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Hayynom Behy UHcTuTyTa 3a $usuky y beorpaay

.beorpag, 11. 10. 2021.

IIpeameT: MoJi6a 3a NOKpeTame NOCTYNKA 32 M360P Y 3BakhE UCTPAXKUBAY CapaJHUK

Mosnnm Hay4no Behe UHcTHTyTa 33 dusuky y Beorpany za y ckiagy ca [IpaBr/IHUKOM O OCTYIIKY
Y HAYMHY BpE/IHOBAaWka U KBAaHTUTATHBHOM MCKa3MBakhy HayYHO-UCTPOXKUBAYKHUX pe3yJiTaTa
HCTpaXkuBaya NOKpPeHe NOCTYIaK 3a MOj U360p Y 3Batbe UCTPAKUBAY CapajiHUK.

Y npuory focTaBibaMm:

1. Munubeme pyKoBOAHOLA JabopaTopHje ca NpeJIoroM 4aHOBa KOMHUCH]e 3a u360p y
3Bame

CtpyuHy 6uorpadujy

[Ipersies HayYHe aKTUBHOCTH

Cnrcak ny6JiMKaluja 1 lhbHUX0Be KOIuje

Konuje gunsiomMa 0CHOBHUX U MacTep CTyZHja

[ToTBp/a 0 ynucaHuM JIOKTOPCKUM CTYIMjama

Cnycak NOJIOKEHUX UCIMTA Ha JIOKTOPCKUM CTyZiMjaMa

QO N ov U B WA

YBepeme 0 npuxBaheHoj TeMu JJOKTOPCKe JucepTaluje

C momwrroBameM,
Anjipujana lllonajuh,

HMcTpaxuBad npunpaBHUK
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Hay4ynom Behy MucTuTyTa 32 $U3UKYy y Beorpaay

Beorpag, 11.10.2021.

llpepgmeT: Muu/bere pyKoBoguona ja6oparopuje o uz6opy Auapujaune lMlonajuh y
3Bamhe€ UCTPAXKUBAY CAPaATHUK

Anppujana lllonajuh je cTyleHT JOKTOPCKUX CTyAuja GU3MKe, a Te3y paju Mo MEHTOPCTBOM ZIp
Jenene Ilemmh. 3anociena je ox genemébpa 2018. rogune y JlaGoparopuju 3a 2/ Matepujae y
Llentpy 3a ¢pusuKy uBpcTor crama U HoBe MaTepujase, MuctuTyTa 32 dusuky y Beorpasy. baeu ce
npoyyaBalk-eM HOBUX XETEPOCTPYKTypa Ha 6a31 XeKcaroHa/IHOTI 60p HUTPHU/A U MOHOXaJIKOreHU A
llla rpyne u npuMeHe pas/MYMTHX CHOJ/bAIIUX CHJIA KA0 LITO je HAlpesame y 1{U/by NPelU3HOr
no/ielaBama Ke/beHUX eJIEKTPOHCKUX M ONTHYKUX CBOjcTaBa. Takobe je yyecuuk je Ha IIPOMUC
npojexty “StrainedFeSC - Strain effects in iron chalcogenide superconductors” noz pyxoBogcTBOM
Ap Henasja Jlazapesuha. C 063MpoM jia ucnymaBa cBe InpejiBubeHe ycioBe y ckiajy ca
[IpaBWJIHUKOM O  TOCTYINKY, Ha4yuHy Bpe/JHOBaWka M  KBAaHTUTATUBHOM  HCKa3MBamby
Hay4HOHCTPpaXKMBaIKMX pe3y./rara ucrpaxusaya MIIHTP, carsacHM cMo ca oKpeTameM noCTynKa
3a u36op An/ipujare lllonajuh y 3Bamwe ucTpakuBay capajHUK.

3a cacras KoMHcHje 3a u360p y 3Barbe Anjpujane llonajuh y 3Batbe HcTpakuBad capaHUK
npeaaaxeMo:

1. pp Jenena Ilemmh, Hayunu capaguuk MHCcTHTYTa 32 dUsnky v Beorpasy,
2. /lp Henap Jlazapesuh, Buiin HayyHu capasHuk MHcTuTyTa 33 dUsnky y Beorpaay,
3. /lp Boxwupap Hukosnh, Banpeau npodecop Pusnykor pakysitera YHUBEp3UTETa y

Beorpany

Ap UBana Musowesuh,
Hay4YHU capaJiHuK UncTuTyTa 3a Pusuky y Beorpaay,

PykoBoaunan sjaboparopuje 3a 2/l maTepujane




Ctpy4yHa 6uorpaduja AHapujane llosajuh

AnppujaHa lllonajuh je pohena 1991. roaune y beorpaay, rae je 3aBpuinia MaTeMaTUUKy THMHA3Ujy
2010. roauHe. JunioMupana je Ha ofceky 3a PU3NWYKY eJeKTPOHUKY Ha E/JeKTpOTeXHUUYKOM
dakysTeTy YHUBep3uTeTa y beorpasy, Ha cMepy HaHoe /1leKTpOHHMKA, ONITOe/IeKTPOHUKA U JIacepcKa
TeXHHUKa, ca NpocekoM 8.26. lunJoMcKu paj noJ Ha3uBoM ,EjleKTpoHCKa CTpyKTypa HallperHyTUX
rpadeHCKUX HaHOTavYaKa" oJ6paHuIa je ca ouneHoM 10 y jyHy 2016. roguHe.

Ucte roauHe ynucyje mactep cTyauje Ha EnekTporexHudkoM ¢akyateTy YHUBep3uUTeTa y
Beorpagy, Ha Moayny HaHoenekTpoHUKa U ¢oToHUKA. Y cenTeMb6py 2017. roguHe oA6paHuia je
MacTep Te3y mnoJi HasuBoM “OapehuBame eneKTPOHCKHUX W (OHOHCKUX CBoOjcTaBa rpadeHa
JIOMMPAHOT CTPOHLMjyMOM U uTep6ujymom JPT MeTojoM”, ynMe 3aBpllaBa MacTep CTyAdje ca
npoceyHoM onieHoM 10.0. MacTep paj je komiieTHO ypabeH y LleHTpy 3a pU3UKYy YBPCTOT CTamka U
HOBe MaTepwujase, UHcTUTyTa 32 PU3KKy y beorpany, y 1aboparopuju 3a 2/l MmaTepujase, ok KO-
MeHTOPCTBOM Ap JesieHe [lemuh.

Y okTo6py 2017. roguHe ymucyje AOKTOpcKe cTyauje u3 PU3MKe KOHJeH30BaHe MaTepHje U
craTucTuike ¢usrke, Ha PusnukoM dakyTeTy YHUBep3uTeTa y beorpaay, of kaja BoJloHTHpa Y
llenTpy 3a $U3MKYy YBpPCTOT CTakha M HOBe Marepwujase, MHctutyTta 3a ®Pusuky beorpan, y
JlabopaTopuju 3a 2/] matepujane. O aenem6pa 2018. roauHe 3anocieHa je y UCTOj TPYIIU.

Y okBUpY CBOT A0KTOpaTa, AHApHjaHa ce 6aBU UCTPAKUBAKHLEM 0COOMHA HOBUX XETEPOCTPYKTYpa
6a3upaHuxX Ha xekcaroHajsHoM 6op HuUTpuAy (hBN) u Monoxankorenuauma llla rpymne momohy
Teopuje GyHKIMOHAJA ryCTHHE. [[pUMapHO IW/b UCTPAXKMBAKhA je YTULA] Pa3JIMUYUTHX CHO/bALIHUX
CWJla Ha OBaKBe CTPYKTYpe, IPBEHCTBEHO MPUMEHE HaNlpe3awa, y /by UCIHTUBaba MOIyhHOCTH
npenu3He KOHTPoJie oApeheHUX CBOjCTaBa, Kao LITO Cy LIMPUHA eHEePTUjCKOT Ipolena U ONTHYKe
ocobuHe. Ha kosierujymy mokTtopckux cryauja Puswmukor dakyarera oxapkanor 01.12.2021.
of06peHa joj je U3pajia JOKTOPCKE AMCEpTalLUje oA TEMOM MOJ Ha3uBOM “Mcnumusarse ymuyaja
Hanpe3arsa HA 0CObUHe xemepocmpyKmypa 0800UMeH3UOHAAHUX MOHoxasKozeHuda Illa zpyne ab-
initio memodama”. Op aBrycta 2020. rogune yyecHuk je [IPOMUC npojekTa “StrainedFeSC - Strain
effects in iron chalcogenide superconductors” nog pykoBoactBoM p HeHasa JlazapeBuha, 3ayxeHa
3a HyMepHuYKe IpopavyHe.

Jo caga je aytop Ha 10 pasoBa y MehyHapogHMM 4YacomucuMa, Kao M YYECHUK Ha HEKOJHUKO
MebhyHapoaHux KoHdepeHuuja. ¥ centeMbpy 2019 roguHe ydectBoBajia je Ha JADT wkoau y
Jby6spanu “Summer School on Advanced Materials and Molecular Modelling” kao yuecHuk u TyTOp
Ha MPaKTHUYHUM BexkOaMa. PeljeH3eHT je /iBa paZia y MehyHapoJHUM 4daconucuma. ¥ oktobpy 2019.
ro/iiHe GuMJIa je YJiaH OpTaHU3aLMOHOT 0/160pa KoHbepeHje CuMIIO3UjyM GU3HKe KOHIEH30BaHE
MaTepuje y beorpaay.



IIpersieg HayYyHe aKTUBHOCTHU AHApHjaHe lllos1ajuh

AnppujaHa llosajuh ce y cBoM HayyHOM paay 6aBU HUCTpPaXXUBakeM OCOGHHA HOBUX
CJ10jeBUTHX U 2/] MaTepHjasia Kao U XeTepOCTPYKTypa 6a3vpaHUX Ha lbUMa. Y CBOM UCTPAKHUBay
KOPHUCTH ab-initio mpopayyHe, 6a3upaHe Ha Teopuju GyHKIMOHaa rycTuHe. Teopuja GyHKIMOHAMA
ryCTHUHE je AaHac jeJHa OJ, HAjIONYyJIAPHUjUX YHMEPUYKUX METOJA 3a MoJe/Upame MaTepujala,
3aCHOBaHa Ha 3aKOHMMa KBaHTHe MeXaHUKe. Pe3yaTaTu Jo6UjeHU OBUM METOJOM Ce yIrJaBHOM
Jlo6PO C/IaKy €a eKClIepUMEeHTaJHUM pe3yJITaTUMa, U KOPUCTE Ce KAaKO 3a Objalllberhe U NOTBPAY
eKCllepUMeHTATHUX Pe3yJTaTa, TAKO U 3a Npe/iBUhamke HOBUX MaTepUjajia U lbUXOBUX CBOjCTaBa.

e XeTepoCTPYKType Ha 6a3u XeKcaroHajaHor 6op Hutpuza (hBN) u
MOHoOXaJsIkorenuaa llla rpyne

MogeioBake U UCIIUTHUBAbE XeTEPOCTPYKTYpa Ha 6a3H jeTHOCIOjHOT XeKCaroHaJHOT 60p HUTPpHU/A
(hBN) u jegnocsiojuux moHoxankoreHuza llla rpyne (InTe, GaTe) momohy Teopuje pyHKIMOHA A
I'yCTHHe. AHaJIM3UpPaHe Cy eJIEKTPOHCKA CTPYKTYpa U ONITHYKE 0COOMHE OBAKBUX XETEPOCTPYKTYPA,
kao ¥ ytunaj hBN-a Ha CBOjcTBa MOHOXAaJIKOTEHHZA Y LM/bY MeXaHHWYKe 3allITHUTE OCET/bHUBUX
MOHOCJIOjeBa MOHOXAJIKOT€HU/IA TO/JIOKHUX OKCHUJALMjU MPH H3JI0)KEHOCTHU Ba3Jyxy. YouyeHa je
noBehaHa onTuYKa ancopniyja y ¥YB jeny cnekTpa NpujinkoM GopMUparba XeTepOCTPYKTYpE, V
nopehemwy ca MoHocsiojeBuMa InTe u GaTe. Pe3ysiTaTh HCTpaXKKBaba Cy TPEHYTHO Ha PELeH3UjU Y
MebhyHapoJHOM Yaconucy.

HacraBak uctpakuBama 6a3upaH je Ha JJa/beM UCIIUTHBAKY OBUX U CIMYHUX XeTEPOCTPYKTYPA, Tj.
MOTYNHOCTH MpHMeHe Pa3/IMYUTHUX CIOJbAllbUX CHJIAa Ha OBAaKBe CHCTEME Y LUJbY Npelr3He
KOHTpOJIE >XKe/beHUX CBOjcTaBa Marepujaja. KoHKpeTHO y ¢OKycCy je TpeHYTHO HCIHUTHBaHe
nprvMeHe YHUGOPMHOT Hampe3alkha Ha XeTEPOCTPYKTYpe Y U/bY KOHTPOJIE IIUPUHE €eHEPTHjCKOT
npolena Kao U ONTHYKUX CBOjCTaBa, KAa0 HMCTPAaXKMBambe U 00J/be MO3HaBame (PpyHJaMeHTAHUX
npolieca y isiMa — MehyciojHor cripe3ama, TpaHchepa HaesleKTpHcakba

 H3yuaBame yTULIaja CHMH-OPOMTHE UHTEPAKIMje Ha eJIeKTPOHCKe Aucnep3uje
21 maTepujaia oapehenux Tunosa cumerpuje

[Ipema uctpakuBawuMa KoJiere Biagumupa /lam/baHoBuha U kosiera ca ®usudkor ¢axy/aTeTa,
CUMeTpHjCKa aHa/iM3a Jaje MHJAUKAalFje Ja HHUCKO-eHeprHjCcKH CIeKTap MaTepujajia ofpeheHux
TUIIOBA CUMeTpHje MOXXe OWUTH HUHTepecaHTHUjU of, [upakoBOr HWJM KBaApaTHOT CIEKTpa.
CucrtemaTckn aHanusupajyhu edexkTuBHe XaMWJITOHUjaHe W JHCIlep3Hje y TadkKaMa BHCOKe
CUMeTpHUje ca YeTBOPOCTPYKOM 30HCKOM JiereHepalyjoM, OTKpUBEHE CY HOBE BPCTe eJIEKTPOHCKUX
JAucnepsuja, Tako3BaHe “poppy flower” aucnepsuje (061K noaceha Ha BeT Maka). OBaKBU TUIIOBU
Jucnep3yja IOCTOje y HeMarHeTHHWM JIBOJAMMEH3MOHUM MaTepujajuMa ca CIHH-OPOUTHOM
MHTEPAKIMjOM KOjU TOCeNyjy HeKy o JeceT mnpeayoxeHux 10 cuMmeTpujckux rpyma. Meby



MaTepHjajMMa KOju Cy Kao eKchoIMpaHu Yy MOHOCJI0j KAaHAW/IaTH 32 OBAKaB TUII AUCIIEpP3Uje, HaJla3H
ce u cnojeBuTH BilO4, Koju moCTOjU Kao TPOJAMMEH3UOHU KPUCTaI U eKcdosivpa ce y CTabUJIHU
MOHoOcCJI0j cuMeTpuje pb21la. MeTooM Teopuje PyHKIMOHAIA IYCTHHE, NOTBpheHa je cTabUIHOCT
jenHocsojHor BilO4 u m3y4yaBaHa Cy eJIeKTPOHCKa CBOjCTBa OBOT MaTepHjajia, Koja MOTBphHyjy
npucyctso T3B. Fortune Teller pepmMuoHa y TaukaMa BUCOKe CUMETPHUje eJIEKTPOHCKE AucIep3uje.

