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EnxexTponHa cTpyKTypa FeSe, — HalmpocTillioro HagOpOBiJHMKA HA OCHOBi
saigisa (Fe-SC), — Mae moTeHIIiAa Pi3KOro 30iJbIIIeHHS TeMIepaTypu Haj-
MIPOBimHOTO Iepexony, AKUH pealidyeTbCcdA IIiJi TUCKOM ab00 B MOHOIIAPOBiii
miiBmi. Ile Takoxk cucrema, B AKil CHOHTAHHA IOABa €JIEeKTPOHHOI aHi3oT-
pomii, BimoMa K «HeMaTUYHiCTb», GOPMyeThbcA HabaraTo BUIIe HAAIPOBiA-
HOTO TEPeXOoAy Ta He CYIPOBOMKYETHCA MarHETHUM YIOPAAKYyBaHHAM. [la-
HUM OIJIAJ NMPHUCBAYEHO BUSHAUEHHIO €JEKTPOHHOI CTPYKTYPU IIUX CIOJYK,
ii eBoJsOIii 3 TemMmepaTypoio, THCKOM, AOIMYBAaHHAM Ta iHIIMMN YHUHHUKA-
MM, II0 CIPUUYMHSIOTH Taki KaouoBi peHomenu Fe-SC gk memMaTuuHicTh Ta
BHCOKOTeMIIEpaTypHa HaAIPOBiAHICTD.

The electronic structure of FeSe—the simplest iron-based superconductor
(Fe-SC)—conceals a potential of abrupt increase of superconducting tran-
sition temperature realized under the pressure or in a single-layer film.
This is also a system where the appearing of a spontaneous electronic ani-
sotropy known as the nematicity is formed far above the superconducting
transition and is not accompanied with a magnetic ordering. The given
review deals with the determining electronic structure of these com-
pounds, its evolution with temperature, pressure, doping, and other im-
pacts, which cause such key phenomena in Fe-SC as nematicity and high-
temperature superconductivity.

dyeKTpoHHAasa CTPYKTypa FeSe, — camMoro mpocToro CBepXIPOBOJHMKA Ha
ocuoBe Kejesa (Fe-SC), — cxpbIBaeT MOTEHIIMAJ CYIIECTBEHHOTO YBeJHue-
HUA TeMIepaTypPhl CBEPXIIPOBOASAIIErO IIEPEX0a, KOTOPBIN peaansyeTcs IO
IaBJieHeM WJIM B MOHOCJOWHOM ILIéHKe. Takike sra cucremMa, B KOTOPOH
CIIOHTAaHHOE€ BO3HUKHOBEHNE OJJIEKTPOHHON aHM3OTPONMNM, HIBECTHON KaK
«HeMATUYHOCTb», IMIPOUCXONUT IIPU TeMIepaTypax HAMHOTO BBIIIIE CBEPX-
MIPOBOASAIIETO IIEPEX0Ja W He COIIPOBOMKIAETCS MATHUTHBIM YIIOPALOUYEHUEM.
JauHabIfi 0630p TOCBAINEH JJIEKTPOHHOH CTPYKType I9THUX COeIWHEHWM, eé
DBOJIIOINM C TEeMIIepPaTypoil, JaBIeHUEM, JOMMPOBAHUEM U APYTUMU (PaKTo-
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paMu, KoTophklie oO0ycJIaBIMBalOT TaKue KJioueBble (eHoMeHbl Fe-SC kak
HEeMATUYHOCTh U BLICOKOTEMIIepaTypHAasa CBEPXIIPOBOIUMOCTD.

KarouoBi caoma: 3amisui HagmpoBiguuwku, HeMaTuuHicTh, ARPES, inTepka-
avoBaHi cucremu, miaiBku FeSe/SrTiO;.

Key words: iron-based superconductors, nematicity, ARPES, intercalated
system, FeSe/SrTiO; films.

KaroueBsie ciaoBa: JKejle3HbIe CBEPXIIPOBOAHUKMN, HeMaTH4YHOCTh, ARPES,
UHTEPKaJIUPOBaHHBIE cucTeMbl, IIEHKU FeSe/SrTiO;.

(Ompumano 11 aucmonada 2016 p., ocmamounuii sapisnm — 30 ciuna 2017 p.)

1. BCTYII

Cepen ycix HagnmpoBimHMKIB Ha ocHOBI 3aiiza [1, 2] HalbiabITy yBary
npuBeprae FeSe uepe3 mpocTy KpUCTATIUHY CTPYKTYPY 1 IiKaBi enek-
TpouHi Ta (ismumi BractuBocti. Hagmposiguicte y FeSe 3 Kpurtuu-
Hoio Temmeparypooo 8 K Oyimo Bigxpuro y 2008 porri y Terparomaiib-
Hill B-FeSe daszi 3 PbO cTpykTypoio 3a armocheproro Tucky [3]. Kpu-
crasiyHa cTpykTypa FeSe € rpaHMYHO MPOCTOI — CKJIAMAETHCA JIUIIIE
3 mapiB FeSe, 110 € kamo4oBuM OyAiBeIbHMM OJIOKOM BCiX HAaJIPOBi-
nuux GepocenenigiB. Taka cTpykTypa, 3aBASKU CBOIll IIPOCTOTi, €
imeanbHOIO [JIsI TEOPETHUYHUX Ta EKCIEePHUMEHTAJbHUX MOCJiIKeHb
MexXaHi3MiB HaAIIPOBiAHOCTH y 3aJi3HMX HAANIPOBITHUKAX.

Bpakaroua sanexkHicTh Big TuCKy (puc. 1) € omHieo 3 ocobimBoC-
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Puc. 1. Enexrponsa ¢dasona giarpama Fe, ,;Se ax ¢yrknmia tucky. 3a Bigcy-
THOCTHY 30BHIIIHHOTO THUCKY BiIOYBAaETHCA CTPYKTYDPHE IEPETBOPEHHS Bin Te-
TParoHaJbHOI M0 opTopoMOiuHoi (asu mpu Temmneparypi 90 K. MakcumaibHa
kputuyHa temneparypa T, =~ 36,7 K cmocrepiraersca npu 8,9 I'lla. 3a Buco-
KHUX THCKiB 3pa30K 3HAXOAWTHLCA BUKJIIOUHO y TeKCAaroHANBHiH dasi [4].!
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Puc. 2. ®dazosa giarpama Ba(,_,K Fe,As, 3 KputuuruMu Temmeparypamu T,
(xkoma), Temneparypamu Heena T, (3ipoukm) Ta TeMIiiepaTypaMu CTPYKTYD-
Horo nmepexony T, (kBagparu) [49].2

Tei, 110 MPUBEPTAIOTH yBary mo Iiei cumoayku [4]. Kputuuna temme-
parypa Mo:ke OyTH 30iJbIlleHa MPUKJIAAAHHSIM 30BHIIIIHHOTO THUCKY 3
8 K mo 36,7 K mpu mpukJaaganii 30BHIIITHBOTO THUCKY y 8,9 I'lla. Ilpu
HOZAJBIITOMY 301/IBIIEeHH]I THCKY KPUTUUYHA TeMIIepaTypa HOUMHAE 3Me-
HIITYBATHUCS Ta IOTiM BimOyBaeThCcs 3HMKHEHHSA HAAIIPOBiZHOTO CTaHYy,
110 TIOSICHIOETHCS IIEPEX0J0M Y TeKCcaroHajJbHy CTPYKTYPY Tuiry NiAs.

Kpim mporo, ciig BigsHauuTu e oxuy ocobamBicTs FeSe: ma Bin-
MiHY Bif iHIIMX 3aJi3HUX HAAOPOBIZHUKIB (pumc. 2) BiH He 3a3HA€ aH-
T(hepoOMarHeTHOTO BIOPAAKYBAHHA, X0Ua CTPYKTYPHHUU mepexinm Bif-
oyBaeTbcda 3a Temneparypu 90 K (puc. 3) [5].
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Puc. 3. ®azosa giarpama gomosaHoro eaexrponamu FeSe [50].2
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2. EJIERTPOHHA CTPYRTYPA FeSe

30HHa CTPYKTypa Ta moBepxHa Pepmi Hagmposigaoro FeSe, omep:xka-
Ha 3a JOIIOMOT'OI0 PO3PaxXyHKiB, Ma€e Ti K OCOOJMBOCTi, IO IIpPHUTAa-
MaHHI ¥ iHIIEM HaZOPOBiZIHMKAM Ha oOcHOBI 3aiida. Husbkoemepre-
TUUYHI €JeKTPOHHI CTaHM IOXOAATh B OCHOBHOMY Bim 3d-opbitaieit
3axaisa. IcHye nBi nipkoBi moBepxHi Pepmi y meHTpi BpimmrtoenoBoil
30HU i ABi eJeKTpPoHHI moBepxHi Pepmi, 10 MepPeTHHAIOTHCA, HABKO-
Jo Kyta 30HEH [6]. ExcmepuMeHTabHe BHU3HAUEHHS eJEKTPOHHOI
cTpyKTypu FeSe mMeTom0i0 (hOTOETEKTPOHHOI CHEKTPOCKOIii 3 KyTo-
BuM poszainenHam (ARPES) O6yno 3HauHO yCKJIaAHEHO uepes TPYAHO-
m1i B ofgep:xanui KpuctaixiB FeSe mamesxuoi axoctu. OgHAK OCTaHHIM
YacoM, 3aBISAKU IIPOTPeCy B OJep:KaHi BUCOKOAKICHUX MOHOKPUCTA-
aiB FeSe, 6yso omep:xano 6arato axicaux ARPES-cunexTpis [7—10].

