Hayuynom Behy HHcTUTYyTa 32 dU3UKY y Beorpaay

Beorpag, 08.10.2018.

IIpeameT: MoJ16a 3a NOKpeTambe NOCTYNKA 33 U360p Y 3Bamhe NCTPa’KUBay NPUNPaBHUK

Mosium HayuyHo Behe UHcTuTyTa 32 Qusuky y beorpaay aay ckiaay ca [[paBUJTHUKOM O OCTYNKY
Y Ha4MHY Bpe/JHOBamka U KBAaHTUTATUBHOM MCKa3UBakby HAyYHO-UCTPAKUBAUKHUX pe3y/iTaTa
HCTpaXKMBaya NOKpPEHe MOCTYIAK 3a MOj U360p Y 3Bakbe UCTPAKKUBAY IPUIIPABHUK.

Y npuJjory AocTaB/baM:

=

Munbeme pyKoBOAMOIA TPOjeKTa ca MPe/AJIoroM YiaHOBa KOMHCH]je 3a U360 ¥ 3Babe
CtpyuHny 6uorpadujy

[Ipersies Hay4YHe aKTUBHOCTHU

Cnucak ny6/mKamuja

YBepemwe 0 yHCaHUM JIOKTOPCKHUM CTyAHjaMa

YBepema 0 3aBpIIEHUM OCHOBHUM U MacTep CTyAyjaMa

YBepeme 0 MoJIOXKEHUM UCIUTUMA Ha OCHOBHUM W MacTep CTyJdjaMa

Crniycak 1oJIoXKeHHX UCITUTA Ha JOKTOPCKUM CTyZidjaMa U GpOTOKONHja HHAEeKCca
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Komnuje ny6sinkanuja

C momroBameM,

Anppwujana osajuh
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HayynoMm Behy UHcTHTYyTa 32 dM3UKY y Beorpaay

lpeameTr: Mum/beme pyKOBOJMOIA IPpojeKTa 0 u36opy Anjpujane lllonajuh y
3Bame UCTpaXUBa4 NpUNPABHUK

Anzpujana lllosiajuh je cTyieHT JOKTOPCKHX cTyAMja GU3HKe, a Te3y pajiv 10J, MEHTOPCTBOM [JIp
Jenene Iemuh. Buhe anraxxoBana Ha npojexty M0171005 (“Pusuka ypeheHux HaHOCTPYKTypa U
HOBUX MaTepujasa y ¢oToHMIM”) ca 8 wucTpakMBad Meceud, U Ha mnpojekty HMHMH45018
(“HaHoCTpyKTYpHH MyJTHUGYHKIMOHAJHM MaTepHjajJldi ¥ HAaHOKOMIIOSMTH') ca 4 MCTpaKMBa4
Mecena, y lleHTpy 3a ¢u3MKy uBpCTOr CTatha U HOBe MarTepHjane, MHcTUTyTa 3a QU3HUKY Yy
Beorpany. JlokTopcka Te3a KaHAWJaTKHiIbe Guhie Be3aHa 3a MUCTpaXKHBame OCOOMHA HOBUX H
cJiojeBuTHX 2/ MaTepujajia ca pOKyCcoM Ha HUXOBe eJIEKTPOHCKE 0COOMHE U IMHAMUKY peuieTke. C
0631MpoOM J1a UCNyHbaBa CBe INpe/iBUheHe ycjioBe y ckjajy ca [IpaBUIHMKOM O NOCTYNKY, HAYUHY
BpEe/JHOBalba U KBAHTUTATUBHOM HMCKa3WBalby HayYHOUCTPAXKMBAYKUX pe3ysTaTa UCTPaXMBaya
MuHHCTapCcTBA NPOCBETE, HAyKe M TEXHOJIOLIKOT Pa3Boja, carjacH4 CMO ca IIOKpeTamheM NOCTyNKa
3a u360p AHapujane lllosajuh y 3Bame UCTpakKUBa4 NPUIIPABHUK.

3a cacTaB KOMHCHje 3a U360p y 3Barbe AH/ipujaHe lllonajuh y 3Bame HcTpakyMBay NPUIPaBHUK
Ipe/IaXKeMo:

(1) np Bopucnar Bacuh, HayyHu capagHuk UHcTUTYTa 3a PusnKy y Beorpany
(2) akapemux 3opaH B. [lonoBuh, HayyHu caBeTHUK MHCcTUTYTa 32 OU3UKY y beorpagy,
(3) ap Pagom 'ajuh, HayyHu caBeTHUK UHCcTUTYTa 3a PU3UKy y Beorpaay,

(4) ip Munaun Taguh, peoBHU npodecop EnekTpoTexHuykor GpakyaTeTa YHUBEp3UTeTa y
Beorpany

o

JpPagom I'ajuh,

/
8 axaa‘émquopaH B.Tlo

pykoBoaual npojexkra MO 171005 Py AuJar hpojema 507041




Ctpy4yHa 6uorpaduja Auapujane llosajuh

Anppujana lllonajuh je pohena 1991. rogune y beorpaay, r/ie je 3aBpiuuia MaTeMaTUUKy TMMHA3Ujy
2010. roaune. Jlunjaomupasa je Ha oAceKy 3a PU3UUKY eJeKTPOHUKY Ha EJleKTpoTeXHUYKOM
dakysnTeTy YHUBep3uTeTa y beorpaay, Ha cMepy HaHoeleKTpOHHKA, ONTOEJIeKTPOHKKA U JlacepcKa
TeXHMKa, ca NPoceKoM 8.26. /IMIJIOMCKY paf, 1o, Ha3UBOM , EsiekmpoHcKa cmpykmypa HanpezHymux
epageHckux HaHoma4aka“ oaopaHua je ca orieHoM 10 y jyny 2016. ronuHe.

HUcte roauHe ymnucyje Mactep cTyjuje Ha EnekTporexHuukoM daky/aTeTy YHUBep3uTeTa y
Beorpaay, Ha Moaysy HaHoesnekTpoHUKa U poToHUKA. Y cenTeMbpy 2017. roauHe ofbpaHUIa je
MacTep Te3y 1o, HasuBoM “Odpehusarbe esaeKmpOoHCKUX U (POHOHCKUX caojcmasa 2pageHa donupaHoz
cmpoHyujymom u umepbujymom [JP®T memodom”, yuMe 3aBplIaBa MacTep CTy[Hje ca NPOCEYHOM
oueHoM 10.0. Macrep paj je kommeTHo ypaheH y LleHTpy 3a ¢U3HUKy UBPCTOT CTawka U HOBE
MaTepujaie, UHcTuTyTa 3a du3UKy y beorpaay, y rpynu npod. ap Pagoma Tajuha, monm ko-
MeHTOPCTBOM Zp JesieHe [lemuh.

Y okTo6py 2017. roauHe ynucyje AOKTOpPCKe cTyauje u3 Pu3nke KOoHJeH30BaHe MaTepuje U
cTaTucTHuKe ¢pusuKe, Ha PusnukoM PpakyTeTy YHUBep3uTeTa y beorpasy, o4 Kaja BoJIOHTHpA y
lleHTpy 3a $U3UKYy YBPCTOr CcTaka UM HOBe Marepujajie, UHcTuTyTa 3a ®Pusuky beorpan, y
JlabopaTopuju 3a rpaden, apyre 2/ maTepujasie u ypeheHe HAHOCTPYKTYpe.

Y okBUpY CBOI' JOKTOpaTa, AHJpHjaHa ce 6aBU UCTpaKUBawkeM 0COOMHA HOBUX CJI0jeBUTHUX U 2[]
MaTepujaja moMohy a6-UHUTHO NpopavyyHa, Ha 6asu TeopHwje QYHKOMOHAJNA TYCTUHE, MOJ
MeHTOpPCTBOM Ap JeseHe Ilemwh. Jlo caza je KoayTop TpH Ny6JuKauuje y MehyHapoaHUM
4acoMMCHUMa, Kao IPBU ayTOp jeHe U IPYTH ayTOp Ha ABe MybJHnKaluje.



[Ipersiea HayyHe aKkTUBHOCTH AHApUjaHe lllonajuh

AHppujaHa lllosajuh ce y cBoM Hay4HOM pajJly 6aBU MCTpaKUBambeM OCOOMHA HOBUX
cjojeBUTUX U 2/l MaTepHjana nomohy ab-initio npopayyHa, 6a3upaHUx Ha Teopuju GyHKIMOHAIA
T'yCTHHe, ca POKyCcOM Ha eJIeKTPOHCKe 0COOHMHEe U AMHAMUKY pellleTKe 0BaKBUX CTPYKTYypa. Teopuja
dyHKLIMOHa/Ia IYCTHHE je JaHac jeJlHa 0/ HajOMyJapHUjUX YHMEPUYKHUX MeTO/ia 32 MOJleJINpambe
MaTepujajia, 3aCHOBaHa Ha 3aKOHMMa KBaHTHe MexaHMKe. Pe3ysTaTu 106MjeHH OBUM METO/IOM Ce
yIJIaBHOM J06pO CJIaXy ca eKCllepUMeHTaJHUM pe3yTaTHMa, U KOPUCTe ce KaKo 3a 06jallitberbe U
NOTBPZAY €KCIlepMMeHTa/IHUX pe3yJiTaTa, Tako W 3a NpejBubame HOBUX MaTepujaja U HUXOBUX
CBOjCTaBa. .

