2011.
y logune je usgano Munuciaapcuso ipocseiie u hayke Peaydnuke Cpouje

Qusuuku pakynitiers, beoipag
Ocxusay: Peaydnuxa Cpduja
Hoszsony 3a pag époj 612-00-02409/2014-04 og 8. ceiriuemdpa 2014. iogure je usgano
Munuciiapciaso upocbeitie, Hayke i ilexHonowkol passoja Peiydnuxe Cpduje

JosaH, Citiojan, bnaiojesuh

pohen 10. ceiiembpa 1996, iogune, Jodoj, Bocua u Xepyeiosuna, yaucar uikoncke 2015/2016.
iogure, a gana 30. cetiiiemdpa 2021, ioguHe 3aBpuiio je 0CHOBHe akagemcke cliiyguije,
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The vibrational properties of 2H-TaSes_, S,

(0<x<2) single crystals were probed using Raman

spectroscopy and density functional theory calculations. The end members revealed two out of four
symmetry-predicted Raman active modes, together with the pronounced two-phonon structure,
attributable to the enhanced electron-phonon coupling. Additional peaks become observable due
to crystallographic disorder for the doped samples. The evolution of the Egg mode Fano parameter
reveals that the disorder has weak impact on electron-phonon coupling, which is also supported by
the persistence of two-phonon structure in doped samples. As such, this research provides thorough
insights into the lattice properties, the effects of crystallographic disorder on Raman spectra, and
the interplay of this disorder with the electron-phonon coupling in 2H-TaSez_,S, compounds.

I. INTRODUCTION

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

Previous experimental research has shown that at
room temperature both the 2H-TaSs; and the 2H-TaSes
crystallize into the hexagonal structure, described by the
space group P63/mmc (Dgp) [9, 10]. The opulent phase
diagram of 2H-TaSes includes numerous charge density
wave (CDW) phases at high temperatures — the incom-
mensurate CDW (ICCDW) phase at Ti¢c = 122 K, the
single commensurate CDW (SCCDW) phase in the tem-
perature range from T'oc = 112 K to Theoc = 90 K, and
the triply commensurate (TCCDW) phase at T3¢ = 90
K [9-12]. As for 2H-TaS,, transition from the normal
(metallic) to the ICDW phase occurs at Tepw = 78 K
[13]. These materials exhibit unusually large Raman two-
phonon scattering cross section, often correlated with the
existence of CDW phase [10, 13-15]. Two-phonon fea-

ture in 2H-TaS, was attributed to second-order scatter-
ing of acoustic and quasi-acoustic modes near the gopw
=~ 2TM [16].

The latest experimental results indicate that the sub-
stitution of Se atoms with S atoms leads to a weak double
dome evolution of the superconducting critical tempera-
ture Tsc. The Tseo dependence coincides with the evo-
lution of crystallographic disorder, suggesting that the
crystalline disorder favors superconductivity while sup-
pressing the CDW phase [17]. Similarly, other types
of disorder generated by etching nanopores in mono-
layer TaSy sheets [18], or by spontaneous filling of va-
cant sulfur sites by oxygen in few-layer 2H—-TaSy; sam-
ples [19] enhance superconductivity in this system. In
addition, first-principles calculations have revealed that
the electron-phonon coupling within TaSs sheets is dras-
tically boosted (by oxygenation up to 80%) [19], provid-
ing additional pathway to enhance superconductivity by
doping, while suppressing the CDW state.

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



pling within phonon branches around the M- and L-
points. In the spectra of doped samples additional peak
and a dynamic evolution of the two-phonon structure are
observed due to crystallographic disorder. Our analysis
of the inverse Fano parameter 1/|q| of E3, mode indicates
a weak impact of crystallographic disorder on electron-
phonon coupling.

II. EXPERIMENTAL AND COMPUTATIONAL
DETAILS

The preparation of the single crystal 2H-TaSes_,.S,
alloys used in this study is described elsewhere [17].
The Raman experiment was performed using a Tri Vista
557 spectrometer with a 1800/1800/2400 grooves/mm
diffraction grating combination in a backscattering con-
figuration. As an excitation source, the 514 nm line of
a Coherent Art/Krt ion laser was used. The direction
of the incident (scattered) light coincides with the crys-
tallographic ¢ axis. Laser beam focusing was achieved
through a microscope objective with 50x magnification.
During the measurements the samples were placed inside
of a KONTI CryoVac continuous helium flow cryostat
with 0.5 mm thick window. All samples were cleaved in
the air before being placed into the cryostat. The ob-
tained Raman spectra were corrected by the Bose factor
and presented with linear scale. The spectrometer reso-

lution is comparable to the Gaussian width of 1 cm™1.

FIG. 1: Schematic representation of crystal structure of
2H-TaSey (2H—-TaSz) in various orientations.

Next, we have performed density functional theory
(DFT) calculations as implemented in the ABINIT pack-
age [20]. We have used the Perdew-Burke-Ernzerhof
(PBE) functional, an energy cutoff of 50 Ha for the
plane-wave basis, and included spin-orbit coupling by
means of fully relativistic Goedecker pseudo-potentials
[21, 22], where Ta-5d36s?, S-3s?3p?, and Se-4s%4p? states
are treated as valence electrons. The crystal structure
was relaxed so that forces on each atom were below
0.05 meV/A and the total stress on the unit cell be-
low 0.1 bar. This relaxation yields lattice parameters
a =339 A ¢ = 14.00 A for TaS,, and a = 3.51 A,
¢ = 14.37 A for TaSe,. Subsequently, the phonons and

the electron-phonon coupling (EPC) were obtained from
density functional perturbation theory (DFPT) calcula-
tions, also within ABINIT [23]. Here, we have used a
16 x 16 x 6 k-point grid for the electron wave vectors and
an 8 x 8 x 3 g-point grid for the phonon wave vectors.
For the electronic occupation we employed Fermi-Dirac
smearing with broadening factor opp = 0.01 Ha (suffi-
ciently high to exclude unstable phonon modes related
to the low-temperature CDW phases).

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

2

Aqr =
qr
prqy

k,n,m

where N is the electronic density of states at the Fermi
level (e ), wqy are the phonon frequencies, gy, 1| o the
electron-phonon coupling matrix elements obtained from
DFPT calculations, with n and m electronic band in-
dices, and €x;, (€k+qm) the electronic eigenvalue for band
n (m) and electronic wave vector k (k+q) obtained from
DFT calculations.

III. RESULTS AND DISCUSSION
A. 2H-TaSe; and 2H—TaS»

All single crystal alloys of 2H-TaSes_,S, (0<x<2)
crystallize into P63/mmec crystal structure (Fig. 1) [9,
10]. Wiyckoff positions of atoms and their contributions
to the I'-point phonons together with corresponding Ra-
man tensors for the two end compounds are listed in Ta-
ble 1.

