HayuyHom Behy UHcTUTyTa 32 PpuU3KKy y beorpaay

Mpepmet: Monba 3a noKpeTarbe NOCTYyNKa 3a M360p y 3Batbe HayYHU CapagHUK

Monum HayuyHo Behe UHcTUTyTa 3a ¢M3MKy y beorpagy Aa y cknaay ca lNpaBuUaHMKOM O

NOCTYNKY W HaYMHY BpeHOBaHa M KBaHTUTAaTUBHOM UCKa3nBakby Hay4YHO-UCTPAXKMBAUYKUX pe3yaTaTa
MCTParKMBaya NMOKPEHe NOCTyNaK 3a Moj M360p y 3Barbe HayYHW CapaZiHUK.

NowusWwN e

Y npunory foctaB/bam:

MULL/bEHE pYKOBOAMOLA NabopaTopumje ca Npea/iorom YaaHoBa KOMUCKje 33 M360p Y 3Batbe;
CTPY4HY buorpaodujy;

npernes Hay4yHe akTUBHOCTU;

e/leMeHTE 3a KBA/IMTAaTUBHY M KBAaHTUTATMBHY OLLeHY Hay4yHOT AOMNPUHOCA;

CMMCaK U KoMuje HayYHUX PagoBa M OCTa/IMX HAayYHUX AONPUHOC];

noaaTke o0 LMTUPAHOCTK;

yBepere 0 0abpatbeHOoj AOKTOPCKOj AncepTaunju;

Y beorpagy, maj 2022.

C nowToBakeMm,

Camba Byphuh MujuH



HayuyHom Behy UHcTUTyTa 3a dU3MKy y beorpaay

1. Mpeametr: Muwsberwe pykosoguoua nabopatopuje o usbopy Carwe hyphuh MujuH y
3Batbe Hay4YHU capagHUK, ca Npeasorom YiaHoBa Komucuje 3a usbop y 3same

Camba Byphuh Mujun y LleHTpy 3a GU3MKY UBPCTOr CTakba M HOBe maTepujane MHCTUTYTa 3a
¢um3ukKy y beorpagy 3anocneHa je og 03.12.2018. roanHe. Og aeuembpa 2018. go aeuembpa 2019.
rogvHe 6una je aHraxkosaHa Ha NpojeKkTy ,,HaHOCTPYKTYPHU MyATUDYHKLMOHANHU HaHOMaTepHujanum
n HaHokomno3utu” (111450018) MuHUCTapcTBa NPOCBETE, HAYKe U TEXHOOLWKOT pa3Boja Penybivke
Cpbuje noa pykoBoacTBOM akagemuka 3opaHa B. Monosuha. O asrycta 2020. aHra)koBaHa je Ha
PROMIS npojekty ,StrainedFeSC“ (6poj: 6062656) doHaa 3a Hayry Penybnuke Cpbuje nopg
pykoBoactsom ap HeHapa /lasapesuha.

Y 3Batbe UCTParXKMBaY capafHUK n3abpaHa je y HoBembpy 2021. roguHe. Y UCTParKMBAYKOM
pagy 6aBu ce usyyaBarbeM ANHAMUKE peLleTKe MarHeTHUX KBa3u-A4BOAMMEH3NOHANHMX MaTepujana
M KBasW-ABOAMMEH3WOHA/IHUX MaTepujana y Kojuma gonasm go dopmuparba Tanaca ryctuHe
HaenekTpucarba. C 063Mpom Ha TO Aa ucnykasa cse npeasuheHe ycnose y ckaaay ca MNpasuaHUKom
O NOCTYMKY, HAYMHY BpeJHOBarba N KBaHTUTaTUBHOM MCKa3nBaky Hay4YHOUCTPAXKMBAYKNX pe3ynTaTa
uctpaxmsada MIMHTP, carnacaH cam ca NOKpeTakweM MOCTynKa 3a usbop Carbe byphuh Mujun y
3Bakbe Hay4yHU CapafHUK.

3a cactaB Komucuje 3a n3bop Care hyphuh MujuH y 3Barbe Hay4yHM CapaZHUK Npeaarkem:

1. ap AHy Munocassesuh, HaydHor capagHuKa, MHCTUTYTa 3a dusuky y beorpaay

Aap HeHaga Nasapeswuha, Buwer HayqyHor capagHuKka MHcTtutyTa 3a dusuky y beorpagy

3. ap hopha Cnacojesuha, pegosHor npodecopa Pusnukor dakynteta YHuBepsuteTa y
beorpaay

N

ap HeHag Nasapesuh

BULIW HayYHU CapafHWK,
pyKoBoaunaL, nabopaTopuje
3a GpU3MKY YBPCTOT CTakba




2. buorpadcku nogaum

Camba hyphuh MujuH poheHa je y beorpaay 29.09.1993. roguHe. HakoH 3aBplueHe OCHOBHe
WKone n rumaHsmje, 2012. roanHe ynucyje dusmnukn cdakyntet YHuepsuteTa y beorpag, cmep
MpumerbeHa U KoMMjymepcKa ¢hu3uKka, Ha Kom gunaommupa 2016. rogmHe, ca Npoce4HOM OLLEHOM
9.57. Wcte rogmHe ynucyje mactep ctyamje Ha Pusmyom dakyntety, cmep Teopujcka u
eKcriepumeHasnHa ¢usuxka. Y okeupy npojekta 2015-2-ES01-KA107-022648 nporpama ERASMUS+
macTep Te3y nog, Hasmsom , KomnapaTueHa CTyauja Nonapu3oBaHe ONTUYKE eMUCKje U3 NONAPHUX U
HenosapHMX KBaHTHMX Tadaka y GaN/InGaN HaHoxuuama“ pagu Ha TexHUYKom YHuBepsutety y
Magpwuay, nog meHTopcTBOM Ap Kapka lNayesuha, n Ha CamocTtanHom YHuBep3uTeTy y Magpuay, nog,
meHTOopcTBOM Ap CHexkaHe Jlasuh. MacTtep pag, nog meHtopctBom ap Cnasuuye Manetuh wu
KomeHTopcTBOM Ap CHekaHe Jlasuh, 6paHu 5. jyna 2017. rogmHe, Yume 3aBpLUaBa MacTep cTyauje ca
npoceyHom oueHom 10.00. Y ¢ebpyapy 2018. cBOj Hay4YHO-UCTPaA*KMBAYKM paj HacTaB/ba Ha
NHcTUTYTY 33 OM3KKy y beorpaay, y LleHTpy 3a pU3nKy YUBPCTOTr CTakba U HOBE MaTepujane y rpynu ap
3opaHa B. TMNonosuha. Ha npojekty MIMHTP ,,HAaHOCTPYKTYpPHU MYATUPYHKLUOHANHU
HaHomaTepujanu u HaHokomno3suTtn“ (111450018) Kojum je pykoBoamo akagemuk 3opaH B. Monosuh
6una je aHraxoBaHa og geuembpa 2018. oo geuembpa 2019. rognHe. Og asrycta 2020. roguHe
aHrakoBaHa je Ha npojekty ®oHaa 3a Hayky Penybnanke Cpbuje ,,StrainedFeSC” (6poj: 6062656) unjm
je pykosoaunay ap HeHap Jlasapesuh. MNog meHTOpcTBOM ap HeHapa Jlasapesuha uspaguna je
LOKTOPCKY AgucepTauujy nog Hacnosom , HeenactTuyHo pacejatbe CBET/IOCTM  Ha  KBasu-
OBOAVMMEH3MOHAIHUM MaTepujannuma” Kojy je oabpaHuna Ha dPusmnukom daryntety 10. 03. 2022. Y
[ocagawmoj Kapujepu Carba hyphuh MujuH je nybnnkosana 4 HayyHa paga: 1 us kateropuje M21a
1 3 13 KaTeporuje M21, oa Kojux je HaBegeHa Kao NpBKW ayTop Ha 3 pafa, Kao u 7 caonwTema ca
mehyHapoaux CKyrnoBa WwramnaHux y ussoay (M34).

3. Npernea HayyHe aKTUBHOCTU

Tokom poKTopckux ctyaunja Carba byphuh Mujun 6aBuna ce ncnutMBatbeM BUOPALUOHMUX
0COOMHA MarHeTHMX KBa3U-ABOAMMEH3MOHANHUX MaTepujana W  KBasU-ABOLAMMEH3UOHANHUX
maTepujannuma y Kojuma fonasm 4o popmmuparba Tanaca rycTuHe HafekeTpucarba Metogom PamaHose
cneKkTpocKonuje.

KBasn-4BOAMMEH3MOHANHM MaTepUjannM NpeacTas/bajy M3y3eTHO 3aHUM/bUBE CUCTEME Y
Kojuma je moryhe ekcnepuMmeHTasHO UCMUTUBAHE GU3UYKUX GEeHOMEHA HeAOCTYMHUX KOA HUXOBUX
TPOAMMEH3MOHANHMX aHanoroHa. EKkcnepumeHTanHa noTepga MarHeTHor ypehera Koje oncTaje Ao
MOHOCN0ja, a Koje je y KOMOWMHaUMjM ca HUXOBUM jeAUHCTBEHUMM TPAHCMOPTHUM WM ONTUYKUM
ocobuHama, oTBOpUaIa MOryhHOCT HMXOBE LUMPOKE NPUMEHE.

Y un/by paBarba AOMPUHOCA TPEHYTHUM Ca3HabMMa O HUCKOAMMEH3MOHOM MarHeTusmy,
Catrba hyphuh Mujun ce 6aBuna NcnMTaBarbeM MarHeTHUX NPeACTaBHUKA C0jEBUTUX KpucTana - Crlz
n Vis. UcTpaxkmBarba Ha Tpuxanuauma npenasHux metana Crls n Vis cy paheHa 36or marHeTHor
ypehera Koje y 0BMUM MaTepujaimma OncTaje 40 MOHOCNO0ja.

AHanM30M paMaHCKMX cCrneKTapa KBasu-gBoammeHsmoHanHor Crls ytBpheHo je ga y oBom
maTepujany [0Na3n A0 CTPYKTYpHOr GasHor Npenasa usmehy HUCKOTeMNepaTypcke pombeaapcke R3
1 BUCOKOTemenpaTtypcKy C2/m MOHOKAUHUYHY CTPYKTYpY. Y cnekTpuma obe dase AeTeKToBaHM Cy CBU
cUMeTpujom npeasuheHn MOLOBM, CEM jeAHOT, a J,06MjeHN eKCnepUMeHTaNHW pe3yaTaTn y 4obpoj cy
carnacHoctu ca DFT npopavyHuMma. Ha ocHOBY TeMnepaTypCKu 3aBUCHUX Mepetba, Npaherem Lienarba
pomboenapckmx E; MOA0OBa HA MOHOKNMHUYHE Ag 1 By mogoBe, yTBpheHo je aa no ¢asHor npenasa
[0na3n Ha Temnepatypu og 180 K. Ha Temnepatypama u3Hag Temnepatype ¢asHoOr npenasa He
rnocTtoje gonpuHocn pomboesapcke ¢ase, Ha OCHOBY Yera je 3aKk/bydeHo Aa y KpucTanauma Crls He
[0N3a3n A0 KoersucteHuuje age ¢dase y wmMpem TeMnepaTypCKom oncery. AHaAM30M cMmeTpuja



KPUCTa/IHUX CTPYKTYpa HUCKOTEMMEPATYPCKE M BUCOKOTEMenpaTypcke ¢ase oapeheHa je rpyna
cumeTpuje cnoja p31/m. Pe3yntati oBOr UCTpaXKmnBakba NPeACcTaB/beH cy Y Nybankaumju:

e S. Djurdji¢ Mijin, A. Solaji¢, J. Pesi¢, M. Séepanovi¢, Y. Liu, A. Baum, C. Petrovic, N.
Lazarevi¢, and Z. V. Popovi¢, Lattice dynamics and phase transition in Crls single
crystals, Phys. Rev. B 98, 104307 (2018), DOI: 10.1103/PhysRevB.98.104307, ISSN:
2469-9950, IF (2018): 3,736 (M21)

Monapun3oBaHM PamMaHCKM CNEKTPU CNOjeBUTUX KpucTana Vis aobujeHn Ha 100 K aHanmsmnpaHm
Cy Y CarnacHOCTY ca TPM NPEeAJIOKEHE CUMEeTPUje KpucTanHe cTpykType: C2/m, R3 n P31c. Ha ocHoBy
nonapu3auMoHe 3aBUCHOCTM MOAO0BA, KAo M nopeherem eKkcnepMMeHTanHuMx pesyntata ca DFT
npopadyHuma, ytepheHo je ga npumeheHn QOHOHCKM MoJoBM oprosapajy P31c cumeTpuju
KpucTanHe peweTke. [la 6u ce yTBpaMao 3awTto pesyntatm PamaHosor 1 XRD ekcnepumeHTa, paheHu
Ha UCTMM y30pLMMa, YKa3yjy Ha pa3nnunTe cUMeTpuje KpuctanHe pelueTke (Ha P31c, ogHocHo R3),
ypaheHa je PDF (byHKuUMja anctpmubyuuje napa) aHanMsa pesynrtata gOO6UjEHUX Y CUHXPOTPOHCKOM
XRD eKkcnepumeHTy. Hajbosbn pesyntat gobujeH je kopuwherwem mogena caummbeHor og 75%
JonpuHoca ayrogometHo ypeheHe R3 dase u 25% kpaTkogomeTHo ypehere P31c dase. Osaj
pesynTaT moryhe je TYyMauuTu Ha [;Ba HauMHa: KOET3UCTEHLM]Y AYrOAOMEHTHOT R3 1 KpaKO4OMETHOT
P31c ypehetba, M Ha HacymUuHo pacnopeheHe KpaTkogoMeTHe P31c foMeHe yHyTap AyroaomMeTHe
R3 KpucTasnHe pelueTKe. Pe3yaTaTi OBOT UCTPaXkMBatba NPeACTaB/beHN cy y Ny6anKaLmju:

e S. Djurdji¢ Mijin, A.M. Milinda Abeykoon, A. Solaji¢, A. Milosavljevi¢, J. Pesi¢, Yu Liu,
C. Petrovic, Z. V. Popovi¢, N. Lazarevi¢, Short-range order in Vi3, Inorg Chem. 59
(22):16265-16271 (2020), DOI: 10.1021/acs.inorgchem.0c02060, ISSN: 0020-1669, IF
(2020): 5,165 (M21a)

360r n3yseTHo borator pasHor anjarpama M YMkEHULE 4a Ce TPU PasandMTn dase Tanaca
rYCTUHE HaeneKkTpucarba GOPMUpPajy HA EKCMepPMMEHTANIHO AOCTYNMHUM TemnepaTypama, yTuuaj
deHomeHa Tanaca ryctuHe Haenektpucarba (CDW) Ha AMHAMUKY pelueTKe ucnutueaH je y 1T-Tas,.
Mopeherem NoNapM30BaHUX PaMaHCKMX CNeKTpa Hecamepsbmae CDW ¢ase ca ab initio npopayyHnma
33 HOpManHy meTanHy ¢asy 17-TaS,, yTBphHeHOo je ga eKcnepuMMeHTanHW pe3ynTaT oaroBapajy
npopayvyHMma pOHOHCKE r'YCTUHE CTakba, A0 Yuje npojeKumje f01a3m 360r Hapylera TpaHCcIauoHe
WMHBAPUjAHTHOCTU. MpUAMKOM Mnpenacka M3 NpubAMNKHO camepsbMBe Yy camepsbmsy, dopmupa ce
CYNepCTPYKTypa Koja je cauntbeHa o4, ynakoBaHux T3B. ,,[JaBnaoBux 3se3ga“. Ha ocHoBy cMmeTpujcke
aHa/n3e M MoAenoBakba CNeKkTapa CHUM/bEHWX HA TemnepaTypu ofn 4 K, ytrepheHo je pa ce y
CneKTpMma jaBba 19 Ag mogoBa 1 19 E; MOA0Ba, WTO yKasyje Ha TPUroHaNaH/XeKcaroHaaHaH HauuH
nakosaha ,[laBMa0BUX 3BE34a“ Y CYNEepPCTYKTYpY. Y pamMaHCKMM CNeKTpUMa NpubANKHO camep/buBe
¢dasze npumeheHn cy LONPUHOCK camepsbuBe N Hecamepsbmee dase, noTephyjyhu npeTnoctaBky aa je
NpUBANKHO camep/bmBa $asa caumHbeHa O CaMep/bMBUX AOMEHA YHYTap HecamepsbMBeE CTPYKTYpE.
PesynTtaT ekcnepumeHTa eneKkTpoOHCKOr PamaHOBOr pacejarba MOKasaau cy ga ce nopes oTsapatba
CDW npouena, y camepsbmeoj ¢asm oTeapa u MoToB npoLen, Kao nocneguua metan-u3onatop
npenasa. MpouereHa BennYmMHa npouena og 170-190 meV y carnacHocTu je ca pesyntatuma ARPES
cTyamja. Pesyntati oBor UCTpaXkmnBakba NPeACcTaB/beHU Cy Y Nyb6ANKaLMju:

e S. Djurdji¢ Mijin, A. Baum, J. Bekaert, A. §o|ajic’, J. Pesi¢, Y. Liu, Ge He, M. V. Milosevi¢,
C. Petrovic, Z. V. Popovi¢, R. Hackl, and N. Lazarevié, Probing charge density wave
phases and the Mott transition in 1T-TaS; by inelastic light scattering. Physical Review
B 103(24), 245133 (2021), DOI: 10.1103/PhysRevB.99.214304, ISSN: 2469-9950, IF
(2020): 4,036 (M21)



4. EnemeHTU 3a KBaZIMTAaTUBHY OLeHY Hay4HOT AONpUHOCA
4.1 Ksanutet Hay4yHUX pe3ynrtata

4.1.1 3Hauyaj Hay4yHUX pe3yaTaTa

Y OKBMpY CBOF UCTpaxKmMBakba, Ap Carba byphuh MujuH ncnutmneana je jeaHe o4 NpPBUX KBA3un-
OBOAMMEH3MOHANHUX MaTepujana y Kojuma je notBpheHo marHeTHO ypehere Koje oncraje Ao
MmoHocnoja — Crls 1 Vis. Unsb nctpaxkunsatrba Crls 610 je ncnutmnsarbe CTPYKTYpHOT dpasHor npenasa u
HEroBor yTuuaja Ha AWMHAMUKY PeLIeTKe OBOr C/0jeBUMTOr maTtepwujana. Ha ocHoBy AobujeHux
pesyntaTta ytBpheHo je aa y kpuctanuma Crls Ha Temnepypu 180 K gonasu go dasHor npenas npsor
pena nsmehy HUCKoTemMnepaTypcke pomoboenapcke M BUCOKOTEMMNEPATYPCKE MOHOK/IMHMYHE ¢da3se.
KoersncteHuuje dpasa Huje npumeheHa y Lumpem TemnepaTypckom oncery. lnaBHU LW/b UCTPaAXKMBaHbA
Ha 3aNpPeMMHCKMM Kpuctanmma Vi 61o je paspeluerbe HeLoyMu1LLA BE3AHUX 3@ KPUCTANIHY CTPYKTYPY
OBOr MaTepwujana, c 063Mpom Ha To Aa Cy TPU PasNnYMTE PEHTTEHOCTPYKTYPHE CTyAuje NoHyaune Tpu
moryhe cumeTtpuje. Kombunyjyhu pesyntate PamaHoBe cnektpockonuje, DFT npopayvyHe u pesyntaTe
PDF (pyHKUMja aucTpubyumje napa) aHanuse nogataka A06UjeHUX Yy CUHXPOTPOHCKOM XRD
eKcnepumeHTy, yTBpheHo je Aa je KpucTanHa CTPyKTypa Vls KoersucTeHumja AyrofoMeHTHor R3 U
KpakogomeTHor P31c ypeherba, Uau Aa je caunrbeHa o, HaCyMUUHO pacropeheHnx KPaTKOAOMETHUX
P31c gomeHa yHyTap AyrogomeTHe R3 KpUCTasiHe peLleTKe.

