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FDOICB > T ADOPEF—RIE LN TS F%&bh%m
FL LD T AW BT 52, K@ OMfGAE ]
& T FRB Yk | OBBWAROFFMTIE RS, b
HEEDO/NT A R7EM (2 CRERZER) ToORREY—
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FREFRAEET S LICRRAL T Dirac 8FAFEL, %
NPBRZEFR—IVHRORER E > Tb, —7F5, 3
WIE bR a Y )V HgAAROZR NI & Dirac E&?/J AE L
B en| SR J, AFHLFTE, SRRy
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w9 5 OWBENMTIIRELT 25, RO TIIERE
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L Chznmdmd 2RI L GEB i 5 2 & Th 5,
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I < FR 7 A VIRBAE L T A EEERT S, 2O
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(a) Impurity (b) impurity
= —
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Fig. 1 (a) A spatially separated two counter current flows at the
edges of sample when a quantum Hall (QH) effect occurs
under a strong magnetic field applied perpendicular to the
surface plane. (b) Spin current flows along the sample edges
in the presence of a quantum spin Hall (QSH) effect without
an external magnetic field.
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Fig. 2 Massless energy dispersions at the edges of topological insu-
lators for (a) larger and (b) smaller electron occupations.

+ - © | R(+n)

Destructive
ccw interference
4 Jx k)

+ 14\

Fig. 3 Two backscattering paths (clockwise and counter clockwise
directions) when an edge electron encounters an impurity.

2, 7y 7 AEVETFEAENER, TV ACVETFIRLE
IZHETs & L ITRINT B, EIIEREME AT AFAEL T A
V'V RIS/ 5 LRIV, #ELS N FICHEA
Btr %, S CHEVOW, 7ol ITRVFE—FHEIC
FAEIL T, Fig.2(a) & (D) OBEHD LS ICA VD ITIA
HBEZHZEBHEALZETHS,

D X577 IBeBEHBELOZEIE | DWW b L B %%
ZTCHWAL LD, RICEAHEIAB T 5 &1, Fig. 3
IR THER 2 DOBELREKR D E 2 N5, 1 DHITEFD
T aREETE D (CW) (| A8, &5 1 D3R

D (CCW) OB TH5H, T TRITERIC, ALVD
FENT WD THET OMITH RN L TEREIZEE ST
Wbz, KERHED OB &I EELHIR T 5 A180°
(+7m) 220 A VBEEEL, KEEHED OBAEICIT~ A
F2180° (—n) MEIERT 5T Lil/kbh, T CETHED
DEINHLKEFLGFERELTCIAYVEF2HEEL TED
RK LIRS D, 1EET 5 XD/ FEIET 5| &
ZRWHZ S5, COBEEND 2 DOFK TOALY VDAL
HZEZ 271270, Fig.3 TRd 2 2ORKKEABHEWICT
BLEE, BT A3 ZE2ICTBHELED T Eilk
bo TNHWOIRBITHELATE2ICZEIEIND & WD FBR
IZOEMBDTTH b, T v VIREND FRa YL
ICREINTEYD, IRz ETR—IVERICRDD,
NG B s Lisv [ETF AV VR—ILaR | # 0 &
BT EERLTW5b, BFAEVR—ILVRIRIT, &H
757 2 /ICOWTHBRWICTH SN, o,
CdTe/HgTe/CdTe BT H A8 Bi #ilEY 1C D\ C & BiGH
FHIBL SNz, £TDHTL, CdTe/HgTe/CdTe EFH
FCTRETACVRICHES 2 a7 2 ZPEBICHE
Hlxn/10,