Pe3ysTaTu 0BOr UCTpaXKUBamba 06jaB/beH! Cy y UCTAaKHYTOM MelhyHapoAHOM YaCOMUCY:

Damljanovi¢, V., Lazi¢, N,, §olaiic’. A., Pesi¢, ], Nikoli¢, B. and Damnjanovié¢, M., 2020. Peculiar
symmetry-protected electronic dispersions in two-dimensional materials. Journal of Physics:
Condensed Matter, 32(48), p.485501.

e HcrpakuBame eJeKTPOH-QOHOH HHTepaKIHje y JONUpPaHOM rpadeHy H
HEroOBUX ONTHYKUX U MEXaHUYKHUX 0COGHHA

HacTaBJ/beHo je ucTpakuBamwe 0COOMHA jeJHOCO0jHOT rpadeHa AONUPAaHOT MeTaJIHUM aJaTOMUMa.
[IpeTXoAHHU pe3y/TaTH aHa/lu3e eJeKTPOHCKUX U (OHOHCKMX OCOOMHA OBAaKBHUX CHCTeMa
MHJAMKOBaJU cy Moryhy IojaBy cynepnpoBOJHOCTH Yy C€J0jy rpadeHa JONHUPAHOT PasJUYUTHM
afatoMuMa. OBY 3aK/by4LiM MOTUBHCAJIM Cy Ha Jja/ba UCTPAKMBaba CBOjCTaBa AONUPaHOr rpadeHa.
AHanusvpaHe cy oco6HHe jeJHOCIOjHOr rpadeHa JONMUPAHOT CTPOHLUjYMOM, Kao U Ipesa3HUM
MeTa/lMMa WUTPHUjyMOM U CKaHAWjyMoM. MeTomoMm Teopuje dyHKIMOHaAJa TyCTUHE padyHaTa je
eJIeKTpOH-POHOH UHTepaKLiMja OBaKBUX cUcTeMa. [loka3aHo je f1a MoOHOCJI0j rpadeHa AONUPAHOT
CTPOHLMjYMOM HMa M0javyaHy eyienTPOH-GOHOH MHTepaKuujy ca napametrpoM A=0.38 u ucnosbaBa
cynepnpoBogHocT ucnog Tc = 0.9 K, a ciM4HM pe3ysaTaTh O4YeKUMBaHM Cy WU 3a IpeocTase JBe
CTPYKType yce[ nopehamwa rycTuHe cramwa Ha PepMu HUBOY.

JlaJbe, KaKO OBaKBU MaTepHjad MOTy Hahy pa3/iM4uTe NpUMeHe Y MHOTMM 06J1aCTUMa, UCITUTUBAHE
Cy /bMX0Ba MeXaHHWYKa U ONITHYKa CBOjCTBa. PauyHaTe ¥ aHa/IM3UpaHe Cy eJlaCTUYHE KOHCTaHTe CBUX
CTPyKTypa. Pe3ysiTaTu mokasyjy /a ce JONMUpambeM eJacTUYHe KOHCTaHTe CMambyjy 3a oko 50% y
OJIHOCY Ha YHUCT jeZITHOCJIOjHU IrpadeH, IITO UX U JlaJbe YUHU CYyIIepUOPHUM Yy nopehewmy ca MHOTUM
cauyHuM 2] matepujasiuMa. UspadyHaTa JueseKTpU4Ha GYHKIWja, Tj. lbeH UMaruHapHH Jeo, He
NoKa3yje OWJIO KaKBe 3HayajHe NMpPOMEeHe Koje 6U JloBesie ZI0 CMakh€HOT KBAJHUTETA ONTHYKHX
0Cco6MHA MOBOJbHUX YV TpadeHny.

Pe3ysiTaTu OBOT UCTpaXkMBakha 06jaB/beHU CYy Y HCTAaKHYTOM MehyHapoaHoM daconucy (M22):

Solajié, A., Pesi¢, J. & Gaji¢, R. Optical and mechanical properties and electron-phonon interaction
in graphene doped with metal atoms. Opt Quant Electron 52, 182 (2020).
https://doi.org/10.1007/s11082-020-02300-0

e HcTpaxuBame BUGPALMOHMX U CBOjCTaBa C/I0jeBUTHX KBa3H 2/l MaTepujajia


https://doi.org/10.1007/s11082-020-02300-0

o HcnutuBame eJ1IeKTPOHCKUX U POHOHCKUX cBojcTaBa VI3

HcnvTuBaHe cy eJIeKTPOHCKA CTPYKTYpa ¥ pauyHaTyu PamMaH cieKTpu 3a pa3indyuTe ¢pase CTPYKType
VI3, koMIsieMeHTapHO ca PaMaH MepewuMa KoJiera us lleHTpa 3a $U3UKY UYBPCTOr CTakba U HOBE
MaTtepujase. Paj Koju cymMupa cBe pe3yJsiTaTe UCTPaKUBamba 006jaB/beH je y MehyHapoJHOM 4acONuUCy
M3y3eTHUX BpeaHocTH (M21a):

Djurdji¢ Mijin S, Abeykoon AMM, Solaji¢ A, Milosavljevi¢ A, Pe$i¢ ], Liu Y, Petrovic C, Popovié¢ ZV,
Lazarevi¢ N. Short-Range Order in VI3. Inorganic Chemistry, 2020.
do0i:10.1021/acs.inorgchem.0c02060.

o Ilpopauynu PamaH cnekrapa CrSi0.8Ge0.1Te3

PauyHaTu cy PamaH crnieKTpu U aHasiM3upaHa AuHaMmuKa penieTke CrSi0.8Ge0.1Te3 y uusby 6osber
pasyMeBama eKCliepUMeHTaJHUX pe3yJTaTa. PesysiTaTu HCTpaxkuBamwa Cy NyO0JMKOBaHHU y paay y
HCTaKHYTOM MehyHapoaHoM yaconucy (M22):

Milosavljevié, A, Solajié, A, Visi¢, B, et al. Vacancies and spin-phonon coupling in CrSi0.8Ge0.1Te3.
Journal of Raman Spectroscopy, 2020; 1- 8. https://doi.org/10.1002/jrs.5962

o IlpopayyHu eJIeKTPOHCKHX U POHOHCKHUX 0COGMHA KBa3u-2/| TpUXa/IKOTeHUAa
U eMUKCEeHa

WcnutuBaHe cy BubpanuoHe ocoorune Ti3C2 u TiC2 meTosoM Teopuje pyHKIMOHANA TYCTHHE, Y
qUby 6OJ/ber pa3yMeBama eKCIIepUMEHTAJHUX pe3yJaTaTa Kapakrtepusanuje Ti3C2/PMMA
HaHOKOMII03UTa. Paji Koju cymupa pe3sysiTaTe UCTpakKUBaba N0C/aT je y Me)yHapoHHU 4acoIucC U
O4YeKyje ce CKopallkba ImyoJIuKaIuja.

o /IlMHaMHKa pelueTke cjaojeBuTOor Fe; GeTe;

[IpopauyHH paMaH creKTapa M BUOPAIMOHMX CBojcTaBa ciojeBuTor Fes GeTe; KoMnieMeHTapHO
€KCIIEPUMEHTA/JIHUM Pe3yJITaTUMa, y UWU/by aHalM3e AUHAMUKe pellleTKe U $pa3HUX MpeJia3a OBOT
MaTepujasa. Pe3ysTaTH MCTpakMBarba My6JHUKOBAaHHU Cy ¥ BPXYHCKOM MehyHapoJHOM 4acomucy
(M21):

A. Milosavljevi¢, A. Solajié, S. Djurdji¢-Mijin, J. Pesi¢, B. Visi¢, Yu Liu, C. Petrovic, N. Lazarevi¢, and Z.
V. Popovic. "Lattice dynamics and phase transitions in Fe 3- x GeTe 2." Physical Review B 99, no. 21:
214304. (2019)

e Yyemrhe Ha MpojeKTHMa y OBOM NEPUOAY:

2020 - : ®oHp 3a Hayky peny6suke Cpouje: [Ipomuc npojekat nofj 6pojem 6062656 - “StrainedFeSC
- Strain effects in iron chalcogenide superconductors”


https://doi.org/10.1002/jrs.5962

2018 - 2020: dusuka ypeheHUX HAHOCTPYKTypa U HOBHUX MaTepujasa y ¢otoHunu 0171005,
MHHHUCTApPCTBO MPOCBETE, HAYKE U TEXOJIOIIKOT pa3Boja

2018 - 2020: HaHoCTpyKTypHU MyJATHGYHKLIMOHAIHU MaTepyjaiu U HaHokoMno3utu UMHM450018,
MuHuHCcTapCcTBO NPOCBETE, HAyKe U TEXOJIOIKOT pa3Boja

2018 - 2020: Modelling and measuring phase transitions and optical properties for perovskites,
Bunarepasinu npojekar ca Johannes Kepler YHuBepsuTteTom, Linz Austria

e Penensuje pagoBa y MmehyHapoaHuM yaconucuma:
Heuemo6ap 2019 - Physica E: Low dimensional Systems and Nanostructures, Elsevier

Centembap 2020 - Electronic Structure, IOP publishing



Cnucak nyosimkanuja Auapujane Hloaajuh

PAJIOBHU Y MEBYHAPOJHUM YACOINMUMCUMA U3Y3ETHHUX BPEJHOCTHU (M21a):

1. S. Djurdjic Mijin, A. M. M. Abeykoon, A. §olajié, A. Milosavljevi¢, J. Pesi¢, Y. Liu, C. Petrovic, Z. V.
Popovi¢, N. Lazarevi¢, Short-Range Order in VI3, Inorganic Chemistry, vol. 59, no. 22, pp. 16265 -
16271, doi: 10.1021/acs.inorgchem.0c02060, (2020).

PAJI0BH Y BPXYHCKUM MEBYHAPOJHHUM YACOIIMCUMA (M21):

1. S. Djurdji¢-Mijin, A. Solaji¢, ]. Pe$i¢, M. Séepanovié, 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. Sola]'ié, ]. Pesic, Yu Liu, C. Petrovic, N. Lazarevic, Z.V. Popovi¢, "Evidence of
spin-phonon coupling in CrSiTe3", Physical Review B 98 (10), 104306 (2018)

3. A. Milosavljevi¢, A. Solajié, B. Vi$i¢, M. Opadi¢, J. Pesi¢, Y. Liu, C. Petrovic, Z. V. Popovié, N.
Lazarevi¢, Vacancies and spin-phonon coupling in CrSi0.8Ge0.1Te3, Journal of Raman
Spectroscopy, Wiley, 51, 11, 0377-0486, 10.1002 /jrs.5962, (2020).

4. S. Djurdjic-Mijin., A. Baum, ]. Bekaert, A. Solajié, J. Pesi¢, Y. Liu, ... & N. Lazarevi¢, “Probing charge
density wave phases and the Mott transition in 1 T- TaS 2 by inelastic light scattering”, Physical
Review B, 103(24), 245133. (2021)

5. A. Milosavljevi¢, A. golajié, S. Djurdji¢-Mijin, J. Pesi¢, B. Visi¢, Yu Liu, C. Petrovic, N. Lazarevi¢, and
Z.V. Popovié. "Lattice dynamics and phase transitions in Fe 3— x GeTe 2." Physical Review B 99, no.
21:214304.(2019)

PAJIOBU Y UCTAKHYTHUM MEBYHAPOJHUM YACOIIUCUMA (M22):

1. 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)

2. A. Solajic, ]. Pesic, R. Gajic, “Optical and mechanical properties and electron-phonon interaction
in graphene doped with metal atoms”, Optical and Quantum Electronics, vol. 52, no. 3, issn: 0306-
8919, doi: 10.1007/s11082-020-02300-0 (2020).

3. V. Damljanovié, N. Lazi¢, A. Solaji¢, J. Pesi¢, B. Nikoli¢, & M. Damnjanovi¢. “Peculiar symmetry-
protected electronic dispersions in two-dimensional materials”. Journal of Physics: Condensed
Matter, 32(48), 485501. (2020)

PAJIOBH Y HOBUM YACOITMCHUMA BE3 KATET'OPH]JE:
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Probing charge density wave phases and the Mott transition in 17'-TaS; by inelastic light scattering
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We present a polarization-resolved, high-resolution Raman scattering study of the three consecutive charge
density wave (CDW) regimes in 17-TaS, single crystals, supported by ab initio calculations. Our analysis of
the spectra within the low-temperature commensurate (C-CDW) regime shows P3 symmetry of the system,
thus excluding the previously proposed triclinic stacking of the “star-of-David” structure, and promoting
trigonal or hexagonal stacking instead. The spectra of the high-temperature incommensurate (IC-CDW) phase
directly project the phonon density of states due to the breaking of the translational invariance, supplemented
by sizable electron-phonon coupling. Between 200 and 352 K, our Raman spectra show contributions from
both the IC-CDW and the C-CDW phases, indicating their coexistence in the so-called nearly commensurate
(NC-CDW) phase. The temperature dependence of the symmetry-resolved Raman conductivity indicates the
stepwise reduction of the density of states in the CDW phases, followed by a Mott transition within the C-CDW
phase. We determine the size of the Mott gap to be Qg4,, ~ 170-190 meV, and track its temperature dependence.

DOI: 10.1103/PhysRevB.103.245133

I. INTRODUCTION

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

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

Upon lowering the temperature to Tic = 554 K, the normal
metallic state structure, described by the space group P3ml
(D4)) [13], transforms into the IC-CDW state. As will be
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New Mexico 87545, USA.

2469-9950/2021/103(24)/245133(10)

245133-1

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

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

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

II. EXPERIMENTAL AND NUMERICAL METHODS

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

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

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

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

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

S O Q

III. RESULTS AND DISCUSSION

A. Lattice dynamics of the charge-density wave regimes

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

1. C-CDW phase

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

245133-2
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FIG. 1. Symmetry-resolved Raman spectra of 17-TaS, at tem-
peratures as indicated. Both C-CDW (blue lines) and IC-CDW (red
lines) domains yield significant contributions to the Raman spectra
of the NC-CDW phase (green lines).

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

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

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

2. IC-CDW phase

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

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

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

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

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

3. NC-CDW phase

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

B. Gap evolution

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

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

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

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

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

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

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

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

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

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

IV. CONCLUSIONS

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

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

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

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

APPENDIX B: LUMINESCENCE

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

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

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

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

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

APPENDIX C: DERIVATION OF THE RAMAN VERTICES

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

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

have
F=% fer,
r?l j

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

(ChH

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

Py x y 4 x"(R)

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

(C3)

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

basis functions CIJJFn.

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

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

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

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

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

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

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

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

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

interactions, as in the case of Crl;.

B INTRODUCTION

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

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

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

Atomically thin flakes of CrCl; have a magnetic transition
temperature that is different from that of bulk crystals possibly

© 2020 American Chemical Society

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

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

B EXPERIMENTAL AND COMPUTATIONAL DETAILS

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

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

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

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

B RESULTS AND DISCUSSION

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

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

37-39
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Figure 1. Schematic representation of the high-temperature (a) P31,
(b) R3, and (c) C2/m structures of VI;. Black solid lines represent
unit cells.