In total, the symmetry analysis predicts four Raman-
active modes (A14 + E14 + 2E3,) for the two end com-
pounds of 2H-TaSes_,S,.. According to the Raman ten-
sors presented in Table I, A;4 modes can be observed only
in parallel polarization configuration, whereas Fy; modes
can be observed in spectra measured both in parallel and
crossed polarization configurations. For our backscatter-
ing configuration, where laser beam is focused along the
c-axis onto ab plane, the 4, mode is unobservable.

Raman spectra of the two end compounds 2H—-TaSes
and 2H-TaS; measured at T = 150 K are presented in
Fig. 2 (a) and (c), respectively. This particular temper-
ature has been chosen because it is significantly higher
than the critical temperature of the CDW phase transi-
tions. The Raman spectra of the pristine samples exhibit
two prominent peaks, assigned as A, and Egg symmetry
modes, accompanied by a broad structure and an addi-
tional peak in the case of 2H-TaSs. For clarity, Raman-
active modes observed in 2H-TaSs spectra are marked
with asterisk. Theoretically predicted modes are first an-
alyzed, after which we address the origin and nature of
additional peak and broad structure.
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FIG. 2: (a) and (c¢) Raman response of 2H-TaSe; and 2H-TaS, for parallel polarization configuration at 7' = 150 K.
The blue solid line represents the cumulative fit consisting of electronic continuum (dashed line) and phonon modes.
The electronic continuum was modeled using simplified approach as described in [24], utilizing the following function:

"

R (w,T) = a(T)- tanh C(“—T)—l—b(T) “ o(ry- Here a(T), b(T) and ¢(T) are temperature dependent parameters determined
for each sample. Phonon modes were fitted using Fano line profile. Parts of spectra not covered by cumulative fit
were identified to originate from two-phonon scattering. The contributions of the Ta (orange) and Se/S atoms (blue)
to the calculated PDOS are shown as insets. First Brillouin zone with indicated points and lines of high symmetry
is also shown in the inset of (a). (b) and (d) The calculated phonon dispersion of corresponding pure samples in the

normal phase, with the value of electron-phonon coupling constant (\) indicated through the color scale.

The Raman responses of both samples were analyzed
with a cumulative fit to include electronic continuum and
discrete single-phonon excitations. The Breit-Wigner-
Fano profile was used to model single-phonon excitations,
due to visible asymmetry of the Egg modes. For sim-
plicity, the A, modes were fitted with constant Fano
parameter |g| = 50, as they are highly symmetric. The
phonon energies obtained in this way, alongside the cal-
culated ones are listed in Table II. The lower frequency
Ej, modes are related to shear (S) movements of the lay-

ers, with frequencies of ~ 5 cm™! for both compounds,

whereas Bj, modes represent the layer breathing (LB)
and are expected at frequencies ~ 10 cm™!.

As can be seen in Table II, the discrepancy in experi-
mental and theoretical phonon energy is less than 10 %
for all observed modes. The Eég modes were not ob-
served in the investigated energy region in accordance to
our numerical calculations and are not in the focus of
this study. The phonon dispersions, obtained from the
DFPT calculations, are shown in Fig. 2 (b) and (d), to-
gether with the calculated values of the EPC constant
A. These indicate the presence of non-zero EPC in Egg



TABLE I: Wyckoff positions of atoms and their contri-
butions to the I'-point Raman active phonons for the
P63 /mmec space group of 2H-TaSey (and 2H-TaSs) to-
gether with the corresponding Raman tensors.

Space group: P6s/mmc (194)

Atoms Irreducible representations

Ta (Qb) Egg
Se/S (4f) Arg + Erg + Eaqg

Raman tensors

TABLE II: Phonon symmetries and phonon energies
(in units of cm™!) at I' and their degeneracies for the
P63/mmec structure of 2H-TaSs and 2H-TaSe;. The
experimental values were determined at 300 K with ex-
perimental uncertainty of 0.3 cm~!. The DFPT calcula-
tions were performed at zero temperature. In case of the
lowest two modes, ‘S’ stands for shear and ‘LB’ for layer
breathing.

2H-TaSs 2H-TaSes
Symm. Deg. Calc. Exp. Calc. Exp.
E3, (S) 2 4.9 5.5
Bi, (LB) 1 10.4 10.7
Fau 2 208.0 125.4
Ey, 2 208.1 125.4
E3, 2 271.3 288.8 189.1 207.7
Eiu 2 271.3 189.2
Agy 1 341.6 241.8
Bz, 1 348.0 245.1
Biu 1 368.0 216.9
Aig 1 368.5 402.9 217.7 234.7

scattering channel, giving rise to asymmetric line pro-
files. On the other hand in the A;, channel no EPC was
found, thus they should have symmetric profiles, as we
have observed.

In addition to the observed Raman-active modes, the
spectra of 2H—TaSs in the parallel polarization config-
uration host the O; peak, with energy at about ~ 490
cm~!. This peak cannot be explained in terms of the
first-order Raman scattering as its energy is well beyond

4

the phonon energy range (see Fig. 2 (d)). Despite this,
we have included this peak in the cumulative fit in order
to track its energy. Previously reported large two-phonon
scattering cross section in this material [10, 13-16] indi-
cates a second-order Raman scattering, which might oc-
cur due to defect and/or enhanced EPC. The absence of
additional first-order peaks at energies with the highest
phonon density of states (PDOS) values contradicts the
expectations for defect-induced peaks [25]. Considering
that one of the PDOS maxima (~ 250 cm™1!) is located
near the energies that correspond to the half energy of
01 peak (Fig. 2 (¢)), we believe that this peak is an over-
tone in nature and is observable due to enhanced EPC.
To determine the validity of this assumption, the phonon
dispersion curves and electron-phonon coupling constant
A (Fig. 2 (d)) were further examined. If the O; peak is,
indeed, observable due to electron-phonon coupling, we
would expect that optical phonon branches around ener-
gies wo, /2 express high values of A. As it is indicated
in Fig. 2 (d), several optical branches along the lines of
high symmetry, at energies just below 250 cm™!, meet
this condition thus supporting our assumption.

