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Hayunom Behy HHceTuTyTa 32 husuky y beorpany

IIpeamer: Munubeme pyxosoauouna nadopatopuje o usbopy ap Come Ilpeann y 3pame
HAYYHH CAPAJTHHK

Jdp Coma Ilpenun je capaguux Jlabopartopuje 3a mpuMeEHY padyHapa y HayUd, Y OKBHUPY
HaunonanHor neHTpa u3y3eTHUX BPEIHOCTH 3a U3y4aBame KOMIUIEKCHUX cucreMa MHCTUTY Ta
3a ¢u3MKy y beorpagy. Y uCTpa)kuBaukoM paay ce 0aBu Temama U3 00JacTH (U3MKE
KOHJIEH30BaHe MatTepuje u cratucTiuke ¢usmke. C 003upoM Ja ucmymasa cBe NpeaBHheHe
YyCIIOBE Yy CKialy ca [IpaBMJIIHUKOM O NOCTYIKY, Ha4MHY BpPE/IHOBakba M KBAHTUTATHBHOM
UCKa3UBamky HayYHOUCTPAXKHBAUKUX pesyarata uctpaxkupaya MITHTP, carnmacan cam ca
MIOKpeTamkeM MocTymnka 3a u3dop ap Comwe [IpeuH y 3Bame HAYYHU CapaJiHUK.

3a cactas xomucuje 3a uzdop ap Come [Ipenun y 3Bame HayUHH capaJHUK MpeUIaKeM:

(1) mp Munuua MunoBanosuh, HayyHu caBeTHUK, THCTUTYT 3a ¢usuky y beorpany,

(2) np Ueana Bacuh, Buinym Hay4yHu capaguuk, MHcTUTYT 32 pu3uky y beorpany,

(3) npod. ap Mapuja HumutpujeBuh-hupuh, penosuu npodecop dusnukor Qaxynrera
YnuBep3uteta y beorpany.
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Jp AHTYH banax
Hay4YHU CaBETHHK
pykoBoaunau Jlabopatopuje 3a
NpUMEHY padyHapa y Haylu




2. buorpadckn moganu KAaHIAUAATKUE€

Coma [Ipenun je pohena y beorpaay 04.01.1986. JletumctBo je mpoBena y bedejy, rae je 3aBpmuia
OcHoBry mkony "3npasko ['moxkancku" u 'mmHazujy kao Hocuian Bykose aurome. Jummomupana
je 2012. roguHe Ha CMEPY TEOPHjCKa U eKCIIepUMEHTaIHa (pr3rKa ca MpoCceyHOM orieHoM 9.12 (neBeT
u 12/100) u omenom 10 (mecer) Ha IUIIOMCKOM HCHUTY. JIMIJIOMCKH paji, MOJX Ha3WBOM
"KoersucreHimja TOIOJOMIKE CYNEPIPOBOIHOCTH M aHTH(epoMarHeTusma', ypaawia je TOoj
pykoBoacTBoM ap Muuiie MunoBanosuh Ha MHCcTHTYTY 32 Dmsuky y beorpamy. Tokom cTyauja,
noxahama je 3umcku cemecrap mkoiicke 2008./2009. romune Ha @DuznukoM (aKyITETy
VYuuep3uteta y ['pamy, Aycrpwja, Kao CTyJIEHT Ha pa3MEHH CTyJIeHaTa W CTUIICHINCTA
Yuusepsuteta y ['paiy.

ITo 3aBpreTKy OCHOBHHX akajeMcKux crynuja, Coma [IpeauH ymnucana je TOKTOpCKe CTyIuje Ha
YuuBep3utery y PerenzOypry u3 oOmactu Teopujcke ¢usmke. J[OKTOPCKY aucepTanujy Tof
HacioBoMm "Entaglement spectrum of graphene systems" (Cnekrap KBaHTHE CIUIETEHOCTH
rpadeHCKHX cUCTeMa) ypaauia je noja pykooactsom prof. dr. John Schliemann-a u onbpanuia je
25.07.2017. Jlumuioma JIOKTOPCKHMX CTyauja HocTpudukoBaHa je y PenyOmuum Cpbuju nana
22.01.2018., ox crpare MuHHCTapCTBA MPOCBETE, HAYKE M TEXHOJIOMIKOT pa3Boja PemyOimmke Cpouje,
pememeM 6poj 612-01-03131/2017-06.

Y mepuony on 01.09.2012. mo 31.03.2017., Comwa Ilpenun je pamuia Kao HaydyHU CapaJHUK
dakynrera 3a ¢usuky YHuUBep3utera y PerenszOypry, a ox 01.04.2017. mo 31.07.2017. Guna je
aHTra)KOBaHa Kao JOKTOpPAaHTKH-a Ha moMmeHyToM (akyntery. Ha Yuuepsutery y PerenzOypry,
Coma Ilpenun ce OaBmiia HaydyHUM PajoM y OKkBupY HayuyHuX mpojekata GRK 1570 "Electronic
Properties of Carbon Based Nanostructures" u SFB 631 "Solid-State Based Quantum Information
Processing" ¢unancupanux on crpane Deutsche Forschungsgemeinschaft. Toxkom mokTopckux
cryauja, ox 2012. o 2016. 6una je crunenaucra @onaa 3a miane taienre "locuteja" PemyOnuke
CpOuje 3a HajOOJbE CTYICHTE Y MHOCTPAHCTBY.

Opx 01.08.2018. 3amociena je ka0 Hay4YHU capaaHUK Ha MHCTUTYTY 3a mH(pOpMaIoOHe CUCTEME Y
Xody, Cae3na Penybnuka Hemauka. On 2018. 1o 2020. Guia je anroxosaHa Ha npojekty "Digital
mobility of Hochfranken" (MobiDig), xoju je ¢punancupan oz crpane MuHmcTapcTBa caodpahaja u
aurutanHe uHppactpykType CaBesne Penyonuke Hemauke. Hakon Tora, o1 2020. aHro)xaBaHa je Ha
npojekty "Shuttle-Modellregion Oberfranken"(SMO), koju je BehuHCkM puHAHCUpaH O] CTpaHE
MunucrtpancTBa caoOpahaja u nururanHe uHopactpyktype Cape3He PenyOmuke Hemauxe. 3a
pasnuky of npojexkta Mobidig, koju je peann30BaH UCKJbYYHBO OJI CTPAHE aKaJeMCKUX MapTHEpa 1
JIOKaJIHe caMoyIlpaBe, Ha npojekty SMO ykibydeHa cy W TpU HMHIYyCTpHjcKa mapTHepa "Valeo
Schalter und Sensoren GmbH", "REHAU AG + Co", "DB Regio Bus".

Kao acucrent na ®@akynrery 3a ¢pusuky YHusepsutera y Peren30ypry, Coma I[Ipenun apxana je
TeopHjcke BexOe cBakor cemectpa M3 mnpenmera ExcnepumenrtanHa ¢usuka @ Mexanuka u
HelMHeapHa JuHamuKka, Teopujcka MexaHuka, KBantau u tanmacu (Ontuka), KBantHa ¢usuka I,
KBanTtHa ¢usuka Il Ha ocHOBHUM cTynujama. Takohe, Ha MacTep cTynujama Jpkana je BexOe u3
KBanTHe Teopuje KOHJeH30BaHe MaTepuje. Y JeTheM ceMmecTpy mkosicke 2019. ronunae XxoHOpaiIHO
Jje Iprkana rmpeaaBama U3 YBoJa y KBaHTHE pauyHape Ha DakynreTy 3a muHpopmaTtuky Bucoke mkosne
y Kao JOLCHTKUIbA.

VY TpeHyTKy moaHomema oBor u3Bemraja, Coma [Ipeann je koayTop ocam pajgoBa 00jaBJbEHHUX Y
MmehyHapoaaum vaconucuma ca ISI nucte, ox kojux Tpu y kareropuju M21, jenHor y kateropuju
M22 u yerupu y kareropuju M34. Vkyman Opoj uurata je 30, ogHocHO 28 He pauyHajyhu
ayTouurare, ca XupoBuM unaekcom 2. Coma IIpennn uma capaamy ca rpynama y Perensoypry,
Xogdy, Munxeny u HunGepry.



3. IPEI'VIEJ HAYYHE AKTUBHOCTH

Haydna akTHBHOCT KaHIUJATKUEE MOXE ce mojenuTu y ase ¢ase. IIpsa dasa je peannzoBana
TOKOM H3pajie JUILIOMCKOT pana y JlabopaTopuju 3a mpuMeHy padyHapa y Hayu Ha MHCTHTYTY 3a
¢msuky y beorpany, mox mentopctBoM np Musmie MunoBanoBuh 1 TOKOM JTOKTOPCKUX CTyIja U3
Teopujcke ¢pusuke Ha Dakynrery 3a pu3uKy YHusepsurera y Peren30Oypry y Casesnoj Pernyonumm
Hemaukoj, mox mentopctBoM mpod. ap John Schliemann-a. Yike HaydHe 00sacTH MCTpaKUBamba
CIIPOBEJCHOI TOKOM JOKTOPCKUX CTyAHMja cy (U3MKa KOHJCH30BaHE MaTepujé W KBaHTHA
uHdopmatuka. [lpyra ¢asza o0yxBara KaHIAUJATKUHO MOCTAOKTOPCKO ycaBpllIaBame Ha HCTUTYTY
3a uHpopMaTuky y Xody.

Tokom mpBe (a3e MCTpaKUBamba KaHIAWIATKHIbA Ce OaBHJa TCOPHUjCKMM MPOYYaBAHEM CIIEKTpa
KBaHTHE CIUICTEHOCTH Pa3JIMYUTHX CHCTEMa KOHICH30BaHEe MaTepHje ca MOCCOHMM OCBPTOM Ha
npoy4aBarme 0JJHOCa W3Mel)y eHepreTckor crekTpa M CreKTpa KBaHTHE CIuleTeHocTH. Jlocanamimba
HayYHa AKTHMBHOCT KaHIMJATKUILE YK/bydyje MpoydaBame clienehnx cucTeMa KOHICH30BaHE
Matepuje: TpadeHCKOr IBOCIOja, CYHEpIPOBOJHOCTH W aHTU(dEpOMarHeTusmMa Ha TpadeHy H
Xaj3eHOeproBux CIUHCKUX MEPJICBUHA Y BPEMEHCKOM 3aBHCHOM MarHETHOM I10JbY.

OpnHoc u3Mel)y eHepreTckor CHeKkTpa M CIEKTpa KBaHTHE CIUIETEHOCTH OMO je (OKyC MHOIMX
HYMEPHUYKUX U aHAIATHYKHUX CTyIUja. Y CBOM pajy KaHIWIATKHIbA j€ KOPHCTUIIA TEPTypOaIloHy
TeopHjy, pazmaTpajyhu u nerenepucana U HeJlereHeprcaHa OCHOBHA CTama, Y OJHOCY Ha IIPETXOAHE
CTy/HMje KaJia Cy caMo HeJlereHeprcaHa cTama Oniia pa3MaTpana. 3akJby4ak IPEeTXOAHUX CTyArja 010
je Ja y cilyyajy HEJETreHepHCAaHOI OCHOBHOI CTama Kaja Cy MCIyHmeHU oJpeheHu yclloBH,
XaMWITOHH]jaH CIIEKTpa KBaHTHE CIJIETEHOCTH MOYKE OUTH IIPOTOPLIHMOHATaH XaMUITOHH]jaHy jeTHOT
[oJIcMCTeMa U Ha Taj HAYMH MMAaTH UCTe OcoOMHe. JenaH oj JBa yclioBa KOJU TapaHTyjy Ja cy
XaMWITOHHjaHU TPOTOPLMOHATHA Y TMPBOj alpoOKCHMAlMju TepTypOaTuBHE Teopuje je na
HenepTypOaTUBHY XaMWJITOHHU]aH CIEKTpa KBAHTHE CIIJIETEHOCTH MMa TPUBH]AJIHU, HEJETCHEPUCAaH
cnekrap. KanaummaTkuma je caMOCTaIHO TOKOM JIOKTOPCKHX CTy/AWja, Kao jeJUHH ayTop paja,
IpoyyaBajia CIIeKTap KBaHTHE CIUIETEHOCTH Xaj3eHOeproBUX MEpAEBHHA Y BPEMEHCKOM 3aBHCHOM
MarHeTHOM I10JbY, KOPHUCTHBIIN TEOpHjy mepTypOamnmje. Y ToM cirydajy, XaMWITOHHjaH KBaHTHE
CIUIETEHOCTH j€ MPONOPLUOHATaH XaMUITOHUjaHy CIIMHCKOT JIaHIIa Y MIPBOj allpOKCUMAIUjH, HaKO
HernepTypOaTHBHE XaMUJITOHHMjaH CIIEKTpa KBAaHTHE CIUIETEHOCTH MMa HETPUBHjaJTHHU JETEHEPHCAH
crniekrap. Pesynarartu npoydaBama ojgHoca u3Mehy XaMHUITOHMjaHA CHEKTpa KBAaHTHE CIUIETEHOCTH
Xaj3eHOeproBux MeEpJeBUHA y BPEMEHCKHM 3aBHCHOM MAarHeTHOM TM0JbyY M XaMHJITOHH]jaHa
MOJICCTEMA, Y OBOM CJIy4ajy JeTHOT CIMHCKOT JIaHIIa, IPUKA3aHu Cy Yy paay

e Sonja Predin, Entanglement spectrum of the degenerative ground state of Heisenberg ladders
in a time-dependent magnetic field, EPL 119, 57003 (2017).

Cnenehu pan ce oqHOCH Ha rpa)@HCKHU IBOCIIO] U HbeTOB CIIEKTap KBAHTHE CIVIETEHOCTH. Y OJTHOCY
Ha TIPETXOJIHE PajJoBe, KaHAMIATKHbAa HUjE pa3Marpaja caMO CBOjCTBEHE BPEAHOCTH PEeIyKOBaHE
MaTpulle TycThHEe (KOjU YMHE CIIeKTap KBaHTHE CIUIETEHOCTH), Beh U meHe cBOjcTBeHE BekTope. On
CBOJCTBEHHMX BEKTOpa pPEAyKOBaHE MaTpHIle TYCTHUHE KOHCTpyHcasa je TOMOJOIIKE WHBApPH]JaHTE,
bepujeBy kpuBuHy u YepHOB Opoj, na Ou mpoyyaBaia TOIOJOIIKA CBOjCTBA CIEKTPa KBaHTHE
cruieTeHocTd. Takohe, y 0JHOCY Ha paHMja MpoydaBama IrpaeHCKOT JABOCIOja, KaHIUIATKUbA j€
W3Bella aHATUTUYKE M3pa3e CBOJCTBEHOT cHcTeMa 3a Iieny bpuiyeHoBy 30HY 0e3 ampokcumalivja,
KaJia je y3eT0 y 0031p ¥ TPUTOHAIIHO CaBH]jalbe EHEPTeTCKOT CIIEKTpa. AHATUTHYKA CTy/IHja CIIEKTpa
KBaHTHE CIUIETEHOCTH TpadeHCKOr [BOCIOja, KaJa je TPUTOHATHO CaBHjalbe NPUCYTHO Y
€HEePTeTCKOM CIEKTPY MpHKa3aHa je y paxy

e Sonja Predin, Paul Wenk, John Schliemann, Trigonal Warping in Bilayer Graphene: Energy
versus Entanglement Spectrum, Phys. Rev. B 93, 115106 (2016).

Kanaumatkuma je OBOM pajay TMoKasaja jJa CHeKTap KBaHTHE CIUIETEHOCTH, KOjU je JT0OWjeH

HCEIIaleM JeTHOT €JI0ja, UMa HyJITe€ BPEJHOCTH M3Mel)y Tadyaka Ijie eHepreTCKu CIeKTap rocenayje



Tpu AonatHa JlupakoBa KOHyca, KOja Cy y3pOKOBaHAa TPUTOHAIHUM caBHjameM. KaHaumaTkuma je
AHAIMTUYKY TI0Ka3aa Jla CIeKTap KBAaHTHE CIUIETCHOCTH MOXKe OMTH MpeKuaHa PYHKIHja Y OTHOCY
Ha TaJlaCHU BEKTOP Yy OBOM CHCTEMY. TOIIOJIOIIKE OCOOMHE CIEKTpa KBAHTHE CIUICTCHOCTH
rpad)eHCKOT IBOCiIOja onrcane bepujeBoM KpUBHHOM Cy y CariacHOCTH ca TOMOJIOMIKMM 0OcoOnHama
rpad)eHCKOT jeTHOCII0ja, HaKO CE€ BbUXOBE T€OMETPH]CKE OCOOMHE JaCHO PA3JIUKY]y.

Kannunatkuma je y TUIUIOMCKOM panay auckyrtoBana t-J-U mojen Ha rpadeHy KOju MMa HCTH
HUCKO-€HEPreTCKM Oomuc Kao rpadeHcku nBocioj, ¢okycupajyhu ce Ha KOErsucTeHHjy
CYIEpIPOBOIHUX KOpenalyja u antugepmoruerusma. [1okazaHo je 1a je Taj MOJeN pesieBaHTaH 3a
ormuc rpadenckor apocioja. Takohe, y nmpucyctBy d + id KynepoBux xopenamnuja MOJel OMHUCYje
KBaJ[paTHy 3aBUCHOCT EHEPreTCKOr Mpollena OJ MAarHeTHOI I[0Jba, IITO j€ YCarJacHOCTH ca
CKCIIEPUMETAIIHUM CTyAHjaMa. AHaIK3E JaTe y JUITIOMCKOM paly Cy 00jaBJbeHE y:

e M. V. Milovanovi¢, S. Predin, On the coexistence of antiferromagnetism and d + id
superconducting correlations in the graphene bilayer, Phys. Rev. B 86, 195113 (2012).

Kannupatkuma je mpoydaBajia CIIEKTpE KBAaHTHE CIUIETEHOCTH M Yy CHCTeMHMa rpadeHa ca
OCHOBHUM CTamUMa y KOjuMa Cy MPUCYTHE CyNeprpoBoaHe Kopenamnuje. [IpoyyuaBane cy s u d + id
cyneprnpoBojHe Kopenanuje. Kanaunatkuma je 1a OM aHAIMTHYKU [pOydYaBasia CIIEKTap KBaHTHE
CIJIETEHOCTH, CAMOCTAITHO M3BeJIa U3pa3e 3a CBOjCTBEHY SHEPrHjy M BEeKTOpe creKkTpa GpepMuoHa Ha
rpad)€HCKO] pemeTKH y 1enoj BpuilyeHOBOj 30HM y MPHCYCTBY CYINEPIPOBOAHHUX KOpealuja.
JleMoHCTpHpana je Ja ce TONOJOIIKEe OcOoOMHE XaMWITOHMjaHa KBAaHTHE CIUIETEHOCTH MOTY
Pa3IMKOBATH OJl UCTUX OCOOMHAa XaMWITOHHWjaHa MOJACHCTeMa. Pe3yiraTd OBHX MpOydaBama Cy
yOJIMKOBaHM y pajy:

¢ Sonja Predin, John Schliemann, Entanglement spectra of superconductivity ground states on
the honeycomb lattice, Eur. Phys. J. B (2017) 90: 239.

VY npyroj da3u ucTpakuBama, 3a1aTaK KaHIUIATKULE Ha pojekTy Mobidig 61o je pa3Boj Mojena
3a ONTHUMU3AILIN]Y U CUMYJalujy caobpahaja, MpBEHCTBEHO IpaJcKor caodpahaja y nepudepujckum
pernonuma Hemauxke. Ilepudepujcku perrnonn y Hemaukoj HapounTo cy noroheHu aemorpapckum
IIPOMEHaMa, CTapemeM CTAaHOBHMILITBA, KOj€ j€ TMPOYy3pOKOBAHO HETaTMBHUM HPUPOIHUM
MpUpaIITajeM W MHTpalyjama Ka aTpaKTUBHUM HHIYCTPUJCKHM IEHTpUMA. ['pajicku mpeBo3 y
OBAKBHMM YCJIOBHMA j€ CKYII 32 JIOKAJIHY CaMOYTIpaBy, a 3a Tpal)eHe 4ecTo je HeZJOBOJbHO KBAJIUTETaH,
300T Myradykux BPEMEHCKHX WHTepBasia m3Mmel)y BOXKEBH M WHAWPEKTHHUX NyTama. [1o0ospIrame
rpajckor caobphaja y OBakBUM perMoHMMa IpecTaBjba jelaH OJ] NpUOpUTeTa MHUHHUCTpacTBa
caoOpahaja u nurutanne uHppacTpykrype Capesne Pernyonuke Hemauke.

Mopenupame caoOpahaja je jeman on HajOOJPMX ajara 3a pa3yMeBame M pa3BHjame MoTpeda
rpajickor caoOpahaja, kao U 3a Mpejyiarambe HOBUX JIMHMUja Tpajackor caobpahaja. CumynanuoHu
MOJIENIN Cy yOOHMuajHH aylaTH 3a Mojenupame caoOpahaja. [IpenxoaHu cUMyJallMOHU MOJENH CY
pa3BUjeHH Ha OCHOBY aHKETa CTAHOBHUINTBA. [ TaBHU HeTOCTATaK OBAaKBOT MPHUCTYTIA j& MAJIU Y30paK
Ha OCHOBY KOTa ce pa3BHja CUMYJIallHja, a TO JI0BOJH y MUTamke U BEPOJAOCTOJHOCT CaMe CUMYJIaltje.
MebhyTtum, KaHIUAATKHBA je pa3Buia Moaen MoOmiHoctH 3a permoH Hochfranken (Iopmy
®paHkoHHU]y) KopucTehr TEXHUKE MAIIMHCKOT yuyewa y o0paau ctaructuukux 1 GPRS moparaka.
Kanannatkuma je mpBO cuMysmpaia Mmomyianujy rpaaa Xoda, MoAeTHBIIN MONylalujy y Tpymne
pemMa CoIro-aeMorpadckuM napameTpuma (CTapocT, 1MoJ, 3aHUMambe U OpayHo cTame), Kopucrehn
CTaTUCTHYKE MOJATKe HEMAYKHX APKaBHUX WHCTUTYIHja. Jbyau ce reHepumry y3 momoh mceymno-
cllyyajHMX OpojeBa Ha TakaB HA4YMH Jla C€ IOCTUTHE CTBapHa TUCTPUOYIMja OBHMX COLMO-
nemorpadckux nmapamerapa y nomyianuju. OBaj mocTynak ce MOHaBJba HEKOJIUKO MyTa Kako Ou ce
MOTao NMPOBEPUTHU YTHIIA] OBE CIIydajHe JUCTpUOyLIMje Ha pe3ynTare cumynanuje. Hakon Tora, 1pyru
CITy4ajHH TIOCTYIaK KOPUCTH CE 3a CTBapame IUIaHa aKTHBHOCTH 33 CBaKy 0COOy y TOITyJIAIH]H.
Cumynupana je nmomohy mporpamckor nakera MATSim y mporpamckoM je3uky JaBa, 3a cBaKkor



MOjeJHUIIa CBE JHEBHE AKTUBHOCTH, OJUIa3aK M IMOBpATaK ca IOcia, OJUla3ak y KYyNOBUHY
npexpabeHnX HaMepHHULIA, y 00pa30BHE MHCTHUTYIIH]E M YCTaBOBE MPELIKOJICKOT 00pa3oBama. Y 0BOM
KOpaKy KaHJIUJIATKUba je y3ela y o03Mp Ja cBaka COLUO-JeMorpadcka rpyna uUMa pasindyure
oOpacie moHamama. [IpuarMKoM OBaKBOI pa3MaTpama HEMO3HAaTe Cy NMOYeTHAa M KpajHa Tayka
TPAHCHOPTA, BpEMe TPAHCIIOPTa U MIPEBO3HO CPEACTBO. Y OAHOCY Ha JIpyre ayTope, KaHIUIaTKUba
jé pa3sBuia aIrOpUTME MAIIMHCKOT y4Yelha W KOPUCTHUJIA METOJE CTATUCTHYKE aHalu3e paau
npeBubama NoYeTHE U KpajHe Tauke. [ JTaBHM M3BOpH IOJAaTaka y HEHO] CTyAMJU 3a NpelBubame
MOYETHE U KpajHE TayKe TPAHCIIOPTa Cy CTaTUCTHUKK noganu u mogauu ox GPRS ypehaja. V nasmem
Kopaky, Hu3 jnorahaja uamely mojequHUX aKTUBHOCTH c€ YTBplYjy 3a CBaku IUIaH. Y OBOM KOpaKy
HEOIXOJIHO je AeduHrcaT n3adpaHo BO3WIIO WIHM BO3WIIA U TauHy pyTy u3mely aktuBHOcTH. J[a Ou
CHUMyJIMpajla TauHe pyTe KpeTama u3Mel)y CBUX aKTMBHOCTH, KaHIUIATKUba je pa3BUiIa Maly pyTa
3a CBa BO3WJIA, YKJbYUHMBajyhu W memake. Y CHUMyJaluju ca mporpamMckuM naketom MATSim-owm,
OBaj KOpak, ojadup pyTa, IlaHa akTUBHOCTH M BO3MJIA, j€ JIe0 Mpolieca onTuMu3anmje. Y Ty cBpXy
reHeprucaHa pyTa ¥ u300p BO3WIIA C€ MEHa y Pa3NMYUTUM UTepalyjamMa cuMyJaluje Kako ou ce
nocturao rnodanHu ontumyM. DyHKIMja IpOLEHe, IHEBHOT IJIaHAa CBAKOI IOJ€MHLA, y3UMa y
003up YKymHO Bpeme 3a ojapeheHy eramy, Bpeme MOTpeOHO 3a Memiadyerme, YKYIHY YAaJbeHOCT,
TPOIIKOBE U OpOj NPOMEHEHUX MPEBO3HUX cpeacTaBa. KanaunaTkuma je U3BpIIniIa Kaauopauujy
cumynanuje kopuctehm bajecoBy cratuctmuky merony. Tako pa3BHjeH CHMYJIAIMOHU MOJEN,
KaHJIMJATKUba je KOPUCTHIIA Jla ONTUMHU3Yje moctojehe nmuHHMje rpaackor caoOpahaja, kao U 1a
nonyau yseheme HOBUX nuHMja. Hapount OeHe(uT OBaKOr MpHUCTyIa ce orjiefaa y MOryhHocTd
pasyMmeBama M IpelBubama CTBapHUX MNoTpeda 3a yciayrama TIpajCKOr IPeBO3a Pa3IUYUTUX
nemorpadckux rpymna.

Cranuie Tpajackor mpeBo3a y MHOTMM MaluM MecTuMa y Hemaukoj cy decto HempucTynmadHe
MHOTYM IOTEHIIMjaJIHUM ITyTHUIIMMA 300T BeNWKe ynajbeHocTH. To 3HauajHO oTexaBa ymoTpely
IPaJICKOT MPEB0O3a, HAPOUUTO OCETIBUBUM COIHO-AEMOrpadcKuM rpymaMa, CTapujuM ocodama u
ocobaMa ca MHBAJIMIUTETOM. YTNOTpeda KOHBEHIMOHAIHOT JIMHHU]CKOT T'PaJICKOT MPeB03a OOMYHO
HUje WCIUIaTHBA Ha KPAaTKUM JUCTCHAIlMjaMa, WM je Yak U He moryha 300r MHQpPACTpPyKType.
VYnorpeba ayTOHOMHOT IIATI BO3MJIA Ha TaKBUM peJalldjUMa je MPEUIOKEHO PElICHEe Yy OBOM
UCTPAXUBAYKOM TIpojeKTy. LIiib mpojexTa je TecTupame U 1ajbi pa3Boj U yHaNpehuBame MaTioBa
0e3 Bo3aya Kao JOMYHCKE M MOMOhHE KOMITOHEHTE TPaJCKOr MpeBo3a. 3ajaTak KaHIUJATKHbE Ha
npojexkty SMO je pa3Boj u yHarnpeheme alropurama BEIITAYKe WHTEIUTEIH]je ayTOHOMHUX AT
Bo3mia. [lopen oBora, 0OArOBOPHOCT KaHAMJATKHILE j€ MaIllUMpame MOoTpeda KOPUCHUKA TPpaJICKOT
MpeB03a, Kako OW ce OCTBAPHIIO MOBEPEHE y ayTOHOMHA BO3WIIA Y KOHTEKCTY MHTEPAKIINje YOBEK-
MalInHa.

4. ETJEMEHTH 3A KBAJIUTATUBHY OLIEHY HAYYHOT JIOMPUHOCA
KAHJMJATA

4.1 KpaqmmTeT HAy4YHHUX pe3yJaTara

4.1.1 Hayynu HMBO ¥ 3Ha4aj pe3y/TarTa, yTuuaj Hay4Hux paaosa

Haj3nauajHu paja KaHIUIaTKUE je:

e Sonja Predin, Paul Wenk, John Schliemann, Trigonal Warping in Bilayer Graphene: Energy
versus Entanglement Spectrum, Phys. Rev. B 93, 115106 (2016), nutupan 11 myTa.

VY 0BOM pajy, IpUJIMKOM ONKMCHBama rpadeHCcKe CTPYKTYpe rpadeHCKOr 1BOCIIO0ja, KaHIUIaTKUba je
pasmarpaina u mapaMmerap KMHeTHuuke eHepruje mamely tpehux cycena, Koju y3poKyje TPUTOHAITHO
caBjame. OBaj mapamerap je y Behunu ciaydaja 6uo 3anemapen. Coma [Ipenus je npBu ayTop Koju
J€ aHAIMTUYKH PEIINO CBOJCTBEHHU MpobiieM rpadeHCKOor ABOCiOja 3a 1eny bpuimyeHoBy 30HY 0e3
anpoKcUMallija, YKJbydyjyhu U CBOJCTBEHE BPEJIHOCTU U CBOjcTBEHE BekTope. OBM pe3ynTaTH cy



BOKHU 3a pazyMeBame (u3uke rpad)eHCKOr IBOCIIOja U MOTY MOTHBHCATH Jajba UCTPAKUBAA.
Kopuctehu oBako noOujeHe CBOjCTBEHE BEKTOpE, KaHAWJATKHIbA j€ aHAJTUTUYKU KOHCTpyHcaia
CIIEKTap KBaHTHE CIUIETEHOCTH rpadeHcKor aBocioja. [lopen Tora, kKaHIUAATKHbA j€ Y OBOM paay
pasmarpalia TONOJOTH]y CIIEKTpa KBAaHTHE CIJIETEHOCTH M OJIHOC CIEKTpa KBAaHTHE CILICTEHOCTU U
XamunTonujana oxaroapajyher mojacucrema. [la Ou mpoydaBajia TOMOJIOTH]Y CIHEKTpa KBaHTHE
crieTeHocTu aedunucana je YepHo O6poj u bepujeBy KpuBHHY CBOjCTBEHUX BPEIHOCTU CHEKTpa
KBaHTHE CIUICTEHOCTH. Mozen je oMoryhuo fa ce nmpemnus3Ho UCTIHTa YTUIA] TPUTOHAITHOT CaBHjamba
Ha (QU3MKY rpadeHCKOr JIBOCIOja M CIEKTAap KBAaHTHE CIUICTEHOCTH, KA0 M TOMOJOMIKE OCOOHMHE
CIIEKTpa KBaHTHE CIUIETEHOCTH. KaHaumaTKuma je IMoka3aia Ja TOIOJIOIIKE OCOOMHE CIEeKTpa
KBAaHTHE CIUIETEHOCTH MOTY OMTH MCTE Kao M CIIEKTpa oAroBapajyher mojcucteMa 1 Kaja ce lbbHUX0Be
T€OMETPH]CKE OCOOMHE Pa3IUKY]y.

4.1.2 Ilo3uTHBHA HUTHPAHOCT HAYYHHMX PAJ0BA KAHAMAATA

[Tpema mogaruma u3 6aze Web of Knowledge na man 07.12.2020., paioB1 KaHIUIATKUHE ITUTHPAHT
cy ykymHo 30, ox 4yera 28 myTta u3y3umajyhu ayrouurare. XupiioB HHICKC je 2.

4.1.3 IlapamMeTpu KBaJINTETA Yacomuca

Coma [Ipenus je myOnukoBaia 4eTHpH paga y Me)yHapoTHIM YacOMHCUMA U TO:

e JBa pajay BpXyHCKOM MelyHapoaHoM yaconucy Physical Review B (IF2012 =3.767, IF2016
= 3.836),

e jemaH pax y uctakHyToMm mehynaponnom uaconucy European Physical Journal B (IF2017 =
1.465) u

e jemad paj y BpxyHckoMm MmehyHnapoaHom yaconucy EPL Journal (IF2017 = 1.957).

bubnroMeTpujcKu moKa3aTesbl Cy CYMUPAHH Y HAPEIAHO] Tabemu:

Nod M CHMUIT
VYkymnHo 11,025 29 3,92
YcepenameHo 1o 4WiaHKy 2,756 7,25 0,98
YcepenameHo 1o ayTopy 5,853 17,167 2,143

4.1.4 CreneH caMOCTAJIHOCTH M cTeneH y4yemha y peanusanuju pagoBa y HAay4Y4HUM HEeHTpUMaA
y 3¢eM/bH H HHOCTPAHCTBY

[Ipu wu3paau cBoje gokTopcke nuceprauuje, Comwa IlpeauH je mokasajia BHCOK CTENEH
CaMOCTAJTHOCTH Y CBUM KOpaliMa Hay4qHOT paja, YKJbydyjyhu mocTaBKy mpobiiemMa, HCTpakHBambe,
o0pafy pe3ynraTa, U mpunpemMy nyOirkaiuja 3a 00jaBJbUBakE Y YACOIUCY.

Kannunatkuma uMa u3pakeHy MehyHapoaHy capajiimby, MITO ce MOCeOHO BUAM MO TOME IITO je
3aBpIIMIIa JOKTOPCKE CTyAuje Ha YHUBep3uTeTy y Peren3Oypry, Hemauka, a TpeHYTHO je 3amocieHa
Kao HayyHU capagHuk Ha MHcTHTYTy 3a mH(popmanmoHe cucteme y Xody, Hemauka. Toxom
peanu3zanuje nmpojekra Mobidig, kKaHTuIaTKUkHA j€ OCTBAPHIIA Capaby ca aKaJeMCKUM MapTHEpUMa
Ha TIPOjEeKTy, KareapoM 3a caoOpahajHu MHXHIepUHT TeXHHUYKOr yHHMBep3uTeTa y MUHXEHY U
rpymniom 3a Supply Chain Services @paynxodep Uacturyra y Hunbepry.



4.2 Hopmupame Opoja KOayTOPCKHUX PaJ0Ba, NATEHATA U TEXHUYKHUX pelliemha

Nmajyhu y Buay ma cBa 4 pama mmajy HajBUIE 3 KOAyTOpa, CBH PaJOBH CE€ padyHajy ca IyHOM
TEKUHOM.

4.3 YTHIAjHOCT HAYYHHX pe3yJTaTa

YTunajHoOCT Hay4yHUX pe3yJiTaTa KaHJAUJATKUIE je HaBeleHa y ojesbky 4.1 oBor mokymenta. Ilyn
CIHMCAK pajJoBa je aT y 0eJbKy 0, a moJanu o HUTHPAHOCTU ca UHTepHET cTpanuue Web of Science
0a3e cy /J1aT HAKOH CIHCKA CBHUX PajioBa KaHIUIATKULE.

4.4 Yyemhe y npojexTuma, noanpojeKTuMa 1 NpojeKTHUM 3aJaluMa

Coma [Ipenaun 1o cana je yuectoBaia Ha ciieJlehuM MpojeKTrma:

e Graduiertenkolleg 1570 "Electronic Properties of Carbon Based Nanostructures", xoju je
¢bununcupan ox ctpane Deutsche Forschungsgemeinschaft (2012.-2014., 2015.-2016.),

e Collaborative Research Center SFB 631 "Solid-State Based Quantum Information

Processing", xoju je ¢ununcupan on crpane Deutsche Forschungsgemeinschaft (2014.-
2015.),

e '"Digital mobility of Hochfranken", xoju je dununcupan on crpane Hemaukor MuHucCTapcTBa
3a caoOpahaj u qurutainy HHPPACTPYKTYpy, YKYIHH OyIIeT mpojekTa je 2,97 MuiroHa eBpa.
Kannunatkuma je yuecTBOBaia y peaiu3aiyju npojexra y nepuoay ox 2018.-2020.

e "Shuttle-Modellregion Oberfranken" (SMO). OBaj mpojekat je BehuHCKM (PUHAHCHPAH O]
crpaHe Hemaukor MmuHMcTapcTBa 3a caoOpahaj 1 AUTUTANHY HHPPACTPYKTYpy ca 12 MuiinoHna
eBpa on ykynHo 15 mmmmona eBpa. IIpeoctanma 3 muinmoHa eBpa (MHAHCHUpaHA Cy Of
MHAYCTpHUjCKUX napTHepa. Kanaunaktuma je akTuBHa Ha npojekty ox 01.08.2020.

4.5. AKTHBHOCT Y HAYYHHMM U HAYYHO-CTPYYHHUM JAPYIITBHMA

TokoM AOKTOPCKUX CTyIWja KaHIUAATKUba je Ouia akTUBHU wiaH Hemaukor apymrsa ¢usudapa
Deutsche Physikalische Gesellschaft.

Peyenzuje nayunux paoosa

Coma [Ipenus je 6mna perieH3eHT jeTHOT pajia y HaydHoM dacornucy The European Physical Journal
B.

4.6. KoHKpeTaH JONPHHOC KAHIMIATA Y peajJu3alujH PaioBa Y HAYYHUM HEHTPUMA Y 3eMJbH U
HHOCTPAHCTBY

Kangnnatkuma je 3HauajHO AOMPUHEA CBAKOM Paay y urjo] je TPUIIPEMH YUeCTBOBaA.

Jenan pax o6jaBuiia je TOKOM JTUTTIOMCKHX CTYJIM]ja MO MEHTOPCTBOM ap Mumnuiie MunoBaHoBuh.
Pesynratu ucTpaxkuBama, Koje je pean30BaHo Ha YHUBEp3UTeTy y PerencOypry, myOiIuKoBaHH Cy
y ocTajia TpH paja. Jlana je KJby4HU TOMPUHOC y CBUM paJioBUMa Y KOjuMa je pBU ayTop. JJonpunoc
KaHIUJIATKUE Ce Orjiefla y HU3paau NpopadyHa, J00Mjamy, MHTEPIpETaldju ¥ Ipe3eHTaluju



pe3yiiTata, ucamwy pajoBa U KOMYHUKAIM]H ca YPEAHUIIMMA U PELIEH3EHTUMA YacOoIHCa.

5. EIEMEHTH 3A KBAHTUTATABHY OLIEHY HAYYHOT JOITPUHOCA
KAHJIMJIATA

OcTBapeHu pe3yJTaTH y nepuoay HakoH omiayke Hayunor Beha o mpemsiory 3a cruname
NMPETX0IHOT HAYYHOT 3Bambha:

Kareropuja M 6oa0Ba mo bpoj panosa Ykynno M
pany 0ooBa
M21 8 3 24
M22 5 1 5
M34 0,5 4 2
M70 6 1 6

IMopeheme ca MUHMMAJIHUM KBAHTHTATHBHUM YCJIOBHMA 32 M300p Yy 3Bame BHIIH HAYYHH
capaHUK:

OctBapeHo,
Munumanau 6poj M 6omoBa M Gozosa Ge3
HOpMUpamba
VYkynHo 16 37
M10+M20+M31+M32+M33+M41+M42 10 29
M11+M12+M21+M22+M23 6 29

[Ipema 6a3u nogaraxa Web of Science na nan 07.12.2020 roaune, pagoBU KaHIUTKUE CYy IUTHPAHU

ykynHo 30 myTa, oqHocHO 28 myTa He pauyHajyhu camonurarte. [Ipema ncroj 6a3u, XupiioB HHAEKC
KaHJIUJATKUE je 2.
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Coexistence of antiferromagnetism and d + id superconducting correlations in the graphene bilayer
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We discuss the 7-J-U model on a honeycomb monolayer that has the same low-energy description of the kinetic
term as the graphene bilayer, and in particular study coexistence of antiferromagnetism and superconducting
correlations that originate from Cooper pairs without phase coherence. We show that the model is relevant
for the description of the graphene bilayer and that the presence of the d + id superconducting correlations
with antiferromagnetism can lead to quadratic dependence in small magnetic fields of the gap of the effective
monolayer consistent with the transport measurements of Velasco et al. on the graphene bilayer.

