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Electronic Structure of Ultrathin Bismuth Films:
The Rashba and Quantum-size Effects and Their Interplay
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Precise characterization of physical properties in nanometer-scale materials is interesting not only in terms of low-dimensional phys-
ics but also in application to devices. Due to the reduced dimensionality and symmetry, these systems possess various interesting
properties that cannot be found in the bulk. In this article, focusing on epitaxial ultrathin bismuth films formed on a silicon substrate,
we introduce an intriguing interplay of the quantum size and relativistic effects in reciprocal space. Utilizing spin- and angle-resolved
photoemission spectroscopy, we observed clear Rashba-split nature of the surface-state bands in these Bi films which is a relativistic
effect. However, the band dispersion did not follow the simple Rashba picture and the spin-splitting was lost where they overlapped
with the bulk projection. From first-principles calculations, this is explained as a change in the nature of the band- splitting into an

even-odd splitting induced by the quantum size effect.
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OBID X DICAY VEEMEIERAN K E WS A IIEmIRE
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(a) The Fermi surface of bulk Bi depicted in the bulk and surface Brillouin zone. The high symmetry points are written explicitly.

(b) Schematic drawing of the band dispersion of bulk Bi. (c), (d) The band dispersion obtained by the tight-binding method along the I'-

T (¢) and L-X (d) directions, respectively?.
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Fig. 2 (a) Schematic drawing of the band structure for thin
Bi films. Quantum-well states are formed due to the quantum
size effect and are labeled by the subband index #. (b)
Schematic drawing of the structure of ultrathin Bi films on a
Si substrate studied in the present work.
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O BIEHETH 5.
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VOFRERIZ JFATIRAEBE Tl (Local Density Approxima-
tion, LDA) Z&HHL CW5. A VELEHGEIERORRIT
HOEEEICRD ANSNTWASY, FRICIEBI AT
ERTOREEKFZEMGL TWAHLD L, Biniis < BZEH
ICIGZL THET AL DD DO E % /-, KEKMD
BRI EER T BT CREL KBt § 5.
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Fig. 3 (a) The band dispersion image obtained by ARPES for
a 17 BL ultrathin Bi film along the T'-M direction. The hatch-
ed area represents the bulk band projection?. (b), (¢) The
results of the first principles calculation for H-terminated Bi
slabs without (b) and with including (c) spin-orbit coupling,
respectively. The hatched areas represent the bulk band
projection. (d) The close up of the band dispersion image
near the T point in the vicinity of the Fermi level. The over-
lapped points show the results of the first-principles calcula-
tion shown in (c).
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DEBEX., 1)=E{&+G, 1)) #&EET5LEG/2, 1)=
E(G/2, |) ¢7:0, T HEMEACBWTNAY FAMHRT 5
T EMER SR, Fig. 3(c) DFETRENMCHHEL 728
RATRUMATEZEL TWhA. —FTERMICIT Fig.
3@ & (A ERARY T AICBT AHROA T T 7%
W, THEBT AL EOE A TREmMRE NV FiFN
W7 DHY L3 DR THREN DRI 55720 TH
D, BEGOBELFRABEERE DD LY. Thic L TM
ﬁk%w TIFFig. 3@ & R5 L2030V HEERTDS

DIZHETHREBKIIFEL ARLDOTHLHH, —D2OEMIR
,ﬁé/i“/F%)‘i%%bfciiﬁ@éi%%b:’c‘%%. C NI BEmET
HICBWTBI AT TOR A KERG LI ETASTTD
£ ERBICHEAET LEMREROMILERZ2HIC L TLE -
Tl s 72 EE 2 b 5. FERR &AL SV
HERICBWTIBENIC L A IORAD A% E 2 XV
2, BWER T b PR & FREOBERIC W T, i
LEBICETPHLADONS BT YA ZRRIC LD WEMA
REPHEEERAY L, EEE (BETHPFRE) #TBRT5 &
Ez20N5. BEREZE 25 EHAEICETY A AENPE
BCTH5DHEMERTES. Fig. 4(a) D6.8 BL JE X D#BHEIK T
M EREBEDOE 1D FICKRHITEH LKLV FA2
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Fig. 4 The band dispersion images obtained by ARPES along
the T-M direction for a 6.8 BL (a) and 17 BL thick ultrathin
Bi films. The white line in (b) shows the edge of the bulk
band projection?.
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7eDT, Fig. 5@) IR & DI AT & HEHETOH
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Fig. 5 (a) The schematic drawing of the experimental setup.
The “spin-up”” and “‘spin-down’’ are defined with respect to
the detection plane spanned by the incident photons and emit-
ted electrons. (b), (¢) Spin- and angle-resolved photoemis-
sion spectra near I' for positive emission angles (b) and the
corresponding spin-polarization curves (c), respectively. (d)
The spin polarization map deduced from the spin-polarization
curves near the T point.
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Fig. 6 (a), (b) Spin- and angle-resolved photoemission spec-
tra near M for positive emission angles (a) and the cor-
responding spin-polarization curves (b), respectively. The
peak positions are indicated in (a). (c) The change of spin-
polarization with momentum. The filled circles show the
values for surface states at higher binding energies and the
open circles are those for the surface states closer to the
Fermi level.
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L T (Fig. 6(a) ORI 28, ZOMEETE—7F
ROBEFIEAS. I5ICdown AV DARY FILOFIT D
ML TRV —EICHRESP R OGNS LDk A. THITA
VURBEREA L TWL T EEBRL TS, —H14°D
ART PV TS D — o%ﬁxtymmn@t—7ﬂ7lw
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VIRBE D72 7o o TOLBRFAR OGN, NV FHEBOIZIR
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(a), (b) The spin-split band dispersion of the 7 BL Bi(001) films obtained from SARPES overlapped on the dispersion obtained by