Pesyabratu ARPES mocraigkenHb 3arajom CIIiBOAZalOTh 3 TEOPETIH-
YHUMU PO3paxyHKamu: nBi mipkoBi moepxHi Pepmi (o, f) — ¥y
meuTpi BpinnatoeHoBOI 30HM Ta Bl eIeKTPOHHI — B KyTax 30HU. AJe,
AK i B iHIIMX HaAUPOBIAHUWKIB Ha ocHOBi 3aiiza [1], 30HM peHOPMY-
IOThCA Ta 3cyBawThbesA. Hampukaan y meHTpi BpiniaioeHoBoi 30HHM, o
Ta [} 30HU, IO HMEePETHHAIOTh piBeHbL Pepmi, peHOPMYIOTHCA 3 (HAKTO-
pom =3 Ta ~3,7 BimmoBimHO, a Y-30HA, IO JEKUTH HUIKYE €HEpPrii
depmi Er, peHOPMYETBCA 3 pakTopoM ~9 (puc. 4, a). IIpu npromy 30-
HU O, f Ta Y € 3CYyHYyTUMHU y HNOPiBHAHHI 3 pospaxyHkoMm Ha 0,09 eB,
0,065 eB, Ta 0,045 eB Bigmosigmo (puc. 4, 6) [8].

ExcnepuMmeHTaNbHY NOBepxHIO Pepmi HaBemeHo Ha puc. 5, a [11].
30HHA CTPYKTypa HABKOJO M-TOUKU CKJIANAETHLCSI 3 HEBEJIUKUX eJIeK-
TPOHHUX KUIIEHb Ta CYIIPOBOMKYIOUMUX 30H 3 JiPKOBOIO JAMCIIEPCi€r0
(puc. 5). [logaTkoBUX 30H ab00 HE3BUUYAMHUX pO3IIeIJieHb 3adikcoBa-
HO He OyJo [11].
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Puc. 4. IlopiBHAHHA po3paxoBaHUX (TeMHi CyIliJibHI KpuUBi) Ta eKcrepuMeH-
TaNbpHUX (KpuBi 3 Mapkepamu) aucmepciit [8].4
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Puc. 5. (a) Posnoain ¢goroemiciiinol iHTeHCHBHOCTH, IIPOiHTEI'POBAHOI B iH-
repBani (Ep — 5 meB, E; + 5 meB) nna Fe, (,Te, ¢65€ 34. (0) Pepmi moBepxHA
mobymoBaHa Ha 6a3i BUMipsaHUX IepeTHHiB moBepxHi ®Pepmi, AKi mosmaueni
KBaJpaTaMu, KOJIaMU, XPECTUKAMHU Ta TPUKYTHUKAMU LI f3, v, 0 Ta &' 30HU
BizmoBigHO. (8) PoToeMiciiiHa iHTEeHCUBHiICTH B3OBMK mepepisy #1 y Hamps-
vry I'-M Ta (2) gpyra moxizHa mo emeprii HaBemenoi ma (9) [11].°

ITpu samini Se Ha Te, ToOTO B cucremi Fe.Se; ,Te,, comocrepira-
€ThCS HAMIPOBIAHICTh 3 MaKCHUMAJBHOIO KPUTUYHOI TEMIIEPATyPOIO
14,5 K y mmupokomy pmismasoHi gmomyBaHb x. Hagmuimox BmicTy Fe(d)
Mae 3HAUHUI BIOJIMB Ha (PisWUYHI BJIACTHMBOCTI Ta HAAIPOBIAHICTL ¥
npomy Bunairy. Fe,.Te, 3asHae aHTH(epOMarHeTHOrO0 BIOPAJKY-
BaHHA 3a TeMieparyp 60—75 K Ta HagmpoBimHUil cTaH He crocTepira-
erbes [12, 13]. HaTtak Ha HaAIPOBiAHICTL CIIOCTEPIraeThCa y MJIiBKax
FeTe, BTiM, cKoOpiIlle 3a Bce, Iie CIPUUYNHEHO HaABHiCTI0O OKCUT'eHOBUX
BakaHcii [12].

Cuepmry 6arato ARPES-eKkciepuMeHTiB IIPOBOAUINCH HA CHCTEMAaX
Fe(Se,Te) [11] 3 meToi0 gociaimKeHHsS IXHBOI €JIEKTPOHHOI CTPYKTYPU
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Ay =1.63 MeB
A(p) = |Ag[1+Acos(49)]| A =025

Puc. 6. Haanposigra minuaa Haskosao I-touku nas FeTe, ¢Se,, [17].°

Ta HaampoBimHol miismHmM. TumosBi pesyiabTaTh HaBemeHi Ha puc. 5:
icuye Tpu mipKoBi 30HU HaBKoJO I' TOUKM 3 ABOMA 30HAMH, IO IIepe-
TUHAIOTH piBeHbL PepMmi (f Ta y) Ta o, 10 MalKe JOTMKAETHCA IO Pi-
BHA Pepwmi, Ta OBi eeKTPOHHI 30HU HaBKOJI0 M-TOouKM (puc. 5, 8—2).

Bpaxosyouu 3sajie;KHICTh MATPUUYHUX €JIEMEHTIiB Bim mosspusairii
BUIIPOMiHIOBAHHSA, MOKHAa BCTAHOBUTH, 3 SIKMX OpOiTasiell mMoXOomsaTh
gomm o 3 d,/d,, B 3 d,,, d, + neaki d,,, MOXOIKEeHHS Y 3 d, .-
opbitaxi [11]. IlopiBHAHHA BUMipsHOI Ta PO3pPaxoBaHOI 30HHOI CTPY-
KTypHu IIOKa3ye CUJIbHE PEHOPMYBaHHS, IO 3aJeKUTL Bim opbiraii
[13]. Taxi pesyabTaTu y3rOAKYyIOTHCA 3 Pe3yJbTaTaMU TEOPETUUHUX
PO3paxyHKiB, AKi JeMOHCTpPYIOTh, 1o cuctemu Feq.;Se; ,Te, i FeSe
MalOTh CUJIBLHIII Kopenamilini edpexTn, HixK iHmr samisHi HagmpoBia-
HuK® [15].

Y ontumanbuo momoBanoMmy FeSeTe Bumipsma HammpoBigHA IMIian-
Ha MaiKe i3orponHa 6ina meHTPy Ta 6ina kyra 3ouu [16]. Ilogambiri
BUMipIOBaHHA 3 BHCOKOIO PO3AiMLHOIO 3MaTHICTIO ITOKA3aJiM, IO HaM-
OpPOBigHA IMiJIMHA HABKOJO ['-TOUKM aHisoTpomHa Ta MOKe OyTH Ha-
O0nmskeHo ommcaHa moxyJdarnieio cos(4¢) (puc. 6) [17]. Taxi pesynbra-
™ y3romxKyioTbesa 3 STM-BumiproBaHHAMM, IO BKa3yHOTh Ha S*-
cuMeTpito HaampoBigHOl miinuaM [18].

3. IHTEPRKAJBOBAHI CUCTEMHA

IIpn copobi imTepramoBanna FeSe 3 K Oyno omep:xano K, Fe, Se,,
10 € HAAMPOBiZHMKOM 3 KpuTumuHoio Temueparypoio 30 K. Ilismirme
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Puc. 7. ®epwmi-nosepxua magnposigaoro (Tl ;sRby 4o)Fe; 7:8e, (T, =32 K). (a)
Posmogin cnekrpanbHOl Baru, iHTerpoBaHuii Ha inTepBasi eHepriii [-20 meB,
10 meB] maBroJso piBHa Pepmi, Ak GyHKNDiA k, Ta k,, 1[0 BUMipAHA BUKODH-
CTOBYIOUM J:Kepejio BUIIPOMiHIOBaHHA 3 eHeprieo ¢goroma 21,2 eB. Moixkua
nobaunTtu nBi Pepmi-nmoBepxHi HaBKOJO I'-TOuKM, 10 mMO3HaUYeHi o Ta [ masa
MeHIIoi Ta 6isbItol BHYTPimHBOI moBepxHi BiamoBiguo. Bima M(m,n)-Touku
YiTKO cIlocTepiraeThbcA OfHA IOBEPXHA, IO mo3HaueHa y. (6) IloBepxua De-
pMi, BUMipsAHa BUKOPHCTOBYIOUM BUIpPOMiHeHHA 3 eHeprieo 40,8 eB. He-
3Ba’Kaoum Ha cjJabKicTh curHasy, MOMKHA mobaumtu nBi PepMmi-moBepxHi
HaBKOJO I'-TouKu Ta ogHy HaBKoao M-rouru [19].7

oyJsio BctaHoBieHo [19, 20] MoKIMBiCTL iHTEpPKAaJAIl PiSHUMH eJie-
menramu (Cs, Rb, TI, Li, Na, Sr, Yb) ta maBite monmexyaamu. Taxi
cucTeMHu € Habarato cKiaagHimumu mopiBaHAHO 3 FeSe Ta Fe(Se,Te), 3a
paxyHOK cHiBicHyBaHHA JeKiJTbKOxX das [8].

Ocnosui ARPES pesyabratu gia cucrem tuny A, Fe, Se, (A=K, Cs
(T1, K), (T1, Rb)), Hespakarouu Ha Te, IO iHTEPKAJIAHTA MOKYTb 3Mi-
HIOBATHCH, € OYKe CXOXKUMHU Ta eJeKTPOHHA CTPYKTypa BiIpisHAETH-
cA HecyTTEBO (puc. 7). ¥ BHUIAAKY TaKux cucteM Pepmi-mmoBepxHs
0ina I'-TouKM CKJIamaeThCcs 3 ABOX €JeKTPOHHUX HOBEPXOHL. MajeHb-
Ka BHYTPIITHA KWIIIeHs II0O3HAUYeHa SIK O, 30HA, fAKa ii yTBOPIOE,
Maii;Ke DJOTHKaEThCcA N0 piBHA Pepwmi cBoim mmom (puc. 8, a, 6). 30B-
HIITHA KUIIeHA OiJbIIIOT0 PO3Mipy € TaKOXK eJleKTPoHHoIo. Bixa Tou-
Ku M YiTKO MPOTJIAJAETHCS €JEeKTPOHHA MOBEPXHA, IO XapaKTepHO
IS 3aJIisHUX HaAOpPOBiAHUKIB (puc. 8, 6, 2) [21].