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

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

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

Now the peaks that appear only for the parallel polarization
configuration can be assigned as either A}, or A, symmetry
modes, assuming the light polarization direction along the
main crystal axis of the C2/m structure for the later. On the
basis of the FGA for possible symmetry group candidates, the
remaining Raman active modes can be either of E, or B
symmetry. The selection rules (Table 2) do not allow
observation of the B, symmetry modes for the parallel
polarization configuration. Consequently, the peaks that can
be observed in both scattering channels were recognized as E,
modes. The absence of B, modes in the Raman spectra rules
out the possibility of the AICl, type of structure (space group
C2/m). Two possible remaining crystal symmetries (R3 and
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Table 1. Previously Reported Experimental and Calculated Unit Cell Parameters for P31c, R3, and C2/m Structures of VI,

P31¢ R3 C2/m

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

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

and the Raman Tensors for the Corresponding Space Groups

space group P31c

space group R3

space group C2/m

atom
V (3a)
V (6¢)
1(180)

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

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

d e d

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

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

irreducible representation

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

—c —f e
Ey=|-c —d e B=|¢e f
—f e f

oellegAf “‘

T=300 K
7=100 K \

‘\‘ “‘ “ S g 2 P h
B et o
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Raman shift (cm™)

Rx"(arb. units)
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Figure 2. Raman spectra of the high-temperature VI; single-crystal
structure measured in parallel (red solid line) and cross (blue solid
line) polarization configurations at 100 K. Peaks observed in both
spectra were identified as E, modes, whereas peaks observed only in
the red spectrum were assigned as Aj, modes. Additional peaks that
obey pure A;, symmetry are marked as P1—P3.
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P31c) are difficult to single out on the basis of the Raman data
symmetry analysis alone. To overcome this obstacle, the DFT
method was applied for each of the suggested structures.

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

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

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

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

the R3 and C2/m Structures of VI,”

space group P31c

space group R3

space group C2/m

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

By 62.2 61.6 59.8
A3, (silent) 69.4 72.3

B} 74.1 75.9 77.2
A, 833 84.2

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

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

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

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

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

text for an explanation.

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

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

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

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

16268

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

Raman shift (cm™)

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

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

(SRO) contributes to diffuse scattering under the long-range
order (LRO) Bragg peaks when they coexist. Because the
diffuse scattering is subtracted as part of the background in the
Rietveld refinement, this method is more sensitive to the
average structure of materials. In contrast, PDF analysis is
performed on the sine Fourier transform of the properly
corrected diffraction patten, including both Bragg and diftuse
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Inorg. Chem. 2020, 59, 16265—16271


https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c02060?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c02060?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

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

500
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Rietveld fit for R3
x5
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<
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y (arb. units)
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Figure 4. Best structural model fits to diffraction data. (a) Rietveld fit
using the R3 space group with black vertical bars indicating calculated
peak positions. (b) PDF fit using the R3 space group. (c) Two-phase
PDF fit using R3 and P31c space groups to fit LRO and SRO,
respectively. Black dots (XRD) and blue dots (PDF) represent
experimental data, and red solid lines represent the model-based fits.
The fit residues are shown at the bottom of each plot.

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

In addition to the peaks already assigned to I'-point Raman
active phonons of the P31c crystal structure (Table 2), three
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additional peaks at 642 cm™ (P1), 110.1 ecm™ (P2), and
220.6 cm™" (P3) are observed (see Figure 2). According to the
results of DFT, energies of these modes correspond well to
those calculated for silent A%g, Agg, and Agg modes. Their
observability in Raman data may come from the release of the
symmetry selection rules by breaking of the (translation)
symmetry as suggested by the PDF in both scenarios.”” >
However, as previously discussed, these peaks obey Aj,
selection rules, indicating the possibility for them to be
overtones in nature. In this less likely scenario, the phonon—
phonon coupling is enhanced by the spin—phonon interaction
and/or by the structural imperfections, thus enhancing the
Raman scattering rate for the two-phonon processes.*> Hence,
the observed Raman modes reflect the symmetry of phonon
vibrations related to the SRO.**" It is interesting to note that,
besides a possible short-range crystallography that is different
from the average, VI; might also feature short-range magnetic
order above 79 K.'*

B CONCLUSION

In summary, room-temperature phonon vibrations of VI; stem
from the P31c symmetry of the unit cell. The PDF analysis
suggested the coexistence of two phases, short-range ordered
P31c and long-range ordered R3, as two segregated phases
and/or as randomly distributed short-range ordered P31c
domains in the long-range ordered R3 lattice. Nine of 12
observed peaks in the Raman spectra were assigned in
agreement with P31¢ symmetry calculations. Three additional
peaks, which obey A}, symmetry rules, could be explained as
either overtones or as activated A, silent modes caused by a
symmetry breaking. The asymmetry of one of the A;, phonon
modes, together with the anomalous behavior of Ej and EE,
indicates strong spin—phonon coupling, which has already
been reported in similar 2D materials.**>*
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Abstract: Magnesium diboride gained significant interest in the materials science community after the
discovery of its superconductivity, with an unusually high critical temperature of 39 K. Many aspects
of the electronic properties and superconductivity of bulk MgB, and thin sheets of MgB, have
been determined; however, a single layer of MgB, has not yet been fully theoretically investigated.
Here, we present a detailed study of the structural, electronic, vibrational, and elastic properties of
monolayer MgB,, based on ab initio methods. First-principles calculations reveal the importance of
reduction of dimensionality on the properties of MgB, and thoroughly describe the properties of this
novel 2D material. The presence of a negative Poisson ratio, higher density of states at the Fermi
level, and a good dynamic stability under strain make the MgB, monolayer a prominent material,
both for fundamental research and application studies.

Keywords: magnesium diboride; 2D materials; density functional theory

PACS: 71.15.Mb; 74.70.Ad

1. Introduction

Magnesium diboride was first synthesized and had its structure confirmed in 1953 [1]. An interest
in its properties has grown ever since 2001, when it was discovered that MgB, exhibits the highest
superconducting transition temperature T, of all metallic superconductors. It is an inter-metallic s-wave
compound superconductor with a quasi-two dimensional character [2] and a critical temperature of
superconductive transition at T, = 39 K. The experimental confirmation of the isotope effect [3] in
MgB, indicated that it is a phonon-mediated BCS superconductor. A better definition would describe
MgB; as self-doped semimetal with a crucial o-bonding band that is nearly filled [4]. The basic aspects
of the electronic structure and pairing is in a rather strong coupling of high frequency boron-boron
stretch modes to the bonding electronic boron-boron states at the Fermi surface. The phonon-mediated
mechanism with different coupling strengths between a particular phonon mode and selected electronic
bands, boron - and 7r-bands [5-13], results in the presence of two superconducting gaps at the Fermi
level. MgB, has already been fabricated in bulk, as single crystals, and as a thin film, and shows
potential for practical applications.
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The discovery of graphene in 2004 [14] sparked an interest in 2D materials and their properties.
A variety of new properties, which distinguished graphene from graphite [14-22], inspired a search
for other low-dimensional limits of layered materials and possibilities they offered. Interest in a
low-dimensional limit of MgB; has arisen in past years, showing that it is superconductive even in a
monolayer [23,24].

MgB, has a distinct layer structure, where boron atoms form a honeycomb layer and
magnesium atoms are located above the center of the hexagons, between every boron plane.
The boron layers alternate with a triangular lattice of magnesium layers. There is a noticeable
structural similarity of MgB, to graphite-intercalated compounds (GICs), some of which also exhibit
superconductivity [25-29]. Both monolayer and two-layer graphene, decorated/intercalated with
atoms of alkali and alkaline earth metals, exhibit superconductivity and have been thoroughly studied
using ab initio methods and isotropic and anisotropic Eliashberg theory [30-32].

Furthermore, a similarity in the electronic structure between GICs and MgB; exists. The peculiar
and unique property of MgB, is a consequence of the incomplete filling of two ¢ bands corresponding
to strongly covalent sp?-hybrid bonding within the graphite-like boron layers [33].

Here, we present a comprehensive study of the electronic, vibrational, and mechanical properties
of MgB, using ab initio methods, in order to provide its detail description.

2. Computational Details

MgB, has a hexagonal unit cell and consists of graphite-like B, layers stacked with the Mg
atoms in between, as shown in Figure 1. The first-principles calculations were performed within
the density functional theory (DFT) formalism, using a general gradient approximation (GGA) to
calculate the electronic structure. For all electronic and phonon structure, the Quantum Espresso
software package [34] was used with ultra-soft pseudopotentials and a plane-wave cutoff energy of
30 Ry. All calculated structures are relaxed to their minimum energy configuration, following the
internal force on atoms and stress tensor of the unit cell. We used the Monkhorst-Pack 48 x 48 x 48
and 40 x 40 x 1 k-meshes, for the calculations of the electronic structure of the MgB, bulk and MgB,
monolayer, respectively. The phonon frequencies are calculated using Density Functional Perturbation
Theory (DPFT) on the 12 x 12 x 12 and 20 x 20 x 1 phonon wave vector mesh for the bulk and
monolayer structures, respectively. In two-dimensional systems, the van der Waals (vdW) interaction
was found to play an important role on the electronic structure [35]; however, as this is study on
monolayer MgB;, we do not treat vdW interactions, especially since, in this case, the effects are
minor and including them would add additional computational costs but would not yield more

accurate results.
(a) (b)
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Figure 1. Crystal structure of the MgB, monolayer (a) and bulk MgB, (b), with a hexagonal unit cell.

Green (orange) spheres represent Boron (Magnesium) atoms. Color online.

The crystal structure of MgB, and the MgB, monolayer are presented in Figure 1. The lattice
parameters for the bulk MgB, are in agreement with the experimental results, 2 = 3.083 A and
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c¢/a = 1.142 [9]. In order to avoid an interlayer interaction due to the periodicity and to simulate a 2D
material, an artificial vacuum layer was set to be 25 A. When the monolayer is modelled, the structure
is geometrically optimized, allowing the atoms to reach a minimum potential energy state. The bond
length between neighbouring atoms remained to be 1.78 A, but the distance from the boron layer to
the Mg atoms changed from it = 1.76 A to h = 1.60 A.

For the molecular dynamics (MD) study, the Siesta code was utilized [36]. The super-cell is
built by repeating the unit cell three times in both in-plane directions, whereas the lattice vector
in the perpendicular direction is 15 A, providing a large enough vacuum space between the 2D
material and its periodic replica in order to avoid their mutual interaction. The lattice parameters
and the geometry of the unit cell are initially optimized using the conjugate gradient method.
The Perdew-Burke-Ernzerhof form of the exchange-correlation functional [37], the double-zeta
polarized basis set, and the Troulier-Martins pseudopotentials [38] were used in all MD calculations.

The second-order elastic constants were calculated using the ElaStic software package [39]. First,
the direction is projected from the strain tensor and total energies for each deformation are calculated.
Elastic constants are then calculated using the second derivatives of the energy curves, dependent on
the parameter 7. In our calculations, the maximum positive and negative amplitudes of 5% Lagrangian
strain were applied, with a step of 0.1%.

For the 2D square, rectangular, or hexagonal lattices, the non-zero second-order elastic constants,
in Voigt notation, are c11, ¢, 12, and cgs. Due to symmetry, in hexagonal structures c1; = cp and
Cop = %(611 — ¢12); s0, we have 2 independent elastic constants. The layer modulus, which represents
the resistance of a 2D material to stretching, is given as

1
Y= 1(011 + 0 + 2c12).

The 2D Young modulus Y for strains in the (10) and (01) directions, Poisson’s ratio v and the shear
modulus G are obtained from the following relations,
2

2
C74 —C C
y=-"11_"12 12 g

C11 C22

Units for elastic constants and those parameters are N/m.

3. Results and Discussion

In order to determine the stability of a single layer of MgB,, we perform MD simulations based on
DEFT and the super-cell approach. Besides the system with optimized (pristine) lattice parameters, we
also consider a biaxially stretched system (up to 3% of tensile strain) and biaxially compressed system
(up to 5% of compressive strain). The MD simulations are conducted in the range of temperatures
between 50-300 K, with a step of 50 K, using the Nosé-Hoover thermostat [40].

Figure 2a shows the average distance between Mg and B atomic layers, as evolved over a time of
1 ps. Throughout the simulation time, there is no further evolution of the z-coordinate and the Mg
atom shows only oscillatory movement around the equilibrium positions (as is shown in Figure 2)
Importantly, the separation indicates that the Mg atoms do not leave the surface of the MgB, crystal.
The plane in which the Mg atoms reside shifts away from the plane of the B atoms on average by
0.09 A in a compressed crystal, while the distance between the planes decreases on average by 0.42 A
in the stretched system. This (relatively larger) shift in the latter case can be understood by analysing
the details of the MgB, atomic structure. When the crystal is biaxially stretched, its Mg-B bond lengths
increase, which is partially compensated by the nesting of the Mg atoms in the hollow sites closer to
the B sublattice. Despite these atomic shifts, the MD simulations show the structural stability of the
system. The stability from the MD simulations can be further quantitatively derived from the global
Lindemann index, the dependence of which on temperature is shown in Figure 2b. It is calculated
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for the pristine crystal, with a compressive strain of 5% and a tensile strain of 3%, from the local
Lindemann indices, given by the formula

1 <r1'2]'> - <7ij>2
7= N-1 ]; <1’i]‘> !

by averaging over all atoms. Here g; is the local Lindemann index of atom i, N is number of atoms, r;;
is a separation between atoms i and j, and the angle brackets denote averaging over time (i.e., MD
steps) [41]. The linear behaviour of the Lindemann indices indicate that systems are stable, at least up
to room temperature.
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Figure 2. (a): Average distance between the Mg and B atomic layers; and (b): the dependence of the
global Lindemann index as a function of temperature.

The calculated second-order elastic constants and other structural parameters for monolayer
MgB; are given in Table 1. All elastic constants related to the bulk material (those that have 3, 4, or 5 in
their subscripts), are calculated close to zero, as is expected for the monolayer. Compared to similar
2D materials, the layer modulus of MgB; of 30.18 N /m is relatively small (in the range of Silicene and
Germanene), roughly five times smaller than that of graphene or h-BN, for example [42,43]. Similar
results are obtained for the Young modulus. Compared to borophene (two-dimensional boron sheets
with rectangular structures) [44], which is a hard and brittle 2D material that exhibits an extremely
large Young’s modulus of 398 N/m along the a direction [45], the MgB, monolayer has a significantly
smaller value of 63.29 N/m. The most interesting observation in the elastic properties of the MgB2
monolayer is that the ¢, constant is negative, which gives a negative Poisson ratio in the a and b
directions, too—although, with a very small negative value of —0.05. However, compared to 2D
borophene, which has an out-of-plane negative Poisson’s ratio (that effectively holds the strong boron
bonds lying along the a direction and makes the boron sheet show superior mechanical flexibility along
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the b direction [46]), we obtain similar values [45]. For comparison, graphene has a Young modulus
of 352.2 N/m and a Poisson ratio of 0.185 [42]. After confirming its stability and determining the
elastic properties of the MgB, monolayer, we study its electronic properties. In Figure 3, the electronic
structures of bulk MgB; and the MgB, monolayer are presented. The band structures for the bulk
along the high-symmetry points I'-K-M-I'-A-L, and for the monolayer along I''K-M-I" were calculated.
The Fermi level is set to zero. The band structure of the bulk is in full agreement with previous
studies [10,47-49]. The two bands crossing the Fermi level play a crucial role in the electronic properties
of MgB,. The density of the states around Ey are predominantly related to the B atoms and their
p-orbitals, whereas the Mg atom contribution is negligible in this region. Previous studies described
Mg as fully ionized and showed that the electrons donated to the system are not localized on the anion
but, rather, are distributed over the whole crystal [6]. A similarity to graphite can be observed, with
three ¢ bands, corresponding to the in-plane spxpy (s p?) hybridization in the boron layer and two
7t-bands of boron p; orbitals [33]. Boron p,(,) and p; orbitals contribute as ¢ and 7 states. Analysing
projected DOS, one concludes that the o states are considerably involved in the total density of states
at the Fermi level, while the 77 states have only a partial contribution. It is worth emphasizing that
the bulk bands of this material at the K-point above the Fermi level present a formation similar to the
Dirac cones in graphene.