The broad structures in the spectra of 2H-TaSes and
2H-TaS,, with energies at about ~ 130 cm™' and ~ 160
cm™!, respectively, are centered in the gap of the theo-
retical PDOS, thus not a result of the first-order Raman
scattering. Considering previous discussion on the origin
of the O; peak in 2H-TaS, spectra and applying simi-
lar analysis, these structures can likewise be explained as
a two-phonon processes, predominantly overtones in na-
ture but also with combinations contribution (as can be
deduced from Fig. 5), also originating from the enhanced
electron-phonon coupling. As shown in Fig. 2, peaks in
PDOS values can be found in the wapnon /2 energy ranges.
By examining the phonon dispersion curves of 2H-TaS,
and 2H-TaSe, (Fig. 2), several phonon branches with
enhanced EPC are in the appropriate energy range for
the two-phonon process. In the case of 2H-TaSs, these
branches fall within the energy range of 100 - 150 cm ™!,
while for 2H-TaSes, they lie in the range of 50 - 100
cem~t. It was reported in a previous study [16] that the
origin of two-phonon structure in 2H—-TaSs is in the vicin-
ity of the CDW wave vector gopw = %FM, where strong
EPC exists. We argue that the origin of large scatter-
ing cross section for the two-phonon process is enhanced
EPC in a much larger phase space that is required to
reproduce the high Raman cross-section of the observed
structures.

The phonon branches along (and in the vicinity) the lines
of high symmetry: I'— M, A— L, and L — M (illustrated
in Fig. 2), demonstrate the highest values of the electron-
phonon coupling constant, and we believe that these re-
gions of phase space contribute to the two-phonon pro-
cess. As anticipated, these branches closely coincide with
energy levels that correspond to waphon/2, since the ma-
jor contribution lies in the A;4, symmetry corresponding
to the overtones (see Appendix A). This provides a strong
argument to support our assumptions, regarding the na-
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FIG. 3: Raman spectra of 2H-TaSes_,S, measured at
150 K in parallel polarization configuration. Additionally
to the Ay4, A7, Egg and E%; modes, one peak assigned
as P; and PDOS projection onto two-phonon structure
arise in the spectra of doped materials. With dashed
lines are marked places of PDOS maxima in both pure
samples. Spectra contain offset in y-direction for clarity.

ture and the origin of the two-phonon structures. Sig-
nificantly higher intensity of the two-phonon structure in
2H-TaSs, compared to the O peak, can be attributed to
the stronger EPC observed in the corresponding phonon
branches, as supported by our DFT calculations.

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

Raman spectra of the 2H-TaSes_,S, (0<z<2) sin-
gle crystals measured in parallel polarization configura-
tion at T = 150 K are presented in Fig. 3. The two
modes that are present in the spectra of pristine 2H—
TaSe; - A4 and Egg, can also be observed in the spectra
of the doped samples. The A;; symmetry mode per-
sists in the spectra up to 2H-TaSeS. As x increases
further we cannot be certain that the existing feature
in spectra is A, mode, because of low Se content and
possible 2H-TaS; PDOS contributions. Converesly, E3,
vanishes for 2 = 0.84, while A}, and E3’ modes can
last be found in the spectra of 2H-TaSe; 1650.84 and
2H—-TaSe( 551 5, respectively. Considering that Egg and

E%; arise from the out-of-phase in-plane oscillations of

Ta and Se/S atoms, the dependence on sulfur content
x exhibits a discontinuous behavior. For the A;, mode
(out-of-plane movement of Se/S atoms) we observe con-
tinuous change with doping alongside simultaneous co-
existence of A;, and A}, peaks in samples where Se/S
concentration ratio is around unity. In the specific case of
2H-TaSeS, at the nanoscale level, localized regions may
emerge where either Se or S atoms predominate. Al-
though these regions possess a sufficient size to generate
detectable signals, they are significantly smaller in com-
parison to the laser spot (~ 5 pm?), resulting in the inclu-
sion of a considerable number of such clusters of atoms
within the laser’s spatial coverage. Consequently, the
resulting Raman spectrum displays discernible contribu-
tions from both elements. The concentrations at which
the Egg mode vanishes directly correlate with disorder
reaching its maximum value. Given that doping modi-
fies the bond lengths of Ta-S and Ta-Se atoms, which, in
conjunction with the accompanying lattice disorder, has
a detrimental effect on the E3, mode.

The gradual substitution of the selenium atoms with
sulfur in the 2H-TaSes crystals introduces crystallo-
graphic disorder, giving rise to new scattering channels
that result in additional peak observed in the Raman
spectra of doped materials. This new peak with energy
at about 342 cm™!, assigned as P; is observed exclu-
sively in doped spectra measured in parallel polarization
configuration, therefore obeying A, symmetry rules. It
is presumably an overtone mode, as its energy closely
matches double that of the location where the highest
PDOS value of the 2H-TaSes, is situated.

To further investigate the effects of crystallographic
disorder, we have inspected the evolution of phonon pa-
rameters with the sulfur content x, depicted in Fig. 4. As
in the case of pure samples, all phonon lines were fitted
using Fano profiles. No asymmetry was observed for the
A1y modes and they were fitted with the value of Fano
parameter ¢ being fixed at 50. All modes but Egg harden
with the increase in the sulfur concentration in the mea-
sured crystals. Given the difference in the atomic mass
of Se and S and a reduction of the unit cell volume [17],
one would expect that the E22g mode also hardens with in-
creasing x [26-28]. The unexpected behavior of E3, mode
might be attributed to the enhanced EPC, which poten-
tially overcompensates previously mentioned effects. All
Raman modes broaden due to increased crystallographic
disorder. Considering that the Fano profiles are used to
describe the line shape originating from coupling between
phonon and electronic continuum, and that the Fano pa-
rameter depends on the interaction strength between the
phonon and the continuum, the inverse value of Fano
parameter 1/|g| can be used as a direct measure of the
strength of EPC [29-32]. The interference of two-phonon
structure in the fitting procedure produces large uncer-
tainty (see Figs. 4(c)), preventing a clear assertion about
the EPC, other than it persists through growing disor-
der. This result falls within the range of the potential
increase in disorder-induced EPC [17].