IIpunyckamocs, 110 3a cIaplOBaHHA E€JIEKTPOHIB Ta HAANPOBiAHICTH
y B3ajJi3HMX HAAOPOBIZHMKAX BiAIIOBiZae MijK30HHE PO3CIAHHA MiK
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Puc. 8. 3omra crpykrypa Ta doroemicifiauii cmextp (Tl ssRb 45)Fe; 7x5e,,
BUMipsSHa B3JOB)K [OBOX CHMETPUUHHUX IepepidiB. (a) 30HHA CTPYKTypa
B3IOBXK Iepepidy I, 1o mepeTuHae I'-TOUKY; MOJIOKEHHSA IEePETUHY IIOKasa-
Ho Hax (a). IlosHaueHi a-30Ha Ta nBa mepetumHu B-3oHu (B, i Pg). (6) Apyra
moxigHa doroemiciiinoro cuexTpy (EDC) ma pucyHKy (a). (8) 30HHA CTPYK-
Typa B3OOBXK Iepepisy 2, 1o mepetuHae M-TOUKY; IIOJOKEHHSA Iepepisy mo-
kasano Hax (8). Ilosuaueni nBa @epwmi-nepervru y-zouu( vy, i vg). (2) Opyra
noxigaa EDC Ha pucyuky (8). (0) EDC, 1mo BigmoBifaioTh pUCYHKY (@) Aas
nepepisy 1. (e¢) EDC, mo BizmosizatoTs (8) nua mepepisy 2 [19].8

IipKOBUMU MOBepxXHAMHU 0ijsaA I'-TOUKM Ta eJIeKTPOHHMMU ITOBEPXHA-
mu Oinsa M-rouxu [21-24].

BigminHocTi Tomosorii moBepxHi @epMi A iHTEpKaJIbOBAaHUX CUC-
TeM Bix TomoJiorii moBepxHi Pepmi iHMMX HAAIPOBITHMKIB Ha OCHOBI
3aJi3a CTaBJATH IIiJi CYMHIB MOMKJMBICTHP TAKOrO0 MEXaHidMy crapro-
BaHHA Yepes BifCyTHicTH AipKoBOi moBepxHi 6ina I'-Touku. 3amporo-
HOBaHWI aJbTepHATUBHUIN MeXaHi3M CIapOBaHHSA 3aBAAKU PO3CiAH-
HI0O Mi}K eJeKTPOHHUMHU KullieHamu [24—26], Mae y pe3yabTaTi yTBO-
pIOBaTH IIIUHY 3 d,. :-cuMeTpieio. Ha mpakTumi, eJeKTpOHHI Kuie-
Hi HaBKOJIO IIEHTPY 30HU 3a0€3IeuylOTh TapHy MOMKJUBICTH AJIA PO3-
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pisHeHHA pisHUX TUHOIB cuMeTpii miinmum. Maiiske i30TpoIrHa HaAIIPO-
BigHa NIiJiMHa cIocTepiraeThbcsad Ha MaJiil o-Kwurmieni [27, 28] Ta ma
Oinpmrist B-kwumeni maBkosio I'-touku [21]. IIi pesynapraTu He migTBe-
PIKYIOTH MOMKJINUBICTL d-cUMeTpil MIIIMHM y TaKUX CHUCTEMAaX.

4. IIJJIBKH FeSe

IIniBku FeSe BapTi okpemoi yBaru. Maju miciie cripo6u BUPOIIYBAHHS
HaAIIPOBITHUX ILJIIBOK Ha rpadeHOBOMY MiAJOMKIKI METOI0I0 MOJIEKYJIA-
PHO-IIpOMeEHEeBOi emmiTakcii. Baaemomisa MisK IJIiBKOIO Ta HiAJIOMKKAM €
IysKe cmabkoio, oCKimbKu cTasa rpatauili FeSe y maiBmi raka cama, 9K i
nsa FeSe (3,76 A). Uepes Taky ciabKy B3aeMOZil0, IIiBKa (hOPMYETHCA
y BUIIIAAlI O6araThbox MoMeHiB 3 pisummmu opieuramiamu. Tomy ARPES
BUMIipIOBaHHA He IPOBOAUINCH. IIpyu 3MeHIITeHHI TOBIITUHY MJIIBKU TEM-
rmeparypa HaAIIpPOoBiTHOTO TEPeTBOPEHHA BHMKYEThCA (puc. 9) [29].
ILlniku FeSe, Bupomeni Ha migmox:ki SrTiO; (STO), memoncTpy-
I0Th HEOUiKyBaHYy I BiZMiHHY Bifg miaiBok Ha rpadeni moseminky. STM-
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Puc. 9. (a, 6) Cepia HOpMami3oBaHMX TYHEJNLHUX CIEKTPiB IMPOBimHOCTU AJIA
(a) BoceMmuinapoBoi Ta (0) mBomapoBoi miaiBku FeSe Ha rpadenHoBomy mif-
goxxoki. Ha BcTaBKax — 3ajiedKHa Bif TeMmepaTypu IIPOBiAHICTE HYJIBLOBOTIO
smimennsa (ZBC). Hampyra amimenns — 0,1 mB. (8) TemmepaTtypa Hammpo-
BigHOrO meperBopenHsa T, Ak GyHKIiA o6epHeHoi ToBmuHaM miaisku d [29].°
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mocaimxenua monomapy FeSe/SrTiO,; (3a momomoroio ckaHIyBaJbHO-
ro TYHEJBLHOTO MiKpocKomy) sadikcyBaiu HAAIPOBiAHY NIiIMHY, IO
BigmoBimasma 6 mammpoBimunomy mepexony npu 80 K [30], akiro sacro-
CyBaTH CIIiBBiTHOIIIEHHA MijK KPUTHYHOIO TEeMIIEPATyPOIo H IMiJINHOIO,
omep:kame nuasa miaiBok FeSe/rpaden. Iloganbiri ARPES-mipannsa sa-
dikcyBanu BiAKpuTTa HamnpoBigmoi nrisuuau mpu 65 K [34].
TpaHcmopTHi BUMipIOBaHHSA TaKWX HAATOHKHX ILIIBOK € ITOCHUTL
CKJAIHUMHU Uepe3d PAX (paKToOpiB: mo-IIepIie, MOMKJINBICTL IIOMIKO-
IJKeHHs 3pasKa y aTrMmocdepi; mo-apyre, uepe3 HPOBiAHICTH ITiAJIOMK-
JKd; IIO-TpeTe uepe3 cJaabKuii marHeTHuii curHaJ. ITouaTkoBi Tpamc-
MOPTHI MipsAHHA TPOBOAWJNCL Ha H-IMapoBiii IJIiBIi, KA IOKpPUBA-
Jack mapom (20 HM) aMOP(HOTO CHIIKOHY AJA 3aXUCTY, IIPU ITLOMY
OyJ0 3adikcoBaHO HAAIPOBiJHE IepPeTBOPeHHSA 3 TeMiepatypoio 53 K
[31]. Ilismimie maiBka FeSe/SrTiO; mokpuBajiachk AecATbMa IIapaMu
FeTe Ta mapom amopdHOro cuarikony B 30 HM, TaKUM UYHHOM 3Pas3oK
Mir OyTu cTabinbHUN 3a 3BUUYAHUX YMOB IPOTATOM JOCUTL TPHUBAJIO-
ro dacy. ¥ IbOMY BHOAIKY OyJ0 3adikcoBaHO KPUTHUUHY TeMIIepaTy-
py 40,2 K [32]. IIi mocrmimxeHHA HPOAEeMOHCTPYBaJU, IO ILIiBKa €
HAAIPOBiHOI0, He3BasKalouy Ha Te, 10 KPUTUUYHA TeMIepaTypa He €
TaKol0 BHCOKOIO, AK ouikyBajach 3 STM Ta ARPES BumipioBaHb.
Mo:KJINBOIO IPUUYMHOIO TaKUX PO30isKHOCTell MOKe OyTH BILJIUB 3aXI-
CHUX INIapiB Ha ILJIiBKYy, TOMY HalKpalluM BapigsuaToM 6yjo 6 mIpoBec-
TH in Situ TpaHCIOPTHiI BuMiploBanua Ha miaiBkax FeSe/SrTiO;. Taxi
MipAHHA Oyao mpoBeneHo (muB. puc. 10), a pesyabraToMmM ix craja

4
14 @ C1423
3L - Nb:SrTiO, } ® C1234 "~i
CE) 1,2 - -“Jﬁ' 8
= T 4
5 2r A 1’0 Da30BHH Mepexifn . .r.'
= L KyOiqHA-TETParoOHABHA
< o8 100 104 108 /i
T,K I
D
OF 9===-00-@0—00-go o 0-0-4 #
< Oxonomxenns pinkum He > < OXoNomKeHH piakaM N
-1 1 | | 1 | |
o 20 40 60 80 100 120 140
T, K

Puc. 10. TemmeparypHa 3ajexkHicTb omopy aasa miaiBku FeSe/SrTiO;. Beras-
Ka IIOKAa3ye TeMIIepaTypHY 3aJIeKHIiCTh Omopy Ad mimmoxsxa [83].1°
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k, n/a

Puc. 11. (a) Pepwmi-noBepxua MoHomapy FeSe, BumipsHa 3a TeMmmepaTrypu
20 K, aka ckiamaeTbcsa julie 3 eIeKTPOHHUX PepMmi-moBepxoHB (Y) HABKOJIO
M(n,m). (6) Pepmi-nmoBepxua Haanposiguoro (T1,Rb).Fe, Se, (T, = 32 K), mo
CKJIQJJa€ThCA 3 €JIEKTPOHHUX PepMmi-moBepxoHL HaBKOJO (Y) M I elneKTpOH-
Hux ®epMmi-moBepxoHs (o Ta B) HaBkoao I'(0,0) [34].1!