DOI: 10.1103/PhysRevB.86.195113

I. INTRODUCTION

The interaction effects are important for the physics of the
graphene bilayer; recent experiments reveal gapped phase(s)
in the undoped graphene bilayer which without interactions
would represent a gapless system. In a recent experiment!
with high quality samples, a completely insulating behavior
was detected in transport measurements. Theoretical investi-
gations, mean field, and renormalization group approaches®'°
speak for a close competition of a few, mostly gapped, phases.
One of the most prominent candidates for an explanation of
the experiment in Ref. 1 is a layer antiferromagnetic (LAF)
state. The main reason for the existence of this state would
be an on-site Coulomb repulsion U; indeed as pointed out
in Ref. 6, a Hubbard model on a honeycomb bilayer lattice
would lead to the LAF state, both in weak and strong U
limit. This may remind us of the behavior of the Hubbard
model on the square lattice and the antiferromagnetic (AF)
behavior due to nesting in the weak coupling limit. The
Hubbard model on a square lattice is usually invoked as a
model for cuprates in its strong coupling limit which forbids
the double occupancy and leads to a “perfect” AF behavior
at half-filling. On the other hand, the estimate for U is hard
to know in the graphene bilayer and certainly depends on the
computational scheme but it is expected to be stronger than
both (inter and intralayer) hoppings. Due to the smallness of the
gap revealed in the experiment in Ref. 1, we will not consider
the large U limit (exclusion of double occupancy) when
modeling the graphene bilayer. But we will keep the on-site
repulsion as a main cause of the insulating behavior detected
in the experiment. As expected from previous approaches this
will lead to AF insulating behavior but seems insufficient
to describe all phenomena detected in the experiment. An
additional order parameter, besides the one that describes the
antiferromagnetism, is necessary for the complete explanation
of the transport data of the experiment.'8

In this work we will look for the additional order parameter
that can coexist with antiferromagnetism in the graphene
bilayer at half-filling. We will argue that this is d + id (bro-
ken time reversal symmetry)—wave superconducting order
parameter. This (d + id) order parameter and its coexistence
with antiferromagnetism was already found at finite (nonzero)
dopings in a numerical (Grassman tensor product) approach
to the 7-J (large U) model on the honeycomb monolayer

1098-0121/2012/86(19)/195113(6)
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in Ref. 17. Due to the assumed moderate (not large) value
of U in our model of the graphene bilayer the AF and
d + id superconducting order parameter can coexist even at
half-filling. Our model of the graphene bilayer can be described
as a t-J-U model on an effective honeycomb lattice and, in
the following, we will argue why this model is relevant for the
description of graphene bilayer.

II. MODEL AND ITS MOTIVATION

The kinetic part of the Hamiltonian that describes the
graphene bilayer on two honeycomb lattices, which are Bernal
stacked, is

Hy = —t Z Z(ai,ﬁ,obl,ﬁJrg,a + a;ﬁ,ablﬁﬂg,a +H.c)

o 3

T Z(a;r,ﬁ,qalﬁ,(r + H.c). )

n,o

The index i = 1,2 denotes the layer index. In Fig. 1 the relative
positions of two triangular sublattices A1 and B1 for lattice
1, and A2 and B2 for lattice 2 are illustrated. In Eq. (1) # is
the hopping energy between nearest sites in each layer, and
t; is the same energy for hopping between the layers. The

on-site creation (annihilation) operators ajﬁ ,(ai o) are for

the electrons in the sublattice Ai of the layer i with spin o =
4, and bjﬁ - (bii o) for the electrons in the sublattice Bi.

§’s are defined as 8; = a(0,1/4/3), 8 = a/2(1, —1/+/3), and
83 =a/2(—1,—1//3), and a = /3 a, a.. is the distance
between sites and a is the next to nearest neighbor distance.
The screening of the long-range part of the Coulomb
interaction in two dimensions (2D), in the graphene bilayer,'3
is insufficient so this part can be neglected. Nevertheless, in
the experiment we discuss,' two metallic gates are present and
this must lead to an additional screening of the long-range
part of the Coulomb interaction that will reduce the influence
of the interaction to its short-range part. We will build our
phenomenological model on the understanding based on the
renormalization group method, as described in Refs. 5-10,
of the influence of the short-range part in the context of the
graphene bilayer. This understanding was successful in the
explanation of the experiment of Mayorov et al.!® Namely,
the three most prominent instabilities of these studies are

©2012 American Physical Society
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B1

B2

FIG. 1. A view of Bernal stacked honeycomb lattices 1 and 2 with
corresponding sublattice sites A1 and B1, and A2 and B2.

antiferromagnetic (LAF), nematic, and anomalus Hall effect
state. Also in mean field studies their close competition was
observed and this indeed points out that the physics cannot
be reduced to just (Hubbard) U, but must be extended to first
and second near neighbors in an effective description. (This
competition is not hard to understand in the graphene bilayer
because the second near neighbors in the effective description
belong to the same layer, while the first neighbors belong to op-
posite layers, see below.) But because the (edge) conductance
of order €2 /h was not observed in the experiment,1 we will
neglect the influence of the second near neighbor interaction
(B1 — B1,B2 — B2 in Fig. 1) that (according to the Haldane
model?>?") would lead to the anomalous Hall effect.

Thus, according to the results of renormalization group
approaches’™'® and on phenomenological grounds (i.e.,
on the basis of the experiments"!?), the antiferromagnetic
(LAF) state and a nematic state are the main instabilities that
may arise due to interactions in the graphene bilayer. The
nematic state is a result of an ordering in the particle-hole
channel that can be described by a nonzero expectation value
of the hopping (bond) operator

t )
bl iis oP2i 50 )

o

where 7 + 5 1 and 1 — 32 denote sites that are near neighbors
on the honeycomb lattice that make sublattices B1 and B2,
as shown in Fig. 1. On the same lattice the antiferromagnetic
ordering can occur which describes the LAF state.

The nematic, that is, bond ordering as described in Ref. 7,
canbe thoughtasad,>_,» CDW (orad + id CDW as described
in Ref. 5—see below Eq. (13) for the definition of the d,>_»
and d + id ordering) in the language of Ref. 22. In the same
reference this instability (“hidden order” on a square lattice)
was proposed for cuprates. Just as in the case of the square
lattice and cuprates, this ordering, in the graphene bilayer,
can be thought as the result of short-range interactions and
superexchange processes. These interactions and processes
can also lead to the LAF state. The effective Heisenberg
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interaction on the B1 and B2 honeycomb of neighboring sites
iand j (n + S and ii — & ) can be rewritten in terms of the
hopping operators [Eq. (2)] as

§j§j __<Zb1,(,b2ja><zsz(,blza> - 1’ (3)

and should be a part of an effective description of the graphene
bilayer. According to Refs. 6 and 10, the only instability in the
weak coupling limit of the Hubbard model on the graphene
bilayer is antiferromagnetism. Thus, on phenomenological
grounds, we will assume that the value of J is an independent
parameter in the effective description, favorable for both
instabilities, nematic and antiferromagnetic.

With respect to cuprates the on-site repulsion U is not that
strong to preclude the double occupancy on the graphene
bilayer. Therefore we will explicitly include this interaction
in our model Hamiltonian, which can be described as

H = Hy + Hy, )
where
Hy =17 Spi +81) Spli — &), ()
no8,8

and the summation is over the near neighbors, and

= Yt v} b+ Hoeo+ Y Uiy

kelBZ i=12 7
(6)

with y, = Y s exp{ikd}, i, = ii + 8, and /i, = i — 8,. The
kinetic term (written above in the momentum space) in real
space, on the effective honeycomb monolayer of B1 and
B2 sites, describes near-neighbor and two times weaker
third-neighbor hopping. It can be recovered in the case of
the noninteracting honeycomb bilayer by taking interlayer
hopping to be large. In that case f.5 = 2 In the small
momentum limit the kinetic term in Eq (6) Eecomes the one
of the graphene bilayer, that is, f.f yk o (kx T lky)2 near

K points: Ky = :I:%”(Q,O).B’24 Because we look for the low
energy properties we will keep the two-band extension with
y,? throughout the Brillouin zone.

This model is similar to the #-J-U model defined on
the square lattice and known from previous investigations.
The #-J-U model appeared also in the context of gossamer
superconductivity,”>?° the superconductivity that can exist
even at half-filling.

III. MEAN FIELD APPROACH

In order to apply a mean field approach we can use the
identity

- -

5:8; = —(birbjy — biybj)B} bl —bL b))+ (D)
We will define the superconducting order parameter,
_b2i+g¢bli¢>’ (8)

where § can be any of the near-neighbor vectors on the
honeycomb lattice, and

m = (njy —niy), 9

As = (biirhy; 45,
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COEXISTENCE OF ANTIFERROMAGNETISM AND ...

the antiferromagnetic order parameter. In the following we
will use the following notation: ¢ = t.¢, and apply to the
Hamiltonian in Eq. (4) the mean field ansatzes. We will
generalize the derivation of Ref. 30 to the case with the
antiferromagnetic order parameter.

If we use spinors,

Wy = [biy bay by b3, 17 (10)

we can write the mean field Hamiltonian as

1 2
Hyp = W/HW+ ZNT Y |85 + Um?N, (1)
;

where N is the number of unit cells,

Zm —ty2 0 —2A(k)
e —ty? —Zm —2A(=k) 0
0 —4A=k  4m ty5
— A% (k) 0 ty% —Zm

12)

and A(k) =) 5 Az exp{ilzg}. The symmetry analysis of the
order parameter on a honeycomb lattice, first done in Ref. 31,
concluded that there are three possibilities,

A, 1, 1)
As: A2, —1, 1) (13)
A, 1, —1)

that span the space of order parameter. The last two possi-
bilities belong to a two-dimensional subspace of irreducible
representation of Sz, permutation group.’> The s-wave A; =
A(1,1,1) has nodes at K points because Ay = Ayy. For
dy_y» wave Asg = A(2,—1,—1) near K1 points we have
A(Ky+k)=A[3+£ ‘/7§(kx +iky)], and for d,, wave A; =
A(0,1, —1) the expansions are A(Ki + k)= Ai[£+3 —
%(k)r £ iky)]. Therefore if the d + id combination Aj(k) &
i~/3A,(k) is taken near one of the K points the order parameter

is a constant (6A) and at the other K point is linear in k,
and k,. Therefore, instead of having the coefficients of the

same absolute magnitude with bimb;k ' and bimblk ' (and
by_kbixy and by_y | bayy ) for afixed valley pointd + id singles
out one spin projection (up or down) to be associated with sites
on layer 1 and the opposite one to be associated with sites on
layer 2. Thus it favors pairing (Cooper pairs) in which the
layer index is associated with definite spin projection just as
in an antiferromagnetically ordered state, that is, LAF state
described above.

d+id wave and s wave can coexist, as rotationally
symmetric states, with the LAF state although only for certain
values of J and U parameters. One can show that for the
coexistence of the LAF state and s-wave J > U, which cannot
be the case in the graphene bilayer. For the d + id wave,
on the other hand, one can find an interval for couplings J
and U for which the LAF state and d + id-wave pairing can
coexist. Expanding the mean field equations to fourth order
in the ratio of superconducting and antiferromagnetic order
parameter and in tlJle weak coupling limit that i?, t > J,U, we

ﬁnd%—%]w <7< %+i]w, with w = W.We expect
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that the interval will broaden when the short-range correlations
(due to U) are properly taken into account that will renormalize
(reduce) the effective value of ¢. This was worked out for the
square lattice in Ref. 27 in a comprehensive (renormalized
mean field) study of the 7-J-U model, and a interval of
couplings was identified for which antiferromagnetism and
superconducting correlations can coexist at half-filling. Fur-
thermore, in Ref. 28 a variational Monte Carlo method was
applied to the same system, and a finite value of the pairing
amplitude (A) was found in the antiferromagnetic region (with
no superconducting phase coherence). We expect a similar
situation in our case.

As in the case of honeycomb monolayer in Ref. 31, we can
diagonalize the free part of the above Hamiltonian and come
to the following expressions for order parameters:

C; = Z Ag cos{l?g —2¢z}
H

and

S; =) Agsin{ks — 2¢3),
5

where ¢; = arg[y (k)]. Due to the expansion of A around K
points in the case of the d + id wave we have

(ky & iky)>
k|2

where the last sign is independent of K points. Thus we
recovered the basic signatures of d + id pairing: (a) The order
parameter is an eigenfunction of orbital angular momentum
with eigenvalue equal to two, and (b) due to the same sign
(chirality) at both K points this wave is a time reversal
symmetry breaking wave on the bilayer honeycomb lattice.
Therefore in analyzing this wave we can keep the leading
behavior in Aj(k) and A,(k) as this effectively captures the
basic phenomenology of the d 4 id wave. Thus we take

CKi+k ~ SKiJrk ~ s (14)

U

Ym  —tyz 0 —J3A
—tyk*2 —%m 0
Ha-ia = 0 0 Uy 2 (15)
2 V_k

-I3A 0 tyr —im

in the case of A(k) = A(k) — i\/gAz(k) combination, or

%m —tykz 0 0
-ty =Sm  —J3A 0
Havia = 16
i 0 —ia Umo 2| U9
0 0 v’ —Ym

in the case when A(k) = A (k) + iv/3A5(k).

In the same low-momentum limit yx, x &~ Fa %g(k)C F
iky). We will use redefinitions Ym =m, J3A = A, and
tasz = t in the following.

We take A to be purely real and without the phase [U(1)]
degree of freedom, that is, phase coherence>? that would lead
to supercurrents proportional to the gradient of this phase that
would screen a magnetic field that may be present. We assume
that supercurrents cannot develop in the antiferromagnetic,
insulating background.
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The Bogoliubov spectrum is the same irrespective whether
we ask for energy eigenvalues in the case defined by Eq. (15)
or (16), and with the introduced redefinitions the eigenvalues

are
212
12k* + <§> ] . (17)

Therefore the two different chirality states of the d wave
are equally likely in the presence of the antiferromagnetic
ordering.

A
E=+ m2—|—|:3:|:

IV. PRESENCE OF SMALL MAGNETIC FIELD

In the presence of magnetic field, due to the minimal pre-
scription, we may introduce a pair of creation and annihilation
operators and express the resulting Hamiltonian matrix around
K point as

m —w.(ah)? 0 —A
Y _ —wc(a)? —m 0 0
Hd-idB 0 0 m w.(al)?
—A 0 we(a)? —m

(18)

Here we introduced w, = fn—fi, where B is the magnetic field
and m is the effective mass of the graphene bilayer % = 2t.
The eigenvectors can be expressed as 4-spinor coefficients
of eigenvectors W, of ata operator ataw, = nV, classified
by integer eigenvalues n: 0,1,2, . ... In the presence of small
magnetic field we will look for the eigenstates in the form

U, =[cicre3eqll|n), n=0,12,.... (19)

The Nambu-Gorkov formalism with 4-spinors artificially
doubles the degrees of freedom. This appears in spectra
as doubling of energy levels (= E). Thus when solving the
Hiw—-iayp we have to keep levels that are continuously
related to energy levels with no superconducting instability
(A # 0) and are pertinent to the 2 x 2 upper, left block of the
Hamiltonian matrix.

The Hamiltonian in Eq. (18) we will consider under the
approximation of a small magnetic field and rewrite it as

H a—iayp = Ho+ V, (20)
where
m 0O 0 -A
Ho = 0O —-m 0 O ’ @1
0 0 m O
-A 0 0 —m
and V denotes the perturbation
0 —w(a')? 0 0
—wc(a)? 0 0 0
V= O N )
0 0 0 we(ah?
0 0 we(a)? 0

Taking as solutions only values that are connected continu-
ously in the limit A — 0 to the upper 2 x 2 left part of Hy we
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get for the eigenvalues and eigenvectors of H:
E’f = —m, \Ijl = [07 17 07 O]T|n>’
= V2 T A% W= clm+ E. 0,0,

— m2 2 — 1 ideri
where E = +/m*+ A“ and ¢ = TEETT Considering the
small magnetic field to second order as perturbation we
get Ef = —m — —(”H)("“)w‘ and Ej = E + "(" l)w . Con-
sidering the same problem at K'=—-K pomt we get E” =

m+ (n+2)(n+l) a)‘ and En - _FE— n(n2 1) w
Thus, by analyzmg the spectra of both K pomts together, we
can conclude that with the inclusion of small magnetic fields

— A" |n),

the gap changes from E, = 2m value to E, =2m + 2%3 in
the presence of d — id correlations. Without the correlations or
with d + id correlations the gap will not have the correction
quadratic in small magnetic field, which direction is fixed
in Eq. (18). d — id correlations minimize the energy of the
system by shifting also the energy levels closest to the Fermi
point. In the Appendix we compare the energies of the states
with d 4+ id and d — id correlations, and show that d — id are
indeed of the lower energy.

The energy minimization, when the direction of perpendic-
ular magnetic field is opposite, requires that the superconduct-
ing correlations are of d + id kind. Thus the change in the
direction of magnetic field is followed by the change in the
chirality of the superconducting instability, that is, B — —B
followed by d —id — d +id, as one would expect from
the superconducting instability that has orbital and therefore
magnetic moment. This amounts to just switching of the
previously found spectra between K and K’ points. The gap
is the same irrespective of the direction of the magnetic field
although with the inclusion of superconducting correlations
linear in k [on the diagonal in Egs. (15) and (16)] leads to an
asymmetry which may be related to the asymmetry detected
in the transport measurements of Ref. 1 with respect to the
change in the direction of the external field.

V. DISCUSSION AND CONCLUSION

In the literature we find several proposals®* 3% for the
explanation of the data of Ref. 1. See also Ref. 37 for further
experimental investigations on the same system and possible
explanations based on anomalous quantum Hall physics.
Reference 34 by Kharitonov introduces an additional order
parameter to the Néel order parameter, but the resulting gap
dependence does not have a minimum at B(magnetic field) =
O—compare Fig. 3 in Ref. 34, in contrast to what can be seen
from the transport measurements—compare Fig. 3 in Ref. 1.
Reference 35 by Zhu, Aji, and Varma with the interesting
proposal of taking into account the full four band structure,
still gives linear dependence on B of the gap—compare with
Fig. 6 in Ref. 35, in contrast to the quadratic dependence
on small B as seen in the experiment. Reference 36 by Roy
does describe the quadratic dependence based on a mean
field treatment of spin magnetism, where a phenomenological
ferromagnetic interaction next to the Néel ordering among
the spins of electrons is introduced which existence (with a
precise magnitude) is necessary to obtain a correspondence to
the experimental data.
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Our approach is also mean field and phenomenological,
though clearly motivated microscopically by the physics of
the 7-J-U model, as we introduce orbital magnetism of
superconducting correlations. This leads to the quadratic
dependence of the gap on small B as observed in the
experiment. Thus we demonstrated a possibility that the
quadratic dependence on small magnetic field observed in
the experiment of Ref. 1 may be due to the time reversal
symmetry breaking d-wave superconducting correlations that
coexist with antiferromagnetism.

The d +id wave superconductivity and antiferromag-
netism at high dopings of the graphene monolayer were studied
in Refs. 38 and 39. It was shown that both instabilities are
connected with the existence of the on-site repulsion U'.

The last and important question we would like to discuss is
how our proposal can explain the behavior of the system gap
in strong (and moderate) magnetic fields. In other words, the
question is how does the antiferromagnetic ground state with
d + id superconducting correlations evolve in the many-body
state of half-filled zero-energy Landau level, which is eightfold
degenerate due to flavor [spin and valley (layer)] and orbital
(n = 0,1 Landau index) degrees of freedom. We expect a
gradual formation of a QHFM (quantum Hall ferromagnet)*’
due to many-body correlations and the spontaneous ferromag-
netic ordering of the spin degree of freedom. Thus we will
fix the valley and orbital degree of freedom in the following
and discuss how from two (spin up and spin down) Landau
levels we can have effectively a single filled Landau level and
ferromagnetic ordering. d 4 id wave Cooper pairs, described
in the long distance with the following Cooper pair wave
function:*!

g — 7o) ~ L2 23)
214 — 224
in the presence of the magnetic flux will be modified by flux
(vortex) attachment due to the particles of opposite spin as in

Z2¢ H(Zm —ziy)* H(Z% — Z”)

(24)

fGFiy —Fay) ~ o

This will lead to the following many-body state

Det<m N) H(Zm —at =@ -0 @9

Zir T L i

where Det denotes the determinant of the antisymmetrized
product of Cooper pair wave functions, and x, denotes the
filled second Landau level wave function in the Jain notation.
The identity used in Eq. (25) was proved in Ref. 42. The
topological properties of the wave function in Eq. (25) (or the
low energy properties of the system described with the wave
function as discussed in Ref. 43) are equivalent to the Halperin
(1,1,1) state or QHFM, that is, the following state:

H(Z;T Z]T)H(Zm Zq¢)1_[(ZlT—Zm¢) (26)

l<j P<q

PHYSICAL REVIEW B 86, 195113 (2012)

for fixed valley and orbital index, and thus lead to the QHFM
state with the effective filling factor v = 4. It was shown in
Ref. 44 that this state would lead to the gap with linear depen-
dence on the (strong) magnetic field as observed in Ref. 1. Thus
we described a possible route from antiferromagnetic state
with d + id superconducting correlations to the spin QHFM
state consistent with the experiment.
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APPENDIX: ENERGY MINIMIZATION

To find whether d — id or d + id SC correlations coexist
with antiferromagnetism in the presence of the magnetic field,
which direction is defined as in Eq. (18), we should compare
the two ground state energies,

E*H Z[ m = (n + 1)(n +2)3]
n=0
+ > [-E — n(n — 1)8] (A1)
n=0
and
Edtid — Z[—E —(n+ D(n +2)8]
n=0
+ ) [-m —n(n—1)3], (A2)
n=0
where § = o and the bounds for the summations are

2E°
determined by the lower cutoff —E,, that is, we have in the

d — id case

E.—m

n +2)n +1) = 5 (A3)

E.— E
n'(n —1) = 5 (A4)
@ +2)@ +1) = ‘8_ : (AS)

and

11 =11 EC —m

n'(m—1)= 5 (A6)

in the d + id case. After a few steps of simple algebra we get

E4Tid _ paHid — o — E). (A7)
Because E > m, the energy minimization favors d —id SC

correlations for the fixed direction of the magnetic field
[Eq. (18)].
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We present a mainly analytical study of the entanglement spectrum of Bernal-stacked graphene bilayers in
the presence of trigonal warping in the energy spectrum. Upon tracing out one layer, the entanglement spectrum
shows qualitative geometric differences to the energy spectrum of a graphene monolayer. However, topological
quantities such as Berry-phase-type contributions to Chern numbers agree. The latter analysis involves not only

the eigenvalues of the entanglement Hamiltonian but also its eigenvectors. We also discuss the entanglement
spectra resulting from tracing out other sublattices. As a technical basis of our analysis, we provide closed
analytical expressions for the full eigensystem of bilayer graphene in the entire Brillouin zone with a trigonally

warped spectrum.
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I. INTRODUCTION

Although first considered as a source of quantum cor-
rections to the entropy of black holes [1], entanglement
entropy, in particular von Neumann entropy, evolved into a
tool in the field of many-body systems. This brought along
connections between seemingly unrelated research areas. In
condensed matter, the entanglement entropy serves, e.g., as
a geometrical interpretation for the boundary between local
quantum many-body systems. This connection has its origin
in the area laws [2].

However, Li and Haldane have shown that the related
entanglement spectrum contains more information than the
single number expressed by the entanglement entropy [3].
This spectrum is determined by the Schmidt decomposition
of the ground state of a bipartite system, and the reduced
density matrix obtained by tracing out one of the subsystems
can always be formulated as

e_Henl
V4

Pred = (D
with an entanglement Hamiltonian H.,; encoding the entan-
glement spectrum, and a partition function Z = tr(e~ %), Fol-
lowing the Li-Haldane conjecture [3], in a gapped phase, the
entanglement spectrum can be directly related to the spectrum
of edge excitations as shown for the fractional quantum Hall
system [4-6]. This relation to edge excitations can also be
seen analytically in the case of noninteracting particles. It can
be shown by mapping the free fermionic system 7 onto a
flatband Hamiltonian Hg, [7]. Now, the eigenenergies e; of
the latter are related to the eigenenergies of the corresponding
entanglement energies &; as e; ~ tanh(g;/2)/2 + const [8].
Thereby, the eigenstates of both Hg, and H are the same.
Thus, if H contains topologically protected surface states, the
same holds for the entanglement Hamiltonian.

This is why the entanglement spectrum, beyond the related
entropy, is considered a fower of states and is used as a
fingerprint for topological order. However, this is not true in
general, as shown recently by Chandran et al. [9].

As a result of a multitude of studies, there is a plethora
of revisited effects in the context of an entanglement spec-
trum, such as the Kondo effect, many-body localization, or
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disordered quantum spin systems; for recent reviews, see
Refs. [10,11].

A particular situation arises if the edge comprises the entire
remaining subsystem, as is the case for spin ladders [12-21]
and various bilayer systems [22-24]. A typical observation
in such scenarios is, in the regime of strongly coupled
subsystems, a proportionality between the energy Hamiltonian
of the remaining subsystem and the appropriately defined
entanglement Hamiltonian. We note that the entanglement
Hamiltonian entering the reduced density matrix (1) is only
determined up to multiples of the unit operator, which has
consequences regarding thermodynamic relations between the
entanglement entropy and the subsystem energy [22-24].

On the other hand, such a close relation between energy
and the entanglement Hamiltonian is not truly general, as
shown in Ref. [18], where a spin ladder of clearly nonidentical
legs was studied. In the present work, we provide another
counterexample given by graphene bilayers in the presence of
trigonal warping [25,26]. As we shall see in the following,
the geometric properties of the entanglement spectrum of
an undoped graphene bilayer and the energy spectrum of
a monolayer clearly differ qualitatively. However, certain
topological quantities such as Berry-phase-type contributions
to Chern numbers agree. The latter analysis involves not only
the eigenvalues of the entanglement Hamiltonian (i.e., the
entanglement spectrum) but also its eigenvectors.

This paper is organized as follows. In Sec. II, we discuss
the full eigensystem of the tight-binding model of bilayer
graphene in the presence of trigonal warping; a full account
of the technical details is given in Appendixes A and B. To
enable analytical progress, we neglect here terms breaking
particle-hole symmetry. On the other hand, our calculation
considers the entire first Brillouin zone and avoids the Dirac
cone approximation usually employed in studies of trigonal
warping in graphene bilayers [27-35]. We compare our results
for the full four-band model with an effective Hamiltonian
acting on the two central bands [27,34,35]. The entanglement
spectrum obtained from the ground state of undoped graphene
bilayers is analyzed in Sec. III. We discuss the case of one
layer being traced out as well as the situation in which the
trace is performed over two other out of four sublattices.
We close with a summary and an outlook in Sec. I'V.

©2016 American Physical Society
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II. ENERGY SPECTRUM OF GRAPHENE BILAYERS:
TRIGONAL WARPING AND TOPOLOGICAL INVARIANTS

The standard tight-binding Hamiltonian for graphene bi-
layers in Bernal stacking can be formulated as [25,26]

H=—t Z(y(k)af,;bl,; + y(k)a;;bz,; +H.c.)
R
+1 Yy bhay +albp)
R
—t ) (y(®bla; +y (®alby)
R

+1 Yy [y®)aay +blbp +Hel, ()
i

where a;[]: (a;3) and bj]; (b;3) create (annihilate) electrons with
wave vector k in layers i = 1,2 on sublattices A and B,
respectively. Moreover, y(lz) = Z?zl exp(i k- Sz), where the 51
are the vectors connecting a given carbon atom with its nearest

neighbors on the other sublattice in a graphene monolayer. In
what follows, we will use coordinates with

> a -
810 = 5(—1,i¢§), 83 = a(1,0), 3)

where a = 1.42 A is the distance between neighboring carbon
atoms, such that the two inequivalent corners of the first
Brillouin zone can be given as

> 2
Ky = ——(/3,%1). 4
+ Nga(f ) )

The parameter ¢ describes hopping within each layer between
the sublattices while 7, parametrizes the vertical hopping

J
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FIG. 1. Brillouin zone with a density plot of |y (k)|.

between the two sublattices in different layers lying on top of
each other. The additional hopping processes described by the
skew parameters 73,24 lead to trigonal warping of the spectrum
and electron-hole asymmetry, respectively. Experimentally
established values [36] for these quantities are t = 3.16 eV,
t; =0.381eV,3 =0.38eV,and 4 = 0.14eV. The geometry
of the first Brillouin zone is visualized in Fig. 1 along with a
color plot of the modulus Iy(l_c))|.

The presence of all four couplings in the Hamiltonian
Eq. (2) makes its explicit diagonalization in terms of ana-
lytical expressions a particularly cumbersome task. As the
present study chiefly relies on analytical calculations rather
than resorting to numerics, we will drop the contributions
proportional to the smallest parameter #, in order to achieve an
analytically manageable situation.

Setting #, =0, the full eigensystem of the Hamilto-
nian (2) can be obtained in a closed analytical fash-
ion as detailed in Appendix A. The four dispersion
branches [£ E(k)],[£E»(k)] form a symmetric spectrum with

Eip = / L2 + By DF + 22y P £/42ly GRE + 2y OF — 261y @) cosGop) + (12— 2y @®P)) )

and y (k) = |y (k)|e'%. The two outer branches [+E L(0)] are
separated from the inner ones [+ FE;(k)] by gaps determined
essentially by the hopping parameter ;. The result Eq. (5)
generalizes the energy spectrum given in Ref. [27] within
the Dirac cone approximation to the full Brillouin zone.
Moreover, in Appendix A we also give the complete data of
the corresponding eigenvectors. Figure 2 concentrates on the
vicinity of a given K point using realistic parameters.

The inner branches [:I:Ez(lz)] dominate the low-energy
physics of the system near half-filling and meet at zero energy
for

y(k)=0 (6)

corresponding to the two inequivalent corners K of the first
Brillouin zone, and for

[ARE)

cos@Gp)=~1 Ayl =73 (7)

(

The latter condition defines three additional satellite Dirac
cones around each K point, two of which lie on the edges
(faces) of the Brillouin zone connecting K .. The third satellite
Dirac cone lies formally outside the Brillouin zone but is
equivalent to a satellite cone on the edge around an equivalent
K point. Indeed, the quantity y(lz) has a constant phase
¢; € {—m/3,m/3,7} on each face: As an example, consider
the edge connecting the two inequivalent K points given in
Eq. (4), where one finds

y(i—Z,/@) = ¢ i7/3 |:2,COS (?kya) - 1:| ®)

with the parentheses being non-negative for k, ranging
between [:|:27r/(3\/§a)]. Thus, solving for k,, the satellite
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FIG. 2. The central energy bands [+FE, (l;)] plotted around a given
K point for t; = 0.1¢, 3 = 0.15¢. The dispersions show a central
Dirac cone accompanied by three satellites. The components of the
wave vector are measured relative to the K point.

Dirac cones on that edge lie at

l—(v 2 4 2 1 14 AR E) )
=\ — ——— arccos | — —_—
3a’ \/ga 2 12 ’

and the other satellite cones are located at positions being
equivalent under reciprocal-lattice translation and/or hexag-
onal rotation. Note that for ¢,13/t> = 1, the satellite cones
merge in the M points (centers of the faces) and they vanish
for even larger values of that ratio. In Fig. 3 we present a sketch
of the situation in the entire Brillouin zone for moderate values
of t| and #3.

FIG. 3. Contour plot of the energy band [+ E, (I:)] plotted forz, =
t, t3 = 0.5¢. The contour of the colored region indicates E = 0.2/t .
The edge of the first Brillouin zone is marked by dashed lines.

PHYSICAL REVIEW B 93, 115106 (2016)

For t; = 0, the two energy bands [:l:Ez(l_c))] touch only at
the K points where they have a quadratic dispersion. Finite
t3 # 0 causes a splitting into a total of four Dirac cones with
linear dispersion, an effect known as trigonal warping [25,34].

As a further important property, the eigenvectors corre-
sponding to [iEz(z)] are discontinuous as a function of
wave vector at the degeneracy points defined by Eq. (7); for
more technical details, we refer the reader to Appendix B.
As a simplistic toy model mimicking such an effect, one can
consider the Hamiltonian H = —ko* with a one-dimensional
wave number k and the Pauli matrix o° describing some
internal degree of freedom: In the many-body ground state
of zero Fermi energy all occupied states with k > 0 have spin
up, while for all states with £ < 0 the spin points downward,
resulting in a discontinuity of the occupied eigenvectors at
k = 0. As we shall see below, in the present case of graphene
bilayers this discontinuity is also reflected in the entanglement
spectrum.

An effective Hamiltonian providing an approximate de-
scription of the central bands [+ E; (12)] can be given following
Ref. [27]. In up to linear order in 1/¢, , one finds

(. 0 @7 +ny®
S (k) + 13y * (k) 0
(10)

T—.
2k’

1
Ix+) = ﬁ(:;:el"‘”i) (11)

with respect to the basis (b aL:)|O). The eigenstates read

with
v L ®) + 5yt
ek = — = -—.
|2 () + t3y*(K)|

Note that the Hamiltonian (10) vanishes if and only if the
conditions (6) or (7) are fulfilled, implying that the positions of
the central and satellite Dirac cones are the same as for the full
Hamiltonian (2). Moreover, v is a smooth and well-defined
function of the wave vector except for the locations of Dirac
cones. Accordingly, the Berry curvature

12)

- 0Ay, A,
Fk) = - — — 13
(k) ok, ok, (13)
arising from the Berry connection
- o - 9 - 1 0y
Ak) =i{(x+(D)|—=Ix+(k)) = —=—= (14)
(x+ |8k|Xi ) 2 o7

vanishes everywhere outside the Dirac cones where contri-
butions in terms of § functions arise. Integrating the Berry
connection along a closed path in k space leads to geometrical
quantities often referred to as Berry phases, although no
contact to adiabaticity is made here. Moreover, if the Berry cur-
vature has only nonzero contributions in terms of é functions
(as is the case here and in the following), these geometrical
phases are indeed topological, i.e., they are invariant under
continuous variations of the paths as long as the support of the
6 functions is not touched.
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As discussed in Refs. [31,33,34], integrating along a closed
path around the central Dirac cones at K yields a Berry phase
of (), while each of the accompanying satellite cones gives
a contribution of (&). Thus, the total Berry phase arising
at and around each K point is, as in the absence of trigonal
warping, (£2m), and the integral over the whole Brillouin zone
of the Berry connection (i.e., the Chern number) vanishes.
Naturally, our present analysis going beyond the Dirac cone
approximation confirms these results.

III. ENTANGLEMENT SPECTRA

For systems of free fermions such as those studied here,
the entanglement Hamiltonian can be formulated as a single-
particle operator [23,37,38],

He =Yy &d}d;. (15)
A

Here the di generate eigenstates of the correlation matrix
Cap = (Wlckep| W), (16)

where |W) is the ground state of the composite system, and
single-particle operators c,,cg act on its remaining part after
tracing out a subsystem. The entanglement levels &, are related
to the eigenvalues 7, of the correlation matrix via

£ =1In (1 - '“) —2artanh (1 —27,).  (17)
).

In particular, the entanglement Hamiltonian and the correlation
matrix share the same system of eigenvectors.

A. Tracing out one layer

We now consider the ground state of the undoped graphene
bilayer such that all states with negative energies [—El(lz)],
[—Ez(%)] are occupied while all others are empty. Tracing out
layer 1 leads to the correlation matrix

1 -
Ck) = <u*(1€) ) ) (18)

where an explicit expression for u(lz) is given in Appendix C.
The entanglement levels corresponding to the eigenvalues

ne(K) = 1/2 F |u(k)| are
£.(k) = & 2artanh(2|u(k))). (19)

The modulus |u| can be formulated as

1/2 1 b?
u| = / _ \/§<1—%) (20)
JU+ /v dne 1E2

with [cf. Egs. (A14) and (A15)]

(2 = Bly®)P)/2

JB + 2y ®F = 2001y @) cos(3p)
rt51y ()| sin(3p)|

2+ 2ly®P = 26061y 0] cos(3y)

d:

. 2D

b= , (22
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and [cf. Eq. (A21)]

€12 = tly (%)
+ \/(ti + t§|y(l§)|2 — 2t 15|y (K| cos(3¢,;))2/4 +d?
(23)
implying

Eip=,/ef,+ Db (24)

The right-hand side of Eq. (20) becomes zero if the radicand
vanishes. According to the discussion in Appendixes B and
C, this is the case when cos (3¢;) = —1 leading to b = 0 and
E; =€, > 0,E; = |€;| such that

1 €
lu| o 5(1_@)' (25)

Now Eq. (B2) shows that |u(l€)| = 0 is equivalent to
cosBop)=—1 A |y(0)l €l0.rn/"],  (26)

where the end point of the above interval defines according
to condition (7) the location of the satellite Dirac cones. As a
result, the entanglement levels (19) vanish along segments of
the faces of the first Brillouin zone bounded by the positions
of the central Dirac cones and their satellites. At the satellite
Dirac cones, the entanglement spectrum is discontinuous as a
function of wave vector. In Fig. 4, we plotted the entanglement
spectrum E+(l_€) for the whole Brillouin zone. For a better
visualization, large hopping parameters have been chosen.
The contour of the colored region connects all three satellite
Dirac cones. As discussed in Appendix B, this discontinuity
is inherited from a discontinuity in the eigenvectors of the
occupied single-particle states. The entanglement spectrum in
the entire Brillouin zone is illustrated in Fig. 4, whereas Fig. 5
focuses on a given K point.

Moreover, apart from the eigenvalues of the entanglement
Hamiltonian, let us also consider its eigenvector, which

FIG. 4. Contour plot of the entanglement spectrum &, (l?) plotted
for t;, =1t, t3 = 0.5¢. The contour of the colored region indicates
& = 1.5. The dashed line delineates the first Brillouin zone.
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FIG. 5. The entanglement spectrum (19) plotted around a given
K point for the same parameters as in Fig. 2. The density plot shows
the upper entanglement level. Zero eigenvalues of the entanglement
Hamiltonian occur along lines connecting the K point with the
locations of satellite Dirac cones of the energy spectrum (thick black
lines). The components of the wave vector are measured relative to
the K point.

coincides with the eigenvectors of the correlation matrix (18).
As discussed in Appendix C, the complex function u(k)
entering the correlation matrix becomes singular at the K
points and the positions of the accompanying satellite Dirac
cones of the energy spectrum, leading again to §-function-type
contributions to the Berry curvature that vanishes otherwise.
Combining symbolic computer algebra techniques and nu-
merical calculations, we find here a Berry phase of (Fr/2)
around the corners K. of the Brillouin zone, and (£ /2) for
the corresponding satellite positions. For the central positions,
the above calculations can also be done fully analytically
by expanding the eigensystem data around K. For the
satellite locations, such an expansion is not possible due to
the discontinuity of the eigenvectors.

Thus, the total Berry phase contribution from each K point
K is (£m) and agrees with the Berry phase around the Dirac
cones in monolayer graphene. As a result, although the entan-
glement spectrum of graphene bilayers generated by tracing
out one layer shows obvious differences from the energy spec-
trum of monolayer graphene regarding qualitative geometrical
properties, the topological Berry phases obtained from the
corresponding eigenvectors still coincide at each K point.

B. Tracing out other sublattices

Now, we will consider the entanglement spectrum obtained
by tracing out sublattices Al and B2 (or A2 and B1) lying in
different layers. In the former case, one finds

- L k)
— 2
Clik) = <v*(/€) ) 27)

1
2

where an explicit expression for v(l_é) is given in Appendix C.

The above correlation matrix has eigenvalues 14 (k) = 1/2 F

v

—

PHYSICAL REVIEW B 93, 115106 (2016)

FIG. 6. Eigenvalues n,(lz) =1/2+ |v(£)| of the correlation ma-
trix plotted around a given K point for r;, = 0.1z, 3 = 0.15¢. The
thick black lines correspond to the one in Fig. 5, and the components
of the wave vector are again measured relatively to the K point.

|v(l€)| leading to the entanglement levels
£.(k) = & 2artanh(2|v(k)]). (28)

In Fig. 6, we plotted the eigenvalues n_(§) =1/2+ |v(l¥)| of
the correlation matrix around a given K point. The modulus
|v(k)| reads more explicitly

-1 2lyd)? 1 €16, + b2
'v(k)l_5\/1_r2|y(/%'>|2+d25<1_ E\E, ) @9
= L1 — 4juco)? (30)

and has a structure similar to |u(lz)| given in Eq. (20). In
particular, |v(lz)| =12 % Iu(lz)| = 0 if the conditions (26)
are fulfilled. In this case, ny = 0 and n_ = 1, indicating that
the remaining subsystem is unentangled with the system traced
out.

Regarding Berry phases generated from the eigenstates
of the correlation matrix (27), we note that the off-diagonal
element v(l_é) does not vanish anywhere. As a consequence,
the Berry curvature defined analogously as in Eqs. (11)—(14)
is zero throughout the Brillouin zone, which in turn holds
for all Berry phases. The nonvanishing of v(l_é) follows from
the fact that |v(k)| = 0 would require |u(k)| = 1/2 such that
the entanglement (19) would diverge, which is, as seen in
Sec. IIT A, not the case.