Kao matepwujan y Kome fonasu go ¢opmuparba Tanaca rycTMHe HaesekTpucara, anm U 4o
dopmupara cynepnposogHoctM, 1T-TaS; npeacTaB/ba uAaeanHy naatGopmy 33 MCNUTUBAHE
KOEr3MUCTEHLMje KONEKTUBHUX EIEKTPOHCKUX deHoMeHa. Kako mexaHnsam dopmuparsa CDW-a Huje
Yy NOTNYHOCTU pa3jallHbeH, OBO UCTParKMBakbe 6W0 je PoKycupaHo Ha ucnutmuearbe ceux CDW dasa
Koje ce jaBsbajy y 17-TaS,, Kao M Ha YOUEeHW MEeTa-U30/1aTop Npenas Ao Kor fona3un npu dopmuparby
camepsbmnse (commensurate) CDW dase. JobujeHn pe3ynTaTv NoKasyjy 4a y PaMaHCKUMM CNeKTpUmMa
HecamepsbmBe dase A0nasu Ao npojekumje POHOHCKe FyCTUHE CTarba, Kao Nocneamua Hapylera
TpaHCcnauMoHe cumeTpuje ycpes dopmuparba CDW-a. AHaNM30M pamaHCKMX CeKTapa camepsbuee
dase npyxkeH je ogrosop Ha Ayro nocrojehe NUTakbe 0 HAYMHY NaKoBaka T3B. ,[laBMA0BUX 3Be34a” Y
CDW cynep cTpykTypy. YTBpheHo je Aa je HauMH nakoBarba TPUroHanaH/ xekcaroHanaH. [JoaatHo,
MokasaHo je Ja npubAMKHO camepsbMBa ¢asa nNpeacTaB/ba KOErsUCTEHUM)y CaMepsbuMBe W
Hecameps/bmBe dase, OAHOCHO Ja je NPUOBAMKHO caMepsbMBa CTPYKTypa 3amnpaBo Hecameps/buBa
CTPYKTYpa Ca HaCyMW4YHO pacnopeheHMm camep/buMBMM AOMeHWMMA. Pe3yntatm ekcnepumeHTa
eNleKTPOHCKOr PamaHOBOr pacejatba NOKasanu cy Aa nopeg oteapartba CDW npouena, y camepsbmBsoj
dasm gonasm fo oTBaparba A0AATHOr MpPoOLLEena Kao nocaeamua meTtan-usonatop npenasa. Osaj
npouen nosHaT je Kao MoTtoB npouen. MNpouera BeAMYMHA Npouena y fobpoj je carnacHocTM ca
pesyntatuma ARPES ctyanja n usHocm 170-190 meV.

4.1.2. NapameTpu KBaAUTETa Yaconuca

Kanangatkuma gp Carba hyphuh Mujun objaBuna je yKynHo 4yetmpm paaa y mehyHapoaHUM
yaconucmma u To:

e 1 pagy mehyHapoaHOM Yaconucy nusyseTHux BpeaHoctu Inorganic Chemistry (ISSN:
0020-1669; IF (2020) = 5,165, SNIP (2020) = 1,113)

e 3 papgay BpXxyHckom mehyHapoaHom Yaconucy Physical Review B (ISSN: 2469-9950;
IF (2020) = 4.036, SNIP (2020) = 1,027)



BrubnnomeTpujcku NokasaTes/bM CyMUPaHU cy y Tabenu.

nNo M CHMUN

YKynHO 17,27 34,00 4,19
YcpeaHeHo No YaaHKy 4,32 8,50 1,05
YcpegHeHo no aytopy 1,80 3,56 0,44

4.1.3. Mo3nTUBHA LMTUPAHOCT HaY4YHUX pPaaoBa

Mpema 6a3m Scopus AaHa 24. anpuna 2022. roguMHe pagoBu KaHAMAATKMIbE LUTUPAHU CY YKYNHO 46
nyTa 6e3 aytouuTata. lMpema 1cToj 6asm eH XMpLOB MHAEKC je 2. ([oKas y npwuory)

4.1.4. MehyHapopgHa capaata

MehyHapoaHe akTnaHocTn Catbe hyphuh MujuH obyxsatajy ydewhe Ha bBunatepanHMm NpojekTnma
Penybnanke Cpbuje n Hemauke u npojekty EY:

e 2015-2019 Horizon 2020: Designing Advanced Functionalities through controlled
NanoElement integration in OXide thin films (DAFNEOX), 645658

e 2019-2020 Fluctuations, magnetic frustrations and sub-dominant pairing in iron based
superconductors, ca Bantep MajcHep MHCTUTYTOM Y MUHXEHY

4.2. Hopmupatbe 6poja KOAyTOPCKUX pagoBa

Ceu pagosu ap Carbe hyphuh MujuH cy eKcnepuMmeHTasiHE NPUPOAE U YK/bYUYjy capaitby
BULUE MHCTUTYUMja. CxogHO ToMe, Bpoj KoayTopa Ha nojeamMHMm pasoBuma je sBehu og 7. Hopmupare
M 6ogoBa y cknagy ca [paBWIHMKOM MMUHUCTApCTBA O MOCTYMKY, HauyMHy BpegHOBakba U
KBAaHTUTAaTUBHOM MWCKA3MBakby HAYYHOUCTPAKMBAUYKMX Pe3yNTaTa WCTpaxkmBaya je yKynaH 36up
ymarbmno ca 43,5 Ha Ha 32,06 604083, WTO je M Aa/be 3HAaTHO BULLE 04, 3aXTeBAHOT MUHMMYMa (16) 3a
n360p y 3Bakbe Hay4YHW CapagHUK.

5. EnemeHTH 32 KBAaHTUTAaTUBHY OL,eHY Hay4YHOr A0NpUHOCa

OcTBapeHu pe3yaTaTv y nepmMoay HakoH oasiyke HayuHor Beha o npeasiory 3a cTvuarbe NpeTxogHor
Hay4Hor 3Bahba:

KaTteropwuja
M 6oa08Ba no paay bpoj paposa YKynHo M 6oa08Ba
M21a 10 1 10
M21 8 3 24
M34 0,5 7 3,5
M70 6 1 6




I'Iope'f)el-be ca MUHUMANHUM KBAHTUTAaTUBHUM YC/10BMMa 34 M360p Y 3Bakb€ Hay4HU CapagHUK!

M karteropuje Ycnos OctBapeHo Hopmuparo
OCTBapeHOo
YKynHo 16 43,5 32,06
M10+M20+M31+M32+M33+M41+M42 10 37,5 26,06
M11+M12+M21+M22+M23 6 37,5 26,06

6. Cn1cak Hay4yHUX pagoBsa
PapoBu y mehyHapogHuUm yaconucuma usysetTHUxX spegHoctu (M21a):

e S. Djurdji¢ Mijin, A.M. Milinda Abeykoon, A. Solaji¢, A. Milosavljevi¢, J. Pesi¢, Yu Liu, C.
Petrovic, Z. V. Popovi¢, N. Lazarevié, Short-range order in VI, Inorg Chem. 59 (22):16265-
16271 (2020), DOI: 10.1021/acs.inorgchem.0c02060, IF (2019): 4.852, ISSN: 0020-1669

PapoBu y BpXyHCKUM mehyHapoaHum yaconucuma (M21):

e S.Djurdji¢ Mijin, A. Solaji¢, J. Pesi¢, M. S¢epanovié, Y. Liu, A. Baum, C. Petrovic, N. Lazarevic,
and Z. V. Popovi¢, Lattice dynamics and phase transition in Crls single crystals, Phys. Rev. B
98, 104307 (2018), DOI: 10.1103/PhysRevB.98.104307, IF (2018): 3.736, ISSN: 2469-9950

e A Milosavljevi¢, A. Solaji¢, S. Djurdji¢ Mijin, J. Pesi¢, B. Visi¢, Yu Liu, C. Petrovic, N. Lazarevi¢,
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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 IIT 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 u # ¢
(18) g A E (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 rhombohedral 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
A, 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 T 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

A; 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’
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e el P
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A‘=1093cm’ 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] |
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=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 P65;/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+As + Evy
Fe2 (2c) Eyg+Az + Ev
Ge (Zd) E2g+A2u + Ey,
Te (2¢) A+ Ejg + Exyp+Ay, + 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 0 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)

280 K
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100 150 200 250 300 350 400
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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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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 VI3 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

© XXXX American Chemical Society

7 ACS Publications
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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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https://dx.doi.org/10.1021/acs.inorgchem.0c02060
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sanja+Djurdjic%CC%81+Mijin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+M.+Milinda+Abeykoon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrijana+S%CC%8Colajic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Milosavljevic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jelena+Pes%CC%8Cic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedomir+Petrovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedomir+Petrovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoran+V.+Popovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nenad+Lazarevic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c02060&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=tgr1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02060?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

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 Crl;. 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
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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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Raman shift (cm™)

Rx"(arb. units)
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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
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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; 915 98.4 952
A3, (silent) 922 96.3

E 974 108.3 100.4
AL, 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} 829
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 Igl =
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
V1, 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
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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
E —1 OO Fun Il|| m orrm II 10 0 I|II o IIIIIII 1 am IIIIII|II nmm Illll,lllllllll
2 3 4 5 6 7
Q (AY)

5 10 15 20 25 30
r(A)

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 A,
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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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, ws, (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 Ay, [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 ¢ ~ 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 Tnc ~ 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=3) 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
C 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 b4 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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Raman Spectroscopy Study on phasetransition in Crl; single crystals

Sanjaburdi¢*, Andrijana Solgji¢*, Jelena Pesi¢t, Maja Séepanovié?, 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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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.
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Quasi-2D materials, an emerging field of experimental Solid State physics, host various low-dimensional
quantum phenomena making them potential candidates for quantum technology?3. The main focus
being on transition metal dichalcogenides, quantum dots and single photon emitters were successfully
demonstrated in various 2D materials such as hBN*, MoS,>, MoSe.®, WS,” and WSe,8. Despite significant
contributions to the field of 2D quantum information technologies, it remains insufficiently researched
with many problems yet to be solved. To get a better insight into potential applications of 2D materials in
guantum information technologies, we need to obtain a better understanding of 2D materials as such.
Here we present Raman Spectroscopy studies of transition metal trihalides Crl; and VI3, and transition
metal dichalcogenide 1T-TaS,, all promising candidates for next-generation devices and quantum
technologies 2101112,
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Theoretically speaking, the restriction of only one dimension in a three-dimensional material
could result in its layered quasi-two-dimensional (2D) analog which has completely
unpredictable properties and therefore hosts various unexpected physica phenomena.
Successful exfoliation of quasi-2D grapheme by A. Geim’s group in 2004 did not only
confirm these expectations and create a platform for experimental investigation of low-
dimensional phenomena, but also paved the way for the next-generation nanoelectronic
devices. All of the above mentioned strongly contributed to the extensive research on the
fundamental properties of quasi-2D materials. Great effort has been put towards realization
of a magnetic atomically thin crystals which would open up the opportunities of exploring, or
even exploiting, of different 2D magnetic states, expand the scope of their possible
applications, and point to the possible emergence of a new quantum state of matter. That
being said, it is not surprising that the experimental confirmation of 2D magnetism in
transition-metal-trihalides (TMTs) caused a stir in scientific community. In an effort to better
understand fundamental properties of these materials we have performed the Raman
Spectroscopy Study of the two TMT members — Crl3 and VI3, both of which have been
confirmed to host low-dimensional magnetism. This experimental technique was used to
probe a reported phase transition in Crl3 and crystal structure of V13. The phase transition,
which transforms the low-temperature R 3 structure into the high-temperature C2/m
structure, with potential co-existence, has been observed at 220 K. Our findings confirm the
mentioned phase transition but at much lower temperature of 180 K, and no co-existence has
been tracked. Our investigation into the crystal structure of VI3 tried to give an answer to the
long unsolved mystery whether at room temperatures V13 crystallizesintoaP3 1c,R 3or
C2/m crystal structure. Interestingly, what we have observed points to the coexistence of
short-range ordered P3  1c and long-range ordered R~ 3 phases.
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Fes xGeTe, belongs to a highly experimentally and theoretically studied class of van der
Waals ferromagnetic materials. Due to the weak interaction between the layers, the
exfoliation of the bulk crystals to mono and a few layers is relatively easy. The magnetic
properties of these materials are kept even in a low-dimensional regime which makes this
class suitable for possible applications in new device engineering.

Fe;GeTe, has a relatively high magnetic transition temperature (220-230 K). This
temperature, as well as lattice parameters, strongly depends on vacancies concentration in the
sample. Samples with a higher concentration of vacancies grown by flux method have lower
Tc (150 K).

In Raman spectra of flux-grown Fe;,GeTe, single crystal four out of eight modes predicted
by symmetry are detected (2A4 + 2E,5). The experimentally obtained phonon energies are in
a good agreement with theoretically calculated values. Temperature dependence of phonon
self-energies displays deviation from the conventional model at temperatures around 150 K
and 220 K. In addition, at the same temperatures nonmonotonic behavior of electronic
continuum is present. While the temperature of the first anomaly coincides with the magnetic
phase transition temperature, the anomaly at 220 K remains an open question although can
be related to a persistence of short-range magnetic ordering in this compound.
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Sazetak

U okviru ove doktorske disertacije predstavljeni su rezultati ispitivanja dinamike
reSetke kvazi-dvodimenzionalnih materijala metodom Ramanove spektroskopije. Ova
spektroskopska tehnika uspesno se koristi za ispitivanje kristalne strukture, mehanickih
i termalnih karakteristika materijala, faznih prelaza, elektronske strukture sistema, te
samim tim moze da pruzi najrazlic¢itiji skup informacija o fundamentalnim svojstvima
kvazi-dvodimenzionalnih materijala.

Trihalidi prelaznih metala MX3 (M - prelazni metal, X - anjon halogenida) pred-
stavljaju veliku familiju kvazi-dvodimenzionalnih materijala u kojoj je niskodimenzioni
magnetizam dobio eksperimentalnu potvrdu, te su kao takvi idealni sistemi za njegovo
izucavanje. Prvi medu njima, u kom magnetno uredenje opstaje do monosloja, jeste
Crl;. Kako potvrda magnetnog uredenja do monosloja u nekom materijalu otvara Siroku
moguc¢nost njegove potencijalne primene, veliki trud je ulozen u detaljno ispitivanje fizickih
svojstava Crls. Kako pri prijavljenom faznom prelazu u Crlz dolazi do promene nisko-
temperaturske romboedarske R3 strukture u visokotemperatursku monoklini¢nu C2/m,
polarizovani ramanski spektri mereni na 7" = 100 K i T" = 300 K analizirani su u sagla-
snosti sa odgovaraju¢om simetrijom kristalne strukture. U spektrima obe faze prepoz-
nati su svi sem jednog simetrijom predvidenog moda. Eksperimentalne energije modova
obe faze u saglasnosti su sa teorijskim prorac¢unima. Na osnovu simetrije niskotempe-
raturske i visokotemperaturske faze utvrdeno je da je simetrija Crlz sloja p31/m, a ne
prethodno prijavljena R32/m. Temperaturska zavisnost energije i Sirine Raman aktivnih
modova pokazala je da na temperaturi od Ts = 180 K dolazi do cepanja romboedarskih
E, modova na monoklinicne A, i B,. Romboedarski A§ i Ag modovi prelaze u mo-
noklini¢nu B, simetriju. U ramanskim spektrima ne postoji ni§ta $to bi ukazalo na
koegzistenciju niskotemperaturske i visokotemperaturske faze u opsegu + 5 K od tem-
perature faznog prelaza, koliko iznosi korak merenja. U sklopu istrazivanja na trihalidima
prelaznih metala, ispitivana su vibraciona svojstva zapreminskih kristala VI3. Polarizo-
vani ramanski spektri analizirani su na osnovu tri predlozene prostorne grupe simetrije
— C2/m, R3 i P3lc na osnovu ¢ega je zakljufeno da kristalna struktura VI3 ne pripada

C'2/m prostornoj grupi simetrije. Poredenjem eksperimentalnih fononskih energija sa te-
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orijskim prora¢unima za R3 i P31c kristalne strukture utvrdeno je da fononske vibracije
na sobnoj temperaturi poticu od P31lc simetrije jedini¢ne ¢éelije. Asignacija fononskih
modova uradena je u skladu sa P3lc simetrijom jedini¢ne ¢elije. Utvrdeno je da se u
spektrima javlja devet od dvanaest simetrijom predvidenih modova. Tri dodatna moda,
koja se ponasaju kao A;, modovi, mogu da se objasne kao overtone stanja ili kao Ay, mo-
dovi aktivirani usred narusenja simetrije. Najintenzivniji pik u spektrima — A‘i’g mod ima
asimetrican profil linije kao posledicu jake spin-fonon interakcije koja je karakteristi¢na za
kvazi-dvodimenzionalne materijale sa magnetnim uredenjem. Premda XRD eksperiment
ukazuje na R3 simetriju kristalne strukture, rezultati Ramanove spektroskopije i PDF
analize ukazuju na koegzistenciju dugodometno uredene R3 i kratkodomete uredene P31c
faze.