Tokom MacTep cTyzauja, AHApHUjaHa je MacTep Te3y ypajauia y LleHTpy 3a UBPCTO CTambe
WHcTtuTyTa 3a OUsuKy y beorpagy, mos komeHTOopcTBOM Ap JesieHe [lemunh. TokoMm u3spaze Mactep
Te3e 6aBUJIA Ce UCTPAKMBAWbEM eJIeKTPOHCKUX M BUOPALMOHMX OCOOMHA JomupaHor rpadeHa.
['padeH, kao nNpBU NMpaBu ABOJMMEH3UOHHU MaTepHjas, Nopes HEU3MEpHe TEOPUjCKe BPEJHOCTH,
OTBapa MOTyhHOCT 3a HIMPOK CIEeKTap NPUMeHA Y pa3JIUYUTUM o6JiacTuma. [lonupame rpadeHna je
CTBOpPHJIO MOTYRHOCT 3a MaHMNyJIALMjy HEroBUX CBOjCTaBa, IpU YeMy je AoNUpambe aJaToMHMa
noce6HO MOTOJHO jep je KpUCTa/IHA CTPYKTypa rpadeHa y paBHU odyBaHa, a Moryhe je noctuhu
BUCOK CTelleH Jionupawa U KoHTposucatu PepmujeB HHUBO. Y MacTep paAy, NoceGHO Cy
aHa/IM3UpaHU eQdeKTH [JoNupama aJJaTOMUMa CTPOHLMjyMa M HTepOujymMa, MO y30py Ha
HMHTEepKaJUpaHU rpaduT, Kao U KbHUXOB YTHUIAj HA eJIeKTPOHCKA U BUGpaLKoHa cBojcTBa. [lokaszaHo
je Kako OB JIONAHTH Memajy eJeKTPOHCKY U (OHOHCKY CTPYKTYpy, Kao U JAa HOJ HHUXOBUM
yTUL@jeM JoJ1a3d [0 3HavajHor nosehama ryctuHe crawma Ha Pepmu HUBOy. PesysnTtaTtu oBor
HCTPaKMBamwa Cy 06jaB/beHU Y UCTAKHYTOM MehYHapoJHOM YaCOTHUCY.

TokoM [IOKTOPCKHX CTyAWja, ¥ GOKyCy HCTpaKMBadykor pajaa AsHzgpujaHe Ilosajuh je
HCNUTHBAake 0COOGMHA HOBUX C/I0jeBUTHX U 2/] MaTepujasia, nyTeM ab-initio mpopauyHa. O/1 oBakBUX
C/10jeBUTHX MaTepHujajia, 360r CBOje CTPYKTYpe, yc/es, BaH Jep BasncoBux Besa, ekcdomjanujom ce
JIaKO MOTYy J0OGMTH MOHOCJ/IOjeBH, IITO UX y3 HUXOBA pasjM4YUTa CBOjCTBA YMHU NMOTOJHUM 3a
NpUMeHe y HaHOEJEeKTPOHHUILM, ONTOEeJEKTPOHHWLM U CHUHTPOHULU. Y [ocajalllkbeM pagy,
y4ecTBOBAJIA je Y UCTPAXKMBaY [IBa OBakBa Martepujaia, Crlz, u3 paMmuiuje XxpoM-Tpuxaanza, Kao
TpuxaikoreHyaa CrSiTes kKoju nmpumnajajy cjojeBUTUM MOJYINPOBOJHUYKHMM MaTepHjajiiMa ca
depomarHeTHuM ypeheweM. AHJpHjaHA je TOKOM OBUX MCTpaKHMBamwa, y3 NoMoh Teopuje
dyHKIIMOHAJIA TYCTHHE aHa/IM3upaJia BUOpallMOHa CBOjCTBA OBUX CTPYKTypa. Pe3sysnTaTu 1o6ujeHU
HyMEpUUYKHUM MPOpavyyHHMa, MOKA3aIM Cy JOOpO cjarame ca eKCepUMeHTaJHUM pe3yaTaThMa
JI00MjeHUM 0J1 CTpaHe KoayTopa NPOUCTEKJINX PaJoBa U IOMOTJIN Y TyMayelhy eKCIepUMEHTATHUX
pesyJjTaTa. ¥ OKBUPY UCTpPaKMBama Be3aHor 3a 2/ mMaTepujajie, UCIHUTHUBA/NA je MeXaHUYKe U
eJlaCTU4YHe 0COOHMHE MOHOC/I0ja MarHe3ujyM-Au60pu/a, Koju je 360T CBOjUX eJIEKTPUYHUX, Ka0 U
CylepIpoOBOJAHUX CBOjCTaBa IMPUBYKAO BEJHKY MaXby. TpPEeHYyTHO ce 6aBU TEOPHjCKUM
pasMaTpameM JIoNUpamka BUIIECT0jHUX ¢Juiekulla rpadeHa mobujenux JIIIE meTomom. AHapujaHa
[llonajuh y4ecTByje U y UCTpaKUBaBy Y OKBUPY NpojeKTa bunaTepasiHe capajime usMehy Cpouje u
Ayctpuje y nepuoay 2018-2020. roause, Ha TeMu “MojiesioBabe U Mepewe pa3zHUX Npesasza U
ONTUYKHUX OCOOMHA KOJ| TIEPOBCKUTA”.



Cnucak nyosmkanvja Auapujane losajuh

PAZJOBHU Y BPXYHCKUM MEBYHAPOJHHUM YACOIIMCUMA (M21):

1. S. Djurdji¢-Mijin, A. Solaiic’, ]. Pesi¢, M. §éepanovié, Y. Liu, A. Baum, C. Petrovic, N. Lazarevi¢, Z.V.
Popovi¢, "Lattice dynamics and phase transition in Crl3 single crystals”, Physical Review B 98 (10),
104307 (2018)

2. A. Milosavljevi¢, A. Solaiic’, J. Pesi¢, Yu Liu, C. Petrovic, N. Lazarevi¢, Z.V. Popovi¢, "Evidence of
spin-phonon coupling in CrSiTe3", Physical Review B 98 (10), 104306 (2018)

PAJIOBU Y UCTAKHYTUM MEBYHAPOJHUM YACOIIUCHUMA (M22):

3. A. Solaji¢, J. Pesi¢, R. Gaji¢, "Ab-initio calculations of electronic and vibrational properties of Sr
and Yb intercalated graphene", Optical and Quantum Electronics 50 (7), 276 (2018)

CAOIIIITEWLE CA MEBYHAPOAHOT CKYIIA IITAMITIAHO Y U3BOAY M34:

1. A.Solajié¢, J. Pesi¢, R. Gaji¢, “Ab-initio calculations of electronic and vibrational properties of Sr
and Yb-intercalated graphene”, VI International School and Conference on Photonics - PHOTONICA
2017,28.8-1.9.2017, Beograd, Srbija, ISBN 978-86-82441-46-5

2. A.Solajié, J. Pesi¢, R. Gaji¢, "First principle study of Yb and Sr doped monolayer graphene”,
Program and the Book of Abstracts / Sixteenth Young Researchers' Conference Materials Sciences
and Engineering, December 6-8, 2017, Beograd, Srbija, str 27., ISBN 978-86-80321-33-2



> B0\ Pemy6nmka Cp6uja
#\ Vuusepsuter y beorpamy
| Ousniku dakynrer
7~/ J1.bp.2017/8005
Jatym: 15.10.2018. rogune

Ha ocHoBy unana 161 3akoHa 0 OMIITEM YIPaBHOM MOCTYTIKY 1 ciyx6eHe eBnIeHLMje U3Mlaje ce

YBEPEILE

[loaajuh (Caoboxan) Anapujana, Op. vHIeKca 2017/8005, pohena 05.05.1991. roaute, beorpai,
Beorpan-Cascku Benau, PenyGnuka CpOuja, ynucaHa WIKOJCKe 2018/2019. roaune, y crarycy:
(uHaHCUparbe W3 Oyyera; TUI CTyIHja: JOKTOPCKE aKajemeke cTyauje; cTyanjcku nporpam: Pusnka.

[Ipema CratyTy haKyirTeTa CTyauje Tpajy (6poj roauHa): TPH.
Pok 3a 3aBpIIETakK CTy/uja: y ABOCTPYKOM Tpajamy CTy/Hja.

OBO ce yBEPEHE MOKE yNOTPeOHTH 3a peryiucare BojHe 00aBe3e, U3laBatbe BU3C, NPpasa Ha JIe4Hj1 10/1aTaK, NOPOAHIHE
MeH3H1je, MHBATMICKOT 0/1aTKa, 100ujarba 31paBCTBEHE KIHIKULLE, neruTUMAaLje 3a nopyiawheHy BOXHY U CTHTICHAH]E.




Yuusepsurer y beorpany
EnextpoTexuuuku daxynrer
bpoj nanekca: 2010/0056
Bpoj: 02015027

Hatym: 03.06.2016.

Ha ocnoBy unana 161 3akona o ommrem ynpasaom noctynky ("CnysxGenn muct CPJ", op. !
33/97, 31/2001 u "CnysxGeun rmacunk PC", 6p. 30/2010) u cayxGene CBUICHUM|C, YHUBEP3UTETY
beorpany - Enextporexunuku dakynrer, usnaje |

YBEPEBE

Anopujana Hlonajuh

ume jednoz pooumesma Cnobooan, MBI 0505991715104, pohena 05.05.1991. 200une, beoepad,

onwmuna beoepad-Cascxu Benay, Peny6iuxa Cpbuja, ynucana wikoncke 2010/11. 200une, dana

03.06.2016. 200une 3aépwuna je ocnosne akademcre cmyouje na cmyoujckom npozpamy

Enexmpomexnuxa u pauynapcmeo, modya Qusuuxa erekmponuxa - emep Hanoenexmponuka,
| ONMOENeKMPOHUKA U 1aCepPCKa MexXHuKa, y mpajary 00 vemupu 200une, obuma 240 (dsecma
. uempdecem) ECIIE 60dosa, ca npoceynom oyenom 8,26 (ocan u 26/100).

Ha ocroBy HaBeaeHor ussaje joj ce oBo YBCPCHE 0 CTCYCHOM BHCOKOM O0pa3oBamy H CTPYYHOM
| HA3UBY IMILIOMHPAHM MIKEILED eIeKTPOTeXHUKE I payyHapcTBa.




VYuusepauret y beorpany
EnextpoTexHu4ky (akynrer
Bpoj uanexca: 2016/3129
Bpoj: M2016074

Hatym: 11.09.2017.