Finally, the correlation matrix obtained by tracing over the
sublattices A1 and A2 (or B1 and B2) is proportional to the
unit matrix,

2

- (3 0
co=(2 1) 31)

indicating that these sublattices are maximally entangled with
the part traced out.
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IV. CONCLUSIONS AND OUTLOOK

We have studied the entanglement properties of the ground
state of Bernal stacked graphene bilayers in the presence of
trigonal warping. Our analysis includes both the eigenvalues
of the reduced density matrix (giving rise to the entanglement
spectrum) as well as its eigenvectors. When tracing out one
layer, the entanglement spectrum shows qualitative geometric
differences to the energy spectrum of a graphene monolayer,
while topological quantities such as Berry-phase-type contri-
butions to Chern numbers agree. The latter finding is in contrast
to the reduced density matrix resulting from tracing out other

PHYSICAL REVIEW B 93, 115106 (2016)

eigenstates of entanglement Hamiltonians are studied. Most
recent work building upon this concept is reported on in
Ref. [42].
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APPENDIX A: DIAGONALIZATION OF THE
BILAYER HAMILTONIAN

Setting t, = 0 and fixing a wave vector 12, the Hamiltonian

sublattices of the bilayer system. Here, all corresponding : SRPSS PR R |
Berry phase integrals yield trivially zero. Thus, our study (2) reads with respect to the basis (az.b, . by, I0)
provides an example for common topological properties of the 0 ‘L —ty (]'(’) 0
eigensystem of the energy Hamiltonian of a subsystem (here .
a graphene monolayer) and the entanglement Hamiltonian, H— i 0 0 —ty* (k) (A1)
while the geometrical shape of both spectra grossly differs. Our _;y*(];) 0 0 —13 y(l_é)
investigations are based on closed analytical expressions for > 7
the full eigensystem of bilayer graphene in the entire Brillouin 0 —tyk)  —1y7 (k) 0
zone with a trigonally warped spectrum. Using y (k) = |y (k)|e'*, we apply the transformation
Future work might address bilayer systems of other geo-
metrical structures such as the Kagome lattice, the influence 1 10 0
of a static perpendicular magnetic field [23,39], and the effect U = L 0 0 e’_q}; 67”’_5; (A2)
of time-periodic in-plane electric fields [40]. Tl 0 e —emi
Note added in proof. Recently, we became aware of 1 -1 0 0
Ref. [41] where also Chern numbers calculated from the such that in
|
1 —tly (k)] 0 0
Hy = U HU| = tly (k)] fsly(k3|C<?S(3¢k) lt3|VEk)| sin(3¢;) 0 ) (A3)
0 —inly®IsinGgp nly®lcos3gp iy ()|
0 0 —t[y (k)| —ty

all information on the phase ¢; is contained in the matrix elements being proportional to the skew parameter #3. Proceeding now

with the transformation

1 -1 O 0
w-t 0 )
0 0 1 1
we find
el c —is —is
H2=U2H1U§=% S0 _’e‘z ii (AS)
is —is c —e
with
er = 2|y(®)| + 11— 1]y (k)] cosBep). (A6)
e = =2ty (B)] + 11 — 131y (k)] cos(3epp), (A7)
¢ = t1 + 13y (k)] cos(3ep), (A8)
s = t3]y (k)] sin(3p). (A9)
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Here it is useful to split the above matrix as H, = H, + H,, where

ey 0 —is 0 0 c 0 —is
I{o e 0 is Ifc is 0
HZ_E is 0 —e ol Hz_i 0 —is O c
0 —is 0 —¢ is 0 ¢ 0
Hz/ is diagonalized by
oy 0 —ioa_ 0
. 0 —ioay 0 o_
Us —ioo_ 0 oy 0
0 o_ 0 —ioay
with o = sign (sin[3¢(k)]) and
= |5 |4 11— nly (k)] 005(3?;;)
\/fi + 551y (k)|? — 2t.13]y (k)| cos(3ep;)
such that
é‘] ido 0 b
_ t | —ido 9) b 0
Hs=UshUs=1 o b —g ido]
b 0 —idoe -0
where
iy (2 = Bly (1) /2
V2 4+ B2ly®P — 26061y (6] cos(3y)
b 1.63]y (K)[| sin(3¢pp)|

b

Ji2 21y ®F - 20,61y B cosGy)

and £¢; and £¢, are eigenvalues of H, given by

G = S22y B+ 2 + 2y DR - 20011y )] cosGep)).

Splitting now Hj in the form

&G id 0 0 0 0 0 b
| —id & 0 0 0 0 b O
B=1ov o - wa]|T|lo » 0o of
0 0 —id -—-¢ b 0 0 O
the first part is diagonalized by
—io T‘B+ ,3_ 0 0
Us — B_ —iotBy 0 0
4= 0 0 —iothy B_
0 0 B —ioTfy
with T = sign(d) and
1 —
go= |=(1+ i1 =0
2 V(G = &)* +4d?
while the second part is left unchanged by U,, resulting in
er 0 0 b
_ T 0 € b 0
H,=UsHU, = 0 b -6 0
b 0 0 —¢
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with the diagonal elements given in terms of

PHYSICAL REVIEW B 93, 115106 (2016)

€12 =301 + L V(@ — 0)? +4d?). (A21)
Finally, H, is brought into diagonal form via
y o 0 y
0 42 42 0
Us = 0 y@) " @ 0 (A22)
V- —V+
W0 0
with
1 € €
(1) 1 2 2
= /={1+£—]}, = 1+ =, A23
Y+ 2( E2> Y+ E2) ( )
and
E\p = /€], +D? (A24)
> > > > - S o\2
- \/ (£ + 21y @R + 22y OF +/421y BR + 21y B - 20001y @) cosGop) + (7~ By @P)).  (A29)
Thus,
UsH,U} = diag(Ey,Ey,—Ey,—Ey), (A26)
and the matrix elements of the corresponding total transformation U = UsU,U3U, U, can be expressed as
Ui = Y- —ioca)(@hs + ) —ioyD), (A27)
Unp = j(ay —ioa )(ths + B —ioyi)), (A28)
= _& g _ (1) (e)] A2
Ui = (@ —ioa )(tBy — B )y +ioy?), (A29)
_’¢ ) )
Uiy = —(a tioca )(Thy — B-)(yy —ioy ), (A30)
and
Uy = —1 . (2) ) A31
20 = —5(ay tioa )(tfy — BNy —ioyl), (A31)
_ _1 _ 2 2 A3D
Up = —3(aq —ioa_)(tB — )y +ioy), (A32)
ol
Up = — @ 4ioy?), (A33)
_ e @ A3
Uy = (ay —ioca )Ty + BI(yy —ioy?), (A34)

which are the complex conjugates of the components of the eigenvectors of the conduction-band states with positive energies

E,(k), E5(k), while

Usi = 3o —ica)(tBy — B —ioy™?), (A35)
U = Ha_ +ioa)(why — B +ioy™), (A36)
e'% @
Uss = ——(01+ +ioca )thy + By —ioy?), (A37)
_l¢k
Uss = ——— (s —ioa_)(thy + B> +ioy?), (A38)
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and
Un = You+ica )T + ) —ioy"), (A39)
Up = —4(a- +ioa)(wBy + B —ioy), (A40)
Ug = el;; (s +ica )thy — BN +ioyD), (A4d1)
e~
Uss = (- +ioa)(hs — f)" +ioy()). (A42)

correspond to the valence-band states with negative energies [—Ez(l_é)], [—E 1(/2)]. Note that all factors involving ai,yil) ,yf) in
the above expressions have modulus 1, i.e., they are phase factors.

APPENDIX B: CONTINUITY PROPERTIES

The eigenvectors corresponding to the energy branches [:I:Ez(l_é)] are discontinuous at wave vectors determined by the
condition (7). This comes about as follows: The matrix elements Ug,n(z), Us, (l_c)),n € {1,2,3,4} contain the quantities yf) defined
in Egs. (A23), whereas the Ul,,,(l_c'),U4,n(l_<') corresponding to [iEl(%)] involve yj(tl). Fixing now cos (¢3) = —1, we have b =0
such that E1 = €; > 0 and E, = |e;| such that yj(tl) remain continuous while yf) become

1
v = -(1 + 6—2) (B1)

Inspection of Eq. (A21) now shows that for cos (¢;) = —1,

>0 |yl <t/

<0 |y > t.13/12, (B2)

62(k){
such that 62(12) changes sign for |y(l€)| =t.13/1% ie, yf) is discontinuous at wave vectors given by the condition (7). This
discontinuity is inherited by the correlation matrix and, in turn, by the entanglement spectrum. _

The technical reason for this discontinuity in the eigenvectors is of course the fact that the dispersions [£E»(k)] become
degenerate at wave vectors fulfilling (7). In fact, the eigenvectors can also be considered as continuous functions of the wave
vector by appropriately relabeling the dispersion branches. In the ground state of the undoped bilayer system, however, only the
lower branch [—Ez(lz)] is occupied, which makes the discontinuity unavoidable.

To circumvent this discontinuity, one can open an energy gap between the upper and lower central band such that the
corresponding eigenstates are necessarily continuous for all wave vectors. Among the various mechanisms producing such a gap,
only a few allow for a still halfway convenient analytical treatment of the Hamiltonian. These include introducing identical mass
terms in both layers, i.e., H — H + H’, with

H' = diag(m,—m,—m,m), (B3)
or applying a bias voltage A between the layers,
H' = diag(—A/2,A/2,—A/2,A)2). (B4)
In the former case, the four dispersion branches [+ F 1(/2)], [:I:Eg(%)] are given by

Eipk) = [m?+ 13 + 2ly @) + 22|y (k)|?)

- = - > o\291/2
= L /420y ®R( + 21y B — 20161y 0] cosGp) + (2 — 2y @®R)]” (B5)
while for a bias voltage one finds [27]
N A_2 l 2 20 T2 20 T2
Eip(k) = 7 +2(a+t3|)/(k)| + 217y (b))
! 21 (V2 (#2 1 221 (F)[2 r 2 2 2*221/2
iE 42y (k)17 + 551y ()? — 21183]y (k)| cosBepyp) + A2) + (17 — 551y (K)[?) . (B6)

In both cases, the central energy bands [:I:Ez(l-é)] are separated by a gap, and the spectrum can still be given in terms of
comparably simple closed expressions since the characteristic polynomial of the 4 x 4 Hamiltonian matrix is a second-order
polynomial in the energy squared leading to a spectrum being symmetric around zero. Also, the corresponding eigenvectors can
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be obtained in closed analytical forms by procedures analogous to (but in detail somewhat more complicated than) the one given in

Appendix A [43].

Note that applying a bias voltage as well as introducing a mass term in each layer discriminates the layers against each other.
The latter circumstance is due to the fact that ¢, couples sublattices in different layers for which the mass term has a different
sign. As a result, when tracing out, say, one layer of an undoped (i.e., half-filled) bilayer system, the remaining layer will not be
half-filled, which obscures somewhat the comparison with an undoped graphene monolayer.

APPENDIX C: CORRELATION MATRICES

Upon tracing out layer 1 from the ground state of the undoped bilayer system, the correlation matrix reads in the basis

A
(al..b)10)

. Us Us, + Uy Us, Uy Uk + Uy Ul Lk
C(k) _ 31 11 41 il 31 13 41 13 _ 2_} (l ) (Cl)
UUs, + UssUy, UssUs; + UssUpgs u(k) 3
with
- e . .
u(k) = —— (B2 — B —ioy ") — (VP —ioy D). (€2)

4

This quantity becomes singular at the corners of the Brillouin zone where y(lz) is zero such that its phase is ill-defined, and at
the positions of the satellite Dirac cones of the energy spectrum where, as discussed in Appendix B, yf) is discontinuous.
Tracing out the sublattices Al and B2, one finds in the basis (a;i’bLZ)'O)

R U Ut + Uy Ul U Uk + Uy U Lk
C(k) _ 31 3: 41 11 31 12 41 12 _ 2_> (1 ) (CS)
U Uz, + UpUy,  UnUs, + Up Uy, vi(k) 5
with
- (a-—ioay)’ . .
vlk) = ———— (@B = BIG iy + @By + B0 —ioy)). (2
Note that the expressions (C2) and (C4) obey the interesting sum rule
u®P + @) = §, (C5)
which is fulfilled whenever the coefficients involved satisfy
4ot =g+ =P+ =1, (C6)

which is the case here by construction.

Finally, the correlation matrix obtained by tracing out the sublattices A1 and A2 is proportional to the unit matrix,

N U U3, + Up U
C(k) _ 32 3*2 42 iz
Us3U3, + UgUp,

U32U3*3 + U42UI3 .
Us3Uss + UUj

O wI=

)
) €N

L
2

implying that the remaining subsystem is maximally entangled with the subsystem traced out.
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Abstract — We investigate the relationship between the entanglement and subsystem

Hamiltonians in the perturbative regime of strong coupling between subsystems.

One of the

two conditions that guarantees the proportionality between these Hamiltonians obtained by using
the nondegenerate perturbation theory within the first order is that the unperturbed ground state
has a trivial entanglement Hamiltonian. Furthermore, we study the entanglement Hamiltonian of
the Heisenberg ladders in a time-dependent magnetic field using the degenerate perturbation the-
ory, where couplings between legs are considered as a perturbation. In this case, when the ground
state is twofold degenerate, and the entanglement Hamiltonian is proportional to the Hamiltonian
of a chain within first-order perturbation theory, even then also the unperturbed ground state has

a nontrivial entanglement spectrum.

Copyright © EPLA, 2017

Introduction. — Quantum entanglement, primarily a
source of quantum information, has developed into one
of the most studied subfields of many-body physics. In
the last decade, quantum entanglement has mainly been
used to study the phase structure in condensed-matter
physics [1]. The entanglement spectrum of a bipartite
system of subsystems A and B is defined in terms of the
Schmidt decomposition of its ground state |¢) as

RIS (1)

n

where the states |17}) (|2)) are orthonormal states of the
subsystem A (B), respectively, and the non-negative quan-
tities &, represent the levels of the entanglement spectrum.
Further, Haldane and Li in ref. [2] have reported a remark-
able relationship between the excitation spectrum and the
edges separating the subsystems, considering the entan-
glement spectrum of the fractional quantum Hall system
obtained using a spatial cut. This connection between
the edge spectrum and entanglement spectrum is observed
in many condensed-matter systems including ladders sys-
tems [3-5]. In many previous studies, the proportionality
between the energetic Hamiltonian of the subsystem A H 4
and the entanglement Hamiltonian H.,; in the strong cou-
pling regime [6-12] has been observed. However, this does
not hold in general, even in the strong coupling limit which

is illustrated by counterexamples in ref. [13] where four
spin terms of the Kugel-Khomskii model are considered
in ref. [11], in which anisotropic spin ladders of arbitrary
spin length were considered, where even the unperturbed
nondegenerate ground state has a nontrivial entanglement
spectrum.

Here we study the entanglement spectrum of the Heisen-
berg spin ladders in a time-dependent magnetic field via
the degenerate perturbation theory, where couplings be-
tween legs are considered as a perturbation. The entangle-
ment Hamiltonian is, within the first-order perturbation
theory, proportional to the energy Hamiltonian of a chain
in the magnetic field when the ground state is degenerate.
This holds, although the entanglement spectrum of the
unperturbed ground state has a nontrivial entanglement
spectrum.

Motivation. — We consider a bipartite system consist-
ing of two subsystems described by the Hamiltonians H 4
of subsystem A and Hp of subsystem B, which are coupled
by the Hamiltonian Hy. We assume that the Hamiltoni-
ans Ha4 and Hp are small compared to Hy, and it will
be treated as a small perturbation. This problem can be
illustrated by two leg spin ladders, where the interaction
between rungs is considered as a small perturbation (see
fig. 1).
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Fig. 1: (Colour online) Illustration of the two leg spin ladder
considered in this paper. The entanglement spectrum is per-
formed by tracing out subsystem A.

The projector onto the subsystem orthogonal to the non-
degenerative ground state |t)g) is defined as

Q=1 [vo)(vol = > [vhr)(tul.
140

(2)

Then, the first correlation W’l(l)
ground state [1g) reads

) of the nondegenerative

1) = o)
QU (a4 M) — (vl (L + M) ) o)
0 0
(3)
where Ey = (Yo|Holtbo). We also use that + H Q) =
i) |

Zl;ﬁo | , where E; = (y|Holtr) and the fact that
E07H0 QlWJO> = 0 by definition. In the following, we will

assume that is equal for every [. This allows us to

1
Eo—E;
rewrite eq. (3) as

1
[¥1") = o) + = (Ha+ M) ) o

The density matrix within the first order of the perturba-
tion theory has the following form:

p ="y,

p = |vo) (Yol

Ha +Has)|vo) (Yol + |0) (Yol (Ha + Hp)).
(5)

Owing to the fact that, here, the Hamiltonian H 4 acts
only on the subsystem A, the reduced density matrix can
be calculated by tracing out the subsystem B:

1

(Hap1 + p1Ha), (6)

1
Pred = E E
where p1 = tra|to) (o] is the reduced density matrix
within the zeroth order of the perturbation theory. When
the two subsystems are maximally entangled, p; is pro-
portional to the unit matrix. In this case, we obtain

2
red — 1-
Pred = P1 ( Fo— B, HA)

The reduced density matrix can be reformulated as

(7)

(8)

1
Pred = E QXp( Hent)

where the entanglement Hamiltonian H.,; is the entan-
glement Hamiltonian7 and the partition function Z is
7Z = tr(exp(— 'Hent)). The entanglement Hamiltonian

2
Hent = HA

B E 9)

is proportional to the Hamiltonian of subsystem A, with
the proportionality factor § = EOE o interpreted as an
inverse temperature.

To conclude, we assume that

1) Eoi 7 1s equal for every [, and

2) pi is proportional to the unit matrix.

These two assumptions directly lead to the proportionality
between the entanglement and subsystem Hamiltonians in
the strong coupling limit within the first order of the per-
turbation theory, when the ground state is nondegenerate.

In ref. [6], Poilblanc stressed a remarkable similarity be-
tween the chain-chain entanglement spectrum in the two-
leg spin-1/2 ladders and the energy spectrum of a single
spin-1/2 Heisenberg chain. Lauchli and Schliemann [10]
analytically showed that the entanglement Hamiltonian of
the two coupled anisotropic XXZ7 chains is proportional to
the energy Hamiltonian of the single chain with renormal-
ized anisotropy in the first order of the perturbation theory
in the strong coupling limit. There, the first assump-
tion (1) is not valid. In the case of the isotropic Heisenberg
ladders, both assumptions (1) and (2) are valid, and for
that reason, they found that the entanglement spectrum
is directly proportional to the energy of the single chain.
The authors in ref. [11] generalized this observation for the
isotropic Heisenberg ladders to the case of the arbitrary
spin length S. They found that for arbitrary spin, the en-
tanglement spectrum of the isotropic Heisenberg ladders
is proportional to the energy of the single chain within the
first-order perturbation theory. This is also a consequence
of the fact that both assumptions (1) and (2) hold. How-
ever, they found that there is no proportionality between
the entanglement Hamiltonian of anisotropic spin ladders
of arbitrary spin length. Since here, the reduced density
matrix in zeroth order of the perturbation theory is not
proportional to the unit matrix, there is no mention of
proportionality.

Model. — We investigate the Hamiltonian of the
Heisenberg spin-1/2 ladder in a time-dependent circularly
polarized magnetic field B described by the Hamiltonian

H = Jrung Z §2i§2i+1 + B Z (S¥ coswt — SY sinwt)

+ Jieg Z SoiSaiva + Jieg Z Soi1150i13- (10)

where w is the angular velocity of the rotation of the mag-
netic field. The sites on the first (second) leg are denoted
by even (odd) labels, such that the i-th rung consists of
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sites 2¢ and 2i¢ + 1. All spin-1/2 operators are taken to
be dimensionless, such that the couplings along the rungs
Jrung and the legs Ji, have the dimensions of energy. We
will consider antiferromagnetic coupling when Jy.yng > 0.

This time-dependent Hamiltonian can be factorized to
a time-independent Hamiltonian by unitary transforma-
tions that represent a rotation around the z-axis R(t) =
exp(—iS,wt/h) [14]. Since

R(t)S,R™*(t) = Sy coswt + S, sinwt,
R(t)S,R™*(t) = —S, sinwt + S, coswt,
R(t)SzR_l(t) = Sz, (11)

the Hamiltonian equation (10) can be transformed into a
time-independent Hamiltonian:

i = R@ARED ™, (12)
f'j - Jrung Z §2i§2i+1 + B Z Szz + Jleg Z §2i§2i+2
+ Jieg Z Soit155i13- (13)
Defining the propagator that confirms
9 Rlite) = —L a0 K 1) (14)
ot 0) — 3 s L0 )y
0 j ~
S K(tto) = —= RA(WHMOROK (¢, to),  (15)
we find
0

(RIK (¢, to) R~ (t0)) = —~ H (RIK (1, t0) R~ (1))

ot h

Then, the Hamiltonian becomes

H = rungZ§2i§2i+1 +BZS§t+WZSiZ

+ Jieg Z SoiSaiva + Jieg Z Soi150i43,  (16)
where the propagator is
K(t,ty) =
exp <hSZwt) exp (hH(t — t0)> exp (hSzwt()) .
(17)

In order to use the perturbation theory, we will rewrite
the Hamiltonian equation (16) as H = Hy + H;, where

Ho = Jrung Z S2iSais1 + B Z S7 tw Z S; (18)

and

Hy=Jieg Y S5iShita + Jieg > Soit1Sairs  (19)

and consider H; as a small perturbation. The Hamiltonian
equation (18) is independent of the direction of the

magnetic field and it can be considered as the isotropic
Heisenberg chain in the magnetic field v/ B2 + w?

HO = Jrung Zz §2i§2i+1 + v B2 + w? Zz SZZ (20)
and
Hy = Jieg 32 59i80i42 + Jieg 303 Sois 19243, (21)

The energies of a rung of the singlet and triplet
states are

3

By, = = Jrung, (22)
Etj = %Jmng + vV B?% + w2, (23)
Eyp = %Jmnm (24)
E, = iJmng — VB2 2. (25)

The ground state changes from the spin singlet |s;) to
the triplet state |¢; ) by increasing the value of v B? + w?.
When Jyung = Vw? + B2, the ground state is twofold de-
generate, since the singlet states |s;) and triplet states
[t;) have the same eigenenergy. The situation when the
ground state is twofold degenerate is quite interesting and
it will be considered in the following section.

Entanglement spectrum. — When Jyu,, =
Vw? + B2, it is necessary to use the degenerate per-
turbation theory, while any combination of eigenstates
|s;) and [t;) can be taken as the ground state |¢p). In
order to achieve an analytically manageable situation,
we will assume a finite number of rungs ¢ = 4. Let us
suppose that the unperturbed ground state |psig) of the
Hamiltonian Hy is an unknown combination of eigenvec-
tors |s;) and [t; ). In the following, we will note eigenvec-
tors of the ground state |¢g) as {|mA)|, A = 1,...,4}, where

n1) = |s1)|s2)lss)lsa),  [n2) =|s1)|s2)lss)ts),
3) = [s1)ls2)lts)|sa),  [M4) = |s1)[t3)]s3)]s4),
[m5) = [t7)|s2)s3)sa),  [76) = |t7)[t5 " )]s3)]54),
m7) = |t ) so)ltz lsa),  [78) = [t7)|s2)lsa) |t ),
[79) = [s0)ltz )It3 )lsa), [710) = [s1)[ts )]sa)ltr ),
[m11) = [sy)so)ltz Dltat), [712) = [t |6 Dt H)sa),
m13) = [ty )tz lsa)lta ™), [wld) = [t ) ]s2)[t5) e ),
1) = [s1)|tz )tz Dler), [116) = [t ) [ez Dtz ler )
(26)
The projector P(O) of Hy projects on the subspace,
and is defined by the eigenvalue E( ) — %Jmng of the
Hamiltonian Hy. Furthermore, the projector PT(LO) satisfies
POH PO o) = EM ), (27)

where E(M is the eigenvalue of Pr(LO)HleO) for eigenvector
|40). In order to find the eigenvalue E(M) of the pertur-
bation H and the ground state [¢g), it is sufficient to
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diagonalize a 16 x 16 matrix

<n1|’H |n1) (nl\H |n16)
(28)

<n16|’H 1) - - (m16|H [m16)

By elementary calculations, one finds the uniquely
determined ground state |1)g) and the first correction of
the energy E(1).
The unperturbed density matrix is constructed from
this ground state and is given, after simplification, by
P = 5 A @A (29)

By again tracing out one leg, we obtain the reduced un-
perturbed density matrix

1 4
Pfg)d = 21 ® (1 - S2zi+1) :

i=1

(30)

It is obvious that this reduced density matrix is not pro-
portional to the unitary matrix and possesses a nontriv-
ial entanglement spectrum. The first corrections to the
ground state in the degenerate perturbation theory are
defined by

(nA|Hilto)
Z‘ N : (?))7 (31)
e B — By
(RA|Hq|n' A "NH
- ¥ Yy R R )
n#n,n’ N )\ Eﬁ _En’

One finds the reduced density matrix to the first order

IS

Jleg
8Jrung

1 z
Pron= g@ (1-8541)—

i=1

(1-55)1-55)%:5

+ (1- 87)8385(1 - 82) + §183(1 — 82)(1 - 55)). (33)
The reduced density matrix can be rewritten as

1
Pred = & exp(_HSn)t)a (34)

Z
where the partition function Z is Z = trexp(— Hent) and
the entanglement Hamiltonian within the first order of the
perturbation theory has the following form:

3

1 L

HSL)t =7 E (2J18952i+152i+3 + J’r"u,ng52i+1>. (35)
rung

The entanglement Hamiltonian is simply proportional
to the Hamiltonian of a chain in the magnetic field with
the proportional factor g = defined as an inverse
temperature.

The system of the Heisenberg chain in the longitudinal
magnetic field is exactly solvable by the Bethe ansatz. The
ground state becomes the spin-liquid one and gapless up
to when 7V'f]?+‘“2 = 2, where the phase transition of the

rung

Pokrovsky—Tz;fapov type takes place and the ground state

becomes a completely ordered gapped ferromagnetic state.
One of the most important features of the energy spectra
of spin chains is the absence of an excitation gap over
the ground state for the integer spin length. We restrict
ourselves to the case when the two chains are strongly
coupled; therefore, 7V312:”‘”2 > 1 and the Hamiltonian of a
subsystem stays gaplessgin this region. The entanglement
spectrum eq. (35) remains gapless owing to the propor-
tionality to the energy spectrum.

Summary. — Here we investigated the entanglement
spectrum of Heisenberg ladders in a time-dependent mag-
netic field using the degenerate perturbation theory, where
couplings between legs are taken as a small perturba-
tion. When the ground state is not degenerate, the ex-
istence of the trivial entanglement Hamiltonian in the
zeroth order of the perturbation theory is identified as an
important condition that guarantees the proportionality
between the entanglement and subsystem Hamiltonians.
We find that although the entanglement spectrum of the
unperturbed ground state has a nontrivial entanglement
spectrum, the entanglement Hamiltonian of Heisenberg
ladders in a time-dependent magnetic field, within the
first-order perturbation theory, is proportional to the en-
ergy Hamiltonian of a chain in the magnetic field when
the ground state is degenerate.
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Abstract. We analytically evaluate the entanglement spectra of the superconductivity states in graphene,
primarily focusing on the s-wave and chiral d,2_,2 +1id.y superconductivity states. We demonstrate that the
topology of the entanglement Hamiltonian can differ from that of the subsystem Hamiltonian. In particular,
the topological properties of the entanglement Hamiltonian of the chiral d,2_,2 + id., superconductivity
state obtained by tracing out one spin direction clearly differ from those of the time-reversal invariant
Hamiltonian of noninteracting fermions on the honeycomb lattice.

1 Introduction

In graphene, the sixfold symmetry of the honeycomb
lattice favors the degenerate d;2_,2- and d,,-wave super-
conductivity states. Recent theoretical studies have shown
that a s-wave superconductivity state [1] and a chi-
ral dy2_,» & id;, superconducting state emerges from
electron—electron interactions in graphene doped to the
vicinity of the van-Hove singularity point [2-7], and in
lower doped bilayer graphene [8-10] (for a recent review,
see Ref. [11]). Below the superconducting transition tem-
perature T¢, this degeneracy yields the time-reversal
symmetry-breaking d,2_,2 * id,, state [11,12]. In the
past two years, considerable experimental progress has
been made regarding the observation of superconduc-
tivity in graphene. Evidence of superconductivity has
been experimentally observed on Ca-intercalated bilayer
graphene and graphene laminates at 4 [13] and 6.4K
[14], respectively. Furthermore, additional experimental
progress has been made regarding evidence of super-
conductivity in Li-decorated monolayer graphene with a
transition temperature of approximately 5.9 K [15].

The discovery of topological phases, which possess
topological order and cannot be classified by a broken
symmetry, has revealed the urgent need for a tool for char-
acterization of these phases. It has been proven that the
entanglement entropy obtained from the reduced density
matrix can be an indicator of the topology in a system
[16-18]. Further, Haldane and Li [19] have suggested that
the entanglement spectrum of a system (the full set of
eigenvalues of the reduced density matrix) contains more
information about that system than the entanglement
entropy, a single number. They have reported a remark-
able relationship between the excitation spectrum and the

#e-mail: sonja.predin@physik.uni-regensburg.de

edges separating the subsystems, considering the entan-
glement spectrum of the fractional quantum Hall system
obtained using a spatial cut. It has been suggested that
the entanglement spectrum constitutes a tower of states,
which can be regarded as a fingerprint of the topological
order [20-36] (for recent reviews, see Refs. [37,38]). The
relationship between the entanglement, which can be cal-
culated from the ground state, and the edge states, which
are excited states of the Hamiltonian in a sample with
boundaries, has been explored in this context. However,
this relationship is not valid in general, as shown in refer-
ences [39-41], in which the various entanglement spectra
fail to describe the topological phase transitions.

The relationship between the entanglement spectrum
obtained by tracing out one subsystem and the energy
spectrum of the remaining subsystem is attracting con-
siderable research attention. Particular focus has been
placed on various spin ladder systems [42-50] and on
bilayer systems [51-53], where a proportionality between
the entanglement and subsystem Hamiltonians is realized
by the strong coupling limit. However, this relationship is
not valid in general, as indicated in reference [54], in which
spin ladders of clearly nonidentical legs are studied, and
in the case of graphene bilayers in the presence of trigonal
warping [55].

In a two-dimensional topological superconductor with
broken time-reversal symmetry, the topology can be char-
acterized by a Chern number, which is an integral of the
Berry curvature over the Brillouin zone. The entanglement
Chern number C, i.e., the Chern number of the entan-
glement Hamiltonian obtained from the eigenvectors of
that Hamiltonian, has been suggested to be a topological
invariant of the entanglement Hamiltonian [55-57]. Note
that some investigation of the relationship between the
energetic and entanglement Hamiltonian topologies has
already been performed [55].
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In this paper, we present a fully analytical study of
the entanglement spectrum of the fermionic ground state
on a graphene honeycomb lattice, in the presence of
superconductivity instability and as obtained by tracing
out a single spin direction. We investigate the relation-
ship between the entanglement and energy spectra of the
remaining noninteracting part, placing a special focus on
the correlation between their topologies. We show that the
entanglement Hamiltonian obtained by tracing out one
of the subsystems and the Hamiltonian of the remain-
ing subsystem can have completely different topologies.
This difference is due to the fact that the entangle-
ment Hamiltonian is a ground-state property. That is,
the dg2_,2 + id;, superconductivity state breaks the
time-reversal symmetry of the superconductivity Hamil-
tonian; this behavior is reflected in the ground state of
the composite superconductivity Hamiltonian. Further,
the entanglement Hamiltonian is constructed from that
ground state. We also discuss the case of sublattices B is
traced out.

This paper is organized as follows: In Section 2, we
introduce the model Hamiltonian and discuss the differ-
ent superconductivity paired states that can arise on the
honeycomb lattice. Classification of the topological phases
of the superconductivity states on the honeycomb lattice
based on their different symmetries is also performed in
this section. The entanglement spectrum obtained from
the Bardeen-Cooper-Schrieffer ground state by tracing out
a single spin direction is analyzed in Section 3. Our pri-
mary interest in this section is to explore the relationship
between the geometrical and topological properties of the
entanglement Hamiltonian and the remaining noninter-
acting Hamiltonian. We close with a summary and an
overview of the future research outlook, which is presented
in Section 4. Some technical details on the analytical
derivation of the full eigenstates of the noninteracting
fermionic system on the honeycomb lattice in the presence
of superconductivity instabilities are presented, along with
correlation matrix calculations, in Appendices A and B.

2 Model Hamiltonian

The tight-binding Hamiltonian for free fermions on a
graphene honeycomb lattice with a single 2p, orbital per
carbon (C) atom is

Hy=-1t)

(ig) o=T

— Y (ol paio + 0] bi) (1)

(ajyabj,g + h.c.)

where t is the hopping energy between the nearest-
neighbor C atoms, p is the chemical potential and a; .
(aia) and b; » (b;U) are the onsite annihilation (creation)
operators for electrons on sublattices A and B, respec-
tively, with spin ¢ =1, ]. Diagonalization of equation (1)
yields the energy spectrum +FE, with

Ey = £t|y(k)| — p, (2)

Eur. Phys. J. B (2017) 90: 239

where (k) = )5 exp (tk - §) and J is a nearest-neighbor
vector. In what follows, we use coordinates with

51 =a (0, \}g) , 3)

b2 = g (11, —;3) : (4)

where a = 1.42 A is the distance between neighboring C
atoms, such that the two inequivalent corners of the first
Brillouin zone can be expressed as

Ki:i@Z,o). (5)

The energy spectrum of the free fermions over the first
Brillouin zone is visualized in Figure 1.

In order to apply the mean-field approximation, we
define the superconductivity order parameter as a three-
component complex vector

Z = (A517 A527A53) ) (6)
where the components are defined by
As = (aitbiysy — aitbiyst) - (7)

We study the superconductivity pairing arising from the
nearest-neighbor attractive interaction

Hint = Z As (a;frb;r+6¢ - aLb;‘rMT) ) (8)
0,

with the limit of strong omnsite interaction. The resulting
mean-field Hamiltonian can be expressed in momentum
space as

H]V[F = —tZ (’y(k)aiobkg + hC)
ko
— ILLZ (a;fcoakg + kao_bka'>
ko

— JZ (Ageik‘s (a,TeTbJLki — a,tlbtm) + h.c.) , (9
k.8

where J is the effective pairing potential arising from the
electron—electron interaction. The kinetic part of the pre-
vious Hamiltonian can be diagonalized by introducing the
following transformations

1 .
Ck,o = 7(ak,a —é ¢kbk,0)a

-5

dio = —=(ag,o + "%y ),

V2

where the phase ¢ is defined as ¢, = arg(vg). Note that

c;fc’a and d,t_a create an electron in the upper and lower

Bogoliubov bands, respectively.

(10)
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Thus, introducing the energy basis, the Hamiltonian
becomes

Hyp = —t > |wl(df ,dk.o = ¢l yCho)
k,o
—H Z(dlt:,a'dk,a + clt:,crckvg)

k,o
- JZ Z (A5 (cos(k:6 - ¢k)(d;£,,1~dik7¢ - CL’TCLW)
)
+ isin(kd — on)(cl,yd y — dl il ) +he) . (11)

The third line in this Hamiltonian is the intraband pairing,
containing an order parameter that is even in k-space and
corresponding to the spin-singlet pairing. The fourth line
is the interband pairing, containing an order parameter
that is odd in k-space and corresponding to the spin-triplet
pairing. We use the definitions

Cr=J)  Ascos(kd — ), (12)
[

and

Sk =J>  Assin(ké — ¢p). (13)
[

The corresponding span of the superconducting order
parameter is

A1,1,1),
A= { AE2,f1,)f1), (14)
A0, -1, 1),

where A is the self-consistent superconductivity order
parameter. In what follows, we use the redefinition JA =
A. The linearized self-consistence equations of the order
parameter are invariant with respect to the hexagonal
group Cg, [2], i.e., the symmetry group of the honey-
comb lattice. The first solution corresponds to the s-wave,

Z = A(1,1,1), belonging to the natural Al irreducible
representation of the Cg, group of the honeycomb lat-
tice. The A1l irreducible representation is spanned by
the vector u; = (1,1,1). The final two solutions,A =
A(2,-1,-1) and = A(0,—1,1), belong to the two-
dimensional subspace of the S5 group [58], the span of
which is ug = (2, -1, —1) and u3 = (0, —1,1). The second
(corresponding to the dy2_,2 wave) and third (correspond-
ing to the d,, wave) solutions belong to the E1 and E2
irreducible representations of the S3 group, respectively.
From the symmetry perspective, it is noteworthy that
every combination of the dg2_,> and d,, waves is possible.
However, it has been shown that the d,2_,> &+ id;,-wave
superconductivity state with an order parameter

1 1
2im
Zdwz,yzﬂdwy:ﬁﬂ ei;" , (15)
et 3
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Fig. 1. Brillouin zone with density plot of |y(k)| — & for: (a)
£ =10.2; (b) £ =0.8; and (c) & = 1. The edge of the first
Brillouin zone is marked by dashed blue lines.
is preferred in graphene below T for a superconductivity
coupling strength J that is not excessively large, and
for doping up to and in the vicinity of the van-Hove
singularity point [2].

The s-wave superconductivity order parameter is given
by A(k) = v(k), while the d,2_,2 + id,,-wave supercon-
ductivity order parameter is

Agsia(k)=cos (%) Ady o (k)Esin (g) Aq,,(k), (16)
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with

a

A, .(k)=24 (eiakw — e ke cos(23kiy)> , (17)

a3

Ag,, (k) = —2iAsin <2ky> e ik, (18)

Introducing the spinor

SOL = (GITWpra;LybLua—m,b—kma—m,b—m) , (19)

the Hamiltonian of equation (9) can be expressed as

Hyr = %Z@LMMPM (20)
k
where
((k) 0 0 —A(k)
0 (k) A(k) 0
Mk* 0 Z*(_k) _C*(_k) 0 ’ (21)
~A&'(-k) 0 0 = (k)
with
cw=( gty T e
2w = aly ) (29

The resultant Hamiltonian indicates that the spin-
singlet superconductivity state without spin-orbit cou-
pling is invariant under the spin SU(2) rotation. Hence,
we obtain the condition

[Ji, M(k)] =0, J; = ( o e ) (i =w,y,2). (24)

1
As a result of the spin SU(2) rotation, it is sufficient to use
the spinor vl = (a;rcT7 wa a_ky,b_f) in order to express

the Hamiltonian of the superconductivity state on the
honeycomb lattice in the form

Hyr = ZQ/,ih(kz)Wk, (25)
k
where
i (k) ) A? k) _Ao(k)
k=1 —A*(M—k) wo otk | (20
N B

When the superconductivity order parameter is pure real
the Hamiltonian h(k) satisfies

Th(k)T™' = h(—k), (27)

Eur. Phys. J. B (2017) 90: 239

where T' = K mimics time-reversal symmetry. The con-
dition given in equation (27) can satisfy a real supercon-
ductivity order parameter only. The dg2_y2 + id,,-wave
superconductivity order parameter given by equation (16)
breaks the time-reversal symmetry. It appertains to the
Cl-class in the Altland-Zirnbauer classification of topolog-
ical insulators and superconductors [59-61]. Furthermore,
it is possible to classify two-dimensional C-class supercon-
ductors using the Chern number C'. Note that the nontriv-
ial topology of the dg2_,2 + id,,-wave superconductivity
state is denoted by the Chern number C' = 2.

3 Entanglement spectra

A method for analytically calculating the entanglement
spectrum of a free-fermion system is given in references
[52,62,63]. Here, we generalize this method to super-
conductivity systems, using an approach similar to that
described in references [64,65].

The entanglement Hamiltonian can be constructed as a
single-particle operator in a quadratic matrix [52,62,63],
as it is completely determined by any correlation matrix
of operators acting on the remaining part after the sub-
system has been traced out. Our system consists of two
subsystems, A and B. The reduced density matrix for
subsystem A, defined as pa = trgp, can be formulated
as in the free fermion case, such that py = %e’He"t,
using the entanglement spectrum Hgyy and the partition
function Z = tr (e~ *en). Furthermore, the average (O)
of a local operator in subsystem A can be calculated as
(0) = tr(paOa).

By tracing out a single spin direction, e.g., the negative
spin |, from the ground state on the honeycomb lattice in
the presence of the s-wave and chiral d + id-wave super-
conductivity, the correlation matrix can be formulated

as
C(k) = <

For more technical details of the analytical calculations of
the correlation matrix, we refer the reader to Appendix B.
Here, one can show that the eigenvalues of the correlation
matrix 7; are related to the entanglement spectrum &,

such that
11—
& =In ( ’”) :
Ul

3.1 s-wave scenario

(afpart)  (afsbrr) > (28)

(blrart)  (babir)

(29)

The s-wave superconductivity order parameter corre-
sponds to the bond-independent superconductivity state;
thus, Sk is identically zero.

We analytically obtain the entanglement levels (Eq.

(29))

(30)

&(k) = —2arcsinh (tlv<k>|+u>

|Ck|
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and
tlv(k)| —
&2(k) = 2arcsinh (M)M> . (31)
|Ch|
The entanglement Hamiltonian has the form
How =3 (G1eh pens +&fl fur ), (32)

k

where ey, 1 and fi, 4 are Bogoliubov transformations given
in Appendix B by equations (B.1) and (B.2). The entan-
glement levels for different values of u, with ¢ = 2.5eV,
and A = 3eV are shown in Figure 2.