Formiranje talasa gustine naelektrisanja (CDW) u kvazi-dvodimenzionalnim materi-
jalima ispitivano je u familiji dihalkogenida prelaznih metala. S obzirom na to da se 17-
TaS, odlikuje bogatim faznim dijagramom u kom se svi prelazi izmedu razli¢itih CDW
faza deSavaju na eksperimentalno dostupnim temperaturama, ovaj materijal predstavlja
idealan sistem za izucavanje ovog kolektivnog elektronskog fenomena. Vibracione oso-
bine svih faza 17-TaS, ispitivane su metodom Ramanove spektroskopije. U polarizo-
vanim ramanskim spektri niskotemperaturske samerljive faze uoceno je 19 modova A, i
19 modova E, simetrije, ukazujuéi na P3 simetriju sistema. Ovaj rezultat u suprotno-
sti je sa prethodno prijavljenim triklini¢nim P1 na¢inom pakovanja ,Davidovih zvezda”
u samerljivu superstrukturu. Poredenjem ab initio proracuna i spektara merenih na
najvisoj eksperimentalno dostupnoj temperaturi 7' = 370 K, kada se 17-TaSs; nalazi u
nesamerljivoj CDW fazi, utvrdeno je da dolazi do projektovanja fononske gustina stanja
u ramanskim spektrima. Do projekcije fononske gustine stanja dolazi usled narusenja
simetrija prilikom formiranja talasa gustine naelektrisanja i nezanemarljivog elektron-
fonon sparivanja. Ramanski spektri mereni u temperaturskom opsegu od 200 K do 352
K, kada se 1T-TaSy nalazi u priblizno samerljivoj CDW fazi, pokazuju jasno prisustvo
doprinosa i samerljive i nesamerljive CDW faze. Ovakav rezultat ukazuje na to da je
priblizno samerljiva faza zapravo koegzistencija samerljive i nesamerljive faze. Tempe-
raturska zavisnost ramanske provodnosti ukazuje na postojanje Motovog metal-izolator
prelaza na temperaturi oko 7' = 100 K. Procenjena vrednost procepa koji se tom prilikom
otvara, i ima slabu simetrijsku zavisnost, u saglasnosti je sa rezultatima ARPES ekspe-
rimenta, i iznosi yrcep = 170-190 meV. Podizanje temperature na oko 200 K dovodi do
suzavanja procepa na oko ~ 60% svoje niskotemperaturske vrednosti.

Mnj3Sis Teg, ferimagnetni kvazi-dvodimenzionalni materijal, uziva veliku paznju zbog
izuzetne sli¢nosti sa feromagnetnim kvazi-dvodimenzionalnim CrSiTe;. U ramanskim
spektrima ovog ferimagnetika identifikovano je svih pet P31c prostornom grupom simetrije
predvidenih A;; modova, i osam od predvidenih jedanaest £, modova. Izostanak tri moda
E, simetrije najverovatnije je posledica njihove slabe energije ili konac¢ne rezolucije spek-

trometra. Pored asigniranih modova, u spektrima se javljaju i tri dodatna moda A,



simetrije, koji su najverovatnije overtone stanja uocljiva uspled pojac¢anog spin-fonon
sparivanja. Temperaturske zavisnosti fononskih energija A:fg i A?Q modova, i Sirine i Fano
parametra A‘rl’g moda trpi tri uzastopna diskontinuiteta na temperaturama 77 = 142,5 K,
Ty, = 190 K i T3 = 280 K. A?g mod je asimetrican usled jakog spin-fonon sparivanja u
materijalu. Zanimljivo, (a)simetri¢nost moda se menja s temperaturom te on u opsegu
temperatura od T} do 75 postaje potpuno simetrican, dok je na temperaturama iznad 73
najvise asimetrican. Do primecenih diskontinuiteta, koji imaju znacajan uticaj na jac¢inu
spin-fonon interakcije u materijalu, najverovatnije dolazi usled kompeticije u magnetnim
fluktuacijama. Ovaj scenario podrzan je primec¢enim diskontinuitetima u temperaturskoj
zavisnosti prvog izvoda ac magnetne susceptibilnosti u ab ravni, do kojih dolazi na ve¢

pomenutim temperaturama.

Klju¢ne rec¢i: Ramanova spektroskopija, kvazi-dvodimenzionalni materijali, van der
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Abstract

The results of a Raman scattering study of Quasi-two-dimensional materials are pre-
sented as part of this doctoral dissertation. Considering that Raman Spectroscopy has
been succesfully used to obtain information regarding crystal and electronic structure,
mechanical and termal properties of the material in question, and to probe phase tran-
sitions, it is an experimental technique that provides a wide spectrum of information on
fundamental properties of Quasi-two-dimensional materials.

The members of transition metal trihalides MX3 (M - transition metal, X - chalo-
genide), a large family of Quasi-two-dimensional materials in which low-dimensional mag-
netism has been experimentally confirmed, are perfect candidates for research studies on
magnetism in Quasi-two-dimensional systems. First among them, in which magnetic or-
dering persists down to a monolayer, is Crlz. In view of the fact that the confirmation of
a magnetic ordering that persists down to monolayer in a material expands its potential
application, numerous studies were performed to get a better understanding of Crlz. Due
to the reported structural phase transition in Crls, the low-temperature rhombohedral R3
structure transforms into the high-temperature monoclinic C2/m structure. Therefore,
the polarized Raman spectra at 100 K and 300 K were analized in accordance to the cor-
responding space group symmetry. All but one symmetry predicted mode were assigned
in spectra of each phase. Experimentally obtained phonon energies were compared with
their theoretically calculated values, yielding a good agreement. Based on the symmetry
analysis it was determined that the single layer of Crl3 can be described in terms of the
p31/m diperiodic space group, contrary to the previosly reported R32/m. In the temper-
ature dependence of phonon energies and linewidths of the observed Raman active modes
the spliting of rhombohedral E;, modes into a monoclinic A, and B, symmetry modes
was clearly observed at Ts = 180 K. At the same temperature the rhombohedral Ag and
Ag modes transform into the monoclinic By symmetry modes. There is no evidence of
phase coexistance within the presented spectra over the temperature range exceeding 5
K. Single crystals of VI3 were also investigated as part of the research on transition metal
trihalides. Polarized Raman spectra were analized in accordance to the three potential

crystal structures — C2/m, R3 and P31c. This provided enough information to exclude
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C2/m crystal structure as a possibility. After comparing experimental phonon energies
to the theoretically calculated energies for R3 and P31c space groups, it was concluded
that at room temperature phonon vibrations of VI3 can be explained with the P31c space
group. Observed modes were assigned in accoradance to these findings. Nine out of twelve
expected modes were singled out in spectra, which host three additional peaks. These
peaks obey pure Ay, selection rules, and can be explain in terms of overtones or acti-
vation of inactive Ay, modes, caused by the symmetry breaking. The highest intensity
peak — Ai"g symmetry mode, exhibits pronounced asymmetry which can be attributed
to the enhanced spin-phonon interaction, usually observed in the Quasi-two-dimensional
materials with magnetic ordering. Even though XRD results point to R3 of unit cell,
Raman experiment, together with the PDF analysis, indicate coexistance of a long-range
ordered R3 and short-range ordered P31c phase.

Charge density wave formation in Quasi-two-dimensional materials was investigated in
the family of transition metal dichalcogenides. Among them, 17-TaS; was chosen due to
its rich phase diagram in which all subsequent phase transitions between multiple CDW
phases occure at experimentally accessible temperatures. Vibrational properties of 17-
TaS, single crystals were investigated using Raman spectroscopy. In the polarized Raman
spectra of the commensurate phase, 19 A, and 19E, symmetry modes were identified,
suggesting P3 symmetry of the system. This results contradicts previously reported P1
stacking of "star-of-David" clusters in the commensurate super-structure. Comparison of
ab initio calculations and Raman spectra at the highest experimental temperature 7" =
370 K, when 17-TaS, is in the incommensurate charge density wave phase, suggested there
is a projection of the phonon-density of states in Raman spectra. This might be caused
by the beaking of the translational invariance when entering charge density wave regimes
and non-negligible electron-phonon coupling. Contributions from incommensurate and
commensurate spectra can be clearly destinguished in Raman spectra measured in the
temperature range of 200 K to 352 K. Considering that the 17-TaS, is in the nearly-
commensurate CDW phase in this temperature range, this result suggests that the nearly-
commensurate phase represents the coexistance of incommensurate and commensurate
phases. The temperature dependence of Raman conductivity indicates a Mott metal-
insulator transition at about 7" = 100 K. The estimated magnitude of the gap, which
develops concurrently, is (44, ~ 170-190 meV. This value agrees well with the results of
ARPES studies. When the temperature reaches 200 K the gap shrinks down to 60% of
its initial magnitude.

Mn3SisTeg, a ferrimagnetic quasi-two-dimensional material, recently recieved a lot
of attention, mainly through comparisons with ferromagnetic quasi-two-dimensional
CrSiTe;. Raman spectra of this ferrimagnetic host all five A;, modes predicted by P31c
symmetry of the unit cell, and eight out of the eleven expected E, modes. The absence
of three £, modes in the spectra is most probably due to their small intensity or the finit

resolution of the spectrometer. Three additional modes, which obey A, selection rules,
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can also be found in the spectra measured in the parallel polarization configuration. They
can be explained in terms of overtones observable due to enhanced spin-phonon coupling.
Three discontinuities can be observed in the temperature dependence of phonon energies
of the A‘;’g and A?g modes, as well as in the temperature dependence of line width and
the Fano parametar of the A‘;’g mode, at 77 = 142.5 K, T5 = 190 K and 73 = 280 K. The
Ai’g mode exhibits strong asymmetry, originating from enhanced spin-phonon coupling.
Interestingly, the (a)symmetry of the A?g phonon line shows temperature dependence,
becoming fully symmetric in the temperature range 77 to T5. The Ai’g mode exhibits
the strongest asymmetry above 73. The observed discontinuities, which strongly influ-
ence spin-phonon coupling, are most likely caused by the competition in the magnetic
fluctuation. This scenario is furthermore supported by the observed discontinuities in the
temperature dependence of the first derivative of ac susceptibility in the ab plane, which

occure at the already mentioned temperatures.
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2D - Dvodimenzionalno

3D - Trodimenzionalno

BS - Razdelnik snopa (Beam Splitter)

XRD - Rendgenska difrakciona analiza (X-Ray diffraction)
DFT - Teorija gustine funkcionala (Density Functional Theory)
PDF - Funkcija distribucije para (Pair Distribution Function)

ARPES - Uglovno razloZena fotoemisiona spektroskopija (Angle Resolved Photo

FEmission Spectroscopy)
CVT - Chemical Vapor Transport
CDW - Talasi gustine naelektrisanja (Charge Density Wave)
IC-CDW - Nesamerljiva faza talasa gustine naelektrisanja (Incommensurate)

NC-CDW - Priblizno samerljiva faza talasa gustine naelektrisanja (Nearly-

commensurate)

IC-CDW -Samerljiva faza talasa gustine naelektrisanja (Commensurate)
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1 Uvod

Dugi niz godina u fizici ¢vrstog stanja vladalo je uverenje da dvodimenzionalni kristali
ne mogu da postoje samostalno, ve¢ da moraju da se narastaju na zapreminskim Kkri-
stalima koji imaju istovetnu kristalnu resetku. Pretpostavka je bila da ¢e pomeranje
atoma, do kog dolazi usled jakih termalnih fluktuacija, dovesti do naruSenja strukture
i degradacije dvodimenzionalnog kristala [1, 2]. Ovo pomeranje atoma uporedivo je sa
meduatomskim rastojanjima u materijalu [3]. Ovakav stav nau¢ne zajednice temeljen je
na Merminovoj teoriji i na rezultatima eksperimentalnih istrazivanja koja su pokazala da
smanjenje debljine tankih materijala dovodi do naglog opadanja temperature topljenja
istog [4, 5]. Nemoguénost sinteze dvodimenzionalnih materijala bez supstrata podu-
darajuce kristalne resetke umnogome je doprinela ograni¢enom broju studija u oblasti
dvodimenzionalnih materijala. Tek je uspesna sinteza grafena [6], koji je stabilan pri am-
bijentalnim uslovima, dovela do veceg interesovanja naucne zajednice. Od 2004. pa do
sada, skup novootkrivenih dvodimenzionalnih materijala vrtoglavo se §irio, najvise kao
posledica eskperimentalno potvrdenih jedinstvenih fizickih fenomena odsutnih kod nji-
hovih trodimenzionalnih analogona, poput visokotemperaturskog balistickog transporta i
netrivijalne topologije |7, 8, 9, 10]. Neisrcpno interesovanje koje uzivaju nije uzrokovano
samo zanimljivom fizikom ovih sistema, ve¢ i Sirokim spektrom mogucih primena, od kojih
je svakako najznacajnija uloga koju imaju u razvoju nanoelektronike i spintronike [11].
Ono §to je posebno zanimljivo kod ove grupe materijala jeste moguénost kontrolisanja
njihovih fizickih i hemijskih karakteristika primenom spoljasnjih sila [12, 13, 14]. Sve
navedeno jasan je pokazatelj da je re¢ o materijalima koji su od izuzetne vaznosti za dalji
tok razvoja nauke i industrije.

S obzirom na to da Mermin-Vagnerova teorema [15] zabranjuje postojanje magnetnog
uredenja u kvazi-dvodimenzionalnim materijalima, a koje bi u kombinaciji sa njihovim
jedinstvenim optickim i transportnim karakteristikama dovela do novih magnetno-optickih
primena, ve¢ina aktivnog istrazivanja usredsredena je na sintezu kvazi-dvodimenzionalnih
materijala sa dugodometnim magnetnim uredenjem [15]. Premda su razne teorij-
ske studije od 2004. godine pretpostavile feromagnetno uredenje u nekolicini kvazi-
dvodimenzionalnih materijala, ono je eksperimentalnu potvrdu dobilo tek 2017. godine
[16, 17] u porodici trihalida prelaznih metala. U okviru iste familije, konkretno u hrom-

jodidu (Crls), potvrdeno je i magnetno uredenje koje opstaje do monosloja [17]. U skladu



sa tim, a sa idejom da bi i ostali ¢lanovi ove familije mogli da imaju slicna magne-
tna svojstva, zapoceta su iscrpna istrazivanja na trihalidiima prelaznih metala. Danas,
listi ¢lanova pomenute familije kvazi-dvodimenzionalnih materijala sa pretpostavljenim
(anti)feromagnetnim uredenjem pripadaju CrXs, OsCls, VX3, NiCls, RuX3 i MnX3 (X=
F, Cl, Br, I) [18, 19, 20, 21, 22, 23, 24]. Da bi se razumelo koje su to karakteristike materi-
jala odgovorne za opstanak magnetnih osobina pri snizavanju dimenzionalnosti neophodno
je njihovo odli¢no poznavanje. U cilju davanja doprinosa ovoj tematici, radena su istrazi-
vanja na zapreminskim kristalima Crls, VI3 i Mn3SisTeg.

U kvazi-dvodimenzionalnim materijalima javlja se izuzetno zanimljiv kolektivni
kvantni fenomen — talasi gustine naelektrisanja. Prvi put u nauc¢noj literaturi talasi
gustine naelektrisanja pominju se 1954. godine od strane H. Froliha (H. Frohlich) [25].
U pomenutoj publikaciji, talasi gustine stanja opisani su kao strogo niskotemperaturska
faza u kojoj dolazi do odredenih nestabilnosti u periodi¢nosti kristalne resetke, koja za
posledicu ima otvaranje procepa u elektronskom spektru. Frolih je smatrao da su su-
perprovodnost i ovaj fazni prelaz povezani. Svoje videnje ovog fenomena je, zatim,
1955. ponudio Peierls [26]. U ovoj slici, talasi gustine stanja su i dalje opisani kao
niskotemperaturski fenomen u kom periodi¢no izmestanje atoma iz ¢vorova reSetke, tzv.
Peierlsovo izobli¢enje (Peierls distortion), dovodi do sniZavanja energija jednodimenzion-
alnog atomskog lanca. Kao posledica nove periodi¢nosti talasnog vektora u elektronskim
zonama dolazi do otvaranja procepa $to znaci da je prelaz iz normalne faze u fazu talasa
gustine naelektrisanja pracem metal-izolator prelazom. Eksperimentalna potvrda ovog
fenomena stigla je 1973. godine [27]. Zahvaljujuéi razvoju modernih eksperimentalnih
tehnika, medu kojima je i Ramanove spektroskopije, spisak materijala u kojima dolazi
do formiranja talasa gustine naelektrisanja znacajno je porastao. Najznacajniji medu
njima jesu svakako c¢lanovi dihalkogenida prelaznih metala, jedne od najveé¢ih familije
kvazi-dvodimenzionalnih materijala. Ono §to izdvaja ove materijale jeste sam mehanizam
formiranja talasa gustine naelektrisanja, koji je u nesaglasnosti sa Peierlsovom teorijom.
Naime, u Peierlsovim sistema formiranje talasa gustine nelektrisanja je praceno metal-
izolator prelazom, $to u dihalkogenidima prelaznih metala nije slucaj. Pretpostavka je
da se talasi gustine naelektrisanja fomiraju kada su odredene fononske mode dovoljno
omeksane jakim elektron-fonon sparivanje da postaju nestabilne [28]. Tada je talasni vek-
tor odreden matri¢nim elementima elektron-fonon interakcije [28]. Budué¢i da mehanizam
formiranja talasa gustine naelektrisanja, kao ni prijavljena koegzistencija ovog fenomena
i superprovodnosti u dihalkogenidima prelaznih metala |29 ne mogu da se objasne u
skladu sa postojeé¢im teorijama, svako novo saznanje predstavlja korak blize ka pruzanju
odgovora na ovo pitanje. U svemu pomenutom pronadena je motivacija za istraziva-
nja radena na 17-TaS,, kvazi-dvodimenzionalnom materijalu sa najveé¢im brojem faznih
prelaza izmedu razli¢itih faza talasa gustina naelektrisanja na eksperimentalno dostupnim
temperaturama.