Ha ocHoBy unana 29. 3akoHa o onmrreM ynpaBaoM noctyrky ("Co. riacuuk PC", 6p.18/2016) u
ciny:xOeHe eBuneHIMje, YHUBep3uTeT y beorpany - EnektpoTexHuUky GakyaTeT, u3uaje

YBEPEHWE

Angpujana Illonajuh

ume jegnoi poguitiersa Cnobogan, JMBI 0505991715104, pohena 05.05.1991. iogune, Feoipag,
ouwmuna beoipag-Cascku Benay, Peiniyonuxa Cpbuja, yuucana wkoncke 2016/17. iogumne, gana
07.09.2017. Tiogune 3aspwuna - je Mactiep —axagemcke cillyguje Ha ciliygujckom Upoipamy
Enexiipotiexnuxa u pauynapciieo, mMogyn . Hanoeﬂekmpouuxa u oitionuxa, y wpajary og jegne
iogune, obuma 60 (mesgecem) ECHB 60g06a “UPOCEHHOM oueHOM 10,00 (gecewi u 00/100).

Ha ocnoBy HaBemeHOr nsnaje jojee ‘finepe}Le 0 CTE4eHOM BHCOKOM 00pa3oBamy U

aKaJCMCKOM HasWBYy MacTep mmcen:e




PenyGmuxa Cpbuja
Yuusep3uret y beorpamy
Enextpotexunuxn daxynter
Bpoj unzgexca: 2010/0056
Hatym: 03.06.2016.

| Ha ocrosy unana 161 3akona o omrrem YUPaBHOM MOCTYTIKY H cyKOeHe eBHICHLIM]e u3naje ce

YBEPEIHE O IIOJIO)KEHUM UCITUTUMA

Anppujana Mlonajuh, ume jemor poauresa CnoGonan, JMED 0505991715104, pohena 05.05.1991. roause,
Beorpan, onwruna Beorpan-Cascku Benan, PenyGiuka Cpbuja, ynucana wkoncke 2010/11. ronuue, gana 03.06.2016.
| TOJHMHE 3aBPLUMJIA j& OCHOBHE aKalIeMcKe CTY/H]€ Ha CTYHjcKoM nporpamy EnekTpoTexHnka u padyHapcTBO, MOJIYJ

Pu3nYKa eNEKTPOHKEKA - cMep HanoenekTpoHKa, ONTOSNEKTPOHNKA H Tacepcka TEXHUKA, Y Tpajary Ol YETHPH TOHHE,
obuma 240 (mecta uerpnecer) ECITE Gomosa, u cTekma CTPYYHH HAa3HB JHMIOMHPAHH HHKEFEP ENEKTPOTEXHHUKE H
padynapera. TOKOM CTynuja mojoxuia je uenure u3 cienchux npeaMera:
|P6p. IWindpa Hasue npeamera Ouena | ECHE | ®onp uacosa** Hatym
1. [0OI1TI1 INporpamupamse 1 7 (cenam) 5 [[:(45+30+0) 09.02.2011.
; 2. [OOLOEL OcHoBu enexrporexuuke | 7 (cenam) 7 |1:(45+45+0) 28.08.2011.
; 3. 001D Jlaboparopujcke Bexkbe u3 Gusnke 10 (necer) 2 |L(0+0+30) 10.01.2011.
| 4. |OO1EJ1 Enrneckn jesux | 10 (necer) 2 |1(30+0+0) 14.01.2011.
| s ooimmi Matemarnxa | o 8 (ocam) 7 |1(45+45+0) 15.01.2011.
6. |OOLTIKP [pakTukym u3 Kopitwhiersa pauynapa ' 10 (mecer) 2 [I(15+0+15) 21.01.2011.
i 7. |[001®1 Duzuxa | i 8 (ocam) 5 |L:(45+30+0) 02.02.2011,
8. 1001TI®2 [paxruiym n3 Gusuke 2 B 10 (necer) 2 |II:(0+0+30) 06.06.2011.
9. |OO1EJ2 Enrnecku jesnx 2 10 (gecer) |- 2 |I1(30+0+0) 13.06.2011.
10. |OOLJIOE JlaGopartopujcke pesxGe n3 OcHoBa SIEKTPOTEXHHIKE ‘ 8 (ocam) 2 |II(7,5+0+22,5) 16.06.2011.
L1. [0O1n2 porpamupatse 2 : L 7 (cenam) 5 |II:(45+30+0) 06.07.2011.
12. |0O10E2 OCHOBH eeKTpoTeXHHKE 2 '“' 6 (ecr) 7 |I1:(45+45+0) 01.09.2012.
|13 jooIMM2 Matemarika 2 6 (weer) o 7 |I:(45+45+0) 17.09.2011,
i 14. |001®2 Duzuka 2 7 (cenam) 5 |I:(45+30+0) 09.02.2012.
| 15. |O®2TEK Teopuja enektpuunnx kona . 6 (wecr) 6 |ITI:(45+30+0) 18.09.2012.
16. |OW2IIPM TTpaKTHKYM M3 pauyHAPOKHX anaTa y MaTeMaTHLLK 10 (mecer) 3 [M(15+0+15) 22.01.2012.
| 17 lowzeE Enementn enextponnke - 6 (weer) 6 [IL{45+30+15) 11.09.2013.
: 18. |O®2M3 MaremaTnka 3 a 6 (wecr) 6 |II1:(45+45+0) 09.06.2013.
19. |0a2EI3 Euriecku jesuk 3 3 "4 10 (necer) 3 |IL(30+0+0) 13.01.2012.
20. |O@ZMYE Martepujann y enexTpoTexHuIm 9 (neser) 6 |IL:(45+30+15) 10.01.2012.
21. |OD2KM Kpantna mexanuka 6 (wecr) 6 |IV:(45+30+0) 08.06.2012.
22. [0d2CUC CUrHAIM M CHCTEMM 7 (cenam) 6 [IV:(45+15+15) 23.09.2012.
23. [0D20/E OCHOBM IMrHTANIHE ENEKTPOHHKE 6 (wecr) 6 |IVi(45+15+15) 06.06.2012.
! 24. |Q©2BUC Beposarnoha u cratucTika 7 (cemam) 3 IV:(15+15+7,5) 05.06.2012.
| 25. |O®2IIKE TTpaKTHKYM 13 KOHCTPYNCAma eIeKTPOHCKNX ypehaja 10 (mecer) 3 |IV:(15+0+22,5) 15.06.2012.
| 26. |O®2IHD Hudepenuujanne jeanaunne 10 (necer) 3 IV:(15+15+7,5) 26.08.2012.
I 27. |OD2IICA [lpakTukym u3 codreepekux anara 6 (wecr) 3 |IVi(15+0+22,5) 17.06.2012,
| 28 |owsce Cratucrisia Gpuinka 8 (ocam) 6 |Vi(45+30+0) 24.01.2016.
29. |O®3DEY Du3nuka eNeKTPOHMKA YBPCTOr Tena 10 (necer) 6 |V:i(45+30+0) 17.01.2016.

Crpana | on 2
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, Pemrybmuka CpOuja
r YauBepaurer y bBeorpany
EnextporexHuuku dakynrter
Bpoj uHzekca: 2010/0056
| Hatym: 03.06.2016.
P.6p. Ilngpa  |Hasus npenmera Ouena  [ECIIB | Monpa yacosa**

| 30. [oo3os OcoBn Gnodusnke 6 (wect) 6 [Vi(45+30+0) 15.01.2013.

‘ 31. |OW3EEY Enementy enexrponcknx ypehaja 10 (necer) 6 |Vi(45+15+15) 10.01.2013.

32. |O®3DTM DHIHYKO TEXHHUKA MEperba 8 (ocam) 6 |V:(45+0+30) 21.01.2013.
33. |0®4MK MHKpOeIeKTPOHCKa Kosia 10 (mecer) 6 |VL(45+30+0) 05.07.2013.
34. |OO3MHH MHKpPOENEKTPOHHKA H HAHOENEKTPOHHKA 6 (wecr) 6 |VI(45+30+0) 22.08.2013.
35. [0D30 OnrToenekTpoHHKa 6 (wect) 6  |VIL:(45+15+15) 11.06.2015.

| 36. |OD3CII CeH3opu 1 npeTBapaun 8§ (ocam) 6 |VIL:(45+0+30) 06.09.2013.

g 37. OD3NMK Ilpumena MHKPOKOHTpONEpa 10 (aecer) 6 |VI:(45+30+0) 08.06.2013.

38. |OD4IIIM ITpumena nacepa y MeAHUMHH 10 (aecer) 6 |VIL(45+30+0) 19.09.2014.
39, |0®4@C DubeponTHUKH CeH30pH 9 (neeer) 6 [VIL:(45+15+15) 15.09.2014.
40. |OP4AMII AHalK3a 1 MO/ICJIOBAILE TIOYNPOBOAHHYKHX HAMPABA 10 (necer) 6 |VIL(45+30+0) 13.01.2014.
41. |OD4IIKH [lonynpoBoAHKHYKE KBAHTHE HAHOCTPYKTYPE 10 (necer) 6 |VIL:(45+30+0) 24.08.2015.
42. |O®4NT Jlacepcka TexHHKA 10 (necer) 6  |VIL(45+30+0) 23.08.2014,
43. |O®4HAH HaHnoenexktponcke nanpase 8 (ocam) 6 |VII:(45+30+0) 24.08.2015.

| 44 |O®4MEC MHKPOENEKTPOMEXAHHYKH CHCTEMH Y (neper) 6 |VII:(45+30+0) 01.09.2015.

! 45, |0D40NC ONTOENEKTPOHCKH H IACEPCKH MEPHU cu_creMu 9 (neset). 6 |VII:(45+0+30) 19.08.2014.

* - eKBHBWICHTHPAH/IPH3HAT HCTIHT. B

| **-oup vacosa je y popmaty (npenasamatpextetocTano).

% Ounpahene obasese:

|| P.6p. | Hazue obaeeze - |ecnB

1 1. CrpyvHa npakca 2

Yxynno ocrapero 240 ECIIb. 4
Onwth yenex: 8,26 (ocam u 26/100) , no ronmmama cryamja (8,14, 7,62, 8,20, 9,38).
3aspuinu pan onbpamen je gara 03.06.2016. rommire ca omerom 10 (necet).
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Peny6nuka Cpbuja ‘\

Vuusepsurer y beorpany
EnextporexHuyku ¢akynrer
Bpoj unnexca: 2016/3129
Hatym: 11.09.2017.

