Hayuynom Behy UncTuryTa 3a pusuky y beorpany

IIpeamer: MoJi0a 3a noKpeTame MOCTYNKA 32 U300p Yy 3Bale HCTPAKMBAY IPUIIPABHUK

Momum Hayano Behe MucTuTyTa 32 dhms3uky y beorpany na y ckiany ca [IpaBuiauKoM 0

NOCTYIIKY M HAUMHY BpEAHOBaka U KBAHTUTATUBHOM HCKa3UBamky HAYYHO-UCTPAKMUBAYKHX PE3YNTaTa
HCTpaXKHBaya MOKPEHE NOCTYIAK 3a MOj U300p y 3Ba-€ HCTPAKUBAU IIPUIIPABHUK.

VY npusiory noctaBibam:
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Munubeme pyKOoBOIHOLA TIPOjeKTa ca IPEJIOrOM YJIaHOBa KOMUCH]€ 3a U300p Y 3Bame
Crpyuny 6uorpadujy

[Ipernen HaydHe aKTUBHOCTH

Criucak myOnmukanyja

VYBepeme 0 3aBpILICHNM JTOJUIIIOMCKHM cTyadjaMa Ha Ou3nukoM (akynTeTy YHUBEp3UTETa Y
beorpany

YBepemwe 0 3aBpIIeHNM MacTep cTyarjama Ha OusuukoMm daxynreTy YHHBEp3UTETa Yy
beorpany

VYBepeme 0 MOJIOKEHUM HCITUTHMA Ha TOJUIUIOMCKHM cTyarjamMa Ha Pusnukom dakynrery
YuuBep3ureta y beorpany

YBepeme 0 MOJ0KEHNM HCTIUTUMAa Ha MacTep cTyarjama Ha OU3ndKkoM (hakyaTeTy
VYuusepsurera y beorpany

VYBepeme 0 ynucaHuM TOKTOPCKUM CTyArjama

Y beorpany,
Cama Byphuh



YHUBEP3UTET ¥ BEOTPAY
NHCTUTYT 3A OU3UKY IBEOTPAJ
MHCTUTYT Of HALWOHANHOT 3HAYAJA 3A PEMYBUKY CPBUIY
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Hayuynom Behy HucTuTyTa 3a Pusuky y Beorpaay

IIpegmeT: MUNL/bee PYKOBOAMOIA IPojeKkTa 0 u360py Came Byphuh y 3Bame
HCTPa)XHUBAa4 NPUNIPAaBHUK

Cama Byphuh je cTy/1eHT OKTOPCKUX CTy/AUja GHU3UKe, a Te3y pajiu noj MeHTopcTBOM Ap Henaga
JlazapeBrha. Buhe aHraxoBaHa Ha NpOjeKTY OCHOBHHMX MCTpaXXWBama MHHMCTapCcTBa NMPOCBETE,
Hayke M TexHoJiomkor passoja Peny6nuxke Cpb6buje III 45018 (,HaHocTpyKTypHM
MYJTHQYHKUHOHAJHH MaTepHjaJdi U HAHOKOMINO3UTH") y lleHTpy 3a 4YBpPCTO CTake U HOBe
maTepujase. /lokTopcka Te3a KaH/Au/laTKuibe he 6UTH Be3aHa 3a PaMaHOBY CIEKTPOCKONH]Y jako
KOpeJHCaHHX eJIEKTPOHCKHX CHCTeMa. Y JlocajlalliibeM pafly, KaH/IMAATKHIbA je o06GjaBusia jefiaH
Hay4HHM 4YiaHaK y BPXyHCKOM MehyHapozaHoM daconucy Phys. Rev. B. C 063upom /ia ucnymaBa cBe
npegsubeHe ycnoBe y ckaaay ca [IpaBHIHHMKOM 0 IIOCTYIKY, HauWHy BpeJHOBama H
KBaHTHTaTHBHOM MCKa3WBalby HAyYHOMCTPAXKUBAYKMUX pe3yarata MHHUCTApCTBa I[POCBETE,
HayKe ¥ TEeXHOJIOUIKOT pa3Boja, carjacaH caM ca MoKpeTamheM NOCTyNKa 3a u3bop Came Byphuh y
3Bakbe UCTPAXKUBAY NIPUITPABHHUK.