Ramanova spektroskopija jedna je od vodec¢ih eksperimentalnih tehnika u nauc¢nim



studijama o kvazi-dvodimenzionalnim materijalima. Ova nedestruktivna spektroskop-
ska tehnika uspesno je koris¢ena za ispitivanja kristalne strukture, broja slojeva, atom-
skim vezama, kao i o mehanickih i termalnih karakteristika ispitivanog materijala
[30, 31, 32, 33, 34, 35]. Trend temperaturske zavisnosti energije i $irine Raman aktivnih
modova moze da pruzi uvid u razlic¢ite tipove faznih prelaza, dok stepen (a)simetri¢nost
spektralnih linija govori o jacini sparivanja fonona sa elektronskim kontinuumom. Do-
datno, elektronsku Ramanovu spektroskopiju moguce je koristiti za odredivanje veli¢ine
procepa u CDW materijalima [36, 37| i pominje se kao potencijalna tehnika za merenje
naprezanja u materijalu [38]. S obzirom na to da je u pitanju eksperimentalna tehnika koja
sa podjednakim uspehom moze da bude temelj istrazivanja magnetnih materijala, pruza-
juéi uvid u magnetne prelaze i opstanak magnetnog uredenja iznad Kirijeve temperature,
i talasa gustine naelektrisanja, u kom slu¢aju moze da se koristi za ispitivanje kristalne
strukture, odredivanje temperature faznog prelaza i veli¢ine procepa, ona je izabrana kao
glavni metod istrazivanja ove doktorske disertacije.

Ova doktorska disertacija bi¢e organizovana u osam poglavlja. U uvodnom delu pred-
stavljene su glavne motivacije i ciljevi disertacije. Nakon toga, u drugom poglavlju pruzen
je uvid u istorijski razvoj Ramanove spektroskopije i njen teorijski opis. U istom poglavlju
pruzen je i pregled osnovnih teorijskih pojmova neophodnih za razumevanje prezento-
vanih rezultata, kao i detaljan opis koris¢enih eksperimentalnih tehnika. Pregled naj-
bitnijih rezultata u oblasti fizike kvazi-dvodimenzionalnih materijala, kao i tok razvoja
oblasti, prikazani su u tre¢em poglavlju. Posebna paznja je pruzena dvema velikim
familijama kvazi-dvodimenzionalnih materijala — trihalidima i dihalkogenidima prelaznih
metala. U okviru istog poglavlja predstavljene su i osnovne karakteristike materijala na
kojima su radena istrazivanja. Cetvrto poglavlja posvecéeno je rezultatima istrazivanja
na zapreminskim kristalima Crls. Predstavljeni rezultati potvrduju fazni prelaz iz ni-
skotemperaturske romboedarske u visokotemperatursku monoklini¢nu strukturu, ali na
temperaturi koja je dosta niza od prethodno prijavljene. U spektrima merenim iznad
temperature faznog prelaza ne postoje doprinosi niskotemperaturske faza. To znaci da
u Crls ne dolazi do koegzistencije faza u Sirem temperaturskom opsegu. Na osnovu
simetrija kristalne reSetke niskotemperaturske i visokotemperaturske faze, utvrdeno je
da je simetrija sloja p31/m, a ne R32/m. U petom poglavlju prikazani su rezultati ispi-
tivanja dinamike reSetke VI3. Kako se u stru¢noj literaturi pominju tri moguée kristalne
strukture, polarizovani ramanskih spektara analizirani su u saglasnosti sa svakom od njih.
Na osnovu toga je utvrdeno da uo¢ene ramanske mode ne odgovaraju modovima C2/m
prostorne grupe simetrije. Poredenjem DFT proracuna sa eksperimentalnim energijama
fonona zaklju¢eno je da vibracije zapreminskih kristala VI3 poti¢u od P31lc simetrije je-
dini¢ne celije. Kako bi se utvrdilo odakle potice neslaganje izmedu XRD eksperimenta,
koji ukazuje na R3 simetriju jedini¢ne ¢elije, i rezultata Ramanove spektroskopije uradena
je PDF (Pair Distribution Function) analiza koja je pokazala da je kristalna struktura

VI3 koegzistencija dugodometne R3 i kratkodometne P31c faze. IstraZivanje radeno na



kristalima 17-TaS, predstavljeno je u Sestom poglavlju. U polarizovanim ramanskim
spektrima merenim u paralelnoj i ukr$tenoj polarizacionoj konfiguraciji na temperaturi
T = 4 K, uoceno je 19 modova A, i 19 modova E, simetrije. Ovakav rezultat ukazuje na
heksagonalno ili trigonalno slaganje ,,Davidovih zvezda” u samerljivu superstrukturu. U
spektrima nesamerljive faze primeceno je da dolazi do projekcije fononske gustine stanja,
primarno usled naruSenja translacione invarijantnosti prilikom formiranja talasa gustine
naelektrisanja. Kako je u ramanskim spektrima priblizno samerljive faze mogucée prepoz-
nati doprinose i samerljive i nesamerljive faze, pretpostavka je da je priblizno samerljiva
faza koegzistencija nesamerljive i samerljive faze. Eksperiment elektronskog Ramanovog
rasejanja iskorisé¢en je kao metod za pracenje razvoja CDW procepa i kako bi se utvrdilo
da li, prilikom metal-izolator prelaza, dolazi do otvaranja Motovog procepa. Na osnovu
dobijenih rezultata zakljuceno je da na temperaturi od oko 7" = 100 K dolazi do otvara-
nja Motovog procepa, u okolini I' tacke Briluenove zone, ¢ija je Sirina €2,0cp, = 170-190
meV. Rezultati istrazivanja zapreminskih kristala Mn3SisTeg prikazani su u okviru sed-
mog poglavlja. U temperaturskim zavisnostima fononskih parametara dva najintenzivnija
moda primeceni su diskontinuiteti na temperaturama 77 — 142,5 K, T, — 190 K i T35 — 280
K. Ovi diskontinuiteti imaju zna¢ajan uticaj na jacinu spin-fonon sparivanja u MnsSisTeg,
pa je pretpostavka da su posledica kompeticije razli¢itih magnetnih faza i povezanih ma-
gnetnih fluktuacijama. Ovaj scenario podrzan je analognim diskontinuitetima primecenim
u temperaturskoj zavisnosti prvog izvoda ac magnetne susceptibilnosti u ab ravni, ravni u
kojoj se ureduju magnetni momenti. Glavni zakljucci predstavljenog istrazivanja sumirani

su u poglavlju 8. Pregled koriS¢ene literature dat je na samom kraju disertacije.



2 Metod istrazivanja

Kvazi-2D materijali predstavljaju relativno mladu i, kao takvi, nedovoljno istrazenu
oblast eksperimentalne fizike ¢vrstog stanja. Pored toga Sto je brza i nedestruktivna, Ra-
manova spektroskopija pokazala je zadovoljavajuce rezultate u ispitivanju strukture i broja
slojeva, atomskih veza, simetrije kristalne strukture, mehanickih i termalnih karakteristika
kvazi-2D materijala, faznih prelaza i interakcije fonona sa kontinuumom (elektron-fonon,
spin-fonon sparivanje) [30, 31, 32, 33, 34, 35|. Dodatno, elektronska Ramanova spek-
troskopija je uspesno kori$¢ena za odredivanje veli¢ine procepa u CDW materijalima, a
pominje se i kao potencijalna tehnika za merenje naprezanja u materijalu |36, 37, 38|. Zbog
svega navedenog, kao glavna eksperimentalna tehnika u izradi ove doktorske disertacije
koris¢éena je upravo Ramanova spektroskopija.

Ovo poglavlje je osmisljeno tako da ¢itaocu pruzi uvid u teorijske osnove Ramano-
vog rasejanja, sa osvrtom na teorijski opis eksperimentalno uocljivih fenomena, i opis

eksperimentalne postavke koris¢ene u predstavljenom istrazivanju.

2.1 Istorijski razvoj Ramanove spekroskopije

Candrasekara Venkata Raman (C. V. Raman) 1930. godine nagraden je No-
belovom nagradom za eksperimentalnu potvrdu fenomena neelasti¢nog rasejanja svetlosti.
Posledi¢no, novootkriveni efekat nazvan je po njemu — Ramanov efekat. lako zvani¢no
potvrden tek 1928. godine, ovo otkrice je usledilo kao rezultat gotovo decenijskog istrazi-
vanja koje je Raman sprovodio u saradnji sa svojim studentom Krignanom (K. S. Krish-
nan) |39, 40, 41, 42|. Teorijsko predvidanje Ramanovog efekta dato je pet godina ranije
od strane austrijskog fizicara Adolfa Smekala (A. Smekal) [43].

Ramanovo interesovanje za rasejanje svetlosti pocinje 1921. godine, a prvi rad na tu
temu objavljuje ve¢ naredne [40]. Na osnovu dotadagnjih rezultata istrazivanja, baziranih
na visegodiSnjem ispitivanju rasejanja svetlosti na vodi i ostalim tecnostima, Raman i
Krignan postavljaju eksperiment oc¢ekujucu potvrdu Komptonovog efekta za vidljivu sve-

tlost. Kao izvor zracenja koris¢ena je Sunceva svetlost, za fokusiranje svetlosti na uzorak



koris¢en je teleskop, dok je ljudsko oko posluzilo kao detektor. Neocekivano, glavni rezul-
tat ovog eksperimenta nije bila potvrda Komptonovog efekta ve¢ demonstracija razmene
energije izmedu upadnog fotona i ekscitacija sredine u kojoj se svetlost rasejava [44].
Vaznost ovog rezultata se ogleda u ¢injenici da je u toku prvih sedam godina od njegovog
otkri¢a objavljeno ¢ak 700 nau¢nih radova na temu Ramanovog efekta [45].

Bitno je napomenuti da isti efekat u rezultatima svojih istazivanja, samo tri meseca
kasnije, prijavljuju i dva ruska nauc¢nika - Mandeljstam (L. I. Mandelstam) i Landsberg
(G. S. Landsberg) [46]. Medutim, usled ranijeg objavljivanja rezultata Nobelova nagrada
dodeljena je indijskim nauc¢nicima. U sovjetskoj nauc¢noj literaturi ovaj efekat je poznat
pod nazivom — kombinaciono rasejanje.

Iako otkriven u prvoj polovini 20. veka, potencijal spektroskopske tehnike bazirane
na Ramanovom efektu nije sustinski shva¢en do Sezdesetih godina proslog veka. Jedan
od glavnih razloga relativno sporog razvoja Ramanove spektroskopije jeste mali presek
rasejanja procesa neelasti¢no rasejane svetlosti. S obzirom na to da se u pocetnim ekspe-
rimentima kao ekscitacioni izvor koristila Sunceva svetlost, a da su eksperimenti radeni
u teCnostima, prva istrazivanja u oblasti Ramanove spektroskopije fokusirala su se na
unapredenje eksperimentalne postavke. Primat u ovom istrazivanju preuzeli su izvori
zracenja. Sa Sunceve svetlosti preslo se na lampe sa helijumom, zatim zivom i argonom,
medutim, pravi procvat ove spektroskopske tehnike poc¢inje 1962. godine, kada je kon-
struisan prvi laser za primenu u Ramanovom eksperimentu [47].

Dodatni razlog sporog razvoja Ramanove spektroskopije, a koji se u stru¢noj litera-
turi pominje i kao razlog kasnog otkri¢a samog efekta, lezi u odnosu intenziteta elasti¢no
i neelasticno rasejane svetlosti. Naime, od ukupnog intenziteta upadnog zrac¢enja hiljaditi
deo se raseje elasticno (Rejlijevo rasejanje), dok se samo milioniti deo raseje neelasti¢no
(Ramanovo rasejanje). To znaci da je zarad uspesnog kvantitativnog odredivanja Rama-
novog efekata bilo neophodno otkloniti doprinose elasti¢no rasejane svetlosti iz spektra
[48].

Konstrukeija prvog Ramanovog spektrometra morala je da sac¢eka do razvoja monohro-
matora 1953. godine [47]. Od tada pa do sada u¢injena su znatna poboljSanja na in-
strumentima koji se koriste u Ramanovom eksperimentu — sa jednostepenih monohro-
matora preslo se na trostepene monohromatore, 1974. godine se za fokusiranje svetlo-
sti na uzorak prvi put koristi mikroskop, 1987. godine se pojavljuju CCD detektori
[47]. Sva ova unapredenja eksperimentalne postavke doprinela su komercijalizaciji Ra-
manove spektroskopije i prosirila oblasti potencijalnih primena, te se danas Ramanova

......

ologije [49, 50, 51, 52].



2.2 Teorijski model

Ramanov efekat moze da se objasni kao neelasti¢no rasejanje svetlosti u materijalu.
U zavisnosti od toga u kojoj sredini do rasejanja dolazi, poreklo Ramanovog rasejanja
moze biti posledica promene polarizabilnosti molekula ili promene susceptibilnosti kristala,
pri ekscitaciji kvazicestice [53, 54|, poput fonona, magnona, polarona. U Ramanovom
rasejanju mogu ucestvovati i elektroni.

Ovo poglavlje zapoc¢injemo klasi¢nom teorijom Ramanovog rasejanja, koja iako ne
uzima u razmatranje kvantnu prirodu vibracija, te samim tim ne objasnjava u potpuno-
sti vezu izmedu osobina molekula i Ramanovog rasejanja, predstavlja dobru osnovu za

razumevanje Ramanovog efekta.

2.2.1 Klasi¢na teorija Ramanovog rasejanja

U klasi¢noj teoriji Ramanovog rasejanja polazi se od ideje da vremenski zavisno ele-
ktromagnetno polje upadnog zracenja indukuje vremenski zavisni dipolni momenat. Ako
posmatramo najjednostavniji sistem — dvoatomski molekul, koji je izlozen elekti¢nom
polju E = Eg cos 2mwyt, gde je Eg amplituda polja, a wy ucestanost lasera, indukovani

dipolni momenat je [47]:

P = oE = aEq cos 2mwot , (2.1)

gde «a predstavlja konstantu proporcionalnosti koja se naziva polarizabilnost.

S obzirom na to da elektri¢na polarizabilnost predstavlja funkciju raspodele gustine na-
elektrisanja, o = a(p), bilo koja promena atomske konfiguracije usled vibracija molekula
za posledicu ima promenu polarizabilnosti. To znaci da ¢e za male vibracije molekula po-
larizabilnost biti linearna funkcija pomeraja atoma ¢ [47]. Ako pomeraj atoma ¢ napisemo

kao funkciju ucestanosti vibracije atoma w,, [47]:

q = qo cOS 27Ut (2.2)

razvojem « u Tejlorov red po pomerajima ¢ dobijamo:

Oa
= — 2.
o ao+<aq)0qo+ s ( 3)

gde je ap polarizabilnost u ravnoteznom polozaju, a (%Z) stepen promene polarizabil-
0

nosti sa pomerajem.



Ubacivanjem izraza za pomeraj atoma (2.2) i polarizabilnost (2.3) u izraz za dipolni

momenat molekula, (2.1) postaje

0
P = oyEqcos2mugt + (a—a> qEq cos 2wt (2.4)
4/

0
= qapEg cos 2mwyt + (8—3) qoEq cos 2mwotcos2mwt . (2.5)
0

Primenom trigonometrijske transformacije

cos (a + b) + cos (a — b)

cosa cosb = 5 : (2.6)
u (2.4), dobijeni izraz za indukovani dipolni momenat kona¢no postaje [47]
P = «agEqcos2mwyt (2.7)
1 /0
+ 3 (8_(;) qoEo[cos{2m(wo + wi )t} + cos{2m(wy — wy,)t}] (2.8)
0

U poslednjem izrazu lako se razlikuju tri razli¢ite komponente indukovanog dipolnog
momenta. Prvi ¢lan, u kom ucestanost rasejanog talasa odgovara ucestanosti upadnog
(wo), predstavlja elasti¢no rasejanje svetlosti (Rejlijevo rasejanje) [47]. Preostala dva
¢lana, u kojima se ucestanost rasejanog talasa razlikuje od ucestanosti upadnog, odgo-
varaju neelasticnom, odnosno, Ramanovom rasejanju svetlosti. U zavisnosti od ucestano-
sti rasejane svetlosti ovi procesi nazivaju se anti-Stoksovo (wo + w,,) i Stoksovo (wy — wy,)
Ramanovo rasejanje [47]. Na osnovu (2.8) lako se zaklju¢uje da je vibracija Raman aktivna

ukoliko izaziva promenu polarizabilnosti molekula (8—0‘> # 0.
q=0

9q

Rejlijevo

rasejanje
@©
c
8
(0]
@ Stoksovo
= rasejanje anti-Stoksovo
s rasejanje
N
c
2
£

W -W; Wy W W,

Slika 2.1: Odnos intenziteta rasejanja u Rejlijevom, Stoksovom i anti-Stoksovom procesu
rasejanja.

Ovim je demonstrirano da klasi¢an pristup ta¢no predvida pojavu i daje uvid u meha-
nizme Rejlijevog i Ramanovog rasejanja, medutim, nije dovoljan za potpuno razumevanje

Ramanovog rasejanja. Jedno od znacajnijih pitanja na koje osnovna klasi¢na teorija daje



pogresan odgovor jeste odnos intenziteta Stoksovih i anti-Stoksovih linija. Naime, na
osnovu klasi¢ne teorije predvideno je da odnos intenziteta bude proprcionalan odnosu

Cetvrtog stepena njihovih ucestanosti [55]:

Istoks _ (wo - Wm)4

, 2.9
[antifstoks (Cd[) + wm)4 ( )

odnosno, anti-Stoksove linije jacih intenziteta, $to je u suprotnosti sa eksperimentom
[Slika 2.1].

Dodatno, zbog neuzimanja u obzir konacnog vreme Zivota kvaziCestica pretpostavlja
beskona¢no uske spektralne linije, oblika d—funkcije. Neslaganje izmedu eksperimenta i
teorije uspesno je otklonjeno u kvantnoj teoriji Ramanovog rasejanja, koja ¢e biti pred-
stavljena u poglavlju 2.2.2.