The undoped graphene is a gapless semi-metal and is
not a superconductor at low temperatures. However, when
the system is at half-filling (with x = 0), the entanglement
levels are

&1,2(k) = £2arcsinh (Z) , (33)

being constant over the entire Brillouin zone. In the strong
coupling regime, when A > ¢, one finds

t
6172(]6) ~ iQZ

(34)
The canonical entanglement Hamiltonian at half-filling is
independent of the inverse temperature [53] § = kg/A,
such that

Hean = Z ki (e]];7+ek,+ + fl:,+fk,+) ; (35)

i-1 E

where kg is a constant. In general, there is no propor-
tionality between the entanglement Hamiltonian and the
energy Hamiltonian of free fermions, because the coupling
between subsystems Cj is k-dependent in the Brillouin
zone. When Cy, = 0, at the Dirac points, the entanglement
levels are not entangled. However, at finite doping, the
maximally entangled states, when the entanglement levels
are zero, correspond to the zero-energy state of the nonin-
teracting fermions. To provide a superior visualization, a
thick black line is used to connect the zero-energy states in
Figure 1 and the maximally entangled states in Figure 2.

3.2 Chiral d-wave scenario

To enable analytical calculations, we diagonalize the
Hamiltonian (26)

Hyp = Z EO&(OL7+O’<:7+ + OT_k,_O—k:,—)
k

+> Bl Pt + P _pok-)
k

(36)

by the Bogoliubov quasiparticles og y,0_g,—,pk,+ and
pP_k,— given in Appendix A with equations (A.30) and
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Fig. 2. Contour plot of entanglement level & (k) of s-wave
superconductivity state on honeycomb lattice plotted for % =3
and: (a) £ =0.2; (b) £ =0.8; and (c) £ = 1. The thin blue
dashed and thick black lines represent the first Brillouin zone

and connect the zero energy states, respectively.

(A.31). The energies of the Bogoliubov quasiparticles are
+F, and +£E3, where

Ba= /PR (R)2 412+ (|Sk2+(Chl2) +2vuFo,  (37)


https://epjb.epj.org/

Page 6 of 13

and

By = 2R + 12 + (1Sk2 + |Cl2) — 2vuF v (38)
with

u= (p? +[Sk[?) [y (k)% (39)

and

v = (Re(Ci)Tm(Sk) — Re(Sx)Im(Ck))*.  (40)
When the superconductivity order parameters Ag are
pure real, i.e., when no time-reversal symmetry breaking
occurs, v vanishes.

From analytical calculations, one obtains the correlation
matrix at T'=0

Cii(k
e = Gl

where

011 = <a;chakT>

1 1 o
=t (e1+m
2 4 H2+|Sk|2(1 )

I

V2 + | Sk[?
1 m
x— 1+ , 42
Eﬁ( \/tzv(k)|2+m2> )

1 m
X—|1-
£, < VAR T m2>
1
+Z (62 —|—m)

Ca = <bL¢ka>

1 1 n
—F+—————(e1 —m)
PO/ AR

1+ m
- BRI + e

L (e —m)

Vi? + |Sk[?

1 m
“Es (1 - VPRh(RIE+ m2) .

‘ -

+

N

Cz = (af, bt

Lo ((Eo_e2\_, (L _1L
4 E, Eg E, Eg
ty(k)|
2y (k)[* +m?

(44)
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with
€12 = V2 + |Sk2 £ VP (k)[2 +m2, (45)
while
o Re(Cg) - Im(Sg) — Im(Cp) 'Re(sk)7 (46)
V2 +[Sk?
and

" — Re(Cr)Re(Sk) + Im(C)Im(Sk) . (47)

Thus, the entanglement spectrum obtained from the
eigenvalues of the correlation matrix given in equation
(29) cousists of entanglement levels £; and & where:

&1,2 = —2arctanh

X(C11 + Co — 12/ (Crr = Ca)? + 41C1P). (48)

As the d-wave spin-singlet superconductivity order
parameter involves both Cy and Sk, there is no rela-
tionship between states with the zero-value states of the
entanglement spectrum and the zero-energy states of the
free fermions. At the van-Hove singularity point, i.e., when
u = t, both the entanglement spectrum and the energy
spectrum of the free fermions are zero at the M point. The
results of our analytical calculations of the entanglement
spectrum of the d2_,2 + id,,-wave superconductivity on
the honeycomb lattice are presented in Figure 3.

As we have discussed above, the dy2_,2- and d,,-wave
superconductivity order parameters preserve the time-
reversal symmetry (Eq. (27)). Based on the time-reversal
symmetry and provided Wy are the eigenstates of the
Hamiltonian given in equation (26), we can state that

e =04, (49)
where the ¥* . are also eigenstates of the Hamiltonian of
equation (26). This yields

& =D (50)
Hence, the real d-wave superconductivity order parameter
preserves the time-reversal symmetry in the correlation
matrix, which is constructed from the & as C(k) =

(@L@k). The entanglement Hamiltonian satisfies:

TeHent (k)T = Hent(—k), (51)
with TE =K.

When the dg2_y2 + idz,-wave superconductivity order
parameter is considered, Ci and Sp are complex func-
tions. Then, the m and n terms are non-zero. Hence,
the average occupancy number at site A, Ci;(k), and
the average occupancy number at site B, Coo(k), are
not equal and the off-diagonal element of the correla-
tion matrix Cia(k) is complex. Because Si is an odd


https://epjb.epj.org/

Eur. Phys. J. B (2017) 90: 239

Fig. 3. Contour plot of the entanglement level & (k) of
dy2_y2 + idyy-wave superconductivity state on the honeycomb
lattice plotted for Z =3 and (a) £ =0.2, (b) £ = 0.8 and (c)
£ = 1. The dashed blue line delineates the first Brillouin zone,
while the thick black line shows maximally entangled states.

function in the momentum space, while Cy is a even
function, it can be shown that elements of the correla-
tion matrix C1(k), Caz(k), and Cia(k) are constrained
as 011(—’6) = CQQ(k) and CE(—’C) = Clg(k) Therefore,
it follows that the complex d>_,» + id,,-wave super-
conductivity order parameter breaks the time-reversal
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symmetry in the entanglement Hamiltonian. The topol-
ogy of the entanglement Hamiltonian in two-dimension
with broken time-reversal symmetry is characterized by
the entanglement Chern number.

For further analysis of the topological properties of the
entanglement Hamiltonian, we require not only its eigen-
values, but also its eigenstates. The eigenstates of the
correlation matrix are identical to the eigenstates of the
entanglement Hamiltonian and can be expressed as

Gt = 04 (K)agt + - (K)bks,
Tkt = 04 (—k)ary — 6~ (—k)bir,
where explicit expressions for §, (k) and §_ (k) are given in

Appendix B by equation (B.17). Using these eigenstates,
we can calculate the Berry curvature

04, 0A,
F(k) = oy ok, (54)
and the Berry connection
Alk) = ilr(R) S 1r(R)) (55)
ir(k) 55 Ir (k)

which vanish everywhere outside the Dirac points where
quantized “monopole” sources of the d-function type exist.

Through numerical integrations of the Berry curvature
along the Brillouin zone, we find that the entanglement
Chern number is C' = 1, in the case of the chiral dg2>_,2 +
idgy-wave superconductivity state. In the presence of
SU(2) rotation and broken time-reversal symmetry, as in
the case of an energetic Hamiltonian, the Chern number
C can have even values only. For the entanglement Hamil-
tonian, it is possible to obtain an odd value for the Chern
number, as it is not invariant to the SU(2) rotation. As
a result, the topology of the entanglement Hamiltonian,
which is obtained by tracing out the spin-down subsys-
tem of the ground state of the chiral d,>_,» + id,,-wave
superconductivity state on the honeycomb lattice, clearly
differs from the topology of the energetic Hamiltonian of
free fermions without the superconductivity instabilities.

3.3 Tracing out B sublattices

3.3.1 s-wave scenario

We will now consider the ground state of interacting
fermions on the honeycomb lattice in the presence of the
s-wave superconductivity instability. Upon tracing out B
sublattices the entanglement levels:

ERk)E — 1 + A (k)P
E.F; ) ,  (56)

&4 = +2arctanh (

where o =/ (t}y(k)| — u)° + A2}y (K)[2 and

By = \/(th(k)| + 1) + A2|y(k)2. When system is at
half-filling the subsystems are maximally entangled. The
entanglement levels are plotted at Figure 4.
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Fig. 4. Contour plot of entanglement level & (k) of s-wave
superconductivity state on honeycomb lattice plotted for % =3
and £ = 0.8. The first Brillouin zone is border by the dashed
blue line, while the thick line connects maximally entangled
states.

3.3.2 Chiral d-wave scenario

Upon tracing out B sublattices, the entanglement spec-
trum of d-wave superconductivity state on the honeycomb
lattice is completely determined by the correlation matrix:

C3(k)
Ciys (k) ) )

Cll k
Clk) = ( et

where C11, C33 and Ci3 are given in Appendix B. The
eigenvalues 71 o of the correlation matrix

(57)

1
771’225 ((Cll +033+:|:\/(011 - 033)2 + 4|013|2> . (58)

are related to the entanglement levels §; 2 = In (117; )
o

At finite doping the entanglement levels never vanish.
Here, space inversion symmetry of the entanglement
spectrum is broken and the entanglement levels satisfy
£+ (—k) = =&+ (k). The entanglement level & (k) is visu-
alized in Figure 5. The broken time-reversal symmetry in
the entanglement Hamiltonian leads to the entanglement
Chern number C = 1.

4 Conclusion and outlook

We analytically evaluated the entanglement spectra of
the superconductivity states on the graphene honey-
comb lattice, primarily focusing on the s-wave and chiral
dy2_y2 + idy,y superconductivity states. When one spin
direction was traced out, exact correspondence between
the maximally entangled states of the s-wave superconduc-
tor and the zero energies of the noninteracting fermionic
honeycomb lattice at finite doping was observed. The
relationship between the topologies of the entanglement

Eur. Phys. J. B (2017) 90: 239

Fig. 5. Contour plot of entanglement level £2(k) of d2_,2 +
idsy superconductivity state on honeycomb lattice plotted for
% =3 and £ = 0.8. The thin blue dashed and thick black lines
represent the first Brillouin zone and connect the zero energy
states, respectively.

and subsystem Hamiltonians was found to depend on
the coupling between the subsystems. Further, the chiral
dy2_y2 + 1dg, superconductivity order parameter breaks
the time-reversal symmetry in the entanglement Hamil-
tonian. The topological properties of the entanglement
Hamiltonian, characterized by the topological nontrivial
entanglement Chern number C = 1, clearly differ from
those of the time-reversal invariant Hamiltonian of the
noninteracting fermions on the honeycomb lattice. The
investigations presented herein are based on closed ana-
lytical expressions for the full eigensystems of the s- and
d-wave superconductivity states on the honeycomb lat-
tice over the entire Brillouin zone. The method used to
examine these eigensystems may constitute a useful tool
for new studies of superconductivity in graphene. Future
work may investigate the relationship between the topolo-
gies of the entanglement and subsystem Hamiltonians
through the topological phase transition; for example, in
the coexistence region between antiferromagnetism and
dg2_y2 + idy, superconducting correlations in graphene
[66] and graphene bilayers [8].

The authors kindly acknowledge Milica V. Milovanovié. This
work was supported by Deutsche Forschungsgemeinschaft via
GRK1570.

Appendix A: Derivation of the eigensystem

In this appendix we present analytical diagonalization
of the Hamiltonian of the chiral d + id-wave supercon-
ductivity state on the honeycomb lattice. Complexity
of the order parameter makes the analytical approach
more difficult. The starting point of our analysis is
the Bardeen-Cooper-Schrieffer mean-field Hamiltonian in
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tlv(k())l —p | (2” %k —igk
_ ~thk)—p S —~Ci
=1 g —isy  —~th(k)+p 0 &4
iSk - 0 th(k)]+n
tlv(k(%l —p | (2)| g _%Sk
! —tiy(k)| —n 15
h=1 ~ise - —th(k)+p 0 (4.9)
iS; 0 0 t (k)| +
momentum space H 1 is diagonalized by
HMF(’C) = —tz (v(k:)a};gbka + hC) €+ = 'L.Oé*_Ck'T + a—i-dJLkJ, (A8
k . fr+ = —ia diy + 0‘+Cik-¢ (A.9)
— 1Y (e ano + b, brr )
k with
=T (Ase™ (af bl gy — al by ) +hc) s (A)
k75 1 M
ap = 5 1 + ﬁ
where we define the superconductivity order parameter V12 [ Skl
S
a_ = b . (A.10)

A(k) = Ase™?, (A.2)
3

as a combination of the dg2_,» and dg,-wave super-
conductivity state Agria(k) = cos () Agz_,2(k) £
sin (%) Aq,, (k) which minimalizes a free energy.

We apply the transformations

Ck,oc = (ak,a - ei'qskblc,cr);

(ak,a + eiwkbk,a)a (A?’)

dk,o’ =

=Sl

such that in

see equation (A.4) above
diagonalize the kinetic part of the Hamiltonian. Cy =
JY s Ascos(kd — ¢) and Sp = J ) 5 Assin(kd — o)
are complex functions.
Here it is useful to split this Hamiltonian as H; = Hi +
H f where

see equation (A.5) above

and

(A7)

OOO@

0
e
0
0

o OO
3

\/2 pw + [ Sel? (M+ VI + |5k\2)

This leads to

e1 m —l 0
m e 0 l
H2 == U2H1U2T = _l* 02 —e; m (All)
0 I* m —ey
with
o Re(Cg) - Im(Sg) — Im(Cg) - Re(Sg) (A.12)
and
= af_C}; + (a*_)zCk (A.13)

and +e; and *ey are eigenenergies of the Hamiltonian H 1
given by

er = tly(k)| + Vp? + [ Sk[? (A.14)
and
ex = —t|y(k)| + v/ p? + |Sk|?. (A.15)
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We can now split this Hamiltonian as Hy = Hé + Hé/
where

eem 0 O
’ m eg O 0
H2=100-¢ m |’
00 m —es
0 0-10
" 0 001
H, = 0 00 (A.16)
000
Proceeding now with the transformations
I+ = Byert + B frt (A.17)
hi+ = oB—ekt+ — B+ frr (A.18)

where o = sign(m) and

5, — 1(& (k)| ) 10

2\ VPP

we diagonalize first part of the Hamiltonian H, and we
get

€1 0 0 -1
0 €2 —1 0
0 —* —€9 0

—[* 0 0 —€1

Hs = UsHyUl = (A.20)

where +¢; and +ey are eigenenergies of the Hamiltonian
H,

= /112 +|Sk|2 + /2|y (k)| + m2 (A.21)

and

— V2 HSeP — VERRE+ . (A22)

Finally, this Hamiltonian is brought to the diagonalized
form with transformations

O+ = 'Y(+)gk+ - ’y( )gk_ (A.23)
prer =7 by — 0 (A.24)
with
W _ 1<1 61) W _ L
— a1+ 2, 2 A.25
T 2 E.) 2 (Eo + 1) (4.25)
and
@ _ (1 ( €2 > @) _ !
5 1+ 2], A s (A26
+ 2 Eg 2E3 (Eg + €2) ( )
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and

= BRI+ +SH+ Chl2+ 2V T (A20)

and

By = 2 Iy(k) P12+ Skl +]ChP—2v/uFu (A.28)

where

u= (u?+|Sk|*) |7 (K)*
v = (ReCrImS), — ReSkImCy ) . (A.29)

Bogoliubov transformations opy and pg4 in the basis
gty byt

1
Ok+ = _E (04+’Y(—) i 7+ ) (B+ —oB-) akr

L
_ﬁe%( ’Y()-i-la ,er )(ﬁ +0B_) by
(1

+%(a+7+ + i )(5 +oB-)al Kl

1 .
—l—ﬁew‘“ (04+75r) io 7(1)) (By — B b "y (A30)

1
P =5 (oz+’y(_)+za 7§ )(,3 +0B-) aky

1 .
+\ﬁel¢’“ <0¢+7(_) i A )(ﬁ+ —oB-) bkt

1
+\ﬁ (04+75r2)—i04—7(_2)) (B+ —oB-)al kel
_%eidm <0‘+'Y—(|r)+m L )(6 +0B_)al g, (A31)

Appendix B: Correlation martix

B.1 s-wave scenario

The Hamiltonian equation (26) for s-wave superconduc-
tivity state in graphene can be diagonalized by using
Bogoluibov transformations

1 .
Cht = a+7(ak¢ — "% by 1)

2
1 2
+a,%(a_k — e bl ) (B.1)
1
Jr+ = 5—5(%,? + e by 1)
1
—By—=(aly +e ot k ¢) (B.2)
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. _ 1y tly(k)|—p
where a4 \/2 ( + Vth®) =2+ Cel? )

Ck
= V2B (Batth(B)-m)
tly(k)|+p

=,/i(1 d
o \/2< RV M
b = C

V2Es (Eg+t|y(k)|+1)
Bogoliubov quasi-particles

with E, and Ej3 are energies of

Eo =/ (th (k)] — 1)* + |G (B.3)

and

By =/ (th(k)] + ) + 2. (B.4)

The e (f) sections are determined by equations (B.1)
and (B.2), respectively. These sections are decoupled in
Bogoliubov description and we are allowed than to obtain
their contributions to the ground state separative. We can
demand egy|G) = 0 and e}, |G) = 0 where |G) is the
ground state. The e section contributes to the ground state
as:

[T (astk) —a-(R)clely, ) 10)

kelIBZ

(B.5)

where |0) is the vacuum state. Similar, the contribution of
the f section to the ground state:

I (5

kclIBZ

+ Bek)dydt ) 10)  (BO)

the ground state |G) is determined by conditions:

fe+|G) = 0 and f,i_\G) = 0. This leads to the complete
ground state vector:

[T (onk) - actR)clcly,)

kclIBZ

1 (5@

qe€IBZ

+Br(@dyd ) l0). (BT)

Similar findings are obtained for the ground state of the
p-wave superconductivity state in graphene [67].

This ground state leads to the correlation matrix when
spin | is traced out:

C(k)

K +\5+| ) se

( 3 (lo— —n (18417 -
2¢" (1847 =la—I?)

ja_?)
L (ja- P+18, ) > - (BS)

[N~}

Page 11 of 13

B.2 Chiral d-wave scenario

Using
o = = g (o (1) i) 52 =y
— % (a+ (7(_2)) JriOé—Vf)) (By +0B-) pre,+
+%(a+7f) )(5++05 )Pl
+ % (Oé+%(r1) - iOé—V(_l)) (By —oB- ) O_k,— (B.9)

we can calculate the mean occupancy at cite A:

(1) |2

1 1
(afgan) = (ami>> + o !

2

V(0 —ar (vO))) (84 — 08
( 2(y)2 + la— PP — iy (a +®
o= (+2)7)) (B +06-)?.

-t 7

(B.10)

After basic algebra we find that the correlation matrix
obtained by tracing out spin | at T'= 0 reads

Ci1(k)

Cuk
Clk) = ( 12 (k) sz&ﬁ%) (B-11)
with
On(k) = 5 (03 () + o PR - ayn )

1( (7(_1)) )) (Bs — op_)?

2
x ( —a’ (%3)) )) (By +0B-)"
_1 + 1#(61 +m)
3 P I
><L (1 e )
Eo E (k) 1 m?
+1#(62+m)
TV
1 m
x—ﬁ (1 + ENTE +m2> , (B.12)
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. 1
(a2 (2 + la PO + oy

ayY —a* (v(_l)) )) (B4 +0p-)”

?+ ia+7§r2)

Coo(k) =

N | =

X

O +la-Ph

D —at (4)7) (8 05y

I

VA

X L 1+ mn
Ea 2y (k)|* +m?

_|_

+ NN = TN

A~

/N
Q
%

X
>
2

N | =

w2 (1= m : (B.13)
8 2|y (k)[> +m?
and
Lo
Cra(k) = 5e7 % (a2 (5)? = a- P2 — ias )
(1)) ) (1) 2
< (a4 (a0) (1)) (62 - 82)
|
—3e7 4 (a2 — - PR — iy
X (a(,l)'y(f)—i—( (1)) ( @ ) )) (B - 8%)
_ L (L2
1 BE. B
—in (1 - 1)) thy(k) (B.14)
Eoa  Ep 2y (K)[* +m?
where n = Re(Cr)Re(S)+m(Cr)Im(Sk) - Here  one should

Vi2+ [Sk|?

notice that C11(—k) = Caa(k) and Cia(k) = (C12(—k))".
Eigenvectors of the correlation matrix

Grt = 0+ (k)ags + I_(k)bgy (B.15)

Tkt = 04 (—k)arr — 0 (—k)bky (B.16)

where:
1 Cy —C
5+(k): 5 (1+ 11 222 )
\/(Cll — C2)” +4[C1o?
2012 (B.17)

\/\/011—022 + 4|C12 2w

with w = (C11 — Cog + \/(Cu — C22)” + 4| C12]?).
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Finally, we find that the correlation matrix obtained by
tracing out one sublattice, B for example

_{ Cui(k) Cis(k)
cw=( e e ) @1
with
1
Cll(k) = 3 (Oé%r( Sr )2 + ‘Off‘gl’y(j)lz - ia+7$)
% (an® —ar (1)) (8 —05)?
1
3 (0202 +la-Ph P — oy
X (a_’Y(_2) —a* (7(_2)) )) (B4 +0B-)?
- 1 + 1#(61 +m)
2 L 5P
><L 1-—- o
Ea ly(k)[? +m?
1 a (e2 +m)
N
E( VERRP - m? |2+m2>’ B
1
Cia(k) = 5 (02 ()2 o Pl — int
X (CLW(,I) —a’ ( W ) )) (B +0oB- )
+; (a+(7(2)) +la- PP — dasn?
X (a 7(_2) al (’Y(_Q)) )) (B+ *Uﬂ—)Q
_ L 1#(61 —m)
2 12+ 5P
><L 1+ i
Ea ly(k)[? +m?
,1#(6 —m)
I/ RN AR
8 2y (k) +m?
and

Cis(k) = % (a (7 ,y_ 7(2)7(_2)) (ai)Q (,y_(:)
x

(D) =P () (82 - 82)
_1/1 ) ok
4\ Ea V2 + 52
thk)l o (B.21)

PLERIE + m?
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HL 83.1 Wed 17:00 P1
Semi-empirical phonon calculations for graphene on different
substrates — eHENRIQUE MIRANDA, ALEJANDRO MOLINA-SANCHEZ,
and LUDGER WIRTZ — Physics and Materials Science Research Unit,
UNIVERSITE DU LUXEMBOURG, Luxembourg

We investigate the graphene-substrate interaction via changes in the
phonon dispersion of graphene. Ab-initio calculations on these systems
are of high computational cost due to the non-commensurability of the
unit cells of graphene and the substrate. This leads to the formation
of Moiré patterns with accordingly large supercell sizes. We use a
semi-empirical force constant model for the calculation of phonons of
graphene on different metallic and insulating substrates. The interac-
tion of graphene with the substrate is described via suitably chosen
spring constants. The phonon dispersion in the primitive unit cell of
graphene is obtained via an ”unfolding procedure” similar to the ones
used for the discussion of ARPES (angular resolved photo-emission
spectroscopy) of graphene on incommensurate substrates.

HL 83.2 Wed 17:00 P1
Bilayer graphene: topological phases and entanglement spec-
trum — eSONJA PREDIN and JOHN SCHLIEMANN — Institute for The-
oretical Physics,University of Regensburg, D-93040 Regensburg, Ger-
many

We present a calculation of the entanglement spectrum of fermions in
bilayer graphene. In particular, a non-trivial topological order of the
Abelian phase of the time-reversal symmetry breaking d-wave state is
studied. We show that the entanglement spectrum is gapped, addi-
tionally we show that edge excitations in the entanglement spectrum
form doublet Dirac fields around every K point.

HL 83.3 Wed 17:00 P1
Ultrafast dynamics and photoluminescence of hot carriers in
graphene — eTHOMAS DANZ, ANDREAS NEFF, REINER BORMANN,
SASCHA SCHAFER, and CLAUS ROPERS — IV. Physical Institute, Uni-
versity of Gottingen, 37077 Gottingen, Germany

The ultrafast dynamics of optically excited carriers in graphene can
be monitored by pump-probe spectroscopy [1,2]. Furthermore, it was
recently shown that the thermalization of hot carriers leads to photo-
luminescence at wavelengths far away from the exciting pump [3,4].
Here, we present the implementation of an experimental setup which
combines transient spectroscopy with sub-15-fs temporal resolution
with hot carrier photoluminescence detection under the same exci-
tation conditions. With this approach, we aim at a comprehensive
picture of the ultrafast carrier response and the disentanglement of
the timescales underlying different relaxation pathways. First experi-
mental results will be presented.

[1] J. M. Dawlaty et al., Appl. Phys. Lett. 92, 042116 (2008)
] M. Breusing et al., Phys. Rev. B. 83, 153410 (2011)

[3] C. H. Lui et al., Phys. Rev. Lett. 105, 127404 (2010)
] W. Liu et al., Phys. Rev. B. 82, 081408 (2010)

HL 83.4 Wed 17:00 P1
Electron spin resonance of ion-irradiation induced single va-
cancies on monolayer graphene characterized by scanning
tunneling spectroscopy — eSVEN JUST!, STEPHAN ZIMMERMANNZ,
VLADISLAV KATAEVZ, MARCO PRATZER!, BERND BUCHNERZ, and
MARKUS MORGENSTERN! — II. Physikalisches Institut B, RWTH
Aachen — 2Leibniz-Institut fir Festkorper- und Werkstoffforschung,
Dresden

Single vacancies with densities of 0.003/nm? — 3/nm? are prepared
on HOPG and on single layer graphene on SiO2 produced by chemical
vapour deposition using Ar ions with 50 eV kinetic energy. The vacan-
cies exhibit a peak at Er in scanning tunneling spectroscopy, which
survives 3 h of air exposure, afterwards a small broadening of the peak
is observed. Electron spin resonance shows a peak corresponding to
g = 2.0022, if the defect density is above 0.3/nm?2, and a peak width
of 10 G with an anisotropy below 0.5 G between in-plane and out-of-
plane magnetic field. The peak width hardly depends on temperature,
while the peak intensity decreases with increasing temperature in the
range of 4 K - 20 K.

Location: P1

HL 83.5 Wed 17:00 P1
Enhancing the Raman signal of graphene on SiC(0001) by
using a solid immersion lens in top-down geometry — oeFELIX
FroMMm!, MARTIN HUNDHAUSEN2, MIcHL KAISER3, JuLiA KRONE!, and
THoMAS SEYLLER! — !TU Chemnitz, Institut fiir Physik — 2FAU
Erlangen-Niirnberg, Lehrstuhl fiir Laserphysik — 3FAU Erlangen-
Niirnberg, Lehrstuhl fir Werkstoffwissenschaften

We present a study of epitaxial graphene by recording Raman spectra
from the backside through the silicon carbide (SiC) substrate. In that
top-down geometry we profit from the fact, that the graphene layer
emits approximately 96 % of the Raman intensity into the SiC [1].
However, we only observe an intensity enhancement of approximately
a factor of 4 compared to the conventional top-up geometry. This
is because the solid angle of detection is decreased by refraction at
the SiC/air interface and is limited by the total internal reflection.
To further improve the detection efficiency, we use a high refractive
index solid immersion lens (SIL) made of cubic zirconia combined
with a suitable immersion liquid. By that, the angle of total internal
reflection, as well as the solid angle of detection are increased. We
eventually observe an increase of the detected Raman intensity towards
the top-up geometry to a factor of 25. As an additional advantage,
the background signal of the two-phonon Raman modes of the SiC is
suppressed to a large extent.

(1] F. Fromm et al., New J. Phys. 15, 113006 (2013)

HL 83.6 Wed 17:00 P1
Growth of graphene on 6H-SiC(0001) under ammonia/argon
atmosphere — oCHRISTIAN RAIDEL, FELIX FROMM, SAMIR MAM-
MADOV, MARTINA WANKE, and THOMAS SEYLLER — TU Chemnitz,
Insitut fiir Physik, Germany

In this work we investigated the nitrogen incorporation into epitaxial
grown monolayer graphene by using ammonia as process gas within
argon flow during thermal decomposition of SiC. The growth parame-
ters as temperature and ammonia concentration were studied by var-
ious surface sensitive methods as XPS, LEED, RAMAN, AFM, and
STM. ARPES shows that the ammonia grown graphene shows more
p-type doped graphene than undoped graphene on SiC(0001). Due to
the dissociation of ammonia during the growth process etch pits are
produced. Vacancy associated nitrogen incorporation was observed by
XPS and STM.

HL 83.7 Wed 17:00 P1
Characterization and transfer of 2D dichalcogenides pro-
duced by anodic bonding — ePHILIPP NAGLER, GERD PLECHINGER,
CHRISTIAN SCHULLER, and ToBIAS KORN — Institut fiir Experi-
mentelle und Angewandte Physik, Universitdt Regensburg, 93040 Re-
gensburg, Germany

Atomically thin MoSo and WSs structures have attracted growing at-
tention as promising 2D semiconductors. As monolayers, both mate-
rials exhibit a direct bandgap and therefore are suitable candidates for
future opto-electronical devices. We produced singlelayer MoS2 and
WSy by means of anodic bonding. In this process, the material is
bonded by electrostatic forces on a borosilicate glass substrate. Com-
pared to mechanical exfoliation, this technique usually yields larger
flakes. Anodic bonded MoSs flakes were characterized by Raman and
photoluminescence (PL) spectroscopy. Performing low-temperature
PL measurements, we observed similar behaviour as in SiOg-supported
MoS2. Furthermore, PL measurements for anodic bonded WSy are
presented. By applying the wedging transfer technique, we transferred
anodic bonded monolayer WSg from the glass to a SiO2 substrate.
Additionally, using this method, heterostructures consisting of various
2D materials could be produced and characterized.

HL 83.8 Wed 17:00 P1
Graphene nanostructures produced from transfered layers —
eCHRISTOPHER BELKE, DMITRI SMIRNOV, JOHANNES C. RODE, HEN-
NRIK SCHMIDT, and ROLF J. HAUG — Institut fiir Festkorperphysik,
Leibniz Universitat Hannover, D-30167 Hannover, Germany

Graphene consists of carbon atoms, which are arranged in a two-
dimensional honeycomb lattice. It has unique electronic properties,
which can be examined in high quality samples [1]. These are often
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prepared by mechanical exfoliation on a silicon wafer with silicon diox-
ide on top. This substrate has a strong influence on the transport prop-
erties due to charge traps and surface roughness [2]. To reduce these
effects or to produce novel complexe layersystems, graphene sheets can
be stacked by a transfer methode e. g. onto other substrates or one
upon the other to fabricate twisted flakes. The latter has been done
and was under examination with magnetotransport measurements.
Graphene is exfoliated on a thin PMMA layer, which can be detached
from the silicon wafer. This layer is then placed on another graphene
mono- or bilayer flakes. The samples were characterized at low tem-
peratures and in dependence of a magnetic field. Magnetic field inde-
pendent oscillations could be observed in a multilayer system.

[1] K. S. Novoselov et al. Science 306, 666 (2004)

[2] P. Barthold et al. NJP 13, 0433020 (2011)

HL 83.9 Wed 17:00 P1
Twisted graphene bilayers, folded via atomic force micro-
scope — oJOHANNES C. RODE, DMITRI SMIRNOV, CHRISTOPHER
BELKE, and ROLF J. HAUG — Institut fiir Festkorperphysik, Leibniz
Universitat Hannover

Naturally occurring double-layer graphene consists of two hexagonal
lattices in Bernal stacking. We investigate the folding of single-layer
graphene via atomic force microscope (AFM) and the electronic prop-
erties of thusly created bilayers. The crystal lattices of these are
twisted against each other which affects the interlayer coupling, giv-
ing rise to interesting electronic properties like a screening effect and
reduced Fermi velocities at higher twist angles. Furthermore, the in-
fluence of a moiré-superlattice or twist induced van-Hove-singularities
can be expected at lower twist angles. Our samples are obtained by
micromechanical cleavage of natural graphite and placed on a silicon
substrate with a top layer of silicon dioxide. The atomic force mi-
croscope then serves as a tool to mechanically manipulate the sample
by programmed tip movements. We show AFM-induced folding of
graphene on a pm-scale which can afterwards be contacted via e-beam
lithography. Magnetotransport measurements over the folded areas
show interesting signatures like multiple origins of landau fans in the
charge carrier concentration.

HL 83.10 Wed 17:00 P1
The Effect of the Chemical Potential of Graphene on THz De-
tection — eMARKUS GOTHLICH!, FATHI GOUIDER!, ANDRE MULLERZ,
YURI B. VasiLYEV3, and GEORG NACHTWEI! — lInstitut fiir Ange-
wandte Physik, Technische Universitdat Braunschweig, Mendelssohn-
straBle 2, D-38106 Braunschweig — 2Physikalisch Technische Bunde-
sanstalt, Bundesallee 100, D-38116 Braunschweig — 2A.F.Ioffe Physi-
cal Technical Institute, RU-194021 St.Petersburg, Russia
One particular fact about graphene is its remarkable Landau quanti-
/A2 + 2hev%|n|B with n being the Landau level
(LL) index. This would allow a transition at 2.4 THz (correspond-
ing to an energy of about 10 meV) to happen at a magnetic field
as low as 0.2 T. But theoretical investigations show the opening of a
bandgap and a high chemical potential in epitaxial graphene on Si-face
SiC due to graphene—substrate interactions. On the other hand our
calculations—based on Gusynin et al. Phys. Rev. Lett. 98, 157402
(2007)—show that at high chemical potential the photoresponse can
only be observed at higher magnetic fields of some Tesla. Gating is dif-
ficult due to the insolating behaviour of SiC substrate on the one hand

zation En = sgn(n)

and THz intransparency of top gates on the other hand. Therefore our
aim is to design a new sample geometry that allows the manipulation
of the chemical potential of the graphene while not blocking the THz
radiation before reaching the detector.

HL 83.11 Wed 17:00 P1
Gate-controlled STM study of magnetic impurities on a
graphene surface — ePAUL PUNKE!, CHRISTIAN DETTE!, ROBERTO
Urcuyo?!, CHRISTOPHER KLEY!, SOREN KrROTZKY!, RIcCO GUTZLER!,
MARKO BURGHARD!, SooN JunGg Jung!, and Kraus Kgernb2 —
IMax-Planck-Institute for Solid State Research, Heisenbergstr. 1,
70569 Stuttgart, Germany — 2Institut de Physique de la Matiere
Condensée, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lau-
sanne, Switzerland

Graphene has been regarded as an ideal material for post silicon elec-
tronic application due to its unique electronic properties. To realize
a field effect transistor for logic applications out of graphene, there
has been a lot of effort to understand the gating effect on the charge-
carrier-density-dependent properties of graphene, such as electronic
scattering, spin based phenomena and collective excitations. We have
designed a gatable low temperature scanning tunneling microscope
(STM) by adding contacts to the sample holder. To prepare the gate-
tunable graphene devices, we use graphene grown by chemical vapor
deposition (CVD), transferred with or without a supporting layer of
polymethylmethacrylate (PMMA) or polystyrene (PS), on an insulat-
ing layer of SiO2 or hexagonal boron nitride (h-BN) on SiO2. We also
grow the graphene on h-BN directly on Ni substrate by CVD method.
The quality of these samples will be compared by means of optical mi-
croscopy, atomic force microscopy (AFM), Raman spectroscopy and
STM. Finally, we will present the gate-controlled electronic structure
of graphene.

HL 83.12 Wed 17:00 P1
Ion Implantation of Graphene - Toward IC Compatible Tech-
nologies — eH. Horsiss!, U. BANGERT?3, W. PIERCEZ, D. M.
KEPAPTSOGLOU®, Q RAMASSE?, R ZaN', M. H. Gass®*, J.A. vaN
DEN BERG®, C. BooTHroyD®, and J Amani! — 1II. Physikalisches
Institut, Georg-August-Universitdt Gottingen, Goettingen, Germany
— 28chool of Materials, The University of Manchester, Manchester,
United Kingdom — 3SuperSTEM Laboratory, Daresbury, United
Kingdom — 4AMEC, Walton House, 404 The Quadrant, Birchwood,
United Kingdom — 5School of Computing, Science and Engineer-
ing, University of Salford, Salford, United Kingdom — SErnst Ruska-
Centre for Microscopy and Spectroscopy, Juelich Research Centre,
Juelich, Germany

Doping of graphene via ultra low energy ion implantation could open
possibilities for fabrication of nanometer-scale patterned graphene-
based devices as well as for graphene functionalization compatible with
large-scale integrated semiconductor technology. Using advanced elec-
tron microscopy/spectroscopy methods, we show for the first time di-
rectly that graphene can be doped with B and N via ion implantation
of mass selected ions at energies of 20 - 30 eV and that the retention is
in good agreement with predictions from calculation-based literature
values. Atomic resolution high-angle dark field imaging (HAADF)
combined with single-atom electron energy loss (EEL) spectroscopy
reveals that for sufficiently low implantation energies ions are predom-
inantly substitutionally incorporated into the graphene lattice with a
very small fraction residing in defect-related sites.
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Invited Talk TT 44.1 Wed 9:30 H22
Ultrafast photo-thermoelectric currents in graphene —
e ALEXANDER HOLLEITNER — Walter Schottky Institut and Physics
Department, Technical University of Munich, Am Coulombwall 4a, D-
85748 Garching, Germany.

We show that photo-thermoelectric currents occur on a picosec-
ond time-scale in graphene [1]. To this end, we apply an on-chip
pump/probe photocurrent spectroscopy [2,3] to double-gated junc-
tions of graphene. Our experiments reveal the interplay of photogen-
erated hot electrons with so-called photovoltaic currents. Moreover,
we demonstrate that hot electrons allow to read-out an ultrafast non-
radiative energy transfer from fluorescent emitters, namely nitrogen-
vacancy centers in nano-diamonds. The non-radiative energy transfer
can be exploited as an ultrafast, electronic read-out process of the elec-
tron spin in nitrogen vacancy centers in the diamond nanocrystals. The
detection gives access to fast energy transfer processes, which have not
yet been observed by fluorescence measurements because of quenching
of the optical signal for short transfer distances [4].

We thank A. Brenneis, F. Schade, L. Gaudreau, M. Seifert, H.
Karl, M.S. Brandt, H. Huebl, J.A. Garrido, F.H.L. Koppens, for a
very fruitful collaboration, and the ERC-grant ‘NanoREAL’ for finan-
cial support.

[1] A. Brenneis et al., (2016)

[2] L. Prechtel et al., Nature Comm. 3, 646 (2012)

[3] C. Kastl et al. Nature Comm. 6, 6617 (2015)

[4] A. Brenneis et al. Nature Nanotech. 10, 135 (2015)

TT 44.2 Wed 10:00 H22
Double-logarithmic velocity renormalization at the Dirac
points of graphene — ePETER KOPIETZ, ANAND SHARMA, and
CARSTEN BAUER — Institut fiir Theoretische Physik, Universitat
Frankfurt, Max-von-Laue Str. 1, 60438 Frankfurt

Using a functional renormalization group approach with partial
bosonization in the forward scattering channel we reconsider the ef-
fect of long-range Coulomb interactions on the quasi-particle veloc-
ity vg close to the Dirac points of graphene. In contrast to calcula-
tions based on perturbation theory and field theoretical renormaliza-
tion group methods, we find that vy is proportional to In[k/k] where
k is the deviation of the quasiparticle momentum from the Dirac points
and the cutoff scale kj vanishes logarithmically for small k. We show
that this double-logarithmic singularity is compatible with experiments
and with the known three-loop expansion of vy which contains terms
of order Ink and In? k.

TT 44.3 Wed 10:15 H22
Dirac fermion wave packets in oscillating potential barriers
— WAaLTER PoTz!, SERGEY E. SavEL'EVZ, PETER HAiNncaI®, and
eWoLrcaNGg HAuUsLER® — 1Karl Franzens Univ. Graz, Inst. Phys.,
A-8010 Graz, Austria — 2Department of Physics, Loughborough Uni-
versity, Loughborough LE11 3TU, United Kingdom — 3Institut fiir

Physik, Univ. Augsburg, 86135 Augsburg, Germany

We integrate the time-dependent (2+1)D Dirac equation for mass-
less fermions in graphene or topological insulator surfaces. A recently
developed staggered-grid leap-frog scheme is employed [1,2]. We con-
sider an initial Gaussian wave packet which moves in the z-direction
towards a potential barrier that is homogeneous along y and oscillates
periodically in time. As for the x-dependence, we investigate square-
well, sinusoidal, and linear-ramp potential profiles. Small transversal
momentum components ky, of the wave packet were analyzed analyti-
cally [3] and predicted to generate non-zero current densities jy, even
at normal incidence ky = 0 [4]. These findings are consistent with
the present numerical studies of particle-, current-, and spin-density.
We also investigate massive fermions: regarding some properties they
resemble massless fermions, regarding other properties, however, pe-
culiar intrinsic oscillations, reminiscent of Zitterbewegung, appear.