In the monolayer, there is an increase in the total density of states at the Fermi level from N(E)pyx
= (.72 states/eV to N(E f)mano = 0.97 states/eV. In the same manner as in the bulk, the monolayer
Mg atoms negligibly contribute to the density of states at the Fermi level, and the main contribution
comes from the B p-orbitals. The characteristic Dirac cone-like structure is still present and closer to
the Fermi level. Dg77, as the symmetry group of the MgB, monolayer, hosts a Dirac-like dispersion
in the vicinity of the K-point in the hexagonal Brillouin zone, if the orbital wave functions belong to
the 2D representation E of the Cs, point group of the wave vector [50,51]. In the tight-binding case,
the py and p,, orbitals of two boron ions give rise to one E-representation (and to two one-dimensional
representations), while the s-orbitals form a basis for one E-representation and p,-orbitals form a basis
for one E-representation as well. This explains the presence of the Dirac cones at the K-point in the
band structure of the MgB, monolayer (as shown in Figure 3b).

2 b) MONOLAYER
8 T
6k

3 %o

e ¥

i £ -4

6
-8 -
10 /

Figure 3. The electronic band structure and total density of states in bulk MgB, (a) and the MgB,
monolayer (b). The blue and red colors represent the B and Mg atoms contributions to the electronic
dispersion, respectively.

Table 1. The calculated elastic stiffness constants, layer modulus -y, Young’s modulus Y, Poisson’s ratio
v, and shear modulus G for the MgB, monolayer. All parameters are in units of N/m.

c11 12 C66 v Y v G
634 —-3.1 333 3018 6329 —-005 333

Figure 4 shows the phonon dispersions for both the bulk and monolayer. For the bulk
(in Figure 4a), there are four optical modes at the I' point. Due to the light atomic mass of the B
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atoms and the strong B-B coupling, the two high-frequency modes almost have a pure boron character.
The in-plane stretching mode Ej, and the out-of-plane mode (where the atoms move in opposite
directions Byg) are the boron atom modes. Ej; is a doubly-degenerate Raman active mode and
experimental studies [6,9] showed that this mode is very sensitive to structural changes and it has a
strong electron-phonon coupling. The low-frequency modes (A;,) and double degenerate (E;,) are
infrared active and they do not involve changes on in-plane bonds. In Figure 4b, the phonon dispersion
of the MgB, monolayer is presented. In the phonon spectrum there are no imaginary frequencies,
which confirms, once again, the dynamical stability of the system (also demonstrated earlier by the
MD calculations).

b) MONOLAYER

-

= —

—\

a)

Frequency [cm™]

Figure 4. The phonon dispersion and the phonon density of states for the MgB, bulk (a) and
monolayer (b). The blue and red colours represent the B and Mg atom contributions in the phonon
dispersion, respectively.

At the I' point, there are three acoustic and six optical modes (from which two pairs are doubly
degenerate). The optical modes A1, By, Eq, and E; are related to the optical modes of the parent material.
Two significant differences between the bulk and monolayer spectrum can be observed: The E; and A4
mode become energy degenerate in the monolayer, resulting in either a slight softening (hardening)
of the modes which leads to nearly equal frequencies, which opens a gap in the phonon density of
states (DOS) between the acoustic and optical modes. A more significant effect concerns the softening
of the B mode and hardening of the E; mode. As in the bulk Ep; mode, the monolayer E; mode is
strongly coupled to electrons, causing the superconductivity in the monolayer in a similar fashion as
in the bulk. In Figure 5, the vibrational frequencies and normal coordinates for the MgB, monolayer
are presented. The symmetry group is Cg;, and the acoustic modes are A; and E;. The optical modes
at the I' point are Ay, By, E1, and Ep, where the infrared-active ones are A; and E;. The Raman-active
modes are A1, Ej, and E, and B is silent. In Table 2, the Raman tensor for the MgB, monolayer is
presented [52]. Similar to graphene, the phonon eigenvectors and the normal coordinates at the I'-point
are determined by symmetry rules and, therefore, are a model independent.

Table 2. Raman tensor of the MgB; monolayer.

Raman Tensors

_ A] E1 EZ
11\)437372_“}%“0 a 0 0 00 ¢ 000 i 0 0 0 —d 0
goﬂcév 0 a 0 00 0 00 c 0 —d 0 ~d 0 0
z 1156 0 0 b c 0 0 0 ¢ 0 0 0 0 0 0 0

OxHUv
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E1l = 343.55

Al = 350.96 E2 = 567.00

o¥e%e ge‘e
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Figure 5. Vibrational frequencies (in wavenumbers) and the vibration normal coordinates at I' for the
MgB, monolayer.

4. Conclusions

The electronic band structure, density of states, phonon dispersion, and elastic constants have
been calculated for the MgB, monolayer and compared to the bulk material, using first-principles
calculations within the DFT framework. We demonstrated an increase of electronic density of states at
the Fermi level in the monolayer (compared to the bulk) and determined its stability under various
strains. These two features are crucial for the enhancement of electron-phonon coupling and they
enable significant mechanical modification that increases the critical superconducting temperature.
Establishing stability and offering insight into this novel 2D material, we focus on the effects of
ultimate lowering of the dimensionality. The question of reduction of dimensionality to its limit,
a truly atomic-scale 2D system, and the consequences of this [53-61] are highly relevant, not only to
fundamental science but also to applications in nanotechnology.
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Abstract

®

CrossMark

Symmetry indicates that low energy spectra of materials could be richer than well-known
Dirac, semi-Dirac, or quadratic, hosting some unusual quasiparticles. Performing the
systematic study of exact forms of low energy effective Hamiltonians and dispersions in
high-symmetry points with fourfold degeneracy of bands, we found new, previously
unreported dispersion, which we named poppy flower (PF) after its shape. This massless
fermion exists in non-magnetic two-dimensional (2D) crystals with spin—orbit coupling
(SOC), which are invariant under one of the proposed ten noncentrosymmetric layer groups.
We suggest real three-dimensional (3D) layered materials suitable for exfoliation, having
layers that belong to these symmetry groups as candidates for realization of PF fermions. In
2D systems without spin—orbit interaction, fortune teller (FT)-like fermions were theoretically
predicted, and afterward experimentally verified in the electronic structure of surface layer of
silicon. Herein, we show that such fermions can also be hosted in 2D crystals with SOC,
invariant under additional two noncentrosymmetric layer groups. This prediction is confirmed
by density functional based calculation: layered BilOy4, which has been synthesized already as
a 3D crystal, exfoliates to stable monolayer with symmetry pb2,a, and FT fermion is observed
in the band structure. Analytically calculated density of states (DOS) of the PF shows
semimetallic characteristic, in contrast to metallic nature of FT having non-zero DOS at the
bands contact energy. We indicate possibilities for symmetry breaking patterns which
correspond to the robustness of the proposed dispersions as well as to the transition from Dirac

centrosymmetric semimetal to PF.

Keywords: electronic dispersions, spin—orbit coupling, symmetry, new fermions

(Some figures may appear in colour only in the online journal)

1. Introduction

Electronic dispersion essentially determines crystal properties
and it is well known that it is assigned by quantum num-
bers of the underlying symmetry group. These are space,
layer (including wallpaper) or line groups, referring respec-
tively to dimensionality of crystals: 3D, quasi-2D (Q2D),
or quasi-1D. Probably the most famous example of a low-
dimensional material is graphene (there are also related single
layers, such as borophene [1], borophosphene [2], graphynes

3 Author to whom any correspondence should be addressed.

1361-648X/20/485501+8$33.00

[3], etc), which hosts Dirac like (linear in quasi-momentum)
dispersion in the vicinity of high symmetry Dirac points. Such
shape of energy bands, besides being responsible for some
intriguing phenomena, provides material realization of rel-
ativistic electron. This triggered numerous investigations of
the connection between symmetry of materials and appear-
ance of Dirac and Weyl points in their band structures. These
points are attributed to existence of rotational [4], nonsymmor-
phic [5], mirror [6], space-time inversion [7, 8], time-reversal
plus fractional translation [9], and generalized chiral symme-
try [10]. There are also results on the search for Weyl and Dirac

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. PF (up) and FT (bottom) dispersions (given by
equations (3.1)): from left to right are all bands, bands E+ 1, bands
E. _; and horizontal sections of the bands (iso-energetic lines).

points according to group theoretical criteria in Brillouin zones
(BZs) of all space [11], layer [12—14] or wallpaper groups
[15].

In addition, geometrical symmetries impose conditions that
lead to the emergence of unconventional quasiparticles in con-
densed matter systems. In 3D materials, enforced by space
groups, double Dirac points [16], three-component [17, 18]
or hourglass fermions [19] are found, inspiring further theo-
retical and experimental research [20-25]. Concerning Q2D
systems, besides Dirac (as in graphene [26]), there are also
semi-Dirac (Dirac-like in one direction, and quadratic in the
orthogonal one, as in black phosphorus [27]), quadratic (as in
molybdenum disulphide [28]), and fortune teller (FT) disper-
sions [29], which corresponds to the coexistence of a nodal
point and lines. Namely, symmetry analysis of the possible
completely linear dispersions in non-magnetic, Q2D materials
with negligible spin—orbit coupling (SOC) has shown that only
completely massless fermions appearing in layers are Dirac
and FT [29]. Recently, FT dispersion has been experimentally
confirmed in a surface layer of silicon [30].

A question arises whether new types of fermions are possi-
ble in Q2D materials by inclusion of SOC? With help of layer
double groups (LDGs) and time-reversal symmetry (TRS)
(i.e. gray LDG), we made a quite general search for linear
dispersions in the vicinity of high symmetry points (HSPs);
since no reference to nonsymmorphic symmetries is made,
the topological (hour-glass like) band crossing mechanisms
are not a priori assumed, as it is usual. Indeed, it turns out
that there are two peculiar types (figure 1) featuring twelve
nonsymmorphic and noncentrosymmetric groups: two groups
support previously predicted FT, and the remaining ones
poppy flower (PF) dispersion (generalizing both FT and Dirac
types).

After a brief overview of necessary group-theoretical meth-
ods, the obtained results are discussed on the basis of effec-
tive low-energy model, calculated densities of states and
symmetry breaking patterns. Also, a list of material can-
didates supporting the new dispersions is provided. The
predicted effect is justified by density functional based
relaxation and band structure calculation in BilO4 mono-
layer. Synthesis of this layered 3D material was reported
around a decade ago [31]. Numerical band structure con-

firms our group theoretical prediction, which may be the
motivation for future laboratory synthesis of this material as
monolayer.

2. Method

Symmetry determines Bloch Hamiltonian in the vicinity
of high-symmetry BZ wave vector through the allowed
irreducible representations (IRs) of the little group [32].
Allowed IRs of LDGs are subduced from the correspond-
ing space groups IRs (found on Bilbao Crystallographic
Server [33]), and also independently constructed by POL-
Sym code [34]. Concerning LDGs with TRS, the dimen-
sions [33, 35] of the allowed IRs (actually co-representations)
are 1, 2 or 4, and for generic ones, giving bands degener-
acy, this is 1 or 2. Here we focus on the band structures
near quadruple points at high-symmetry momenta. Further,
we do not consider generically degenerate bands, giving dou-
ble degenerate Dirac dispersion (precisely, it consists of two
double spinfull degenerate cones meeting at one fourfold
degenerate point); this automatically excludes centrosymmet-
ric crystals, as Kramers degeneracy in them forbids non-
degenerate bands [36]. Among the remaining groups, only
twelve are with special points with four-dimensional allowed
(co)representation.

Analysis of all allowed IRs R of little groups G (k¢) of
HSPs ko in LDG lacking the inversion symmetry gives the
following conditions for quadruple point: k¢ is time-reversal
invariant momentum, R is two-dimensional, either real or
complex IR. Therefore, we consider H(k) being Hamilto-
nian of the system Hj (including spin—orbit) in the basis
{]91),]0,),]00,),|0,)}, where the spinors |¥;) = |U;(k))
(i = 1,2 counts two bands touching each other at ky also in
the absence of TRS) belong to R at ky and € is an anti-unitary
operator of TRS, for which we used 0% = —6, since spin-
full case is considered. Throughout the text &y is two-by-
two unit matrix, and &4, 6,, 03 are Pauli matrices. Denoting
the little group elements by ¢ = (h|r; + b), where & is crys-
tallographic double point group element, while r; and b are
fractional and lattice translation, respectively, one gets the con-
ditions imposed by time-reversal and geometrical symmetries
on H(ky + q) in the vicinity of ky (therefore, the wavevector ¢
is small):

H(ko +q) = T'H(ko — @)T, (2.1)

H(ko + q) = D'(0)H(ko + I q)D(0). (2.2)

Here, D = diag(R, R*), and /1 isan operator reduction of vector
representation /1 to 2D BZ, while T = —ié, ® &, represents
the action of 6 on the basis of spinors.

To focus on the terms linear in ¢, Hamiltonian is expanded
in the form Hlko +q) ~ >, , q,-‘m(g%”)
is conveniently shifted such that H(ko) = 0). To incorporate
symmetry, the matrix elements of the Hamiltonian gradient
are arranged into the four-by-eight matrix W, which entries

= (w! w? irs i = Hpgkota)
Wpg = (wy, wp,) are pairs wy,, = =50 ;. The form

lq=0 (energy scale
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Table 1. Groups providing dispersions (3.1). Notations for layer (columns 1 and 2) and space groups (columns 4, 5 and 6) are
according to [37, 38] respectively. IR notation in the eighth column is as in Bilbao Crystallographic Server [33]. Effective
Hamiltonian is indicated in the last column by the nonzero parameters (and their interrelations) of (2.5). For the last four

groups a = ¢ while Mg and M are conjugated pair of IRs.

