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Fig. 1. Principles and skematics of spin-resolved ARPESPS™.7: (a) Principle of the spin-selective exchange interaction used in a

Mott spin detectorP; (b) design skematics of a Mott spin detector(™; (c) skematics of an ARPES system equipped with two paral-

lelly arranged VLEED spin detectors(™, the design of which were adapted from Team of Okuda in Hiroshima University.
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Fig. 2. Principles and skematics of time-resolved ARPES[%:

(a) Principles of time-resolved ARPESF;

(b) design example of a

time-resolved ARPES system[”, using the 800 nm inferred radiation from a Ti:sapphire laser as the pump beam and its high

hamonics produced by a gas jet as the probe beam.
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Iimer ( kH) Isurf (Ef, kH)

FEASC R, A e HF ARPES JR158Y A e it
SRIE p A PR RE. T AR B 2
FXRAT Ny, B p BYR/D, S EARRIE
HET™ R iR 58 R ARDHE M L 1Y AR IS — 2P A
(relativistic one-step model)”. FEiXPHEIAIH S

EERNINED) %ﬁ%ﬁ@pﬂj_7
p (es k)

= —%Im/dr/dr’WfT(r)UT’Hime(rm YHE Ub(r'),

nt

XU = —io, K MRS ] BT, i/ (r)
s — NI 1] S e [ e AL AR AE FEL T AT 2 (time-
reversed spin-polarized LEED state, TR-SPLEED
state),

Ul (r) = (r| G5 U |er, ky) -
TEARRX S — DA rh | A% AR R G I G T

& 4 x A FAE I, TRH ELAE P e 2 i A A
U

Hine = —ac - Ay,

Ao A 58K 2 Bl AL R 28 1% A8 b 1) FEL G U % 1 S
1M o 3K o = 01 @ oy (k = 1,2,3) EX (0= 0y
SRR B BEHRE). RIS 1R R
R & p 230k
tr (op)
tr(p)
1M A e85 BEAE R p (eg, oy ) ATIER R DU TR =2
GIENGS

p e ky) =

I'=t(p), p=

ato (Ef,ku) 4 pintra (€f7k\|)

+ pimer (Ef, kH) + psurf (€f, k\l) )

(r,r") Hir (7).

& FiE ARPES b, A S0 S AR B A i [H]
23 PE ARPES FIXUET ARPES. SFEfTHY— 445
RURFSE T R 5 2%, BRIAAL TEBH B BT
G —HLEE, I RS RDGH Rk A s
T A BRIEE R i) Keldysh ¥ARREOT . 1%
D5 R AT iR 11081

TEMENEERGZAHT (t= =), RELT
P I 2 T H T S R A T, AREAS M [ W,) 1Y
FRtE A, HOEI R EZ5 510 s AL

exp [—Fy/ksT]

Zn exp [—E,/kgT)

Kbz M IEW R EERL /R B, B, RREEANEE. 52
SRR, FR G0 B0 5 3 TR H pum (1),
MARTESM t = —oo BFH|0,) EALE] ¢ = t,(FRM
TR 52 3 e T — Z10) B0 |2 (40)) , FLi Ak
AN

n =

= Z lexp[~E,/ksT],

W, (to)) = U (to, —o0) |¥,)
Hrh U (¢ ) AR A s A £ E AT,

r-sf 1 o]}

Ao 7, TR R HEF 54T, 0@ (to)) TR AE
RG0S WG, H R A2 PRI G 52 e B 1)
44%)]j<77

Z R G fﬁﬁiﬁﬂpmbe()ﬂﬁﬁw A5, )
i<|slf1 (to)) (t = to) IARZS |[WF (¢)) (¢t > to) WAk, T
SN ¢ = —oo [1] ¢ = ¢, MBI LA,

() = U(t,to) |¥h (to)),

Ot 1) = ﬁ{exp H /t tiul(Hpump(tl)wpmbe(tl))]}.