3a cacraB komucHje 3a u3bop Came bByphuh y 3Barme ucTpaXKMBay NpUIIPaBHUK NpejJiaXeM:
(1) Jp Henay JlazapeBuh, Buiy HayuHnu capaiHuK, UHCTHTYT 3a du3uky y Beorpaay
(2) Jip Maja IlIhenanoBuh, Hay4Hu caBeTHUK, HHCTUTYT 3a du3uky y Beorpazy

(3) Ap Bopucnas Bacuh, Hayynu capasiiuk, UHCTHTYT 3a dusuky y Beorpaay

3) Jp boxkuap Hukonuh, gouent, @usudku dakyarer YuusepsuteT y Beorpaay




Crpyuna ouorpapuja Came Byphuh

Cama byphuh je pohema y beorpany, Cpouja, 1993. rogune, T7e je 3aBpimiia 3eMyHCKY
rumHa3njy 2012. rogune, kao Hocwinan Bykose pummiome. cte rogune ynucyje @usnukn hakynTer y
beorpany, rae ocHOBHE cTyauje Ha cMepy [Ipumemena u komrjyTepcka ¢usuka 3aspmana 2016.
roavHe, ca mpoceyHoM oreHoM 9.57/10.00. Hakon Tora, Ha HCTOM (PaKynTeTy YIIUCYje MacTep CTyIuje
13 001aCTH KOHIEH30BaHe MaTepHje. Y okBupy npojekra 2015-2-ES01-KA107-022648 nporpama
ERASMUS+ mactep Te3y 1moa Ha3uBOM ,,KomnapamugHna cmyouja noiapu3o8ane OnmuyKke emucuje
U3 nonapHux u Henoraprux keanmuux madaxa y GaN/InGaN nanoscuyama‘ pagy Ha TeXHHIKOM
Yausepaurery y Maapumy, mox MmeHTopcTBOoM 1p XKapka ['aueBuha, n nHa CamocTarHOM
Yuusep3urery y Manpuny, nox meatopctsoM 1ap CHexane Jlaszuh. Mactep pan je onOpanwmia 5. jyna
2017. roguHe, ynMe 3aBpiliaBa MacTep cTyadje ca npoceurom orerom 10.00/10.00.

Y debpyapy 2018. cBOj HayYHO-HCTPAKUBAYKU PaJl HACTaBJba HA MHCTUTYTY 3a GU3UKY Y
Beorpany, y LleHTpy 3a UBpCTO CTamke U HOBE MaTepujajie y rpynu akajemuka 3opana B. [Tonosuha,
o MeHTopcTBoM Ap Henana Jlazapesuha. ¥ centemOpy 2018. ronune my0inKyje IpBU pag y
yaconucy kareropuje M21 (Phys. Rev. B).

Hoxkropcke crynuje nHa @usnukom daxyntery y beorpany ynucyje y okrobpy 2018. rogune,
nox MmeHTopcTBoM Ap Henana Jlazapesuha. ¥V okBupy cBor nokropara he ce 6aButu Pamanosom

CIEKTPOCKOITH]OM jaKO-KOPEIHCAHUX eJIEKTPOHCKUX 2D cucrema.