Kako bi se opisao proces rasejanja u kristalima neophodno je uzeti u obzir da se kristali
sastoje od atoma, koji vrSe neprestane vibracije oko svojih ravnoteznih polozaja, te je
njihov pomeraj ogranicen simetrijskom vezom samih atoma i opisuje se generalisanim
koordinatama vibracije. Broj normalnih vibracija zavisi od broja atoma u primitivnoj
¢eliji kristala N i racuna se kao 3N-3. U zavisnosti od simetrije kristala normalne vibracije
mogu biti infracrveno i/ili Raman aktivne ili opticki neaktivne. Ukoliko upadno zracenje
dovodi do promene susceptibilnosti govori se o Raman aktivnim vibracijama, ukoliko
dovodi do promene dielektri¢ne propustljivosti vibracije su infracrveno aktivne [54]. U tom
smislu analizu zapocinjemo isto kao i na pocetku ovog poglavlja, s tim §to polarizabilnost
molekula zamenjujemo tenzorom susceptibilnosti kristala x;; i razvijamo ga u Tejlorov

red po generisanim koordinatama |53, 54]

6le
Xi0 = (Xji)o + ( = qr +

pri ¢emu k uzima uzima sve vrednosti unutar skupa 3N-3, a j i [ vrednosti od 1 do

62ij )
: m ... 2.10
Z < 9000m . qrq ( )

k,m

3. Analogno modelu dvoatomskog molekula, vibracija je Raman aktivna samo ukoliko

X1
Oqy,

Ramanov tenzor i u stru¢noj literaturi se najcesce susreée kao (x;;)x. Lako je pokazivo

je ispunjen uslov ( ) # 0. Veli¢ina koja se u izrazu (2.10) sumira po k naziva se

da je intenzitet rasejane svetlosti u kristalu proporcionalan sa [56, 57|

Ioxles-R-eL|”, (2.11)

gde su eg i ey, jedini¢ni vektori polarizacije rasejanog i upadnog zracenja, a & Ramanov
tenzor. Upadni foton dovodi do Ramanovog rasejanja u kristalnoj reSetki samo ukoliko

je ispunjen uslov

les- R-en|> #0, (2.12)

Prethodna relacija predstavlja selekciona pravila za Ramanovo rasejanje i ukazuje na to

da Ramanova aktivnost zavisi od nenultog karaktera Ramanovog tenzora i geometrije u



kojoj se izvodi eksperiment.

2.2.2 Kvantno-mehanicka teorija Ramanovog rasejanja

U kvantnoj teoriji Rejlijevo i Ramanovo rasejanje svetlosti opisuju se u vidu elasti¢nih
i neelasti¢nih sudara fotona i kristala. Kao i u slu¢aju klasi¢ne teorije, neelasti¢ni sudari
odgovaraju Stoksovom ili anti-Stoksovom procesu. Fotoni koji ucestvuju u Stoksovom
procesu gube, a fotoni koji ucestvuju u anti-Stoksovom procesu primaju jedan, ili vise od
jednog, kvant vibracione energije. Pretpostavimo da u sudaru uc¢estvuje samo jedan kvant
vibracione energije — fonon, te da govorimo o rasejanju prvog reda, i neka kao ekscitacioni
izvor koristimo izvor svetlosti ucestanosti wy, i talasnog vektora k. Da bi takav upadni
foton ucestvovao u procesu sa fononom (w;, q) pri cemu se kao rezultat izraé izlazni foton

(ws, ks), moraju da budu ispunjeni sledeci zakoni odrzanja energije i kristalnog impulsa

<")L:("JS':l:("),](q) 7kL:kS:|:q7 (213)

pri ¢emu znak + (-) odgovara Stoksovom (anti-Stoksovom) procesu. Dodatno, pozitivan
i negativan znak u jednac¢inama redom ukazuju na kreaciju, odnosno anihilaciju fonona
[55]. Sematski prikazi elektronskih procesa u Stoksovom i anti-Stoksovom rasejanju prvog
reda, kao i odgovarajuéi Fajnmanovi dijagrami ova dva procesa prikazani su na slikama 2.2
i 2.3, redom. S obzirom na to da je w; zanemarljivo malo u odnosu na wy, iz (2.13) sledi

da je wp =~ wg.

(a) — (b)
------ ---- virtuelno stanje (wj, q)
hw | |hwg
(W k) (we,ks)
—_ | ¥ vibraciona stanja
osnovna stanja —T'—hwi

Slika 2.2: (a) Sematski prikaz elektronskih prelaza kod Stoksovog Ramanovog rasejanja
prvog reda. (b) Fajnmanov dijagram Stoksovog Ramanovog procesa.

Pozivajuci se na poznate relacije iz talasne optike (A = £, k = 27“, w = 27v) i vodedi
racuna o tome da su k; i kg unutar kristala, talasne brojeve mozemo da izrazimo preko

ucestanosti u sledeé¢em obliku:

w
/{ZL = n(wL,S)%’S . (214)
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(@) — (b)

------ ---- virtuelno stanje

hw | [hwg (W, ,k,) (ws,ks)

[~ vibraciona stanja (w;, q)

thUJJ-

osnovna stanja

Slika 2.3: (a) Sematski prikaz elektronskih prelaza kod anti-Stoksovog Ramanovog rase-
janja prvog reda. (b) Fajnmanov dijagram anti-Stoksovog Ramanovog procesa.

gde je n(wg g) indeks prelamanja. Kako je wy =~ wg, zaklju¢ujemo da ista relacija vazi i
za talasne brojeve upadnog i rasejanog zracenja — ki, ~ kg [53].

Uzevsi u obzir da su talasne duzine upadnog i rasejanog fotona, Ay i A\s, mnogo vece
od parametra kristalne reSetke a, dolazimo do zaklju¢ujemo da je ks < 7/a, pri ¢emu
je m/a intenziteta talasnog vektora fonona na ivici prve Briluenove zone. Pozivajuéi se
na zakon odrzanja kristalnog impulsa (2.13) dolazimo do uslova koji vazi za fonone koji
ucestvuju u Ramanov procesu prvog reda — ¢ < m/a [55]. Dakle, da bi fonon ucestvovao u
Ramanovom rasejanju prvog reda mora da ispunjava uslov q = 0. Ovaj uslov je ispunjen
samo za ekscitacije iz I-tacke Briluenove zone [53, 55|.

Sumirano, Rejlijevo rasejanje je proces koji ne izaziva promenu energije sredine o koju
se upadni foton rasejava, samim tim rasejani foton nosi istu energiju kao i upadni. U
slucaju Ramanovog rasejanja dolazi do interakcije sredine sa rasejanim fotonom pri ¢emu
se razlikuju Stoksov i anti-Stoksov proces.

Proces u kom dolazi do apsorpcije energije, pra¢eno ekscitacijom sistema u virtuelno
stanje, a zatim prelazom u prvo pobudeno stanje, koji rezultira emitovanjem fotona ener-
gije manje od upadnog naziva se Stoksov. Ukoliko foton interaguje sa sistemom koji je
ve¢ bio u pobudenom vibracionom stanju, nakon ¢ega se sistem vrati u osnovno stanje
pra¢eno emisijom fotona energije veée od energije upadnog, govorimo o anti-Stoksovom
procesu. S obzirom na to da je naseljenost osnovnog vibracionog nivoa daleko veca nego
bilo kog pobudenog vibracionog nivoa, na osnovu ove uproS¢ene analize lako se da za-
kljuciti da je Stoksov proces verovatniji od anti-Stoksovog [55]. Kako odnos intenzitet
Stoksove i anti-Stoksove linije zavisi od odnosa naseljenosti vibracionih nivoa, koji je u

hws/BeT on mora biti proporcionalan izrazu

Boze-Ajnstajnovoj statistici proporcionalan e
I (wp, — ws)*
Stoks L s ehws/ka

, 2.15
Ianit—Staks (WL + w5)4 ( )

koji je mnogo veci od jedinice [55]. Ovakav rezultat dobar je pokazatelj da kvantna teorija
uspesno reSava ogranic¢enja klasi¢nog pristupa.

Kada govorimo o procesima rasejanja drugog reda govorimo o procesu u kome upadni
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— -
njﬂ 1 hw, . lhw_, hw, h(wtwy)
;

inicijalno stanje finalno stanje

(wy, q7)

(wS!kS)

Slika 2.4: (a) Sematski prikaz elektronskih prelaza u anti-Stoksovom Ramanovom rase-
janju drugog reda. (b) Fajnmanovi dijagrami procesa neelasti¢nog rasejanja drugog reda.

foton dovodi do pobudivanja kristala iz pocetnog vibracionog i elektronskog stanja u
virtuelno stanje, nakon ¢ega se sistem vrac¢a u novo stanje. To novo stanje se od pocetnog
razlikuje za dva vibraciona kvanta. Ovaj proces nije rezervisan samo za opticke fonone,
ve¢ moze ukljucivati i akusticke fonone ili ¢ak kombinaciju optickih i akustickih fonona. U
Ramanovom rasejanju drugog reda ucestvuju samo opticki fononi. Kako zakoni odrzanja

energije i kristalnog impulsa za Ramanove procese drugog reda imaju oblik:

Wy, = Wg + wj/(q/) + (J.}j//(q//) ,kL = kS + q/ + q// y (216)

ovi procesi nisu dozvoljeni samo za fonone iz centra Briluenove zone, veé¢ i za fonone iz
cele Briluenove zone |55]. Elektronski prelazi u anti-Stoksovom rasejanju drugog reda
predstavljena su na slici 2.4. Na istoj slici su prikazani i Fajnmanovi dijagrami dva

najcesca tipa Ramanovog rasejanja drugog reda.

2.2.3 Efikasnost Ramanovog rasejanja

Veli¢ina koje se koristi za kategorizaciju procesa Ramanovog rasejanja naziva se presek
rasejanja. Makroskopski, presek Ramanovog rasejanja predstavlja odnos snage rasejanje
svetlosti, koja se rasejava sa uestanoséu (wg, wg + dwg), 1 snage upadne svetlosti, po je-
dinici duzine L i jedini¢nom prostornom uglu d€2g [58, 59|. U klasi¢noj teoriji diferencijalni

presek rasejanja ima oblik:

?S  dP1 1
dwgdQs  Pp LdwgdQs

Ukoliko proces Ramanovog rasejanja posmatramo mikroskopski, govorimo o procesu

(2.17)

u kom se foton talasnog vektor ky, rasejava o kristal i napusta ga s talasnim vektorom

kg, pri ¢emu sistem prelazi iz osnovnog stanja |I) u finalno stanje |F'), menjajuéi svoje
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vibraciono stanje. Broj tako rasejanih fotona po jedinici duzine dat je formulom [59]:

ZPF[ d ks , (2.18)
ke — ”_
d ks = ( - ) deQsde s (2.19)

gde je uy, brzina upadnog fotona, a Pr; verovatnoca prelaza po jedinici vremena.
Jednac¢inu (2.18) mozemo da predstavimo kroz odnos energije rasejanih i upadnih

fotona (dS = %—ist) na sledeéi nacin

d*S V ws nyn
= P 2.20
dedQS (271' wr, ct Z B ( )

Koriste¢i Fermijevo zlatno pravilo za izracunavanje verovatnoce procesa Ramanovog
rasejanja [58|, i zamenom u jednadinu (2.20) dobijamo finalni izraz za presek Ramanovog

procesa rasejanja [59]:

d?S Vo wpwingnd 9
Qs (hwp)? 212 leﬂ’ (2.21)

gde je Wg; amplituda verovatnoce prelaza iz stanja \I) u finalno stanje |F).

2.2.4 Svojstvena energija fonona

U klasi¢noj teoriji Ramanovog rasejanja kristal se opisuje modelom atoma medusobno
povezanih elasticnim oprugama. U ovakvom sistemu vibracije kristalne reSetke opisuju
se modelom harmonijskog oscilatora. Dielektri¢na propustljivost ovakvog sistema data je

sledeéim izrazom:

e(w) = €00 + Euit (2.22)

gde ¢, predstavlja doprinose procesa koji se odvijaju na ucestanostima visim od ucestano-
sti vibracija reSetke, ali nizim od ucestanosti rezonantnih procesa. Kako je kvant vibracije
reSetke fonon, drugi sabirak u (2.17) naziva se fononski doprinos |53]. Ovakav pristup
prilicno dobro aproksimira fonone u izotropnom kristalu, gde su zanemareni ograniceno
vreme zivota fonona i njihova medusobna interakcija. Medutim, kako bismo opisali tem-
peratursku zavisnost uc¢estanosti i vremena zivota fonona u realnim kristalima, u analizu
moramo da uklju¢imo i anharmonijske doprinose. Realni kristali nisu harmonijski te kao
popravku razmatramo i sudare izmedu samih fonona. Ovi sudari dovode do promena
ucestanosti fonona koji u njima ucestvuju, $to za posledicu ima ograni¢eno vreme njhovih

zivota. Ova interakcija naziva se fonon-fonon interkacija i opisuje se svojstvenom energi-
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jom fonona |53, 60, 61]:

S(T) = Ay(T) +ily(T) (2.23)

gde realni deo odgovara promeni ucestanosti usled anharmonicnosti, a imaginarni deo
odgovara §irini moda, koja je obrnuto srazmerna vremenu zivota fonona. Obe ove veli¢ine
imaju temperatursku zavisnost koja se u Ramanovom eksperimentu manifestuje kroz
pomeraj moda ka nizim energijama, odnosno Sirenje moda, sa porastom temperature.
Sirina fononskog moda ucestanosti w i talasnog vektora q moze da se predstavi u vidu

perturbacionog razvoja ukupne energije kao [60]:

83 Etot

: — 2A(—q+qq + X
(. j1)0e(qs, o) ATa+dutaz)

Uila,w) = 2h2 Z |6e(q,j)8e

{[n(a1,51) + n(qz2, j2) + 1]6(w — wj, (a1) — wj, (qz2))+
2[n(qu, j1) — n(az, j2)]0(w + wj, (A1) — wi(Q2))}

(2.24)

gde je w ucestanost, q talasni vektor j-tog fonona, a e jedini¢ni vektor koji odreduje am-
plitudu odgovarajuc¢eg moda. Funkcija A(q) je razli¢ita od nule samo ukoliko je vektor q
vektor reciprone resetke, dok ¢lan n(q, j) predstavlja Boze-Ajnstajnov okupacioni faktor

j-tog fonona dat izrazom:

n(T,w;) = ikl 1. (2.25)

Prvi ¢lan unutar viticaste zagrade u izrazu (2.24) odgovara procesu raspada fonona na
dva fonona nize energije (down-conversion), a drugi opisuje procese sudara neravnoteznih
fonona sa termalnim fononima pri ¢emu dolazi do kreacije novog fonona (up-conversion)
[60].

Realni deo svojstvene energije fonona moze se rastaviti na tri ¢lana — prvi ¢lan Ago)
predstavlja promene ucestanosti usled termalnog Sirenja kristalne restke, dok druga dva

¢lana poti¢u od fonon-fonon interakeije [53, 60, 62, 63, 64]:

Ajw) = AP + AP () + AW (2.26)

Kao i u slucaju Sirine fononskog moda, doprinosi fononske interakcije posledica su
down-conversion ili up-conversion procesa. Ovi procesi se jos nazivaju trofononski procesi
. . . o 3 . oy . . « 4
i predstavljeni su ¢lanom A§ )(w). Doprinosi ¢etvorofononskih procesa dati su ¢lanom Ag» )

[65]. Ovi ¢lanovi analiticki su dati kao:

A (@) = wjle=®u o 2T _ ) (2.27)
2 oo w/r‘(w/)
A® :__p/ wlilw) 2.2
V)= 2P | e (2.28)
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AD 12 O0*Eio

L Ge(q, 7)0e(—.3)e(dr jn)de(ds, jz) -\ T (2.29)

1,71
gde su v;, a(T) i P redom Grinajzenov (Grineisen) parametar datog moda, koeficijent
zapreminskog Sirenja i Kosijeva glavna vrednost integrala [60, 66].

Ukoliko u razmatranje uzmemo samo opticke fonone u I'-tacki Briluenove zone koji se
raspadaju na dva akusticka fonona ¢ije ucestanosti zadovoljavaju relaciju wy, = wi(q, j1)+
wa(—q, J2), 1 ako je ispunjena Klemensova pretpostavka da se opticki fononi raspadaju
na akusticke fonone iste ucestanosti, koji pripadaju istim granama [67], tada izrazi za

promenu $irine i ucestanost fononskog moda imaju oblik [62]:

N,
Lpni(T) =T4(0)(1 + ehwi(o)/gk:zf — 1) , (2.30)
7] ! 4)\ — 'L
W i(T) = wi(0) + w;(0) (e Jo" eTar" _ 1) —Ci(1+ PP, ). (2.31)

ohwi (0)/2k,T _ |

U gornjim izrazima I';(0) i w;(0) su polozaji i-te Ramanove linije kada temperatura
tezi 0, a A\p_p; jaCina fonon—fonon sparivanja. Konstanta C; zadovoljava relaciju C; =
[';(0)%/2w;(0) [62].

2.2.5 Profili spektralnih linija

Jedan od pocetnih i najbitnijih koraka za uspe$no tumacenje Ramanovih spektra jeste
utvdivanje profila spektralnih linija. Da bismo razumeli koji se sve oblici linija javljaju
u spektrima krenuc¢emo od jednostavne slike prostiranja elektromagnetnog zracenja kao
priguSenog harmonijskog oscilatora. U takvoj slici zracenje vremenski zavisnog elektri¢nog

polja dato je slede¢om diferencijalnom jednac¢inom:

E+~yE+W2E =0, (2.32)

gde je v konstantna priguSenja, a wy ucestanost oscilatora bez priguSenja. Svojstvene
vrednosti jednacine (2.32) su takve da je opste kompleksno resenje dato u obliku linearne

kombinacije e* sa kompleksnim koeficijentima [54]:

Qo= —2 +iyfwt — L (2.33)

Kako nas zanima samo realni deo elektri¢nog polja, uzimamo sledecée resenje diferen-

cijalne jednacine (2.32)

E(t) = Cre "2 coswt + Coe 2 sinwt (2.34)
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gde je w = /w2 —~2/4. Da bi oscilovanje imalo priguSen karakter mora biti ispunjen
uslov /2 < wy. Koeficijenti C4 » vode racuna o tome da su ispunjeni grani¢ni uslovi.
Ukoliko posmatramo maksimalno elektri¢no polje, ¢iji je izvod po vremenu u trenutku

t = 0 jednak nuli, resenje jednacine (2.32) takvog polja bice:

E(t) = Ege "*(cos wt + 21 sinwt) . (2.35)
w

Kako su u eksperimentu vreme i ucestanost uvek pozitivne vrednosti, gornju jednacinu
mozemo svesti na nesto jednostavniji oblik (2.36), koji iako ne predstavlja generalno
reSenje jednacine (2.32), predstavlja dovoljno dobru matematicku osnovu za opisivanje

energetskog spektra prigusenog oscilatora [54]:

E(t) = Eye "% coswt . (2.36)

Da bismo dobili spektar vremenski zavisne funkcije E(t) neophodno je primeniti Fu-
rijeovu transformaciju. Medutim, s obzirom da funkcija E(t) trpi nagli skok za t = 0,
Furije transform ovakve funkcije bio bi izuzetno komplikovan, s toga se ona predstavlja u

slede¢em kompleksnom obliku [54]:

E(t) = Ege "2t (2.37)

Primenom Furije transformacije na (2.37) dobijamo izraz za energetski spektar

prigusenog oscilatora:

Ey
v/2+i2n(f = fo) |

E(f) :/ Ege 2eint =2l gy — (2.38)
0

gde je wy ucestanost prigusenih oscilacija.