Crystallographic disorder also has a significant impact
on the evolution of two-phonon structure. Changing the
sulfur content to x = 0.09, the broad structure in pristine
2H-TaSey spectra centered at around 130 cm~! under-
goes a further broadening accompanied by pronounced
evolution of the shoulder at around ~ 110 cm™!, likely
due to more pronounced evolution of the EPC in the re-
lated phonon branches. Raising the sulfur content to 0.25
and thus further increasing disorder restores the struc-
ture to a solitary broad peak. However, the most drastic
change is observed in the spectra when x = 0.84, where
four first order peaks are superimposed onto a broad two-
phonon structure. As discussed previously, the additional
peaks might become observable in Raman experiment
due to defect scattering and are related to the regions
where the PDOS reaches its maximum: at ~ 90 cm ™! and
~ 110 cm™* for 2H-TaS,, at ~ 80 cm ™! and ~ 175 cm ™!
for 2H-TaSes (see Fig. 2). These correspond rather well
with the energies of the newly observed phonon modes.
Raising the concentration of sulfur to x = 1 results in
a wholly diluted structure consisting of two broad peaks
at around ~ 80 cm~! and ~ 160 cm~!. In the spectra
with sulfur content x = 1.65, structure resembles that of
the x = 0.84, albeit of less clarity among peaks. From
these observations, we can see that the primary impact
of disorder on the two-phonon structure is manifested by
the broadening of peaks and the projection of the PDOS.
Furthermore, the persistence of the two-phonon structure
across doped samples suggests that disorder does not hin-
der the electron-phonon coupling. This corollary aligns
with previous observations regarding the 1/|¢| parameter
of the E3, mode.

Our results reveal the origin of two-phonon structures
in the 2H-TaSes;_, S, compounds. It is also evident that,
although disorder does not directly influence the strength
of the EPC (in the range from x = 0.25 to z = 1.65), it
affects the phenomena that share EPC as a seemingly
common origin differently. While the CDW is destroyed,
SC and the two-phonon structure survive [17] suggesting
that strong EPC alone is insufficient to sustain the CDW
in a disordered lattice. It is interesting to note that these
materials simultaneously and independently experience
the effects of disorder and EPC.

IV. CONCLUSIONS

In this study, we conducted a Raman scattering analy-
sis of 2H-TaSes_,S, (0<x<2) alloys. The Raman spec-
tra of the end compounds host two out of the three
symmetry-expected Raman active modes for backscat-
tering configuration and an additional peak O; of Ay,
symmetry, present only in the 2H-TaSs spectra. This
O; peak is a result of second-order Raman scattering,
overtone in nature, observable due to the prominent
EPC, characteristic for CDW materials. The broad
two-phonon structures observed in pristine samples were
linked to enhanced EPC in the corresponding phonon
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FIG. 4: The evolution of phonon energies (black) and line
widths (orange) of the (a) A7, and (b) A1, Raman-active
modes. (c¢) The evolution of phonon energies, line widths
and inverse value of Fano parameter 1/|g| (teal) of the
E3; and E3, modes with the sulfur content . Topw
(dark red) dependence on the sulfur content x (obtained
from electrical resistivity measurments presented in Ref.
[17]), together with the electronic phase diagram (shaded
red) of 2H-TaSey_,S, reflect the evolution of crystallo-
graphic disorder.

branches, as obtained from our first-principles calcula-
tions. The gradual substitution of Se atoms with S atoms
results in crystallographic disorder, introducing new scat-
tering channels — in the form of an additional peak P; of
Ay4 symmetry, as well as PDOS projection and broaden-
ing of all phonon modes. Dependence on sulfur content
showed hardening of all modes, except for Egg mode.
Softening of the Egg mode and its discontinuous depen-
dence were attributed to strong EPC. Coexistence of A,
peaks in intermediate doping levels arises probably due
to nanoscale clusters comprised mainly of either Se or S
atoms. In spectra where disorder reaches its maximum,
four single-phonon peaks accompanied the background
two-phonon structure, with energies corresponding to the
region of PDOS maxima. The negligible influence of dis-
order on the EPC was supported by the continued pres-
ence of the two-phonon structure and the behavior of the
1/|q| parameter associated with the E3, mode. Thus,
in the absence of changes in either electron-electron [17]
or EPCs, significant rise of Ts¢ in doped alloys is only



due to disorder-induced CDW suppression. Our findings
provide insights into the intricate relationship between
disorder and EPC, shedding light on their combined in-
fluence in governing the vibronic and collective electronic
behavior of 2H-TaSes_ S, compounds.

ACKNOWLEDGMENTS

Authors J. Blagojevi¢ and S. Djurdji¢ Mijin con-
tributed equally to the paper. The authors acknowledge
funding provided by the Institute of Physics Belgrade
through the grant by the Ministry of Science, Techno-
logical Development and Innovation of the Republic of
Serbia, Project F-134 of the Serbian Academy of Sci-
ences and Arts, the Science Fund of the Republic of Ser-
bia, PROMIS, No. 6062656, StrainedFeSC, and by Re-

search Foundation-Flanders (FWO). J. Bekaert acknowl-
edges support as a Senior Postdoctoral Fellow of the
FWO (Fellowship No. 127Z7Z323N), and from the Eras-
mus+ program for staff mobility and training (KA107,
2018) for a research stay at the Institute of Physics Bel-
grade, during which part of this work was carried out.
The computational resources and services used for the
first-principles calculations in this work were provided by
the VSC (Flemish Supercomputer Center), funded by the
FWO and the Flemish Government - department EWI.
Work at Brookhaven National Laboratory was supported
by U.S. DOE, Office of Science, Office of Basic Energy
Sciences under Contract No. DE-SC0012704. The au-
thors are grateful for the support by the European Co-
operation in Science and Technology COST Action No.
CA21144 (SUPERQUMAP), Superconducting Nanode-
vices and Quantum Materials for Coherent Manipulation.

[1] K. S. Novoselov, A. Mishchenko, A. Carvalho, and
A. H. C. Neto, 2D materials and van der Waals het-
erostructures, Science 353, aac9439 (2016).

[2] J. A. Wilson and A. D. Yoffe, The transition metal
dichalcogenides discussion and interpretation of the ob-
served optical, electrical and structural properties, Ad-
vances in Physics 18, 193 (1969).

[3] A. H. Castro Neto, Charge density wave, superconduc-
tivity, and anomalous metallic behavior in 2D Transition
Metal Dichalcogenides, Phys. Rev. Lett. 86, 4382 (2001).

[4] X. Yin, C. S. Tang, Y. Zheng, J. Gao, J. Wu, H. Zhang,
M. Chhowalla, W. Chen, and A. T. S. Wee, Recent de-
velopments in 2D transition metal dichalcogenides: phase
transition and applications of the (quasi-)metallic phases,
Chem. Soc. Rev. 50, 10087 (2021).

[5] Q. H. Wang, K. Kalantar-zadeh, A. Kis, J. Coleman,
and M. Strano, Electronics and Optoelectronics of Two-
Dimensional Transition Metal Dichalcogenides, Nature
nanotechnology 7, 699 (2012).

[6] F. Zheng and J. Feng, Electron-phonon coupling and the
coexistence of superconductivity and charge-density wave
in monolayer nbses, Phys. Rev. B 99, 161119 (2019).