FEMA R S L i R4

hk,

AT ], FEVLESFE G F T 10/ MARL Ry b A: —

NEhEN K, TENERE T LI R drsr, (k)

R . 2, REFERTTE] ¢ iOEH
Wit (RS> ARPES f55) A

<Jd> (t) = Z Pn <WF

— R, (Ja) (¢) BT 0. %

JEEZEH ARPES U Gy 5 B — Ok, iR

I B 5 AR R/, AT DL R P B

Jdﬁ

+
Clo; Ry Che; Ra»

()] Ja |@5 (1))
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(perturbation theory) ZbFRERMDYE, 4B 1A & 24
FERE 2 H T RE 1A DAEAE 7K. FE— st
T, WS AEAT U (¢, ) AT LA LN

. t/
U (t’,t):U(t’,t)f}i_L / dt U (', 1) Hprove (t1) U (1, 1) .

t

i DL B T RIARE (Jy) (1) B ERIREL

0= [ o [ a0 S,

n

X (Wy| U (—00,t2) Hprove (t2) U (t2,1)
X JqU (t,t1) Hprobe (t1) U (t1, —00) [y,) .
k2, B IR LL (v, Ry )RR Y o5
PaSPARMDCHCZ 2 UL (v, k) R AR & P82 BT
TG HL I (Jq) () B9 RIB Y (BARAYHE S AN
s L SCHR [103])
(Ja) (t)
hk.
e Vx”’zkik’
1M P (t) 7T LA Keldysh /IMEMPREL (lesser Green’s
function) Fik:

Prry (k (V) Prry (K (V) P (1),

.1 "
P(t) = —lg Z My (va, ve; k) My (v1, ve; Key))

Vi,V2

t t
X / dt2 / dtlS (tg) S (tl)
to to

xexp[iw (t2 — t1)] GJ, k, vaky, (B 12) -
o M, (1/, v'; k;”) = <u’, k'H| liehAq (r)exp (ig-7)/
mec] - V v, k) BB T HETT, Aq () s (£) 7351
FARGEIEAEZS BRI [R)_ 534, 1

Glflkc” 7V2kc|| (t17 t2)
=i Zn Pn <Wn|012ke” (tQ)C,jlkCH (t1)|y7n>

J& Keldysh X [B] A5 2 {E £ fE 25 /NS bR R 4,
o c,i,cu B> HL L B IR B I i Ho (v, k) 1
AAEZSHL T (Mot ARERL A5 ).

2.5  BtiE B HA 3% th 1Y B8 75— Floquet
HLH

AL T2 [ JE 9 37 v e R B 2l

1 Bloch REAFA5HE, HL 1R 5] 1) J 1M 443

B, 2 fERe i P B B M ASEA. Bloch Al

Hil VR RAT, YA W R L H (r+ R) = H (1),

HI7 DL B —2S [E) R 5 R N EWIRT, B T
T T RERIE O (r) 2 o (r) = e*Tu(r), Hu(r)
W u(r 4+ R) = (r) B REC SEIH, 2405 %
i HLA BHaUE AP (FROA Floquet IS %51 &)
H(t+T)=H()
Bf, R 80 M Bk AR IE A (Floquet 48 iE 25 |4 (1))
il 2. 004
W (8)) =e W g (1)),

Hlp ) 2L T HEIARIREC |6 (t+T)) = |6 (1)).
LEG AT RE 15 R I — s AL A A

6(0) =T |=i [ arH (k)] 1 (o)

= Ui (t,t0) [¥ (o))
A LLE ), 78 Floquet #I7IR ST, AESAE—
MR ER T R R AIES Z 1 —1>
AHAL:

Uy, (to + T, to) [ (t)) = 7T |4 (ko)) ,
Wit v, RE ML —ARMESTER R E#5)
er = 2nnh/T (n € Z) G RGN — DA, 78
ARPES il i, 3 S8 357 iy I A TR 25 23 L B 1R g
I B, AR 1 [A] B 55 ] I 25 i 2 (1) BE B
JE]. 7EBOCE T ARPES b, A8 & 17 ba 25 T4
ROGHIRERL.