Ha ocnoBy unana 29. 3akoHa 0 ONIITEM yIIPaBHOM IOCTYIIKY H CIIy)OeHe eBHIeHLje U3aaje ce

YBEPEIBHE O ITIOJIOKEHUM UCIIUTNMA

Anapujana IMoaajuh, ume jennor pomuressa Crno6oman, JMBI' 0505991715104, pohena 05.05.1991. roause,
beorpan, omurraa beorpag-Cascku Benan, Peny6muka Cp6uja, ymucana mxosncke 2016/17. ropune, nana 07.09.2017.
TOJMHE 3aBPLIMJIA je MacTep aKaleMCKe CTy[IHje Ha CTyAWjCKOM Iporpamy EJIEKTpOTEXHHKa H padyHapCTBO, MOZIY.
Hanoenexrponuka n GoToHHKa, Y Tpajamy ox jenHe roaune, obuma 60 (mespecer) ECIIB Goxmosa, i cTeKIia akaJeMCKu
Ha3MB MacCTEp UHXEHEP EIEeKTPOTEXHUKE U pauyHapcTBa. TOKOM CTyIMja MOJOXUIA je ucrmure u3 cnenehnx npepMera:

1. [13MO61EHH EsremeHTH HaH 1:(45+15+0) 14.02.2017.
2. [13M061 THKC 6 [1:(60+0+0) 13.02.2017.
3. [13M061MHP 6 [1(60+0+0) 24.01.2017.
4. [13M061MMH €eKTPOHCKNX HANpaBa 1:45+15+0) 24.01.2017.
5. [13M061HMH HaHOCTHHTPORNKA (ac L@5+15+0) 17.01.2017.

* - eKBUBAJICHTHPAH/IPH3HA
** _ DoHp yacoBa je y hopma

aqm{ OLICKbUBAKHA Ha IPCA!

=)
60 [t
VYxynHo octBapero 60 E éa.% w
Onmtu yenex: 10,00 (me 2 . :
3aBpHuU - MacTep pan oabpa _ TOJUHE Ca OLEeHOM 1 %{1@ ’
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Peny6nmka CpOuja
Yuusep3urer y beorpany
| @usnuky pakynret
bpoj nnaekca: 2017/8005
Harym: 04.10.2018.

Ha ocHoBy unana 29. 3akoHa 0 OMIUTEM YNPaBHOM MOCTYIKY M cilyKOeHe eBuIeHUM]e U3/1aje ce

YBEPEIBHE O ITOJOKKEHUM UCITMTUMA

Aunapujana [Wonajuh, ume jenHor poxuresa Crnobonan, pohena 05.05.1991.romune, beorpan, beorpan-Cascku
Benau, Peny6nuka CpOuja, ynucana wkoncke 2017/2018. roamHe Ha JOKTOPCKE aKaJeMCKE CTyMje, WIKOJCKE
2017/2018. roqune ynucana Ha cTaTyc UHaHCHpake W3 OyueTa, CTyanjcku nporpam dusnka, TOKOM CTyaUja Noa0kKKIa
je vicnuTe U3 cineaehux npeamera:

P.0p. Hngpa Hasus npeamera Ouena ECIIB | ®onx uacoBa** Jatym
| lncisimie KommjyTtepeko MOJE/IOBAME CTPYKTYPHUX 1 CTEKTPOHCKHX 10 (aiboet) 15 |1:(8+0+0) 21.08.2018.
ocoOuHa MaTepujana fron ik
2. |ACISKM17 Ckennpajyha aToMcka MHKPOCKOTTHja YBPCTUX Tella 10 (zecer) 15 |IT:(8+0+0) 24.08.2018.
heis : ‘ | [1:(0+0+12)
:’sililbd)PHIII Paj na noxTopa_Ty Vl.iueo 3 SR ”', 30 loro+12) =

* - eKBMBAJIGHTUPAH/NPU3HAT UCTIUT.
** . ouj vacosa je y opmary (mpeaapama+sexkbetocTalo)

Onwru yenex: 10,00 (zecer u 00/100) , no roauHama cryauja (10,00, /, /).
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Evidence of spin-phonon coupling in CrSiTe;
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We present Raman scattering results on the layered semiconducting ferromagnetic compound CrSiTe;. Four
Raman-active modes, predicted by symmetry, are observed and assigned. The experimental results are supported
by density functional theory calculations. The self-energies of the Ai, and the E g, symmetry modes exhibit
unconventional temperature evolution around 180 K. In addition, the doubly degenerate E; mode shows a clear
change of asymmetry in the same temperature region. The observed behavior is consistent with the presence of
the previously reported short-range magnetic order and strong spin-phonon coupling.

DOI: 10.1103/PhysRevB.98.104306

I. INTRODUCTION

Trichalcogenides CrXTes (X = Si, Ge) belong to a rare
class of quasi-two-dimensional semiconducting materials
with a ferromagnetic order, band gaps of 0.4 eV for Si and
0.7 eV for Ge compounds, and Curie temperatures (7¢) of
32 and 61 K, respectively [1-6]. Because of their layered
structure, due to van der Waals bonding, they can be exfoliated
to mono- and few-layer nanosheets, which, together with
their semiconducting and magnetic properties, make an ideal
combination for applications in optoelectronics and nanospin-
tronics [7-11]. This was further supported by the observation
of giant resistivity modulation of CrGeTes-based devices [12].

From an x-ray diffraction study [1], it was revealed that
CrSiTe; crystals are twined along ¢ axes, the thermal expan-
sion is negative at low temperatures, and the thermal conduc-
tivity shows strong magnon-phonon scattering effects. A very
small single-ion anisotropy favoring magnetic order along ¢
axes and spin waves was found in CrSiTe; by elastic and
inelastic neutron scattering [13]. Spin-wave measurements
suggest the absence of three-dimensional correlations above
Tc, whereas in-plane dynamic correlations are present up to
300 K. First-principles calculations suggested the possibility
of graphenelike mechanical exfoliation for CrXTe; (X = Si,
Ge) single crystals with conserved semiconducting and ferro-
magnetic properties [14]. The exfoliation of CrSiTes bulk to
mono- and few-layer two-dimensional crystals onto a Si/SiO;
substrate has been achieved [15] with a resistivity between
80 and 120 K, depending on the number of layers. Critical
exponents for CrSiTe; were also determined from theoretical
analysis [16].

Spin-phonon coupling in CrGeTe; was investigated in
Raman scattering experiments [17]. Splitting of the two
lowest-energy E, modes in the ferromagnetic phase has been
observed and ascribed to time-reversal symmetry breaking by
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the spin ordering. Furthermore, the significant renormaliza-
tion of the three higher-energy modes’ self-energies below T¢
provided additional evidence of spin-phonon coupling [17].
The external pressure-induced effect on lattice dynamics and
magnetization in CrGeTes has also been studied [18].

The Raman spectrum of CrSiTe; single crystals was re-
ported in Ref. [1], where three Raman-active modes have been
observed. Similar results have also been presented in Ref. [15]
for ultrathin nanosheets of CrSiTes. Here, we report a Raman
scattering study of CrSiTe; single crystals, with the main
focus on phonon properties in the temperature range between
100 and 300 K. Our experimental results are qualitatively
different from those previously reported [1,15] but consistent
with the results obtained for CrGeTes [17,18]. Furthermore,
our data reveal the asymmetry of the Ef, mode, which is

suppressed at higher temperatures. The A; and E; symmetry
modes exhibit nonanharmonic self-energy temperature depen-
dence in the region around 180 K, related to the strong spin-
lattice interaction due to short-range magnetic order [1]. Ener-
gies and symmetries of the observed Raman-active modes are
in good agreement with theoretical calculations.

II. EXPERIMENT AND NUMERICAL METHOD

Single crystals of CrSiTe; and CrGeTe; were grown as
described previously [19]. For a Raman scattering experi-
ment, a Tri Vista 557 spectrometer was used in the backscat-
tering micro-Raman configuration with a 1800/1800/2400
grooves/mm diffraction grating combination. A coherent
Verdi G solid-state laser with a 532-nm line was used as the
excitation source. The direction of the incident (scattered)
light coincides with a crystallographic ¢ axis. Right before
being placed in the vacuum, the samples were cleaved in
the air. All measurements were performed in a high vacuum
(10~% mbar) using a KONTI CryoVac continuous-helium-flow
cryostat with a 0.5-mm-thick window. Laser-beam focusing
was achieved through a microscope objective with x50 mag-
nification, a spot size of approximately 8§ um, and a power

©2018 American Physical Society
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TABLE I. Calculated and experimental crystallographic lattice
parameters for CrSiTes (|a| = |b|), bond lengths, interlayer distance
(d), and van der Waals (vdW) gap.

CrSiTes Calculation (A) Experiment (A) [20]
a 6.87 6.76
¢ 19.81 20.67
Si-Si 227 227
Si-Te 2.52 2.51
Cr-Te 2.77 2.78
d 6.86 6.91
vdW gap 342 342

<2 mW on the surface of a sample. All spectra were corrected
for the Bose factor.

Density functional theory calculations were performed
in the Quantum Espresso software package [21], using the
PBE exchange-correlation functional [22], PAW pseudopo-
tentials [23,24], and energy cutoffs for wave functions and
the charge density of 85 and 425 Ry, respectively. For k-point
sampling, the Monkhorst-Pack scheme was used, with a I'"-
centered 8 x 8 x 8 grid. Optimization of the atomic positions
in the unit cell was performed until the interatomic forces
were minimized down to 1079 Ry/A. In order to obtain
the parameters accurately, treatment of the van der Waals
interactions was included using the Grimme-D2 correction
[25]. Phonon frequencies were calculated at the I point

within the linear response method implemented in Quan-
tum Espresso. Calculated crystallographic properties obtained
by relaxing the structures are in good agreement with x-
ray diffraction measurements [20]. A comparison between
our, calculated, and experimental results is presented in
Table 1.