2.2 3Rk bhROZHIVigGE

BRI RV HNIVHIREIZ & > TOT v VT RTTH
IR AEREISSIG L, Fig. 4@ IR LD ICEATAY
VIRPAEL Do 2 RILOBE EFERIC 3RIG F AR Y AL
Mg kORI ET b MILO T 7L F — 5 8B % % £ Fig.
4(b)Ic"7 L 57 Dirac a— VAT B, ZZTHAVE
BB AT 5% Dirac & LS, 757 =% Dirac
O—VREREDOH, 3K RO Y VA OZFE Dirac
O—VE3 757V ERPDTORT—Haeld &5 2 &
Do IS5 T 2 VOYAIF, TUNT VI —VOKEBX
UK EIZxnZN A VR L7 &5 4 5@ Dirac o —
VIFHET B, 3KRIC IR B YAV AE T, RN T
W—r7e b, Fig.4(D)ITR$ LD ICET ALY YO RAHE
B FIVICH L BEICEE SN2, WHIENY LAY
V527 AF » — (helical spin texture) MK 5 (2.3%
OW, =2 Ch, Fig. 4(c) TR & D IERMERMIC
XL CREBEFEAEL (kPO +E~NOHGEL) 132 ESh
bo 12721, 2RILOEE LITRE V180 Db F Ntk
BELIC oW TR s E b RRICERZRL v
(Fig. 4(c))o WTFNICH K, NUDNVALVF T AF v —
7 cIVIEETHBEL TWARY, MHEO2KRTET
& BT NI AN EELE KIECHEI S 5137 Th
bo XD, THIVF—BRODIWEBAY Vi1 E
ENAEVO AN E AL, 3RITETF ALY V/ER—
LR, S OICERREBTFORE, 35772V 3%
VOERRE, RxlkHHBRTRENESN, ALYV
0= 7 AR TR ERFEHEZED TV A,
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Fig. 4 (a) Schematic of the 3D topological insulator with spin cur-
rent flows on the surfaces. (b) Dirac cone on the surface of
the 3D topological insulator. Spin directions are denoted
with arrows. (c) Schematic of an elastic scattering on the 3D
topological insulator surface. The key property is that in the
presence of non-magnetic surface impurity the topological
surface state is protected from complete backscattering,
while it is not protected from scattering by arbitrary angles.

2.3 3Xm Rashba $H8

3 RTE F AR\ Y )ik EFIE LD Dirac EF O ALV
FRABERANR 7 FIVICH L CREICEE SN S L1I2DO0
THRS H720I, KdERMBIC 1T 5 Rashba ZhFI2 50
THI-> TR EEFTH A5, fEdEmIE [22H R
RO NS ] —DOETFHRTHY, FWEEHETH- T
L AV VHEMHEFRA R ETNIIRBRF DALV HH
THIEPHMONS, A VHEHEAEHT

1

2m?c?

Hso= [VVxpls (1)

LFERL, CITsFACVAERRE, Vii—AKRT v
Vall, plBEHEAEL TWAH, TIT, A VELEM
HEHONIVF TV E=—-VvVORFREHWT

.
2m%c?

Hyo= [Exp]l-s 2)

FRIRTELT DD Hyg=EXp I AV /ICH T 5
DO (BRI L Rix+ZENTES, ZO%E, A
EViEMEAEERT HsoocHyrs L EL T EMTES. W
%, Fig.5(a) T/R$ K210, BHAREIC I\ TREICEE
HNCEALBFAES 5 (E/fz) CEhFz2 L, Rl
W B+ 28132 OMFT RIS L CRE S RICHL)
BB L %o £BEHPRE < (RS & D 2R T
HO), HTFOREPRENNTIEZOFIHS L KE 7%
5T ENRDIrD, Kz, EE)T HEFITHIES -
TWAHEDFEPL, BT ACE VD ZDOFENEES Hey % il
ELT(S—ET ) EEEH L P OBENT5 2 L1l b,
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(@)
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Fig. 5 (a) Schematics of spin precession due to the Rashba effect.
(b) Energy dispersion curves of 2-dimensional electron gas
with a strong spin-orbit coupling as well as a broken space in-
version symmetry (Rashba-type spin split bands). (c¢) Fermi
surface contour of the Rashba-type spin split bands with hel-
ical spin textures.
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NV R, MICEEZESPHIISNSZ 22Xk, Fig.
S5(D) ICREINAHERIC, WEHICAY VRS LT L0
A8, ZOLE, RERESFEN S k=0 2 FLHg X L
T+k &= ICBVWTAYVOH ARSI L TWAEDHN
BEThbH, T kHZO Y, WEEREER #7745 (Time
reversal invariant momenta=TRIM) Ti3hd AV fEE
Db, IHIT, 20DV EFBRZELTVWAHALD L E
7 VI TV F—% B &, 7 o)V I Fig. 5(c) I
RTERIC 2 DO E 755, Fel DFRIC BRI Hee
=Exp ThHzbh, BICEHZ ML EEHENY Y
KHEETHH D, ARES, Tobb [ AV 9
BHEICEmAIICHE, SOICHERA7 FVICKH L THRET
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BMAEZEENTEIANYHIVAY VT 7 AF % — &S
bo Eiz, HEIEIMUTIEI ALYV ONY V5 ¢ =D 7
> TWAR, ITNbHid 3w FRa Y )LVikiko Dirac
MBI L/ Dirac a—V O ETFTAEUANY VT 0 —H
W7 > TWAB T LITHIET 5,
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(a) Conventional insulator
i " |