3 BRI L KN ARPES # %

ik = A\ N 2K (strong three-dimensional
topological insulator, DA fAi#K A 5% TT B 42 HK
i TI) & ARPES S5 W& S A9 5 — Kb AT
WEERSERR. B I, =4I AR MR
PERT AR 4 ANBUEA 0 38 1 A9 Z, ML (vy; vy 1
vg) TR (HAARE SCIULSCHR [2]). R MR v =
1, XA R N5 T =458 T1 RREHE1E
4 TIHES:, e —MAHYAs. B il
REAT RIS PN I h e MR MRS (topological
surface state, TSS)”. 1£ E-k g g5 ¥ K, B4
B S H PR 2% 5T 2 A BB S AR BE A A
P B A 2 TR AS A B 3 PR 25 3% T BT 78 A2 S5 ff ik
TN LR X A, I ) B3O ARt R H A A (B
R HRBLE ) AT ITRERRE. TEARREB IO, 1
FORTE A WL M SR RESIE S . T A E-2h i
FERLNE , 31X P 2% 32 T R AR 2 R e Ak, A
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[] 37 e AT AR REAS . 2208 kep ALY ) 55
TR, FE— 2k ARk A R B 2R PR RE T Y 1 IEARRHE ) 2k
L S TR TED PN 1) I A (Y T DD g v ) 3
Ui, FEE KB vE 5 1Y B-k fEAT R, WIS BE I B
WX T BT E-k T, HARATT I RIGFA . 534,
FEA LN X AP A — 288 i R o5 7 B ] S T A A
FHTAAE, FRR “Bf ] S i AN A2 ) i (time reversal
invariant momenta, TRIM)” , 40 [ &5 (L 4k
FRBE T ) A B X P A @ xS RR A, T
[G]), VU5 A 19 X R F0 A R, 7S AR AR Y A 25
TEARFN AR, Bk s s 57 T TRIM sk hr
SOHER RO E 2w, BOE P TRIM RZ
()3 Ao 2R OK T (BT —4F RE T ) 2K s ve BRI 5
REHRCR. AR AR s tEREE A2k
L 5 )[R 7™ A B (A P A B A o 5
B EREEYI T ARPES FIHTES 3 ARPES
FPY M b, L 2 3] 2,

3.1 Bi, ,Sb, FAJLF B RIRFIELEK

HR BiySes RINMFFN ALK RAE T SAH —
A Ehr e, W R TI s AiBaAL, B B3 —
M ARPES SEE0IESE Y5 —4E T1 J& Bi A1 Sb
FhICE M M54 Bi,Sh, X—HRIM TR R
TE 2008 4 Hy T AR 3 K 2% Hsieh 55 0400 % 91 (L
[l 3(a) FIEL 3(b)I). HEl 3(a) AT UL, A RHEE [ 1
M XA TRIM 522 (B4 5 Zc4h b3 1h A i 2%
K, PR 2 T1 A7 B Ak hr s fig iy i 2ok .
vE—2, Hie/r ¥ ARPES (SARPES) jiIFsZH
=ANBEA 1 B ML T a2 < —F P R (K] 3(b)),
RECH 2 B iE-sh a8 K. Biy Sb, HiFME
AT A R 2%, AR TR A i s v
BT, WG 2FRAE R Z . 3 ARPES #F5¢k
Ui, SCHR [105] FE4HIHR T 0 < 2 < 0.6 L HE A
Bi, ,Sb, MR ERE, 15 thEATHRE =4k TI, Hi&
IE T 3CHR [9,10] FAER T e [ 8. SCiEk [106]
ORI E 1) VLEED H BRI XF Bi;_Sb, #ifh
TS A BEALNE 13— 201 b, a5y
[l %y SNUE TR NS A S