BUMipAHA TeMIlepaTypa HYJbOBOT'O OIOpPY, AKa ckJgama 109 K [33].

Ilomansmi ARPES pmocaimxeHHS HaAOpoOBiAHOI IJIIBKKM MOHOIIAPY
FeSe/SrTiO; BuABuIN eJIEeKTPOHHY CTPYKTYDPY, AKa BimpisHAeThCA Bin
ycix momepemHixX pes3yabTATiB s 3aisHuUX HaampoBigumkis. ITosep-
xHa Pepmi (puc. 11, a), mio Oyna omep:KaHa, CKJIATAETHCA JIUIIE 3
€JIeKTPOHHUX KHUIIeHb HABKOJO KyTa 30HU (Toukm M) 6e3 Oyab-aKuX
moBepxoHb HaBKoJO HeHTPy 30HU (I'). Taxa Tomosoria moBepxHi Pe-
PMi, € HaWOPOCTIIIIOD cepen THX, IO CIOCTEpPiraauch AJIA 3aJi3HUX
HaOIPOBIMHUKIB, a TaKOMK CYTTEBO BiApisHAETHCS BiJ PO3PaxXyHKiB
noBepxHi Pepmi nas FeSe. 3omHa cTpyKTypa 0ijid meHTPY 30HU (pHc.
12, a) npencraBieHa AipKOBOIO 30HOKIO 3 BEPIIUHOIO, IO 3HAXOIUTHCS
npubauzao 80 meB Hm:Kue piBHa Pepmi. 3oHHA CTPYKTypa HaABKOJO
KyTa 3ouu (puc. 12, a) CKIamZaeThCsa 3 €JEeKTPOHHOI 30HU, AHO AKOI
poaramtoBare npubausHo 60 meB Hu:Kue piBHA Pepmi.

ARPES pocaimxenHsa 3a0e3meuyioTh albTepHATUBHUI CIIOCiO mepe-
Bipku Toro, um € FeSe/SrTiO; HaampoBigHMKOM, Ta BUBHAUEHHS TEM-
mepaTypu HaAIPOBIAHOTO IMEPeXoay 3aBAAKKM IPAMHUM BUMipIOBAHHAM
BIIKPUTTSA IMIIMHM Ta il TeMIepaTypHoi saje:xuocTi. CuMeTpusoBa-
HUM (poToeMiciiHMI cHeKTp IOoKasaHo Ha puc. 13, 6 A BisyalbHOTO
BU3HAYEHHS MOMKJIMBOTO BiAKPUTTS IMIJIMHKN Ta YHUKHEHHS e(eKTiB,
moB’sA3aHuX 3 (PYyHKIieo posmominy Pepwmi Oina pisaa Pepwmi. Bigk-
PUTTA MIIAMHU YiTKO BUAHO IIPU HU3BKUX TeMmiieparypax. linmnua
3MEHIITYEThCA IPU 30iJbINTEeHHI TeMIIepaTypu Ta 3HUKAE IIPU TeMIiepa-
Typax npubausao 50-55 K. 3ame:xkHicTh posMipy HIiinMHN Bif TeMIie-
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M, M,
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Puc. 12. 3oHHaA cTpyKTypa Ta (oToeMiciiiHi cmeKTpu HaAIPOBIJHOTO MOHO-
mapy FeSe. (a) 3oHHaA CcTpPyKTypa HaBKOJIO mepepidy 1, mo mepermuHae I'-
TOuKM (JiBa maHeJ b Ha PUC. 4), Ta B3JOBK Iepepisy 2, 1[0 IepeTHHAE TOUKY
M, (npaBa nanesb). IlyakTupHa JiHia Ha JiBill manesi puc. @ mOKa3ye cxe-
MaTUYHO AipKOBY 30HY 6ina I'-toukwm 3 ii makcumymom Ha 80 meB Hm:Kue
piBra ®Pepwmi. IlyakTupna minia (y) Ha nmpaBifi maHesni puc. a IOKasye cxe-
MATHYHO eJIeKTPOHHY 30HY 3 HuzoM 60 meB mmxue piBHa Pepwmi. (6) Poro-
emicitiauii cumextp (EDC), mio BimmoBimae puc. a, aaa mepepisy 1 (s1iBa ma-
HeJib Ha 0) Ta mepepisy 2 (mpaBa maHeab Ha 0). (8) leTasbHa €BOJIOIiA 30H-
HOI CTPYKTypH 6ina Touku M, Bim mepepisy 2 (KkpaiiHa JiBa maHesJb Ha 6) A0
mepepisy 10 (mpaBa KpaiiHsa naHeab Ha 6). (2) Ilono:xenHa mepepisis [34].12

parypu mae crangaptHy BEKIII-dpopmy (muB. puc. 13, 2). Ilinuma €
izoTponHOI0 0e3 Oyab-IKMX HATAKIB Ha HaABHICTHL BY3JIiB HABKOJIO
moBepxHi Pepmi. 3armH 30H 3a HUBBKUX TeMIlepaTyp mo0ausy Eg,
roCTpi KOTepeHTHI miKum NpM HU3BKUX Temneparypax, BKIII-dopma
3aJIE}KHOCTHU PO3MIipy IIJIWHU Bif TeMIlepaTypu Ta 3aJieKHIiCTh HIiau-
HU Bif iMIyJbCcy MOJarOThCA K JOBENEHHS, IO IiJIUHA € HaAIPOBi-
nuoro [34—-37].

OckinbKku (iswuHi BIACTHBOCTI Ta BJacHe HAANPOBiIHICTH CUIBLHO
3aJeKaTh BiJ KOHIleHTpAaIlii HOciiB, BaKJIUMBO BCTAHOBUTHU (PA30BY mi-
arpamy aas mouHomapy miaiBku FeSe/SrTiO;, 3 mogasbIio MeTOIO
ontumisarii HammpoBimHocTi. Taka imesda BMHUKJIA Uepes AeTaJi IIPo-
Iecy pOCTy ILIIBKM METOAOI0 MOJIEKYJIAPHO-IPOMEHEBOI emiTakcii,
KOJIM MOHOIIIAP CIIOYATKY BUPOIIYETHCA 3a HOCUTh HU3BKUX TeMIIEepa-
TYyp Ta He € HaANPOBIAHUM, a HAAMPOBiAHICTEL 3 ABJIAETHCS JIUIIIE IiC-
Jg BiAmaay IJIiBKM IPH 3HAYHO BUINUX TeMmieparypax [31, 38, 39].
s BifcTe:KeHHsI eBOJIIOIII eJIEKTPOHHOI CTPYKTYpPHU Him vac Bimmauy
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Puc. 13. TemnepaTypHa 3aJIeKHiCTh HAATIPOBIAHOI IiJIMHY Yy HaAIPOBiZHOMY
monorrapi FeSe. (a) @oroewmicitinuii cueKTp B3oB:K mnepepisy 6ima M, (mos-
HaueHUH JiHiero Ha 0), 110 BUMIpAHUN IpU pPisHUX TeMmieparypax. Ko:xHuii
PUCYHOK IIOAijJieHM# Ha BiATOBiAHY (QyHKIIilo posmominy Pepmi, 1106 Bumi-
JUTU BifKpUTTA ab0 3aKPUTTA eHepreTHuuHol Iiinsmuu. (6) PoroeMiciiiHuit
CHEKTp mepepisy y moBepxHi @epmi Ta cuMeTpusoBaHUil CHEKTp (6), 110 BU-
MipAHi 3a pisHHX Temmeparyp. (2) TeMmmeparypHa 3ajeKHiCThL HaAIPOBigHOL
miisnau. Kourypua mimia — BRII-minnua, sxa Opu HYJIbOBi TeMIiepaTypi
cragoBuTH 15 MeB [34].13

mwriBku Oynum mpoBezeHi in situ ARPES-BumipoBamua O pisHUX
TeMIIepaTyp Ta PisHOro uacy Bigmauy.