III. RESULTS AND DISCUSSION

A. Polarization dependence

CrSiTe; crystallizes in the rhombohedral crystal structure,
described by R3 (C32,-) [26]. Wyckoff positions of atoms,
together with each site’s contribution to phonons at the I" point
and corresponding Raman tensors, are listed in Table II. The
phonon mode distribution obtained by factor-group analysis
for the R3 space group is as follows:

IRaman = SAg + SEg,
1ﬁIR = 4Au + 4Eua
Cacoustic = Au + Ey.

Since the plane of incidence is ab, where |a| = |b| [£(a, b) =
120°], and the direction of light propagation is along c axes,
from the selection rules, it is possible to observe all Raman-
active modes, i.e., five A, modes and five doubly degener-
ate £, modes. According to the Raman tensors presented
in Table II, A, symmetry modes are observable only in
the parallel polarization configuration, whereas E, symmetry

TABLEIL (a) Type of atoms, Wyckoff positions, each site’s contribution to the phonons at the I' point, and corresponding Raman tensors
for the R3 space group of CrSiTes. (b) Phonon symmetry, calculated optical phonon frequencies at 0 K, and experimental values for Raman-
active (at 100 K) and infrared (IR)-active (at 110 K) [1] CrSiTe; phonons.

(a) Space group R3 (No. 148)

Atom(s) (Wyckoff positions)

Irreducible representations

Cr, Si (6¢) A, +E, +A,+E,
Te (18 f) 3A, +3E, +3A, +3E,
(b) Raman tensors
a 0 O d e d —c —f
Ag=l0 b O E, = - f E;=|-c —d e
0 0 ¢ f 0 —f e 0
Raman active IR active [1]
Calc. Expt. Calc. Expt.
Symmetry (cm™h) (cm™h) Symmetry (cm™h) (cm™h)
Al, 88.2 - Al 91.8 91.0
E; 93.5 88.9 E! 93.7 -
E; 96.9 - A2 116.8 -
E; 118.3 118.2 E? 117.1 -
A§ 122.0 - Al 202.4 -
AZ 148.0 147.4 E} 206.2 207.9
Ag 208.7 - Al 243.7 -
E;‘ 219.5 217.2 E} 365.8 370.4
E; 357.4 -
Ag 508.8 -

104306-2



EVIDENCE OF SPIN-PHONON COUPLING IN CrSiTes

PHYSICAL REVIEW B 98, 104306 (2018)

(@) = ) CrGeTe,
I S T=100K
g
&
=n>:< ei ” es
3
Ag 1 L 1 N 1
100 200 300
Raman shift (cm™)
E; E'
:‘E s ei ” es
>
o
S e TeO,
Eé ¢ T=300K
CrSiTe,
T=100K

50 100 150 200 250 300 350
Raman shift (cm™)

FIG. 1. Raman spectra of CrSiTe; single crystals measured at
100 K in (a) parallel and (b) cross polarization configurations. The
gray line represents the TeO, spectrum measured at 300 K. Inset:
Raman spectrum of CrGeTe; in the parallel polarization configura-
tion measured at 100 K.

modes can be expected to appear for both in-parallel and cross
polarization configurations.

The Raman spectra of CrSiTe; for two main linear po-
larization configurations, at 100 K, are shown in Fig. 1.
Four peaks can be observed in the spectra, at energies of
88.9, 118.2, 147.4, and 217.2 cm~!. Since only the peak at
147.4 cm~! vanishes in the cross polarization configuration, it
corresponds to the A, symmetry mode. The other three modes
appear in both parallel and cross polarization configurations
and, thereby, can be assigned as E, symmetry modes (Fig. 1).

In order to exclude the possibility that any of the observed
features originate from the TeO, [17,27], its Raman spectrum
is also presented in Fig. 1. It can be noted that no TeO,
contribution is present in our CrSiTe; data. Furthermore, the
observed CrSiTe; Raman spectra are also consistent with the
CrGeTes; Raman spectra (see inset in Fig. 1), isostructural to
CrSiTes. Five Raman-active modes have been observed for
CrGeTes, two Ag modes, at 137.9 and 296.6 cm~!, and three
E, modes, at 83.5, 112.2, and 217.5 cm~ !, in agreement with
the previously published data [17,18]. The main difference in
the spectra of CrSiTe; and CrGeTe; arises from the change in
mass and lattice parameter effects that cause the peaks to shift.

Calculated and observed Raman-active phonon energies
are compiled in Table II, together with the experimental
energies of the infrared (IR)-active phonons [1], and are found
to be in good agreement. Displacement patterns of the A,

118.0~,

ft (cm™)

117.5

4117.0

Raman sh

-4116.5

0.60
0.55
0.50
0.45
0.40
0.35

10
15
20
25
30
35
40

FWHM (cm™)

Ry" (arb. units)

275K

100 110 120 130 100150200250 300
Raman shift (cm™) T (K)

|q| parameter

FIG. 2. (a) The E;’ mode Raman spectra of CrSiTe; at four
temperatures measured in the cross polarization configuration. Blue
lines represent line shapes obtained as a convolution of the Fano
line shape and Gaussian, calculated to fit the experimetal data.
Temperature dependence of (b) the energy, (c) the line width, and (d)
the Fano parameter ¢ of the E; mode. The dashed red line represents
standard anharmonic behavior [28,29]. All the parameters show a
change in tendency around 180 K.

and E, symmetry modes are presented in Fig. 4, in the
Appendix.

B. Temperature dependence

After proper assignment of all the observed CrSiTes
Raman-active modes we proceeded with temperature evolu-
tion of their properties, focusing on the most prominent ones,
E;’ and Az,. Figure 2(a) shows the spectral region of the doubly

degenerate E; mode at an energy of 118.2 cm™', at four
temperatures. Closer inspection of the 100 K spectra revealed
clear asymmetry of the peak on the low-energy side. The
presence of defects may result in the appearance of the mode
asymmetry [30], however, they would also contribute to the
mode line width and, possibly, the appearance of phonons
from the edge of the Brillouin zone in the Raman spectra [29].
The very narrow lines and absence of additional features in
the Raman spectra of CrSiTe; do not support this scenario.
The asymmetry may also arise when the phonon is coupled
to a continuum [31]. Such a coupling of the E;’ phonon mode
would result in a line shape given by the convolution of a Fano
function and a Gaussian, the latter representing the resolution
of the spectrometer [29]. Comparison between the Fano line
shape convoluted with a Gaussian, the Voigt line shape, and
the experimental data at 100 K is presented in Fig. 5, in the

104306-3
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FIG. 3. (a) Ai, mode Raman spectra of CrSiTe; at four tem-
peratures measured in the parallel polarization configuration. Blue
lines represent Voigt line shapes. (b) Energy and (c) line-width
temperature dependence of the Ai, mode.

Appendix, with the former yielding better agreement with the
experimental data. Furthermore, it fully captures the E; mode
line shape at all temperatures under investigation [Figs. 2(a)
and 6].

Upon cooling of the sample, the ES, mode energy hardens
[Fig. 2(b)] with a very small discontinuity in the temperature
range around 180 K. Down to the same temperature, the
line width monotonically narrows in line with the standard
anharmonic behavior [dashed red line in Fig. 2(c)]. Upon
further cooling, the line width increased, deviating from the
expected anharmonic tendency. This indicates activation of
an additional scattering mechanism, e.g., spin-phonon inter-
action. Figure 2(d) shows the evolution of the Fano param-
eter, |q|. Whereas in the region below 180 K, it increases
slightly but continuously, at higher temperatures it promptly
goes to lower values and the mode recovers a symmetric
line shape. We believe that the observed behavior of the
Ef, mode can be traced back to the short-range magnetic
correlations, which, according to Ref. [1], persist up to
150 K, and the strong spin-phonon coupling in CrSiTes.
Similar behavior of the energy and line width, which dif-
fers from the conventional anharmonic, as well as the E,
mode Fano-type line shape, was recently reported in a-RuCl;
and was interpreted as a consequence of the spin-phonon
interaction [32].

Unlike the E; mode, no pronounced asymmetry was ob-

served for the AZ, mode. As can be seen from Figs. 3(b) and
3(c) both the energy and the line width of the Az mode showed

@®cCr

©Te © SilGe

X

FIG. 4. Unit cell of a CrSiTe; single crystal (solid lines) with
the displacement patterns of the A, and E, symmetry modes. Arrow
lengths are proportional to the square root of the interatomic forces.

a similar change in tendency in the same temperature region
as the Ef, mode, most likely due to the spin-phonon coupling.

IV. CONCLUSION

The lattice dynamics of CrSiTes;, a compound isostruc-
tural to CrGeTes, is presented. An A, and three E, modes
were observed and assigned. The experimental results are
well supported by theoretical calculations. The temperature
dependences of the energies and line widths of the Az, and
E; modes deviate from the conventional anharmonic model
in the temperature range around 180 K. In addition, the E;
mode shows clear Fano resonance at lower temperatures. This
can be related to the previously reported short-range magnetic
correlations at temperatures up to 150 K [1] and the strong
spin-phonon coupling.
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FIG. 5. Analysis of the E; asymmetry. Measured data are shown
as the black line. The solid blue line represents the line shape
obtained as a convolution of the Fano line shape and a Gaussian,
whereas the orange line represents a Voigt line shape, both calculated
to fit the experimental data. The Voigt profile deviates from the
experimental data at the peak flanks.
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APPENDIX

1. Eigenvectors of Raman-active modes

Figure 4 summarizes the A, and E, symmetry mode
displacement patterns of a CrSiTe; single crystal (R3 space
group). Arrow lengths are proportional to the square root of
the interatomic forces.