SCHER [10] LA ] SARPES 5118 T Sb 9 it
(FHYTF 2 = 1) WREH R M, 46 L P s B
Z5{Ml Rashba BF 40 W B GEAT J&— ST 2k $7
vefE, H A e A el L R B e 2 R B i
3K (K 3(c)—J& 3(f)). K& Sb 4h, ARPES S25e & i

ﬁ%ﬁ‘ TI Z\ﬁ Oé—SIl[lm_HO] \//I\EE/‘J Bl %ﬂﬁ‘[lll—lﬂ]’
DL K Bi BT (Y (111) 2 7 figg B ) (1410] S5 75X
— ), — A LR R A g R R e T AR
ARPES #8I\ T #VHIN 4 AR | M55 5% & s SR 1w 1
WALk Shockley 2% i HL T & 2 A F-H 19,
3 A VI SR DL 1 4 R R BB TTOL el
Bi 5 S AR R A DA R TS < B Fh N e g 1A
H RS BORZIFMAS, (AFE S f Ak i —
Yt 303 5% 3552 B R U0 I R) SO AR M LA K 42 SR 1)
= H T A S (] S X B R AR

WA A/ SCHRATE ST 505 4 N4 5 A ) A 2 B
D R 3K B8 g3 1 R AP IE (molecular
beam epitaxy, MBE) 454 A7 A [A] ()4 IS 4R
Koo ATRAARG ) YRR 0RE M, H LR
T 2R AR | IR 2 R I ASFTIFRERR, ik
A7 A MEAR I R B 48 20K (R 3.2.8 715
X} BiySes 751 TI #fEAIFI8). (HAERZIEOL T,
JH DA A A 0 5114 e TS T B %) 52 Wi S ] 220 48]
I Bian % 1181 F] f] ARPES #F5% 7 78 Si(111) %
1A K 8 2 (4 AN RUZ)Sh i A F M R, &
PR A REBHARFT I, FIEZS 1 8 2 Sb iYitHE
SERRTT. X FR BT T X AR i A Fh M T ke
THGEMRWER. Ohtsubo Z51%8 fl Takayama 45119
A3 a-Sn FUBUZ Bi 1 95 A 5T 4 b 4 2 A4
177538 ARPES 1 A e # ARPES Wi, 48 1H
a-Sn TEJZEAETAEE N (6140 30 JZ=F 34 )2) B
A T, K EA AR YA 10 Bi R A
EWAL P el TR HiEssiiRF Miao 451201
W55 K AE BigTey 3R IAAINUZ Bi i, & IAR
(AP 7 s AE RE T ) A — 5 BB, T BBk
FHEH BIS AN FLVF IR “TCT5 ZOK o B 19 188 B (el
KR, IR BB R T BiyTey ] JiE 5 M2
Bi kLT HERL T IR A

(EHAFER A, TR T SR A K B3 04
LRR A ARPES #2314l — 45 i 42 s M
NGEMEEE . Takayama 55 121 7E Si(111)
FmAKM, mE/NT ARPES A ST EHER/NE
Bi SR B9 ARPES 3%, 76 JE A A R0 5
SHALE LI T ARES ) Rashba FERYAEH, HIXFl
REHFTE K, 7o el (. SXIIEIESE ARPES
AU A RS, R — 4GS k7S
] 53 HEfE ).
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/A1 k,/A-1

K 3 ARPES SZ 56 & B 55 — 250k = 4 40 b A 2 (A Bi;_,Sb, & 4 #1 Sb #5091 (a) Biy,_,Sb, " — N 7 [0 7 45 4. S0
1— 54578 5 MHFMNRIAS; (b) K (a) T O LARR 34310 4k (MDC) #49 H ML /L% 8. Spin up (Spin down) F/R KL
T (a) BIET (J5) 775 (c) HBESr B ARPES 4 1 S B0 &% 45 J7r; (d) SbFLSY [ — A7 7 I BEA 4544 (e), (f) I (d) A
B 2 bR7R 1 MDC 19 B BEM AL B Up/down B LRI A (b)

Fig. 3. The first 3 D topological insulators, Bi;_,Sb, and Sb, discovered by ARPES!: (a) ARPES band structure along 7 — Af for
Bi;_,Sb,. Numbers mark the five topological surface states; (b) spin polarization along the green dashed line in Fig.(a). Up/down
represents a polarization out of/into the page; (c) experimental geometry of the spin-ARPES setup; (d) ARPES band structure
along " — M for Sb; (e), (f) spin polarization along the white dashed line in Fig.(d).