(b) 7 BL calculation
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non-spin-resolved ARPES (a), and the spin-polarized band structure of the first-principles calculation for free-standing 7 BL Bi slabs
(b). The spin-up (-down) channels (in the calculation this refers to one particular surface of the film) are shown by the solid triangle
pointing up (empty triangles facing down) and the magnitude of the spin polarization is shown by the size of the markers (the largest
ones represent +0.75 for (a) and +0.94 for (b), respectively). The non-polarized states are shown by open circles in (a) and filled cir-
clesin (b). The small dots in (b) represent the bulk band projection. (c—f) The charge (dotted lines) and spin (solid lines) density distri-
bution inside the film for the points indicated by circles in (b). The spin orientation is in-plane and perpendicular to the wave vector (Fig.

5(a)).
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— (11 )—

IZ B AIRAED 3% Rashba ) F & 124 < BRIV D T A
U RBRLBEI SN e K THRTH S, BUREVOIER LA
V' F O T Rashba 52470 GBZ 5N EIE LIS OWE
DED-> T ETHY, ZDdIZHffiZ: Rashba g »
LHIfFSN S MBIk ANV FOTENBITE ko
7oDTH%. L L—FHTEHEIOFBHEIC L DG (Rash-
bah ) L BFNFOFLGHEMHEFRAERRB TS5 LMHT
b E 252, SEBIICEVWTIO LD RBEREWES
HEH S N/ BRI RER K & 7 Rashba A EEIS N Cw
7o Au K75 EICHANTREREO BN T VLT - —
VOIRWHEBRICE > TWAHE WD ThbH. DF D REIRE
NV FOGED—EG B IN7 NY FORE DD E 0D
FEFITEH LRI TICS BICET A ZAELP M5 & T
LRROBFHRBEPEEINI LT 2 5.
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5. &H YIS

DX DI BiHEHKOETIRERU ALY V% B 6
T4 EIC k- T, BERER RGOV 7 REOXFRME OB
NENRVE (¥ —) ZZUBEL TH- 2255 C
LR T&ER. SEfN - 72B, EFH LIV Bl HF
LB O LT, KEIRFEIIIET ICSB IR S\ IRRERSE
BL Tk (Fig.3(a)), BWAREOILEXF Y v Il
(001) FHE AR S N A —F W IEIC I\ T B I
VL FREREZ ZEANCHENS LB L I L.
DED AV VG AN L T, EHICBT S ALY
WHHVIE A VR L /2B 2 AR TE SRR D 5.
A/ IEEICEML TL &5 DO TAY VKEEN TOHE
HROON, FEICERTESZDT TREVWHAEEDFE Y
BTN —T RG> CEIF ) A—FIVAT— IV TOER
CEAEFEMY 2SR - BREI® LT L% [H
HREEAY V] ZER - IS HICHBETE 5D TiE W
MmE#E 2 TW5. F7- Murakami 6 OGN IC X i
HIFRTJEO Bi A R T & UE ko il o o Uiz
R (EFACVE—IVH) HEBRL, 2oL v VRELFIH
LTINETE LB ICHHF R AL VIRERDPIIFTE S
EHREINTWAD), —F Bi /L 7 RBEICEI L T b R AK
i - BRI P ICB W TR FRRREENFEB L Tk 02, 3K
TWETHHICHEDLTEMBPSEICE TSN 5207
FERBRE VI NI SN TV, 2O [HLTHLW
Bi &\WO LHEICEL T HICEMPIE A ELR, FRITICIT
TNNA AGHNERNL DT - TR,

B

KHTEIE L < OFFFE DT« L3RI TITbhiz. C2IZad
L TR OB EFES. U TIERICE L T B R
ORERBEEA, MIBEHELLEOITHE W20
7o B—FHEFRIL F A4 Y 21—V LD Gustav Bihlmayer
i+t & 2 A DIPC @ E. V. Chulkov &4 6 73T - 7= fE &
AREL CWiciWie, AV VRUAES AR T 5 HITA
BRFBEHERIFPger v # — (HSRC) THFIh7zv A
T LT FEDOE T2 E, TR RS RO ARRIE R
%, HSRC O'EAF G, BHEMELE, A KEEL
derk, BOREREAE, Fudan KFEOELJE L *FETT -
7o S BISEE OAE S MOLEF 45 RIE I R KRR
MEFIORFINETLLE, TR KRS WD TR O H F It
A, SHICRBINBIREOME - LAV N—D 1O T TfT
bnic.
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