[1] R. Hammer and W. Potz, PRB 88, 235119 (2013)

[2] R. Hammer et al., J. Comp. Phys. 265, 50 — 70 (2014)

[3] S.E. Savel’ev, W. Hausler, and P. Hanggi, PRL 109, 226602 (2012)
[4] S.E. Savel’ev, W. Hausler, and P. Hanggi, EPJB 86, 433 (2013).

TT 44.4 Wed 10:30 H22

Location: H22

Electric and magnetic control of electron guiding in graphene
— eMinG-Hao Liuv and Kraus RicHTER — Institut fiir Theoretische
Physik, Universitdt Regensburg

Electrons in graphene are known to behave like massless Dirac
fermions, whose transport properties can be best revealed by exper-
iments using ultra-clean graphene. Reliable quantum transport sim-
ulations for ballistic graphene is naturally a powerful tool for under-
standing and predicting high-quality transport experiments. In this
talk we show gate-controlled electron guiding along electrically con-
fined channels in suspended graphene, which is a combined work of
our transport simulations and the experiment done by the Schonen-
berger group [1]. We have recently further applied our simulation
(Green’s function method within the scalable tight-binding model [2])
to revisit the transverse magnetic focusing experiment [3], where the
guiding of the electrons is controlled by an external magnetic field, in-
stead of electrical gates. Besides good agreement with the experiments
[1,3], our simulations further allow for probing charge flow through an
additional scanning probe tip.

[1] P. Rickhaus et al., Nano Lett. 15, 5819 (2015).

[2] M.-H. Liu et al., Phys. Rev. Lett. 114, 036601 (2015).

[3] T. Taychatanapat et al., Nat. Phys. 9, 225 (2013).

TT 44.5 Wed 10:45 H22
Current flow paths in deformed graphene: from quantum
transport to classical trajectories in curved space — ¢ NIKODEM
Szpak! and THomas STEGMANND2 — 1Fakultit fiir Physik, Univer-
sitdt Duisburg-Essen, Duisburg — 2Instituto de Ciencias Fisicas, Uni-
versidad Nacional Autonoma de Mexico, Cuernavaca

‘We compare two contrasting approaches to the electronic transport in
deformed graphene: a) the condensed matter approach in which cur-
rent flow paths are obtained by applying the non-equilibrium Green’s
function (NEGF) method to the tight-binding model with local strain,
b) the general relativistic approach in which classical trajectories of
relativistic point particles moving in a curved surface with a pseudo-
magnetic field are calculated. The connection between the two is es-
tablished in the long-wave limit via an effective Dirac Hamiltonian in
curved space. Geometrical optics approximation, applied to focused
current beams, allows us to directly compare the wave and the parti-
cle pictures. We obtain very good numerical agreement between the
quantum and the classical approaches for a fairly wide set of parame-
ters. The presented method offers an enormous reduction of complexity
from irregular tight-binding Hamiltonians defined on large lattices to
geometric language for curved continuous surfaces. It facilitates a com-
fortable and efficient tool for predicting electronic transport properties
in graphene nanostructures with complicated geometries, paving the
way to new interesting transport phenomena such as bending or focus-
ing (lensing) of currents depending on the shape of the deformation. It
can be applied in designing ultrasensitive sensors or in nanoelectronics.

TT 44.6 Wed 11:00 H22
Trigonal Warping in Bilayer Graphene: Energy versus En-
tanglement Spectrum — eSoNja PreDIN, PAuL WENK, and JOHN
ScHLIEMANN — Institute for Theoretical Physics, University of Re-
gensburg, D-93040 Regensburg, Germany

We present a mainly analytical study of the entanglement spectrum of
Bernal-stacked graphene bilayers in the presence of trigonal warping
in the energy spectrum. Upon tracing out one layer, the entanglement
spectrum shows qualitative geometric differences to the energy spec-
trum of a graphene monolayer. However, topological quantities such
as Berry phase type contributions to Chern numbers agree. The latter
analysis involves not only the eigenvalues of the entanglement Hamil-
tonian but also its eigenvectors. We also discuss the entanglement
spectra resulting from tracing out other sublattices.

15 min. break

TT 44.7 Wed 11:30 H22
Valley-based Cooper pair splitting via topologically con-
fined channels in bilayer graphene — ®ALEXANDER SCHROER',
PeTErR G. SivesTrRov!, and Parrik Recuer!? — lInstitut fiir

Mathematische Physik, Technische Universitdt Braunschweig, D-38106
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Braunschweig, Germany — ?Laboratory for Emerging Nanometrology
Braunschweig, D-38106 Braunschweig, Germany

Bilayer graphene hosts valley-chiral one-dimensional modes at domain
walls between regions of different interlayer potential or stacking order.
When such a channel is close to a superconductor, the two electrons
of a Cooper pair, which tunnel into it, move in opposite directions
because they belong to different valleys related by the time-reversal
symmetry. This kinetic variant of Cooper pair splitting requires nei-
ther Coulomb repulsion nor energy filtering but is enforced by the
robustness of the valley isospin in the absence of atomic-scale defects.
We derive an effective normal/superconducting/normal (NSN) model
of the channel in proximity to an s-wave superconductor, calculate the
conductance of split and spin-entangled pairs, and interpret it as a
result of local Andreev reflection, in contrast to the widespread identi-
fication of Cooper pair splitting with crossed Andreev reflection in an
NSN geometry.

TT 44.8 Wed 11:45 H22
The decisive role of stacking faults for understanding trans-
port in bilayer graphene — eHEeiko B. WEBER!, FERDINAND
KissLINGER!, CHRISTIAN OTT!, and SAM SHALLCROSs? — Lehrstuhl
fiir Angewandte Physik, FAU Erlangen-Niirnberg (FAU), Erlangen,
Germany — 2Lehrstuhl fiir Theoretische Festkérperphysik, FAU

Erlangen-Niirnberg (FAU)

Charge transport in bilayer graphene provides rich low-temperature
phenomena, often assigned to interaction-driven phase transitions. We
will discuss charge transport in bilayer graphene in a single-particle pic-
ture, but including stacking faults. Such partial dislocations are un-
avoidable in bilayer graphene and were recently imaged [1]. Depending
on details, partial dislocations can introduce improved conductance,
fully insulating behaviour or linear magnetoresistance. The latter is
reliably found in transport experiments at elevated temperatures [2].
[1] B. Butz, C. Dolle, F. Niekiel, K. Weber, D. Waldmann,
H. B. Weber, B. Meyer, E. Spiecker, Nature 505, 533 (2014)
[2] F. Kisslinger, C. Ott, C. Heide, E. Kampert, B. Butz, E. Spiecker,
S. Shallcross, H. B. Weber, Nature Phys. 11, 650 (2015).

TT 44.9 Wed 12:00 H22

Linear magnetoresistance in two-dimensional disordered con-
ductors — eFERDINAND KisSLINGER!, CHRisTiaAN OTT!, ERIK
KampeErT?, and Heiko B. WeBEr! — !Lehrstuhl fiir Ange-
wandte Physik, FAU Erlangen-Niirnberg (FAU), Erlangen, Germany.
— 2Dresden High Magnetic Field Laboratory, Helmholtz-Zentrum

Dresden-Rossendorf, Dresden, Germany.

The recent observation of linear magnetoresistance (MR) in large-area
bilayer graphene gives a key to the understanding of this old and barely
understood phenomenon [1]. In bilayer graphene, it can be traced back
to mosaic-like pattern of a partial dislocation network [2]. In this talk
we discuss how linear MR evolves in disordered samples, using a two
dimensional resistor network model conceptually introduced by Parish
and Littlewood [3]. This model is in the weak disorder regime dom-
inated by boundary effects. We identified a new regime representing
the bulk situation in a disordered conductor. We investigated differ-
ent possible sources of disorder: mobility, charge carrier density and
network structure. The slope of the MR turned out to be simply gov-
erned by the Hall resistance and therefore by the inverse of the charge
carrier density. An equivalent circuit model finally gives a consistent
explanation as to why the magnetoresistance is linear in mosaic like
samples.

[1] F. Kisslinger et al., Nature Physics 11, 650 (2015)

[2] B. Butz et al., Nature 505, 533 (2014).

[3] M. M. Parish & P. B. Littlewood, Nature 426, 162 (2003)

TT 44.10 Wed 12:15 H22
Mechanically strained graphene nanojunctions — eSEDDIGHEH
Nikipar!, DmiTry RyNDYK!, and GiaNaureLio CUNIBERTI':?
nstitute for Materials Science and Max Bergmann Center of Bioma-
terials, TU Dresden, Germany — 2Dresden Center for Computational

Materials Science (DCMS), TU Dresden, Germany

It has been demonstrated recently that mechanically strained graphene
presents interesting electrical properties, which have great potential
for novel applications in electronic devices. In particular, the strain in
graphene nanoribbons can lead to substantial changes in its electronic
properties. Besides, it provides a possibility to develop atomic point
contacts and break junctions. The main purpose of this work is to in-
vestigate theoretically the influence of uniaxial mechanical strains on

graphene nanojunctions in order to design graphene point contact.

To this aim, we developed the computational model by combining
density functional theory and molecular dynamics methods. First, we
investigated the change of the junction shape with increasing strain
and the breaking with the formation of the nanogap. As expected,
our theoretical model predicts the deformation of the break junction
bottleneck into carbon chains before the rupture of the structure. we
evaluated the electronic transmission function of graphene quantum
junction by employing a coupled tight bonding and nonequilibrium
green function methods. Interestingly it is found that graphene point
contact can present resonance transmission in contrast to the conven-
tional metallic point contacts with quantized conductance. This might
be originated from influence of other parameters on transmission.

TT 44.11 Wed 12:30 H22
Graphene nanoribbons as effective spin ladders — e CORNELIE
Koopr, MaANUEL J. ScHMIDT, and STEFAN WESSEL — Institut fiir
Theoretische Festkorperphysik, RWTH Aachen University

Zigzag edges of graphene nanoribbons host particular, localized edge
states. Since the density of states is strongly enhanced near the edges
in graphene, interaction effects between the spins of these edge states
become important. We can significantly simplify the analysis of such
systems by means of an effective model that separates the edge and
bulk states. Treating the effective interactions to first order proves suf-
ficient in most cases, while second order corrections do not dramatically
change the results. In many cases, the edge system can be reduced to a
general spin ladder model, where the decay of the spin-spin interaction
is determined by the shape of the edges. We examine these effective
spin ladders at finite temperatures by means of quantum Monte Carlo
simulations, using the stochastic series expansion method. Thereby,
correlation functions and spin structure factors can be determined for
realistically large graphene nanoribbons.

TT 44.12 Wed 12:45 H22
Edge State Structure of the v = 0 quantum Hall State
in monolayer Graphene — eANGELIKA KNoTHE!"? and THIERRY
JoLicorur? — !Physikalisches Institut, Albert-Ludwigs-Universitit
Freiburg, Hermann-Herder-Str. 3, 79104 Freiburg — 2Université Paris
11, CNRS, LPTMS, UMR 8626, Orsay 91405 France

Single-layer graphene at neutrality under a magnetic field is a many-
body insulator whose phase structure is under intense scrutiny. When
tilting the applied magnetic field, there is a phase transition towards a
conducting state [1]. A plausible description is to start from a SU(4)
spin-valley symmetric quantum Hall ferromagnet and add some lattice-
scale anisotropies in valley space [2]. In the manifold of ground states
captured by this approach, it has been proposed that graphene un-
dergoes a transition between a canted antiferromagnetic state and a
ferromagnetic state. While this picture is clear in the bulk of the sys-
tem, it remains to understand the effect of this phase change on the
current-carrying edge states that are formed a the physical boundaries
of a real sample [3]. We use an extended Hartree-Fock approach to
describe a finite-size system with a simple model for the edge and ex-
tract the one-body spectrum. We then describe the current-carrying
edge textures.

[1] A. F. Young et al., Nature (London) 505, 528 (2014) [2] M.
Kharitonov, Phys. Rev. B 85, 155439 (2012) [3] M. Kharitonov, Phys.
Rev. B 86, 075450 (2012); G. Murthy et al., Phys. Rev. B 90, 241410
(2014) and arXiv:1510.04255; A. Knothe and T. Jolicoeur, Phys. Rev.
B 92, 165110 (2015)

TT 44.13 Wed 13:00 H22
Spin lifetimes exceeding 12 ns in graphene non-local spin
valves at room temperature — oCHRISTOPHER FRANZEN!,
MaRrc DROGELER!, FRaANK VoLMER!, ToBias PoHLMANN!, MaIk
Worter!, KeENJ1 WATANABEZ, TakasHi TanicucHi?, CHRISTOPH
StampFER!, and BERND BrscHoTEN! — 12nd Institute of Physics
and JARA-FIT, RWTH Aachen University, 52074 Aachen, Germany
— 2National Institute for Materials Science, 1-1 Namiki, Tsukuba,
305-0044, Japan

‘We present spin transport measurements on graphene non-local spin
transport devices by fabricating the electrodes first and subsequently
transfer graphene with hexagonal boron nitride on top [1]. We achieve
spin lifetimes of 12.6 ns and a spin diffusion length as high as 30 ym
at room temperature.

This improvement exceeds all current models for contact-induced spin
dephasing which paves the way towards probing intrinsic spin proper-
ties of graphene. Furthermore, we investigate the contact properties



Regensburg 2016 — TT Wednesday

of our devices using scanning force microscopy (SFM) and conductive times and spin diffusion lengths.
SFM. We discuss the importance of using large area hexagonal boron
nitride for the transfer process and for achieving such high spin life- [1] M. Drogeler et al. Nano Letters 14, 6050 (2014).
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TT 101: Low-Dimensional Systems: Topological Order 2 (jointly with DS, HL, MA, O)

Time: Thursday 15:00-18:30

TT 101.1 Thu 15:00 H 3010
Topological entropy in the classical toric code model —
eJoHANNES HELMES and SiMoN TREBST — Institut fiir Theoretische
Physik, Universitit zu Koln, Germany

For interacting quantum many-body systems the study of entangle-
ment entropies is well established to analyze the fundamental nature
of their ground states. In particular, the O(1) correction to the preva-
lent boundary-law can be used to identify topological order. However,
not only in quantum systems, but also in classical systems we can
track topological contributions to the classical entropy by employing
an analogous approach.

We report results for the classical toric code model in a magnetic
field which has a topologically protected zero field degeneracy. We
show, how the classical entropy tracks the break-down of the classical
topological order upon increasing the external field or temperature.
In more technical terms, we apply the replica technique to calculate
Renyi entropies from classical Monte Carlo simulations using a newly
developed update scheme for efficient loop-gas sampling.

TT 101.2 Thu 15:15 H 3010
Symmetry fractionalization in SU(2n) antiferromagnetic
Heisenberg chains — eANDREAs WEICHSELBAUM! and THoMAS
QueLLA? — 1Ludwig Maximilians University, Munich, Germany —
2University of Cologne, Germany

We explore generalizations of the Affleck-Kennedy-Lieb-Tasaki
(AKLT, 1987) model for spin-1 antiferromagnetic Heisenberg chains
to higher-rank SU(2n) symmetries. In particular we show that by
proper tuning of higher order spin interactions there also exist exact
low-dimensional matrix-product ground states with fractionalized edge
states. These states are adiabatically connected to the ground state of
the plain SU(2n) Heisenberg model. The parameter space is explored
using state of the art density matrix renormalization group (DMRG),
explicitly utilizing SU(N) symmetry up to N=6 based on the QSpace
tensor library.

TT 101.3 Thu 15:30 H 3010
Protection of topological phases by quantum deformed sym-
metries — eTHOMAS QUELLA — Universitat zu Koln, Institut fiir
Theoretische Physik, Kéln, Germany

We show that topological phases of quantum spin systems may enjoy
protection even in the absence of ordinary group symmetries. The rel-
evant mechanism is explained in full detail for the example of 1D spin
chains with quantum group (g-deformed) symmetry SOq4(3). We also
sketch the generalization to quantum deformations of other continu-
ous Lie groups such as those associated with SU(N) or SO(N). Our
results provide a complete classification of quantum group symmetry
protected topological phases for real values of q.

TT 101.4 Thu 15:45 H 3010
Topological phase transition in the quench dynamics of a
Fermi gas — ePE1 WaNG — Department of Physics, Zhejiang Uni-
versity of Technology, Hangzhou 310023, China and Institute for The-
oretical Physics, University of Goettingen, German

We study the quench dynamics of a one-dimensional ultracold Fermi
gas with synthetic spin-orbit coupling. At equilibrium, the ground
state of the system can undergo a topological phase transition and
become a topological superfluid with Majorana edge states. As the
interaction is quenched near the topological phase boundary, we iden-
tify an interesting dynamical phase transition of the quenched state in
the long-time limit, characterized by an abrupt change of the pairing
gap at a critical quenched interaction strength. We further demon-
strate the topological nature of this dynamical phase transition from
edge-state analysis of the quenched states. Our findings provide inter-
esting clues for the understanding of topological phase transitions in
dynamical processes, and can be useful for the dynamical detection of
Majorana edge states in corresponding systems.

TT 101.5 Thu 16:00 H 3010
Diagnosing the statistics of excitations from the dynamical
structure factor — eSiDDHARDH MorampuDI!, ARl TURNER?, and
FraNnk Porrmann! — IMax-Planck-Institut fiir Physik komplexer
Systeme, Dresden, Germany — 2Department of Physics and Astron-

Location: H 3010

omy, The Johns Hopkins University, Baltimore, Maryland

We show that the statistics of excitations in quantum spin liquids yield
characteristic features in the dynamical structure factor. Quantum
spin liquids are exotic phases of matter which fall beyond the tradi-
tional paradigm of symmetry breaking. Originally proposed by Ander-
son with regard to high temperature superconductivity, they are now
widely believed to arise in frustrated spin systems such as the antifer-
romagnetic Heisenberg model on the kagome lattice. Recently, various
theoretical methods to characterize spin liquids have been introduced,
especially with regard to numerical simulations. In this work, we ob-
tain results connecting the statistics of the excitations to features of
the dynamical structure factor which can be obtained from neutron
scattering. We furthermore demonstrate how the results can be used
to distinguish different types of gapped spin liquids.

TT 101.6 Thu 16:15 H 3010
Dissipative Chern Insulators — eJan CarL Bupicu!2, Pk-
TER ZoLLERY?2, and SEBASTIAN DienL® — !Institute for Theoretical
Physics, University of Innsbruck, 6020 Innsbruck, Austria — 2Institute
for Quantum Optics and Quantum Information, Austrian Academy of
Sciences, 6020 Innsbruck, Austria — 3Institute of Theoretical Physics,
TU Dresden, D-01062 Dresden, Germany

Engineered dissipation can be employed to prepare interesting quan-
tum many body states in a non-equilibrium fashion. The basic idea is
to obtain the state of interest as the unique steady state of a quantum
master equation, irrespective of the initial state. Due to a fundamen-
tal interference of topology and locality, the dissipative preparation
of gapped topological phases with a non-vanishing Chern number has
so far remained elusive. Here, we study the open quantum system
dynamics of fermions on a two-dimensional lattice in the framework
of a Lindblad master equation. In particular, we discover a novel
mechanism to dissipatively prepare a topological steady state with
non-zero Chern number by means of short-range system bath interac-
tion. Quite remarkably, this gives rise to a stable topological phase in
a non-equilibrium phase diagram. We demonstrate how our theoret-
ical construction can be implemented in a microscopic model that is
experimentally feasible with cold atoms in optical lattices.

TT 101.7 Thu 16:30 H 3010
Absence of an interaction driven Chern insulating phase
on the honeycomb lattice — eJoHANNES MoOTRUK, ADpoLFo G.
GrusHIN, and FrRank PoLLMANN — Max-Planck-Institut fiir Physik
komplexer Systeme, Dresden, Deutschland

Mean field calculations in the literature have suggested the existence
of an interaction-induced Chern insulator (CI) phase in a tight-binding
model of spinless fermions on a honeycomb lattice with nearest- and
next-nearest-neighbor interactions. The CI phase is an example of a
state that breaks time-reversal symmetry spontaneously and possesses
a quantized Hall conductance. However, it has been proven elusive in
exact diagonalization (ED) studies of this system. Since ED is limited
to small system sizes, the fate of this phase in the thermodynamic limit
still remains unclear. Using the infinite density matrix renormaliza-
tion group (iDMRG) algorithm we reach system sizes exceeding those
accessible in ED calculations while keeping track of quantum fluctua-
tions neglected in mean field studies. We map out the phase diagram
as a function of both nearest- and next-nearest-neighbor interaction
strengths for an infinite cylinder geometry and find different charge-
ordered phases but no sign of the interaction driven Chern insulator
phase.

15 min. break.

TT 101.8 Thu 17:00 H 3010
Quasiparticle interference patterns from different impurities
on the surface of pyrochlore iridates: signatures of the Weyl
phase — eFaBiAN LaMBERT!, ANDREAS ScHNYDER?, RODERICH
MogssNER3, and ILya ErReMIN' — lInstitut fiir Theoretische Physik
III, Ruhr-Universitit Bochum, D-44801 Bochum, Germany — 2Max-
Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, D-70569
Stuttgart, Germany — 3Max Planck Institute for the Physics of Com-
plex Systems, D-01187 Dresden, Germany

Weyl semi-metals exhibit topologically protected surface Fermi arcs,
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which pairwise connect projections of bulk band touchings in the sur-
face Brillouin zone. The nontrival spin and orbital character of these
topological surface states can be tested experimentally using quasi-
particle interference (QPI) measurements. Here, we compute the QPI
patterns for a Hubbard Hamiltonian on a pyrochlore lattice. For weak
impurity potentials, the QPI patterns can be computed within the
First Born approximation. To account for the antiferromangetic spin
configuration of RaIroO7, we treat the Hubbard interaction at the
mean-field level. In the antiferromagnetic state the quadratic band
touching of the model is split into eight linear band touchings, each
of which carries a non-trivial Chern number, thereby realizing a Weyl
phase with broken time- reversal symmetry. Using exact diagonaliza-
tion, we compute the surface spectrum and quasiparticle interference
patterns of this Weyl phase for various surface impurities. We show
that the spin and orbital texture of the surface states can be inferred
from the absence of certain backscattering processes and from the sym-
metries of the QPI features.

TT 101.9 Thu 17:15 H 3010
Interacting surface states of three-dimensional topologi-
cal insulators — eTiTus NEUPERT!, STEPHAN RACHELZ, RONNY
TuomaLE?, and MARTIN GREITERS — ! Princeton Center for Theoret-
ical Science, Princeton University, Princeton, New Jersey 08544, USA
— 2Institute for Theoretical Physics, Technische Universitaet Dresden,
01171 Dresden, Germany — 3Institute for Theoretical Physics, Uni-

versity of Wuerzburg, Am Hubland, D-97074 Wuerzburg, Germany

We numerically investigate the surface states of a strong topological
insulator in the presence of strong electron-electron interactions. We
choose a spherical topological insulator geometry to make the surface
amenable to a finite size analysis. The single-particle problem maps
to that of Landau orbitals on the sphere with a magnetic monopole at
the center that has unit strength and opposite sign for electrons with
opposite spin. Assuming density-density contact interactions, we find
superconducting and anomalous (quantum) Hall phases for attractive
and repulsive interactions, respectively, as well as chiral fermion and
chiral Majorana fermion boundary modes between different phases.
Our setup is preeminently adapted to the search for topologically or-
dered surface terminations that could be microscopically stabilized by
tailored surface interaction profiles.

TT 101.10 Thu 17:30 H 3010
Resonant scattering in the topological Dirac semimetal
Cd3Ass — ViabpiMIR GNEzDILOV!:2, AzAT SHARAFEEV!, ePETER
LemMENs!, Raman Sankar®, and Fangeneng Chou® — IPKM,
TU-BS, Braunschweig — 2ILTPE NAS, Ukraine — 3CCMS, National
Taiwan Univ., Taipei, Taiwan

In the symmetry-broken topological Dirac semimetal with strong
spin-orbit coupling, Cd3As2, a pronounced temperature evolution of
quasielastic electronic Raman scattering and resonant effects are ob-
served. These effects are then compared to observations in topological
insulators, as Bi2Ses.

Work supported by RTG-DFG 1953/1, Metrology for Complex
Nanosystems and the Laboratory for Emerging Nanometrology Braun-
schweig, TU Braunschweig.

TT 101.11 Thu 17:45 H 3010
Angle-resolved Photoemission Investigation of SmBg —
oPETER HLAWENKA!, OLIVER RADER!, KONRAD SIEMENSMEYER!,
EucEN WESCHKE!, ANDREI VARYKHALOV!, NATALYA SHITSEVALOVAZ,
SravoMir GaBaNi®, KaroL Fracubarr®, and EmiLE Rienks! —
1Helmholtz-Zentrum Berlin — 2Institute for Problems of Material Sci-

ence, Kiev — 3IEP, Slovak Academy of Science, Kosice

Recently the mixed valence compound SmBg has drawn great atten-
tion. Theoretically predicted surface states, which should result from
a hybridisation of localised f-bands with conduction electrons and a

band inversion, would make SmBg the first realisation of a so called
topological Kondo insulator [1-2]. Conductivity and transport mea-
surements, as well as spin-resolved photoemission spectroscopy seem
to fortify the scenario of a topological nature of the conductive surface
[3-5]. We investigate the surface electronic structure of SmBg by means
of high resolution angle-resolved photoemission spectroscopy measure-
ments below 1 K. We will present new insights into the surface states
that determine the low temperature conductivity of this material.

[1] Dzero et al., PRL 104, 106408 (2010).
[2] Lu et al., PRL 110, 096401 (2013).
[3] Wolgast, PRB 88, 180405 (2013).

[4] Kim, Sci. Rep. 3, 3150 (3013).

[5] Xu et al., Nat. Com. 5, 4566 (2014).

TT 101.12 Thu 18:00 H 3010
Calculation of topological properties of strongly correlated
electrons without inversion symmetry using Wannier charge
centres. — eROBERT TRIEBL and MARKUS AICHHORN — Institute
of Theoretical Physics and Computational Physics, Graz University of
Technology, Petersgasse 16, 8010 Graz, Austria

We study the topological properties of a role model for interacting
Z9 topological insulators, namely the Kane-Mele-Hubbard model in-
cluding a staggered sublattice potential controlled by a parameter
Av, which breaks inversion symmetry. The applicability of a naive
mean field approach was analysed by comparing to a variational clus-
ter approach, employing a two-site dynamical impurity approxima-
tion (DIA). The obtained Greens function determines the topological
Hamiltonian, which maps the interacting system to an effective free-
particle model with the same topological properties. Since inversion
symmetry is lost, we calculate the Zs invariant for both Mean Field
and topological Hamiltonian using Wannier charge centers. We con-
clude that a two-site DIA in combination with Wannier charge centers
is an easy-to-implement and stable method to determine topological
invariants for interacting systems. Comparing with mean field results
we find that the direction of magnetisation is crucial for topological
properties and hence an inherent mean field magnetisation may lead
to incorrect results.

TT 101.13 Thu 18:15 H 3010
An analytical study of the entanglement spectrum of
graphene bilayers — eSonja PREDIN and JOHN SLIEMANN — Insti-
tute for Theoretical Physics, University of Regensburg, D-93040 Re-
gensburg, Germany

We present an analytical study of the entanglement spectrum of
graphene bilayers. The entanglement spectrum has been proposed
as a ground state property that exhibits characteristic energy excita-
tions[1]. Futhermore, it was claimed that gapless systems possess the
same number of Dirac cones as their entanglement spectrum [2]. In
addition, it was suggested that the entanglement spectrum is a promis-
ing tool to characterize topological phases. In this work we will show
that the energy spectrum of an gapless system and its entanglement
spectrum can have a different topology. In particular, we will show
that Lifshitz transitions change the topology of the energy spectrum
of graphene bilayers in a different way than the topology of entan-
glement spectrum. The topology of the energy spectrum of graphene
bilayers for small energies is changed by Lifshitz transitions by chang-
ing the connectivity by the appearance of the three additional Dirac
cones around every Dirac point [3]. The entanglement spectrum, on
the other hand, is changed by deforming a Dirac cone into a neck chara-
terized by vanishing eigenvalues of the entanglement Hamiltonian.

[1] H. Li and F. D. M. Haldane,

Phys. Rev. Lett. 101, 010504 (2008)

[2] A. M. Turner, et al., Phys. Rev. B, 82, 241102R (2010)
[3] J. Cserti, et al., Phys. Rev. Lett. 99, 066802 (2007)
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The effect of the trigonal warping on the energy
and the entanglement spectrum of graphene
bilayers

Sonja Predin® and John Schliemann?®

“Institute for Theoretical Physics, University of Regensburg, D-93040 Regensburg, Germany

Abstract. We present an analytical study of the entanglement spectrum of graphene bilayers. We
mainly focus on the influence of the skew parameter, which causes the trigonal warping in the energy
spectrum, on the topology of the entanglement spectrum. Furthermore, we explore a connection
between two characteristics: the entanglement spectrum of a bilayer structure, given by tracing out
one of the layer, and the energy of the resulting monolayer structure, which is shown in many
previous analytical and numerical studies. An explicit relation between the entanglement spectrum
and the energy spectrum of remaining monolayer graphene is shown when the skew tight binding
parameter, which causes the trigonal warping is neglected. However, the trigonal warping of the
graphene bilayers is reflected to the topology of the entanglement spectrum and a similarity between
the entanglement spectrum of graphene bilayers and the energy spectrum of the monolayer graphene
is broken.

REFERENCES

1. Sonja Predin and John Schliemann, in preparation.
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ABSTRACT

In the present thesis, the properties of the entanglement spectra of
the ground state of graphene bilayers Bernal-stacked is analytically
investigated. In addition, the entanglement spectra of the ground
state of the honeycomb lattice in the presence of superconductiv-
ity instabilities are analytically studied. We consider not only the
eigenvalues of the reduced density matrix that form the entangle-
ment spectrum, but also, its eigenstates. From these eigenstates,
we construct topological quantities, such as the Berry phase and
the Chern number, in order to investigate the topological proper-
ties of the entanglement spectrum.

In the first part of this thesis, we present an analytical study of
the graphene bilayers, mainly focusing on the effects of the trigonal
warping. When the term causing the trigonal warping is neglected,
the entanglement Hamiltonian obtained by tracing out one layer
shows a proportionality with the energetic Hamiltonian of the re-
maining monolayer graphene, in the limit of strongly coupled lay-
ers. We demonstrate that this proportionality leads to an agree-
ment of the topological quantities of these Hamiltonians. Moreover,
we demonstrate that the entanglement spectrum of graphene bilay-
ers with a trigonal warping spectrum clearly differs in the geomet-
ric shape from the energy spectrum of the remaining monolayer
graphene. However, there is an agreement of the topological quan-
tities such as Berry phase contributions to Chern numbers.

In the second part of this thesis, we give a detailed study of
graphene in the presence of superconductivity instabilities, mainly
considering the s-wave and the chiral d,2_ 2 4 idyy state. We inves-
tigate the relationship between the entanglement and energy spec-
trum, making use of the concepts of the Chern number constructed
from eigenstates of the entanglement Hamiltonian. We demon-
strate that the entanglement and remaining subsystem Hamiltoni-
ans can have different topologies. These findings are illustrated by
considering the entanglement Hamiltonian of the ground state of
graphene with d2_ 2 + idsy superconductivity obtained by trac-
ing out one spin direction.

Our investigations are based on closed analytical expressions for
the full eigensystem in the entire Brillouin zone of bilayer graphene
with a trigonally warped spectrum and graphene with supercon-
ductivity instabilities.
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INTRODUCTION

Quantum entanglement is the counterintuitive prediction of quan-
tum mechanics that has no analogous phenomenon in classical
physics. The entanglement arises from nonlocal quantum correla-
tions between two or more subsystems of the quantum system.
The concept of entanglement was first introduced in 1935 by Ein-
stein, Podolsky, and Rosen in Ref. [Einstein et al., 1935], while
the term entanglement was first introduced by Schrédinger in
Ref. [Schrodinger, 1935]. Two entangled quantum subsystems can-
not be described separately. Thus, the wavefunction of the whole
system cannot be written as a product of the wavefunctions of
the entangled subsystems. A well-known example of an entan-
gled state is the spin singlet state of two spin-1/2 particles |¢)) =
% (It [4)—=14) I1)). After an interaction in which the spin-singlet
state is produced, these two particles are separated in different lo-
cations. If one measures the spin of one particle and gets the spin
direction |1), then the spin of the second particle is projected on
the state |]). Thus, the measurement of one particle changes the
state of the other particle, although the particles are in different
locations and cannot communicate with each other. This was a
paradox for Einstein, Podolsky, and Rosen, (EPR paradox) since,
according to special relativity, the locality condition assumes that
nothing can travel faster than the speed of light. If we can predict
with certainty the result of the measurement of a physical quantity
then this quantity is an element of physical reality. Furthermore,
they concluded that the description of the quantum mechanics of
physical reality is not complete and proposed hidden local vari-
ables as a solution to this problem. This means that each particle
possesses all the necessary information, and no information should
be transmitted from one particle to another during the measure-
ment. In 1965, John Bell showed that in local realism, the correla-
tions between distant measurements satisfy inequalities. He math-
ematically proved that the quantum theory predicts a violation of
these inequalities [Bell, 2004]. Bell-inequality violations have been
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experimentally demonstrated [Freedman and Clauser, 1972, Aspect
et al., 1982, Garg and Mermin, 1987, Eberhard, 1993, Weihs et al.,
1998, Rowe et al., 2001, Barrett et al., 2002, Matsukevich et al.,
2008, Ansmann et al., 2009, Scheidl et al., 2010, Hensen et al.,
2015]. Nowadays, we believe that quantum mechanics is an ad-
equate theory for the description of the microscopic world and
entanglement can successfully describe nonlocal and nonclassical
correlations.

The idea of a quantum computer was proposed by Richard Feyn-
man in 1982. [Feynman, 1982]. A quantum computer based on
the quantum mechanical principles of superposition and entangle-
ment would be much more powerful than a classical one. In recent
decades, much effort has been invested in experimental and theo-
retical physics work to develop the quantum computer, owing to
its possible uses, mainly in civil, business, and national security
applications. The study of the many-body entangled state has re-
cently become a very attractive topic, since it was realized that
entanglement could be useful in quantum informatics. In particu-
lar, the quantum correlations between entangled states could be
a useful resource for communications, because when a system is
entangled, measurements of distant subsystems of the system can
be much more correlated than is classically allowed [Bell, 2004]. It
makes the quantum entanglement an attractive topic of research
in various fields of physics.

The entanglement of the bipartite system of the subsystems A
and B is defined in terms of the Schmidt decomposition of its
ground state because the Hilbert space of the whole system is the
direct product of two subsystems: H = H 4 ® Hp. The reduced
density matrix for the subsystem A p4 = trpp is obtained by
tracing out all degrees of freedom of the subsystem B. One of
the most popular measurements of entanglement is entanglement

entropy. The entanglement entropy of the subsystem A can be
defined as:

Sa=—trg(palnpy). (1.1)

Although first considered a source of quantum corrections to the
entropy of black holes [Bombelli et al., 1986], entanglement en-
tropy, in particular, the von Neumann entropy, evolved into a tool
in the field of many-body systems. This heralded connections be-
tween seemingly unrelated research areas. In condensed matter,
entanglement entropy serves, for example, as a geometrical inter-
pretation for the boundary between local quantum many-body sys-
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tems. This connection has its origin in the area laws [Eisert et al.,
2010].

Another common tool for the measurement of entanglement is
the entanglement spectrum. Since the reduced density matrix does
not have negative eigenvalues, it can be always reformulated:

1 _
pA = —7¢ Ha (1.2)

with the entanglement Hamiltonian H 4 and the partition function
Z = tr (e_HA>. The spectrum of the entanglement Hamiltonian
is the entanglement spectrum.

In condensed matter physics, the study of phases of matter and
phase transitions is one of the most important topics of research.
The phase and phase transitions are usually distinguished by Lan-
dau’s theory of phase transitions, which involves the existence of
a local order parameter, as opposed to the topological phases and
topological phase transitions, which cannot be distinguished by a
local order parameter. The latter phases possess so-called topo-
logical order [Wen, 1990, Wen, 1991]; their ground states might
be degenerate and no local measurement can distinguish these de-
generate ground states. The significance of the topological phase
was underlined in 2016, when the Nobel Prize for Physics was
awarded to David J. Thouless, F. Duncan M. Haldane, and J.
Michael Kosterlitz "for theoretical discoveries of topological phase
transitions and topological phases of matter'. The entanglement
spectrum is constructed from the ground state, which consists all
the correlations that give rise to the various phases of matter. Li
and Haldane found that one signature of the Fractional Quantum
Hall effect, the low-energy excitations, can be related to the entan-
glement spectrum and suggested that the entanglement spectrum
has information about a given phase [Li and Haldane, 2008]. Fur-
ther, they concluded that the entanglement spectrum is beyond
entanglement entropy, which extracts all the information from the
reduced density matrix and proposed it as a new order parameter
for distinguishing topological phases. Nowadays, the framework of
the entanglement spectrum in condensed matter physics is very
broad and is applied to many condensed matter systems, such
as Quantum Hall liquids [Regnault et al., 2009, Zozulya et al.,
2009, Lauchli et al., 2010, Thomale et al., 2010b, Ardonne and
Regnault, 2011,Chandran et al., 2011, Hermanns et al., 2011,Schlie-
mann, 2011, Sterdyniak et al., 2011, Thomale et al., 2011, Alba
et al., 2012, Dubail et al., 2012, Liu et al., 2012, Rodriguez et al.,
2012, Sterdyniak et al., 2012], topological insulators and supercon-
ductors [Fidkowski, 2010, Turner et al., 2010, Bray-Ali et al., 2009,
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Prodan et al., 2010, Borchmann et al., 2014, Kim, 2014], the frac-
tional Chern insulator [Regnault and Bernevig, 2011], superfluids
[Dubail and Read, 2011], spin systems [Nienhuis et al., 2009, Poil-
blanc, 2010, Pollmann and Moore, 2010, Pollmann et al., 2010, Yao
and Qi, 2010, Cirac et al., 2011, Huang and Lin, 2011, Lou et al.,
2011, Peschel and Chung, 2011, Thomale et al., 2010a, De Chiara
et al., 2012, Lauchli and Schliemann, 2012, Lundgren et al., 2012,
Schliemann and Léuchli, 2012, Tanaka et al., 2012,Chen and Frad-
kin, 2013, Lundgren et al., 2013, Lundgren et al., 2014, Lundgren,
2016, Predin, 2017], and Hofstadter bilayers [Schliemann, 2013];
for recent reviews, see Ref. [Regnault, 2015, Laflorencie, 2016]. As
a result of this study, the entanglement spectrum possesses uni-
versal information about a phase and this is reflected to an ex-
act equivalence between the low-lying entanglement spectrum and
edge energy spectrum.

The statement that the entanglement spectrum has fundamen-
tal and universal information about the phase was criticized in
Ref. [Chandran et al., 2014]. These authors have indicated that
topological phase transitions can occur in the entanglement Hamil-
tonian, even though a physical system remains in the same state.
The physical reason for this is that they have defined the entangle-
ment Hamiltonian as Hepe = — In(preq), implying Z = 1 at a finite
effective temperature Ty, = 1/8 = 1, with (8 is a inverse effective
temperature. This makes the entanglement thermodynamics an
important task of research.

A particular situation arises if the edge comprises the entire
remaining subsystem. A typical observation in such a scenario
is the proportionality between the entanglement spectrum, given
by a traced out subsystem, and the energy spectrum of a re-
maining subsystem in the limit of strongly coupled subsystems.
These findings are illustrated by many important examples, in-
cluding spin systems [Poilblanc, 2010, Cirac et al., 2011, Peschel
and Chung, 2011, Lauchli and Schliemann, 2012, Schliemann and
Lauchli, 2012, Tanaka et al., 2012, Lundgren et al., 2013, Chen
and Fradkin, 2013, Lundgren, 2016, Predin, 2017], and bilayer sys-
tems [Schliemann, 2011,Schliemann, 2013,Schliemann, 2014]. This
proportionality can be illustrated by

Hent ~ /\HA/t (13)

where A is inverse proportional to the coupling between subsys-
tems and ¢ has the dimensions of energy. We note that the entan-
glement Hamiltonian entering the reduced density matrix Eq.(1.2)
is only determined up to multiples of the unit operator, which
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has consequences regarding the thermodynamic relations between
the entanglement entropy and the subsystem energy [Schliemann,
2011, Schliemann, 2013, Schliemann, 2014].

On the other hand, such a close relationship between the en-
ergy and entanglement Hamiltonian is not truly general, as shown
in Ref. [Lundgren et al., 2012], in which a spin ladder of clearly
nonidentical legs was studied.