Kada govorimo o eksperimentu govorimo o veli¢ini koja je data kao kvadrat amplitude
energetskog spektra, i koja se naziva intenzitet spektralnog zracenja. U slucaju zracenja
prigusenog oscilatora ova veli¢ina ima oblik [54]:

Eg
S(w) = E(w)E*(w) = : 2.39
)= G (w0 (2:39)

Ovakav oblik intenziteta spektralnog zracenja naziva se Lorencov profil spektralne linije

(Lorentzian). Sirina linije koja se opisuje Lorencovim profilom zavisi od parametra ~,
koji je obrnuto srazmeran vemenu zivota oscilacije 7. Kako se ovaj oblik linije vezuje za
osnovne procese emisije i apsorpcije, poznat je i pod nazivom prirodni oblik linije. U w

prostoru, normiran na jedinicu povrsine, dat je kao [54]:

v/2
w—wo)?+ (7/2)?

Lorencov profil nije jedini koji se koristi za opisivanje spektralnih linija u eksperi-

(2.40)

[L<(JJ—Q}0) = (

mentima. U slucaju kada energija svih emitijuc¢ih oscilatora nije jednaka, ve¢ je njihova
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energija statisticki rasporedena, u spektrima se javljaju linije koje se opisuju Gausovim
profilom. U kristalima one su najc¢eS¢e posledica perturbacija elektronskih nivoa elektrona

izazvanih defektima resetke [54]. Analiticki oblik Gausove linije je:

1 —(w=wp) 9 ")/2

€ 202 s o = ,
oV 2T 81n?2

Ig(w —wo) = (2.41)

gde je 7 polugirina linije, a o2 disperzija Gausove raspodele.
Spektralne linije koje se dobijaju u eksperimentima ne moraju nuzno da budu istog
profila kao i linije izvora zracenja. Ovo odstupanje je najcesce posledica instrumentalnog

Sirenja, koje se opisuje Gausovim profilom linije. U tom slu¢aju, eksperimentalna li-

(c) (d)

Intenzitet (proiz. jed.)

P T P N R Y PR S IO R N Y U RO RO AU AU N
®g ®g ®g (O]

Ramanov pomeraj (cmi’)

Slika 2.5: Graficki prikaz (a) Lorencovog, (b) Gausovog, (c¢) Voitovog i (d) Fano profila
spektralnih linija. Preuzeto iz [68]

nija opisuje se Voitovim profilom (Voigtian), koji predstavlja konvoluciju Lorencovog i
Gausovog profila, i koji ne moze biti predstavljen analiticki. Polus$irina Voitove linije

priblizno je [54]:

7 = 053467+ 1/0.215397 + 7% . (2.42)

Pored simetri¢nih linija koje se javljaju u spektrima, a koje se opisuju sa tri gore
navedena profila, u ekpserimentu se neretko javljaju asimetri¢ne spektralne linije. U
slucaju kristala, one su najcesc¢e posledica postoje¢ih defekata u kristalnoj resetlki ili
sparivanja fonona sa kontinuumom [69]. Ovakav oblik linija opisuje se Fano profilima, ¢iji
je najjednostavniji analiti¢ki oblik [70]:
g+& _ 2w —uwp)
i E=—+ -

U izrazu (2.43) wy predstavlja ucestanost fonona u odsustvu interakcije, I' $irinu na

IF(W — CUO) = ]0 (243)

polovini makismalnog intenziteta, I, amplitudu, a ¢ Fano parametar. Fano parametar
q obrnuto je srazmeran asimetriji linije, i ukoliko ima vrednost veé¢u od 30 posmatrana
linija smatra se simetri¢cnom. S obzirom na to da Sirina linije i Fano parametar zavise od
interakcije izmedu fonona i kontinuuma, neretko se koriste kao stepen odredivanja njene
jacine.

Pomenuti profili spektralnih linija graficki su predstavljeni na slici 2.5.

17



2.3 Elektronsko Ramanovo rasejanje

Do ovog trenutka razmatrano je isklju¢ivo Ramanovo rasejanje u kom ucestvuju fononi.
Medutim, Ramanovo rasejanje nije ograni¢eno samo na fonone, ve¢ u njemu mogu ucestvo-
vati i razne druge kvazi-Cestice poput plazmona ili slobodni elektronski gas. U ovom
potpoglavlju bice objaSnjeni osnovni teorijski koncepti elektronskog Ramanovog rasejanja
neophodni i dovoljni za razumevanje prezentovanih rezultata. Elektronsko Ramanovo

rasejanje detaljno je objasnjenju u [71].

2.3.1 Osnovna teorija elektronskog Ramanovog rasejanja

Pod elektronskim Ramanovim rasejanjem podrazumevamo procese u kojima se eksci-
tovani visokoenergetski elektron-supljina par sparuje sa provodnim elektronima metala.
Takav Ramanov spektar se sastoji od fononskih linija superponiranih na elektron-supljina
kontinuum. U Ramanovom eksperimentu se meri broj upadnih fotona, koji se u jedinici
vremena, rasejava u prostornom uglu € + d€2. Ovaj broj je direktno proporcionalan sa

merom prelaza R [72]:

1
- — —BE; 2 _E _
R = ZZe M;i|*6(Ef — E; — hQ) (2.44)
i,f
gde je Z particiona funkcija, a My; = (f| M |i) matri¢ni element prelaza u kome je

sadrzana interakcija svetlosti sa uzorkom. Matri¢ni element M;,; odreden je Hamiltoni-
janom elektrona spregnutih sa elektri¢nim poljem (2.45) u koji su uracunati doprinosi
Kulonove interakcije, slobodnog elektromagnetnog polja, sparivanja elektronske struje sa
pojedina¢nim fotonima i sparivanje nalektrisanja elektrona sa dva fotona |73|. Poslednja

tri ¢lana u izrazau (2.45) doprinose matri¢nom elementu My ;.

e A - R e
H=H + Hpolje + % ;[pl . A(Tz) + A(T’Z> . pz] + 2m02

Z A(r)) - A(ry) . (2.45)

Ukoliko svojstvena stanja Hamiltonijana ., |a), imaju svojstvene vrednosti E,, onda

je H|a) = E, |a), a izraz za matri¢ni element zapisan u drugoj kvantizaciji |[74]:

. 1
My;=er-es Y pasla) (flali)+ . > Y powlas)pss(ar)
a7ﬁ

oo T v a8, . (2.46)
y (<F! clcar [V) (V] chea i) (Fleges [v) (v] clca i)
Ei—EV+hWL Ei_Ezz_h(-“-)S ’
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gde su matricni elementi jednocestiCne gustine stanja i gustine impulsa koja ukljucuju

stanja o i 3, redom [74]:

posla) = / re* , (£)e 97 ps(r) = (a] 697 |B) | (2.47)

+3 r
Paslars) = (a|pe,¢°°7|B) . (2.48)

li),|v) 1 |f) u izrazima (2.47) i (2.48) predstavljaju pocetno, srednje i krajnje stanje
kojima, redom, odgovaraju energije E;, E, 1 Ey.

Prvi ¢lan u izrazu (2.46) potice od dvofononskog rasejanja, a ostali od rasejanja poje-
dinacnog fotona. Izracunavanje ovako datog matri¢nog elemenata je izuzetno kompleksan
proces koji moze da se uprosti ukoliko se prepostavi da se viSecesti¢na medustanja razli-
kuju od krajnjeg i pocetnog samo po ekscitacijama pojedina¢nih elektrona [72]. Sa ovom

pretpostavkom izraz (2.46) dobija oblik:

Mypi = Yas (flchesli) .
a7ﬁ

S L L .S 2.49
1 Pa,sPs s PasPp g (2.49)

Yo, = pa,ﬁ(Q)eL -eg + E (Eﬁ _ E,B’ 1wy Eﬁ _ Eﬂ' — hwy, :

Iz prethodnog izraza moguce je odrediti amplitudu rasejanja (Raman vertekse) u za-

visnosti od vektora polarizacije upadnih i rasejanih fonona [72]:

Tea = D €iVas(k, @)l (2.50)
a,B

2.3.2 Efikasnost elektronskog Ramanovog rasejanja

Neka elektron, koji se nalazi na polozaju r, interaguje sa poljem zracenja, ¢iji je ve-

ktorski potencijal A(r,t¢). Hamiltonijan takve interakcije ima oblik:

_ 24P 1 (e-A) 1 (Ap) (2.51)

H
2mec2 2 mce 2 mc

Ako vektorske potencijale upadnih i rasejanih fotona predstavimo kao
Ap sep ge®rsTwrs) 4 Hermitski konjugat (H.K.), izraz (2.51) moZe da se zapie

u sledeé¢em obliku:

H = ro(er - eg) AL ALe!@P=t) L HK | (2.52)
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gde je q = kg, — ks, w = wy, —ws, arg = €2/mc® = 2.83 - 1071% cm poluprec¢nik elektrona,
[71].
Ako pocetno i krajnje stanje elektrona oznacimo sa |i) i |f), nakon primene perturba-
cione teorije i Fermijevog zlatnog pravila, diferencijalni presek rasejanja elektrona je
dQS ws
= )?r2(er, - es) Z| (f1 9P [3) 2. §(w — wy + w;) - (2.53)

wr

Diferencijalni presek rasejanja fotona dobijamo kada izraz (2.53) pomnoZimo sa wy/ws.
Kada u procesu rasejanja u¢estvuje skup elektrona, a ne samo jedan elektron, ¢lan e*(9)

menjamo operatorom

Pq = Z pilars) — Z Cl+qCx (2.54)
K

J

gde su CIT<+q

za Hamiltonijan postaje:

i Ck operatori kreaciji i anihilacije [71]. Uvode¢i ovu smenu u (2.52), izraz

H =ro(er - es) AL ALe ™ py + HEK . (2.55)

Nakon primene zlatnog pravila dolazimo do konac¢nog izraza za efikasnost elektronskog

Ramanovog rasejanja za n elektrona po jedinici zapremine [71]:

d’R d2s WSy 5

dodQ " dwdQ (WL)TO(GL es)’S(q,w) , (2.56)

S@.w) = Sr)_ (/] pa |8 —w)l. (2.57)
!

gde je S(q,w) dinamicki strukturni faktor koji predstavlja osobinu elektronskog sistema,
u odsustvu perturbacije H, a Sr; predstavlja usrednjavanje po po¢etnim stanjima |i).
Kako bez znanja ta¢nih stanja |7) i | f) iz (2.56) nije moguce izrac¢unati presek rasejanja,
koristi se aproksimacija nasumic¢ne faze (RPA) koja kaze da je S(q,w) jednaka proizvodu
(—7~1) i odgovoru sistema na spoljasnji vremensko zavisni potencijal, F'(q,w) [71]. Kao

posledica ovog odgovara, postoji nenulta indukovana gustina naelektrisanja za koju vazi

Pind = _e@emtp<q7w) . (258)

Ukoliko zanemarimo sve doprinose Kulonove interakcije mnogoelektronskog sistema,
koji su uracunati u F, sem one izmedu spoljasnjeg potencijala i pq, efikasnost rasejanja
svetlosti ¢e biti [71]:

d2R . (u)s
dwdQ)  “wp

)*(er - es)’ra(1 + nw)hﬂfl(—fm{F})\d_Q, (2.59)
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ER we,
_ 1 L
dodD) (wL) (ex - es)*ro(1+ no) s Im{— 1,

gde je n, = (/BT — 1)1,

Ukoliko se ¢ modifikuje tako da ukljuci i ekraniranje slobodnih nosioca od strane

(2.60)

virtuelnih unutarzonskih prelaza u kristalu, izraz za efikasnost elektronskog Ramanovog
rasejanja (2.60) vazi i za elektrone koji ucestvuju u untarzonskom rasejanju svetlosti.
Amplituda ovakvog rasejanja je proporcionalna wg — wy i wg + wg, gde hwg odgovara
energiji procepa unutarzonskog prelaza [71].

Kao sto je o tome bilo reci, selekciona pravila za kvazicestice koje mogu da ucestvuju u
procesu Ramanovog rasejanja dobijaju se iz simetrije kristala, odnosno primenom teorije
grupa na kristalnu strukturu uzorka. U slucaju elektronskog Ramanovog rasejanja, u kom
upadno zracenje dovodi do modulacije gustine naelektrisanje u pravcu koji zavisi od ve-
ktora polarizicije upadnih i rasejanih fotona, selekciona pravila strogo zavise od geometrije
rasejanja. Matri¢ni element My; moZemo razviti po bazisnim funkcijama ireducibilnih

reprezentacija tackastih grupa simetrije kristala, p, tako da bude oblika:
Myi(q — 0) = ZM D, . (2.61)

Odabir skupa ireducibilnih reprezentacija, po kojima se sumira u prethodnom izrazu, vrsi

se na osnov geometrije rasejanja [72].

2.4 Ramanov eksperiment

S obzirom na to da Ramanov efekat daje izuzetno slab signal potrebno je odabrati
opticku aparaturu specijalno dizajniranu za Ramanov eksperiment kako bi isti bio uspe-
San. U zavisnosti od merenog uzorka i Zeljenih rezultata biraju se odgovarajuci izvori
zracenja, detektori, geometrije rasejanja, Sto nije jednostavan niti pravolinijski proces.
Naime, ukoliko zelimo da pojacamo Ramanovu osetljivost eksperimenta, a koja zavisi od
cetvrtog stepena ucestanosti izvora zracenja, koristicemo UV ekscitacione izvore. Medu-
tim, kako UV fotoni nose veliku energiju, postoji rizik od ostecenja uzorka. Zbog svega
toga neophodno je dobro poznavanje sve dostupne aparature, kao i uticaj pojedina¢nih
elemenata eksperimentalne postavke na dobijeni spektar.

Za potrebe izrade ove doktorske disertacije koriS¢ena su dva sistema za merenje Rama-
novog rasejanja - Tri Vista 557 na Institutu za fiziku u Beogradu i sistem za elektronsko
Ramanovo rasejanje na Valter Majsner institutu u Minhenu. Svi spektri koji ¢ée biti
prezentovani, sem oni snimljeni na zapreminskim kristalima 17-TaS,, dobijeni su na sis-

temu Tri Vista 557 na Institutu za fiziku u Beogradu.
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2.4.1 Geometrija rasejanja

Ramanova eksperimentalna postavka obi¢no se sastoji od lasera, spektralnog analiza-
tora (monohromator ili interferometar), optike za sakupljanje signala i detektora. Po-
slednje dve komponente biraju se u zavisnosti od talasne linije lasera, pri ¢emu je uloga
optike za sakupljanje signala da sakupi $to je moguée vise ramanski rasejane svetlosti i

usmeri je na spektralni analizator.

M

L3 M

Slika 2.6: Geometrija rasejanja pod uglom od 90°.

[ako se ramanski rasejana svetlost rasejava u svim pravcima u eksperimentalnim
postavkama su se izdvojile dve geometrije skupljanja rasejane svetlosti — pod uglom od 90°
i pod uglom od 180°, tzv. geometrija rasejanja unazad (backscattering). Kod geometrije
u kojoj se signal skuplja pod uglom od 90° [Slika 2.6] laserska svetlost dolazi do uzorka,
rasejava se i pada na socivo koje ima ulogu da je usmeri pod uglom od 90° na opticki
element za sakupljanje rasejane svetlosti. Kako se rasejana svetlost Siri u obliku sfere,

neophodno je kori$é¢enje sociva sa kratkim fokalnim duzinama.

(@) L1

spektrometar L2 N M uzorak

spektrometar L2 uzorak
L3

(b)

(c) BS

spektrometar L2 M uzorak

spektrometar

(d)
L1
A A WS

T

Slika 2.7: Razlicite eksperimentalne postavke sa geometrijom rasejanja unazad.

U slucaju geometrije rasejanja unazad, u svim konfiguracijama, laserski snop je uvek

koaksijalan sa sakupljenim ,snopom” §to se postize koris¢enjem ogledala ili razdelnik
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snopa, BS. Na slici (2.7) prikazane su najcesée konfiguracije sa geometrijom rasejanja
unazad. U konfiguracijama (a), (¢) i (d) omoguéena je brza zamena so¢iva L1, te samim
tim i modifikacija duzine optickog puta i opticke dubine polja. Nedostatak ove tri konfigu-
racije je pozadinski signal koji dolazi od sociva L1, ukoliko je ono sacinjeno od materijala
sklonog luminiscenciji. Dodatno, u konfiguraciji (¢) pozadinski signal moze poticati i od
BS. Konfiguracija (b) se najc¢esce koristi u kombinovanim eksperimentima Raman—Furije
transform jer omogucéava podesavanje laserskog fokusa bez uticaja na sakupljanje rasejane
svetlosti.

Glavna prednost geometrije rasejanja unazad ogleda se u ¢injenici da je radno rasto-
janje izmedu sociva i uzorka prilicno dugacko, tako da su merenja neinvanzivna jer je
moguce postaviti prozor od odgovarajuéeg materijala izmedu uzorka i spektrometra. Pro-
zori se najcesce izraduju od kvarca, koji ne doprinosi pozadinskom signalu u Ramanovom
eksperimentu. Dodatne prednosti u odnosu na geometriju rasejanja pod uglom od 90° su
moguc¢nosti simultanog merenja Ramanovog rasejanja i UV-vidljive apsorpcije, moguénost
merenja izuzetno malih kristala na niskim temperaturama i laka reprodukcija dobijenih

spektara zbog poklapanja ose laserskog i sakupljenog snopa.

2.4.2 Eksperimentalna postavka: Institut za fiziku u Beogradu

Kao §to je pomenuto, sve eksperimentalne postavke koje se koriste u Ramanovom

eksperimentu sastoje od ¢etiri bitne komponente:
1. izvora pobude,
2. sistema sociva i ogledala za usmeravanje snopa,
3. monohromatora i
4. detektora.