IIpersuen nayyne akruBHoctu Came Byphuh

ExcriepumenTanam meo cBoje Mactep te3e Cama Dyphuh je pagmia Ha Texamakom
Yuusepsurery y Maapuny, mox MmeHTopcTBoM p XKapka ['aueBuha, n na CamocTamHom
Yuusepaurery y Maapuny, mox MmeHTopcTBoM 1p CHexxane Jlasuh. Pax Ha TexHudakoM YHUBEP3UTETY
y Manpuny je o0yxBatao HapacTambe HAaHOKHUIIA ca KBAHTHUM TadKaMa METOIOM HapacTamba
MOJIEKYJICKHM CHOTIOM U CEJICKIIH]jy OJIroBapajyhnx HaHOKHIa KopullhemeM ckeHnpajyhe
ellekTpoHcke MuKpockomnuje. Ha Camoctannom YHusep3utety y Maapuny cy paheHa
MUKPO(QOTOIyMUHHICLIEHTHA Mepera ofabpaHnx HaHokHIA. [Toka3aHo je aa je cTerneH JTMHeapHOCTH
Behin 32 ONTHYKY MoNapU3alyjy Koja A0JIa3u U3 KBAaHTHHUX Tayaka HETMOJIAPHUX PaBHY, Y OAHOCY Ha
KBaHTHE Ta4Ke TMOJIAPHUX PaBHUX, Ka0 U JIa TIOCTOjU pa3iinKa y CTENeHy JHHEAPHOCTH Y 3aBHCHOCTH
0]l yCMEPEHOCTH eMHUCH]j€e AYK monapHe oce. HajBakHUju pe3yaraT oBOT paja je HHANKaLuja 1a
JIMHEAPHOCT ONTHYKE EMHUCH]€ 13 KBAHTHHUX TAuKa MMOJIapHE PaBHU pacTe ca opacToM CHEprHje

(TamacHe qyx)UHE).

VY Toky pana y LlenTpy 3a uBpcTO cTame u HOBe Matepujaie, Cama Dyphuh ce 6aBnia
IUHaMHUKOM pemeTke 2D marepujaia, kopuctehu metony Pamanose ciekrpockonwje. [laxma je
ycMmepeHa Ha 2D MaTepujaie 300T BUXOBUX jEMHCTBEHUX KapaKTepHCTHKa U MOTYNHOCTH pa3Boja
¢dyukunonannux Ban nep Banc xerepoctpykrypa, ca nocebHa ocBprom Ha marepujai Crls 300or
MoryhHOCTH M3y4yaBama MarHeTHUX MoHocojeBa. Crlsje dpepomarHeTHH IOMYTIPOBOIHUK KOjH
nposiazu Kpo3 (a3uu npeinas Ha oko 220 K. Pesynratu Paman ciekrpockonuje cy omoryhuiu
uACHTU(UKAIH]Y (POHOHCKHX MOJIOBA KapaKTEPUCTUIHHX 3a HUCKOTEMIIEPaTyPCKy H 3a
BHUCOKOTEMITEPATYPCKy KPHCTAIHY CTPYKTYpY. ¥ OBOM pajy je moKazaHo Aa ce (pa3Hu mpemas
oqurpasa Ha Temnparypu on 180 K, mito je HMXke y 0ZIHOCY Ha MPETXOHE EKCIIEPUMEHTAITHE
pe3yarare, Kao ¥ Jia He IOCTOjU KOSTr3UCTeHIH]ja (pa3a y NIMPOKOM TEMIIEPaTyPCKOM OIICEry, Kao IITO

je To 'y OMo ciy4aj y MpeTXOAHUM TMPHjaBJbeHUM pe3yaTaTHMa.

Tokom nokropckux cryauja, Cama Dyphuh he HacTaBuTH poydaBame AUHAMUKE PEILETKE Y

jako-xopenucanuM 2D cucremnma, kopuihemeM Metoaa Paman criekrpockonuje.



Cnucak myoaukammja Came Dyphuh

1. 8. Djurdjié-Mijin, et al. Lattice dynamics and phase transition in Cri3 single crystals, Phys.
Rev. B 98, 104307, (2018),



VHHUBEP3UTET ¥ BEOT' PAJY ®U3HYKH QAKYJITET
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Bpoj 2292016
Beorpaz, 05.09.2016. roqmue

Ha ocHoBy 4iaHa 161. 3akoHa O OTIITEM YIIPaBHOM NOCTYTIKY W 'IaHa 4.
TlpaBustHIKa O cajpkajy 1 o6muKy o0pasalia jaBHUX MCIIpaBa Koje u3/1ajy BHIIC

mkote, GaKy/ITeTH H YHHBEP3HTETH, 110 3aXTCBY, ‘Byphuh (Copan) Came u3zaje
ce cnenehe