In the present thesis, we will represent a detailed analytical
study of the entanglement spectra of the ground states of graphene
systems. This includes considerations of graphene bilayers focusing
on trigonal warping [McCann and Koshino, 2013, Rozhkov et al.,
2016/, and as well graphene in the presence of superconducting in-
stabilities [Black-Schaffer and Doniach, 2007]. Our analytical ap-
proach of the entanglement includes the eigenvalues of the reduced
density matrix (giving rise to the entanglement spectrum) as well
as its eigenvectors. From these eigenvectors, we construct topologi-
cal quantities, the Berry phase, and the Chern number, in order to
study the topological properties of the entanglement Hamiltonian.
This ensures that our consideration of the relationship between
the energy Hamiltonian of the remaining subsystem and the ap-
propriately defined entanglement Hamiltonian includes not only
their geometric but also topological properties. We will show that
although the geometric shapes of the entanglement spectrum of an
undoped graphene bilayer with a trigonal warped spectrum clearly
differ from the energy spectrum of the remaining monolayer, their
topological quantities such as the Berry phase contribution to the
Chern number agree. On the other hand, the entanglement Hamil-
tonian of the dg2_,» + idyy, superconductivity ground states on
the honeycomb lattice obtained by tracing out one spin direction
and the Hamiltonian of the remaining subsystem have completely
different topologies.

Our investigations are based on closed analytical expressions for
the full eigensystem in the entire Brillouin zone of bilayer graphene
with a trigonally warped spectrum and of graphene in the presence
of superconductivity instabilities.

In the following, we give an outline of this thesis:

In Chapter 2, the lattice structure, tight-binding model, and en-
ergy description around the Dirac points in graphene are addressed.
Here, we derive the tight-binding models assuming that electrons
can hop to a nearest-neighbor atom. The topological properties of
graphene are also discussed, and the density of states is presented.

Chapter 3 is dedicated to an investigation of Bernal-stacked
graphene bilayers, taking into account only the nearest-neighbor
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hopping parameter and the hoping parameter between the atoms
on opposite sites which are on top of each other. First, we recapit-
ulate the tight-binding model of graphene bilayers. Here, as well
as in Chapter 4, the entanglement Hamiltonian of the noninteract-
ing free fermionic system on the graphene bilayers is analytically
calculated as a single particle operator [Schliemann, 2013, Peschel,
2003, Cheong and Henley, 2004]. We demonstrate that upon trac-
ing out one layer, in the limit of strongly coupled layers the propor-
tionality between the entanglement Hamiltonian and the energy
Hamiltonian of the graphene monolayer leads to the equivalence
of their topological and thermodynamic properties. Here, the en-
tanglement spectrum given by tracing out another two of four sub-
lattices is considered, as well as the influence of the bias voltage
or the mass term.

In Chapter 4, we analytically study the entanglement and the
energy spectrum of the graphene bilayers in a Bernal stacking
arrangement when the trigonal warping is present in the energy
spectrum. In contrast with all earlier works, our analytical investi-
gations of the energy spectrum of graphene bilayers with the pres-
ence of trigonal warping cover the entire Brillouin zone and avoid
the Dirac cone approximation and the low-energy description of
graphene bilayers. We demonstrate that the entanglement spec-
trum obtained by tracing out one layer vanishes between points
where the energy spectrum possesses three additional Dirac cones
caused by the trigonal warping. The topological properties of the
entanglement spectrum of graphene bilayers, described by the Berry
phase contributions to the Chern number, agree with the topo-
logical properties of graphene monolayers. Furthermore, we ver-
ify that the entanglement spectrum can be a discontinuous func-
tion of the momentum as a consequence of the fact that the trig-
onal warping produces discontinuities in the eigenvectors of the
energetic Hamiltonian from which the entanglement spectrum is
constructed. These discontinuities play an important role in both
the geometric and topological properties of the entanglement spec-
trum. When an identical mass term in both layers or bias voltage is
introduced, these discontinuities vanish and an entanglement gap
opens. We also discuss the geometric and topological properties of
the entanglement spectra given by tracing out other two of four
sublattices. Technical details of the calculations of the full eigen-
system of the Hamiltonian of graphene bilayers are presented in
Appendix A. Furthermore, analytical derivations of the entangle-
ment spectra are given in Appendix B.
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Chapter 5 is dedicated to the entanglement spectra resulting
from the superconductivity ground states on the honeycomb lat-
tice tracing out one spin direction, mainly focusing on the s-wave
and d,2_,2 + idyy -wave superconductivity states. Here, in order
to analytically study the entanglement spectrum, we modify the
method for analytical calculations of a free fermionic system to a
system with superconductivity instabilities. We demonstrate that
the topology of the entanglement Hamiltonian can differ from that
of the subsystem Hamiltonian. In particular, the topological prop-
erties of the entanglement Hamiltonian of the chiral d,2_ o +idgy
superconductivity state obtained by tracing out one spin direction
clearly differ from those of the time-reversal-invariant Hamiltonian
of noninteracting fermions on the honeycomb lattice. Some tech-
nical details on the analytical derivation of the full eigenstates of
the noninteracting fermionic system on the honeycomb lattice in
the presence of superconductivity instabilities, as well as the cor-

relation matrix calculations, are presented in Appendices C and
D.






GRAPHENE: NEW PHYSICS IN
TWO-DIMENSION

Graphene is an allotrope of carbon, a nonmetal that is a corner-
stone of all organic compounds and thus of life on Earth. Since
graphene is one atom thick, it can be considered as a two-dimensional
object. Graphite, a three-dimensional crystal, is built of layers of
graphene bonding via weak van der Walls bonds and is a well-
known material since the 16th century, used in the cores of pen-
cils. Graphene can be wrapped up as zero-dimensional fullerenes
and rolled out as one-dimensional carbon nanotubes. The first
molecules of fullerenes were fabricated in 1985 by Richard Smalley,
Robert Curl, James Heath, Sean O’Brien, and Harold Kroto, while
carbon nanotubes were discovered in 1991 by Sumio lijima. A the-
oretical description of the band structure of graphene was written
down by Wallace in 1947 as an important step in the research
of graphite [Wallace, 1947]. Notwithstanding, it was believed that
graphene could not exist as a free and stable two-dimensional crys-
tal. Pierls and Landau indicated that two-dimensional crystals
are thermodynamically unstable and cannot exist [Peirls, 1934,
Landau and Lifshitz, 1980]. Mermin and Wagner amplified their
contention, and it was illustrated with many experiments [Mer-
min and Wagner, 1966, Mermin, 1968|. Meanwhile, it was no-
ticed that two-dimensional crystal structures can be stabilized
by three-dimensional structures. Geim and Novoselov developed
the method for isolation graphene by using Scotch tape in 2004
[Novoselov et al., 2004]. They were rewarded by the Nobel prize
for this simple, groundbreaking, and inspiring discovery in 2010.
Since it was isolated, it has been one of the most intensively stud-
ied materials. Graphene is a light, strong, flexible, and conductive
two-dimensional material with remarkable optical and electrical
properties. This extraordinary combination of properties makes
graphene a promising material for a new generation of devices,
such as transistors, sensors, solar cells, and smartphones. Apart
from the huge interest in investigations of graphene due to its
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potential applications in various devices, there is an enormous
interest in fundamental research. The low-energy excitations in
graphene are massless Dirac fermions, which were believed to be re-
alizable in accelerators. The half-integer Quantum Hall effect and
Berry’s phase of 7 are consequences of the existence of the mass-
less Dirac fermions in graphene [Zhang et al., 2005]. The existence
of massless Dirac fermions enables measurements of high-energy
phenomena, such as the Klein paradox [Katsnelson et al., 2006]
and Zitterbewegung [Rusin and Zawadzki, 2008]. Thus, graphene
has become a noteworthy bridge between condensed matter and
high-energy physics, as quantum entanglement is a bridge between
condensed matter physics and quantum informatics.

The electronic structure of graphene rapidly changes with the
number of layers and ten layers can already be considered as
graphite. Strictly speaking, only graphene and its bilayer have a
simple electronic structure: both are either zero-gap semiconduc-
tors or zero-overlap semimetals. Furthermore, graphene possesses
massless chiral quasiparticles as opposed to the massive ones in
its bilayers. In the case of multilayer graphene, which consists of
three to ten layers, the valence and conduction bands overlap and
there are a few kinds of charge carriers. Monolayer, bilayer, and
multilayer graphene can be realized as three different structures.

Carbon belongs to group IV of the periodic system. One carbon
atom contains six electrons with the electronic structure 1s922s92ps.
Two atoms are in the inner shell 1s and are more or less inert, while
four valence electrons are described by 2s, 2p;, 2p, and 2p., since
one electron from the 2s orbital excites to the 2p, orbital, in order
to build covalent bonds. Three valence electrons in 2s, 2p, and 2p,
hybridize in planar sp? bonds, o bonds. The three sp? orbitals lie
in the x-y plane with an angle 120° between them. o bonds are the
strongest type of covalent bonds, because of the direct overlap be-
tween the orbitals. These bonds are responsible for the robustness
of the honeycomb lattice of graphene [Castro Neto et al., 2009)].
The remaining delocalized 2p, orbitals are perpendicular to the
plane. They are responsible for forming half-filled m-bonds by co-
valent bonding. The 7 electrons are responsible for the low-energy
excitations, while o electrons form energy bands far away from the
Fermi energy. p, orbitals allow hopping between carbon atoms and
thus can be described by the tight-binding model. Considering p,
orbitals of graphene, Wallace derived the tight-binding model of
graphene for the first time in 1947 [Wallace, 1947].

This chapter is organized as follows: The lattice structure of
graphene is briefly described in the first section 2.1. In Section



2.1 LATTICE STRUCTURE

Figure 2.1: a) Lattice of graphene with d; and d denoting lattice vec-
tors, and 51, 62, and (53 the nearest-neighbor vectors b) first
Brillouin zone of graphene with the reciprocal-lattice vec-
tors 51 and 52 and the Dirac points K and K_.

2.2, we derive the tight-binding approximation of the valence and
conduction band of graphene considering the nearest-neighbor in-
teractions and overlap interactions. The topological properties of
graphene are addressed in Section 2.3. Numerical calculations of
the density of states are given in Section 2.4.

2.1 LATTICE STRUCTURE

Graphene consists of carbon atoms arranged in honeycomb lattice,
as shown in Fig.(2.1). The honeycomb lattice is not a Bravais lat-
tice and can be considered as two triangular Bravais lattices with
the basis formed by two atoms, sites A and B.

The span of the triangular Bravais lattice is defined by two lat-
tice vectors a;

ay = g (1, \/§) o = (—1, \/5) (2.1)

a
2
where ¢ = V3ac_¢ with ac_c ~ 0.142 nm is the distance be-
tween two nearest carbon atoms. Using a Fourier transform of the
Brillouin zone Fig.(2.1), the primitive cell in the momentum space
is defined by the reciprocal lattice vectors

. 2T .
by = V3,1), by =
1 \/§a( ) 2

2T
\/§a(_\/§’1) (2.2)

C_L'igj = 27T5Z']‘ (2.3)

11
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where ¢0;; denotes the Kronecker delta. The corners of the Bril-
louin zone are called Dirac points and only two of them are not
equivalent

47
Ky=4+—(1,0). .
+ 3@ ( ? ) (2 4)
Every A atom is connected with three nearest B atoms with

nearest—nearest vectors

51 = a(O,

2.2 ELECTRONIC STRUCTURE OF GRAPHENE

The tight-binding model is a simple and effective tool to describe
the energy bands of a crystal structure. In this model, it is assumed
that in the vicinity of every lattice point, the crystal Hamiltonian
can be approximated by the Hamiltonian of a single atom Hg
[Ashcroft and Mermin, 1976]

Hatthn (T) = Ejibp (7). (2.6)

A further assumption is that the bound levels of the Hamiltonian
Har are well localized, i.e. the 1, (7) are very small when 7 is
larger than the distance of the lattice spacing. The entire crystal
is described by the Hamiltonian

H = Hat + U(F) (27)

which includes the spatially periodic lattice potential U(7). Be-
cause the honeycomb lattice of graphene has two atoms per unit
cell, the eigenstates of the Hamiltonian Eq.(2.7) are given as a
linear combination of two Bloch functions wg (7) and ¢EB (7)

where N is the number of elementary cells, and c4(k) and cg(k)

—

are complex functions of the momentum k. The ¢(7 — RA)(gb(T —

Rf)) are atomic wavefunctions around the positions of the A (B)
atoms at the lattice site, respectively

R}A :711671 + n262
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RJB :Rf—kgl. (2.9)

where n; and ng are integers. By multiplication of the Schrodinger
equation Hyp(7) = €pz(7) with ¢z(7), one can obtain

@y ( A8 ) = s euins: [ 28 )
(2.10)

where the € are the energy bands. Considering only the hopping
of the electrons between nearest- sites, the transfer matrix H; and

the overlap map S; become
W= ( ea  —ty(k) ) s ( L soy (k) )
sov* (k) 1
(2.11)

—t7v* (k) ep

where ¢ is the nearest— neighbor hopping energy, sg is the on-site
energy and €4 (ep) are on-site energies of the A(B) lattice sites,
respectively; the function W(E) => 5, e i ig the geometric struc-
tural factor and depends up to a phase factor of the choice of the
nearest-neighbor vectors 5;. For details of the calculations of the
elements of Hp and S;; we refer the reader to the recent reviews
Refs. [McCann and Koshino, 2013, Goerbig, 2011]. Solving the sec-
ular equation of the Eq.(2.10), we find the energies for intrinsic
graphene when ey = ep =0

_ Ethy(k)|
1 F so|ly(k)|

The tight-binding parameter values are ¢t ~ 3.033eV and sy =~
0.129eV [Saito et al., 1998]. The energy description of graphene is
visualized over the entire Brillouin zone in Fig.(2.2).

The valence band is completely filled and touches the completely
empty conduction band at the Dirac points. Furthermore, ~(k)
can be approximated around Dirac points up to linear order of
the momentum as

(2.12)

V3a
2

where v = =+1 detonates the valley degeneracy. Neglecting the

v(K, + E) ~

(—vky +iky) (2.13)

sp, of which the effects are small and irrelevant at low energies
around the Dirac points, see Fig.(2.3), the low-energy excitations
have linear dispersion

(K, + k) ~ vop|k| (2.14)

13
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Figure 2.2: Energy description of graphene within the entire Brillioun
zone for ¢t = 3.033 eV, and sp = 0.129eV. The dispersions
show a linear dispersion relation around every Dirac cone.

and propagate with the Fermi-Dirac velocity vy = v/3at/2, which
is independent of their momentum p = hk (as photons with the
speed of light "vgr”). These kinds of excitations are protected by
the symmetry of the honeycomb lattice of graphene and described
by the Hamiltonian

H(K, + k) = vpd k (2.15)

which has essentially the form of the Dirac equation which de-
scribes relativistic massless fermions (with velocity vg). Here, &, =
(voy,0y) are Pauli Matrices, which represent the sublattice pseu-
dospin with valley degeneracy. To summarize, the low-energy exci-
tations are massless chiral Dirac fermions with a linear dispersion
relation.

2.3 TOPOLOGICAL INVARIANTS

Among other interesting and fascinating properties, graphene pos-
sesses nontrivial topological properties.



2.3 TOPOLOGICAL INVARIANTS

Figure 2.3: Energy bands of graphene plotted along the k, axis. The
effects of the parameter sy are small and irrelevant at low
energies around the Dirac points.

The space inversion and time-reversal symmetry have essential
roles in the topological properties of graphene. The space inversion
is defined as

I HE) = o, H(—Fk)o. (2.16)
Whereas, the time-reversal symmetry is defined as
T: H(k)=H (k). (2.17)

In the context of graphene, the Berry phase is the phase that
an eigenstate acquires after the electron wavevector in graphene

completes a full cycle at constant energy around a Dirac point.

The eigenstates of graphene read

X (k) = \}5 ( :Feib(E) ) (2.18)

where the phase ¢(k) is ¢(k) = v(k)/|v(k)|. The ecigenstates are
smooth and well-defined functions of the wavevector, except for at
the locations of Dirac cones.

The degeneracy points of the eigenstates act as sources of the
Berry curvature, defined as

- 04, 0A;
where the Berry connection
N -
A(k) = i{xx (k)| =[x+ (k). (2.20)

ok

15
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Figure 2.4: Single particle density of states of graphene as a function
of energy € in units of . The van-Hove singularity points
occur at e/t = £1.

In graphene, the Berry curvature due to the time-reversal and
space inversion symmetry vanishes everywhere outside the Dirac
cones where quantized "monopole" sources of the J-function type
exist.

The Berry is defined as an integral over a closed path in k space
[Xiao et al., 2010|. Thus, integrating over a closed path around
one Dirac cone K yields the Berry phase +7m. The nontrivial
topological quantity, the Berry phase, implies that the Dirac cones
are topologically protected.

2.4 DENSITY OF STATES

Fig.(2.4) shows the single particle density of states, obtained by
numerically integrating the spectral function [Bena and Kivelson,
2005

dk? | -
ple) = @A(kae) (2.21)
over first Brillioun zone, where

—

A(k,e) = —2Im <(e — t|y(F)| + in)_l + (e + t]y (k)| + in)_l) :

(2.22)

We perform the numerical calculations for a finite inverse lifetime
of the quasiparticle n = 0.005 t. The van-Hove singularity points
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are points where the density of states possesses singularities. As
can be seen from Fig.(2.4), the van-Hove singularity points occur
at €/t = 1. Furthermore, at low energies |e|/t < 1 the density
of states has a v-shape, while at energies |e|/¢ > 3 the density of
states goes to zero.

The finite value of the inverse lifetime 7, which goes to zero, has
two consequences:

1. the density of states at € = 0 has a very small value and goes
to zero as p(0) ~ nln (1/n),

2. the divergence of the density of states at van-Hove singularity
points as p(+t) ~ In (1/7).

17






GRAPHENE BILAYERS: ENERGY VERSUS
ENTANGLEMENT

Graphene bilayers were isolated soon after the graphene monolayer.
The low-energy excitations are massive chiral fermions, which do
not exist in high-energy physics. The main consequences of this
are the integer Quantum Hall effect without plateau at zero and
the non-trivial Berry’s phase of 27 [Novoselov et al., 2006].

Quantum entanglement, primarily a source of quantum infor-
mation, has developed into one of the most studied subfields of
many-body physics. In the last decade, quantum entanglement
has mainly been used to study phase structure in condensed mat-
ter physics [Amico et al., 2008]. The entanglement spectrum of a
bipartite system of subsystems A and B is defined in terms of the
Schmidt decomposition of its ground state |¢) as

W) =Y e F o) |uE) (3.1)

where the states |1/2) (|¢2)) are orthonormal states of the subsys-
tem A (B), respectively, and the non-negative quantities &, rep-
resent the levels of the entanglement spectrum. In many previous
studies, the proportionality between the energetic Hamiltonian of
the subsystem A H 4 and the entanglement Hamiltonian Hey,; in
the strong coupling regime between rungs [Poilblanc, 2010, Cirac
et al., 2011, Schliemann, 2011, Peschel and Chung, 2011, Lauchli
and Schliemann, 2012, Schliemann and Léuchli, 2012, Schliemann,
2013, Predin, 2017] has been observed.

The starting point of this chapter is to recapture the energy
description of graphene bilayers considering only the hopping pa-
rameter between nearest neighbors on honeycomb lattice and the
hopping parameter between neighbor sites that are on top of each
other. The effects of the term that causes the trigonal warping [Mc-
Cann and Koshino, 2013,Rozhkov et al., 2016] in graphene bilayers
will be a central point of Chapter 4. Furthermore, we will neglect
the term breaking the particle-hole symmetry. In this chapter,
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we analytically consider the entanglement spectrum of the free
fermionic system on a graphene bilayers in a Bernal stacking ar-
rangement. In the limit of strongly coupled layers, there is a pro-
portionality between the entanglement Hamiltonian of graphene
bilayers obtained by tracing out one layer, and the energetic Hamil-
tonian of the graphene monolayer. Then, we place a special focus
on the effects of this proportionality on thermodynamic and topo-
logical properties of the entanglement Hamiltonian. We also study
the entanglement spectrum of graphene bilayers in the presence of
the bias voltage and the mass term.

The tight-binding description of graphene bilayers is studied in
Section 3.1. In Section 3.2, we start with a brief review of the
method for analytical derivation of the entanglement spectrum of
the free fermionic system given in Refs. [Peschel, 2003, Cheong
and Henley, 2004, Schliemann, 2013]. Then, we analyze the en-
tanglement spectrum of graphene bilayers obtained by tracing out
one layer and applied the concept of the entanglement thermo-
dynamics. Furthermore, we also stress here an agreement in the
topology of the entanglement Hamiltonian of graphene bilayers
and the energy Hamiltonian of a graphene monolayer, due to the
proportionality between these Hamiltonians. Then, we study the
entanglement spectrum of graphene bilayers obtained by tracing
out other two of possible four sublattices. In Section 3.3, we give
an explicit equation for entanglement levels when the bias voltage
or mass term are included. Finally, we close this chapter with a
brief conclusion and an outlook in Section 3.4.

3.1 ELECTRONIC STRUCTURE OF GRAPHENE BILAYERS

Graphene bilayers consist of two coupled layers via Van der Walls
forces. The unit cell of graphene bilayers has four carbon atoms,
A1, B1 on the lower layer and A2, B2 on the upper layer. The layers
are arranged in the Bernal stacking [McCann and Koshino, 2013,
Rozhkov et al., 2016], where one atom at the B site is directly
below an atom at the A2 site Fig.(3.1).

Then, the integral matrix of the graphene bilayers has the fol-
lowing form [McCann and Koshino, 2013]

€A1 —ty(k)  tay(k)  —tsy (k)
W = —ty* (k) €B1 b1 tay(k) (3.2)
k tiy (k) o ern  —ty(k)

—t3y(k) tay*(k) —tv* (k) €B2
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Figure 3.1: Schematic representation of Bernal-stacked bilayer
graphene. Two sublattices of each layer are represented by
red and blue spheres. The intralayer hopping parameter
t between nearest electrons and also interlayer hopping
parameters t, t3, and ¢4 are represented by red lines.

in the ba.si§ (aTE, bL;, a;E, b;;) |0) yvhere @;; (a;z) anq b;; (b;z) cre-
ate (annihilate) electrons layers i = 1,2 on sublattice A and B,
respectively.. Here, v(k) = dexp(ilg .§) with 0 being nearest—
neighbor vectors on a graphene monolayer, defined by Eq.(2.5).
€A1, €B1, €42 and e€go are on-site energies. The parameter t is the
hopping parameter between nearest-neighbor atoms within each
layer, while ¢ describes coupling between atoms at the sites B1
and A2. The parameter t3 is the interlayer hopping parameter be-
tween atoms A1 and B2 and causes trigonal warping. Whereas
the parameter t4 is the interlayer hoping parameter between A1
and A2 and B1 and B2 and leads to the electron—hole asymmetry.
Hopping parameters are represented in Fig.(3.1). Effects of the pa-
rameters t3 on the energy, and as well entanglement spectrum will
be discussed in Chapter 4. Since, the eigenvalues and eigenstates of
the Hamiltonian Eq.(3.2) cannot be obtained in closed analytical
form when the hopping parameter t4 is included, we will neglect
it in this thesis. The experimentally established values [Kuzmenko
et al., 2009] for these parameters are t = 3.16eV, t| = 0.381€V,
t3 = 0.38eV, and t4 = 0.14eV.

Furthermore, we will neglect the overlap matrix, since it has
only a small and irrelevant influence around the Dirac cones. For

21
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Figure 3.2: The energy bands of graphene bilayers plotted along the
k. axis for t = 3.16eV, and t; = 0.381eV. The dispersions
show a quadratic dispersion relation around every Dirac
cone.

intrinsic graphene bilayers when €47 = €49 = €g1 = €pa = 0 solv-
ing the eigenproblem of the Hamiltonian Eq.(3.2) we obtain the

— -

symmetric energy spectrum with four bands +Fj (k) and +Fs(k)

- 1 t2 -
Era(k) = ot + \/i + 2|y (k)|?, (3-3)

a pair of conduction bands and a pair of the valence bands. The
energy bands structure of graphene bilayers is plotted along the
k, axis in the momentum space in Fig.(3.2).

The Hamiltonian that describes the properties of electrons in
the vicinity of the Dirac points k+ K, (v = 41 detonates the
valley degeneracy) can be approximated within the Dirac cone

approximation
0 wprl 0 0
VET 0 t, 0
Hi g = 34
k+Ky 0 t) 0 UFWT (8:4)

0 0 wvpmr 0

where vp is the Fermi-Dirac velocity, and 7 = vp, + ip, and al =
vpy — ipy. Energy bands Eq.(3.3) can be approximated around
Dirac points

Bz = vm* v} +/(m*o})? + p2od (3.5)
* 11
- 21}%J

and it is directly proportional to the hopping parameter ¢, . Thus,

where m* is the effective mass of the quasiparticles m
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the mass of the quasiparticles directly arises from the interaction
between the layers. Even more, at small momentum, the energy
band Eq.(3.3)

2
B =

(3.6)

2m*

shows the quadratic dispersion. However, these excitations are not
classical massive quasiparticles, which are the most common in
the condensed matter physics. Similar to the case of graphene, we
will prove the chirality of the quasiparticle in graphene bilayers by
showing that they can be described by the generalized Dirac Hamil-
tonian with elements %. In this sense, it is necessary to rewrite
the Hamiltonian Eq.(3.4), which possesses information about the
high-energy bands +F; as the low-energy effective Hamiltonian
which possesses the information only about the low-energy bands
+Fy [McCann and Fal’ko, 2006]. Keeping only terms up to linear
in t; we find

(3-7)

in the basis (b;E, QIE) |0) and it is good approximation in the en-
ergy range |Fs| < it 1. It the vicinity of the Dirac point K, the
effective Hamiltonian Eq.(3.7) can be approximated by the Dirac
cone approximation to

2 9 12
(eff)y _ _ DWup (0 (x)
HE+KV = —UT ( 71-2 0 (38>

It is more convenient to write this Hamiltonian in the following
form
27.2

HET) = —y;iaﬁ (3.9)
where k = (k cos(¢z), ksin(¢z)) and 7@ = (ncos(2¢;), nsin(2¢7)).
o denote Pauli matrices. To conclude, the low-energy excitations
are massive chiral particles with the quadratic dispersion. In quan-
tum electrodynamics, only massless particles are chiral and thus
graphene bilayers become an exciting playground for studying
properties of massive chiral quasiparticles that do not exist in
quantum electrodynamics.
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3.1.1 Topological invariants

The Hamiltonian Eq.(3.2) of intrinsic graphene fulfills the time-
reversal symmetry

M (k) = H(—F) (3.10)
and the space inversion symmetry
(02 @ 00) H(K) (00 @ 04) = H(—F). (3.11)

The eigenstates of the effective Hamiltonian Eq.(3.7)

1 1
Ix+) = NG ( q:e%ﬁﬁ(’;) ) (3.12)

with ¢(k) = v(k)/|v(k)|. The singularities of these eigenstates at
the Dirac points act as the sources of the Berry curvature flux

- 04,  0A;
where the Berry connection
. .
A(k) = 10 (k)| xx (R)). (3-14)

Integrating the Berry connection A over a closed path, it is found
that the Dirac cone Kt contributes £27 to the Berry phase.

3.2 ENTANGLEMENT SPECTRUM
3.2.1  Method

For systems of free fermions as studied here, the entanglement
Hamiltonian can be formulated as a single-particle operator [Peschel,
2003, Cheong and Henley, 2004, Schliemann, 2013].

Consider first a system of free fermions described by Hamilto-
nian

H=> tijcle; (3-15)
i

f

where ?;;-hopping parameter, and c;

electron on the i-th site.

(¢;) creates (annihilates) an
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The one-particle function determined by the ground state [1))
of the previous Hamiltonian Eq. (3.15) reads

Cyj = (Wlele;lv) = tr (pele;) (3.16)

where p is the density matrix.

In this thesis, we restrict our considerations to a bipartite sys-
tem, which consists of two subsystems A and B. Since the reduced
density pa, obtained by tracing out subsystem B, does not have
any negative eigenvalues, it can be always reformulated as

1 _
pA = 26 Ha (3.17)

with the entanglement spectrum H4 and the partition function
Z = tr (e_HA>.

Now, we will consider only the subsystem A, which has L sides.
It is clear that the correlation matrix in this subsystem has the
following form

Cup = tralpacles) = (¥|cleglv) (318)

where |1) is the ground state of the composite system, and single-
particle operators co, cg act on its remaining part after tracing
out a subsystem.

In order to represent all correlation functions in the free fermion
subsystem A, the entanglement Hamiltonian H 4 of the non-interacting
system must have the following form

Ha= Y Hapches. (3.19)
a,BeA

Furthermore, every Hamiltonian of free fermions Eq. (3.15) can be
diagonalized using the unitary matrix U as

H=UDU" (3.20)

where D = diag (El, EQ, ceey EN/2> —El, —EQ, ceey —EN/Q), with Ei
are eigenenergies. We use a new kind fermion operations a,

g = ZUﬂQCB (3.21)
B

to calculate the correlation function in the set {|\)} of many-body
eigenstates of H 4

Cap :<CLCﬁ>A
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_ Sa(Alchcge AN
Z)\’ <X’67HA ’X>
YA a}LnUamU nane’HA A
= )\< | 7 _H/B 7 | > (3'22)
2/\’<)‘ |6 A|)‘>

where
SN ANy = 3 ({nale Zafenafn )y =] 3L e beme
N\ {na} & ng={0,1}

and

S Y afUamUpnane M4 N) = 3~ UsmUsn > (Aafane ™4(2)

A mn mn by

= Z UaUsi ZO\‘”ZG_HA RY
l A

=3 UalUs 3 {{na}lmie™ e " |{na})
l

{na}
= ZUalUﬁl (H Z e—ﬁana) Z e_gmlnl
l a#lnqa={0,1} n;={0,1}

. e—6
= ;UazUm (H (14e7¢ )) T

Finally, we get

=&

Cap = ; UaUsit =& j p—c (3-23)
where we sum only over states with negative energies, because
only these states are occupied. The eigenvalues &, of the entangle-
ment Hamiltonian, known as entanglement levels. The entangle-
ment Hamiltonian then can be reformulated as a single particle
operator

L
Ha = Z gaalyaa' (3-24)

a=1

The eigenvalues &, are related to the eigenvalues 7, of the corre-
lation matrix via

£r=1In (1 — 77a> = 2artanh (1 — 277a) . (3-25)

N

The entanglement levels form the entanglement spectrum. In par-
ticular, the entanglement Hamiltonian and the correlation matrix
share the same system of eigenvectors.

Here, the only condition is that the eigenvalues of the correlation
matrix lie between o and 1, which is always the case because they
can be written in the form (af,aq).
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3.2.2  Tracing out one layer

Here, we will analytically obtain the entanglement spectrum by

tracing out layer 1 from the ground state of the undoped graphene

bilayers where all states with negative energies (—E1 (k)), (= E2(k))
are occupied, while all others are empty. Then, the correlation ma-
trix has the following form

where u(E) = %eid’(’;)%,
2ly(k)2+5t2
The eigenvalues of the correlation matrix

T}i(/;) = ; (1 T \/t t|7(]€)| ) (3_27)

2ly(k)? + 3t

lead to the entanglement levels

Si(lg) — +2arcsinh (W) ) (3.28)

t

These entanglement levels get into the entanglement Hamiltonian
as

Hent = Z SnCTEnCEn- (3-29)
n==+

Here, the operators ¢ diagonalize the energetic Hamiltonian.

The entanglement levels £+ are represented in Fig. (3.3) in the
entire Brilloun zone. At every Dirac point, two layers are maxi-
mally entangled (1/¢; = 0) and the entanglement spectrum van-
ishes £+ = 0.

One can notice that the entanglement spectrum Eq. (3.28) for
a given energy spectrum of a graphene monolayer depends only on
the coupling parameter t|. Furthermore, the entanglement spec-
trum &4 in the limit of strongly coupled layers ¢| >> t|7(E)| can
be approximated as

Aty () 83y (k) 1
el L] Ivg)l colL) (3.30)
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Figure 3.3: The entanglement spectrum &4 (E) plotted for ¢ = 3.16eV,
t; = 0.381eV over entire Brillouin zone. The contour plot
represents the lower entanglement level &_.

This implies the direct proportionality, in the limit of the strong
coupling layers, between the entanglement spectrum &1 of graphene
bilayers and the energy spectrum ¢|y(k)| of a graphene monolayer

4 —
£y = ;tl'y(k')l (3.31)
1

with the proportionality factor A\ = 4/t ,, which is indeed the
phenomenological inverse temperature [Schliemann, 2014]. As we
shall see in the following, this proportionality has crucial conse-
quences on the topological quantities of the entanglement Hamil-
tonian [Predin et al., 2016] and the entanglement thermodynam-
ics [Schliemann, 2011, Schliemann, 2013, Schliemann, 2014].
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Topological invariants

The entanglement Hamiltonian and the correlation matrix share
the same eigenstates. Integrating the Berry connection constructed
from the eigenstates of the correlation matrix over a closed path
around the Dirac cone K1, we find a Berry phase of £7. This result
agrees with the Berry phase around the Dirac cones in monolayer
graphene.

Entanglement thermodynamics

The entanglement entropy and entanglement energy are defined as
functions of the reduced density matrix [Schliemann, 2011, Schlie-
mann, 2013, Schliemann, 2014]

S :<_ lnpred> (332)
E =(Hent) (3-33)

where (-) = tr(ppeq- ). Since the reduced density matrix can be
rewritten as
o—Hent(N) o—En(Nchen
=Syt .
pred( ) Z()\) ; 1+ o0& (3 34)

the entanglement entropy and energy have the following forms

n e*”() n e”()
sy (B0 nor )

1+ e—fno\) 1+ efn()‘)

n

:Enj <1n (1+e W)+ =220 i”é?n)(”) (3-35)

B0y =3 2 (5.36)

respectively. This leads to the expression for the entanglement free
energy defined as

F=E-S5. (3-37)

Here, the thermodynamic relation

0S 9SO

9E _ ONOE = A(N\) (3-38)

holds, where 3(\) is the inverse thermodynamic temperature. Fur-
thermore, the connection between the entanglement Hamiltonian
and canonical entanglement Hamiltonian Hcqy, is

Hent - ﬂ()\)Hcan (339)
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and allows us to define the entanglement inner energy as
E(A) = (Hean) (3-40)
and the free energy as
F(A) = EQX) = SA)/B8(A). (3-41)

It is easy to obtain from Eq.(3.38)

B% =F. (3-42)

Thus, the connection between the inverse thermodynamic temper-
ature $(A) and the phenomenological inverse temperature A is
given by

93 19F 10(E-5)

o BN E o (3-43)

Here, the entanglement entropy and entanglement energy is
. . 1 .
S(A) = 2In (14 My(F)]) = My (B) (1 + tanh <2>\t|7(k:)|)> ,
_ . 1 .
E(\) = =M}y (B)| tank (32 (F) ) (3.44)

respectively. This leads to

a E_S — 1 e
<m) = —t|y(k)| tanh (2)\t|7(/<:)|> (3-45)
and further to
Ip(N) 1
=1 (3-46)

The inverse thermodynamic temperature is proportional the phe-
nomenological inverse temperature

B(A) = kpA (3-47)
where kg is a constant. Finally, the canonical entanglement Hamil-
tonian is independent of the inverse temperature g = 4kg/t,
such that

_ 1 i
Hean = . (CE,+CE,+ — CE70E7_> : (3.48)
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3.2.3 Tracing out A1 and B2 (or A2 and B1) sublattices

The correlation matrix obtained by tracing out sublattices A1 and
B2 lying in opposite layers has the following form

T T
C(l;) = ( <aT2Ea215> <aT2/2b1E> )
<b1]§a2E> <61Eb1E>

:( z _U(k)> (3-49)

—o(k) 3
where v(k) = 1 —4
VNG
One can notice that the off-diagonal terms of the correlation
matrix Eq.(3.26) and the correlation matrix Eq.(3.49) satisfy the
relation

- - 1
[u(k) [+ o (k)" = 5. (3-50)
The eigenvalues 7+ of this correlation matrix
1 ity
ne =g (1% 2 ) (3-51)
2 ( VERRP + 58
escort the entanglement levels
: tL
&+ = +2arsinh ( = ) : (3.52)
2t|y(k)|

In Fig.(3.4) we visualize the eigenvalue r_ of the correlation matrix
around a given K-point.

In the Dirac points, the eigenvalues of the correlation matrix
become 14 = 1 and n— = 0 and thus, the remaining subsystem is
not entangled with the subsystem which is traced out.

Topological invariant

The entanglement gap is always opened, because the off-diagonal

elements U(E) of the correlation matrix do not vanish anywhere.

This implies that the Berry curvature and all Berry phases are
zero in entire Brillouin zone.

3.2.4 Tracing out A1 and A2 (or Bi and Bz) sublattices

The correlation matrix given by tracing out A1 and A2 sublatties

C(F) = ( o) (byebag) )

T
b3y (Bhebyp)
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Figure 3.4: The eigenvalue n_ = 1/2 + |U(E)\ of the correlation ma-
trix plotted over entire Brillouin zone for the same value of
parameters as Fig.(3.2).

1
—| 2
0

is proportional to the unit matrix. Thus, the remaining subsystem
is maximally entangled with the traced out subsystem.

) (3-53)

= O

3.3 EFFECTS OF BIAS VOLTAGE AND MASS TERM
3.3.1  Energy spectrum

Bias voltage

Applying the bias voltage makes the difference of on-site energies
A of different layers, thus the lower layer 1 of graphene bilayers is
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on the energy €41 = €1 = —% and the upper layer 2 is on the
energy €49 = €pgo = % Then the Hamiltonian Eq.(3.2) becomes
A —ty(k) 0 0
—tyr (k) =4 t) 0
= | T Iy } (3-54)
0 i1 2 —ty(k)
0 0 -ty'(k) %

The energy bands of this Hamiltonian are given by %e1 2 where

2
€12 = JtQIV(E)P + t; - (2) i2\/t2|7(1§)|2 (A2+2) + <t;>4
(3-55)

Thus, the changing of the bias voltage opens the band gap A be-
tween central energy bands (+FE3). The energy bands are plotted
over entire Brillouin zone for t =¢; and A = 0.2t in Fig. 3.5.

Mass term

The mass term m makes the difference between the A and B sub-
lattices. The Hamiltonian reads

m —ty (k) 0 0
—ty*(k)  —m t 0
Hp = 7 (k) + " E (3-56)
0 ty m —ty(k)
0 0 —tv* (k)  —m

The eigenenergies of the Hamiltonian Eq.(3.56) are given by %2 2
where

2

1 - 1
E12 = (QtLi\/t2|7(k)|2+4ti) + m?2. (3.57)

. The energy difference between two central bands (£&2) is 2m.
In Fig.(3.6), we plot these eigenergies throughout Brillouin zone
fort =1, and m = 0.1t .

3.3.2  Entanglement spectrum

Bias voltage

Tracing out one layer 1 of ground state of bilayer graphene in the
presence of the bias voltage leads to the correlation matrix

> Cnn Chi2
C(k) = (3-58)
( Cly C22 )
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Figure 3.5: The central energy bands +e5 plotted over entire Brillouin
zone for t = ¢, and A = 0.2t . The contour plot represents

the energy band (e2).
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Figure 3.6: The central energy bands +g, plotted over entire Brillouin
zone for t = t| and m = 0.1¢ . The contour plot represents
the energy band (g2).

_ Lo th(F) (2-2) (3.50)
- 4 £ £
JERBR + gt 52

with

1 - t
ey =3 (,/A2+tiid4t2w(1€)|2+m) (3.60)

The entanglement levels analytically obtained from this correlation
matrix will be discussed later in 3.3.2.
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Mass term

The correlation matrix of ground state of graphene bilayers in the
presence of the mass term m given by tracing out one layer 1 reads

C(k) = ( Cu Cu ) (3.61)
Cly O
where
Cn(k) = (ala,0)
1t 1t
- 2L AL P 2 L
240 epmE i) = VERER + 36

Cra(k) = (al byp)
_ Lot tlz(l%’>| (61 - ez) (3.62)
2 epmpEy i L ®
with
€19 = ;M + \/tQW(E)P + leti (3.63)

Analytical results

The entanglement levels obtained from the correlation matrices
Eq.(3.58) and Eq.(3.61) have the following form

¢+ = —2arctanh (CH +Cy —1+ \/(011 — 022)2 -+ ‘012‘2) .
(3-64)

Our analytically obtained entanglement levels Eq.(3.64) are visu-
alized in the Fig.(3.7) of graphene bilayers in the presence of the
bias voltage along the axis k, for t/t| = 1and U/t = 0.2. Mean-
while, the entanglement levels of graphene bilayers in the presence
of mass term are represented in Fig. (3.8) along the axis k.
When the bias voltage or mass term are included, the average
occupancy number at site A, Cll(E), and the average occupancy
number at site B, Cyy(k) are not equal and differ from the 1/2.
This leads to the remaining layer 2 not being half-filled obtained

2E
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Figure 3.7: The central energy bands +e5 plotted over entire Brillouin
zone along the k, axis for t =t; and A = 0.2t .

from ground state of half-filed graphene bilayers, and the entangle-
ment gap between entanglement levels is opened. In this context,
there is no the relation of the entanglement spectrum of undoped
graphene bilayers and the energy of doped graphene monolayer.
All this is just a consequence of the hopping parameter ¢ | couples
A1 and B2 sites which have different sign.