[7] Y. Kvashnin, D. VanGennep, M. Mito, S. A. Medvedev,
R. Thiyagarajan, O. Karis, A. N. Vasiliev, O. Eriksson,
and M. Abdel-Hafiez, Coexistence of superconductivity
and charge density waves in tantalum disulfide: Experi-
ment and theory, Phys. Rev. Lett. 125, 186401 (2020).

8] Y. Liu, L. J. Li, W. J. Lu, R. Ang, X. Z. Liu, and
Y. P. Sun, Coexistence of superconductivity and com-
mensurate charge density wave in 4Hb-TaS>_,Se;
single crystals, Journal of Applied Physics 115,
043915 (2014), https://pubs.aip.org/aip/jap/article-
pdf/doi/10.1063/1.4863311/15133121,/043915_1 online.pdf.

[9] J. A. Holy, M. V. Klein, W. L. McMillan, and S. F.

Meyer, Raman-Active Lattice Vibrations of the Com-

mensurate Superlattice in 2H-TaSea, Physical Review

Letters 37, 1145 (1976).

S. Sugai, K. Murase, S. Uchida, and S. Tanaka, Studies of

lattice dynamics in 2H-TaSs by Raman scattering, Solid

State Communications 40, 399 (1981).

(10]

[11] S. Sugai and K. Murase, Generalized electronic suscepti-
bility and charge-density waves in 2H-TaSe, by Raman
scattering, Physical Review B 25, 2418 (1982).

D. McWhan, R. Fleming, D. Moncton, and F. DiS-
alvo, Reentrant Lock-in Transition of the Charge-Density
Wave in 2H-TaSez at High Pressure, Physical Review
Letters 45, 269 (1980).

P. Hajiyev, C. Cong, C. Qiu, and T. Yu, Contrast and Ra-
man spectroscopy study of single-and few-layered charge
density wave material: 2H-TaSes, Scientific reports 3, 1
(2013).

M. Lee, M. Siskins, S. Mafias-Valero, E. Coronado, P. G.
Steeneken, and H. S. J. van der Zant, Study of charge
density waves in suspended 2H-TaS; and 2H-TaSez by
nanomechanical resonance, Applied Physics Letters 118,
193105 (2021).

S. Behera and G. Mohanty, Theory of two-phonon modes
in layered charge-density-wave systems, Pramana 26, 239
(1986).

[16] J. Joshi, H. M. Hill, S. Chowdhury, C. D. Malliakas,
F. Tavazza, U. Chatterjee, A. R. Hight Walker, and
P. M. Vora, Short-range charge density wave order in
2H—TaS», Phys. Rev. B 99, 245144 (2019).

L. Li, X. Deng, Z. Wang, Y. Liu, M. Abeykoon, E. Doory-
hee, A. Tomic, Y. Huang, J. B. Warren, E. S. Bozin,
S. J. L. Billinge, Y. Sun, Y. Zhu, G. Kotliar, and
C. Petrovic, Superconducting order from disorder in 2H—
TaSe2—zSz, npj Quantum Materials 2, 10.1038/s41535-
017-0016-9 (2017).

J. Peng, Z. Yu, J. Wu, Y. Zhou, Y. Guo, Z. Li, J. Zhao,
C. Wu, and Y. Xie, Disorder enhanced superconductivity
toward TaS2 monolayer, ACS Nano 12, 9461 (2018).

J. Bekaert, E. Khestanova, D. G. Hopkinson, J. Birk-
beck, N. Clark, M. Zhu, D. A. Bandurin, R. Gorbachev,
S. Fairclough, Y. Zou, M. Hamer, D. J. Terry, J. J. P.
Peters, A. M. Sanchez, B. Partoens, S. J. Haigh, M. V.
Milosevié, and I. V. Grigorieva, Enhanced superconduc-
tivity in few-layer TaS, due to healing by oxygenation,
Nano Letters 20, 3808 (2020).

X. Gonze, B. Amadon, G. Antonius, F. Arnardi, and et.
al, The abinit project: Impact, environment and recent

(12]

(13]

(14]

(15]

(17]

(18]

(19]

[20]


https://doi.org/10.1126/science.aac9439
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1080/00018736900101307
https://doi.org/10.1103/PhysRevLett.86.4382
https://doi.org/10.1039/D1CS00236H
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1103/PhysRevB.99.161119
https://doi.org/10.1103/PhysRevLett.125.186401
https://doi.org/10.1063/1.4863311
https://doi.org/10.1063/1.4863311
https://arxiv.org/abs/https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/1.4863311/15133121/043915_1_online.pdf
https://arxiv.org/abs/https://pubs.aip.org/aip/jap/article-pdf/doi/10.1063/1.4863311/15133121/043915_1_online.pdf
https://doi.org/10.1063/5.0051112
https://doi.org/10.1063/5.0051112
https://doi.org/10.1103/PhysRevB.99.245144
https://doi.org/10.1038/s41535-017-0016-9
https://doi.org/10.1038/s41535-017-0016-9
https://doi.org/10.1021/acsnano.8b04718
https://doi.org/10.1021/acs.nanolett.0c00871

developments, Computer Physics Communications 248,
107042 (2020).

[21] S. Goedecker, M. Teter, and J. Hutter, Separable dual-
space Gaussian pseudopotentials, Phys. Rev. B 54, 1703
(1996).

[22] M. Krack, Pseudopotentials for H to Kr optimized
for gradient-corrected exchange-correlation functionals,
Theor. Chem. Acc. 114, 145 (2005).

[23] X. Gonze, D. C. Allan, and M. P. Teter, Dielectric tensor,
effective charges, and phonons in a-quartz by variational
density-functional perturbation theory, Phys. Rev. Lett.
68, 3603 (1992).

[24] A. Mialitsin, Fano line shape and anti-crossing of Ra-
man active Fa4 peaks in the charge density wave state
of NbSez, Journal of Physics and Chemistry of Solids
72, 568 (2011), spectroscopies in Novel Superconductors
2010.

[25] A. Baum, A. Milosavljevi¢, N. Lazarevié¢, M. M.
Radonji¢, B. Nikoli¢, M. Mitschek, Z. I. Maran-
loo, M. Séepanovié, M. Grujié-Brojéin, N. Stojilovi¢,
M. Opel, A. Wang, C. Petrovic, Z. V. Popovi¢, and
R. Hackl, Phonon anomalies in FeS, Phys. Rev. B 97,
054306 (2018).

[26] V. B. Podobedov, A. Weber, D. B. Romero, J. P. Rice,
and H. D. Drew, Effect of structural and magnetic tran-
sitions in La;—xMxMnQOs (m = Sr, Ca) single crystals in
Raman scattering, Phys. Rev. B 58, 43 (1998).