3.2 Bi,Se; RIIAFM ALK

ARPES $5 Hh I RAL S 03 A TR JE 1. ]

FFMALR iR TT S A Hook 10 0E
W58 IR Y i = 2 TIJZ BiySes R 41, 4 4&
BiySe; BiyTey Fl ShyTes iX =F A (SbySey 42
o TLAAEGL). X G Y HA R )2
(quintuple layer) b—FEAE K oG, HITZ[H]
DIBS5S B TSR PL R M 0 45 6 i ME 4R AR R, 3R
H1E T ARPES, STM 45 3% Ifi ) #L£7 A 1 iF 5%
2009 4F, Wit AR K2 Chen &5 M DL K38 AR5
% Xia % 120 F Hsieh 4§ 122128 J1, 5[] B} A A

KX — LG T mi B — KT e
PRI AR, T 1 o T B PR 9 48 G AR i A
B FERRRIRER VLN, BisSes BRI SEHEEAR
Fe#Ag X, Wi BiyTes BRI re A = E AL,

(HAESEUT AP e i AL, BT ANk XOE, W
AR SR AU RN T I ESR. SR E A
[, SbyTey HIMABHE— N TRIRK p B TK, I
AL SE AL TN N 024, SARPES #E— 2D
KT AL S HE R E BE-BUIEBUEAT N, TR E 0
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ML 5 5 T R A EAE AR 3.2.5 95, B CD-
ARPES #l SARPESHF 5T 2k $if v F A RES 19 A
SER AL, TEAH 3BT A SPGB . A S TR RS
Xt CD-ARPES #l H B¢ {5 5 B2 M, Hi B AT 5%
TT A BEA IR — 7k, 3.2.6 7, I trARPES,
W Yt F ARPES (two photon angle resolved
photoemission, 2PPE) 4 i} 8k fi 1 58 i 4 A 1
MBFTNR R B AEPH S 3h st Bl B 3.2.7 75,
A trARPES BORMFFE TT FERG ] 51922 1L Y
PG RET 451, # 3 Floquet 9 Fh 48 2 {4 ;
3.2.8 17, i MBE 45074 K TT R B Z 50 R
W, WIFFE LR o M BORIAR P m e, 5545, R T

@ 4
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<
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=
=
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o
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=
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g
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(a) Bi,Ses l BiyTeg MY i A 4544 (11; (b) BiySes F1 BiyTeq 9 74 F1 2 1

A0 HLIH X 1245 (¢) BiyTes MY 2K 5 4t (T PS8 %P R 5 11 )11, SSB: 4R M 3R 1H 45 ; BCB: {2717 ; BVB: {R 47 ; (d) BiySes 194k i 5w
HE (I PIAS XS BRI 181) 12 (e) BigTey 2K L 5 4k K JLIE LI 2 K 1T 122 (£) &1 (e) RBAY 1Y H HEAR fh 175 1 (122

Fig. 4. The first ARPES studies on Bi,Se; and BiyTey single crystals!''2122: (a) Crystal structures of Bi,Se; and BiyTeg!'!l; (b) bulk
and surface Brillouin zone of Bi,Se; and Bi,Tes'?!; (c) Dirac cone of BiyTes (along two high symmetry directions)!'l. SSB: topolo-

gical surface state; BCB: bulk conduction band; BVB: bulk valence band. (d) Dirac cone of BiySe; (along two high symmetry direc-

tions)["?; (e) the Fermi surface made by the Dirac cone of Bi,Te;'??; (f) spin polarization of the bands in Fig.(e)!'?2.
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(a) (BiysSns)oTey MR EH BT 2K, L IEI#4 8N BiyTey (6 = 0), T K4