OcHoBHI pesyJsbTaTy HaBemeHO Ha puc. 14. Hiaa HeHaAmpPOBigHOL
ILIIBKY eJIEKTPOHHA CTPYKTypa CYTTEBO Bimpisusaerbcsa (puc. 14, 0)
Bil eJIeKTPOHHOI CTPYKTypu HammpoBimHol miuiBkm (puc.14, a). ¥
IIBOMY BUIAIKy MOXKHA HO0AYNTH UYOTHPHU SCKPABI MIAMMN HaBKOJIO
M-touku. BepminHa OipKoOBOI 30HW 3HAXOAUTLCA OJIMIKYE OO0 PiBHS
®Depmi (puc. 14, 0), mopiBHAHO 3 HAAMPOBiIAHOIO MIiBKOIO (puc. 14,
e). HiTko BupasKeHa JipKOBa 30HA CIIOCTEPiraeThCA B3AOBXK HAIIPIM-
Ky I'-M 6ima M-TouKu, IO CYTTEBO BiApisHAETHCA BiJ pe3yJbTaTiB
IJad HaAnpoBigHOI miaiBKu. BigMiHHA eJeKTpoHHA CTPYKTypa MiK
TiIBKX 10 BUPOINIEHOI HEHAJIIPOBiJHOIO ILJIIBKOIO Ta HAANIPOBIAHOIO
IJIIBKOIO BKadye Ha HaABHICTH ABOX pisHUX (a3, 110 iCHYIOTH y ILJIiB-
i mouormapy FeSe/SrTiO; (puc. 14, a, 0): memammposigua N-¢asa,
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Puc. 14. EnxexTponHna crpykTypa S-¢pasu, N-pasu Ta (asoBa giAarpama Mo-
vomapy FeSe/SiTiO; micia Bimmanmensa y Baxkyywmi. (a) @epmi-moBepxHsa S-
dasu mouomapy FeSe/SiTiO;. (6—2) 3orHa crpyKTypa S-dasu 6imna I'-, M,-
Ta M;,-nepepisiB BigmoBigHO. (0) Pepmi-moBepxua N-dasu MoHOIIADY
FeSe/SiTiO;. (e—x) SouHa crpyKkTypa S-dasu 6ina I'- M,- ta M,-nepepisis,
BixmoBigHO. 30HHA CTPYKTypa Ha (6—2) i (e—x) — apyra moxigHa mo eHeprii
Bixg opurinanbpHOl 30HHOI cTpPyKTypu. (3) Cxemarmuna dasoBa gisrpama MoO-
vomiapy FeSe-miiBku B mporlieci BigmangenHs. BecTaBKU JeMOHCTPYIOTH IIOBe-
pxuio @epmi Ha KoxkHIH craxii mpomnecy Bigmarenssa [35].1
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YyaTKy Iicada M’ AKoro Bigmamy icHye Jqmmie N-pasa (1-uit eram), mpu
moZaJbIIOMy Bifmami 3’ABasgeThCca S-dasa, IO MOCTYIIOBO 30iJbIITY-
eTbcsa 3i smeHmeHHAM N-dasu (2-uit eram). Ilicasa TpuBasioro iHTeH-
CUBHOTO BifImajly 3a BHCOKHX TeMIepaTyp ILJiBKa MOJKe IIOBHICTIO Ie-
petBoputuca y S-dasy (3-iit eram) (puc. 14, 3) [35].

EnexTponua cTpyKTypa Ta HaAmpoBigHicTs miaiBku FeSe/SrTiO; me-
MOHCTPY€E IMOBemiHKY BigMminuy Bix miaiBox FeSe/rpaden, Tak camo gk i
Big mIiBOK, 1o BupoIlneHHI Ha mimmo:m:ki MgO. Mowmomrap miaiBKu
FeSe/SrTiO; moske cTaTy HaAIPOBIAHUM, BOAHOUAC AOCTiIKEHHS IBO-
mapoBoi Ta 6araTomtapoBoi STM/STS niiBoK He 3HaXOOATL HATAKY Ha
HaAIIPOBIIHICTh, HE3BAXKAOUYM Ha Te, AKMM YMHOM BOHHU BiJIIajiioBa-
auck. Taki BizMiHHOCTI MiXK OgHOIIIaPOBOIO Ta 6AraTOIIIaAPOBOIO IIIiBKOIO
€ BpasKalouMMHM, BpPaxoOBYIOUM 3BUYANHY 3ajJeKHICThb IJAd IIJIiBOK
FeSe/rpaden. eranpui ARPES-gocximkeHHa 3a1eXHOCTU €JI€KTPOH-
HOI CTPYKTYPH BiJl TOBIIMHU ILIiBKU IIOKasaHO Ha puc. 15. Byio Bcra-
HOBJIEHO, ITIO eJIEKTPOHHA CTPYKTYypa ILTiBoK FeSe/SrTiO; cTae ogHaxo-
BOIO ITpU KijJbKOCTi 1m1apiB 2 Ta 6inbire [40]. ¥V oMy BUIAAKY IIOBEePX-
HA PepMi CYTTEBO BiIpisHAETHCA BiJl €JIEKTPOHHOI CTPYKTYPU HAAIIPO-
BigHOTro MoHOIapy mwiaiBku FeSe/SrTiO;: ekcnepuMeHTaIbHA IOBEPXHSA
®epmi GaraTorrapoBoi MIIBKYU CKJIAMAETHCA 3 YOTUPHOX IJIAM Oijsa M-
TOYKHU Ta 30HU 0ing Touru I, 1110 mepeTuHae mosepxHio @epmi.

Pisma moBeminka ana miaiBok FeSe/SrTiO; ta FeSe/rpaden csin-
YUTH IIPO BaXKJUBY POJIb, AKY Bimirpae inTepdeiic y mmosaBi BUCOKOTe-
MIOepaTypHOI HaanpoBigHocTi. BiZKpUTTA BHCOKOTEMIIepaTypPHOL Haj-
mpoBigHOCTI Yy MoHomapi miaiBku FeSe/SrTiO; memoHcTpye mepiiumii
BUIIQIOK TaK 3BaHOI iHTep(elicHOI HAAIIPOBIMHOCTI, KOJM KPUTHUYHA
TeMIlepaTypa CUCTEeMHU ILJIiBKa—MiJIOMKIKA € BUIIOI0, HiXK TeMIlepary-
P¥ HAAIPOBiTHOTO IMEPEXOAY IMiMI0MKKA a00 MIIIBKKM OKPEMO.

BpaxoByoun 3ajexHICTh TeMIIepaTypu HaJAIPOBiIHOTO mepeTBOPEH-
Hsa FeSe Big 30BHIIITHLOTO TUCKY, IPUPOLHO O6YJI0 O TOBOPUTH PO BIJINUB
HAIIPYKeHb Ha CYTTEBE 3POCTAHHA KPUTHUUHOI TeMiepaTypu. OCcKiTbKu
FeSe mae cramy rpareumi 3,76 A, a SrTiO; 3,9 A, xonu miiBka Bupo-
IIYIOThCA Ha MiJI0MKIKi, BOHA 3a3HAE HAPY KeHb 3 OOKY ITiAJTOMKKA. 3a-
IUIsl TIePEBipKY BIJIMBY HANpPY:KeHb IJIiBKU FeSe BupoIyBasin Ha pis-

k,A”

Puc. 15. ARPES-pesyabratu s mopepxHi @epmi maisku FeSe/SrTiO; misa
1-ro, 2-x, 3-x, 4-x, 15-t;u ta 35-T; mapis.!®
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HUX Tigmosxkax, sminiooun SrTiO; ma SrTiO;/KTaO, (SrTiO; Buporre-
uuit Ha KTaO;) ra BaTiO;/KTaO; (BaTiO; Bupomenuit Ha KTaO0;), ane
TeMmepaTypa 3akpuTTd mianamu, 3 ARPES-gocaigxenn, saMinoBagach B
miamasoni 70 + 5 K, 110 ¢BigunTh 1Ipo BiACyTHiCTH 3HAUHOTO BIJIUBY Ha-
Ipy:KeHb Ha HAAIpPoBigHicTs [42, 43].

MoOKJIUBUM MOACHEHHAM 30iJIbINIeHHS KPUTUYHOI TeMIIepaTypu IJis
monotnapy FeSe/SrTiO; € moaBa 3oH-penyik. 3 pucyHky 16, a i 2z Bu-
IHO, IO AipKoBa 30Ha 30HU 0inA I'-Toukm Ta M-TOUKH IPOAYKYIOTH

03 M
Fepurs A

03 -03 M 03

-1

Fepar, A

1

Puc. 16. 3aneXHiCTh €JIEKTPOHHOI CTPYKTYPHU Big TOBHMHU MIiBKu. CIEeKTp
oxHoImnapoBoi miaiBku 6ina I'- (a) i M-touxku (2). CuexTp AJA IBOIIAPOBOI
mniBku 6ina I'- (6) i M-rouku (0). Cunekrp pna 30-mapoBoi miuiBku 6ima I'-
(8) i M-touxru (e). [laui Ha (8) Ta (¢) cumeTpusoBaHi HaBKOJIO TouoK M Ta T,
IaHi AJA OJHOIIApOBOI Ta ABOIIAPOBOi IJIiBOK HecuMmeTpu3oBaHi. CyminbHi
aiHii Ha (a) i (2) TOKa3yIOTh OCHOBHY 30HY, IITPUXOBAaHWMH JiHIIMU MTOKa-
3aHO0 30HU pemiiku. Hasa 2- ta 30-mapoBoi MIiBOK 30HM PEIJIIKM He CIIOCTe-
piramuck. (€)—(u) TemmeparypHa 3ajJe;KHIiCTh B30H-PEIIiK, IO iCHYIOTH 3a
TeMIIepaTyp, BUIle BiIKPUTTS HaAIpoBigHOI minmau [44].'°
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ciaabKi pemaikm, 1o npubansao Ha 100 meB mu:Kue Big opurinaabHOI
30HU. 30HU-PEILIiKM MPOMOB:KYIOTH iCHYBaTH 3a TeMIepaTyp BHIIE
TeMmOepaTypu BigkpuTTA Ifiaumau (puc. 16, e—u). B immwux Bumipio-
BaHHSX BOHHU HEe CIIOCTEpiraJjmcs, MOMKJIMBO, Uepe3 Pi3Hi yMOBHU HIPO-
BelleHHA BUMipioBaHb. I[0ABYy 30H-pemJIiK MOXKHa ITOACHUTH HadABHiC-
TI0O 0030HHOI MOAM, HaMOiNbIT MOBipHO onTuuHOro ouona y SrTiO,,
IIT0 MOJKe BiIoBiZaTu 3a cliapioBaHHA eJeKTPOoHiB [44].