3.4 CONCLUSION AND OUTLOOK

We have analytically derived the entanglement Hamiltonian of
ground state of Bernal stacked graphene bilayers. When the entan-
glement Hamiltonian is obtained by tracing out one layer, there is
a proportionality between it and the energetic Hamiltonian of the
remaining monolayer of graphene in the limit of strong coupling
layers. The proportionality factor represents the phenomenologi-
cal inverse temperature, and there is an exact relation between
this phenomenological scale and the inverse temperature. Further-
more, this relation leads to that the canonical Hamiltonian being
independent of temperature.

The proportionality between the entanglement Hamiltonian of
graphene bilayers and the energetic Hamiltonian of monolayer
graphene also leads to the equivalence of their topological quanti-
ties. In this case, this is the Berry phase contribution to the Chern
number.
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Figure 3.8: The entanglement spectrum of graphene bilayers in the
presence the mass term plotted along the k, axis for
t/t, =1and m/t;, =0.1.

In the presence of the on-site energy or the mass term, the re-
maining layer is doped which is obtained by tracing other layer
from ground state of undoped graphene bilayers. In such a way,
there is no relation between the entanglement Hamiltonian of
graphene bilayers and the energetic Hamiltonian of graphene mono-
layer.

The relation between the phenomenological inverse temperature
and the inverse thermodynamic temperature given by Eq.(3.43),
depends on the lattice geometry, Ref. [Schliemann, 2013]. Thus,
one possible extension of this is to consider other lattice geometry.



TRIGONAL WARPING IN BILAYER
GRAPHENE: ENERGY VERSUS
ENTANGLEMENT SPECTRUM

Most of the work presented in this chapter has been published to
the Physical Review Journal B.

Sonja Predin, Paul Wenk and John Schliemann, Trigonal Warping
in Bilayer Graphene: Energy versus Entanglement Spectrum, Phys.
Rev. B 93, 115100, (2016). [Predin et al., 2016]

In the previous Chapter 3, we have shown that upon tracing
out one layer, the entanglement Hamiltonian of ground state of
free fermions in graphene bilayers arranged in Bernal stacking is
proportional to the energetic Hamiltonian of graphene monolayer
in the strong coupling limit. However, this does not hold in general
even in the strong coupling limit what is illustrated by counterex-
amples in Ref. [Lundgren et al., 2012] where a spin ladders of
clearly nonidentical legs were considered and in Ref. [Schliemann
and Lauchli, 2012] where the anisotropic spin ladders of the arbi-
trary spin length were considered, while then even the unperturbed
non-degenerate ground state has a nontrivial entanglement spec-
trum. In this Chapter we provide another counter example given by
graphene bilayers in the presence of trigonal warping [McCann and
Koshino, 2013, Rozhkov et al., 2016]. As we shall see in the follow-
ing, the geometric properties of the entanglement spectrum of an
undoped graphene bilayer and the energy spectrum of a monolayer
clearly differ qualitatively. However, certain topological quantities
such as Berry phase type contributions to Chern numbers agree.
After we had made our work available as an arXiv preprint and
submitted to the journal, we became aware of a little bit earlier
study Ref. [Fukui and Hatsugai, 2014], where also Chern numbers
calculated from the eigenstates of entanglement Hamiltonians are
studied.
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TRIGONAL WARPING IN BILAYER GRAPHENE

This Chapter is organized as follows. In Section 4.1 we discuss
the full eigensystem of the tight-binding model of bilayer graphene
in the presence of trigonal warping. To enable analytical progress
we neglect here terms breaking particle-hole symmetry. On the
other hand, our calculation considers the entire first Brillouin zone
and avoids the Dirac cone approximation usually employed in stud-
ies of trigonal warping in graphene bilayers [McCann and Fal’ko,
20006, Nilsson et al., 2006, Koshino and Ando, 2006, Kechedzhi
et al., 2007, Manes et al., 2007, Cserti et al., 2007, Mikitik and
Sharlai, 2008, Mariani et al., 2012, Cosma and Fal’ko, 2015]. We
compare our results for the full four-band model with an effec-
tive Hamiltonian acting on the two central bands [McCann and
Fal’ko, 2006, Mariani et al., 2012, Cosma and Fal’ko, 2015]. The
entanglement spectrum obtained from the ground state of undoped
graphene bilayers is analyzed in Section 4.2. We discuss the case of
one layer being traced out as well as the situation where the trace
is performed over two other out of four sublattices. In Section 4.3
we will show that discontinuities of wave vector in eigenvectors
of the Hamiltonian are reflected on the entanglement Hamiltonian
and have a large influence on the geometric and topological proper-
ties of the entanglement Hamiltonian. We close with a conclusion
and an outlook in Section 4.4.

4.1 ENERGY SPECTRUM OF GRAPHENE BILAYERS: TRIG-
ONAL WARPING AND TOPOLOGICAL INVARIANTS

The standard tight-binding Hamiltonian for graphene bilayers in
Bernal stacking can be formulated as [McCann and Koshino, 2013,
Rozhkov et al., 2016]

H——tZ( 1k by + 7 (R)a 12rkb2k:~|_hc)

ti Z (biz%k albiy)

1y Z (v() (a Tk ay; + kab%) +he),  (41)
k
where ajk (a;z) and bT (b;z) create (annihilate) electrons with wave

vector k in layers i = 1,2 on sublattice A and B, respectively.
Moreover, y(k) = Y5 1exp(zk; 5;) where the §; are the vectors
connecting a given carbon atom with its nearest neighbors on the
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Figure 4.1: Contour plot of the energy band (+E3(k)) plotted for ¢, =
t, t3 = 0.5t. The contour of the colored region indicates
E =0.2/t,. The edge of the first Brillouin zone is marked
by dashed lines.

other sublattice in a graphene monolayer defined by Eq(2.5). The
hopping parameters ¢, , t3,t4 are plotted at Fig(3.1).

The presence of all four couplings in the Hamiltonian Eq. (4.1)
makes its explicit diagonalization in terms of analytical expressions
a particularly cumbersome task. As the present study chiefly relies
on analytical calculations rather than resorts to numerics, we will
drop the contributions proportional to the smallest parameter t4

in order to achieve an analytically manageable situation.
Putting t4 = 0 the full eigensystem of the Hamiltonian (4.1) can
be obtained in a closed analytical fashion as detailed in appendix

A. The four dispersion branches (+E;(k)), (£E2(k)) form a sym-
metric spectrum with

By ja(F) = [1

5 (B +Br@P + 221y (B)P)

1/2
1 - o - SN\ 2
£ L fn @ (2 + 8@ 201t (B)leos (36) + (12 - B (PR) ]
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and v(k) = |y(k)[e'®%. The two outer branches (+FE;(k)) are
separated from the inner ones (+E5(k)) by gaps determined essen-
tially by the hopping parameter ¢, . The result Eq. (4.2) general-
izes the energy spectrum given in Ref. [McCann and Fal’ko, 2006]
within the Dirac cone approximation to the full Brillouin zone.
Moreover, in appendix A we also give the complete data of the
corresponding eigenvectors. Fig. 4.2 concentrates on the vicinity
of a given K-point using realistic parameters.

The inner branches (+F>(k)) dominate the low-energy physics
of the system near half filling and meet at zero energy for

~(k) =0 (4-3)

corresponding to the two inequivalent corners K of the first Bril-
louin zone, and for

cos (3¢p) = =1 A |y(k)| = tf’ (4.4)

The latter condition defines three additional satellite Dirac cones
around each K-point two of which lying on the edges (faces) of the
Brillouin zone connecting K. The third satellite Dirac cone lies
formally outside the Brillouin zone but is equivalent to a satellite
cone on the edge around an equivalent K-point. Indeed, the quan-
tity v(lz) has a constant phase ¢r € {—7/3,7/3,7} on each face:
As an example, consider the edge connecting the two inequivalent
K-points given by Ky = % (i%, 1) where one finds

v (kx7 5;@) = e /3 <2 Cos <;kx) - 1) (4-5)

with the parenthesis being nonnegative for k, ranging between
(+27/(3a)). Thus, solving for k, the satellite Dirac cones on that

edge lie at
o 2 1 tts3 2
k= (:I:a arccos (2 (1 + 752>> ) \/§(1> ) (4.6)

and the other satellite cones are located at positions being equiv-
alent under reciprocal lattice translation and/or hexagonal rota-
tion. Note that for tLt3/t2 = 1 the satellite cones merge in the
M-points (centers of the faces) and they vanish for even larger
values of that ratio. In Fig. 4.1 we give a sketch of the situation
in the entire Brillouin zone for moderate values of ¢t and t3. As
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Figure 4.2: The central energy bands (+E5(k)) plotted around a given
K-point for t;, = 0.1t, t3 = 0.15t. The dispersions show
a central Dirac cone accompanied by three satellites. The
components of the wave vector are measured relatively to
the K-point.

we have already seen in Chapter 3, for t3 = 0 the two energy
bands (+E5(k)) touch only at the K-points where they have a
quadratic dispersion. Finite t3 # 0 causes a splitting into in total
four Dirac cones with linear dispersion, an effect known as trigonal
warping [McCann and Koshino, 2013, Mariani et al., 2012].

As a further important property, the eigenvectors corresponding
to (+F5(k)) are discontinuous as a function of wave vector at the
degeneracy points defined by Eq. (4.4); for more technical details
we refer to chapter 4.3. As a simplistic toy model mimicking such
an effect one can consider the Hamiltonian H = —ko* with a one-
dimensional wave number k£ and the Pauli matrix ¢* describing
some internal degree of freedom: In the many-body ground state
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of zero Fermi energy all occupied states with £ > 0 have spin
up while for all states with & < 0 the spin points downwards,
resulting in a discontinuity of the occupied eigenvectors at k£ = 0.
As we shall see below, in the present case of graphene bilayers this
discontinuity is also reflected in the entanglement spectrum.

An effective Hamiltonian in the presence of the trigonal warp-
ing providing an approximate description of the central bands
(£E»(k)) can be given following Ref. [McCann and Fal’ko, 2006].
In up to linear order in 1/t one finds

oo 0 = (7“(’5))2 +tay (k)
2 (v(B) 4+ tar (B 0

t1

(4.7)

with respect to the basis (b;;, ai E) |0). The eigenstates read

1 1
IXx) = /3 ( e ) (4.8)

2

with

~

(v(B))" + tz7* ()
2 (1(R)) + tar (R)

Note that the Hamiltonian (4.7) vanishes if and only if the con-
ditions (4.3) or (4.4) are fulfilled implying that the positions of
the central and satellite Dirac cones are the same as for the full
Hamiltonian (4.1). Moreover , ;. is a smooth and well-defined
function of the wave vector except for the locations of Dirac cones.

e“p/; =

(4-9)

H_H-
1% |

~

Accordingly, the Berry curvature

> 0A, O0A
F(k)=—-2-—= :
)= 5 o (410)
arising from the Berry connection
A(k) =1 k)|l— k) = —-—k 11
(B) = i (B b () = 528 Gy

vanishes everywhere outside the Dirac cones where contributions in
terms of d-functions arise. Integrating the Berry connection along
closed path in E—Space leads to geometrical quantities often re-
ferred to as Berry phases, although no contact to adiabaticity is
made here. Moreover, if the Berry curvature has only nonzero con-
tributions in terms of J-functions (as it is the case here and in
the following) these geometrical phases are indeed topological, i.e.
they are invariant under continuous variations of the paths as long
as the support of the d-functions is not touched.
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As discussed in Refs. [Manes et al., 2007, Mikitik and Sharlai,
2008, Mariani et al., 2012], integrating along a closed path around
the central Dirac cones at K4 yields a Berry phase of (F7), while
each of the accompanying satellite cones gives a contribution of
(7). Thus, the total Berry phase arising at and around each K-
point is, as in the absence of trigonal warping, (+27), and the
integral over the whole Brillouin zone of the Berry connection (i.e.
the Chern number) vanishes. Naturally, our present analysis going
beyond the Dirac cone approximation confirms these results.

4.2 ENTANGLEMENT SPECTRA

Here we analytically derive the entanglement Hamiltonian of free
fermions on bilayer honeycomb lattice in the presence of trigonal
warping by using the method described in Chapter 3. In particular,
we formulate the entanglement Hamiltonian for systems of free
fermions as a single-particle operator [Peschel, 2003, Cheong and
Henley, 2004, Schliemann, 2013].

4.2.1  Tracing out one layer

We now consider the ground state of the undoped graphene bilayer
such that all states with negative energies (—E1 (k)), (—Ea(k)) are
occupied while all others are empty. Tracing out layer 1 leads to
the correlation matrix

k) = > U(E) 12
C(k)_(u*?a % ) )

where an explicit expression for u(E) is given in appendix B. The
entanglement levels corresponding to the eigenvalues ni (k) =
1/2F |u(k)| are

¢+ (k) =+ 2artanh (2|U(E)|) : (4.13)

The modulus |u| can be formulated as

ul = L/ = «(1—6162#) (4.14)
i+ @/ @22\ Bk
with (cf. Egs. (A.14),(A.15))
B (2 — B3Iy (F)P?) /2
B BRI — 2t (B) cos (307)

d

, (415)
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tuts|y(K)||sin (30) |

b = , (416)
B+ BRI =2t Lt ()] cos (307)
and (cf. Eq. (A.21))
€12 =ty (k)|
i\/ (2 + B3l (k)| — 2t t3]y(F)| cos (3¢,;))2 /44 d?
(4.17)

implying
ELQ = \/6%’2 +b2. (4.18)

The r.h.s of Eq. (4.14) becomes zero if the radicand vanishes. Ac-
cording to the discussion in Section 4.3 and Appendix B this is
the case when cos (3¢E) = —1 leading to b = 0 and F; = ¢; > 0,
E5 = |ea| such that

|u| o ! <1 - 62) (4.19)

Now equation (4.27) shows that |u(k)| = 0 is equivalent to

cos (3@5,;) =—-1 A |y(k) e [O,tj_tg/tQ] : (4.20)

where the endpoint of the above interval defines according to con-
dition (4.4) the location of the satellite Dirac cones. As a result,
the entanglement levels (4.13) vanish along segments of the faces
of the first Brillouin zone bounded by the positions of the central
Dirac cones and their satellites. At the satellite Dirac cones the
entanglement spectrum is discontinuous as a function of wave vec-
tor. In Fig. 4.3 we plotted the entanglement spectrum &, (k) for
the whole Brillouin zone. For a better visualization large hopping
parameters have been chosen. The contour of the colored region
connects all three satellite Dirac cones. As discussed in chapter 4.3,
this discontinuity is inherited from a discontinuity in the eigenvec-
tors of the occupied single-particle states. The entanglement spec-
trum in the entire Brillouin zone is illustrated in Fig. 4.3, whereas
Fig. 4.4 focuses on a given K-point.

Moreover, apart from the eigenvalues of the entanglement Hamil-
tonian, let us also consider its eigenvector which coincide with
the eigenvectors of the correlation matrix (D.8). As discussed in
appendix B, the complex function u(lZ) entering the correlation
matrix becomes singular at the K-points and the positions of
the accompanying satellite Dirac cones of the energy spectrum,



4.2 ENTANGLEMENT SPECTRA

Figure 4.3: Contour plot of the entanglement spectrum §+(E) plotted
fort; =t, t3 = 0.5t. The contour of the colored region indi-
cates ¢ = 1.5. The dashed line delineates the first Brillouin

zone.

leading again to d-function-type contributions to the Berry curva-
ture which vanishes otherwise. Combining symbolic computer al-
gebra techniques and numerical calculations we find here a Berry
phase of (Fm/2) around the corners K4 of the Brillouin zone, and
(£7/2) for the corresponding satellite positions. For the central
positions the above calculations can also be done fully analytically
by expanding the eigensystem data around K. For the satellite
locations such an expansion is not possible due to the discontinuity
of the eigenvectors.

Thus, the total Berry phase contribution from each K-point K1
is (+7) and agrees with the Berry phase around the Dirac cones in
monolayer graphene. As a result, although the entanglement spec-
trum of graphene bilayers generated by tracing out one layer shows
obvious differences to the energy spectrum of monolayer graphene
regarding qualitative geometrical properties, the topological Berry
phases obtained from the corresponding eigenvectors still coincide
at each K-point.
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Figure 4.4: The entanglement spectrum (4.13) plotted around a given
K-point for the same parameters as in Fig. 4.2. The density
plot shows the upper entanglement level. Zero eigenvalues of
the entanglement Hamiltonian occur along lines connecting
the K-point with the locations of satellite Dirac cones of the
energy spectrum (thick black lines). The components of the
wave vector are measured relatively to the K-point.

4.2.2  Tracing out other sublattices

Now, we will consider the entanglement spectrum obtained by trac-
ing out sublattices A1 and B2 (or A2 and B1) lying in different
layers. In the former case one finds

% u(h) ) (121

where an explicit expression for U(E) is given in appendix B. The
above correlation matrix has eigenvalues ni (k) = 1/2 F |v(k)|
leading to the entanglement levels

¢.(k) = +2artanh (2|v(l§)|) : (4.22)



4.3 CONTINUITY PROPERTIES

In Fig. 4.5 we plotted the cigenvalues n_ (k) = 1/2+ |v(k)| of the
correlation matrix around a given K-point. The modulus |v(k)]
reads more explicitly

- 1 t2|’y(l;)|2 1 ( €1€2 + b2>
v(k)==4|1-—s-t—— (1 - ———— .2

= V-4l (120

and has a similar structure as |u(k)| given in Eq. (4.14). In par-
ticular, [v(k)| = 1/2 < |u(k)| = 0 if the conditions (4.20) are
fulfilled. In this case n = 0 and n— = 1 indicating that the
remaining subsystem is unentangled with the system traced out.
Regarding Berry phases generated from the eigenstates of the
correlation matrix (4.21) we note that the off-diagonal element
v(/;) nowhere vanishes. As a consequence the Berry curvature is
zero throughout the Brillouin zone, which in turn holds for all
Berry phases. The nonvanishing of U(E) follows from the fact that
lv(k)| = 0 would require |u(k)| = 1/2 such that the entanglement
(4.13) would diverge which is, as seen in section 4.2.1, not the case.
Finally, the correlation matrix obtained by tracing over the sub-
lattices A1, A2 (or B1, B2) is proportional to the unit matrix,

C@y:( ?), (135
2

indicating that these sublattices are maximally entangled with the
part traced out.

(el Ml

4.3 CONTINUITY PROPERTIES

The eigenvectors corresponding to the energy branches (+E5(k))
are discontinuous at wave vectors determined by the condition
(4.4). This comes about as follows: The matrix elements Us ,,(k),

U37n(lg), n € {1,2,3,4} contain the quantities ”yf) defined in
Eqs. (C.25) whereas the Uy, (k), Uy, (k) corresponding to
(+E1(k)) involve yil). Fixing now cos (QSE) = —1 we have b =0

such that F1 = € > 0 and Fy = |ea| such that ’yg ) remain con-
(2)

tinuous while 73’ become

-

(H: 62) . (4.26)

|€a]

N[ —
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Figure 4.5: Eigenvalues 17— (k) = 1/2 + |v(k)| of the correlation matrix
plotted around a given K-point for t; = 0.1¢, t3 = 0.15¢.
The thick black lines correspond to the one in Fig. 4.4,
and the components of the wave vector are again measured
relatively to the K-point.

Inspection of Eq. (A.21) now shows that for cos (qﬁ,;) = -1

o] >0 (R)| < tits/t?
k 5 )
ol ){<o R > bt/ =

such that ey(k) changes sign for |y(k)| = t,t3/12, i.e. ny) is dis-
continuous at wave vectors given by the condition (4.4). This dis-
continuity is inherited by the correlation matrix and, in turn, by
the entanglement spectrum.

The technical reason for this discontinuity in the eigenvectors is
of course the fact that the dispersions (+E5(k)) become degener-
ate at wave vectors fulfilling (4.4). In fact the eigenvectors can also
be considered as continuous functions of the wave vector by appro-
priately relabeling the dispersion branches. In the ground state
of the undoped bilayer system, however, only the lower branch
(—Es(k)) is occupied, which makes the discontinuity unavoidable.



4.3 CONTINUITY PROPERTIES

To circumvent this discontinuity one can open an energy gap
between the upper and lower central band such that the corre-
sponding eigenstates are necessarily continuous for all wave vec-
tors. Among the various mechanisms producing such a gap only
few allow for a still halfway convenient analytical treatment of the
Hamiltonian. These include introducing identical mass terms in
both layers, i.e. H — H + H' with

H' = diag (m, —m,—m,m) , (4.28)
or applying a bias voltage A between the layers,
H' = diag (—=A/2,A/2,—AN/2,A/2) . (4.29)

In the former case the four dispersion branches (+E; (k)), (£Ea(k))
are given by

- 1 - -
Eipa(F) = |m? + 5 (8 + Bh(E) + 22y (R)?)

1/2
+ %\/4752I“Y(15)|2 (#2 + 21y (R)[2 — 2t L ta]y(k)| cos (3¢7) ) + (12 — t%h(’?)IQ)2

(4-30)

while for a bias voltage one finds [McCann and Fal’ko, 2006

- A% 1 - -
Bija(k) = | = + 5 (B + 31y (0 + 22 y(%)?)

4 2

1/2

L v 7 > =10 2
£ 1\ 1B (2 + B2 - 2t tsh (Rl con (307) +A2) + (22 — Bl(R)P)

(4.31)

In both cases the central energy bands (+E5(k)) are separated
by a gap, and the spectrum can still be given in terms of compara-
bly simple closed expressions since the characteristic polynomial
of the 4 x 4 Hamiltonian matrix is a second-order polynomial in
the energy squared leading to a spectrum being symmetric around
zero. Also the corresponding eigenvectors can be obtained in closed
analytical forms by procedures analogous to (but in detail some-
what more complicated than).

Note that applying a bias voltage as well as introducing a mass
term in each layer discriminates the layers against each other. As
we have shown in previous Chapter 3, the latter circumstance is
due to the fact that ¢ couples sublattices in different layers for
which the mass term has different sign.
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4.4 CONCLUSION AND OUTLOOK

We have studied entanglement properties of the ground state of
Bernal stacked graphene bilayers in the presence of trigonal warp-
ing. Our analysis includes both the eigenvalues of the reduced den-
sity matrix (giving rise to the entanglement spectrum) as well as its
eigenvectors. When tracing out one layer, the entanglement spec-
trum shows qualitative geometric differences to the energy spec-
trum of a graphene monolayer while topological quantities such
as Berry phase type contributions to Chern numbers agree. The
latter finding is in contrast to the reduced density matrix resulting
from tracing out other sublattices of the bilayer system. Here, all
corresponding Berry phase integrals yield trivially zero. Thus, our
study provides an example for common topological properties of
the eigensystem of the energy Hamiltonian of a subsystem (here
a graphene monolayer) and the entanglement Hamiltonian, while
the geometrical shape of both spectra grossly differs. Our inves-
tigations are based on closed analytical expressions for the full
eigensystem of bilayer graphene in the entire Brillouin zone with
a trigonally warped spectrum.

Future work might address bilayer systems of other geometrical
structures such as the Kagome lattice.

Furthermore, the graphene monolayer under a circularly polar-
ized light exhibits ten different topological phases and high-Chern
number behaviour is found in Ref. [Wang and Li, 2016]. The under-
standing of the topological phases of driven graphene bilayers un-
der polarized light, especially in the presence of the trigonal warp-
ing in the energy and entanglement spectrum might be an exten-
sion of the present study. Moreover, the combination of influences
of a static perpendicular magnetic field [Schliemann, 2013, Nemec
and Cuniberti, 2007] and a circularly polarized light on the en-
ergy and entanglement spectrum of graphene bilayers could be an
interesting research task.



ENTANGLEMENT SPECTRA OF
SUPERCONDUCTIVITY GROUND STATES ON
THE HONEYCOMB LATTICE

Most of the work presented in this chapter has been submitted to
the European Physical Journal B.

Sonja Predin, and John Schliemann, Entanglement spectra of su-
perconductivity ground states on the honeycomb lattice, preprint
(submitted to the FEuropean Physical Journal B), arziv:1611.01039.
[Predin and Schliemann, 2016]

Soon after the birth of graphene has begun the searching for
its complex electronic phases and phase transitions, such as super-
conductivity or exciton condensation [Sorella and Tosatti, 1992,
Khveshchenko, 2001, Herbut, 2006, Hou et al., 2007, Honerkamp,
2008, Raghu et al., 2008, Liu et al., 2009, Drut and Lahde, 20009,
Herbut et al., 2009, Gamayun et al., 2010,Meng et al., 2010,Sorella
and Yunoki, 2012, Ulybyshev et al., 2013]. First searches were done
in the vicinity of the Dirac point using the Dirac cone approxima-
tions. However, nowadays investigations of possible superconduc-
tivity states in graphene are in opposite limit, far away from the
Dirac points.

In graphene, the sixfold symmetry of the honeycomb lattice fa-
vors the degenerate d2_,,
Recent theoretical studies have shown that an s-wave superconduc-
tivity state [Uchoa and Castro Neto, 2007] and a chiral d2_,2 &
idzy superconducting state emerge from electron-electron interac-
tions in graphene doped to the vicinity of the van-Hove singular-
ity point [Black-Schaffer and Doniach, 2007, Honerkamp, 2008,
Pathak et al., 2010, Nandkishore et al., 2011, Kiesel et al., 2012,
Wang et al., 2012], and in lower doped bilayer graphene [Milo-
vanovi¢ and Predin, 2012, Vucicevié et al., 2012] (for a recent re-
view, see Ref. [Black-Schaffer and Honerkamp, 2014]). Below the
superconducting transition temperature T, this degeneracy yields

2- and dgy-wave superconductivity states.
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the time-reversal symmetry-breaking d 2,2 + idyy state [Platt
et al., 2013, Black-Schaffer and Honerkamp, 2014]. In the past
two years, considerable experimental progress has been made re-
garding the observation of superconductivity in graphene. Evi-
dence of superconductivity has been experimentally observed on
Ca-intercalated bilayer graphene and graphene laminates at 4 [Ichi-
nokura et al., 2016] and 6.4 K [Chapman et al., 2016], respectively.
Furthermore, additional experimental progress has been made re-
garding evidence of superconductivity in Li-decorated monolayer
graphene with a transition temperature of approximately 5.9 K
[Ludbrook et al., 2015].

In this Chapter, we present an analytical study of the entangle-
ment spectrum of the fermionic ground state on a graphene honey-
comb lattice, in the presence of superconductivity instability and
as obtained by tracing out a single spin direction. We investigate
the relationship between the entanglement and energy spectra of
the remaining noninteracting part, placing a special focus on the
correlation between their topologies. We show that the entangle-
ment Hamiltonian obtained by tracing out one of the subsystems
and the Hamiltonian of the remaining subsystem can have com-
pletely different topologies. This difference is due to the fact that
the entanglement Hamiltonian is a ground-state property. That is,
the dy2_,2 + idyy superconductivity state breaks the time-reversal
symmetry of the superconductivity Hamiltonian; this behaviour
is reflected in the ground state of the composite superconductiv-
ity Hamiltonian. Further, the entanglement Hamiltonian is con-
structed from that ground state.

In the next section, the topological phases of the superconduc-
tivity states on the honeycomb lattice are classified based on their
different symmetries. In Section 5.2, we introduced the model
Hamiltonian and discuss the different superconductivity paired
states that can arise from the electron—electron interaction on the
honeycomb lattice. The renormalized mean-field treatment of self-
consistent order parameter is given in Section 5.3. Then, we dis-
cuss classification of topological superconductors on a honeycomb
lattice based on symmetry of systems in Section 5.4. The entan-
glement spectrum obtained from the Bardeen-Cooper-Schrieffer
ground state by tracing out a single spin direction is analyzed in
Section 5.5. Our primary interest in this section is to explore the
relationship between the geometrical and topological properties of
the entanglement Hamiltonian and the remaining noninteracting
Hamiltonian. We close with a conclusion and an outlook, which
are presented in Section 5.6.



51 SYMMETRY GROUP REPRESENTATION

Cew || E | Co | 203 2Cs| 30y ]| 304 form
Ay || +1 | +1 | +1 +1 +1 +1 s-wave
Ay || +1 | +1 | +1 +1 -1 -1

By || +1 | 1 +1 -1 +1 -1 f-wave
By || +1 | 1 +1 -1 -1 +1 f-wave
Ey || 42| -2 -1 +1 0 0 Dz, Dy
Ey || +2 | +2 -1 -1 0 0 dmz,yz, Ay

Table 5.1: Character table of Cg, point groups. The identity operator
is given by E. Cy is the trace of a 180" rotation matrix. C3
and Cg are 120° and 60° rotation, respectively. o, and og4
denote reflections at distinct lattice axis.

51 SYMMETRY GROUP REPRESENTATION

An understanding of the symmetry of the hexagonal lattice of
graphene is essential for its physical properties. Possible super-
conductivity states and their symmetries are determined by the
symmetry of the lattice and can be characterized by group theory.
Furthermore, the form of the superconductivity order parameter
is denoted by the symmetry group, as we shall see in 5.2.2. The
crystal symmetry group for the hexagonal lattice of graphene is
Cgy and it is presented in Table 5.1.

The fully isotropic Ay is the fully gapped s-wave superconductiv-
ity state. The superconductivity state that breaks additional sym-
metries (except global U(1) symmetry) in respect of the normal
state is called an unconventional superconductivity state. These
additional broken symmetries include time-reversal symmetry, crys-
tal lattice symmetry, and spin-rotation symmetry, among others.
In this sense, since the s-wave superconductivity state does not
break any additional symmetry, is a conventional superconduct-
ing state.

The By and B states are spin-triplet f-wave states.

Any linear combination of the elements of the two-dimensional
representations of F; and Fs are possible from symmetry require-
ments. For the two-dimensional representation, Ey are d,2_,» and
dgy superconductivity states and are degenerate at T¢ according
to group theory. However, below T, the complex combination, chi-
ral d2_,2 + idyy superconductivity states are a fully gapped for
graphene doped at and beyond the van Hove singularity point, and
minimize the free energy [Black-Schaffer and Honerkamp, 2014].
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Recently, it was predicted that the graphene doped to the van
Hove singularity point is a chiral d-wave superconductor [Nandk-
ishore et al., 2011, Kiesel et al., 2012, Wang et al., 2012]. The chiral
dy2_y2 + idyy superconductivity states breaks time-reversal sym-
metry and in this sense, is an unconventional superconductivity
state.

Finally, a chiral p, + ip, combination that belongs to the F1, is
characterized for the square lattice.

5.2 MODEL HAMILTONIAN

The tight-binding Hamiltonian for free fermions on a graphene
honeycomb lattice with a single 2p, orbital per carbon (C) atom
is

Hy=—-t> > (al bjo+hc)

(ij) o="1,1
— Y (al jaio + 0l bio), (5.1)
1,0

where t is the hopping energy between the nearest-neighbor C
atoms, p is the chemical potential and a; (aia), and b; o (bg’a)
are the on-site annihilation (creation) operators for electrons on
sublattices A and B, respectively, with spin ¢ =71, . Diagonaliza-

tion of Eq. (5.1) yields the energy spectrum +FE.4, with
Bx = +thy(F)] - (5.2)

where v(k) = S5 exp (z/; : 5) and ¢ is a nearest-neighbor vector
defined by Eq. (2.5). The energy spectrum of the free fermions
over the first Brillouin zone is visualized in Fig. 5.1.

5.2.1 Effective t-J model

The interaction effects and the symmetry of the lattice are very im-
portant for the physics of superconductivity, and condensed matter
physics in general. In the presence of the strong Coulomb repulsion,
d-wave superconductivity state is the most favorable superconduc-
tivity state of the high-temperature cuprate superconductors. Us-
ing quantum Monte Carlo simulations, it is found that undoped
graphene in the presence of the Coulomb repulsion U > 3.9t could
exhibit the order of the antiferromagnetic ground state [Wehling
et al., 2011].

In the following, we will consider a simple effective model that
gives superconductivity instabilities.



5.2 MODEL HAMILTONIAN

Figure 5.1: Brillouin zone with density plot of |y(k)| — & for: (a) & =

0.2; (b) & = 0.8; and (c) & = 1. The edge of the first

Brillouin zone is marked by dashed black lines.

The repulsive Hubbard model has the following form in the half-
filled case:

Hy=—t>. > (aigbj,a + h-C-) + U ngng (5-3)
(ig) 7 ‘

where U is the on-site Coulomb repulsion and n; is the number op-
erator on the site . Wehling et al. determined the strength of the
on-site Coulomb repulsion to be U = 3.3t by first-principles calcu-
lations [Wehling et al., 2011]. The Hubbard Hamiltonian Eq.(5.3)
consists of the kinetic part T" = —t Z(ij) Yoo (al-i(,bj’(7 + h.c.) and
the on-site interaction U = U >>; n;n; . The on-site interaction
has a tendency to localize electrons, while the kinetic part resists
this localization. We will consider the limit U >> t¢. Hopping of
one electron to a neighbor site would cost energy of the order U.
While the potential energy is much higher than the kinetic energy;,
the motion of electrons is frozen.
The Fock space can be divided into two subspaces:

o7
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1. subspace spanned by the sites that are maximally occupied
by at most one electron per site: S = {|ny 4,11, 194, M2,])
Vi,mir +n; < 1},

2. subspace spanned by at least one site that is double-occupied
D = {|n1g,m1,p,n24,m2,0) 2 3, mip + 0y = 2}

Thus, the kinetic part 7" of the Hubbard Hamiltonian Eq.(5.3)
connects subspaces S and D.

We use the projector P, which projects on the subsystem S in
order to find the effective Hubbard model Eq.(5.3) in this subspace
[Auerbach, 1994]

Gss(E) = P(E—Hy) ' P=(E—Hep)"  (5.4)

where we define the effective Hamiltonian H, s ;. Furthermore, the
decomposition of the Hubbard Hamiltonian Eq.(5.3) obtained by
the projector P is

P{U+T)P PT(I—P)
Hy = (55)

(I-P)PT (I-P)(U+T)I-P)
where [ is a unitary matrix. Thus, using

ABY
-1
=(A-BD C 5.6

(28]~ ) 56)
we obtain the following form of the effective Hamiltonian
Hepf=P(U+T)P

+PT(I—P)[(I-P)(E—(U+T))(I+P)] " (I-P)TP.

(5.7)
Further approximations % << 1and % << 1 lead to
Hepp = PTP - PTU'TP
t* f f
=P|T— i > CigCio T 1C; s Crg! P (5.8)
i?jak O',O',

Finally, when ¢ = k, we are able to rewrite the effective Hamilto-
nian in the following form

L1
Hepr ==t > (al by +he)+IX (Sz‘Sj - 4nmj>
@) © (i) ©
(5.9)
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with an antifferomagnetic exchange constant J = 2t2/U, the spin
operator S; = %2070/ c;-rgofcw/ on the site i. The Heisenberg an-
tiferromagnetism part of the effective Hamiltonian Eq.(5.9) can
be seen as a consequence of virtual hopping processes, where an
electron with a certain spin direction hops to its neighbor site with
opposite spin direction, builds a virtual double occupied site and
hops back to the empty site. Thus, the electron reduces its kinetic
energy in such a way and electrons are organized in antiferromag-
netic order. This process is called a "super-exchange" process.

According to the above considerations, in the large-U limit, the
Hubbard model can be rewritten as a ¢-J Hamiltonian:

H_j=—1 Z Z (al-:ab]-,g + h.c.) + i Z (al-:aai,(, + bj’abi,g>
(ij) 7 6o
|
+JY > <SiSj - 4nmj) : (5.10)
(tj) 7

The interaction term can be rewritten as a spin-singlet nearest
neighbor attraction

JZ Z (SZ‘SJ‘ - inﬂ%) =—J Z g;—rjgij (5.11)
(ij) © (1,5)
with ggj = % (a%b} L azTibE'T) when i € A site and the same with
a <+ b when ¢ € B. Thus, the interaction term in Eq.(5.11) is an
effective resonance valence bond interaction term emphasized by
Pauling [Pauling, 1960]. Baskaran estimated the parameter J as
J = 3 (VUP+16t2=U) which in graphite with ¢ ~ 2.5¢V and
U =~ 6eV gives % ~ 1 [Baskaran and Jafari, 2002]. This model
predicts that T, vanishes for the undoped graphene, while the den-
sity of states vanishes at the Dirac points. The doped graphene

has a finite density of states and it can be a superconductor.

5.2.2  Mean-field superconductivity order parameter

In order to apply the mean-field approximation, we define the su-
perconductivity order parameter as a three-component complex
vector

X = (Ag‘l, A§27A53> , (5.12)

where the components are defined by

Ay = <ai¢bi+5¢ - ai¢bi+(§¢> . (5.13)
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We study the superconductivity pairing arising from the nearest-
nearest neighbor attractive interaction

mt — JZA ( TbJr_’_(u jibf_’_éT) (5'14)

The resulting mean-field Hamﬂtoman can be expressed in momen-
tum space as

HMF—_tZ< a;%g ka+h'c‘)
_MZ(aﬂ ka+bL bka)

— JZ ( ( kaT—ki — azan—ET) + h.c.> . (5.15)

where J is the effectlve pairing potential arising from the electron-
electron interaction.

The corresponding span of the superconducting order parameter
is

A(1,1,1),

_>

A =1 A(2-1,-1), (5-16)
A(0,—1,1),

where A is the self-consistent superconductivity order parameter.
The first solution corresponds to the s-wave, A = A(1,1,1), be-
longing to the natural A1 irreducible representation of the Cg,
group of the honeycomb lattice. The A1 irreducible representation
is spanned by the vector @; = (1,1,1). The final two solutions, A =
A(2,—1,—1) and A= A(0,—1,1), belong to the two-dimensional
representation Fa, the span of which is @y = (2,—1,—1) and
iz = (0,—1,1). The second solution corresponds to the d,2_,»
wave, while the third corresponds to the d,, wave, respectively.
From the symmetry perspective, it is noteworthy that every com-
bination of the dy2_,» and dyy, waves is possible. However, the
dy2_y2 £ idyy-wave superconductivity state with an order parame-
ter

1
- 24w
Ade_yQiidmy =A et 3 (517)
4 2im
et 3

is energetically preferred.

The resulting order parameters obtained in correspondence to
the symmetry group representation have the following analytical
forms

As(F) = A (eiE51 1ok emsg) 7
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. 1 ol
As(k) = A (emﬁk"’ + 2cos (;km) e Za?ﬁky) : (5.18)

ﬁ
for the s-wave with A = A(1,1,1),

Ad , 2(];;) = A (QGZES‘I . eiEgg i eiE53> 7
22—y
o ik _ia_p a
Ba, (F) =20 (e Vi _ i ycos(2kx)) . (5.19)

%

for the d,2_,2-wave order parameter with A = A(2,—1,—1), and
Ag,, (l;) =A (—e“gg2 + e“;g?’) ,

Adl_y(l;) = —2iAsin (gkm) e_iﬁky, (5.20)

%
for the dy,-wave order parameter with A = A(0, —1,1).
Whereas, the dj2_ 2 + idyy-wave superconductivity order pa-
rameter is

™ ™

Agsia(K) = cos (3) Ba, () +sin (3) Ag,(F).  (5.21)

5.2.3 FEnergy band basis

The kinetic part of the Hamiltonian Eq.(5.15) can be diagonalized
by introducing the following transformations

1 .
W = (g — Y-
G = ﬂ(ak,o‘ ol kbkjo_),
1 b=
dE,a = 7(&1‘6’70 +é' ¢kb§,a)’ (5.22)

V2

where the phase ¢; is defined as ¢ = arg(v;). Note that C%&
dTE& create an electron in the upper and lower Bogoliubov bands,
reépectively. Thus, introducing the energy basis, the Hamiltonian
becomes

Hyp = —t3 !’Y,;\(d,%ad;;,g - C;T;UCE,U)
k,o

o MZ(dTE O'd];:U + C]’% 06%70)
ko ’

and
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The third line in this Hamiltonian is the intraband pairing, contain-
ing an order parameter that is even in k-space and corresponding
to the spin-singlet pairing. The fourth line is the interband pairing,
containing an order parameter that is odd in k-space and corre-
sponding to the spin-triplet pairing. We use the definitions

OE = ZAS'COS(EE— ngE), (5.24)
0
and
SE = ZAS'SiH(Eg— ¢E) (525)
0

In a small-momentum expansion & << a around Dirac points
Ky for the d2_ 2-wave yields

k
O ody o) ~ FIA——t
Ki+k\7To—Y ]{72+/{32’
VT Y
S

ky
KiJrl_c'(de*yz) ~ —3Am- (5.26)

Here, near Dirac points p; (py) symmetries are found for C (S7),
respectively. For the d,-wave we obtain

O, i (duy) = £V3A

SK¢+E(dGUy) ~ —V/3A

—_—. 2
m (5.27)

The combination of dy2_,2 + idyy in the small-momentum expan-
sion has the following form

3\ ke —iky

CKi—i-E(da:Q—yz + idyy) & 35 \/ﬁ’
x Y
: . 3 kg —ik
iSpe, 1i(dpa_yp +idyy) = iAﬁ' (5.28)
x Y

This is effectively a p, — ipy pairing.
Furthermore, for the s-wave we find the following a small-momentum
expansion

av/3
Crp i ™ F 5 A\JKZ + k2,
Sgk =0 (5.29)

C in the first Brillouin zone are plotted in Fig. (5.2).
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Figure 5.2: The interband order parameter C7 plotted over Brillouin
zone for a) the s-wave with symmetry A = A(1,1,1), b)
the d,2_,2-wave with symmetry A= A(2,-1,-1), and c)
the dg,-wave with symmetry A = A(0,—1,1). The thick
black line indicates zero values, while plus indicates positive
values, and minus indicates negative values. The dashed
black line delineates the first Brillouin zone.