Bulk cond. band

(b) Topological insulator

Bulk cond. band

*Edge state
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k k
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Fig. 6 Schematic band structures of semi-infinite crystals of (a) the
conventional and (b) the topological insulators.
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IRIHRIC, WEOWBRAETIRT v VIREDEE T 5854
T4, i Rashba B AV 52Ny FOWAE L 5,
—77, FRBYIIVHEBEOSEL Fig. 6D DL DI, &
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LCHEEIN5, T70 5 Fig. 6(a) TR 3@ % Oz ikid
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BT LIk, PR YAVEREE TR S
B, CILEZTOHERFBICHENML £S5, Z2TH
BiiSh, b WO &L AHY LT B, Bi, Sb & LIC VKT
FETHY, L Fig. 7(a) 10 R TR 2Em &S (thombo-
hedral) IZH S, WHFRBMEED 5\ IE AT BIRES &0
ENb, FERTRINTWA LIS, EHEHLEL TOH
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Fig. 7 (a) Crystal structure of Bi,-,Sb, with rhombohedral unit cell
(solid line) as well as hexagonal unit cell (dashed line). Two
hexagonal layers indicate bi-layer (BL) of Bi;_,Sb,. (b) Bulk
Brillouin zone of Bi;_,Sb,. (c) Schematics of bandstructure
of Bi,_,Sb,.
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WHELT, TNOWMIEHED G4 By Sh, i3 Sb DRED
WM > T, BiEE 20 L DR EDL LRV, Y£R8
A LB EZEL, SOOI FRE Y HIVAE
BELFT 5, Fig. 7(b)IC/0 7 & (AMID)FEROT I IVT
V= VERT, SNV TDTIINVT Y=/, TR
FO 3 oD% L, X 5058 2D TRIM A& Eh b,
Fig. 7(¢) O£ flIc R4 4EIC, Biif(AlZ L SIc CT %L
F—F o v THFEON, THICKTAMEFHFEENL
MTOLREHFEOI FILVF—LD & EIC kA0 LR &
th, ShiEEZRINE®% &, Fig. 7(¢) O RICH 5 &
202, WEIC T SoffiEFHHEO T FIVF 2T L,
0.07 <x<0.18D#IPH TiI L &S TH30meV O T F ¥ —
Fr v ThFEOMEGE CEEE) Lk, SHICx>0.18
TR HO E TR FHE EDO T IV F—R N4 572034
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©DFREE), Fx v IPBAL KIIMETHE LD/
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Table 1

o) | 6(L) | &(T) | 6X) | (vo; vivavsy)
Bi -1 -1 -1 -1 (0; 000)
Bi,_Sh, -1 +1 -1 -1 1 111)
Sh -1 +1 -1 -1 (1; 111)

V=2 (B, REHOEN [ L85 1 —Duk
PR S, FIZ O [N 5 4 =D ] 2%, @i
fA O b ARa Y h Ui L2 T A MBS DT
BH5o