5. HEMATHYHICTD

BinpnricTs HaAIPOBIAHMKIB HA OCHOBI 3ajrida 3a3HAIOTH CTPYKTYPHOT'O
1 aHTHU(depoMarHeTHOro0 IepeTBOPeHb. 3as3BMUUAali, IIi [ABa MIepexonu
moB’a3adi Mixk cob60l0 Ta MalOTh AyKe OJMM3bKI TeMIepaTypu IIepert-
BopeHHA. FeSe cyTTeBO BifpisHAeThCA Bim iHINMX 3ai3HUX HaAIPOBi-
IHUKIB BiAcyTHicTIO aHTU(EPOMArHEeTHOTO BIIOPAJKYBaHHA, aJe
CTPYKTYpPHE IIepeTBOPEHHsA Bif TeTparoHaJbHOI IO OPTOPOMOiuHOI
rpatHuti BigoyBaerwhca npu 90 K. IcuyBanHa cunbHOI aHisorpomii y
IJIOIIMHI JJd 3ajJidHUX HaAOPOBiZHUKIB OyJ0 ITOBeAeHO 3aBAIKU
HeUTpOHHOMY po3ciaHHIO [45], TyHenbHilT Mikpockomii [46] Ta TpaHc-
nmopTHUMU BuMiproBaHHAM [47]. HesBrnuaiinicThs cTaHy IOJIATa€E B TO-
MY, IO IIPOCTe IIEPETBOPEHHS BiJ TeTparoHaJbHOI M0 OpTOPOMOiUHOI
dasu He MOKe HMOSICHUTHU pPe3yJabTaTU BuMipioBaub. CaMe ToMy aHizo-
TPOIIifA IMOSACHIOETHCA 3MiHAMM €JeKTPOHHOI CTPYKTYPHU, a 3MiHa KPH-
cTaJIiuHOl I'PATHUIIL € JIUITe HaCHiAKOM IIuX 3MiH. BiamoBimHo, BHO-
PAOKYBAHHA €JeKTPOHHOI CTPYKTYpPU, Yy SAKOMY IMopymryerbesa C4-
CUMETPifA, BUAIIAIOTh B OKPEeMUHN eK30TUUYHUYN CTaH, IKUN HAa3WBAIOTh
HeMaTUYHUM.

Byso sampomoHoBaHO AeKinbKa MOMKJIMBUX MeXaHi3MiB, IJA IOfAC-
HEeHHS HeMATHYHOT'O CTaHy ONMUPAIOUYNCh Ha IOPYIIEeHHS CuMeTpii,
cupuumHeHi rpartHHIEi0 abo enekrpoHamMu. OcKingbKuM moOB’sA3aHi 3
rpaTHHUIE0 epeKTu Ay:Ke ciaabKi, a HeMaATHYHUN CTaH 3HAXOOUTHLCS
mo0au3y Bix aHTuGepoOMarHeTHOI'O BIIOPAAKYBaHHS, BBaKaJiocsd, IO
HeMaTUYHHUHN CTaH OOYMOBJIOETLCS CIiHOBMMU (QayKTyariamu [48] Tta
€ TmepenBiCHMKOM aHTH(epoMarHeTHOro craHy. IHmri moxesni [41] Ha-
TOJIONIYIOTH Ha OpOiTalbHOMY BHODPAAKYBaHHI d-opOiTaseii samiza, 1110
y pesyJbTaTi Belie 0 HeOJHAKOBOI 3allOBHEHOCTH d,,- i d -opbOiTaiei,
IIT0 IPU3BOAUTH OO0 IOPYIIEeHHA CUMeTpii Ta B momajbIlioMy m0 cTabi-
Jisartii MarHeTHOTO BIIOPAJAKYBaHHA.

OcCKiTbKM PO3IIEINJIeHHA 30H, IO CIOCTEPirajoch B €KCIepHMMEeHTL
[9, 10] v mekinbka pasiB 0inbIlle PO3PAxOBAHOTO POIIMIEILIEHHS I
medopmarii rparaumi (50 ta 17 meB), MoiKHa cTBepaKyBaTH, IO
CTPYKTYpPHEe II€PEeTBOPEHHS CIPUUYMHEHO HecTabisbHicTiO (3MiHamMu) y
€JIeKTPOHHIN CTPYKTypi, IO IIOPYIIye TeTparoHaJbHY CHUMETpilo, a
3MiHa rpaTHuUIli € Jmirne ii HacaigkoMm. Bimbin Toro, BiACcyTHIiCTH cIIi-
HOBUX (JIYKTyallili BHUINle TeMIIEpaTypu CTPYKTypHOTo mepexony T
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BKa3ye Ha BiJCYyTHICTL 3B’SA3KYy HEMATHUUYHOTO CTaHy 3 MAaTrHETHUMU
BJIACTHUBOCTSAMU.

ARPES-gocraimxenaa FeSe zacBigumam 3MiHN eJIeKTPOHHOI CTPYK-
TYpHu IPU CTPYKTypPHOMY IeperBopenHi [9, 7] (muB. puc. 17). 3aBas:a-
kK ARPES-gmociaimsxeHHAM 3 BHCOKOIO pPO3AiibHOIO 3maTHicTio [10]
BIIaJIOCh OJlep:KaTy TOYHINII AaHi MO0 3MiHU e€JeKTPOHHOI CTPYKTY-
pu mpu mepexoni. 3oxpeMa, 3i 3MeEHIIEHHAM TeMIIepaTypHu HUKUe
TeMmnepaTypu cTpyKTypHoro mepetrBopenuda (90 K), konu BigOyBaeTbcs

0 ai= e

i
ARPES

T < T, ot
Bt ()] To &

© (aBa moMeHH, S s

6e3 d,,) »

o -1.5

¢ 5

a
-

ARPES
T <T,
(@]

(ommH JOMeH)

-1 =05 0O 0,5
Kk, A

DFT T>T, T<T,

Puc. 17. Ilopymienasa cuMmetpii y enekTpoHHi# cTpykTypi FeSe. (a) 3omHi
pospaxyHKu TmoBepxHi Pepmi y BUIaAKy BUCOKOTeMIlepaTypHoi P4/nmm
TeTparoHaJbHOI TPocTOpoBoi rpynu. (6) CxemaTnuyHa ¥ (8) eKCIIEPUMEHTAb-
Ha moBepxHA Pepmi, IO CKJIAmaEThCA i3 CYTTEBO CTUCHYTUX KUIIEHL. (2)
Bunos:keHi mipKOBi Ta eJeKTPOHHI KHUIEeHI HUMKUYEe CTPYKTYDPHOTO HEepPexony.
(0) CxemaTuuHa 1 (e) ekcliepuMeHTaJ bHa IMOBepxHA PepMmi mpu Temmepary-
pax HU}KUe TeMIepaTypu CTPYKTYPHOTO Iepexo]y, BKJIUAUM e(eKT Bif
OBIAHWKYBaHHSA (€JIEKTPOHHY KWINIEHIO d, He HaBeneHo). (e—3) TpuBumipna
moBepxHa Pepmi FeSe gna sunagkis a—e Bigmosigmo [9].17
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nopyuieHHa C4-cuMeTpii, cCIIOCTepiraeTbcsA POBIINEILIEHHSA, dIKe MOKe
3’ABUTHCA JIMIIIe y Pe3yJIbTaTi 3HATTA BUPOAKeHHA d,,/d, -opbiTanei,
ToAi opbirani d,, i d,, cTalOTE HEOTHAKOBO 3aCEeJIeHUMHU. ¥ DPe3yabTaTi
posiemnyieHHa d,, 30Ha MigHiMaeTbca Bropy (e, Ha puc. 17, 2) i d,,
30HA ONYyCKAaETbCSI BHM3, ajie AJs iHIIOr0 CTPYKTYPHOTO IOMEHY Bii-
OyBaeThCA IPOTUIEKHE, d,, HiIHIMaeTECA Bropy Ta d,, (¢, Ha puc. 17,
2) ONMYCKAETHCS BHUS3, IO MOKA3aHO NYHKTUPHUMM JiHiAMU Ha pHC.
17, 2. lleit pUCYHOK Y3TOMKYETHCSA 3 MPUIIYIEHHAMU, 110 Oyau 3po0-
JIeHi Ha OCHOBIi Jociim:keHnb pos3nBiiHmKoBammux Kpucrtauis FeSe [9].
3aBAAKN BUCOKiHl PO3ALIbHINM 3mAaTHOCTI MOMKHA BUABUTH TOYHI
3Minu moBepxHi Pepmi 3a OIM3BKUX OO0 CTPYKTYPHOTO II€PETBOPEHHS
TeMmepaTtyp. 30KpeMa, AK BMAHO Ha puc. 18, 0, 6yao sadixcoBaHo
BeJIMKe pOo3IenyieHHsa 30H y ~ 50 meB B Touni M npu 10 K, mio Bka-