2. Asymmetry of the E; line

The peak at 118.2 cm™', which we assigned as the E; sym-
metry mode, at low temperatures shows a significant asym-
metry towards lower energies. The possibility of additional
defect-induced features in Raman spectra can be excluded,
since the modes are very narrow, suggesting high crystallinity
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FIG. 6. The E; mode Raman spectra of CrSiTe; at all temper-
atures measured in the cross polarization configuration. Blue lines
represent calculated spectra obtained as the convolution of the Fano
line shape and Gaussian.

of the sample. Also, the theoretical calculations do not predict
additional Raman-active modes in this energy region. On the
other hand, coupling of the phonon mode to a continuum may
result in an asymmetric line shape described with the Fano
function. Due to the finite resolution of the spectrometer it has
to be convoluted with a Gaussian (I'g = 1cm™!). In Fig. 5 we
present a comparison of the line obtained as a convolution of
the Fano line shape and a Gaussian (blue line) and a Voigt line
shape (orange line) fitted to the experimental data. Whereas
the Voigt line shape deviates at the peak flanks, excellent
agreement has been achieved for convolution of the Fano line
shape and a Gaussian.

3. E:, mode temperature dependence

Figure 6 shows Raman spectra of CrSiTes in the region of
the E 3 mode in the cross polarization configuration at various
temperatures. Solid blue lines represent the convolution of
the Fano line shape and Gaussian fitted to the experimental
data. The asymmetry is the most pronounced below 190 K.
Above this temperature, the asymmetry is decreasing, and at
high temperatures the peak recovers the fully symmetric line
shape.
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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].

(a) C3i D3d C2h
2A,
he—_ " 6A
g 2Agg g
E~—7 6B,
4Eg
(b) <E
T=100K E <A E,
¥ E; A v
) J
Al o N
N 100 105 110
Raman Shift (cm™)
E’ =3 A;
—~| ¥ o\ i elle,
2 2 i
c
5 2 ele,
2
T () BB A
% | T=300K \ BY/B!
x { . A; BZX’
fg Y 9
I A B
g 100 105 110

Raman Shift (cm™)

50 100 150 200 250
Raman Shift (cm™)

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

(a)

B/=57.0cm’ A'=598cm’ A’=88.4cm’

S g g
P T ”‘s

0\4/ B )

A’=131.7 cm’

*ﬁe’-”'\feé *—‘%;e”"

e el P

(b)

A‘=109.3cm’ B!=97.8cm’

E,=59.7 cm’

)/,

A, =89.6 cm”

—9880m

A

Al=131.1cm’

\

B;=198.8 cm’

E;

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

IV. CONCLUSION

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

B’=108.9 cm’

.

I 43\‘ Yol ’3’%\

B’=101.8cm” Al=101.9 cm’

B;=221.1 cm’

\&‘g
e

-~
L] |

E}=99.8 cm” =112.2cm”

=195.2 cm’ E/=234.4 cm’

s s

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

In addition to the phonon energies we also calculated
the phonon eigenvectors which are shown in Fig. 5(a)
for the high-temperature monoclinic phase and in Fig. 5(b)
for the low-temperature rhombohedral phase. The energies,
as given, are calculated for zero temperature. The relative
displacement of the atoms is denoted by the length of the
arrows.
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Abstract

Since the 1960s, Graphite intercalation compounds (GIC) have been extensively stud-
ied, showing many new properties and exotic physics. This inspired many to investigate
a single or few-layer intercalated graphene. Intercalated graphene has many extraordinary
properties and it is different compared to pristine graphene or bulk GICs, with great spec-
tra of characteristics induced by various intercalants. This method opens new possibili-
ties for research and applications in electronics and photonics. Here we present the results
of a DFT study on electronic and vibrational properties of the graphene doped with Sr
and Yb adatoms, taking into account that only their corresponding bulk compounds have
been investigated so far. The calculations were performed in Quantum Espresso software
package.

Keywords Graphene - DFT - Electronic properties - 2D materials

1 Introduction

Since the experimental discovery in Novoselov et al. (2004), graphene has been attracting
enormous attention. The relativistic behaviour of the low-energy excitations (the so-called
Dirac fermions) leads to many interesting effects and the linear electronic dispersion of gra-
phene in the vicinity of the K-point mimics the physics of the massless fermions in quan-
tum electrodynamics, at speed 300 times smaller than the speed of light. Therefore, many
unusual properties can be observed in graphene, such are the Klein paradox (Katsnelson
et al. 2006) or the anomalous integer quantum Hall effect (Gusynin and Sharapov 2005;
Neto et al. 2006) which can be observed at room temperatures (Novoselov et al. 2007).
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Graphene has excellent thermal conductivity, high electron mobility (Bolotin et al. 2008)
and transparency, and at the same time it is one of the strongest materials known (Lee
et al. 2008), about 200 times stronger than structural steel, yet very flexible and stretch-
able. With all its unique properties, graphene has various potential applications in almost
all research fields, especially in electronics and optoelectronics (Ferrari 2015; Blake et al.
2008; Todorovi¢ et al. 2015). With high electrical and optical conductivity, it is promising
candidate for applications in energy storage (Bonaccorso et al. 2015), detectors (Sassi et al.
2017; Liu et al. 2014), or even for the flexible touch screen technology (Ahn and Hong
2014; Bae et al. 2010). Ultra-thin graphitic films are also well researched for applications
in photonics with high transparency and electrical conductivity (Matkovi€ et al. 2016).
Already extraordinary characteristics of graphene can be tailored and enhanced in
many ways—by various types of disorders, controlling the type of edges (Peres et al. 2006;
Wakabayashi et al. 1996, 2009), number of layers, by doping, applying the strain (Levy
et al. 2010; Choi et al. 2010; Settnes et al. 2016; Masir et al. 2013), etc. Among them,
doping graphene is an excellent way to make graphene suitable for various applications
(Sharma and Ahn 2013; Wang et al. 2010; Qu et al. 2010; Jeong et al. 2011; Cui et al.
2011). Especially interesting is intercalation of various species in a few layer graphene (or
doping a single layer graphene with adatoms), in a similar manner to the graphite inter-
calation compounds (GIC). This provides very high level of doping and leads to many
interesting effects that are not present in pristine graphene, offering a new way to design
various materials with magnetic, highly conductive or superconducting properties. Doping
via adsorption is also very convenient, as the graphene can host various adatoms or small
molecules while preserving its own structure, and at the same time drastically change its
electronic properties. By covering the graphene sheet with the layer of adatoms, significant
structural changes are avoided, as the dopant atoms are not fitted in the graphene lattice
instead of the carbon atoms. However, adsorbed atoms can strongly affect the electronic
properties of graphene, dominantly through the p, orbitals. Therefore, it is an excellent
tool for tuning the properties of graphene in a wide range and obtain new effects. GIC
have been extensively researched since the 1960s (Riidorff 1959; Enoki et al. 2003; Dres-
selhaus and Dresselhaus 2002), but the interest for them has significantly raised with dis-
covery of the superconductivity in some of the alkali or alkaline earth metal intercalated
graphite structures, among which are CaCq and YbC, (Weller et al. 2005) with relatively
high critical temperatures of 7, = 11.5K and 7, = 6.5 K. As research of 2D materials has
raised in the last decade, the superconductivity in GIC imposed a question of investigating
the monolayer graphene doped with alkali and alkaline earth metal adatoms, searching for
the atomically thin superconductors. The electrical characteristics of the doped graphene
depend strongly on the species of the used adatom. Reports on related structures suggest
the occurrence of superconductivity in some of them, usually with alkali or alkaline earth
metals doping, similar to the GICs. The explanation for the emergence of the superconduc-
tivity in the alkali doped graphene lies in the electron-phonon coupling that arises from
the new intercalant-derived band and the graphene z-bands at the Fermi level. Among
first researched doped graphene structures was Li decorated graphene (Profeta et al. 2012;
Pesic et al. 2015), which is superconducting with the critical temperature of 7 = 5.9 K.
It can also be enhanced by applying the strain (PeSic¢ et al. 2014). The experimental evi-
dence of superconductivity in the Li doped graphene (Ludbrook 2015) inspired many to
search for other 2D superconducting structures (Calandra et al. 2012; Penev et al. 2016;
Shimada et al. 2017; Saito et al. 2016). Graphene doped with the Ca atoms is also reported
to be superconducting as the doped monolayer (Profeta et al. 2012) and bilayer interca-
lated graphene (Mazin and Balatsky 2010; Margine et al. 2016), there are also reports for a
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few-layer potassium doped graphene (Xue et al. 2012). Among other similar structures, the
heavily n-doped graphene was also predicted to be superconducting (Margine and Giustino
2014), the combination of biaxial strain with charge doping, which leads to the supercon-
ductor with T, estimated to be up to 30 K (Si et al. 2013), or the hole-doped graphane
which was predicted to be a high T, superconductor, with a critical temperature in range
60-80 K (Durajski 2015). However, many possible structures based on doped graphene
with potential superconducting properties are not considered yet.

In this paper we studied the electronic and vibrational properties of Sr and Yb doped
graphene using the density functional theory approach. We were motivated by the fact that
both structures are known as superconductors in their corresponding bulk compounds,
YbCy with critical temperature of T, = 6.5K (Weller et al. 2005) and SrCgq with up to
T. = 3.03K (Calandra and Mauri 2006). We are first to report the results for a monolayer
graphene doped with those adatoms.

2 Computational details

All calculations were performed using the Quantum Espresso software package (Giannozzi
et al. 2009), based on the plane waves and pseudopotentials. We used norm-conserving
pseudopotentials (Perdew and Zunger 1981) and LDA exchange-correlation functional.
The plane wave energy cutoff is 120 Ry for SrC¢-mono and 160 Ry for YbCg-mono. The
unit cell for both structures is modelled as \/3 X \/§R30° supercell of the graphene unit
cell, with adatoms positioned in the H-site. This is the favorable adsorption site for both
adatoms, according to the DFT study (Nakada and Ishii 2011). The value of the hexagonal
cell parameter a is 4.26A taken theoretically, as there are no experimental realization of
those structures. The top and side view of the structures are shown in Fig. 1. In order to
avoid interactions between layers, the hexagonal cell parameter ¢ of the unit cell was cho-
sen to be sufficiently large, ¢ = 11.4 A for SrCg-mono and 11.3 A for YbCy-mono. Prior to
any calculations, the ionic positions in systems are fully relaxed to their minimum energy
configuration, using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm. Obtained
vertical distance between graphene layer and the adsorbed atom is i = 2.22A for SrCq-
mono and h = 2.25A for YbC¢-mono. Phonon properties are obtained with the Density

(a)

(b)

or-J{o>-o

’—
APADA

< <@y

\

Fig.1 a Top view of the graphene structure with the adatoms adsorbed in the H-site. Unit cell is marked
with the black line, b side view of the one hexagon with the adatom above
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Functional Perturbation Theory (DFPT) implemented in the PHonon part of the Quantum
Espresso software.