Layer double group Corresponding space double group
Group IR Group Plane IR Dispersion Nonzero v;')q
21 121212 Ss 18  P2,22 D3 z=0 Ss (3.1a) vls, Vs, vdss V3, V3, 03
25 pba?2 Ss 32 Pba2 C3 z=0 Ss (3.1a) vly, U3, Uls, V3, 03, 03
28 pm2.b Ys, Ss 26 Pmc2, C3, y=0  Zs5, Us (3.1a) vly, v, vl 03, V3, %
29 pb2im Ys, Ss 26 Pmc2, C3, x=0 Zs5,Ts (3.1b) vhy, v3y, 13y, V3
30 pb2b Ys,Ss 27 Pcc2 G, x=0 Z5Ts (3.1a) vl vl v, vd, v3, V3,
32 pm2n Ys 31 Pmn2; C} y=0 Zs (3.1a) vls, vds, v, V3, 3, V3,
33 phb21a ¥s 29 Pca2, C5, y=0 Zs (3.1b) vl v, 3, 03,
34 pb2n Ys 30 Pnc2  CS, x= Zs (3.1a) Vi3, U3, Ud3, 03, V3, %
_ _ 1 _ 2 o1 _ 2
54 pa2,2 (Mg, M7) 90 P42,2 Di z=0 (Mg, M7) (3.1a) Vo2 = Vo2 = V31 = U3
56 pibm (Mo, My) 100 Pdbm  Ci z=0 (Mol Gl Ll gl o
58 pd2m (Mg, M7) 113 P&2m D, z=0 (MeM7) (3.1a)
60 pab2  (Me,M;) 117 Pa2 DI, =0 (Me,M7) (3.1a) vl = —vj3 = —v) = —v3
wy Wi Wi W14 of the system obtained by periodic repetition of the layer along
W wi, wpn  wi wy 23) axis perpendicular to it (column plane) according to Bilbao
T why owl, —wn —wi, ‘ Crystallographic Server is also given (second part), where the
wi, wh —wp —wx directions x, y and z are along axes of orthorombic/tetragonal

%

follows from the relation (2.1), together with w!,, = w", ,
responding to the requirement that Hamiltonian H is a Hermi-
tian operator. Note that the form (2.3) of W leads to the trace-
less Hamiltonian: it excludes the scalar term (which imposes
the tilt of the bands). The geometrical symmetries are incorpo-
rated by (2.2), which is rewritten [11, 29] as an efficient fixed
point condition

on the column vector (32 x 1) form ‘VAV>

cor-

‘vAv> —bebD ok (2.4)

of W. The

equation (2.4) is solved with help of the group projection oper-
ators for all of the twelve noncentrosymmetric groups hosting
quadruple points at high symmetry momenta; in this way, the
symmetry determines form of W. To explicate this, it is more
convenient to use another general expansion of the effective
low energy Hamiltonian,

3 2
Hg =Y qwh, 6,5,

p.q=0 i=1

(2.5)

and find the constraints imposed by symmetry on the real

coefficients v;q (simply interrelated with w;q).

3. Results and discussion

3.1. Symmetry adapted Hamiltonians and dispersions

Groups hosting new dispersions are listed in table 1. Besides
intrinsic layer group notation (the first part), the space group

3D primitive unit cell. On the other hand, in POLSym approach
we used convention that layers are in xy-plane. Orthogonal lat-
tice vectors @; and a, span primitive rectangular/square 2D
unit cell, while reciprocal lattice vectors k; and k, satisfy
aj-k; =2ndj; and g, q, are projections of ¢ along k; and
k,. Relevant BZs are in figure 2.

Effective Hamiltonians allowed by symmetry group in the
special points of Brillouin’s zone are presented in the last col-
umn of the table 1: the nonzero real coefficients v;',q in the
expansion (2.5) are specified, together with the constraints
among them. The listed forms correspond to the group settings
(lattice vectors and coordinate origin) and double valued irre-
ducible co-representations obtained by POLSym code. In fact,
this enabled flexibility in the choice of generators (coordinate
system and translational periods), which finally results in the
form of irreducible co-representations. These are chosen such
to get the same form of the effective Hamiltonian whenever
it is possible (for different groups). Equivalent (but different)
settings (and co-representations) produce different (still equiv-
alent with respect to dispersions) Hamiltonian forms. Clearly,
the exact values of the nonzero coefficients v  (listed in the
last column of the table 1) are material dependent. The groups’
generators and their representative matrices in the allowed
co-representations associated to the specified high-symmetry
points are in the table 2. It should be remarked that in all the
considered cases this point is fixed by the whole gray group,
i.e. the little group is the gray (double) group, and the allowed
co-representations of the little group are simultaneously the
irreducible co-representations of the gray group. The matri-
ces of the relevant co-representations are four-dimensional.
In all the cases time-reversal corresponds to the matrix T;
all other generators are represented by the block-diagonal
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Lg21
Lg25
Le28 A G D
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Lg30 r > X K
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Xlzla Y M

Lg54 G
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—rla 7la _
r k;
—rla

Figure 2. BZs of the groups (listed in table 1) supporting dispersions (3.1). For layer groups 28, 29, 30, 32, 33 and 34 vector k; is along

(screw) axis of order two.

matrices D = diag(R, R*), with mutually conjugated 2 x 2
blocks. Therefore, only this block, IA?, is given in the table 2.

The described technique leads to two new types of disper-
sions (figure 1; crossings are taken at E = 0). The first one is
PF, with four bands (obtained for u, v = +1):

E,.(q) = v\/aq% + cq5 + ublq1qa]. (3.1a)
The expression under the square root is non-negative since
a, b and ¢ are positive quantities (functions of v;',q) such that
b* — 4ac < 0. For quadratic layer groups (54, 56, 58, 60)
¢ =a, and above dispersion degenerates to the isotropic
one E,, =v+\/aq*+ublqiq|. Two groups, 29 and 33,
enforce b*> — 4ac = 0, hosting thus FT dispersions (with bands
counted by u,v = £1):

Eu@)=v|f g +uglell (3.1b)

with f, g positive quantities, also functions of v;q. Note that
on the other side, the limit » — 0T gives Dirac dispersion.

3.2. Density of states

Dispersions (3.1), differing from the well-known Dirac, semi-
Dirac or quadratic, impose specific physical properties. In this
context, one must take into account the range of validity of
these forms, describing the realistic band structures only in the
vicinity of high-symmetry point. In particular, corresponding
density of states (DOS) near E = 0 are:

2|E|
SOC
= 3.2a
Per m/4ac — b? ( )
L
SOC ~ (3.2b)

PFT N74772 /7f2+g2.

Unlike to PF, but similarly to 3D nodal semimetals [39],
exact calculation of DOS of FT is prevented due to the non-
circular iso-energetic lines (figure 1). Thus, the last expression
corresponds to realistic situations where the horizontal parts
of band crossing lines are of the length L (this is an effective

range of approximation). In non-SOC case calculation of DOS
gives doubled results (3.2), since each energy is spin degener-
ate, which is then decoupled from the orbital one. Non zero
DOS of FT near E = 0 is in contrast to DOS of Dirac or PF
dispersions being proportional to |E|, as well as to semi-Dirac
which is proportional to \/ﬁ . This affects many properties,
to mention only charge and spin transport. Further, it can be
shown that the electron effective mass, obtained from band
curvatures, for all dispersions (3.1) vanishes. Let us empha-
size that the higher order terms, neglected in derivation can-
not change the obtained band topology (figure 1), though may
distort bands slightly.

3.3. Symmetry breaking

Despite the obtained dispersions are essential, i.e. resistant to
symmetry preserving perturbation, an interesting additional
insight is gained by considering symmetry breaking. Herein,
taking into account group—subgroup relations, we discuss the
possibilities of robustness or switching between various dis-
persions at the same BZ-point by lowering the symmetry, e.g.
due to strain. It is expected that decreasing the number of sym-
metry elements leads to relaxing the constraints imposed on
Hamiltonians, and consequently increasing (or preserving) the
number of independent parameters. In this context, taking into
account the number of non-zero parameters v;,q of (2.5) given
in table 1, it is meaningful to consider the transitions from FT
to anisotropic PF, as well as from isotropic PF to FT, when the
symmetry is lowered. Precisely, the allowed four-band model
Hamiltonian diagonalizing in PF dispersion have six real inde-
pendent parameters, which are reduced to three for quadratic
groups; similarly, there are 4 real independent Hamiltonian
parameters for FT. Before proceeding, let us take a brief look
into the robustness of FT and PF.

Regarding groups 29 and 33 supporting FT dispersion,
symmetry reduction in which either nonsymmorphic glide
plane or screw axis (but not both) is retained causes that FT at
the Y point splits into two non-degenerate conical dispersions.
Opposite out-of-plane shifts of the adjacent nuclei positioned
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Table 2. Allowed irreducible co-representations: for each group and .
corresponding HSP, the generators are listed, and the block-diagonal part R of
double valued co-representation D representing these generators (in the same
order). Here, C,; is rotation for 27 /n around axis 71 (which is %, ¥, z, or

¢ = iz(ic + ¥)), mj; is vertical mirror plane which contains 71 axis, my, is
horizontal mirror plane, and S,, = C,;zmy,.

Group HSP Generators R

21 S (Cxl50)  (Cx05) & 4

25 S (mg30)  (ms[05) 63 6

28 Y (1‘10) (Czy‘O%) ny 5’0 —6'3 —iﬁ'z

28 S a0y (Cxl0D) my —60 63 —iGs

29 Y (1‘10) (Czy‘O%) ny 5’0 —6'3 —iﬁ'z

29 S a0y (Cx0D)  my —60 63 —iGs

30 Y  d|10)  (m[05) Cy 6y —03 —i6,

30 S o)y ol €y —60  —063 —i6,

32 Y (1]10) (my|33)  my G0 —63 —i6,

33 Y o (m|30)  (Cy[03) i6; 6

34 Y 1) (m|id) Gy 6y 03 —i6s

54 Mo 0)  (Cullly G -Gy —iey e T diag(l,i)
56 Mo A1) mlll) Ce —6y —i6n e T diag(l,i)
8 M {l0)  (mlil) Sy -6y —i6 e diag(l,i)
60 M (o) (Cxlthy Sy =60 —iga T diag(l,i)

in the mirror plane, transforms mirror into a glide plane, while
doubling the lattice constant; this in turn halves primitive vec-
tor k; of the reciprocal lattice. Group 29 reduces to 33 and
the S point in 29 becomes Y point in 33. Consequently, FT
in Y and S points in 29 are robust against lowering the sym-
metry to group 33. Similarly, concerning the PF, any homoge-
nous stretching along a; or a, axis deforms square primitive
cell to rectangular, reducing the symmetries of layer groups
54 and 58 (56 and 60) to the group 21 (25) and causes PF
to change from isotropic to anisotropic form, which implies
direction-dependent electronic and related properties.

Since PF is a generalized form of FT, one could expect that
the parameters of these dispersions can be interrelated by tun-
ing. However, continuous transformation from FT to PF at the
same point of the BZ is not possible, since neither of groups
supporting FT is a subgroup of any of groups allowing PF, nor
vice-versa. The expression (3.2a) for DOS of PF shows that the
changing parameters such that PF approaches to FT results in a
singularity at zero energy. In the other words, if opposite would
hold, arbitrarily small displacements of nuclei, being sufficient
to lower the symmetry, would cause a jump of (graphene-like)
negligible DOS of PF to a finite and constant DOS of FT,
which we found unlikely. At the same time, such obstruction
from DOS does not forbid the transition between Dirac (dou-
ble degenerate cones with four-fold degenerate point) and PF,
nor it forbids splitting of FT and PF into two non-degenerate
conical dispersions (with double degenerate point).

Following the above arguments, it is expected that transition
from Dirac cone to PF may be realized by lowering the sym-
metry, since Dirac dispersions has less independent parameters
than PF. According to [5] Dirac semimetals in time-reversal
invariant two-dimensional systems with strong SOC are pos-
sible in nonsymmorphic groups with inversion symmetry. E.g.
let us consider the layer group 46 (pmmn), hosting Dirac cones

at X, Y and S HSPs (the BZ is the same as this one given on
the left panel in figure 2). It is expected that the violation of the
inversion symmetry leads to Weyl points or node [5]. However,
listing all subgroups, it turns out that the two of the subgroups,
32 and 21, actually host PF in the points Y and S, respec-
tively. Indeed, in [46], using spinfull tight-binding model with
four sites (with s-orbitals) per unit cell, authors show that at
fillings 2, 6, system invariant under double layer group 21 is
semimetal, which hosts one fourfold degenerate and four Weyl
points. A plethora of such cases, where groups allowing PF
from the table 1 are subgroups of symmetry groups of Dirac
semimetals, indicates candidates for transitions between cen-
trosymmetric and noncentrosymmetric crystals with protected
four-fold band crossing point. Moreover, the existence of such
essential fourfold degenerate point simultaneously with double
degenerate Weyl points in the same system, makes that the lay-
ers from our list represent possible two-dimensional materials
suitable for the study of their interplay.

3.4. Material realization

Despite the fabrication of freestanding layers is not always
feasible, the above theoretical predictions required material
realizations, or at least numerical simulations. To find realis-
tic material with layer groups from table 1 we searched the
list [41] of 3D layered materials, synthesis of which has been
reported in the literature. In the table 3 we listed potential
material candidates with symmetry groups allowing the pre-
dicted peculiar dispersions. These are laboratory fabricated
3D crystals with layered structures, which could be easily or
potentially exfoliated into layers.

It is interesting to single out our group-theoretical findings
indicated that dispersions (3.1) are not preserved when SOC is
neglected, except for the LDG 33, which supports FT disper-
sion also in that case [29]. Inclusion of SOC moves FT from



J. Phys.: Condens. Matter 32 (2020) 485501

V Damljanovi¢ et al

Table 3. Material candidates: layered systems with symmetry groups hosting
the dispersions (3.1). Layer and corresponding space groups are listed for
materials given by a formula and materials project ID. Abbreviations EE and PE
stand for easily and potentially exfoliable, respectively, according to [41].

Layer group Space group Formula ID EE/PE
21 p212,2 18 P2,2,2 As»SO¢ mp-27230 EE
MgMoTeOg¢ mp-1210722 EE
25 pba2 32 Pba?2 Au;ySe, O mp-28095 EE
R6252013—I mp—974650 EE
28 pm2,b 26 Pmc2, TIPs mp-27411 EE
KO,H4F mp-983327 PE
NaGe;P; mp-1104707 PE
29 pb2\m 26 Pmc2, WO,Cl, mp-32539 EE
32 pm2in 31 Pmn2, CuCOCl1 mp-562090 EE
33 pb2ia 29 Pca2, BilO4 mp-1191266 PE
KPSeq mp-18625 EE
58 pA2im 113 P42,m LiReO,F4 mp-554108 EE
(a) -08
E
Q
8 a2f
14
r Y S r X Y
il (b) -08
Figure 3. Crystal structure of BilO4 mono-layer: elementary cell
(left) and a part of layer (right). S
Q
>
BZ corners to the Y-point. The material BilO4 belongs to cor- =
responding space group 29 and has layers parallel tothey =0  § 2 %
plane. Consequently, it should exfoliate to layer group 33 so
we choose it for further DFT investigations, as an example of
achievements of our theory. Since IRs from table 1 are the only s Y S

extra IRs in these BZ points, the dispersions (3.1) are unavoid-
able for crystals with symmetry of these groups. On the other
hand, the position of Fermi level cannot be determined solely
by symmetry arguments, nor it can be guaranteed that no other
bands cross or touch the Fermi level.