[27] 1. Charrier-Cougoulic, T. Pagnier, and G. Lucazeau,
Raman spectroscopy of perovskite-type BaCexZri—xO3
(0 <z <1), Journal of Solid State Chemistry 142, 220
(1999).

[28] S. Issing, A. Pimenov, V. Y. Ivanov, A. A. Mukhin,
and J. Geurts, Composition-dependent spin-phonon cou-
pling in mixed crystals of the multiferroic manganite
Eu1—xYxMnOs (0 < z < 0.5) studied by Raman spec-
troscopy, Phys. Rev. B 81, 024304 (2010).

[29] U. Fano, Effects of configuration interaction on intensities
and phase shifts, Phys. Rev. 124, 1866 (1961).

[30] V. G. Sathe, S. Tyagi, and G. Sharma, Electron-phonon
coupling in perovskites studied by Raman scattering,
Journal of Physics: Conference Series 755, 012008
(2016).

[31] S. Nimori, S. Sakita, F. Nakamura, T. Fujita, H. Hata,
N. Ogita, and M. Udagawa, Electron-phonon interac-
tion in Lag_xSrxCuOy4 investigated by Raman scattering,
Phys. Rev. B 62, 4142 (2000).

[32] N. Lazarevié¢, Z. V. Popovi¢, R. Hu, and C. Petrovic,
Evidence for electron-phonon interaction in Fe;_,M,Sbs
(M=Co and Cr) (0 < z < 0.5) single crystals, Phys. Rev.
B 81, 144302 (2010).


https://doi.org/https://doi.org/10.1016/j.cpc.2019.107042
https://doi.org/https://doi.org/10.1016/j.cpc.2019.107042
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1103/PhysRevLett.68.3603
https://doi.org/10.1103/PhysRevLett.68.3603
https://doi.org/https://doi.org/10.1016/j.jpcs.2010.10.044
https://doi.org/https://doi.org/10.1016/j.jpcs.2010.10.044
https://doi.org/10.1103/PhysRevB.97.054306
https://doi.org/10.1103/PhysRevB.97.054306
https://doi.org/10.1103/PhysRevB.58.43
https://doi.org/10.1006/jssc.1998.8038
https://doi.org/10.1006/jssc.1998.8038
https://doi.org/10.1103/PhysRevB.81.024304
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1088/1742-6596/755/1/012008
https://doi.org/10.1088/1742-6596/755/1/012008
https://doi.org/10.1103/PhysRevB.62.4142
https://doi.org/10.1103/PhysRevB.81.144302
https://doi.org/10.1103/PhysRevB.81.144302

Appendix A: Mode assignation and nature of
additional peaks

2H - TaSe,_S,
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FIG. 5: Raman response of 2H-TaSes, 2H-TaSe1 550 5,
2H-TaSe; 91S0.09 and 2H-TaS, for parallel (black) and
crossed (gray) polarization configurations at 7' = 300 K.
The possible overtone modes O; and P; are only present
in parallel polarization configuration.

Raman spectra of all samples were measured in par-
allel and crossed polarization configurations in order to
correctly assign theoretically predicted modes as well
as the unexpected and additional peaks and structures.
From the Raman spectra presented in Figure 5 theoreti-
cally predicted A;4 and E22g modes were easily identified.
Given that the O and P; peaks are only present in par-
allel polarization configuration, they obey pure A;4 sym-
metry rules. Two-phonon structure is present in both
polarization configurations, but with significantly higher
intensity in A;, channel. Additional features in two-
phonon structure in the spectra of 2H-TaSe; 55¢.5 are
only present in parallel polarization configuration, thus
they are possibly overtones in nature or single-phonon

excitations of A;, symmetry.
Appendix B: Fitting details

All peaks were fitted using both asymmetric Fano pro-
files and symmetric Voigt profiles. Since the line widths
of the analyzed phonon modes were much greater than
the resolution of spectrometer o, the real width of the
peaks could be obtained without the need to use Fano
profiles convoluted with a Gaussian function, where I'g,
= 0. The comparison between the obtained fits are pre-
sented in Figure 6. As it can be seen, peaks Egg and
EQQ;‘ show clear asymmetric line shape, whereas the Ay,
symmetry peaks do not. Therefore, the latter were fitted
with Fano parameter value |g| being fixed at 50. Ac-
quired phonon parameters as a function of sulfur content
x are presented in Figures 4.
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FIG. 6: Raman response as a function of the Raman
shift. Quantitative analysis of the Egg, E%;‘, A1y and
A7, modes at T' = 150 K. The blue and green solid lines
represent Fano and Voigt profiles fitted to the experimen-
tal data, respectively. Experimental data is represented
by open squares.

The increase in doping leads to the significant decrease
in the relative intensity of Egg Raman active modes,
therefore the obtained phonon parameters have slightly
higher error bar compared to the A4, modes. Fits ob-
tained using Fano profiles in the energy range of peaks
E229 and E%; are presented in Figure 7. The two-phonon
structure interferes with the lower energy side of the
peaks in the spectra of all doped samples, contributing
to the mentioned error.
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FIG. 7: Raman response as a function of the Raman
shift. Quantitative analysis of the Egg and E%; modes
for indicated sulfur content z in the measured crystals.
The blue lines represent Fano profiles fitted to the exper-