3 Results and discussion

As we said in Sect. 2, the unit cell for our H-site doped structures is enlarged compared to
the pristine graphene. Due to the increase in the size of the primitive cell in direct space,
basis vector lengths in reciprocal space are reduced. As a consequence, the K-point of the
Brillouin zone of graphene is folded to the I" point of the Brillouin zone of H-site doped
graphene. Brillouin zones of the graphene unit cell and the H-site doped graphene are
shown in Fig. 2.

3.1 Electronic properties

Electronic dispersions along I'-M-K-I" high symmetry points for StC¢-mono and YbCy-
mono are shown in Fig. 3. Fermi level is set to zero in all figures. Folding the z and z*
bands of graphene from K-point to I'-point, the inner and outer carbon = and z* bands are
obtained, crossing at the I" point. For both structures, lower bands from the ¢ bonds in the
valence band are almost unaffected, as expected, and they are not shown in figures. The
Fermi level is shifted up in both structures. By deposition of adatoms on top of graphene,
new interlayer band derived from the Yb or Sr adatoms is formed around the Fermi level,
showing a nearly free-electron-like dispersion. They are placed at 2.2 and 1.5 eV below
the Fermi level in the YbCy-mono and SrCy-mono, respectively, being partially occupied.
The density of states on Fermi level is also raised. The carbon z bands are not affected
by the presence of the adatoms. Previously unoccupied z* bands now intersect the new
up-shifted Fermi level and are strongly hybridized with the new band derived from the
adsorbed atoms. In YbC¢-mono, 4f orbitals coming from the Yb atoms form a set of flat
non-dispersive bands, similar to the bulk YbC, (Cséanyi et al. 2005). Those flat bands are
characteristic for most lanthanides. They are localized at 0.7 eV below the Fermi level with
the corresponding peak clearly observed in the density of states. As reported for the bulk
YbCq, calculations with the Hubbard+U corrections do not give significant changes and
result only in slightly shifting down those bands, so the same is expected for the monolayer.
The Dirac points from graphene are folded to the I" point in the H-site doped graphene, and

Fig.2 Brillouin zones of
graphene (black) and the H-site
doped graphene (red). (Color
figure online)
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Fig.3 Electronic dispersions (a) 3
of a SrC¢-mono and b YbC
-mono. Thickness of the red lines 2

is proportional to the the Sr/Yb
character and the interlayer band
is marked in green dotted line.
(Color figure online)
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they are now below the Fermi level. Due to the adatom presence, the symmetry is broken
and a gap is opened. In the SrCg, interlayer band is placed between the 7 and 7* and a very
small gap can be observed in the density of states, while in the YbC¢-mono, the new inter-
layer band intersect the 7 band and the gap is closed.

3.2 Phonon properties

The symmetry group of graphene with adatoms adsorbed in the H-site is Dg77 = T’ Cy,,
which is a subgroup of the diperiodic group of graphene, Dg80 = TDy, (Damljanovic et al.
2014). In order to connect the phonon modes of the H-site doped graphene with the cor-
responding phonon modes of graphene, the corresponding irreducible representation of
group Dg77 of graphene to its subgroup Dg80 (Damljanovi¢ et al. 2014). The modes from
the T pOiI}t, I'E,, and I'B,, correspond to I'E, and l“,B - For the modes of graphene in the K
point, KA corresponds to the modes A, and B,, KA to A, and B, KE and KE to E, and E,
(Altmann and Herzig 1994; Damljanovi¢ and Gaji¢ 2012). The modes A; and E; are both
infrared and Raman active, while E, modes are only Raman active. The symmetry classifi-
cation of optical modes and Raman tensors for H-site doped graphene are given in Table 1.
The displacement patterns of the SrC¢-mono and YbCy-mono, in the I" point are shown in
Fig. 4. Those modes have displacement patterns similar to those of graphene phonons at I
and K points, which happens due to the Brillouin zone folding. As the K point of graphene
is folded to the I" point of the new Brillouin zone in the H-site doped graphene, the phonon
modes in graphene at the I' and K points correspond to the I' modes in the H-site doped
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Table 1 Raman tensors and symmetry classification of optical modes

Raman tensors

Graphene Ay, E, E,,

Dg80 = TDy, a00 000)(00 —c d 0 0 0 -do
011 G 0a0 00c|]00 O 0 -d0|]|-d 0 0
o, C, 005 0cO0)lco 0 0 0 0 0 0 0
Aa A, E, E,

Dg77 =TCg, a00 00c) (000 d 0 0 0 -do
O, |l Co 0a0 000]]00c¢ 0 -do||-d 0 o0
O o, 000b c00){0coO 0 0 0 0 0 0
Optical modes

Aa I, =2A, +A, +2B, + B, +3E, +3E,

structures. This is valid for all H-site doped graphene structures as the unit cell is the type.
As the Kohn anomaly is present in graphene at I" and K points in E,, and KA/1 modes, we
expect it to be present in the H-site doped graphene structures for the modes related to
these two. Modes with Kohn anomaly can not be calculated precisely using the density
functional theory as the DFT is based on the adiabatic Born-Oppenheimer approximation
which is in this case broken. Comparing the calculated phonon modes for graphene at K
and I" point, with the corresponding phonon modes at the I" point of the SrCq and YbC¢
monolayers, we can observe small differences in the corresponding frequencies. Some of
these are lower than in pristine graphene and some frequencies are split. For example, fre-
quencies of E, mode in Sr and Yb doped graphene are 1470 cm™' and 1488 cm™!, respec-
tively, while the frequency of E,, in pristine graphene is 1550 cm™!; Frequency of E' mode
in graphene is 1200 cm™!, and corresponding modes in doped graphene are E, at 1180 cm™"
and E, at 1200cm™!; E” mode in graphene is at 580cm™', and corresponding modes in
doped graphene are E, at 495cm™' and E, at 510 cm™! for SrC¢-mono and E, at 477 cm™!
and E, at 500 cm™! for YbC¢-mono. This can be ascribed to the adatoms impact, and in
general, it depends on the type of the adatom.

4 Conclusion

Using the density functional theory approach, we calculated the electronic and phonon
properties of the Sr and Yb doped graphene, in a similar manner to the GICs. Their cor-
responding bulk compounds have been studied so far and we are first to investigate the
monolayer graphene doped with those adatoms. The electronic and phonon properties are
of essential interest for electron-phonon coupling as well as the guidelines for experimental
research. From the electronic band structure calculations, we can observe a new adatom-
derived interlayer band crossing the Fermi level in both structures, which hybridize strongly
with the carbon p_ orbitals. Density of states on the Fermi level is also raised. Those results
can be indicating a possible superconductivity and can be inspiring for further research of
those structures. Displacement patterns calculated in the I" point are similar to those in the
K and I" point of the pristine graphene, as a consequence of the zone folding effect, but due
to the adatoms impact we can observe some differences in frequencies and the splitting of
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some modes. The results obtained in this paper are important base for further theoretical
and experimental research of those two structures, as well for future research of similar
structures of graphene doped with other metal adatoms.

Acknowledgements This work is supported by the Serbian MPNTR through Project OI 171005 and by
Qatar National Research Foundation through Project NPRP 7-665-1-12.

References

Ahn, J.H., Hong, B.H.: Graphene for displays that bend. Nat. Nanotechnol. 9(10), 737-738 (2014)

Altmann, S., Herzig, P.: Point-Group Theory Tables. Oxford Science Publications, Clarendon Press, Oxford
(1994)

Bae, S., Kim, H., Lee, Y., Xu, X., Park, J.S., Zheng, Y., Balakrishnan, J., Lei, T., Kim, H.R., Song, Y.I,,
et al.: Roll-to-roll production of 30-inch graphene films for transparent electrodes. Nat. Nanotechnol.
5(8), 574-578 (2010)

Blake, P., Brimicombe, P.D., Nair, R.R., Booth, T.J., Jiang, D., Schedin, F., Ponomarenko, L.A., Morozov,
S.V., Gleeson, H.F., Hill, E.-W., Geim, A.K., Novoselov, K.S.: Graphene-based liquid crystal device.
Nano Lett. 8(6), 1704-1708 (2008)

Bolotin, K., Sikes, K., Jiang, Z., Klima, M., Fudenberg, G., Hone, J., Kim, P., Stormer, H.: Ultrahigh elec-
tron mobility in suspended graphene. Solid State Commun. 146(9), 351-355 (2008)

Bonaccorso, F., Colombo, L., Yu, G., Stoller, M., Tozzini, V., Ferrari, A.C., Ruoff, R.S., Pellegrini, V.:
Graphene, related two-dimensional crystals, and hybrid systems for energy conversion and storage.
Science 347(6217), 1246501 (2015)

Calandra, M., Mauri, F.: Possibility of superconductivity in graphite intercalated with alkaline earths inves-
tigated with density functional theory. Phys. Rev. B 74, 094507 (2006)

Calandra, M., Profeta, G., Mauri, F.: Superconductivity in metal-coated graphene. Physica Status Solidi (B)
249(12), 2544-2548 (2012)

Choi, S.M., Jhi, S.H., Son, Y.W.: Effects of strain on electronic properties of graphene. Phys. Rev. B 81,
081407 (2010)

Csényi, G., Littlewood, P., Nevidomskyy, A.H., Pickard, C.J., Simons, B.: The role of the interlayer state in
the electronic structure of superconducting graphite intercalated compounds. Nat. Phys. 1(1), 42-45
(2005)

Cui, T., Lv, R., Huang, Z.H., Zhu, H., Zhang, J., Li, Z., Jia, Y., Kang, F., Wang, K., Wu, D.: Synthesis
of nitrogen-doped carbon thin films and their applications in solar cells. Carbon 49(15), 5022-5028
(2011)