We determined crystal (figure 3) and band structure
(figure 4) of BilO4 mono-layer configuration using DFT cal-
culations: full relaxation and bands calculations were per-
formed by QUANTUM ESPRESSO software package [42],
full relativistic PAW pseudopotentials [43, 44], with the
Perdew—Burke—Ernzerhof exchange—correlation functional
[45]. The energy cutoff for electron wavefunction and charge
density of 47 Ry and 476 Ry were chosen, respectively. The
band structures were found in 500 k-points on selected path,
and 2500 k-points for 2D band structure plots in the vicinity of
HSPs.

Crystal structure of mono-layer is shown in figure 3. It
belongs to rectangular lattice of the group 33, with nearly equal
a; = 0.566nm and a, = 0.575nm. Band structure of BilO4

Figure 4. Band structure of BilO4 mono-layer without SOC (top)
and with SOC (bottom), with insets showing magnified FT and split
FT dispersions. The Fermi level is set to zero eV.

mono-layer with and without SOC is shown in figure 4. It
turns out that the system is insulating in undoped and ungated
regime. The closest to Fermi level FT state is at —0.9 eV.
When SOC is neglected energy at the point § is eightfold
degenerate (including spin), which gives electron filling of 8n
that is necessary for insulating systems [40]. With inclusion of
SOC the eightfold spinfull degeneracy at S is lifted, but sets
of eight non-degenerate bands each, form cat’s cradle struc-
ture along I'X line, as predicted in reference [46]. This gives
again electron filling of 8n [46, 47]. Our electron filling of 184,
derived from DFT calculations, is indeed divisible by 8. Elec-
tron filling for DLG 33 prevents FT to be the only dispersion at
the Fermi level, while for remaining groups in table 1 the filling
condition necessary for Fermi surface consisting of isolated
points is v = 4n + 2.
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Figure 5. Band structures of BilO4 mono-layer without and with
SOC near points S and Y. Inclusion of SOC turns FT dispersion into
nodal lines in S, and degenerate Dirac line into FT in Y.

Behavior of FT states with inclusion of SOC is shown in
figure 5. In non-SOC case, two pairs of Dirac lines meet at the
point S and form the FT states. SOC splits eightfold degenerate
band at S into four double degenerate ones. Near point ¥, SOC
splits fourfold spinfull degenerate Dirac line into one FT state.
Since SOC strength is proportional to the fourth power of the
atomic number [48], heavy elements in the material induced
observable splitting.

4. Conclusions

Characterized by band crossings (touching) points (lines)
at Fermi level from which energies disperse linearly, nodal
metals/semimetals take an important role in investigations
of various topological properties of crystals. Among them,
symmetry-enforced ones represent a class of materials host-
ing such dispersions in HSPs due to increased degeneracy.
In the language of group theory, while the spinless case
is described by the ordinary group of geometrical trans-
formations, the spinfull situation, when system is robust
on spin—orbit perturbation, needs double groups. Additional
inclusion of TRS leads to gray magnetic ordinary or dou-
ble group. The increased degeneracy of energy is enabled by
higher dimensional allowed irreducible (co)representations of
the corresponding underlying crystal symmetry.

New fermions in 2D materials revealed by application
of full gray double layer group symmetry contribute to the
interesting physical phenomena of layered systems: two new
types of dispersions beyond Dirac, PF and FT, accompany the
fourfold degeneracy of bands in high-symmetry points. Our
findings single out list of twelve nonsymmorphic and non-
centrosymmetric layer groups that support such unusual lin-
ear electronic dispersions. As the method is not based on the
topological mechanism (invoking nonsymmorphic symmetry),
the result is general, verifying a posteriori the necessity of
nonsymmorphic elements for the considered dispersions. Pro-
viding this list, numerical simulations aimed to find material
realizations of the peculiar dispersions are facilitated, which is
of a great importance to achieve corresponding physical prop-
erties. PF dispersion occurs in ten groups; in particular, there

are single isolated HSP hosting it in the groups p2,2,2, pba2
(point S), pm2n, pb2n (Y), and p42,2, pdbm, p2121m, pzle
(M), while the groups pm2b and pb2b have two such points
(Y, S). On the other hand, the FT type of dispersion in the group
pb2,a is hosted in single (Y), and in the group pb2;m in two
HSPs (Y, S).

Particularly interesting are groups pb2,a, supporting FT
dispersion both with and without SOC, as well as pba2 and
pAbm, which are also wallpaper groups, preserved even when
perpendicular, homogenous electric field is applied (e.g. due to
gating). Moreover, coexistence of degenerate point and lines
at the same energy in FT dispersion may lead to some new
phenomena. FT dispersion has constant contribution to DOS,
manifested as a plateau nearby zero energy in FT. This may be
important in technological applications, especially when elec-
tron and/or spin transport are looked for, like materials for solar
cells [49], spintronic etc. On the contrary, PF dispersion, simi-
larly to Dirac ones, contributes by linear DOS with no states on
zero energy. It has both isotropic and anisotropic forms which
may be continuously transformed into each other by crystal
deformations.

Our numerical calculations show that layered BilO4 3D
crystal, exfoliates to stable mono-layer having a symmetry
group from our list. Band structure of BilO4 mono-layer con-
firms theoretical prediction, but further efforts are necessary in
order to place the Fermi level at right energy.
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1 | INTRODUCTION

Considerable progress has been made in the field of
material science through developing new materials and
revealing their properties in the last decade. Namely, in
the recent years, large family of van der Waals materials
with inherent magnetism became the focus of experimen-
tal and theoretical research, because they seem suitable
for numerous technical applications."”” The family
includes Fe;_,GeTe, metallic materials with high
magnetic transition temperature,’*'®!  semiconductors
CrXTe; (X = Si, Ge, Sn) and CrX; (X = Cl, Br, I) mono-
layers>'13 and heterostructures.!**

Cedomir Petrovic® |

of all analysed modes.

Bojana Visi¢' | Marko Opaé&i¢' |

Zoran V. Popovi¢'” |

We report temperature-dependent Raman scattering and magnetization stud-
ies of van der Waals ferromagnetic compound CrSiy gGey;Tes;. Magnetic sus-
ceptibility measurements revealed dominant ferromagnetic interactions
below T which shift to the lower values due to the presence of vacancies.
A Raman active mode, additional to the ones predicted by symmetry in the
parent compounds, has been observed. This A, symmetry mode most likely
emerges as a consequence of the atomic vacancies on Si/Ge site. Presence of
the strong spin-phonon coupling at temperature around 210 K is indicated

by deviations from conventional phonon self-energy temperature dependence

magnetism, phonons, raman spectroscopy, van der Waals materials

CrSiTe; and CrGeTe; are ferromagnetic (FM) semi-
conductors with band gap of 0.4 and 0.7eV and Curie
temperatures (Tc) of 32 and 61 K, respectively.['> 18! Twin-
ing of CrSiTe; single crystals along c-axes was revealed by
X-ray diffraction experiment as well as Cr** ions magnetic
order.I'® Recently, through high-resolution angle-re-
solved photoemission spectroscopy (ARPES), it was possi-
ble to identify full electronic structure near the Fermi
level. Due to spin-orbit coupling, CrSiTe; is a Mott-type
FM insulator.l*! Electronic structure of CrGeTes single
crystals was also investigated by ARPES."?! It was shown
that the low-lying valence bands are centred around the I
point and are mainly formed from Te 5p orbitals.

J Raman Spectrosc. 2020;1-8.
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Raman scattering studies of CrSiTe; reveal strong
spin-lattice coupling in the paramagnetic phase!'>?!! as a
consequence of a short-range magnetic order in this com-
pound. In addition to renormalization of energies and
linewidths of observed Raman active modes, coupling of
doubly degenerate E, mode with magnetic continuum
was found.”" The coupling results in an asymmetric
phonon line shape up to 180 K. Besides the splitting of
two low-energy E, modes in the magnetic phase of
CrGeTe; and unconventional behaviour of phonon prop-
erties around transition temperature, experimental
results indicate spin-phonon coupling effect with mag-
netic quasi-elastic scattering.!?!  Pressure-dependent
Raman scattering study of CrGeTe; showed a decrease in
bond length, the deviation of Cr-Te-Cr angle, and reduc-
tion of phase transition temperature.[*!

Change of the carrier concentration plays an impor-
tant role in the physics of semiconducting materials as it
can lead to surprising physical properties. Very small var-
iations in dopant concentrations can lead to structural
modifications and considerable changes in magnetic
transition temperature. Here, we report a Raman scatter-
ing and magnetization studies of CrSipgGeg Te;. Our
scanning electron microscopy (SEM) measurements
reveal 10% of Ge atoms concentration and 10% of vacan-
cies. Vacancies induced a decrease in T, was detected
within magnetic susceptibility measurements. In the
Raman scattering results, we identified three A, and four
E, symmetry modes. Additional peak of the A, symmetry
is also observed in our spectra. This mode may be traced
to vacancies and possible inhomogeneous distribution of
Ge atoms substitution on Si atomic site at nano-scale.
Energies of modes predicted by symmetry analysis are
found between the experimental values of parent
compounds CrSiTe; and CrGeTes, reported previously in
Milosavljevi et al.? The presence of the strong
spin-phonon interaction at temperature around 210K
is indicated in small deviations from conventional
temperature-dependent behaviour of the observed modes
energies and linewidths, including additional one.

2 | EXPERIMENT AND
NUMERICAL METHOD

CrSipgGeg 1 Te; single crystals were grown as described
previously.[24] Magnetic properties were measured in a
Quantum Design MPMS-XL5 system.

SEM measurements were performed using FEI
HeliosNanolab 650. This microscope is equipped with an
Oxford Instruments energy dispersive spectroscopy (EDS)
system with an X-max SSD detector operating at 20 kV.
Measurements were performed on as-cleaved samples

deposited on a graphite tape. The elemental composition
EDS mapping was obtained on crystals that appeared to
be uniform for several tens of microns. The maps show
the presence of Cr, Ge, Te and Si.

For Raman scattering experiment, Tri Vista 557 spec-
trometer was used in the subtractive backscattering
micro-Raman configuration. The combination of gratings
was 1800/1800/2400 grooves/mm and the entrance slit of
80 um. Solid state laser with 532-nm line was used as an
excitation source. In our scattering configuration, plane
of incidence is ab-plane, where lal=Ibl (£(a,b)=120"),
with incident (scattered) light propagation direction
along c-axes. Samples were cleaved in the air before being
placed in vacuum. All measurements were performed in
high vacuum (107° mbar) using a KONTI CryoVac con-
tinuous Helium flow cryostat with 0.5-mm thick window.
Laser beam focusing was achieved using microscope
objective with x50 magnification. All spectra were
corrected for Bose factor.

Spin-polarized density functional theory calculations
were performed in Quantum Espresso software pack-
age,*! based on plane waves and pseudopotentials, using
Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional’® and projector augmented wave (PAW)
pseudopotentials.l*”?*! The cutoff for wavefunctions and
the charge density of 85 and 425 Ry were chosen, respec-
tively. The k-point were sampled using the Monkhorst-
Pack scheme, on 8 x8x 8 I' centred grid used for both
structures. Optimization of the lattice parameters and
atomic positions in unit cell was performed until the
interatomic forces were minimized down to 107° Ry/A.
Treatment of the van der Waals interactions is included
using the Grimme-D2 correction, in order to obtain the
lattice parameters more accurately. Phonon wave num-
bers were calculated within the linear response method,
as implemented in PHonon part of Quantum Espresso.

FIGURE 1 Energy dispersive spectroscopy (EDS) mapping on
a CrSigGe 1 Te; single crystal [Colour figure can be viewed at
wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSION
In order to investigate uniformity and elemental composi-
tion of CrSiy3GeyTe; sample, SEM measurements were
performed on as-cleaved crystals. EDS mapping presented
in Figure 1 shows that the ratio of Cr:Si:Ge:Te (averaged
over 10 measurements) is 1:0.8:0.1:3. This result reveals
the presence of 10% Ge atomic vacancies in the sample.
Figure 2a,b presents the temperature dependence of
zero-field cooling (ZFC) magnetic susceptibility y(T) = M
(T)/H measured in 1-kOe magnetic field applied parallel
to a (a) and c (b) crystallographic axes. Curie-Weiss law
x= % fit at high temperatures yields Weiss tempera-
tures 6, = 61(2) K, 6. = 70(2) K and high temperature
paramagnetic moments peg, = 4.14(2)up and peg. = 3.91
(2)up for CrSiygGe,Te;, consistent with dominant FM
interactions below T, and in line with the observed FM
T, and magnetic hystheresis loops.''>**! The approximate
T, value can be determined from the minima of the
dy/dT curves insets in Figure 2(a,b). It should be noted
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FIGURE 2 Temperature dependence of zero-field cooling
(ZFC) y=M/H for CrSiTes, CrSijgGey,Tes; and CrGeTe; in 1-kOe
magnetic field applied in-plane (a) and along the c-axis (b). Insets
show transition temperatures of ferromagnetic orders (dy/dT) and
magnetic hystheresis loops taken at 2K
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that, instead of monotonous rise, there is a weak but
discernible shift to lower temperature in dy/dT in
CrSij 3sGey ,Te; when compared with CrSiTes;. This small
reduction in FM transition temperature is likely induced
by the presence of vacancies, as suggested by the EDS
data. The presence of vacancies in this class of materials
usually disarrange magnetic exchange due to disorder
increment, which leads to the reduction of TC.[29]
Isostructural parent compounds CrSiTe; and CrGeTe;
crystallize in the rhombohedral crystal structure,
described with space group R3 (C2,).*°! According to fac-
tor group analysis, five A, and five double degenerate E,
symmetry modes are expected to be observed in the light
scattering experiment. Detailed symmetry analysis, pho-
non mode distribution and selection rules for parent
compounds (CrSiTe; and CrGeTe;) can be found in
Milosavljevic et al.? In our scattering configuration, the
plane of incidence is ab plane, where lal=Ibl
(«£(a,b) =120") (inset in Figure 3), and the direction of
incident (scattered) light propagation is along c-axes.
According to the selection rules for this scattering
configuration,m] all Raman active modes may be
observed, having in mind that A, symmetry modes can
be detected only in parallel polarization configuration.
The E, symmetry modes are expected to appear in both
the parallel and cross polarization configurations. Raman
spectra of CrSiggGep Tes, obtained by continuous change
of the angle between polarization vectors of incident and

2, 3
AZES e T=100K

Raman Intensity

e o DR TR
100 150 200 250 300 350

Wavenumber / cm

FIGURE 3 Raman spectra of CrSiy gGeg ;Tes single crystal,
measured at 100 K, as a function of angle 0, between incident and
scattered light polarization. Inset: schematic representation of the
incident and scattered light polarization with respect to the crystal
orientation [Colour figure can be viewed at wileyonlinelibrary.com]
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scattered light, 6= x(ej,es), (0°<O<90° ) at 100K, are
shown in Figure 3. It can be seen that by changing this
angle, starting from 6 = 0°, the intensities of the peaks at
energies 80.2, 1164 and 1455cm™' continuously
decrease and completely vanish for polarization angle of
90°. Therefore, these excitations obey pure A, symmetry.
On the other hand, the peaks at energies of 84.5, 88.3,
117.2 and 215.0cm™" are not influenced by change of
polarization angle, so they can be identified as E, symme-
try modes.