imental data.
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Transitional metal dichalcogenides have attracted a lot of attention due to their rich phase
diagrams, thickness-dependent transport, distinctive optical characteristics, and the
emergence of collective electron phenomena (e. g. charge density waves - CDW and
superconductivity) which can co-exist, contrary to what was predicted by previous
theoretical studies. Given that both superconductivity and CDW phase have been
experimentally confirmed in the crystal alloys of 2H-TaSe,,S,, these materials represent
perfect candidates to investigate an intricate connection between these two phenomena.
Additionally, it was recently shown that in the metallic single crystal alloys of 2H-TaSe, S
the crystalline disorder favours superconductivity while suppressing CDW phase. In this
study, Raman spectroscopy was used to investigate the lattice dynamics of 2H-TaSe,,S, (0
< x < 2) alloys. Experimental results were compared to density functional theory (DFT) and
density functional perturbation theory (DFPT) calculations. In the Raman spectra of pristine
samples two out of three symmetry predicted Raman active modes were observed, with the
missing mode being unobservable in the used backscattering geometry. Experimental values
of phonon energies are in good agreement with theoretical calculations. The temperature
dependence of phonon energies and line widths directly reflects existing CDW transitions.
The Raman spectra of doped materials were compared to those of pure samples in order to
inspect how the electron-phonon interaction and crystallographic disorder affect the phonons.
Additional peaks and a dramatic development of the two-phonon structure are detected in the
Raman spectra of the doped samples. A signature of the crystallographic disorder can also be
identified in the sulfur content dependence of phonon energies, line widths and Fano
parameter.
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Transition metal dichalcogenides, as a well studied family of quasi-2D materials,
have attracted considerable attention in recent years due to rich phase diagrams,
thickness-dependent transport, unique optical properties and collective electron
phenomena which occur at experimentally accessible temperatures. Additionally, it
was recently shown that in the metallic single crystal alloys of 2H-TaSe 5_,S , the
crystalline disorder promotes superconductivity, while suppressing charge density
wave (CDW) order. In this work, the lattice dynamics of TaSe 3_,S , (0 < = < 2)
alloys was probed using Raman spectroscopy and results were compared to den-
sity functional theory (DFT) calculations. In order to investigate whether crystallo-
graphic disorder affects the phonons, spectra of doped materials were compared to
the ones belonging to the end alloys. The Raman spectra of the end compounds (
x = 0and z = 2) host two out of three symmetry-expected Raman active modes for
backscattering configuration. Calculated phonon energies agree well with the ex-
perimental ones. In Raman spectra of the doped samples additional peaks, though
of low intensity, can be easily identified. These additional peaks most likely arise
from the crystalline disorder. Dependence of phonon energies and linewidths on
sulfur content z also reveals a clear fingerprint of crystallographic disorder.
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Abstract. Quasi-2D materials have gained a significant attention in the last few years because of
their unique physical properties. The family of transition metal dichalcogenides is particularly
intriguing due to their complex phase diagrams, characteristic optical properties and possibility to
observe collective electron phenomena at higher temperatures. A strong correlation was observed
between the electron-phonon interaction and the CDW phase in materials that display such states.
Recent study has revealed that crystalline disorder promotes superconductivity while
simultaneously suppresses CDW phase in metallic single crystal alloys of 2H-TaSe.xSx.

Raman spectroscopy was used to investigate the effect of defects on lattice dynamics and electron-
phonon coupling in these materials, and the results were compared to theoretical calculations. In
our scattering configuration two out of four Raman active modes predicted by symmetry for parent
compounds are identified. Additionally, in the spectra of pure samples broad two-phonon
structures are observed, emerging as a consequence of strong electron-phonon coupling in related
phonon branches. By substituting Se with S atoms, extra peak obeying Aig selection rules,
overtone in nature, appears in spectra along with an intriguing evolution of two-phonon structure.
The Raman spectra of the x = 0.84 sample shows single-phonon excitations that are superimposed
on already existing structure. These excitations correspond to PDOS maxima projected due to
significant crystallographic disorder. Symmetry predicted A;, modes expectedly harden with
doping as unit cell volume decreases, whereas E», modes exhibit anomalous behavior attributed
to enhanced electron-phonon coupling. The analysis of E,, mode Fano parameter indicates that
disorder has a minor impact on electron-phonon interaction.
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Recent research has highlighted transition metal dichalcogenides (TMDs) for their fascinating
electronic and quantum properties. These materials are unique in that their phase transitions
can be finely tuned through pressure, doping, or layer thickness, making them ideal for
investigating phenomena such as charge ordering, spin-orbit coupling, and potential
topological phases. This adaptability creates exciting opportunities for advancements in
quantum materials and device technologies. Notably, experiments have demonstrated the
coexistence of superconductivity (SC) and charge density waves (CDWs) with findings in 2H-
TaSe,_«Sx suggesting that disorder promotes SC while suppressing the CDW phase. In this
study, we used Raman spectroscopy and density functional theory to explore the vibrational
properties of 2H-TaSe,_Sx (0<x<2) single crystals. In undoped samples, two symmetry
predicted Raman modes and a prominent two-phonon feature linked to strong electron-phonon
coupling (EPC) were observed. Doping with sulfur atoms leads to the appearance of additional
peaks due to crystallographic disorder. The evolution of Ezzg mode Fano parameter and the
persistence of the two-phonon structure suggest that disorder has negligible effect on EPC.
This study offers valuable insights into the lattice properties, the influence of crystallographic
disorder on Raman spectra and its interplay with EPC in 2H-TaSe,_«Sx compounds.
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In recent years, quasi-low-dimensional materials have attracted significant attention due to
their distinctive properties and possible applications in nanoeletronics and spintronics. The
material of a specific interest within this group is InSiTes. Unlike related compounds, such as
CrSiTe; and CrGeTes, research results InSiTe; are limited, most likely due to the unclear
nature of its crystal structure. Detailed experimental and theoretical investigation was
conducted to determine the crystal structure of InSiTes. Inelastic light scattering experiment
performed on the InSiTes reveals presence of six (3A1g + 3E,) out of eight and seven (5A, +
2E,) out of ten Raman active modes for proposed P3/m and P3 space groups, respectively.
These findings suggest a coexistence of two trigonal crystal phases: a high symmetry one
corresponding to P3/m and athe lower symmetry one that corresponds to P3 space group.
Additional exitations were detected in parallel scattering configuration; two broad features in
the gap of PDOS that can be a consequence of to two-phonon processes and a third one, at
about 500 cm™ that might indicate local symmetry breaking at nano scale. Temperature
dependent measurements from 80 K to 300 K show monotonous decrease in energy and
increase in linewidth up to 200 K at which point discontinuities appear across all analyzed
modes. However, this anomaly overcomes the scope of this research and remains an open
question.
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Interplay of disorder and electron-phonon coupling in 2H-TaSe,-
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The quasi-2D nature of layered transition metal dichalcogenides introduces
novel phenomena not observed in bulk materials. Features such as complex
phase diagrams, diverse electronic and optical properties, temperature-driven
transitions, and strong spin-orbit and electron-phonon coupling have driven
significant research interest in these materials. Recent studies reveal a
correlation between electron-phonon coupling and the charge density wave
(CDW) phase. In doped alloys such as 2H-TaSe,;«S., where sulfur doping
induces lattice disorder,  the CDW phase is  effectively
suppressed, while superconductivity is enhanced.