5.3 RENORMALIZED MEAN-FIELD THEORY

As we have seen in 5.2.1, the Gutzwiller projector reduced the
space of t-J Hamiltonian Eq.(5.10) by excluding double occupied
sites. However, within the renormalized mean-field theory the con-
dition of the exclusion of doubly occupied sites is relaxed by re-
placing the tight-binding parameters by statistical weights ¢ — gt
where g; = % and J — g¢sJ, where g5 = ﬁ withd =1—-n
is the doping away from half-filling per site, where § = 0 corre-
sponds to the undoped graphene [Vollhardt, 1984]. The numerical
approach for solving of the self-consistency equations for the su-
perconducting bond order in order to get the superconductivity
critical temperature T, and the order parameter A has already
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been preformed in Refs. [Wu et al., 2013, Black-Schaffer et al.,
2014].

5.3.1 S-wave SCENAario

The Hamiltonian Eq.(5.23) for s-wave superconductivity state can
be diagonalized by Bogoliubov transformations

H=E(" + 3 Ealegreg+e e p)
3
2 N|AP?
+ED + 3 Es(fif+ 1 f ) + 14|
3

gsJ

(5-30)

where

B =3 (th(F)] —p) = 3 Ea, (5.31)

k
ES =X (ty(R)| + 1) — Y Bs. (5.32)

The energies of Bogoliubov quasi-particles are

Eo =\ (t(R)] - )2 + 2 Cf? (5:33)

Ep = \/tv )| +n) C 4 2loyp. (5-34)

The Bogoliubov transformations et and fz . are given in Ap-
pendix D by Egs.(D.1, D.2). The total number of unit cells is N;.
The free energy then becomes

F=— éé:ln (2(:osh (5504))
— ;%ln <2cosh (ﬁ)?g))

N;|AJ?
gsJ

s+ ——— (5-35)
where g = ,CB% denotes the inverse temperature, with kg is the
Bolztmann constant.

The conditions for the minimum of the free energy are given by

OF OF
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The superconductivity critical temperature 7. and the order
parameter A can be found by solving the self-consistence equations

) :sztanh <B§O‘>

N, z Eq
_]\1[8 zk: ZWE)[Lﬂ‘tanh <ﬁ]255> (5-37)
s
ETEE(E) o

We solve the self-consistence equations Eq.(5.38) in two opposite
limits, close to the T, when the order parameter A is very small
and when temperature is 7" = 0. The numerical solutions of these
equations will be discussed in 5.3.3.

5.3.2 d-wave scenario

To enable further calculations, we diagonalize the Hamiltonian
Eq.(5.55) for the chiral d-wave superconductivity state

HMF:ZE T+0E,++OTE_O—E7—)

+ZE5 PRy TP P ) (5-39)
by the Bogoliubov quasiparticles oz [Ny and p F given

in Appendix (C) with Eqs.(C.30)-Eq.(C. 31) The energies of the
Bogoliubov quasiparticles are £F, and £Fg, where

Eq —\/t2|’y 2+ 42 + (ISg2 + ICz12) + 2vu+v,  (5.40)

and

By = \[2RBR + 2+ (1S +102) — 2Vt o (5.40)
with

u= (4 +1Sg) (k)P (5.42)

and

= (Re(C)Im(Sp) — Re(Sp)Im(Cp)” (5-43)
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Figure 5.3: The superconductivity transition temperature T¢
(Tc ~ giA) for the s-wave and the d,2_,2 + idy,-wave
as a function of doping ¢ and for J/t = 0.8. The
superconductivity order parameter A is given units % gsd.

When the superconductivity order parameters Ay are purely real,
i.e., when no time-reversal symmetry breaking occurs, v vanishes.
We obtain the following self-consistence equations

OF, |Cy? N Sz 1Sy (k)2 + 20 (5.44)
A  AE,  AE,  2AE, @212 544
dEs |C: 1S¢? 1Sz (k)| + 20

0A T AE; | AE; AE; Vit o? (5-45)
OF 1 ut2y(k)
o Eo  20E, Vu2 + 02
oF 1 1 ut?ly k)2
== (5 (5-47)

8u _Eﬁ B QAEﬂ \/u2 —}—112 '
5.3.3 Numerical results

The value of Tz and the superconductivity order parameter A are
obtained as solutions of the self-consistence equations to fix the val-
ues of ¢, J, and the finite electron doping or hole doping, ¢ (chem-
ical potential is a function of the doping). In Fig.(5.3), we plot
Agy for the s-wave and chiral dy2_ 2 + idyy-wave superconductiv-
ity state for a fixed value J/t = 0.8 as a function of doping §. Ags
is an approximation for T within renormalized mean-field theory.
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Figure 5.4: The-self consistent superconductivity order parameter A for
the s-wave and the dg2_,2 + id;y as a function of doping 0
and for J/t = 0.8 in units %gSJ.

In this work, we will consider graphene doped below and around
the van-Hove singularity point, which corresponds to 6 = 1/4. For
this doping, T¢ for the chiral dy2_,2 + idyy-wave is much higher
than for the s-wave and is preferred. As we have pointed out in
5.1, any combination of the d 2_ 2- and dyy-wave is allowed from
a symmetry point of view. Black-Schaffer and Doniach numeri-
cally solved the self-consistence equations to obtain that the chiral
dy2_y2 + idyy-wave with A = A(1, T eiQ%) is energetically fa-
vored. We present our numerical results for the superconductivity
order parameter A for s-wave and chiral d 2_ 2 + idgy- wave at

T =0in Fig. (5.4).
5.4 SYMMETRY ANALYSIS

Introducing the spinor

f_ (ot ot b gt
R (QET’ Ok Ry Ok Ok Ok Oy b—m) o (548

the Hamiltonian of Eq. (5.15) can be expressed as

1
Hip = 5 2 orMpey (5.49)
P
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where
¢(k) 0 0 —A(k)

o 0 C(k)  AK) 0 .
ML 0 mem cen o |0
~A(=k) 0 0 ¢ (k)

with
7 — —H —t(k) )’ =
C() ( LB (5-51)
<[ 0 Ak ,
so-(,0 ) o

The resultant Hamiltonian indicates that the spin-singlet super-
conductivity state without spin-orbit coupling is invariant under
the spin SU(2) rotation. Hence, we obtain the condition

{JZ,M(E)} =0, Ji = ( si 0 > , (i =x,y,2).

0 —s*
(5-53)

As a result of the spin SU(2) rotation, it is sufficient to use the
- t_ b gt . L) s .
spinor ‘I’]2 = (GET’ bET’ a_g, b—ki) in order to express the Hamil
tonian of the superconductivity state on the honeycomb lattice in
the form

Hyp = Z:‘P,Eh(lg)lf;;a (5-54)
k
where
. —ty(k) 0 —A(k)
- —ty* (k) = —D(—F)
h(k) = B B .
(k) R I (5-55)
—A*(k) 0 ty(=k) Il

When the superconductivity order parameter is purely real, the
Hamiltonian h(k) satisfies

Th(k)T~' = h(—Fk), (5-56)

where 7" = K mimics time-reversal symmetry. The condition given
in Eq. (5.56) can satisfy a real superconductivity order parame-
ter only. The dy2_ 2 + idyy-wave superconductivity order param-
eter given in Eq. (5.21) breaks the time-reversal symmetry. It ap-
pertains to the Cl-class in the Altland-Zirnbauer classification of
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topological insulators and superconductors [Sato and Fujimoto,
2016, Altland and Zirnbauer, 1997, Schnyder et al., 2008]. Fur-
thermore, it is possible to classify two-dimensional C-class super-
conductors using the Chern number C. Note that the nontrivial
topology of the dy2_ 2 + idyy-wave superconductivity state is de-
noted by the Chern number C' = 2.

5.5 ENTANGLEMENT SPECTRA

A method for analytically calculating the entanglement spectrum
of a free-fermion system is given in Refs. [Peschel, 2003, Cheong
and Henley, 2004,Schliemann, 2013]. Here, we generalize this method
to superconductivity systems, using an approach similar to that
described in Refs. [Borchmann et al., 2014, Kim, 2014].

The entanglement Hamiltonian can be constructed as a single-
particle operator in a quadratic matrix [Peschel, 2003,Cheong and
Henley, 2004,Schliemann, 2013], as it is completely determined by
any correlation matrix of operators acting on the remaining part
after the subsystem has been traced out. Our system consists of
two subsystems, A and B. The reduced density matrix for subsys-
tem A, defined as py = trpp, can be formulated as in the free

fermion case, such that pgq = %Q_He"t, using the entanglement

spectrum Hgy; and the partition function Z = tr (e_He”t>. Fur-
thermore, the average (O) of a local operator in subsystem A can
be calculated as (O) = tr(paOa).

By tracing out a single spin direction, e.g., the negative spin
|, from the ground state on the honeycomb lattice in the pres-
ence of the s-wave and chiral d 4 id-wave superconductivity, the
correlation matrix can be formulated as

1 T
laga) {agbey)

ol az) (bl b

C(k) =
Ktk Kt i

(5-57)

For more technical details of the analytical calculations of the cor-
relation matrix, we refer the reader to Appendix (D). Here, one can
show that the eigenvalues of the correlation matrix 7; are related
to the entanglement spectrum &;, such that

&=l (1 - m> . (5.59)

m
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Figure 5.5: Contour plot of entanglement level 51(12) of s-wave super-
conductivity state on honeycomb lattice plotted for % =3
and: (a) ¥ = 0.2; (b) ¥ = 0.8; and (c) ¥ = 1. The thin
dashed and thick black lines represent the first Brillouin
zone and connect the zero energy states, respectively.

5.5.1 S-wave SCENArio

The s-wave superconductivity order parameter corresponds to the
bond-independent superconductivity state; thus, S; is identically
Zero.

We analytically obtain the entanglement levels (Eq. (5.58))

o k
&1 (k) = —2arsinh (W) (5-59)
k
and
& (k) = 2arsinh (W) : (5.60)
k

The entanglement Hamiltonian has the form

How =5 (61} e, +fl fe ). (560
k
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where €y and f,; . are Bogoliubov transformations given in Ap-
pendix D by Egs.(D.1)- (D.2). The entanglement levels for different
values of u, with ¢t = 2.5¢V, and A = 3¢V, are shown in Fig. 5.5.

In general, there is no proportionality between the entangle-
ment Hamiltonian and the energy Hamiltonian of free fermions,
because the coupling between subsystems C7 is E—dependent in
the Brillouin zone. When C} = 0, at the Dirac points, the entan-
glement levels are not entangled. However, at finite doping, the
maximally entangled states, when the entanglement levels are zero,
correspond to the zero energy state of the noninteracting fermions.
To provide a superior visualization, a thick black line is used to
connect the zero-energy states in Fig. 5.1 and the maximally en-
tangled states in Fig. 5.5.

Entanglement thermodynamic

The undoped graphene is a gapless semi-metal and is not a super-
conductor at low temperatures. However, when the system is at
half-filling (with p = 0), the entanglement levels are

51,2(15) = +2arsinh (2) , (5.62)

being constant over the entire Brillouin zone. In the strong cou-
pling regime between subsystems, when A > ¢, one finds

5172(];) ~ :|:22. (5.63)

In what follows we will use the redefinition A = % for the phe-
nomenological scale.

The concept of the entanglement thermodynamics given in Ref.
[Schliemann, 2011, Schliemann, 2013, Schliemann, 2014] have been
already discussed in Chapter 3.

Here, the entanglement entropy and energy are

S =2In (1+e*) = 2tA (1 + tanh (t\))
E = —2tAtanh (t)), (5.64)

respectively. This leads

0(E-5)

o —2t tanh (t\) (5.65)

and further to

71



72 ENTANGLEMENT SPECTRA OF SUPERCONDUCTIVITY GROUND STATES

The inverse thermodynamic temperature is proportional the phe-
nomenological inverse temperature

B(A) = kpA (5.67)

where kg is a constant. Finally, the canonical entanglement Hamil-
tonian at half-filling is independent of the inverse temperature
b = kg/A, such that

1
Hean = - (efz,+€zz,+ - f%,+fz,+) (5.68)

where operators ey n and f . are given in the Appendix D with

Egs.(D.1)-(D.2), respectively.

5.5.2 chiral d-wave scenario

From analytical calculations, one obtains the correlation matrix at
T=0

. [ Cn(k) Cia(k)
C(k)_(c;a(%) 022@))’ (5:69)

1 1 1
p? +1Sg|? a t2|y(k)[* +m?2
1 1
1 a (2+m)— 1+ fn (5.70)
n? + | Sx|2 p 2]y (k)|? 4+ m?2
Oz = (b bpy)
1 1 1
- 5 + 1 H (61 - m)E— 1 + in
12+ |Sgl? o 2y (k)[? + m?
1 1
(e —m) o [1- —= . )
1?4 Sz s 2y (k)|? +m?
Cloy = @%b,ﬁ)
_ L << €1 62) i (1 B 1)) ty (k)]
4 Ba B o« Bs])\Jely(R)]2 +m?

with
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while
. Re(Cy) - Im(Sz) —Im(Cy) - Re(SE)’ (5.74)
and
. Re(Cy)Re(Sy) + Im(C’E)Im(SE). (5.75)

w2+ |Sgl?

Thus, the entanglement spectrum obtained from the eigenvalues
of the correlation matrix given in Eq. (5.58) consists of entangle-
ment levels &1 and & where

5172 = -2 artanh(C11 +Coy— 1+ \/(011 — 022)2 + 4’012|2). (5.76)

As the d-wave spin-singlet superconductivity order parameter
involves both Cr and Sg, there is no relationship between states
with the zero-value states of the entanglement spectrum and the
zero-energy states of the free fermions. At the van-Hove singularity
point, i.e., when p = t, both the entanglement spectrum and the
energy spectrum of the free fermions are zero at the M point. The
results of our analytical calculations of the entanglement spectrum
of the d2_ 2 + idyy-wave superconductivity on the honeycomb
lattice are presented in Fig. 5.6.

As we have discussed above, the d2_,2- and dyy-wave supercon-
ductivity order parameters preserve the time-reversal symmetry
(Eq. (5.56)). Based on the time-reversal symmetry and provided
Y are the eigenstates of the Hamiltonian given in Eq.(5.55), we
can state that

=Y 5 (5-77)

where the ¥* ¢ are also eigenstates of the Hamiltonian of Eq. (5.55).

This yields

Hence, the real d-wave superconductivity order parameter pre-
serves the time-reversal symmetry in the correlation matrix, which
is constructed from the @ as C (k) = <CI>%CI>E>. The entanglement
Hamiltonian satisfies:

TEHent(E)Tgl — ,Hent(_];% (5-79)

with Ty = K.

When the dy2_ 2 + idyy-wave superconductivity order parame-
ter is considered, Cz and S are complex functions. Then, the m
and n terms are non-zero. Hence, the average occupancy number
at site A, 011(E), and the average occupancy number at site B,
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Figure 5.6: Contour plot of entanglement level & (k) of dy2_y2 + idyy
-wave superconductivity state on honeycomb lattice plotted
for 2 =3, and a) £ = 0.2, b) £ = 0.8 and c) £ = 1. The
dashed black line delineates the first Brillouin zone, while
the thick black line shows maximally entangled states.
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6’22(];), are inequivalent and the off-diagonal element of the corre-

lation matrix C2(k) is complex. Because Sg is an odd function in
the momentum space, while C}. is a even function, it can be shown

that elements of the correlation matrix Cq1(k), Cao(k), and Cpa (k)
are constrained as C11(—k) = Cha(k) and Chy(—k) = Cia(k).
Therefore, it follows that the complex d,2_,2 + idyy-wave supercon-
ductivity order parameter breaks the time-reversal symmetry in
the entanglement Hamiltonian. The topology of the entanglement
Hamiltonian in two-dimension with broken time-reversal symme-
try is characterized by the entanglement Chern number.

For further analysis of the topological properties of the entan-
glement Hamiltonian, we require not only its eigenvalues, but also
its eigenstates. The eigenstates of the correlation matrix are iden-
tical to the eigenstates of the entanglement Hamiltonian and can
be expressed as

iy :(Lr(lg)am—k&(E)bl—éT (5.80)

P =04 (—k)ag, — 8% (=k)bg, (5.81)

where explicit expressions for 8, (k) and d_(k) are given in Ap-
pendix (D) by Eq.(D.21). Using these eigenstates, we can calculate
the Berry curvature

DA, 0A,

F(k) = — .
and the Berry connection
N
A(R) = itr ()| I (). (5:83)

Through numerical integrations of the Berry curvature along
the Brillouin zone, we find that the entanglement Chern number
is C' = 1, in the case of the chiral d;2_ 2 + idyy-wave superconduc-
tivity state. In the presence of SU(2) rotation and broken time-
reversal symmetry, as in the case of an energetic Hamiltonian, the
Chern number C' can have even values only. For the entanglement
Hamiltonian, it is possible to obtain an odd value for the Chern
number, as it is not invariant to the SU(2) rotation. As a result,
the topology of the entanglement Hamiltonian, which is obtained
by tracing out the spin-down subsystem of the ground state of
the chiral d;2_,2 + idgy-wave superconductivity state on the hon-
eycomb lattice, clearly differs from the topology of the energetic
Hamiltonian of free fermions without the superconductivity insta-
bilities.
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5.6 CONCLUSION AND OUTLOOK

We analytically evaluated the entanglement spectra of the super-
conductivity states on the graphene honeycomb lattice, primarily
focusing on the s-wave and chiral d2_ 2 + idyy superconductivity
states. When one spin direction was traced out, exact correspon-
dence between the maximally entangled states of the s-wave super-
conductor and the zero energies of the noninteracting fermionic
honeycomb lattice at finite doping was observed. The relation-
ship between the topologies of the entanglement and subsystem
Hamiltonians was found to depend on the coupling between the
subsystems. Further, the chiral d;2_ 2 +idyy superconductivity or-
der parameter breaks the time-reversal symmetry in the entangle-
ment Hamiltonian. The topological properties of the entanglement
Hamiltonian, characterized by the topological nontrivial entangle-
ment Chern number C' = 1, clearly differ from those of the time-
reversal invariant Hamiltonian of the noninteracting fermions on
the honeycomb lattice.

The investigations presented herein are based on closed ana-
lytical expressions for the full eigensystems of the s- and d-wave
superconductivity states on the honeycomb lattice over the entire
Brillouin zone. The method used to examine these eigensystems
may constitute a useful tool for new studies of superconductivity
in graphene.

Future work may investigate the relationship between the topolo-
gies of the entanglement and subsystem Hamiltonians through the
topological phase transition; for example, in the coexistence re-
gion between antiferromagnetism and d,2_ 2 + idyy superconduct-
ing correlations in graphene [Black-Schaffer and Hur, 2015] and
graphene bilayers [Milovanovi¢ and Predin, 2012].

STATES

Superconducting states possess particle-hole symmetry for fermionic

excitations. A particle can become a hole by creating a Cooper pair.
Hence, the fermionic excitations are expressed by ¢4 (€) (cf (¢)) be-
ing the annihilation (creation) operator of a quasiparticle with
energy € and the spin ¢. From particle-hole symmetry, we obtain

Co(€) = ch(—e) (5-84)

lim (co(€)) = lim (cf(~c)) (5.85)
cz(0) = b (0) (5.86)

v =" (5.87)

Thus, because of the particle-hole symmetry of the superconduc-
tivity state, the quasi-particle and its antiparticle are equal at zero
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energy. This self-conjugate condition is called the Majorana con-
dition, which is satisfied by a class of fermions called Majorana
fermions [Sato and Ando, 2017]. A fascinating feature of the Ma-
jorana fermions is that they obey non-Abelian statistics, which dif-
fers from Abelian statistics. Particles that obey Abelian statistics
satisfy the anticommutation relation (¥1¥2) = (¥2¥1)e’®, where
¢ = 0 denotes bosons and ¢ = 7w denotes fermions. Let us now
consider N Majorana zero energy modes given by v1,v2,73, ..., YN
Then, all Majorana fields satisfy

7 =1, (5.88)

Viv; == for i#j. (5-89)

The non-Abelian statistics is reflected by branding of any pair of
Majorana fields.

V= % (5.90)
As we have already seen in this Chapter, the doped graphene can
be a chiral d2_,2 + idyy superconductor. Graphene, in the pres-
ence of the spin-singlet d 2_ 2 + idyy state, could exhibit incredi-
bly rich physics. Because graphene is a two-dimensional material,
the possibility of tuning of the Rashba spin-orbit coupling is re-
markable and its manipulation could be easier than that in other
materials [Min et al., 2006]. For realistic values of the Rashba
spin-orbit, in the possible d 2_,2 + idyy state in doped graphene
to the van-Hove singularity point, Majorana fermions could ap-
pear at edges by tuning a Zeeman field [Black-Schaffer, 2012]. Fur-
thermore, by increasing the spin-orbit coupling, the d,2_,2 + dgy
superconductor undergoes a topological phase transition from a
chiral superconductor to a helical superconductor. In the region
where the energy gap is closed, the low energy excitations are
Majorana fermions [Sun et al., 2016, Huang et al., 2016]. The Ma-
jorana fermion of this system obeys non-Abelian statistics, which
is at the heart of the idea of the quantum computer [Nayak et al.,
2008]. The Majorana fermions reduce the probability of a random
change of the ground state, and this state is very stable to thermal
fluctuations. The state obtained by the exchange of two Majorana
fermions does not take a simple phase due to the non-Abelian
statistics. This corresponds to the manipulations of qubits, which
are superposition of |0) and |1). The superposition and entangle-
ment can make a quantum computer operate much faster than a
classical one.
The above makes further research on the spin-singlet d 2,2 +
idyy state, particularly with the Rashba spin-orbit coupling and
entanglement, quite interesting.
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DIAGONALIZATION OF THE BILAYER
HAMILTONIAN

Putting ¢4 = 0 and fixing a wave vector k the Hamiltonian (4.1)

reads with respect to the basis ( ;k’ bik, b;k, 1k> |0)
0 ty —ty (k) 0
p=| . 0 O T
—tv* (k) 0 0 —t3y(k)
0 —ty(k) —t7"(k) 0

Using 7(k) = |7(k)|e’*F we apply the transformation

1 1 0 0
1 0 0 €% e
U = — . . Ao
TV 0 0 ét —ein (A-2)
1 —1 0 0
such that in
=U, HU{
t —t|y(k)| 0 0
_ | —th(R)l —taly(k)[cos (3¢g) itsly(k)[sin (3¢;) O
0 —its|y(k)|sin (36;)  taly(k)|cos (3¢5) —t|y(k)|
0 0 —tly(k)| —t
(A.3)

all information on the phase ¢z is contained in the matrix el-
ements being proportional to the skew parameter t3. Proceeding
now with the transformation

1 =10 0
1 1 0 O
Uy = — Ay
V2| 0 1 -1 (A4)
0 1 1
we find
eg ¢ —is —1is

. )
Hy = Uy H UJ = 1 (A.5)
- —€2
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with
er = 2ty(k) +tL — taly(k)] cos (3¢7) , (A.G)
ea = —2ty(k)|+tL —taly(k)|cos (3¢7) , (A7)
c = tL+t3|7(/Z)|cos(3¢E), (A.8)
s = t3y(E)[sin (3¢7) - (A.9)

Here it is useful to split the above matrix as Hy = H; + Hél where

e17 0 —is O

1 0 €9 0 18

2195 0 —ey O

0 —is 0 —e

0 c 0 —1s

" 1 )

Hy, == ¢ 0 s 0 . (A.10)
21 0 —is 0

is 0 ¢ 0

H; is diagonalized by

o 0 —loa_ 0
Us = 0 —1004 0 o (A1)
—loa— 0 oy 0
0 o 0 —l004

with o = sign (sin(3¢(lg))) and

o, — ; - t1 —t3|y(k)| cos (3@5];)
B+ BRI — 21131 () cos (30)

(A.12)
such that
(1 ido O b
Hs = UsHyUJ = —ido G b .0 (A.13)
b —(o ido
b 0 —ido —(1
where
2 —2]y(k)|?) /2
; (12 — b (B)P) .

B+ B 2t Ll ()] cos (307)
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_ tuts|y (k)| sin (3¢7) |
8+ BRI — 2113 () cos (30)

b ,  (Aap)

and £(; and +(s are eigenvalues of H; given by

G2 = 5 (£ 42 + B = 2t (B os (307)

(A.16)
Splitting now Hs in the form
1 id 0 0 0000
—id 0 0 00 b0
Hy— | 1 + (A7)
0 0 —C ud 0 b 00
0 0 —d - b 0 0 0
the first part is diagonalized by
—i0T 4 B 0 0
Uy = B —i0T[4 0 0 (A.18)
0 0 —i0T 4 b
0 0 B —10T[4

with 7 = sign(d) and

1 C1—C
= | = A1
Bt J 5 (1 + NS 4d2) (A1g)

while the second part is left unchanged by Uy resulting in

eg 0 O b
== Y 2 b0 (A.20)
b —e 0
b 0 0 —¢
with the diagonal elements are given in terms of
1
€1/2 =5 <C1+C2¢\/(C1 —(2)2+4d2) : (A.21)
Finally, Hy is brought into diagonal form via
1 1
Ty
2 2
0 ~ v 0
U5 = —('_2) (2) (A.QQ)
0 ~ -5 0
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with

and

Ei/9 = 1/6%72 + b2 (A.24)

1

=5 |4 + B (B)P + 262y (F)

+ Wm B2 (82 + Bl (B2 — 2t stal(F)) cos (367) ) + (2 —tgwwﬂ.
(A.25)

Thus,
UsHuUl = diag (E1, By, —Ey, —E}) | (A.26)

and the matrix elements of the corresponding total transformation
U = UsU,U3UU; can be expressed as

U = ; (a- —ioay) (784 + B-) (753) - im(_l)> (A.27)

Uiz = ; (g —ioa-) (T84 + B8-) ( wv(+)> (A.28)

U = —j " (- —ioay) (7Bs - 5-) (1 +ion")  (A29)

Ura = ; (a-+ioas) (18— 5-) (11 =iy (A30)
and

Uy = —; (ay +ica_) (74 — =) (’yf) — ia’y@) (A.31)

Uso = —; (ay —ica ) (784 — B-) (fyf) + ia'y(_2)> (A.32)

Uz = —62 (a4 +ioa-) (784 + B-) ( + 207(—2)> (A.33)
—igy
Ugy = € 5 (ay —ioa_) (784 + 5-) (75_2) — iav(_z)) (A.34)

which are the complex conjugates of the components of the eigen-
vectors of the conduction-band states with positive energies F; (k),

By (k), while

Ui = 5 (o= —ioas) (s = ) (417 =in™® ) (A3p)
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Usy = ;(Oé +ioay) (T84 — B-) (’V+) +ioy? )> (A.36)
'8 ‘ 2
Usy = = (s +ioa-) (1 +5-) (19 —ion ) (A7)
—ig
Usy = € 5 (ay —ica ) (704 + B-) <7 )~|—wv( )) (A.38)
and

Un= (o +ioa) (1 +5) (1) =) (A39)

Usg = —; (o +icay) (T84 + B-) <7(_1) - iUVP) (A.40)

ioy
Uss = 5 (s ioa) (785 = ) () +ior ) (A
e "% . (1)
Uy = —— (a- +ioay) (tf+ — - )(7_ +207+) (A.42)

correspond to the valence-band states with negative energies
(—Es(k)), (—E1(k)). Note that all factors involving a, 7(11)7 vf)
in the above expressions have modulus one, i.e. they are phase
factors.

83






CORRELATION MATRICES

Upon tracing out layer 1 from the ground state of the undoped bi-

layer system the correlation matrix reads in the basis (a; 2 b; E) |0)

c®:(%WﬁHMW1%MgHm@ﬁ
U33U§k1 + U43U41<1 U33U§3 + U43UZ?)

Ik
(o ) o)
with
o eTR s OO @ . @)
u(k) = 1 <ﬁ+—ﬂ_> ((%r —107_> —<7+ —zay_)).
(B.2)

This quantity becomes singular at the corners of the Brillouin zone
where 7(12) is zero such that its phase is ill-defined, and at the
positions of the satellite Dirac cones of the energy spectrum where,
as discussed in appendix 4.3, ”yf ) is discontinuous.

Tracing out the sublattices A1 and B2 one finds in the basis

(alz-01:) 10)

C(k) = UsiUsy + UnUsy UsiUsp + UnUsg
UsoUsy + Us2Uyy UsaUszy + UsoUs

(3 u® ) B.
( o) 1 (B.3)
with
. 2
o) =222 (s, — 5P (4 - i)
+ (81 +8-)° (%(rl) - Z'U’Y(—l)>2> : (B.4)

Note that the expressions (B.2),(B.4) obey the interesting sum

rule
WP + (R = (B.5)

which s fulfilled whenever the coefficients involved satisfy

2 2
of +o? =+ = (%j/?)) n (79/2)) _

=1, (B.6)
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which is the case here by construction.
Finally, the correlation matrix obtained by tracing out the sub-
lattices A1, A2 is proportional to the unit matrix,

o) = ( UspUsy + UsaUsy UsaUs + UsaUly )
UssUszy + UssUjy  UszUss + UssUss

10
(41 o

implying that the remaining subsystem is maximally entangled
with the subsystem traced out.



DIAGONALIZATION OF THE d + ¢d-WAVE
SUPERCONDUCTIVITY STATE ON THE
HONEYCOMB LATTICE

In this Appendix we present analytical diagolazation of the Hamil-
tonian of the chiral d 4+ id-wave superconductivity state on the
honeycomb lattice. Complexity of the order parameter makes the
analytical approach more difficult. The starting point of our anal-
ysis is the Bardeen-Cooper-Schrieffer mean-field Hamiltonian in
momentum space is

Hyr(F) :—tZ( Jal. by +h.c.)
T
- 'uz (aﬂ ka + bk; bka)
iké f Al
- JZ (A (al bl —al bl )+ he) ()
where we define the superconductivity order parameter
B) =3 Agei®® (C.2)
5
as a combination of the d2_ 2 and dyy-wave superconductivity
state Agwig(k) = cos (%) ANp_ 2 (K) £ sin ( ) Adxy(lg) which min-

imalizes a free energy.
We apply the transformations

1 .
o= (ge —VPrpn
Ck,a o \/E(ak,a ¢ kbk,a)’
1 b
dE,O’ = ﬁ(a];a_ + el ¢kb270) <C3)
such that in
tly (k)| — p 0 Cy —i5};
. 0 —t|y (k)| — S —C»
Cz —iS% —tly (k)| + p 0
isy —C 0 ty (k)| + p
(C.4)

diagonalize the kinetic part of the Hamiltonian. Cz = J 3 A 5 cos(/gg —

¢p) and S = ngﬁgsin(lgg— ¢;;) are complex functions.
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Here it is useful to split this Hamiltonian as H; = H; + Hf

where
thy (k)| — p 0 0 —iSg
- 0 —t|y(K)| — Sz 0
Hy(k) = % E
0 —iS? —tly(k)| 4+ p 0
iS 0 0 tly (k)| + p
(C-5)
and
0 0 Cz 0
"o, - O 0 0 —C"
Hy (k) = kol (C.6)
C’% 0 0 0
0 —C’]’g 0 0
H :/l is diagonalized by
ep, =iaTcp +ayd (C.7)
L = ot d- f
fie = Za_dkT—l—aJrc_& (C.8)
with
1 L
ap = |- [14 ——=
Jz ( \/ﬂ2+|5;;|2)
a_ = S . (C.9)
V2V IS (4 2+ 15P)
This leads to
er m —I 0
t m e 0 l
H2 = U2H1U = (C.IO)
=0 0 —e1 m
0 I* m —ey
with
— RB(CE) Im(SE) — Im(CE) . RE(SE) (C.ll)
VH 15
and
[ = a%rC% + (o)?C; (C.a2)

and d+e; and +eg are eigenenergies of the Hamiltonian H 1 given

by
e1 = t|y(k)| + /1? +[S;[? (Cag)
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and
e = —t|y(k)| + \/1* + [S;[*. (C.14)

We can now split this Hamiltonian as Hy = H; + H; where

egr m 0 0 0 0 -l 0
H; _ | m e 0 0 ’ H;/ _ 0 0 0 1
0 0 —e1 m =0 0 0
0 0 m —ey 0o I* 0
(C.ap)
Proceeding now with the transformations
g];_|_ :5+€E+ + Uﬁ_f];_l'_ (016)
where o = sign(m) and
1 tly(k
Be= | (u: (k)] ) (C.18)
2\ Veh®) R +m?

we diagonalize first part of the Hamiltonian Hé and we get

€1 0 0 -1
0 € —I 0

0 =0 —e 0

-I* 0 0 —

Hs = UsHyUd = (C19)

where +¢1 and +e9 are eigenenergies of the Hamiltonian H;

€ = ,/u2+|5,;|2+\/t2|7(5)|2+m2 (C.20)
&2 = 12+ [SgP — V2 (R)2 + m2. (C.21)

Finally, this Hamiltonian is brought to the diagonalized form with
transformations

and

Of. = )g,;+ - 7(_1)9,2_ (C.22)
2 2
P :Vi)hm —vi)h]%i (C.23)
with
(1) _ 1( 61) (1) _ l
wo=als (=), = (C.24)
+ 2 E, \/QEa (Bo +€1)
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and
2 1 €2 2 l
=31+ 2) = s (O
and
B = \[RAR) + p2 4 SpR + 12 + 2o (C.z6)
and
By = h(R)+ 2 + ISP +1C2 2k v, (Ca)
where
u= (1 +[S”) 2 (k) (C.28)
and
= (ReCEImSE - ReSEImCE)Q : (C.29)

Bogoliubov transformations oz

i and Py, in the basis az., b

S
1 (1)
op, =— 7 (a+7_ —ia 7+ ) (B4 —opo) ag,

_\}iemk (a 7(_)4—2@ Y+ >(ﬁ++06 )

1

+ ﬁ(aw(ﬁﬂa 1) (B +0p-)al
1 .

+ ﬁ@“ﬁg (04+’Vsr1) - iOéfW—l ) (B+ —0pB-) bT_m (C.30)

1 .«
Py = — ﬁ (Oz+’)/(2) + Za_f}/_(f)) (ﬁ-i— + Uﬁ*) CLE

1
+\/_Z¢k<a ,y() e 7+>(5+ 5)b;§¢
1
7 <Oé+ 7(—2)) (B —opB-) CLT_l
1

E (wum ) 3. o)

2 1
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D.1 S-WAVE SCENARIO

The Hamiltonian Eq.(5.55) for s-wave superconductivity state in
graphene can be diagonalized by using Bogoluibov transformations

1
€E+ :Q{Jrﬁ(ak"T Z¢ ka)‘i‘Oé_\/—( 7];7\1/) (Dl)

—i— e ‘ﬁkb]L )

+€ ) BJr \/—( 7¢
(D.2)

1
fE+:5_\/_( k1

wherea, = [ |1+ ty(F)|—p o O |
" \l2 ( \/(tlv(l%')l—u)2+\c,;|2 \/QEa (Ea+tly(k)|—p)

4 o
B — 1 1 + t|7(k)‘+p‘ , and /87 = k =
" J ’ ( V@) 10l V2Ea (BsH i (F) )

with F, and Ejg are energies of Bogoliubov quasi-particles

Ea =/ (th(®)] - ) + Cgl? (D.3)

and

By =/ (th(B)] + 1) + [Cel2. (D.4)

The e (f) sections are determined by Eq. (D.1) (Eq. (D.2)), re-
spectively. These sections are decoupled in Bogoliubov description
and we are allowed than to obtain their contributions to the ground
state separative. We can demand e [G) = 0 and eTE_|G> =0
where |G) is the ground state. The e section contributes to the
ground state as:

I (or®) -a-(@e e )10) (D.5)
keIBZ

where |0) is the vacuum state. Similar, the contribution of the f
section to the ground state:

[T (6-Gh)+se(Bydld' ) 10) (D.6)

kcIBZ
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the ground state |G) is determined by conditions: f7, |G) = 0 and
f%_]G> = 0. This leads to the complete ground state vector:

) 11 <a+(l;) — a_(E)CETCiEi)
keIBZ

II (B(D+B(Ddd ;) 10). (D.7)

gelBZ

Similar findings are obtained for the ground state of the p-wave
superconductivity state in graphene.

This ground state leads to the correlation matrix when spin |
is traced out:

o(F) = ( 3 (la- P +1847) g% (|B4f? ~Ja-f?) ) |
3 (184 —laP) 3 (la-PP+18+)
(D.8)

D.2 CHIRAL D-WAVE SCENARIO

Here, o section is defined by Eq. (C.30), while p section is defined
by Eq. (C.31). We can consider o and p sections separative. Thus,
the o section contributes to the ground state as

I (Y E Vel e )10 (D.9)
kelIBZ

where |0) is the vacuum state. While, the p section contributes to
the ground state

I (P ®+P@ER A )0, (Do)
kelBZ

The complete ground state vector |G) can be determined by condi-
tions g, |G) = 0 and g!_|G) =0 and hp,|G) = 0 and hl._|G) =
0, which leads to the following form

keIBZ GeIBZ

(D.11)

Using

= \}5 (a+ (7(_1)>* + ia-ﬁ/@) (B+ —opB-) O +

I (7$><;z>+7<_1><%)g,§+g*,;) II (vf)(q*)wﬁ”(q*)h;hQ) 0).
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- 12 (a+ (7(_2)) i ) (B +0B-)pg
+ =5 (0 —iar®) (1 + o) !
4 ;5 (e —ian™) (B —op)ol ;- (Da2)

we can calculate the mean occupancy at cite A:

<a£TaET>:

) e R )
(8+ aﬁ_)2n£0>

3 (o () o ()
(B4 + o >2ng

+5 (3G + Ja- | PO = iaia® (a —ar (0))
(B —aB-)* (1-nl)

O P oo ()
(Bs +0B-)* (1-nl). (Da3)

The average number ng)) of fermions with momentum £ at tem-

perature 7' = 0 is n]% ) = = 0.

Further, we get the mean occupancy at the cite A

<a£TaET> ; (Oz+ (’Y+ )2 + |- |? |’V ’ m+75-1) (Oéfy(_l) ol (fy(_l))*)>
(Bs —0B-)"
+; ( 2082 + o PP — e (047(2) -t (7(2))*»
(By +05)° (D-14)

After basic algebra we find that the correlation matrix obtained
by tracing out spin | at T' = 0 reads

C(F) = ( Cll(g) 012(2)

D1
() Coa(F) ) (D15)
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with

- 1 . . N
() = 5 (262 +la- PR — e (aa® —ar (:0)))
(B —oB-)’

1 | * .
3 (O‘+(V+ )2 + o Py P2 — dagy (0‘7(—2) —a- (7(—2)) )>
(B4 +op-)?

1 1 n 1 m
=-—+-——F————(e1+m)— | 1-— -

ISR R ( e +m2>

1 Iz 1
ti e etm . (Da6)

4 w2+ |SE|2 ( \/t2|'y |2 4 m2 )

- 1 . ) .

Con(F) = 5 (a2 G2 + o Ph VP +ian ! (ag® = oz (;00) 1))
(B4 +0B-)”

+ ; <Oéi( D)2 4 la— Py + iagn <O‘—7(—2) ol (7(_2))*»
(B+ —oB-)°

N SR 1 ( m )
= — —_—_— 61 =
N EEAEEE wh ]
1 W 1
Pl ( ) D
4\ /w2 + |5y \/t2|~y ,2+m2
and
Cha(k) =

8 (2 G2 o PR <) (a0 5 (a0) (7))

)
_ ;e—w,; (ﬁ (2 Z o P22 = iayy (am NOm <@u>>* (7(2))*»
)

(D.18)

Here, one should notice that C’H(—E) = C'QQ(E) and 012(]2) =
(Cra(=F)) .
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Eigenvectors of the correlation matrix

where:

- 1 C11 — C
5+(l{;) — 5 (1+ 11 222 )
\/(011 — C9)” 4 4|C12]?

2012

5_(k) =

\/2\/(011 — 022)2 + 4|Clz|2(011 — 022 + \/a)

(D.21)
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