KIZFu & Kane I L » TERLSI Nz FRB YAV
FRAROFFNENC DN TR BLIC KB 97 52020, O FIREIC
DWTIHINE TV L DO AL TR 73 237
INTWAHD, I TREFRICENZZFICE DT
W E g BT ARE L ELT, SNV DT Y
W7 =D 8 5D TRIM #h FNIC >V THE/N YV
FONRYF 4 =" THRNES, ThOOBE 5, W E
7S5 —=AFER LNV Fe—D2 bk Lc2nFEB DO/ 5
4 —WEEMEE &, (Ty) (1 F23-1) &5 EN) 5 1 —
RRITKRORRIZEY 5,

o(Ty) =11 &.(T (5)

T, 2OV RIS B YD, TRT
DN TZ N FIEAEVFERL TWAZ ERMEL T
o E£2TiE 8 2O TRIM O & TH Y, kTN
U af % T = (maf+ neaf+nsad) /2(n;=0, 1) X F4
%, Table 1213 Bi, Bi,Sh, XU Sb {2 2\ T TRIM T#
HZT,L T, XETOT) OFtHEEERL TW52, ¢
TICHBZ I BT OE LB, Bi T4 ToHOTRIM >
WT—=1THADIZx L, Bij,Sby & SbTid L &2 /8
V754 —BEOBFBEREICL > T0W5hH, RIZ, TNHD
TRIMTONY F 4 —EER@D SIVILT V=D
TRIM ICHE LAY &%, £¢ Fg. T(DITRIHICT, T
D2ENERTIINT VY —vOT Sk Ihezns
OEN+1 b, —J7, L XD 25T M AicgEsh
—1Ea0REBHERHYET L, EEIOLDICER
TUINWT U= /ICE T A 2250 TRIM I B\ TH NI
WEFONR) T —Bafo TOWAEEICIE, TE &5
] OKEOT7 )V IWEFFOFB DL > TV 5H, X
DICEEETTOLE, NV IZ7OTIIT V=D 8
20O TRIM IZOWT, (DRTHELNINNY T4 —EEH
WCTA DD Z P ROV HINAEENEFRIN, Th b,
(vo; vivavy) /NS,

192 © gt July 2011 Vol.24 No .4

( - 1) Y= I:[ 5141%2%3 (6)

O, (J=1,2,3) (7)
INH A DD FRBYHIVF V8= (v; vivavs) DHFTh,
vo PEBLEWRZEL, vo=1 OKfL strong  topological
insulator, vo=0 OKFiL weak topological insulator & M3
NnoEsn 5, Table 1IZRm 38R, Bildd 2D Ry
NNVAEENETEOTH A7, BEOWEICHTEIN
50, Bi,Sh, & Sbid (v, vivevs) = (15 111) &725 T
W5 CZ &b strong topological insulator (Z 333N 5,
72721, SbIFFEBEITIIFEE TH S/, Bip.Sh, (0.07
<x<0.18) MNAMDOFEIRTO strong topological insulator
Lis b,

3. M ABESBABFHHR

3.1 BEMEXDBBED

S CH—FHEE T N RO Y U E S BER TH S h
73, ERTENERIET HAUNERD S, KEHO A A
VIT—XThAHAESRNET 5 (ARPES) T2 O
AEFEE L TRDENERFETHH, PRIV
IR TH B2 E D aERINTHE T HITEKRD 2 KIS
B H L TARPES HIE4#4T 5,

(1) #ETVILVT V=D 2250 TRIM B HHA

DEE NNV FPFET BN E D hETiNs,

2) 7V 7 D3RI EFREE WA ST 5,
3WTE PR VA IVHGEKIIER ANV ERGFICERE TR
FRWERON TV EFHEIV 0T VAETHAD, L
ML, VT DIFIF—F v v TOKE I, RTEE
MEAFGE L (LDA) R—Z & U /o8 — B3 TRkl ¢
e, EBELXODLNSKHETLES>ERICHA 2
5229, )L 7 3 F OffiEFw 8 E R ORE R DK O T
FIVF (Ll & T VT ) — BT B E & ER
TRETLHLERDH, IHIZT, HLERHNNVFERSLY
NV R ELRVF—CEL > TOWAEEICIE, Th bR
RERIOF v 2V %l L - Rkl 4 F R 3 2 BN H
bHo TN BRD A 7210, KNV F LNV TNV FD
BRI S AALEBR A BT A2 LA EETH 5,
7OV 7 D 3 RTEHI 75 B F S A RIS E T BT
KDI2THRRBLERICAG N T HIVF—RA]E T nid
TR\, IBIT, ikt A XD ICHORIAEFIHT S
L, VIRV E OB FREAIFIL, KM Dirac
cone Z BRI D 4 Z EBWREICE D ERITH 5,
CDXDIT 3R MR Y AV O T TR OB 5E
i, ToVF—al B, Rt ae s gt
OFAMPEETH %,
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3.2 HESBNAEFSIN (ARPES) DRI