Laseri su se pokazali kao najpogodiniji izvori svetlosti u Ramanovoj spektroskopiji zbog
visoke monohromatic¢nosti snopa, velike izlazne snage i male velicine snopa. Mali laserski
snop, koji koriS¢enjem pogodnih sistema sociva moze da se smanji do 0.1 mm, znaci
mogucénost usmeravanja celokupnog fluksa zracenja na uzorke malih dimenzija, poput
zapreminskih kristala [47]. Dodatno, laserski snop je skoro uvek linearno polarisan tako da
je dodatnim optic¢kim elementima moguéa precizna kontrola polarizacije upadnih fotona.
Glavni nedostatak laserskih izvora jeste postojanje plazma linija. Iste se relativno lako
uklanjaju korig¢enjem filtera sa zarezima (notch filteri), koji se postavljaju izmedu lasera
i uzorka. U okviru eksperimentalne postavke na Institutu za fiziku u Beogradu korig¢ena

su dva Coherent lasera — jonski Art /K™ i ¢vrstotelni Verdi G laser. Glavna razlika medu
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Slika 2.8: (a) Oduzimajuéi i (b) sabirajuéi princip rada monohromatora. Preuzeto iz [75].

njima je to §to Verdi G emituje samo zelenu lasersku liniju na 532 nm, dok jonski laser
poseduje deset linija u rasponu talasnih duzina od 457.9 nm do 647.1 nm. Koris¢ena
izlazna snaga lasera birana je u skladu sa merenim uzorkom i Zeljenim rezultatima, i
to tako da se dobije maksimalni signal rasejanog zracenja bez rizika od oSte¢enja po
uzorka koji se meri. Dodatno, za eksperimente u kojima su praceni temeperatursko zavisni
fenomeni snaga lasera je birana tako da efekti lokalnog zagrevanja budu zanemarljivi.

Laserski snop usmeren je na uzorak pomoc¢u konfokalnog mikroskopa, ¢ime se postize
jos bolje fokusiranje snopa na male uzorke, reda veli¢ine nekoliko pym. KoriSéena ge-
ometrija rasejanja je geometrija rasejanja unazad, Sto znaci da se neelasti¢no rasejana sve-
tlost istim mikroskopom saskuplja i odvodi do monohromatora. Glavni zadatak monohro-
matora jeste da eliminiSe nezeljene doprinose u spektru. Kao §to je pomenuto u pot-
poglavljima 2.2.1 i 2.2.2, intenzitet linija koje potic¢u od elasti¢no rasejane svetlosti je za
nekoliko reda veli¢ina jac¢i od intenziteta Ramanovih linija, te je radi uspeSnosti eksperi-
menta od velike bitnosti odstraniti doprinose elasti¢no rasejane svetlosti.

Kod trostepenog ramanskog sistema Tri Vista 557, centralnog dela eksperimentalne
postavke na Institutu za fiziku, prva dva stepena imaju ulogu pre-monohromatora, dok
treé¢i stepen sluzi kao spektrometra. TriVista 557 poseduje dva moguca rezima rada —
sabirajuéi i oduzimajuéi rezim [Slika 2.8(a) i (b)]. U sabiraju¢em rezimu polihromatska
svetlost, koja u sistem dospeva kroz ulazni otvor S7, razlaze se difrakcionom resetkom Gj.
Tako razloZena svetlost se usmerava na izlazni prorez S o , koji ima ulogu da propusti
svetlost u odredenom ospegu ucestanosti. Time se postize da samo mali procenat upadne
svetlosti bude propusten u drugi stepen spektrometra. U drugom stepenu spektrome-
tra, svetlost se opet razlaze na drugoj reSetki G i stize do proreza S5 3, nakon cega se
na reSetki GG3 razlaze po treéi put i tako razloZena projektuje do detektora. Disperzija
TriVista sistema koji radi u sabiraju¢em modu jednaka je zbiru disperzija sva tri stepena.
KoriSe¢enjem ovog rezima rada postize se visoka spektralna rezolucija i linearna disperzija.

Kada TriVista radi u oduzimajuc¢em rezimu rada, svetlost dospeva u sistem preko
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Slika 2.9: Trostepeni ramanski sistem TriVista 557. Preuzeto iz [75].

proreza Sy, razlaze se na reSetki GGy i kroz prorez S, propusta u drugi stepen, ali samo
u rasponu talasnih duzima od A\; do As. Tako dospela svetlost se rekombinuje u polihro-
matsku svetlost reSetkom G5 i fokusira na sredinu proreza Sp3. U tre¢em stepenu se
svetlost opet razlaze i sistemom ogledala usmerava na CCD detektor, gde se opticki si-
gnal pretvara u elektri¢ni. Oduzimajudi rezim rada postize se rotiranjem resetki G; i Go
za isti ugao, ali u suprotnom smeru. Pri izradi ove disertacije koriS¢en je oduzimaju¢i
rezim rada TriVista 557 ramanskog sistema, ¢ime su dobijeni spektri bez doprinosa ,za-
lutale svetlosti” i omogucena je detekcija niskoenergetskog dela spektra. Sematski prikaz

TriVista 557 spektrometarskog sistema dat je na slici (2.9).

2.4.3 Eksperimentalna postavka: Valter Majsner institut u

Minhenu

Eksperimentalna postavka za merenje elektronskog Ramanovog rasejanja mora da
bude specijalno dizajnirana kako bi uspela da detektuje izuzetno mali broj neelasti¢no
rasejanih fotona (jedan od 10'* upadnih fotona). Primer jedne takve postavke, iz Valter
Majsner instituta u Minhenu, prikazan je na slici 2.10. Kao eksicationi izvori koriste se
Ar" kontinualni laser, koji poseduje Sest linija u rasponu talasnih duzina od 457.9 nm
do 514.6 nm, i Nd-Yag laser, koji poseduje samo zelenu liniju na 532 nm. Promenom
polozaja ogledala M1 bira se izvor koji ¢e biti koris¢en u eksperimentu. Kako je sistem
podeSen na precnik snopa Ar" lasera, a precnici dva ekscitacion izvora se ne poklapaju,

neophodno je sistemom sociva otkloniti ovo odstupanje (L1 i L2 na slici 2.10).
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Slika 2.10: Eksperimentalna postavka za merenje elektronskog Ramanovo rasejanja.
Preuzeto iz [72].

Da bi se otklonile plazma linije i druge necistoc¢e laserskog snopa, na opticki put
postavljen je sistem koji ima ulogu prostornog filtera (PH1), a koji se sastoji od dva
ahromatska sociva i cirkularne aperture. Medutim, to nije dovoljno kako bi se u potpu-
nosti uklonio doprinos plazma linija u spektru, te se u tu svrhu koristi monohromator
sa prizmom. Njegova uloga je da razlozi lasersku svetlosti i projektuje je na prorez, koji
odseca svu svetlost sem svetlost odredene talasne duzine, pa samim tim i veliku veé¢inu
plazma linija. Plazma linije, koje prezive i ovaj deo optickog puta, uklanjaju se doda-
tnim prostornim filterom (PH2). PH2 se sastoji od dva ahromatska soc¢iva i proreza S2.
Zeljena polarizacija svetlosti postize se pomoé¢u Glen-Tompsonovog polarizatora (P), a
snaga lasera koriS¢enjem \/2 polarizatora. Za ta¢no utvrdivanje snage lasera koristi se
digitalni merac laserske snage (PM).

Kako u Ramanovom eskperimentu polarizacija svetlosti unutar uzorka igra jako bitnu
ulogu, neophodno je omoguciti nezavisni odabir polarizacije i faze svetlosti. To se postize
koris¢enjem kompenzatora (SBC). Pre usmeravanja snopa na uzorak so¢ivom L8, snop
prolazi kroz jo$ jedan prostorni filter (PH3) koji uklanja posledice interferencije optickih
elementa, kako bi laserski snop imao Gausov profil.

Geometrija rasejanja koris¢ena u ovoj eksperimentalnoj postavci naziva se geometrija
rasejanja pod pseudo-Brusterovim uglom, koji u ovom konkretnom slucaju iznosi 66° u
odnosu na povrsinu normalnu na uzorak [Slika 2.11]. Ovakav odabir geometrije rasejanja
pruza sistem u kom nema doprinosa reflektovane svetlosti, i u kome je udeo elasti¢no
rasejane svetlosti sveden na minimum.

Nevezano od koriséene eksperimentalne postavke, za vreme trajanja eksperimenta uzo-
rak se postavlja u kriogenu sredinu, koja poseduje helijumski sistem hladenja. Time se
pruza mogucé¢nost merenja Ramanovog rasejanja u Sirokom temperaturskom opsegu
2K <T <370 K, u kojem se javljaju slabo ispitavani niskodimenzioni fizicki fenomeni.

Kako ne bi doslo do zagadenja uzorka, sva merenja vrse se u visokom vakuumu, koji se
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Slika 2.11: Geometrija rasejanja pod pseudo-Brusterovim uglom. Preuzeto iz [68].

postize povezivanjem kriostata sa turbomolekularnom vakuumskom pumpom.

27



53 Kvazi-dvodimenzionalni materijali

Dimenzionalnost predstavlja jedan od najuticajnijih parametara na fizicko-hemijske
karakteristike materijala. Materijali kod kojih je ograni¢ena samo jedna dimenzija nazi-
vaju se slojeviti ili dvodimenzionalni materijali. Sli¢no, kod 1D materijala (nanoZica)
ogranic¢ene su dve dimenzije, dok su kod 0D materijala sve dimenzije ograni¢ene na neko-
liko nm. Slojevite strukture sa jakim kovalentnih vezama izmedu atoma slojeva, ali slabim
van der Valsovim vezama medu samim slojevima, poznati su kao kvazi-dvodimenzionalni
materijali. Slabe van der Valsove veze u ovim materijalima omogucéavaju njihovo cepanje
na mono i polislojeve.

Prva istrazivanja na monoslojevima, fokusirana na ispitivanje formiranja atoma alka-
Inih metala na metalnim filmovima, datiraju jos iz tridesetih godina proslog veka [76].
Medutim, do prve uspesne sinteze pravog 2D materijala, grafena, u Mancesteru 2004.
godine od strane A. Geima i K. Novoselova [6], ispitivanje fizickih i hemijskih karakteri-
stika 2D materijala ostalo je u okvirima fizike povrSina (surface science) [11]. Bitnost
ovog rezultata ne ogleda se samo u uspeSnoj sintezi materijala debljine jednog atoma,
sa makroskopskim lateralnim dimenzijama, ve¢ i u jednostavnosti i lakoj reproducibil-
nosti korig¢éene tehnike [77]. Ekstenzivna istrazivanja na grafenu doprinela su razvoju
metodologije, i raznih eksperimentalnih tehnika, koje su uspesnu primenu nasle i u sintezi
novih kvazi-2D materijala, i doprinele dubljem razumevanju njihovih uzbudljivih fizickih
i hemijskih karakteristika. Sa porastom broja postojecih kvazi-2D materijala, raste i lista
novootkrivenih niskodimenzionih fizi¢kih fenomena, kao i irina industrijskih primena. Do
danasnjeg dana, 15 glavnih familija kvazi-2D materijala je potvrdeno ekpserimentalno ili
predvideno teorijom [11]. Na slici 3.1 prikazana je vremenska skala sinteze osnovnih 2D
materijala.

Opticke i elektri¢ne karakteristike kvazi-2D materijala znacajno se razlikuju od nji-
hovih 3D analogona usled ogranic¢avanja elektrona i odsustva interakcije izmedu slojeva.
Iako generalno izuzetno slaba, ova interakcija ima nezanemarljiv uticaj na zonsku stru-
kturu materijala [77]. Glavni uticaj na elektri¢ne, termalne i opticke osobine ovih mate-
rijala ima raspored atoma u kristalnoj resetki. Iako svi elementi IV grupe periodnog
sistema imaju sli¢ne elektri¢ne karakteristike kao ugljenik, kristalna struktura 2D analo-
gona silicijuma, germanijuma i kalaja se znac¢ajno razlikuje od kristalne strukture grafena.

Najstabilnija struktura 2D analoga kalaja — stanena je simetrija poput one u MoS,, dok

28



antimonen

fosforen
stanen arsenen
grafen silicen teluren
2004 2010 2014 2016 2018 2020
selenen ‘
borofen bizmuten plumben
germanen galenen

Slika 3.1: Vremenska skala sinteze nekih od osnovnih 2D materijala. Slika je preuzeta iz
[11].

u sluc¢aju silicena i germanena najstabilnija struktura ima geometriju saca [78]. Kada
su u pitanju elementi III grupe periodnog sistema, teorija predvida nekoliko podjednako
stabilnih alotropa aluminena, borofena i galenena i jedinstvenu zonsku strukturu [11, 79).
Elementi V i VI grupe periodnog sistema kristaliSu u nekoliko razli¢itih kristalnih stru-
ktura, od kojih su najstabilnije kristalne strukture tzv. a i 8 struktura. Jedini izuzetak
je kristalna resetka Te 2D analoga, kod koga je jedina stabilna struktura heksagonalna
a struktura, dok su pravougaona [ i heksagonalna v metastabilne strukture [80]. Pored
kristalne strukture, veliki uticaj na najrazli¢itije zanimljive karakteristike kvazi-2D mate-
rijala imaju i razlike u valentnim elektronima i njihove relativne energije. Sto se tite zonske
strukture, kre¢udi se s leva na desno duz periodnog sistema, smenjuju se metali, semime-
tali, poluprovodnici i izolatori. Svi elementi III grupe su ili ekperimentalno potvrdeno ili
teorijski predvideno metali¢ni, dok elementi IV grupe imaju Dirakovu konusnu semimetal
zonsku strukturu slicnu grafenu [11]. Jos jedna nau¢no znacajna osobina kvazi-2D mate-
rijala jeste postojanje spin-orbitalnog sparivanja, koje je posebno izrazeno kod tezih ele-
menata IV, Vi VI grupe [81, 82, 83, 84].

Binarni 2D materijali mogu se podeliti na karbide, boride, okside, nitride, halide i
halkogenide. Unutar svake klase nalaze se podklase poput mono-, di-, trihalkogenida.
Halkogenidi predstavljaju klasu binarnih kvazi-2D materijala sa najveéim brojem stabil-
nih jedinjenja pri razli¢itim uslovima. Kako imaju relativno jaku van der Valsovu silu
medu slojevima (u poredenju sa ostalim kvazi-2D materijalima), zonska struktura ovih
materijala zavisi od broj slojeva [85, 86]. Ono $to je posebno zanimljivo u vezi binarnih
kvazi-2D materijala jeste moguénost kontrolisanja njihovih fizickih i hemijskih karakte-
ristika primenom spoljasnjih uticaja [12, 13, 14, 87, 88]. Dodatno, zavisno od dizajna,
kvazi-2D materijali mogu biti superprovodnici, feroelektrici i magnetici |16, 17, 89, 90].
Zbog slabe van der Valsove sile medu slojevima, te samim tim i moguceg cepanja na
manji broj slojeva, ovi materijali predstavljaju idealne sisteme za ispitivanje egzoti¢nih
osobina slojevitih materijala. PovrSina dobijena cepanjem je izuzetno stabilna pri am-
bijentalnim uslovima, i u velikoj ve¢ini slucajeva bez defekata, te je moguce koristiti ih

kao podlogu za narastanje drugih materijala ili medusobno slaganje razli¢itih materijala

29



[91, 92|. T pored slabe interakcione sile izmedu slojeva, hibridizacija i narusenje simetrije
imaju izuzetno jak uticaj na zonsku strukturu van der Valsovih materijala. Konkretno,
broj slojeva utice na to da li ¢e zonski procep u materijalu biti direktan ili indirektan.
Dodatno, debljina materijala uti¢e na fazne prelaze povezane sa talasima gustine na-
elektrisanja i superprovodnoséu [11]. Jaka Kulonova sila, koja je posledica smanjenog
ekraniranja usled slabe interakcije slojeva [93], ima za posledicu jaku vezivnu energiju
ekscitona u poluprovodnim kvazi-2D materijalima. U zavisnosti od merenog materijala i
njegove debljine, vezivne energije ekscitona imaju vrednosti koje su za jedan red velic¢ine
vece nego kod 3D materijala i zbog kojih postoje ¢ak i na sobnim temperaturama [94, 95].

Kako bi realizacija 2D materijala sa dugodometnim magnetnim uredenjem, u kombi-
naciji sa njihovim jedinstvenim optickim i elektri¢cnim karakteristikama, dovela do novih
magnetno-optickih primena, veéina novih studija bazirana je na sintezi materijala sa
dugodometnim feromagnetnim uredenjem. Tehnike koje su do sada koriséene za induko-
vanje magnetizma u kvazi-2D materijalima uklju¢uju koriséenje defekata 96|, dopiranje
uzoraka [97] i narastanje materijala na magnetnim supstratima [16], medutim nijedna od
ovih metoda nije dala zadovoljavajuce rezultate. Iako su teorijske studije odavno pret-
postavile feromagnetno uredenje u kvazi-2D materijalima, ono je eksperimentalnu potvrdu
dobilo tek 2017. godine [16, 17]. Ovakav razvoj dogadaja znatno je uticao na ve¢ veliko
interesovanje koje su kvazi-2D materijali uzivali, jer je po prvi put omogucéeno eksperi-
mentalno ispitivanje niskodimenzionog magnetizma.

Sve navedeno jeste dovoljan, ali ne i jedini, razlog zbog koga su kvazi-2D materijali
stavljeni u centar istrazivanja fizike kondenzovanog stanja. Tome doprinosi i moguénost
ispitivanja do sada nepoznatih, ili eksperimentalno nedostupnih, fizickih fenomena poput
visokotemperaturskog balistickog transporta |7], netrivijalne topologije |8, 9, 10| i razli¢itih
optoelektronskih karakteristika [98|, kao i moguénost njihove primene u nanoelektronici i
spintronici [11].

Istrazivanja predstavljena u okviru ove doktroske disertacije radena su na jedinjenima
koja pripadaju trihalidima (Crls i VI3) i dihalkogenidima prelaznih metala (17-TaS,),
i na slojevitim kristalima MnsSi;Teg. Stoga ¢ée glavni cilj ovog poglavlja biti osvrt na
najbitnije karakteristike ovih familija kvazi-2D materijala, uz detaljan pregled postojeé¢ih
saznanja i najbitnijih rezultata na ispitivanim materijalima, kao i otvorena pitanja na

koje su rezultati ove disertacije pokusali da pruze odgovor.