YVBEPEIE

BYPHUR (TOPAH) CAIBbA poben- a 29. 09. 1993. roauHe y
Beorpaxy. Capckit BEHALL, PenyGmuka CpOuja ymnucas-a IIKOJICKE 2012/2013.
rOIMHE HA YETBOPOTOJMUILE OCHOBHC AKAIEMCKE cryauje, Cryanjckn
nporpam: IlpumereHa H KomnjyTepcka (H3HKA, [OI0KHO-1a je ucnute
npensuljeHe HACTABHUM ILIAHOM H IporpaMoM M 3aBpIIno-a cTyauje Ha
dusnuxom axyarery 15. jyna 2016. roause, ca cpeamoM otieHoM 9,57 (aeBeT
¥ 57/100 ) y Toky cryauja M TOCTUTHYTHM ykynHum Opojem 242 ECIIb
(aectauerpaecerasa ECII 60/I0Ba) 1 THME CTEKaO0-1a BUCOKY CTPYHHY CTIpEMY
U CTPYYHH Ha3MB

JATIOMHPAHH OUSHYAP
YBepeme ce H3jjaje Ha THYHH 3aXTCB, & CIly’KH Kao Jokas o 3aBpLICHO]
BHCOKOj CTPY4HO]j CPeMH 10 M3/aBarma JMIUIOME.
AEKAH

OU3NUKOI ®AKYJITETA

. op Jabnau Jlojunnosuh

g /,/mcvcué




PenyGnuka Cpbuja
\ YHuBep3uteT y beorpany
| duznukK dakynTeT
Bpoj nHaekca: 2012/3109
Hartym: 12.02.2018.

Ha ocHoBy unana 29. 3akoHa o oniuTemM YNpaBHOM MOCTYIKY W CITyKOEHE eBUIEHUM]E H3aaje ce

VBEPEILE O TTOJIO’)KEHUM UCITUTUMA

Cama Byphuh, uMe jeanor poanremna Fopan, MBI 2909993715064, pohena 29.09.1993. roaune, Beorpan,
omutHHa Beorpan-Cascku Bewau, Peny6nuka CpGuja, ynucana wikoncke 2012/13. roanue, aana 15.07.2016. ronue
3aBPLIMNG je OCHOBHE aKaaeMCKe CTYMje Ha cTyanjekoM nporpamy Tlpumersena u KoMnjyTepeka (usuka, y Tpajamy o1
YeTHPH roauHe, oduma 240 (aBecta yerpaecer) ECTIB Goosa, u cTeklia CTPYSHH HA3WB JHIIIOMHPAHH tduzuyap. Tokom
CTYAHja MoNoKHNA je HeruTe U3 cieaehux npenMera:

I 2 I I I
P.6p. [Wndpa Hasue npeavera Ouena ECTIE = ®ona uacopa** Jatym
1. (09111005 JlaGoparopuja (usnke 1 ] 10 (aecer) 3 [L{1+0+2) 29.01.2013.
2. 091D 1003 OGpaja pe3ynrara Mepera ; 10 (necer) 6 1:(2+3+0) 29.01.2013.
3. |091Td 1051 Maremaruka 111 9 (meseT) 8 [1:(4+4+0) { 31.01.2013.
4. |09TTd 1004 Enrnecin jesnk 1 9 (neBet) 4 |L(2+2+0) 24.01.2013.
5. |oori1001 (isirxa wexanmka ] 8 (ocav) 9 1:(4+3+0) 18.02.2013.
6 |0oraior) UlaGoparopuja ke 2 | 10(recer) | 3 [M(1+0+2) 21.062013.
7. |09TIdb 1009 IIporpamipate 10 (necer) 4 |I1:(2+2+0) 21.06.2013.
8 |09M®1007 Octosi xemije 9(memer) | 4 ILQLH0) 30.08.2013. |
9. |oomdl 119 TMonynapusaunja Gusnxe 10 (necer) 2 |IL(2+0+0) 19.09.2013.
| 10, 0911008 Marematuka 211 8 (ocam) 8 [IL:(4+4+0) | 19.07.2013.
11. 09111006 MonekyapHa hu3HKa 0 TepMOIHHAMHKA 8 (ocam) 9 11:(443+0) 08.07.2013.
12. 09712015 Hymeprukn MeToam y H3mm : 9 (neBeT) 5  [:(2+2+0) 11.02.2014.
13, 09711120 W3albpana nornasiba HaHOQu3HKe 10 (mecer) 2 [II:(2+0+0) 27.06.2014.
14, |09TID2013 _ Enexrpomarnerusam 10 (mecer) 9 |II:(4+3+0) 20.06.2014.
15 09TId2052  |Maremarnka 311 | 9queser) | 10 |IE(4+5+0) 10.03.2014.
16. 09M®I1I8  |Pauynapu y obpagn cauke  3ByKa 10 (aecer) 2 |II:(2+0+0) 17.01.2014.
17. 091102016 JlaGopatopuja duzmke 3 10 (aecer) 3 L(H0+2) 29.01.2014. |
18. |09T1D2014 OcHoBI Matemariike husnie 10 (1ecet) 5 |l:(2+2+0) 25.08.2014. |
19. |0STId2021 JlaGoparopuja dusmke 4 ' 10 (necer) | 3 |[IV:i{1t0+2) 30.06.2014.
20. |09TId2019 ~ Kaaciuna teopujcka (iusnka | = 7 (ceaam) 5 [IV:(3+2+0) 06.10.2014.
21. [0S 1010 Enrnecku jeanx 2 | 10 (aecer) 4 _IV:(2+2+0) 24.06.2014.
22 |oond2018 Tanaci 1 onTiKa - E 10 (zecer) | 9 IV:i(d+3+0) 20.06.2014.
23. 09112053 OGjeKTHO = OPJEHTHCAHO NPOrpaMUpaLe 10 (aecer) 5 [IV:(2+0+2) 19.06.2014.
24. 09TTO1T11 TIpakTHKYM 13 MaTeMaTHKe 1 (ushke 10 (aecet) 2 [V:(2+0+0) 24.07.2015.
25. |0STTd3004 EnlekTpoHuKa 3a dmmllapg 10 (aecer) 9  |V:(4+2+3) 16.07.2015.
26, [09TID3032 TepnoTexmmca 10 (recer) | 4 |[Vi(2+2+0) 23.06.2015.
27. 09113025 VBoa1 y uH(OpMAlIMOHE cHCTEME 10 (recer) 4 [Vi(2+0+2) 16,01.2015.
28 [09TTd3024 KsanTtHa (usnka B (Jecer) 5 |Vi(3+2+0) 06.02.2015.
29 (09113022 Kitaciina Teopujcka dusika 2 9 (neBeT) 5 [Vi(2+2+0) 24.07.2015.
30. |091Tb0047 TeomeTprjcKa ONTHKA M OTITHYKH HHCTPYMEHTH 10 (mecer) 4  |VE@+1+]) 18.06.2015.

'Osnamheup nupe,q}axyfrre];a :

U]
7 o 7
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PenyGniika Cpéuja
VHusepsuter y beorpaay
Dusnukn akynrer
bpoj nunexca: 2012/3109
Jatym: 12.02.2018.

[!’.ﬁp. ndpa Hasus npeaviera
}» 31. 09110046 base nogaraka 2
| 32 |oon®3123 Tporpavuparse nTepHeT CTpaH1ua

33. |09TID3029 OcHoBU aToMcke (usmke

34. 09113031 \Entextpuana Mepensa 5 s
35, 10913028 Knacuuna reopujeka dusnka 3

36. |09T1M4037

37. |09TId4036
e

39. |09TDAKYC

KsanTtHa onTika

Dusnka jesrpa u yvectua I
AKYyCTHKa

Kommjytepexe caMyiaumje y gpusuun
Puinka uBpeTor crama 1]
Merponoruja n Craniapisaumja

7‘ |09Td4032
46 [09ndunTe

* - CKBHBAICHTHPAH/IPHIHAT HCNNT,
** - Donn vacosa je y topmary (npeaasawa+sekbetocrano)

Ksanrha cratneTnaka dusixa

Muteprer exnonoruje

YKynHo octeapeno 242 ECIIB.
Onwty yenex: 9,57 (nesetr u 57/1 00)

| 06.07.2015.

| 04022015 |
22.06.2015.