Damljanovi¢, V., Kosti¢ R., Gaji¢ R.: Characters of graphenes symmetry group dg80. Physica Scr.
2014(T162), 014022 (2014)

Damljanovié, V., Gaji¢, R.: Phonon eigenvectors of graphene at high-symmetry points of the brillouin zone.
Physica Scr. 2012(T149), 014067 (2012)

Dresselhaus, M.S., Dresselhaus, G.: Intercalation compounds of graphite. Adv. Phys. 51(1), 1-186 (2002)

Durajski, A.P.: Influence of hole doping on the superconducting state in graphane. Supercond. Sci. Technol.
28(3), 035002 (2015)

Enoki, T., Suzuki, M., Endo, M.: Graphite Intercalation Compounds and Applications, pp. 1-456. Oxford
University Press, Oxford (2003)

Ferrari, A.C., et al.: Science and technology roadmap for graphene, related two-dimensional crystals, and
hybrid systems. Nanoscale 7, 45984810 (2015)

Giannozzi, P., et al.: Quantum espresso: a modular and open-source software project for quantum simula-
tions of materials. J. Phys. Condens. Matter 21(39), 395-502 (2009)

Gusynin, V.P., Sharapov, S.G.: Unconventional integer quantum hall effect in graphene. Phys. Rev. Lett. 95,
146801 (2005)

Jeong, HM., Lee, J.W., Shin, W.H., Choi, Y.J., Shin, H.J., Kang, J.K., Choi, J.W.: Nitrogen-doped graphene
for high-performance ultracapacitors and the importance of nitrogen-doped sites at basal planes. Nano
Lett. 11(6), 2472-2477 (2011)

Katsnelson, M., Novoselov, K., Geim, A.: Chiral tunnelling and the klein paradox in graphene. Nat. Phys.
2(9), 620-625 (2006)

@ Springer



Ab-initio calculations of electronic and vibrational properties... Page90of10 276

Lee, C., Wei, X., Kysar, J.W., Hone, J.: Measurement of the elastic properties and intrinsic strength of mon-
olayer graphene. Science 321(5887), 385-388 (2008)

Levy, N., Burke, S.A., Meaker, K.L., Panlasigui, M., Zettl, A., Guinea, F., Neto, A.H.C., Crommie, M.F.:
Strain-induced pseudo—magnetic fields greater than 300 tesla in graphene nanobubbles. Science
329(5991), 544-547 (2010)

Liu, C.H., Chang, Y.C., Norris, T.B., Zhong, Z.: Graphene photodetectors with ultra-broadband and high
responsivity at room temperature. Nat. Nanotechnol. 9(4), 273-278 (2014)

Ludbrook, B.M., et al.: Evidence for superconductivity in li-decorated monolayer graphene. Proc. Nat.
Acad. Sci. 112(38), 11795-11799 (2015)

Margine, E.R., Giustino, F.: Two-gap superconductivity in heavily n-doped graphene: Ab initio migdal-eli-
ashberg theory. Phys. Rev. B 90, 014518 (2014)

Margine, E., Lambert, H., Giustino, F.: Electron-phonon interaction and pairing mechanism in supercon-
ducting ca-intercalated bilayer graphene. Sci. Rep. 6, 21414 (2016)

Masir, M.R., Moldovan, D., Peeters, F.: Pseudo magnetic field in strained graphene: revisited. Solid State
Commun. 175, 76-82 (2013)

Matkovi¢, A., MiloSevié, 1., Milicevi¢, M., Tomasevi¢-Ili¢, T., Pesi¢, J., Musi¢, M., Spasenovié, M.,
Jovanovié, D., Vasié, B., Deeks, C., Panajotovié, R., Beli¢, M.R., Gaji¢, R.: Enhanced sheet conductiv-
ity of Langmuir-Blodgett assembled graphene thin films by chemical doping. 2D Mater. 3(1), 015002
(2016)

Mazin, 1., Balatsky, A.: Superconductivity in Ca-intercalated bilayer graphene. Philos. Mag. Lett. 90(10),
731-738 (2010)

Nakada, K., Ishii, A.: DFT calculation for adatom adsorption on graphene. In: Gong, J.R. (ed.) Graphene
Simulation. InTech, Rijeka, Croatia (2011)

Neto, A.H.C., Guinea, F., Peres, N.M.R.: Edge and surface states in the quantum hall effect in graphene.
Phys. Rev. B 73, 205408 (2006)

Novoselov, K.S., Geim, A K., Morozov, S.V,, Jiang, D., Zhang, Y., Dubonos, S.V., Grigorieva, 1.V., Firsov,
A.A.: Electric field effect in atomically thin carbon films. Science 306(5696), 666—669 (2004)

Novoselov, K.S., Jiang, Z., Zhang, Y., Morozov, S.V., Stormer, H.L., Zeitler, U., Maan, J.C., Boebinger,
G.S., Kim, P., Geim, A.K.: Room-temperature quantum hall effect in graphene. Science 315(5817),
1379-1379 (2007)

Penev, E.S., Kutana, A., Yakobson, B.I.: Can two-dimensional boron superconduct? Nano Lett. 16(4),
2522-2526 (2016)

Perdew, J.P., Zunger, A.: Self-interaction correction to density-functional approximations for many-electron
systems. Phys. Rev. B 23, 5048-5079 (1981)

Peres, N.M.R., Neto, A.H.C., Guinea, F.: Conductance quantization in mesoscopic graphene. Phys. Rev. B
73, 195411 (2006)

Pesic, J., Gaji¢, R., Hingerl, K., Beli¢, M.: Strain-enhanced superconductivity in li-doped graphene. EPL
(Europhys. Lett.) 108(6), 67005 (2014)

Pesic, J., Damljanovi¢, V., Gaji¢, R., Hingerl, K., Beli¢, M.: Density functional theory study of phonons in
graphene doped with Li, Ca and Ba. EPL (Europhys. Lett.) 112(6), 67006 (2015)

Profeta, G., Calandra, M., Mauri, F.: Phonon-mediated superconductivity in graphene by lithium deposition.
Nat. Phys. 8(2), 131-134 (2012)

Qu, L., Liu, Y., Baek, J.B., Dai, L.: Nitrogen-doped graphene as efficient metal-free electrocatalyst for oxy-
gen reduction in fuel cells. ACS Nano 4(3), 1321-1326 (2010)

Riidorff, W.: Graphite Intercalation Compounds. Advances in Inorganic Chemistry and Radiochemistry, pp.
223-266. Academic Press, Cambridge (1959)

Saito, Y., Nojima, T., Iwasa, Y.: Highly crystalline 2d superconductors. Nat. Rev. Mater. 2, 16094 (2016)

Sassi, U., Parret, R., Nanot, S., Bruna, M., Borini, S., De Fazio, D., Zhao, Z., Lidorikis, E., Koppens, F.,
Ferrari, A., et al.: Graphene-based mid-infrared room-temperature pyroelectric bolometers with ultra-
high temperature coefficient of resistance. Nature Commun. 8, 14311 (2017)

Settnes, M., Power, S.R., Jauho, A.P.: Pseudomagnetic fields and triaxial strain in graphene. Phys. Rev. B
93, 035456 (2016)

Sharma, B.K., Ahn, J.H.: Graphene based field effect transistors: efforts made towards flexible electronics.
Solid-State Electron. 89(Supplement C), 177-188 (2013)

Shimada, N.H., Minamitani, E., Watanabe, S.: Theoretical prediction of phonon-mediated superconductivity
with 7. = 25K in Li-intercalated hexagonal boron nitride bilayer. Appl. Phys. Express 10(9), 093101
(2017)

Si, C., Liu, Z., Duan, W., Liu, F.: First-principles calculations on the effect of doping and biaxial tensile
strain on electron-phonon coupling in graphene. Phys. Rev. Lett. 111, 196802 (2013)

@ Springer



276 Page 10 of 10 A. Solaji¢ et al.

Todorovié, D., Matkovié, A., Miliéevi¢, M., Jovanovi¢, D., Gaji¢, R., Salom, I., Spasenovi¢, M.: Multilayer
graphene condenser microphone. 2D Mater 2(4), 045013 (2015)

Wakabayashi, K., Fujita, M., Kusakabe, K., Nakada, K.: Magnetic structure of graphite ribbon. Czech J.
Phys. 46(4), 1865-1866 (1996)

Wakabayashi, K., Takane, Y., Yamamoto, M., Sigrist, M.: Edge effect on electronic transport properties of
graphene nanoribbons and presence of perfectly conducting channel. Carbon 47(1), 124-137 (2009)

Wang, Y., Shao, Y., Matson, D.W., Li, J., Lin, Y.: Nitrogen-doped graphene and its application in electro-
chemical biosensing. ACS Nano 4(4), 1790-1798 (2010)

Weller, T.E., Ellerby, M., Saxena, S.S., Smith, R.P., Skipper, N.T.: Superconductivity in the intercalated
graphite compounds C¢Yb and C¢Ca. Nat. Phys. 1(1), 39-41 (2005)

Xue, M., Chen, G., Yang, H., Zhu, Y., Wang, D., He, J., Cao, T.: Superconductivity in potassium-doped few-
layer graphene. J. Am. Chem. Soc. 134(15), 6536-6539 (2012)

@ Springer



	1_Molba_za_pokretanje_postupka
	2_misljenje_rukovodioca0001
	3_Strucna_biografija
	4_Naucna_aktivnost
	5_Spisak_publikacija
	6_uverenje_phd
	7_Diplome_sve
	osnovne uverenje
	master uverenje
	osnovne ispiti1
	osnovne ispiti2
	master ispiti
	polozeni_ispiti_phd

	8_indeks
	indeks
	indeks1

	10.1103@PhysRevB.98.104306
	10.1103@PhysRevB.98.104307
	olaji2018
	Ab-initio calculations of electronic and vibrational properties of Sr and Yb intercalated graphene
	Abstract
	1 Introduction
	2 Computational details
	3 Results and discussion
	3.1 Electronic properties
	3.2 Phonon properties

	4 Conclusion
	Acknowledgements 
	References