B 6 = 0.67%1; (b) BiySe; MAFREHE L AL, LIS F $8 K, F AT 28K LT 150 meVI?; (¢) #]H CD-ARPES & 1 1) 2%
K BEMR AL s, 531t sin36 JEME T 0 AT UL 0281 (d) &5 B 3R E A A7 AR B A BE AR Ak 1 43 A7 129

Fig. 5. Hexagongal warping of the Dirac cones in the Bi,Ses-class TIs!!'12712]: (a) Snowflake-like Fermi surfaces of (Bij_sSng),Tes.
Top: Bi,Tey(6 = 0); bottom: 6§ = 0.67%!'!; (b) constant energy contours of BiySes. Top: E = Ep; bottom: E = -150 meV['?; (c) s,
component of the spin polarization vector, extracted from CD-ARPES data. The sin36 periodicity is clearly visiblel'?®]; (d) distribu-

[129)

tion of the spin polarization vector in the presence of quantum well states!!?l.
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Fig. 6. Introduction of quantum well surface states to the Bi,Ses-class TIs by surface deposition!?*'3: (a) Formation of the new sur-

face bands!

133 Pairs of quantum well states are form progressively with increasing surface Fe dosage. Each pair of new states adds

two Fermi-crossing bands between two TRIMs; (b) same phenomenon as (a) observed in K-doped BiySe;, compared with ab initio

calculation results!'®; (c) physical explanation of this phenomenon

[129]
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Fig. 7. Study of many-body interactions of the Dirac fermions in TIs by analyzing the imaginary part of the self energy!10-142l:
(a) Results of Ref. [140]. Top: Imaginary part of the self energy (ImX) versus binding energy (E,) for the topological surface state
(TSS) of BiySes. Bottom: Analysis of possible scattering channels; (b) results of Ref. [141]. Top: ImX vs. E,, for the TSS of Bi,Ses.
Bottom: Full width half maximum (FWHM) of the momentum distribution curves (MDCs); (c) results of Ref. [142]. Top/bottom:
ImX vs. E, for the TSS of BiyTes, obtained from MDC/EDC analysis.
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Fig. 8. Complexity of the CD-ARPES and SARPES signals(16143:150]; (a) Experimental geometries in Refs. [148,150]. p and = (s and
o) are the same; (b) CD-ARPES signal of the Dirac fermions in Bi,Tes*8. The CD signal reverses sign for two times as the photon
energy goes from 21 to 55 eV; (c) the three components of the spin polarization vector (P,, P,, P,) vs. photon energy®’; (d) sign re-

versal of P under two different linearly polarized incident lights!'*¥); (e) complex response of P as a function of light polarization!

+ sp-pol: 45° tilted linearly polarized light.
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Fig. 9. Possibility for studying the initial state spin configuration despite the complexity of CD-ARPES and SARPES signals!!%2:

(a) When hv = 50 eV, the spin signal is unaffected by incident light polarization; (b) when hv = 6 eV, the spin signal changes sign

as the light polarization reverses.
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Fig. 10. Studying the unoccupied electronic states of Bi,Se; using trARPES and 2PPE ARPES['"!54: (a) Three relavant processes
of photoemission!'™. (i) An electron photoemits after absorbing two 6 eV photons consecutively (situation in Fig. (b)); (ii) An elec-
tron photoemits after simultaneously absorbing a 1.5 eV and a 6 eV photon [two upper left panels in Fig. (c)]; (iii) Normal photoe-

mission (two lower panels in (b) and (c)); (b) unoccupied bands revealed by Process (i)!'?); (c) bands reveals by Process (ii)!'*!. The