IRIVFE—hy % OHB AR L7k, Er AT OffiE T
HORML VT — (Eg) OETHPLHEFHH S
NHBEEE2 5, WE, TERTOEHIL X ILVF —%
Ex, HFHER A ¢ LEL L, TRVF—REFEAMID hv=
Eg+¢+Ex WD D, T7xbb, XEFOEEHT IV
F—Ex PEEFRM I OVF—Eg ICBH#EL TBD, K&
TR I % Ex DB & L TRO NI T4 O IRREH
TEEBHT A ENTE S,

[ AZRH 2> & B & N B TS OB 2 E 8) T 1L+ —
CAEOMB YL THIET 200 [HESBILEFDEL
(angle-resolved photoemission spectroscopy; ARPES) |
TH b, FEEOMTETHIZ>WTARPES ##fH4 5 &
IZ&-> T, TRVF—58ER (TXVF—vs. ) %
ERANCRE T HZ LM TE AP, /AT, KEFT
FVE—GHBBBEAR L2 LI k> T, TRIVE—S
fRAE, AIESMRAED & LITREICH EL, SRR 2 llE 2
AJREIC 72 > T &7z, Fig. 8(a) IC BT RIVF—5 D
BRE 2 7R L T\ B, I & - THEfAF 2 b B2l
HENIHEETFIIHEL VAL > TAHAY v B RICT
F—NAIN, BFLINVF—FHBICAD, REMIC
i3, EB)T FOLF — R A O R 28T D R IO
mETCHIESN, WA Y-V ETHSELD CCD A
ASGTENERBTHLAEL>TVWS, 2OLDICT
TIVF—1E#R, AEBHRD RIOREROF v /L &
CCOD M ASDOE 7RIV ERHWTELNS,

%9, Fig. 8(b) I KHEEIC & » TERFLEERNT 2 5
HAEPICHHSINGRRTFERT, WE, BENTICKIT 5
EFOMEBEOKE S % hk, ZTORMEIFHTE LUHEE
BB B SG E EN TN Rk, bk, LB, —T7, BEZ%dh
I S N/HEF OEHEOK E % WK, ZTORMANIC
PR LUEBEESHER T ENENRK, K, &3
<o TCTH, EHEMICIIAEHOBIELA RN TV A
B, BEFEICIERI-N T RWT b eE 2 5 b, ElhE
RN AT RBG O APRAE SN, BERDIERFL 7%
WaDT,

hk =hK,, hk, #hK, (8)
B ILD, HEHTOER T R IVF—\F Ex=h2K2/2m &
EbO#DT &0, KETOBINAE Y REERED ORIl
TOTHAEBHEITIKRD L D7 bk BRET HA0E )
N5b,

hk = 2mEg-sin 6= 2m (hv—Eg—¢) -sin 0 (9)

COXRERH T, EFHEWND KILD L RIVF—/N F o
HRETE DL, —F, KENCEBE LRSS k120
TIEHBRT VY2V Vi HWT, RO LD ICEIN

(a) Electron energy analyzer
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mep {

‘ b

Electrostatic lens. U ‘
(b)
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Surface
hk,
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Fig. 8 (a) Electron energy analyzer with multi-channel detection
for angle-resolved photoemission spectroscopy (ARPES)
experiment. (b) Schematic of ARPES of solid.