Here, one should note that the feature observed at
around 117cm™" in both scattering configurations is
actually a two-peak structure comprising of 116.4-cm™
Ag and 117.2-cm™ E, symmetry modes. Detailed analysis
of the structure for two scattering configurations is pres-
ented in Figure Al of Appendix. Furthermore, closer
inspection of the data revealed that peak at energy of
145.5cm ™, which obeys pure Ag symmetry, is also com-
posed of two modes, P1 (144.6 cm™") and A} (146.7 cm ™),
as shown in Figure A2 of Appendix.

Calculated optical phonon wavenumbers of the
parent compounds, CrSiTe; and CrGeTes, together with
their experimental Raman active values as well as Raman
mode energies of CrSijgGey,Tes, are compiled in Table 1.
As expected, experimental values of CrSiygGey Tes
Raman active modes are found between the values of the
observed modes in parent cornpounds.[21] Figure 4a
shows compositional evolution of the peaks with highest

T=100K

Raman Intensity

105 110 115 120 125 130
Wavenumber / cm

T —————

FIGURE A1l
symmetry modes obtained by simultaneous modelling in parallel

Decomposition of unresolved A7 and E;

and cross polarization configuration. Grey line represents the
measured data, Voigt line of A; mode is shown by green, and blue
lines represent the Eg symmetry mode in parallel (upper panel) and
cross (lower panel) polarization. The orange line is the
superposition of these two lines [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE A2 Decomposition of phonon mode in parallel

scattering configuration on two A, symmetry modes. Open circles
represent the measured data and the blue one sum of two Voigt
profile line shapes. Data modelled with one Voigt profile line shape
(orange line) deviates significantly from measured data [Colour
figure can be viewed at wileyonlinelibrary.com]

intensity, assigned as E; and Az symmetry modes in par-
ent compounds. The E; mode energy changes almost lin-
early (Figure 4b), as a consequence of change in lattice
parameters and “change of mass” effect. The observed
energy shift is followed by doubling of the linewidth,
dominantly induced by the significant crystalline disor-
der. The similar type of behaviour, with somewhat larger
increase in the linewidth, was also observed for the Ag
symmetry mode. The most striking feature was the addi-
tional A, symmetry mode (denoted as P1, see Figure A2
of the Appendix), observed in the doped sample. Gener-
ally, both the substitutional defects and vacancies may
have similar impact on the Raman modes energy and
linewidth. Here, the appearance of P1 peak can be under-
stood as a consequence of the presence of vacancies on
Si/Ge atomic site and their inharmonious distribution at
nano-scale. The mode “splitting” is detected only for the
Ag but not for other observed modes, due to the fact that
different nature of these vibrations results in different
values of energy shifts. In the case of other modes, the
difference between the shifts for corresponding domains
is smaller than the spectral resolution of the instrument
(~1.8 cm_l), and therefore, the separate modes can not
be resolved.

Figure 5 shows CrSipgGep;Tes Raman scattering
spectra measured at various temperatures. For clarity,
spectra obtained for cross polarization configuration are
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TABLE 1 Phonon symmetry, calculated (T= 0 K) and experimental (T = 100 K) Raman active phonon wavenumbers of parent

compounds CrSiTe; and CrGeTe3.|21| Experimental values for Raman active phonons of CrSij sGe,;Te; at 100 K are shown in the last

column

Raman active modes

Symmetry
Ay
Eg
Eg
Eg
A
A
A
Eq
Eg
A

Note: All values are given in cm™.

Wavenumber/cm -

110

Calculations
CrSiTe; CrGeTe;
88.2 84.2
93.5 82.0
96.9 90.8
118.3 114.2
122.0 105.9
148.0 134.8
208.7 200.3
219.5 209.6
357.4 229.8
508.9 290.7

1

1

Wavenumber / cm !

@ g
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FIGURE 4 (a) Raman scattering spectra of Eg and Ag phonon

Raman Intensity

w

N

FWHM /cm ™

modes of CrSiTe; (orange line), CrSip sGe 1Tes (vellow line) and
CrGeTe; (green line) at T = 100 K measured in cross (left panel)
and parallel (right panel) scattering configuration, respectively.

(b) Energy (grey line) and linewidth (red line) of these two

modes with respect to the percentage of Si atoms concentration.

Energy and linewidth of P1 mode are marked with black and red
star, respectively [Colour figure can be viewed at
wileyonlinelibrary.com]

Experiment
CrSiTe; CrGeTe; CrSij 3Gey ,Te;
— — 80.2
88.9 83.5 84.5
— — 88.3
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FIGURE 5 Raman spectra of CrSi,gGeg ;Tes single crystal
measured at various temperatures. The spectra were analysed by
using multiple Voigt peak functions and a single

Ao =al'o/(I* + @?) + bw function, for parallel (6 = 0°, solid
coloured lines) and cross (8 = 90°, dashed coloured lines) scattering
configuration. For clarity, higher and lower energy ranges (left and
right panel) are multiplied by the factor of five [Colour figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 6 Energy and linewidth temperature dependence of
A} (a,b), A (c,d), P1 (e,f) and A} (g,h) Raman modes [Colour figure
can be viewed at wileyonlinelibrary.com]

only shown for the mid-energy range. Temperature
dependence of energies and linewidths of all the observed
A, symmetry modes, including P1, are presented in
Figure 6. By heating the sample from 100K to approxi-
mately 210 K, monotonous decrease in energy of all the
A, symmetry modes is present, dominantly driven by
thermal expansion.®" In the temperature region around
210K, these modes’ energy exhibit small deviation,
followed by a continuous decrease up to room tempera-
ture. In the same temperature region, deviation from
expected anharmonic type of behaviour is observed for
all the A, symmetry modes linewidth. This effect is more
pronounced for higher energy modes where the
anharmonicity is expected to be higher. Similar response
of analysed E, symmetry modes is present and shown in
Figure 7.

Concerning previously reported strong spin-phonon
coupling in CrSiTe;,*>*" which persists up to 180 K, we
believe that this unconventional behaviour of energies
and linewidths can be attributed to the coupling of the
phonon modes to the spin system.'*?! Due to the doping
and presence of vacancies, strong magnetic correlations
in CrSijgGey 1 Te; are sustained up to 210 K.

E; (a,b), E; (c,d) and E; (e,f) symmetry modes [Colour figure can
be viewed at wileyonlinelibrary.com]

4 | CONCLUSIONS

In summary, we presented temperature-dependent
Raman scattering and magnetization studies of doped
van der Waals ferromagnet CrSiygGey Te;. SEM mea-
surements revealed the presence of 10% vacancies on
Si/Ge atomic site. As a consequence, magnetization mea-
surements detected small but clear decrease in T¢. Seven
out of 10 Raman active modes have been assigned in our
Raman spectra. Temperature dependence of all the
observed modes shows the persistence of magnetic corre-
lations up to 210 K. In addition, the results revealed the
appearance of the peak that obey pure A, symmetry,
which is attributed to the possible inhomogeneous distri-
bution of Ge atoms and vacancies at nano-scale. This
study provides an insight into the impact of doping and
presence of vacancies on magnetic and lattice properties
in this class of materials.
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APPENDIX: A DECOMPOSITION OF
UNRESOLVED MODES

Analysing the spectra of CrSiygGe Te; single crystal, in
different polarization configurations (Figure 3), in the
energy range around 117 cm ™, becomes clear that lower
energy part completely disappears in cross polarization
configuration, whereas higher energy part persists.
Enlarged part of this energy region is shown in
Figure Al, in parallel and cross polarization configura-
tion at temperature of 100 K. After simultaneous model-
ling of these spectra becomes clear that they consist of
the Ag, and Eg modes, at energies 116.4 and 117.2cm ™",
respectively. This is completely supported with theoreti-
cal calculations presented in Table 1.
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On the other hand, existence of P1 is not predicted by Figure A2, shows that much better agreement with
theoretical calculations, as Raman active peak. Only  experimental results gives modelling as a superposition
closer inspection and detailed analysis, presented in of two Voigt lines.
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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 -
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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,
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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
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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].
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he—_ " 6A
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Al o N
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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

(a)

B/=57.0cm’ A'=598cm’ A’=88.4cm’

S g g
P T ”‘s

0\4/ B )
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)/,
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—9880m
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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’
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\&‘g
e

-~
L] |

E}=99.8 cm” =112.2cm”
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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.

ACKNOWLEDGMENTS

The work was supported by the Serbian Ministry of Educa-
tion, Science and Technological Development under Projects
No. 1145018 and No. OI171005. DFT calculations were
performed using computational resources at Johannes Kepler
University, Linz, Austria. Work at Brookhaven is supported
by the U.S. DOE under Contract No. DE-SC0012704.

S.Dj.M. and N.L. conceived the experiment, performed the
experiment, analyzed and discussed the data, and wrote the
paper. A.S. and J.P. calculated the phonon energies, analyzed
and discussed the data, and wrote the paper. Y.L. and C.P.
synthesized and characterized the samples. M.S. performed
the experiment and analyzed and discussed the data. A.B. and
Z.V.P. analyzed and discussed the data and wrote the paper.
All authors commented on the manuscript.

APPENDIX: EIGENVECTORS

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

remains an open question.

DOI: 10.1103/PhysRevB.99.214304

I. INTRODUCTION

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

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

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

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

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

II. EXPERIMENT AND NUMERICAL METHOD

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

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

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

Space group P63 /mmc (No. 194)

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

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

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

III. RESULTS AND DISCUSSION

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

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

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

After assigning all observed modes we focused on their
temperature evolution. Having in mind finite instrumental
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R, (arb. units)

280K
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FIG. 1. (a) Displacement patterns of A;, and E,, symmetry
modes. (b) Raman spectra of Fe;_,GeTe, single crystal measured
at different temperatures in a parallel polarization configuration.

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

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

122 Ha) Al () ]
121 [Es 1°
[ ! f -
ol it
19 ’n 13
118 | : -
~ ——tr ——12
£ 216 [©) Ezq|(@) At
.. (1 1o
5214 E IHIIII Hﬁg 1188
212 {HHI{ IIII {16 %
5210 | it {II d14
£ i1t _
242fe) a2 |0 5 B Ii-zo
240 [ I gl
2l Vi & 1o
o] g ﬁ#}} 1
232 [ | 1 it {12

1 L 1 L 1
300 100 200 300
Temperature (K)

1 . 1
100 200
Temperature (K)
FIG. 2. Energy and linewidth temperature dependence of A}g

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

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

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

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

10 um

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

Map Data 1

2.5 um

2.5 um 2.5 um

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

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

IV. CONCLUSION

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

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

APPENDIX B: DATA MODELING

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

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

Raman active modes

Calculations

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

El‘g 79.2 70.2 71.7 70.3

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

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

Infrared active modes

Aéu 70.7 96.6 73.5 92.7

El'u 112.5 121.2 89.4 121.6

A%M 206.0 162.5 183.1 153.7

Efu 226.4 233.6 192.1 231.3

A;u 271.8 248.6 240.8 241.0

E} 361.1 336.6 314.7 334.7

lu

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

APPENDIX C: EXPERIMENTAL DETAILS

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

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

experimental results are shown in the last column. Since the
lattice parameters strongly depend on the Fe atom deficiency,
the best agreement with experimental results gives the mag-
netic nonrelaxed solution.
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Abstract

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

@ Springer



276 Page 6 of 10 A. Solaji¢ et al.

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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Fig.4 Displacement patterns of a SrCs-mono and b YbC¢-mono. Acoustic modes (w = 0) are not shown in

pictures
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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.
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Abstract

Graphene, the first experimentally realized 2D material with outstanding mechanical and
electrical properties as well an excellent optical transparency, is predicted to have many
applications in various scientific fields. Furthermore, there are numerous ways for modifi-
cations of pure graphene that allow precise tuning of its properties or observation of some
new effects, including the applied strain, various types of controlled defects, exposure to
electrical or magnetic field, or doping. It is known that graphene with alkali metal atoms
adsorbed on its surface becomes superconducting with due to enhanced electron—phonon
coupling. The question remains what happens with optical and mechanical properties of
such structures, can we preserve or enhance these superb properties while making gra-
phene superconducting at the same time. Here we investigate structures based on graphene
doped with several metal atoms—Sr, and some transition metal atoms such are Y and Sc.
Using the density functional theory, we analyze the optical and elastic properties of those
structures, discussing the influence of adsorbed atoms on these properties and calculate the
electron—phonon coupling related properties.

Keywords Graphene - DFT - Superconductivity - Electron—phonon interaction - Optical
properties - 2D materials

1 Introduction

Since the experimental discovery in 2004, graphene has been attracting enormous atten-
tion, not only as the first experimentally realised 2D material as the large scale samples, but
mostly for its many unique properties. With this wide spectra of effects, graphene was also
predicted to be suitable for various applications (Ferrari 2015; Blake et al. 2008; Todorovi¢
et al. 2015; Bonaccorso et al. 2015; Sassi et al. 2017; Liu et al. 2014). Monolayer graphene
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formed on various metal surfaces was also extensively researched (Wintterlin and Boc-
quet 2009; Aizawa et al. 1990a, b; Taleb and Farias 2016) along with intercalation of these
supported graphene systems (Gall et al. 1997; Shikin et al. 1998; Farias et al. 1999). Up
to today, a couple of thousands papers about graphene are publicated and it is very well-
known today how special graphene is and how its characteristics can be tailored to be suit-
able for even more suitable use. But in the long list of graphene’s remarkable properties
(Katsnelson et al. 2006; Gusynin and Sharapov 2005; Castro Neto et al. 2006; Lee et al.
2008), there is one notable effect missing, the superconductivity, which is absent in pris-
tine graphene. Among many attempts to make graphene superconducting, a successful idea
came from the so-called Graphite intercalation compounds (GICs). GICs are composed
from graphite layers, with metallic atoms nested between. They were extensively studied
since the 1960s, but with discovery of the superconductivity in some of the GICs (CaC¢
with T, = 11.5K and YbCy with T, = 6.5K), an interest in those structures has raised
again. The origin of superconductivity in GICs was debated for a long time, but most sug-
gested was that the pairing mediated by electron—phonon interactions as the mechanism
(Mazin 2005; Calandra and Mauri 2005), which was later confirmed by experimental data.
As it can be observed, in all superconducting GICs there is an intercalant Fermi surface
at the Fermi level, and those electrons are strongly coupled to the phonons. As reported
in several studies, similar effects are present when going down to the thinnest limit, case
of monolayer graphene doped with alkali adatoms in a similar manner to GICs. The elec-
tron—phonon coupling constant, 4,

_ NO)D*

Mco;h ’ (D

A

is proportional to the density of states at the Fermi level and the deformational potential
D, and inversely proportional to effective atomic mass M and the frequency of the phonon
involved w,;,. As the DOS on the Fermi level in graphene is zero and slowly growing in its
vicinity, the superconductivity in pristine graphene can not be observed, similar to pristine
bulk graphite. However, the situation is changed upon doping with metallic adatoms, simi-
lar as in GICs. In the presence of adatoms, new electronic band is formed, the number of
carriers is enlarged and, if the interlayer band occurs at the Fermi level, the electron—pho-
non coupling 4 is enhanced and the coupling to carbon out-of-plane vibrations is promoted.
Besides DOS, electron—phonon coupling constant also depends on the deformation poten-
tial D, which is inversely related to the distance between the graphene and adatoms. Hence
for occurrence of the superconductivity it is favourable for adatoms to be closer to the gra-
phene plane. On the other hand, it was shown that too small distance would result in a com-
plete charge transfer between the graphene and the adatoms, so the interlayer band would
be completely empty, as is the case with the bulk LiC, where the strong confinement along
the z axis leads to interlayer band to be completely unoccupied and the superconductivity
is suppressed. In contrary, in the LiC, monolayer, the quantum confinement is removed,
resulting in partially occupied interlayer band and superconductivity with T, up to 8K.
Motivated by these results, we wanted to explore graphene doped with Sr atoms and also
with some transition metal atoms such are Sc and Y. Besides the electron—phonon proper-
ties crucial for the superconductivity, we were interested to investigate mechanical and optical
properties also in order to study effects of added adatoms, questioning can we obtain super-
conducting material and preserve this superb graphene’s properties, which would be of great
significance for many applications. Using the density functional theory, we analyse the elec-
tron—phonon interaction properties and predict the critical temperature in the framework of the
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electron—phonon coupling theory. We analyse the mechanical and optical properties of these
structures and discuss the influence of adatoms on these properties.