M A ] A M
hv =37 eV, LV

-»r

hv =37 eV, LV

/24-.‘
?'f. &
IHTeHCHBHICTB

150.
04 02 00 02 04-04 02 00 02 0404 -02 00 02 04

i o g
kA kA ! kA ' Eneprist sy, meB

Puc. 18. BuHUKHEHHA CHJIbHO BUIOBMKEHOI eJeKTPOHHOI Pepmi-moBepxHi
mig yac CcTpyKTypHoro mepexony. (a) TemmepaTypHa 3ajie;KHiCTh mepepisy
BUCOKOI cumetrpii 6insg Toukm M, 110 AEMOHCTPYE PO3BUTOK POIIIEIJIEHHS
iHTEeHCUBHOCTU, IO € DpPEe3yJbTAaTOM CUJILHOI 3aJIe’KHOCTU 3CYBiB 30HHOI
CTPYKTypHu Bim opb6itani. (6) PospaxyHOK 30HHOI CTPYKTYpPH AJA TeTparoHa-
abHOi rpatHUIi. (8) EKcepuMeHTaIbHO OJiep:KaHa 30HHA CTPYKTypa 3a TeM-
neparypu vy 120 K (myHKTHpOM), peHOPMOBAHa A0 BUCOKOTEMIIEPATYPHUX
maHuX (cyminpHa JiHiA ); 30BHIMHA d,-eleKTPOHHA 30Ha (8) He clocrepira-
eTbeA B3arani 6ina M-rouku. (2) 3HATTA BUPOMKEHHA d,,,, 3a TeMIlepaTypu
10 K Ta, AK HACIiZOK, 3CYB 30H AJA NBOX Pi3HMUX AOMEHIB & Ta &,, IO IIO-
Kas3aHO CYIILJIbHOI Ta MYHKTUPHOKI JiHigaMu, BigmoBimHo. BcraBka morasye
CXeMaTU4YHy [OHWCIIEPCil0 30H AJA ABOX Pi3HMX MOMEHIB Ta HampAMKiB. (0)
Temneparypua sanesxkHicts EDC-KpuBUX, IO IIOKA3YIOTh PO3BUTOK PO3IIEIN-
JeHHsa d,, i d,,. (¢) @epmi-noBepxHa (iHTerporana B Aianasoni 2 meB Bin pi-
BHA Pepmi), 110 Mae XPecTONOAiOHY opMy, AKa € HACHIAKOM HaKJIaTaHHSI
BugoB:KeHUX Pepmi-moBepxoHb B Touli M Big ABOX AoMeHiB (IOKasaHO
cxeMaTHuHO Ha Berasmi) [9].18
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3ye Ha 3HATTA BUPOJKeHHA d,, i d, y FeSe. Takuii eHepreTnuHmiz
3cyB € HabaraTo OiJIbIINM, aHi)K PO3PaxOBaHUU IJII OPTOPOMOiUHOI
medopmarlrii, AKa mpusesia 0 Ko 3cyBy makcumyMm y 17 meB masiTh 3a
BigcyTHOCTU e(peKTiB peHOPMYBaHHS.

Ha piBui ®epmi pesynbTyoua eJeKTPOHHA KUIIIEHSA CUJIBHO BUIO-
BixeHa 3 kp(y)=0,02 A" i ky(x)=0,14 A™'. Ane uepes aBifiHMKyBaHHSA
noBepxHA PepMi CKJIAZAETHCSA 3 ABOX EJINCiB, IO IIOBEPHYTI OIMH
BigHOocHO ommoro Ha 90° (puc. 17, 2—e), 0 Hae y pes3yJbTaTi XpecTo-
momioumy dopmy moBepxHi Pepwmi (puc. 18, e), Taky camy dopmy Ma-
IOTh HipKoBi KwurieHi. TakuM UMHOM, eKCIepUMeHTaJbHEe BUIOBYKEH-
HS OiPpKOBUX Ta €JEeKTPOHHUX KUIIEHL IPU TeMIIepaTypax HUKUUX
TeMIepaTypu CTPYKTYPHOTO IepeTBopeHHs y FeSe, Mo:ke BBasKaTucs
HaCJiIKOM eJeKTPOHHOI aHisoTpoiii, IO BUKJINKaHEe OPOiTaJIbHUM
BIOPAAKYBaHHAM. IHIITUM MOKJHBHUM CIIeHApieM AJA TakKol HMOBemiH-
KM MOKe OyTU cupuunHeHa HecTabinbHicTio [loMepanuyyKka cIoHTaHHA
nedopmartia moBepxHi Pepwmi, IO mepeTBOPIOE Malike KpPyray ii mo-
BEePXHIO V €JINITHUYHY IPU HUBBKUX TeMmOepaTrypax. B 000x Bumamgkax
1A iHOYKOBaHA eJIeKTPOHHOIO CTPYKTYpoio medopmarliia moBepxHi Pe-
PMi TaKOK CYHIPOBOIKYETHCSI HEBEJIUKUM cTpuOKoM omopy [10].

6. BUICHOBRH

EnexTpouna crpykTypa aas FeSe ta cmoayk tumnmy Fe(Se,Te,S) € ama-
JIOTiYHOI0, 10 €JIeKTPOHHOI CTPYKTYpPM BCiX IHINMNWX HaANPOBITHUKIB
Ha OCHOBi 3aJjiza, ajie moBepxHi @Pepmi Aerto BiApPiSHAIOTHCA: CKJa-
MaoThCA 3 ABOX MiPKOBMX ITOBEPXOHb HABKOJO TOYKHM I' Ta ABOX eJie-
KTPOHHUX TOBEPXOHB 0iia Touku M.

B iHTepKasboBaHUX cucTeMax IOoBepxHA DepMi € CyTTEBO iHIIIOIO:
CKJIAIAETHCA CYTO 3 €JEKTPOHHUX «KHUIIEHb», CTOCOBHO IX KiJbKOCTH
MMOBHOI BM3HaUeHOCTH HeMae: 1—2 maBKojgo Touku I' Ta 1-2 HaBKOJIO
M-rourku. IloBepxusa Pepmi wmonomiapy FeSe ma migmosxxki STO
CKJIAMAEThCA JINIE 3 2-X eJeKTPOHHUX KUIllleHb y M-touri, y I'-Tourri
He CIIOoCTepiraeThcAd Hi MipKOBUX, Hi eJIEKTPOHHUX KUIeHb. Bincyrt-
HicTh OipKOBUX IOBepXxOoHbL PepMmi y 1meHTPi BpinnroeHoBol 30HU B iH-
TepKaJAHTaX Ta MoOHoIIapax FeSe yHeMOKJWBIIOE 3aCTOCYBaHHA
TPagUI[INHOTO S+-MOJEJI0 CIIapIOBaAHHA.

Mo:KJIUBUM KJIIOUEM OO0 PO3YMiHHS HpOIleciB, AKi BimOyBaroTbCA ¥
depoceneHifax, € HeMaTUYHUII CTaH, II0 XapaKTePU3YETbCA PaITO-
BUM mopyiieHHAM C4-cuMeTrpii — MOABOIO aHiZ3OTPOMii eIeKTPOHHUX
BJIACTHUBOCTEH y ab-maomiuHi. ¥ OiJbIIOCTi HAATPOBIAHUKIB HA OCHOBI
3ajliza HEMATUUYHHUHN Ta aHTHU(EepPOMarHEeTHUIN Hepexoau Bin0yBaioTbCA
3a OJMBBKUX TEMIIEpATyp, TOMY TPHUBAJUU Yac BBaKaJOCh, IO HeMa-
TUYHUN Tepexin moB’A3aHmii 3 aHTU(EPOMArHeTHUM BIIOPAIKYBAH-
HAM Ta € #Woro mepeaBicHMKOM. FeSe € mpuKJIagoM CHUCTEMHU Je Ma€e
Miclle TiTbKM HeMaTWUYHUM (CTPYKTYPHUII) Iepexin 3a TeMmmepaTypu
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90 K, a auTudepomMarseTHe BIOPAIKYBAHHA He cmocTepiraerbcs. Lle
ITO3BOJISIE IMIPUIYCTUTU, III0 HEMATUYHUM CTAaH He 3aBiKIN OB’ sI3aHUI
3 aHTU(EPOMaTrHiTHUM IIEPEXO0J0M.

Kpim Toro, 3MiHM B €JeKTPOHHUX BJIACTUBOCTAX Ta eJeKTPOHHil
CTPYKTYPi Y HEMATUUYHOMY CTaHi € 3HAYHO OiJIBIIMMM, HiXK OUYiKYIOTh-
cAd TIpU HagBHUX medopmaiisx rpatHuili. ToMmy poOUTHCS BHUCHOBOK,
110 PYIIiHHOI0 CHJIO HEeMaTHYHOIO IIePexXoay € caMe HecTabiJIbHiCTh
€JIEKTPOHHOI CTPYKTYPH, a AepopMallid I'PATHUIIL € JUIIEe HACTIIKOM.
IIuTanHA CTOCOBHO TOTO, IO caMe BimOyBaeThCA 3 €JIeKTPOHHOIO CHC-
TEeMOIO, TA BCTAHOBJEHHS B3Aa€EMO3B’A3KY MiK HeMaATHMUYHMM CTAHOM i
HAAMPOBiAHiICTIO (HAAMPOBIAHICTL 3’ABIAETHLCA TOMi, KOJM HeMaTHUU-
HUH CTAH IPUTHIUYETHCS), MOCI 3aIUIIAEThLCA BiIKPUTHM.

IMikaBum penomeHomMm, moB’ss3anuM 3 FeSe, € Tak 3Bama inTepdeiic-
Ha HaAOPOBimHiCTH, IO cIOCTepiraeTheca Iy MoHomiapy FeSe ma min-
aoxk:xi STO. TemmepaTypa HaZOPOBiZHOrO mepeTBOPEHHS, IO BM3HA-
yajach 3a jgomomorom pisaux wmeton: STM (mpubamsuo 80 K),
ARPES (60-65 K) Ta 3a mOmoMOToi0 HM3KM TPAHCIIOPTHUX BUMIipIO-
BaHb (MakcumaJsbHe 3HauenuHa 109 K), e Buimoro, Hi:K Temieparypa
HAAIIPOBiTHOTO MePeTBOPEHHA AJA CKJIaZoBUX uacTuH (aasa FeSe mak-
cuMaJibHAa KputuuHa Temmneparypa — 39,6 K mpu 8,9 I'Tla; gma STO
— 0,025 K). MexaHisaMu Taxoro HigBUINeHHA KPUTUYHOI TeMIepaTy-
pu OJA MOHOIIAPy Ha JaHUM MOMEHT JIMINIAIOThCA HEBiZOMUMU, aje
BUCYHYTO KiJIbKa HPUIYIEHb.