%25)0

hk, = 2m (Ex cos? 6+ V)
= 2m- [(hv—Ep—¢) cos? 6+ V, (10)

KSR TE ST RO BBIth & RO 72 dICid, —i
FICREDLEFRE (0=0°) ICREL T, Ao
WF—BZ LS ¥ 5, ARPESHIEAT25 Z LiIC &
RS EEY (A

3.3 HiSOR [Z&(F 21451t ARPES
KRIRHELE TR T S HAHE ARPES SE5id, IREKRE
BRI % HISOR DY) =7 7V 2 L —R —
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Fig. 9 (a) Crystal structure of Bi,Se;. (b) (¢) Experimental energy
dispersion curves of Bi,Se, taken along '-M and 'K direc-
tions. (d) Intensity maxima of ARPES spectra along I'-M
and K lines as denoted with boxes and circles, respec-
tively. The solid and dashed lines are a fit with the effective
Hamiltonian along the I'-M and I'-K directions, respec-
tively.

D
)

hed o
=] N kS

Relative to Dirac point (eV)

-02 0, 02

ki (A

_omeV | __
Dirac Point

b) Fe-F—f © Me—F—n @ He—T—Wn

350meV (Fermi energy) 200meV 100meV
01 B 0.1 01~
"N\ o<
o 0 O o X
J ~
.01 -01 -0
-01 0.1 -0.1 0.1

-01 0o 0.1 2 X 0° .
ke (A ke (AT ke (A

Fig. 10 (a) Energy dispersion curve along along I'-M direction

(left) and constant energy contours at several energies from
0 (Dirac point) to 350 meV (Fermi surface). Selected con-
stant energy contours at (b) 350, (c) 200 and (d) 100 meV.
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(a) Calculated constant energy contours at several energies
from the effective Hamiltonian. Selected constant energy
contours at (b) 350 and (c) 200 meV shown with calculated
constant energy contours with the effective Hamiltonian.
(d) Schematic of the warped Dirac cones on the surface of
the 3D topological insulator. (e) Illustration of scattering
channels for the ideal (bottom) and weakly warped (mid-
dle) and heavily warped (top) constant energy contours.
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Fig. 12 (a) Theoretical surface state dispersion (solid lines) and &

projected bulk band structure (shaded area). An arrow
shows possible surface to bulk scattering channel. (b) Cal-
culated constant energy contours at 250, 300, 350 and 435
meV for a slab of 5 f.u. (¢) Predicted surface perpendicular
projection of spin polarization for the constant energy con-
tours at 350 and 435 meV.
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Fig. 13 (a) Rhombohedral primitive cell of T1BiSe,. The equivalent
hexagonal lattice of TIBiSe, with atomic layers stacked in
the sequence —T1-Se-Bi—-Se-Tl-. (b) A schematic diagram
of the bulk Brillouin zone (BZ) of TIBiSe, and the two-
dimensional BZ of the (111) surface. (c) k, plot as a func-
tion of k. In going from Av="70 to 98 eV, the whole Bril-
louin zone is scanned along the ¢ axis.
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Fig. 14 Theoretical projected bulk band structure of TIBiSe, ob-

tained with ideal atomic positions (a) and with fully op-
timized geometry (b). Lines show constant k, contours.
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Surface Dirac Fermion captured by synchrotron
radiation ARPES

Akio KIMURA Graduate School of Science, Hiroshima University
1-3-1 Kagamiyama, Higashi-Hiroshima 739-8526, Japan

Abstract Topological insulators, which are based on the totally new concept of solid state physics, possess
gapless states at edges and surfaces while they show insulating behavior without current flows inside. Be-
sides, massless and spin polarized Dirac Fermions exist at the edge and the surface of the topological insula-
tor. These lead to a quite fascinating property such as a suppressed electron backscattering at defects and im-
purities, which opens a pathway to realize a dissipationless spin-based devices and a next-generation super-
computer. Such surface Dirac Fermions can be well traced by the combination of synchrotron radiation and
angle-resolved photoemission spectroscopy (ARPES). After an instruction of the topological insulator, our re-
cent ARPES experiments on the surface Dirac cones of the 3D topological insulators will be shown. Finally, it
is emphasized here that the synchrotron radiation plays an important role in experimental realization of the
new family of 3D topological insulators using ARPES.
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