2 Computational details

All calculations were performed in the Quantum Espresso software package (Giannozzi
et al. 2009), in the LDA approximation, which is proven to be suitable for graphene sys-
tems and often is used. We used norm-conserving pseudopotentials, with the energy cutoff
for wavefunctions of 120 Ry, obtained with respect to the convergence test. The unit cell for
all doped graphene structures is modelled as \/5 X \/§R30° supercell of graphene unit cell,
with adatoms positioned above the centres of carbon hexagons, the so-called H-site, as it is
the most favourable site for all three atoms, according to the DFT study (Nakada and Ishii
2011). In order to avoid the interactions due to periodicity and to simulate a 2D system, the
hexagonal ¢ parameter was set to be sufficiently large, more than ¢ = 10 A. Prior to any fur-
ther calculations, the structures were relaxed to their minimum energy configuration, using the
BFGS algorithm. The dielectric function was calculated within the framework of the random-
phase approximation (RPA), as implemented in epsilon.x code of QE, on the uniform k-point
grid composed of 4096 k-points. The second-order elastic constants were calculated using the
ElaStic code. First, the strain type and strength is chosen, and for each deformation, total ener-
gies are calculated. From the second derivatives of energy curves, elastic constants are calcu-
lated. Here we used amplitudes of 7% positive and negative Lagrangian strain.

The grid for electron—phonon coupling was used up to 48 X 48 X 1 electronic k-mesh and
12 x 12 x 1 phonon-momentum mesh using the Monkhorst pack. The electron—phonon cou-
pling parameter A and the critical temperature T, are obtained with the isotropic Eliashberg
theory. The Eliashberg function is defined as

1

2 v 2

a“F(w) = |g |

N(O)Nqu nk,zq,v nk,mk+q ( )

X 8(€,1)0(€ 4. )0(0 — a);)

where N(0) is total density of states per spin, N, and N, are the total numbers of k and ¢
points. g:k,mk +q is the electron—phonon matrix element, and electron eigenvalues and the
band indexes are labelled with n and m, the wavevectors k and k + q, the phonon frequen-
cies with the mode number v and the wavevector q. From previous equation, the elec-
tron—phonon coupling coefficient is given as

® 2 /
M) =2 /0 ¢ Z(,“’)dw’ 3)

The total electron phonon coupling is obtained for @ — oo. The superconducting critical
temperature is estimated using the Allen-Dynes formula,

Tzw,og [ —1.04(1+ A) ] @

T 2P Ia - 0620 — i
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Fig.1 The structure of graphene with atoms adsorbed on H-site. On the right, top view of structure is
shown, with unit cell marked with black line
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Fig.2 Electronic structure of ScCg4, YC¢ and SrCgy along I'-M-K-I" direction. Fermi level is centered on 0
eV

where u* is the screened Coulomb pseudopotential and

2 [d
@), = exp[; / EwazF(a)) log w] o)

is the phonon frequencies logarithmic average.

3 Results and Discussion

The atomic structure of SrCy, monolayer is consisted of graphene sheet covered with Sr
adatoms positioned in the H-site, as shown in Fig. 1. Upon relaxing the systems, obtained
distance between the graphene sheet and the adatom are 7 = 2.22 A for StCq, h = 2.04A
for YCq, and h = 1.76 A for ScCy. Comparing to, for example the bulk SrCq compound,
where this distance is 2.475 A, Sr atoms are closer to the graphene plane, more nested in
the centres of carbon hexagons.

The electronic structure of SrCy monolayer is discussed in details in our previous work
(§olajic’ et al. 2018). We have shown the interlayer band that is forming due to the pres-
ence of Sr atoms, positioned near the Fermi level, partially occupied. Carbon z* bands
are strongly hybridized with new adatom-derived bands and also the DOS on Fermi level
is significantly raised. Very similar are monolayers of ScCy and YC,, without almost any
qualitative difference or significant difference in position of the Fermi level. Electronic
structure of all three systems are shown in Fig. 2.

Motivated with those results, we proceeded to calculate the phonon dispersion and
electron phonon coupling. In Fig. 3 the phonon dispersion of SrC, and phonon density of
states for all structures are shown. The adatom contribution to phonon modes is marked

@ Springer



Optical and mechanical properties and electron—phonon... Page50f10 182

1600

ScC; Yec,
1400

1200
1000
800
600

Frequency [cm'l]

400

200

0
r K M I DOS

Fig.3 Phonon dispersion for SrCs-mono and phonon density of states for all three structures

with red circles. The phonon dispersions do not show any negative modes and they sug-
gest that systems are dynamically stable. Similar to other metal doped graphene structures,
we can observe three distinguished regions. Lowest region belongs to adatom modes, in
the middle region are positioned carbon out-of-plane modes, and highest modes are C-C
stretching modes. Since the phonon dispersions show minor differences for all three struc-
tures, presented is only SrCq. First two modes with lowest energies (degenerated one at
~ 70cm~! and one at ~ 175 cm™") are related to pristine graphene’s acoustic modes. That
can be also seen in Fig 4. of our previous study (golajié et al. 2018), for the lowest mode
at 70cm™!, the in plane displacements of carbon atoms are like TA and LA modes, with
the adatom oscillating in opposite direction, and analogue case for the mode at 175 cm™,
related to ZA graphene mode. This splitting of ZA-like mode from the lower two is simi-
lar to the case where graphene layer is formed on metal substrates, and the gap at the I”
point is introduced due to interaction of graphene with substrate [The shift of ZA mode is
seen at 48 cm~! in graphene on Cu(111) substrate (Taleb and Farfas 2016) and at 282 cm™!
for graphene on transition-metal carbides TaC(111), HfFC(111) and TiC(111) (Aizawa et al.
1990b)]. We can consider that the splitting of the ZA-like mode can be described in a simi-
lar way, representing the interaction between the graphene and adsorbed metal atoms. The
formed gap depends on the strength of the graphene-substrate coupling and as given in the
following models. For free-standing pristine graphene, the dispersion of the acoustic ZA
mode in the vicinity of the I" point is given by Taleb et al. (2015):

W@ =/, ©6)
P2p

where p,;, = 7.6 x 1078 g/cm? is the two-dimensional mass density of graphene. Coupling
to the substrate introduces a gap at a frequency w, at the I" point and the dispersion relation
is given by Amorim and Guinea (2013)

@ = [ —at + @)

where w, = 1/g/p,p and g is the coupling strength between graphene and substrate. Fol-
lowing this model, we can approximate the similar interaction of graphene with adsorbed
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metal layer and determine the g = 0.739 x 10" N/m®. This value is significantly smaller
than for graphene on various substrates [from g = 5.7 x 10! N/m? for graphene on Cu
(Taleb et al. 2015), to the order of 2 x102! for the (111) surface of transition metal carbides
(Amorim and Guinea 2013)], as somewhat expecting given that the graphene is covered
with not so dense placed Sr metal atoms and not suspended on a real surface.

The right side of Fig. 3 shows the phonon DOS for doped graphene structures. For all
three structures, the phonon DOS is largest in the adatom region, as well in carbon in-plane
modes area. As it can be seen in Eliashberg function, presented in Fig. 4, those modes also
have significant contribution in electron—phonon coupling. The choice of adatom does not
affect the phonon density of states and, in every of three systems, largest peaks are in low
energy region and the highest ones with some minor difference in positions of peaks.

In the Eliashberg function calculated for SrCy monolayer, shown in Fig. 4, three dis-
tinguished peaks are present as expected, one from the lowest adatom-related modes, one
wide and narrow in the middle-energy region, and the highest peak at 1400-1500 cm™!
related to the carbon in-plane modes. Although the C—C stretching modes are strongly cou-
pled with electronic states at Fermi level, the A parameter is enhanced most in the low
energy region related to adatoms (= 0.18), given that it depends on the phonon energy
inversely, so the low-energy modes have largest contribution to electron—phonon coupling
constant. Comparing this to bulk SrCy compound (Calandra and Mauri 2006), we can
observe slightly softened Sr, phonon mode, giving a larger peak in Eliashberg function.
However, in the middle region, the contribution of carbon out-of-plane modes is signifi-
cantly smaller and the contribution to electron—phonon coupling is drastically lowered than
in bulk. Very similar case is reported with CaCy (Calandra and Mauri 2006; Profeta et al.
2012) where the carbon out-of-plane vibrations are similar in bulk and the monolayer case
but overall contribution to A is decreased in the monolayer. This is also an opposite to the
LiC, where the removal of confinement gives a rise to the A.

Overall electron—phonon coupling constant in SrCg-monolayer is A = 0.38, with
wy,, =280.9 cm~!. The superconducting transition temperature, estimated using the
Allen-Dynes formula with y* =0.112 is T, = 0.9K, lower than in its bulk counterpart
(3K). Both other structures have very similar electronic and phonon structure and enhanced
electron—phonon coupling is expected, with critical temperatures in similar range. Further
calculations of electron—phonon coupling parameter are needed to be confirmed.

Interested to see what happens with mechanical properties that are superb in gra-
phene, we calculated the elastic constants of our doped structures and compare them

Fig. 4 Eliashberg function with 1
integrated electron—phonon cou-
pling parameter for SrC6-mono

o, F

0 200 400 600 800 1000 1200 1400
W[cm-1]
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Fig.5 Eliashberg function with integrated electron—phonon coupling parameter for SrC6-mono

with pristine graphene, which are shown in Table 1. 2D hexagonal, square and rectangu-
lar lattices have 4 non-zero second-order elastic constants, ¢y, ¢y, ¢y, and cg, Where
due to symmetry, in case of hexagonal lattice, only two elastic constants are independ-
ent because ¢;; = ¢y, and ¢gg = %(c” — ¢y,). In this case, the Young mpdtglus and Pois-

son’s ratio are in defined according to Wei and Peng (2014) as Y = L“Cﬁ and v = Zﬂ
11

Obtained results for elastic properties of pristine graphene are overall ]in good agree-
ment with previous experimental and theoretical studies. Calculated elastic constants ¢,
and c,, are both larger than in literature (estimated to be around 350 and 60 N/m, respec-
tively), so the Young Modulus is also larger (experimentally measured to 342 N/m in
Politano et al. 2012 and 340 N/m in Lee et al. 2008). The Poisson’s ratio is however
accurately obtained to 0.19, presumably due to both ¢, and ¢,, similarly overestimated.
Pristine graphene has extraordinary large values of elastic constants and also can be
stretched up to roundly 20%. It is clearly observable that upon doping, elastic constants
drop to almost half of the pristine graphene ones, as it is somewhat expected due to
added adatoms on top of graphene surface. Still, that leaves these parameters very high
in comparison to many other similar 2D materials. Moreover, parameters such is Young
modulus remains exceptionally good. The elastic constants and Young modulus of
doped graphene structures are in range of hBN and slightly larger than SiC (Andrew
et al. 2012; Zhang et al. 2017), and still much larger than many other 2D structures,
such are MgB, (Pesi¢ et al. 2019) or silicene (Zhang et al. 2017). This possibility to

Table 1 The calculated elastic
constants, Young’s modulus Y,
Poisson’s ratio v and the shear
modulus G, for pristine graphene,

cyy Cip [ Y % G

Graphene  462.3 79.6 1914 4486  0.19 94.67

ScCq, YC,, and SrC monolayers ScCyq 244.8 37.2 103.8 2392 0.15 103.83
SrCq 2059 333 86.3 200.5  0.16 86.26
YCq 239.7 382 100.8 2336  0.16 100.77

All parameters are given in units of N/m, except the Poisson’s ratio
which is dimensionless

@ Springer



182 Page 8 of 10 A. Solaji¢ et al.

strain graphene can be also exploited for tuning superconducting properties, as previ-
ously was shown that certain types of strain can enhance the superconducting critical
temperature significantly. Pesi¢ et al. (2014).

Calculated imaginary part of dielectric function for our doped structures and pristine
graphene, for the electric field vector perpendicular to the ¢ axis, is shown in Fig. 5.
Dielectric function of pristine graphene is discussed before (Marinopoulos et al. 2004)
and we will not discuss it in details. Our calculations are in agreement with previous
theoretical as well experimental studies, showing clear peaks at 4 eV and 14 eV, origi-
nating from 7 — z* and 6 — ¢ interband transitions. The singularity at zero frequency
is present and shows metalicity of the system. Upon doping, two small differences can
be observed. First, the first peak which is in pristine graphene at 4 eV is shifted to
around 3 eV and it is lower intensity in all structures. The second peak ad 14 eV does
not change position in energy, but drops to much lower intensity in all three structures.
These lower intensities and changes in positions of the peaks can be related to Fermi
level shift and an adatom influence on z* bands. Varying the type of dopants however
does not make any significant changes in position or intensity of these peaks, except in
case of ScC, monolayer where intensity of first peak is slightly smaller than in pristine
graphene. Moreover, none of the changes in dielectric function induced by adatoms is
crucial for the quality of the optical properties and they remain superb as in pristine
graphene.

4 Conclusions

In this work we investigated the electron—phonon coupling and possibility of supecon-
ductivity in graphene doped with Sr, Y and Sc adatoms, as well their mechanical and
optical properties. The bulk SrCq which is superconducting with T, = 3K, was studied
theoretically as well experimentally. Moreover, previously studied electronic properties
predict the monolayer as good candidate for occurrence of superconductivity. Here we
expanded our research by doping with transition metals such are Sc and Y. The phonon
dispersion of systems show they are dynamically stable, with no negative frequencies
present. Using the isotropic Eliashberg theory, we calculated the total electron—phonon
coupling parameter of SrC, monolayer, A = 0.38. As in bulk SrCy compound, supercon-
ductivity is occurring, but with lower T,, which is estimated as T, = 0.9K using the
Allen—Dynes formula with y* = 0.112. Other two discussed structures have similar elec-
tronic structure and density of states, as well the phonon dispersion too and have poten-
tial to have superconducting properties with similar critical temperatures, and need fur-
ther investigation. Our calculations of elastic constants and mechanical properties show
that upon doping graphene, elastic constants and other parameters like Young modulus,
drop by half of pristine graphene’s, which is still extraordinary good in comparison to
many similar structures. Calculated imaginary parts of dielectric constants show no sig-
nificant changes other than lower intensities of the peaks and slightly shifting in energy.
This makes those structures an excellent candidates for potential applications.
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