VIi(2+2+0)
4 VE2+0+2)
9 VId+2+3)

10 (necer)

| SGesen |5 Tvi@ion) UL

10 (gecer) | 5

Vi2+2:0)
Socaw) | 6 |VIL(2+2+0)
10 (gecer) | 4 \VIL(2+0+2)
8 (ocam) *

9 VII(#+2+3)

01.07.2015,
119.02.2016,
22.01.2016,
23.06.2016.

g 10 (aecer) |7
|Ocrose pavyHapcke TeXHHKe 10 (necer)
Jluetpubynpanu PauyYHAPCKH CHCTEMM 10 (mecer)

10 (zecer) |
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|VIT:(22+0)

| 16.06.2016.

; 10 (necer) 4
10 (recer) | 5 VIL(2+2+0) | 13.07.2016. |
| 10 (aecer) 7 [VII:(4+0+3) | 23.06.2016.

7 |VITL(4+0+3) 13.07.2016.
| [VII:(2+42+0) | 17.06.2016. |
VIIL(242+0) 15.06.2016. |

10 (zecer)

4

4

6
Bk

VIIL:(4+2+0) 19.02.2016.
VIIL(2+2+0) | _15.07.2016. |
o e M SR S Al LY

.
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Ornahieno nuqte'\ﬁgkyrfa
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. VYnusepautet y beorpany
Ousnyky dakynrer

bpoj unpexca: 2016/7038
= Bpoj: 2202017

Hatym: 10.07.2017.

Ha ocroBy unana 161 3axona o ommrem ynpasHoM ToeTynky ("CiyxGenn muer CPJ", Gp.
33/97,31/2001 n "Cnyx6enn rnacHuk PC", 6p. 30/2010) u cyxkGene eBUIeHUM]e, Y HUBEPIUTET y
beorpany - ®usuukn dakynrer, usnaje

YBEPEBE

Cawa Byphuh

ume jegnol poguitieswa opan, JMBET 2909993715004, pohena 29.09.1993. iogune, Beoipag,
oummuna beoipag-Casciu Benay, Penyonuxa Cpbuja, yiucana wixoicke 2016/17. iogune, gana
05.07.2017. iogune saspuiuna je maciiep akagemcre ciliyguje na ciaygujckom apoipamy Teopujcra u
excilepumenmania usuxa, y mpajarwy og jegne logune, obuma 60 (wesgecemi) ECIIE 6ogosa, ca
ipoceynom oyenom 10,00 (gecew u 00/100).

Ha ocHoBy HaBezmeHor usnaje joj ce 0BO yBepeise O CTeHeHOM BHCOKOM o6pazoBaimby M
aKaneMcKoM HaszuBy MacTep dusugap.




Peny6nuka Cpouja
Yhnusepsuter y Georpaay
= (menm cbaxymeT

Ha ocHosy unaua 29. 3akoua o onuwrem YNpaBHOM MOCTYMNKY W cyskGeHe eBUACHLMjE H3aaje ce

YBEPEILE O IOJTOKEHUM UCITUTHMA

Cama Byphuh, ume jennor ponuteia INopan, JMBI™ 2909993715064, poliena 29.09.1993. roaune, Beorpas,
onwrnHa beorpan-Cascku Benau, Peny6nika CpOnja, ynucana wikoncke 2016/17. roaue, nana 05.07.2017. rofinHe
3aBpIUMIIA Je MACTep akalleMcKe CTyIMje Ha CTyIujckom nporpamy Teopujcka W ekcliepuMenTanHa busuka, y tpajamy on
JjenHe roaune, o6uma 60 (mesgecer) ECIIB 0oM0Ba, M CTEKNA AKAlEMCKH HasWe mactep ¢uanuap. Tokom cTyamja
TONoKKMIA je HenuTe W3 crenehux mpeamera:

n

| P.op. [Hudpa H:mm npeamera | Ouena ‘ EC]‘IB‘ Dona yacosa** Hatym {
| 15MT!DBKT14C = Hin mpc Teopﬁje UBPCTOr CTaksa _. _ 7_ ‘_T(J (,’[E(‘,:ET) |10 - }I'(6+4-+0) ; | :23.0[.20]7‘
ISMTOBHO Buodrmlma . y = 5 = _10(aecer) | 10 _L(6+4+0) 24.01.2017.
| 3 3 [IsMTonP Jlunnomexn pan | IO(IIECETI | 20 l!(0+0*20] 05.07.2017.

i o o e [ iy iy

Hchaﬂmaa‘m{ CTYAH|CKH pai : | 777]’[.__ 20 Iy (0+0+20) | 23.06.2017. |

L 4. ISMTOUCP

* - eKBHBANCHTHPAH/MPHIHAT HCITHT
** - ®oug vacosa je y opmary (npenapama+sekde+octano)

YKynHo octeapeto 60 ECTIB.
Omuwrru yenex: 10,00 (aecer u 00/100)

Crpana | on 1



Pemyb6nuka Cpouja

u.i. »\ YHupepsurer y beorpany

<] dusnukm axynrer

J.5p.2018/8017

Jarym: 11.10.2018. roaune

Ha ocHoBy unana 161 3akoHa 0 onmTeM yIpaBHOM MOCTYTIKY M CIykOeHe eBUeHLHje H3aaje ce

YBEPEILE

Byphuh (Topan) Cama, Gp. nrgexca 2018/8017, pohena 29.09.1993. roanne, beorpaa, beorpan-
Cagcku Benau, Peny6nuka CpOuja, ynucana wkoncke 2018/2019. roauHe, y cratycy: GuUHaHCUparse
W3 Gyyera; TN CTy/AHja: JOKTOPCKE aKaJeMCKe CTy[Hje; CTyAujcKu nporpam: dusnka.

IMpema CratyTy hakynTeTa cTyauje Tpajy (6poj rofnHa): TpH.
Pok 3a 3aBpietak cTyauja: y ABOCTPYKOM Tpajary CTyAHja.

OBo ce yBepere MoKe YNOTPeOHTH 3a peryiicatse BojHe 00aBese, H3laBake BU3e, NMPaBa Ha Je4HjH J0JaTaK, MOpOAHYHE
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The vibrational properties of Crl; single crystals were investigated using Raman spectroscopy and were
analyzed with respect to the changes of the crystal structure. All but one mode are observed for both the
low-temperature R3 and the high-temperature C2/m phase. For all observed modes the energies and symmetries
are in good agreement with DFT calculations. The symmetry of a single layer was identified as p31/m. In
contrast to previous studies we observe the transition from the R3 to the C2/m phase at 180 K and find no
evidence for coexistence of both phases over a wide temperature range.

DOI: 10.1103/PhysRevB.98.104307

I. INTRODUCTION

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

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

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

II. EXPERIMENT AND NUMERICAL METHOD

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

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

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

III. RESULTS AND DISCUSSION

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

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

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

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

Space group R3 Space group C2/m

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

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

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

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

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

a
A = a
b
—c —d
2Eg: —c
—d e

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

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

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

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

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

correspondence of the phonon modes across the phase transition.

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

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

A;’, 73.33 89.6 79 — A; 78.6 88.4 79

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

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

Az 108.3 98.8 88 E— B; 106.4* 97.8 86

Az, 128.1 131.1 125 — Az, 128.2 131.7 125

A: - 195.2 195 — B; - 198.8 195

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

#Observed as two peak structure.
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FIG. 3. Temperature dependence of the A, and A} phonon
modes of the rhombohedral structure and the corresponding Az,
and Ag 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 Bg 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
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S g g
P T ”‘s

0\4/ B )

A’=131.7 cm’
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)/,

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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