3.1 Trihalidi prelaznih metala

Trihalidi prelaznih metala, MX3 (M - katjon metala, X anjon halogenida), predsta-
vljaju jednu od najplodonosnijih i najistrazivanijih familija kvazi-2D materijala. Svi

¢lanovi ove familije kvazi-2D materijala kristaliSu ili u monoklini¢u strukturu AlICl; tipa
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ili u romboedarsku Bilz kristalnu strukturu, koje su sacinjene od M katjona slozenih u
formi sac¢a smeStenih na ivice oktaedara sa¢injenih od halogenih anjona [Slika 3.2] [99].
Kod svih trihalidnih jedinjenja koja kristalisu u Bilz kristalnu strukturu uvek dolazi do
formiranja sac¢a, dok u sluéaju AlCI; strukture forma sa¢a moze biti izobli¢ena Sto za

posledicu ima razli¢ita rastojanja izmedu M—M elemenata.
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Slika 3.2: Kristalne strukture Bily i AICl3 tipa. Gornji deo slike predstavlja zajednicki
sloj grade obe strukture. Slika je preuzeta iz [99)].
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Kao jedni od prvih slojevitih materijala u kojima je niskodimenzioni feromagnetizam
dobio eksperimentalnu potvrdu, trihalidi prelaznih metala predstavljaju idealne sisteme
za ispitivanje magnetnih monoslojeva. Pored toga Sto bi magnetizam u 2D materijalima
znacajno prosirio domene njihove moguce primene, postojanje istog otvara i moguénost
pojave novog kvantnog stanja materije, zabranjenog Mermin-Vagnerovom teoremom |[15].
Da bismo razumeli zasto Mermin-Vagnerova teorema isklju¢uje moguénost 2D magne-

tizma krenu¢emo od najjednostavnijeg 2D modela za opisivanje spin—spin interakcije:

Ho=—J) > (SESEa+ (SISE) = T Y SiSia s (3.1)
k,l k,l

gde S;¥” predstavlja komponentu spina na strani k, a Jy (J,) energiju razmene spina u
ravni (van ravni). Sumiranje u izrazu (3.1) vrsi se po najblizim susedima k,I. Ukoliko
van ravni ne dolazi do razmene spinova, gornji izraz se uproséava na X—Y Izingov spinski
model [100]. U slu¢aju kada je energija razmene spinova u i van ravni jednaka, govo-
rimo o izotropnom Hajzenbergovom spinskom modelu [100]. U oba slu¢aja, M-V teorema

iskljucuje moguénost magnetnog uredenja u 2D materijalima kao posledicu naruSenja
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spinskog uredenja usled termalnih i kvantnih fluktuacija [15]. Medutim, odredene teorij-
ske studije ukazuju na mogucénost magnetnog uredivanja u materijalima ¢ije se spinsko
uredenje opisuje Izingovim ili anizotropnim Hajzenbergovim modelom (.J; # J ), najcesce
kao posledica naruene simetrije [100, 101]. Potvrda istih stigla je 2017. godine kada je
eksperimentalno potvrden feromagnetizam u monoslojevima Crlz, kod kojih se spinovi
ureduju po Izingovom modelu [17, 102, 103].

Ovako veliko otkric¢e dovelo je do jos iscrpnijeg istrazivanja trihalida prelaznih metala,
koje je iznedrilo poduZu listu materijala sa pretpostavljenim (anti)feromagnetnim ure-

denjem. Kao glavni kandidati za istrazivanje niskodimenzionog magnetizma pominju se
CrX3, OsCly, VCls, NiCls, RuX3 i MnX; (X=F, Cl, Br, I) [18, 19, 20, 21, 22, 23, 24].

3.1.1 Crl,

Eksperimentalna potvrda magnetizma u monoslojevima Crls, ¢lana familije hrom-
trihalida, dovela je do velikog broja eksperimentalnih studija usmerenih ka dubljem
razumevanju ovog kvazi-2D materijala. Kao Sto ¢e u ovom poglavlju biti pokazano,
Crls je feromagnetni poluprovodnik sa opti¢kim zonskim procepom od 1,2 eV i Kirijevom

temperaturom u rasponu od T = 45 K do 61 K, zavisno od broja i debljine slojeva
[17, 104, 105, 106, 107].

3.1.1.1 Kristalna struktura Crl;

Prva istrazivanja radena na Crls datiraju jos iz Sezdesetih godina proslog veka [104,
108]. Od tada, pa do sada, prijavljeno je vie razli¢itih istrazivanja na temu kristalne
strukture hrom-jodida. Kao i kod svih trihalida hroma, i u Crls joni Cr®* smesteni su u
mrezu oblika saca koja deli ivice sa oktaedrom odredenim sa Sest jona halogenida I~. Svaki
jon joda vezan je sa po dva jona hroma. Tako dobijeni slojevi povezani su izuzetno slabom
van der Valsovom silom, ¢ime je omoguceno lako cepanje ovog materijala na slojeve.

Na osnovu XRD studija radenih na sobnoj temperaturi utvrdeno je da Crls, kao §to
je to slucaj i kod ostalih trihalida prelaznih metala, kristaliSe u kristalnu strukturu AlCl;
tipa [103, 109]. Ova struktura opisuje se C2/m prostornom grupom simetrije. Rezul-
tatl iz pomenutog istrazivanja prikazani su na slikama 3.3(a) i 3.3(b), redom. Ono oko
¢ega se sva prijavljena istrazivanja radena na Crlz kristalima slazu jeste postojanje struk-
turnog faznog prelaza na oko 220 K [103, 109]. Shodno tome, podaci dobijeni u XRD
eksperimentu radenom na niskim temperaturama, oc¢ekivano, ne daju najbolje slaganje
sa C2/m simetrijom kristalne reSetke, veé¢ je prostorna grupa simetrije nove niskotem-

peraturske strutkure R3. DFT rezultati sugeriSu da se usled strukturnog faznog prelaza
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C2/m struktura transformige u R3 strukturu zbog njihovih bliskih energija formiranja.
Suptilna razlika u energijama formiranja potice od razli¢itog intenziteta van der Valsove
sile izmedu Crl slojeva u ove dve strukture [103]. U niskotemperaturskoj kristalnoj
strukturi slojevitog kristala monoslojevi Crls, tackaste grupe simetrije D34, spakovani su
po tzv. Bernalovom ABC na¢inu pakovanja, pri ¢emu je svaki sloj bo¢no izmaknut za
[2/3,1/3] u odnosu na najblizi sloj. Snizavanje simetrije prilikom faznog prelaza praceno
je dodatnim boé¢nim izmicanjem B i C slojeva za [1/3,0] i [2/3,0], redom, ostavljaju¢i

monosloj nepromenjenim [103].
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Slika 3.3: (a) XRD visokotemperaturske C2/m faze Crls. (b) Kristalna struktura vi-
sokotempraturske faze Crls. (c) Intenzitet u zavisnosti od ugla difrakcije i temperature
meren u procesima hladenja i grejanja. (d) Temperaturska zavisnost rastojanja medu slo-
jevima pri zagrevanju uzorka, nakon jednog procesa hladenja. Slika je preuzeta iz [103].

Ono §to je posebno zanimljivo, i $to trazi dodatnu eksperimentalnu potvrdu, jeste pri-
java koegzistencije niskotemperaturske i visokotemperaturske faze u jednoj od objavlje-
nih XRD studija [103]. Postojanje doprinosa niskotemperaturske faze iznad temperature
faznog prelata u suprotnosti je sa prijavljenim faznim prelazom prvog reda. Rezultati koji

sugerisu koegzistenciju predstavljeni su na slikama 3.3(c) i 3.3(d).

3.1.1.2 Transportna i magnetna svojstva Crl;

Pocetni korak u ispitivanju elektriénih, magnetnih i optickih osobina ma kog materijala
jeste uvid u njegovu elektronsku zonsku strukturu. Kako su u okviru ove doktorske diser-

tacije ispitivani samo slojeviti kristali Crlz predstavljene elektri¢ne, magnetne i opticke
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karakteristike odnosice se samo na njih. Detaljan opis elektricnih, magnetnih i optickih
osobina mono i bislojeva Crl3 moguce je pronadi u referencama [110, 111, 112] i [113].
Na osnovu elektronske zonske strukture Crls, predstavljene na slici 3.4(a), lako se
zakljucuje da je Crls poluprovodnik sa indirektnim zonskim procepom. Procenje vrednost
zonskog procepa iznosi 0,6 eV [111]. Kao §to se moze videti, minimum provodne zone lezi

u T-tacki, dok valentna zona dostize svoj maksimum u I'-tacki.
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Slika 3.4: (a) Zonska struktura Crls. Vrh valentne zone predstavljen je isprekidanom lini-
jom. Slika je preuzeta iz [111]. (b) Temperaturska zavisnost magnetizacije sa primenjenim
poljem H = 1 kOe u ab ravni i duz c-ose. U umetku je predstavljena vrednost dM /dT
u zavisnosti od temperature. Slika je preuzeta iz [109].

Temperaturska zavisnost magnetizacije merena na kristalima Crls pokazala je da na
temperaturi 7o ~ 61 K dolazi do faznog prelaza izmedu paramagnetne i feromagnetne
faze [Slika 3.4(b)|. Merenja su vriena sa poljem ja¢ine H = 1 kOe primenjenim duz c-ose
i u ab ravni. Vrednost dobijene temperature magnetnog faznog prelaza procenjena je na
osnovu minimuma krive dM /dT predstavljene na umetku slike 3.4(b). Prijavljeni fazni
prelaz je drugog reda [109].

Cepanje slojevitog kristala Crl3 na slojeve dovodi do uzastopnog smenjivanja fero-
magnetnog i antiferomagnetnog uredenja u materijalu, pri ¢emu je magnetno uredenje u
monosloju feromagnetno, dok je bisloj antiferomagnetan [17]|. IstraZivanja bazirana na
neelasticnom neutronskom rasejanju pokazala su da je feromagnetna faza odredena ma-
gnetnom anizotropijom, koja je posledica spin-orbitalnog sparivanja [114]. U istoj studiji
pokazano je da magnetna anizotropija, koja se vidi kao spinski procep u centru Briluenove
zone, opada sa temperaturom sve do T, kada u potpunosti nestaje.

Kao 8to je moguce primetiti na slici 3.4(b), temperaturska zavisnost dM /dT trpi jo$
jedan pad na temperaturi od oko 212 K. Ova anomalija, u skladu sa rezultatima pred-
stavljenim u potpoglavlju 3.1.1.1, protumacena je kao manifestacija strukturnog faznog

prelaza prvog reda i kao dokaz sparivanja kristalne strukture i magnetnog uredenja u Crls.
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3.1.2 VI,

Pretrazujuci stru¢nu literaturu prve rezultate istrazivanja na kristalima VI3 moguce je
pronaci u radovima publikovanim pre vise od 60 godina [115, 116, 117]. Medutim, od tada
pa do relativno skoro, gotovo je nemoguce bilo pronaci teorijske i eksperimentalne studije
bazirane isklju¢ivo na ovom materijalu. Potvrdom postojanja feromagnetnog uredenja u
slojevima trihalida prelaznih metala situacija se drasticno menja. Kako je utvrdeno da
se, zavisno od broja slojeva, u hrom-jodidu smenjuju feromagnetno i antiferomagnetno
uredenje, pojavila se ideja o realizaciji feromagnetnog materijala kod koga ta zavisnost
ne bi postojala. Zbog sli¢nosti u strukturi, ali i magnetnim karakteristikama, vanadijum-
jodid izdvojio se kao primarni kandidat. S tim u vezi, prethodne godine iznedrile su veliki
broj nauc¢nih studija usredsredenih na ispitivanje elektri¢nih i magnetnih karakteristika

ovog jedinjenja. Najvazniji rezultati iz njih bice predstavljeni u ovom potpoglavlju.

3.1.2.1 Kristalna struktura VI;

Kada je kristalna struktura VI3 u pitanju, u stru¢noj literaturi postoje velike nesu-
glasice u interpretaciji dobijenih eksperimentalnih rezultata. Konkretno, prvi rezultati
ukazivali su na to da na sobnoj temperaturi VI3 kristaliSe u strukturu karakteristi¢nu
za trihalide prelaznih metala — Bil3 strukturu saca, koja se opisuje prostornom grupom
simetrije R3. Medutim, skorasnji rezultati tri razli¢ite XRD studije predlazu tri razlicite
simetrije jedini¢ne éelije VIg — P31e [118], R3 [119, 120] i C2m/m [121]. Sematski
prikaz predlozenih kristalnih struktura P31lc, C2/m i R3 simetrije predstavljen je na
slikama 3.5(a), 3.5(b) i 3.5(c), redom. U P3lc strukturi jedini¢na celija sastoji se od
idealne dvoslojne strukture sa¢a sa¢injene od V3T katjona smestenih unutar [VIg]>~ okta-
edara, pri ¢emu sve V-V i V-1 veze imaju iste duzine [118]. Sto se tife monoklini¢ne
C2/m kristalne strukture, katjoni prelaznog metala V3% | okruZzeni sa po $est anjona I~.
V3T formiraju neidealnu strukturu saca, usled izduZenja V veza, koja deli ivice sa oktae-
drom odredenim I~ anjonima. Slojevi, izmedu kojih se nalaze van der Valsovi procepi i
koji su medusobno izmaknuti duz a ose, pakuju se duz c ose. U sluc¢aju romoboedarske
kristalne strutkure, prostorne grupe simetrije R3, slojevi se izmi¢u duz ivice V-V saca
[121].

Svi XRD rezultati prijavljuju fazni prelaz na oko 79 K, medutim, priroda faznog
prelaza do trenutka pisanja ove disertacije nije u potpunosti razjasnjena. Naime, u neko-
liko publikacija prijavljen je strukturni fazni prelaz slican onom do koga dolazi u Crls
kristalima [120, 121]. S obzirom na to da nedoumice u vezi kristalne strukture visokotem-
peraturske faze VI3, u trenutku publikovanja pomenutih radova, nisu bile u potpunosti
razjasnjene, onemoguceno je precizno utvrditi da li je pomenuti fazni prelaz strukturni i

ako jeste kako transformiSe kristalnu strukturu.
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Slika 3.5: Visokotemperaturska (a) P31c, (b) C2/m i (¢) R3 kristalna struktura VTs.
3.1.2.2 Transportna i magnetna svojstva VIj

Pitanje kristalne strukture VI3 nije jedino na koje su razli¢ite studije, Sto eksperimen-
talne Sto teorijske, dale razli¢ite odgovore. Ako se u literaturi potrazi pitanje elektronske
strukture VI3 dobijaju se medusobno protivreéni odgovori. Shodno tome, moguée je pro-
nac¢i eksperimentalne studije u kojima se VI3 opisuje kao poluprovodnik, i teorijske studije
koje pokazuju da je VI3 polumetal ili Motov izolator.

Kod kristalne strukture VI3, V joni se nalaze u centru kristalnog oktaedarskog polja
koje potice od Ig oktaedra. Takvo polje razdvaja V—d orbitale u dvostruko degeneri-
sane e, i trostruko degenerisane t9, orbitale. Kao posledicu takve konfiguracije, u kojoj
su orbitale delimi¢no popunjene, teorija predvida polumetalnu prirodu VI3 [122]. Ovakva
pretpostavka vazi kada ne postoje, ili postoje jako mala, izoblicenja Is oktaedra. Ukoliko u
razmatranje uklju¢imo postojanje odbojne Kulonove sile, koja se javlja izmedu d-elektrona
istog V jona, i koja nadjacava p-d hibridizaciju odgovornu za delimi¢no popunjene orbitale,
orbitale ¢y, postaju ili potpuno popunjene ili potpuno prazne. Ovakva konfiguracija odgo-
vara stanju Motovog izolatora [122|. Proracuni elektronske zonske strukture, predstavljeni
u teorijskim studijama [118| i [121], ukazuju na to da je VI3 Motov izolator sa zonskim
procepom ~1 eV. Izra¢unate gustine stanja, zajedno sa vrednostima zonskih procepa, za
dve moguce elektronske konfiguracije osnovnog stanja VI3 predstavljene su na slici 3.6.

Na slici 3.7(a) predstavljena je opticka apsorpcija VI3 u fukciji talasne duzine, koja
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Slika 3.6: Spinski razlozena gustina stanja (a) Motovog izolatora i (b) polumetali¢nog VIs.
(c) Izra¢unate vrednosti zonskog procepa Motovog izolatora i razlike zonskog procepa za
polumetali¢no stanje i stanje Motovog izolatora V3. Slike su preuzete iz [122].

zajedno sa merenjima otpronosti, predstavljenim u umetku iste slike, ukazuje na polupro-
vodnicki karakter VI3. Na osnovu grafika zavisnosti (ahr)? energije fotona [Slika 3.7(a)],
procenjena vrednost optickog zonskog procepa za direktni prelaz duplo je manja od one
prijavljene u Crls, i iznosi oko ~ 0,6 eV [119].
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Slika 3.7: (a) Opticka apsorpcija u funkciji talasne duzine i (b) elektri¢na otpornost VI;.
Slike su preuzete iz [119] i [118], redom.

Nasuprot ovim rezultatima, merenja elektricne otpornosti VI3 predstavljena na
slici 3.7(b), pokazuju da je ispitivani materijal izolator [118], premda je procenjena veli¢ina

optickog zonskog procepa od ~0,6 eV ista kao i u referenci [119]. Kako nista od posto-
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jec¢ih saznanja ne moze da objasni veliko neslaganje izmedu izmerene velicine elektronskog
(~0,32 eV) 1 optickog zonskog procepa, prijavljeno u referenci [118], ono ostaje otvoreno
za tumacenja.

Temperaturska zavisnost magnetne susceptibilnosti y merena pri razli¢itim jacinima
polja H primenjenim u ab ravni i duz ¢* ose, prikaza na slikama 3.8(a) i 3.8(b), jasno
pokazuje feromagnetni fazni prelaz u okolini T¢ = 50 K [123]. Kako je magnetno uredenje
u VI3 spregnuto sa njegovom kristalnom strukturom, formiranje feromagnetnog uredenja
dovodi do njene deformacije [124]. Dodatno, temperaturska zavisnost magnetne suscep-
tibilnosti sa poljem primenjenim duz ¢* ose trpi jo§ jedan pad na oko 78 K (umetak na
slici 3.8(b)) koji je prepoznat kao manifestacija strukturnog faznog prelaza u VI3. Ovi
rezultati u saglasnosti su ostalim eksperimentalim istrazivanjima [118, 119, 121]. Ono
Sto je posebno interesantno kod ovog binarnog kvazi-2D materijala jeste to Sto teorijski

proracuni predvidaju feromagnetno uredenje do monosloja VI3 [118].
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