In this study, we investigated the lattice dynamics of 2H-TaSe,.Sx (0<x<2)
alloys using Raman spectroscopy, supported by density functional theory
(DFT) calculations. The Raman spectra of undoped samples reveal two of the
four symmetry-predicted Raman-active modes and a broad two-phonon
structure, indicative of strong electron-phonon coupling. In doped samples,
disorder introduces new scattering channels, resulting in additional peaks.
Our analysis shows that disorder has a negligible effect on electron-phonon
coupling, suggesting that the CDW phase is more susceptible to structural
changes, while the robust superconducting order persists due to the
enduring electron-phonon coupling. This research provides insights into the
effects of crystallographic disorder and electron-phonon coupling on Raman
spectra and lattice dynamics of 2H-TaSe,.« Sx compounds.
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Abstract. Zirconium pentatelluride (ZrTes) has attracted considerable attention in the condensed
matter community due to its temperature-dependent band gap variations. Additionally, it has
been proposed that ZrTes lies near a phase boundary between strong (STI) and weak topological
insulator (WTI) phases, as well as undergoing an electronic topological (Lifshitz) transition.
Depending on the sample and synthesis conditions, the Lifshitz transition temperature varies
between 50 and 150 K [1-3]. In this study, we performed Raman spectroscopic analysis of ZrTes
single crystals over a temperature range of 76 to 300 K. The measurements were carried out in
symmetry-resolved scattering geometries using parallel and cross polarization configurations
along the principal crystallographic directions. In this setup, only phonon modes of Ag and Bag
symmetries are allowed in the respective configurations. The results reveal pronounced
temperature-dependent behavior, including variations in phonon linewidths and peak positions.
Notably, at lower temperatures, certain phonon modes exhibit asymmetric line shapes that are
well described by the Fano profile. As the temperature increases, these features gradually evolve
into symmetric peaks. This behavior indicates a strong coupling between lattice vibrations and
electronic excitations in ZrTes. Our Raman scattering results provide valuable insight into the
phonon dynamics and electron—phonon coupling in ZrTes, contributing to a deeper
understanding of its fundamental properties.
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Abstract.

Unconventional superconductivity often arises in materials with complex interactions, where
competing ordered states such as magnetism, nematicity, and superconductivity, interact and
sometimes overlap, making their nature elusive. Among iron-based superconductors, the
isostructural FeSe and FeS may appear similar but they differ significantly in their physical
properties. While FeSe undergoes a nematic and structural phase transition, FeS shows no
structural transition even at the lowest temperatures, with its critical temperature (T.) halved
compared to FeSe. Interestingly, substituting selenium with sulfur in FeSe suppresses the nematic
transition temperature to zero near a quantum critical point (QCP), which coincides with a
significant drop in Te. It has been suggested that while spin-fluctuations dominate below the QCP
and significantly affect electron-phonon interactions, nematic fluctuations become prominent
above the QCP. Here, we present a detailed Raman scattering study of FeSe under uniaxial strain
applied along two high-symmetry crystallographic directions, (110) and (100), to investigate how
symmetry-breaking perturbations affect its lattice dynamics. Our results reveal a pronounced
anisotropy in the phonon response to strain: orthorhombic distortion along the (110) direction
leads to a moderate narrowing of the temperature window over which phonon anomalies occur,
while strain along (100) which introduces rhombohedral distortion, results in a significant
broadening of the temperature range over which phonon mode splitting, and energy and linewidth
anomalies are observed. We find that the fully symmetric A1y phonon mode is particularly sensitive
to symmetry-breaking perturbations, while the By phonon mode remains largely unaffected.
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Abstract. The dye contaminated wastewater is adversely affecting human health and the
environment around the world. The issue can be resolved by photocatalytic degradation, which
converts dyes into non-toxic compounds without producing secondary waste. In this work, we
investigate the ability of MoS; nanotubes (NT) to decompose the rhodamine B (RhB) dye. MoS;
NT synthesized by chemical vapor transport have high specific surface area, numerous S vacancies
and favourable energy gap for visible light decomposition [1-2]. However, the initial degradation
tests yielded poor results. The inert surface of MoS; NT was etched with Ox/Ar plasma which
increased a number of catalytically active sites and introduced Mo-O bonds. UV-Vis and Raman
spectroscopy, imaging techniques such as SEM, TEM and STM as well as the KPFM work
function measurements verified the alteration. Simple MoO3-MoS; system is formed, in which the
reducibility of electron in the conductive band of MoS; increases, while the oxidability of hole in
the valance band of MoOs also increases (Figure 1). We report over 90 % degradation efficiency,
with the majority decomposing in the first 15 min of LED irradiation.

visible
light

RhB + "HO - €O, + H,0
colourless products

FIGURE 1. Shematic representation of photodegradation of RhB on M0S,-MoO3 NT.
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Abstract. Layered transition metal dichalcogenides (TMDs) possess remarkable electronic and
optical properties, largely due to their quasi-two-dimensional structures. These materials display
complex phase diagrams and temperature-driven transitions [1]. In these compounds charge
density wave (CDW) and superconductivity (SC) are shown to coexist at certain temperatures -
illustrating the delicate balance and inherent competition between these two phases [2].
Isoelectronic substitution such as sulfur doping in 2H-TaSe2-xSx, primarily introduces disorder,
which disrupts the CDW phase and enhances superconductivity [3]. Tuning properties through
doping and structural changes highlights the potential of TMDs for future quantum materials and
devices.

In this work, we examined the lattice dynamics of 2H-TaSe2-«Sx single crystals (0<x<2) using
Raman spectroscopy alongside density functional theory (DFT) calculations. For the undoped
samples, the Raman spectra show two out of the four symmetry-allowed modes and a broad two-
phonon feature, which is correlated with strong electron—phonon coupling (EPC). With sulfur
doping, the induced disorder opens new scattering channels, giving rise to extra peaks. Our
results indicate that disorder minimally affects the EPC, suggesting that while the CDW phase is
sensitive to structural changes, the SC state remains robust. Overall, our study sheds light on
how crystallographic disorder and EPC shape the Raman response and lattice dynamics in these
compounds.
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Abstract. Layered van der Waals materials have gained considerable interest for their unique
physical properties, yet InSiTes remains largely unexplored due to uncertainties surrounding its
crystal structure. In this work, we present a comprehensive experimental and theoretical
investigation of InSiTes, confirming a rhombohedral structure with P3 space group symmetry via
single-crystal X-ray diffraction. Polarization-resolved Raman scattering reveals nine out of ten
Raman-active modes expected for this symmetry, further validating the structural assignment.
Beyond conventional phonon behavior, we identify strong anharmonicity and the emergence of a
self-organized coherent phonon state associated with a high-energy A, mode near 500 cm™.
Analysis of phonon-phonon coupling parameters indicates that A, modes exhibit coupling
strengths up to eight times greater than E;, modes. Temperature-dependent Raman measurements
from 80 to 300 K reveal notable changes in A, mode intensities around 200 K and the appearance
of broad spectral features in the phonon gap region, attributed to overtone excitations.
Our findings point to an intrinsic lattice instability in InSiTes, driven by strong anharmonic
interactions. However, further studies are required to fully uncover the microscopic origin of these
instabilities and their implications for the material’s physical properties.
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