o Y ARPES-cnekTpax cmocTepiranucsa Tak 3BaHi 30HU-PEILTiKM, AKi
sHaxogaTbed Ha 100 meB HuiKue opuriHambHUX 30H. IloABy Takmx
30H-PEILTiK MOKHA IOACHUTH B3aEMOJI€I0 €JIEKTPOHIB 3 BHUCOKOEHEp-
reTuyHUMU (HOHOHAMU, AKi xapakTepHi naa cuekTpy STO. Orixe mo-
JKJIMBUM MeXaHidMoM iHTepdeilicHOI HaAIPOBIAHOCTU € cIlapIOBaHHSA
€JIEKTPOHIB MOHOIIIAPY IMIJIAXOM OOMiHY (DOHOHAMMY ITiIJIOMKIK .

o EJeKTpoHHA CTPYKTypa MOHOIIAPy He € CTPYKTYPOIO0 KOMIIEeHCOBA-
HOT'O MeTajly, HaTOMICTh BiZITIOBiZae CTPYKTypi, mepeqonoOBaHiil eJeK-
TpoHaMu. IluM MOHOIIAD € MOAIGHUM M0 iHTEepKaJbOBAHUX CHUCTEM, e
eJIeKTPOHHEe IONYyBaHHS € HalmepiuM (aKTOpOM, IO MOKe OyTu
moB’aA3auuii 3i 30iAbIIEHHAM TeMIIEpaTypPu HAAIPOBiTHOTO II€PEeTBO-
peunsa. Ilpore, muTaHHA YW € MexXaHi3MU TiIBUINEHHA ITiei TemIiepa-
TYypu Y MOHOIIApi Ta iHTepKaJdHTaX OJHAKOBUMU Hapasi JUIIaeTbCs
BIAKPUTUM.
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! Fig. 1. Electronic phase diagram of Fe, ;,,Se as a function of pressure. At no ap-
plied pressure, Fe, ,;Se undergoes a tetragonal to orthorhombic structural distor-
tion at 90 K The maximal critical temperature T, observed is 36.7 K at 8.9 GPa.
At high pressures, the sample is solely hexagonal, and shows semiconducting be-
haviour [4].

? Fig. 2. Phase diagram of Ba,_,K,Fe,As, with the superconducting critical tem-
peratures, T, (circles), the Néel temperatures, Ty (stars), and the structural transi-
tion temperatures, T, (squares).

3 Fig. 3. Phase diagram of electron doped FeSe [50].

Y Fig. 4. Comparison of calculated (solid dark curves) and experimental (curves
with markers) dispersions [8].

® Fig. 5. (a) Photoemission intensity distribution integrated over the range (E, - 5
meV, E; + 5 meV) for Fe, (,Te, ¢65€0354. (6) The Fermi surfaces are constructed based
on the measured Fermi crossings, which are labelled by squares, circles, crosses,
and triangles for the B, vy, 8, and ¢ bands, respectively. (6) The photoemission in-
tensity along the cut #1 in the I'-M direction and (2) its second derivative with
respect to energy in (0) [11].

% Fig. 6. Superconducting gap around the I'-point for Fe, (Te,, [17].

" Fig. 7. Fermi surface of (T, ;sRb, ,,)Fe, ;»Se, superconductor (T, = 32 K). (a) Spec-
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tral weight distribution integrated within the energy range [-20 meV, 10 meV]
close to the Fermi level as a function of k, and k, measured using 21.2 eV light
source. Two Fermi surface sheets are observed around the point that are marked as
a for the inner small sheet and B for the outer large one. Near the M(n,n) point,
one Fermi surface sheet is clearly observed, which is marked as y. (6) Fermi surface
mapping measured using the 40.8 eV light source. Although the signal is relatively
weak, one can see traces of two Fermi surface sheets around I'-point and one
around M-point [19].

8 Fig. 8. Band structure and photoemission spectra for (T, 3Rb, 4,)Fe, ;s5€¢, meas-
ured along two high symmetry cuts. (a) Band structure along cut 1 crossing the I'-
point; the location of the cut is shown on the top of (a). The a-band and two Fermi-
crossings of the B-band (B, and Pg) are marked. (6) Corresponding Photoemission
spectra (EDCs) second derivative image of (a). (8) Band structure along cut 2 cross-
ing the M-point; the location of the cut is shown on the top of (8). The two Fermi-
crossings of the y band (y, and yz) are marked. (2¢) Corresponding EDC second de-
rivative image of (8). (0) EDCs corresponding to (a) for cut 1. (¢) EDCs correspond-
ing to (8) for cut 2 [19].

9 Fig. 9. (a, 6) A series of normalized tunnelling conductance spectra for (a) octa-
layer and (6) bilayer FeSe films. Insets: Temperature-dependent zero bias conduc-
tance (ZBC). The bias modulation is set at 0.1 mV. (8) Superconducting transition
temperature T, vs. the inverse of the film thickness d [29].

1% Fig. 10. Temperature dependence of the resistance of monolayer FeSe/SrTiO,
film. The inset shows the temperature dependence of resistance taken on a bare
STO surface [33].

1 Fig. 11. (a) Fermi-surface mapping of single-layer FeSe measured at 20 K that
consists only of the electron-like Fermi-surface sheet (y) around M(zn,n). (6) Fermi-
surface mapping of (T1,Rb),Fe, Se, superconductor (T, = 32 K) that consists of
electron-like Fermi-surface sheet (y) around M and electron-like Fermi-surface
sheets (a and B) around I'" (0,0) [34].

12 Fig. 12. Band structure and photoemissions spectra (EDC) for superconducting
FeSe layer. (a) Band structure along the cut 1 crossing the I'-point (left panel in a)
and along the cut 2 crossing the M,-point (right panel in a). The dashed line in the
left panel in a shows schematically a hole-like band near the I'-point with its top at
80 meV below the Fermi level. The dashed line in the right panel in a shows sche-
matically an electron-like band with its bottom at 60 meV below the Fermi level.
(6) Photoemission spectra (EDCs) corresponding to image (a) for the cut 1 (left
panel in 6) and the cut 2 (right panel in 6). (8) Detailed band-structure evolution
near the M;-region from the cut 2 (left-most panel in 6) to the cut 10 (right-most
panel in 8). (2) The location of the momentum cuts along some high-symmetry lines
and near the M, region [34].

13 Fig. 13. Temperature dependence of superconducting gap of the single-layer FeSe
superconductor. (a) Typical photoemission images along the momentum cut near
the M, point (line in 0) measured at different temperatures. Each image is divided
by the corresponding Fermi distribution function to highlight opening or closing of
an energy gap. (6) Photoemission spectra at the Fermi crossings of y Fermi surface
and their corresponding symmetrized spectra (8) measured at different tempera-
tures. (2) Temperature dependence of the superconducting gap. The dashed line
shows a BCS gap of 15 meV at a zero temperature [34].

14 Fig. 14. Electronic structure of S- and N-phase and phase diagram of the single-
layer FeSe/SiTiO; film with vacuum annealing. (a) Fermi surface of the S-phase
for the single-layer FeSe/SiTiO; film. (6—2) Corresponding band structure of the S-
phase along the I'-, M,- and M,-cuts, respectively. (9) Fermi surface of N-phase for



26 IO0. B. IIYCTOBIT, O. A. KOPIIOK

the single-layer FeSe/SiTiO, film. (e—uc) Corresponding band structure of the an-
nealed single-layer FeSe/SiTiO; film along the I'-, M,- and M,-cuts, respectively.
The band structures shown in (6—2) and (e—axc) are second derivative of the original
band with respect to energy. (3) Schematic phase diagram of the single-layer FeSe
film during the annealing process. The inset shows the Fermi surface correspond-
ing to each stage [35].

15 Fig. 15. Fermi surface measured by ARPES for 1-, 2-, 3-, 4-, 15-, and 35-layer
FeSe/SiTiO, films [40].

16 Fig. 16. Dependence of electronic structure on FeSe-film thickness. Spectrum for
single-layer film near T'- (a) and M-point (2). Spectrum for bilayer film near I'- (6)
and M-point (9). Spectrum for 30-layer film near I'- (8) and M-point (¢). Data in (8)
and (e) are symmetrized around M and T' points, data for monolayer and bilayer
films are nonsymmetrized. Solid lines in (a) and (2) denote the main band, while
dashed lines show the replicas. There are no replica bands for 2- and 30-layer
films. (¢)—(u) Temperature dependence of the replica bands, which persist at tem-
peratures greater than the gap-opening temperature [44].

7 Fig. 17. Symmetry-breaking of the electronic structure in FeSe. (a) Band-
structure calculation of the Fermi surface in the high-temperature P4/nmm
tetragonal space-group. (6) Schematic and (8) experimental high-temperature in-
plane Fermi surface consists of significantly shrunk pockets. (2) Elongated hole and
electron pockets below the structural transition. (9) Schematic and (e) experimental
low temperature Fermi surface including the effect of twin domains (the d,, elec-
tron pocket is not plotted here). (e—3) Three-dimensional representations of the
Fermi surface for FeSe, as described in a—s, respectively [9].

18 Fig. 18. Development of a strongly elongated electron Fermi surface through the
structural transition. (a) Temperature dependence of high-symmetry cut through
M-point, showing the development of a splitting of intensity, which results from
strong orbital-dependent shifts of the band structure with onset at T, = 87 K. (6)
The calculated band dispersions in the tetragonal structure. (8) The experimental
band structure at 120 K (solid dots) renormalized to the high temperature data
(solid lines); the outer d,, electron band () is not observed at the M-point. (¢) The
lifting of d,,,, degeneracy at 10 K and the consequent band shifting for two dif-
ferent domains, ¢, and &,, denoted by the solid and dashed lines, respectively. The
insets show the schematic band dispersion for different domains and directions. (9)
Temperature dependence of the EDC at the M-point, showing the development of
the splitting of bands with d,, and d,, character. (¢) Fermi-surface map (integrated
within 2 meV of the Fermi level) showing the cross-shape arising from strongly
elongated Fermi-surfaces at M-point in the two domains, shown schematically in
the inset [9].