X-shaped Dirac cone is a projection of the TSS below Ej, not the 2°d TSS.
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Fig. 11. Studying the relaxation process of the excited state using trARPES!™'%): (a), (b) The trARPES result ((a)) and skematics
of physical process ((b)) of dynamic relaxation process of hole-doped Bi,Se;"™”; (c) dynamic relaxation process of electron-doped

Bi,Se;/!00.
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Fig. 12. Realization of Floquet TI by trARPES!'%6167: (a) Skematics of the Floquet and Volkov mechanisms!'%7; (b) the first experi-
mental observation of a Floquet TT'0%; (c) a higher quality reproduction of data in Fig. (b)!67; (d) influence on the Floquet bands
at different momenta under differently polarized light!'7.. Floquet gap (red arrows) appears along k,/k, under p/s-polarized light.
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Fig. 13. Topological phase transition on few-layer TI films/'081%. Bi,Ses/SbyTes films thinner than 6 QL/5 QL are topologically
trivial: (a) ARPES band structure on few layer BiySes films. A well-defined Dirac cone is not present for films thinner than 6 QLI'0%);
(b) ARPES band structure (top) and first principles calculation results (bottom) on few layer ShyTes films'%). A Dirac cone forms

in 5 QL and thicker samples.
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Fig. 14. ARPES band structure of Bi;Te,Se and GeBi,Te,'®: (a) Crystal structure, (b) bulk and surface states by ab initio calcula-
tions, and (c) ARPES bands along two high symmetry directions, of BiyTeySe; (d)—(f) Same as (a)—(c) but for GeBi,Tey. It is clear

that both compounds are 3 D TIs with a single Dirac cone at [ .
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Fig. 15. Topological phase transition in T1Bi(S; sSes)o?: (a) ARPES k-E maps along T — M, for § = 0, 0.2, 0.4, 0.6, 0.8 and 1.0
(left to right). The system evolves from a normal band insulator (§ < 0.6) to a TI (§ = 0.6). The axion angular parameter § = 0 or

2n for a normal insulator [equivalent to the topological quantum number (TQN) v, = 0], while § = = for a TI; (b) ARPES maps at

Eg; (c) bulk and surface band dispersion (EDCs for § = 0 and 1), and (d) 3 D band dispersion maps, for corresponding values of 6.
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Fig. 16. ARPES on single crystal HgTel?'": (a) ARPES k-E map (left) and guides-for-the-eye band dispersion (right). TSS: topolo-
gical surface state (Dirac cone); (b) skematic k~k,~E 3 D band dispersion; (c) k, dispersion of the TSS and the bulk states. TSS has
no k, dispersion, while other bands show clear out-of-plane dispersive pattern; (d) spin polarization detected with SARPES, show-

ing the spin-momentum lock behavior.
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Fig. 17. ARPES on surface-doped HgTe single crystals?'7: (a)—(e) Band evolution as Cs dosage increases. The upper half of the Dir-

ac cone becomes visible, and a gap exists between the upper and the lower I'y band; (f)—(j) corresponding CD-ARPES signal, indic-

ating the topological nature of the upper cone; (k) band evolution as K dosage increases; (1) EDCs of Fig. (k), showing an increase

of the gap, from 290 to 392 meV.
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Fig. 18. ARPES on half Heusler TIs?"221:222]; (a) Bulk band gap (Ep; — Erg) of typical half Heusler compounds as a function of the
system’s average atomic number (Z)P". Positive/negative gap represents normal insulator/TI. Compounds with larger (Z) (lar-
ger SOC) are prone to become TIs; (b) ARPES map at Ep on GdPtBi??!; (c) ARPES band dispersion on GdPtBi??!; (d) ARPES
band dispersion on LuPtBi??. Left: raw data. Right: second derivative band map.
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(a) 16% Fe A4 244 11 BiySe; B BEAT . &I AT L, Ak Az 5 s 4TIF T — A BEBRL;

(b) 1% Mn (K522 BiySe; RUREHT . ALK IL v 5 HAT BEBL, 101 ELAE il 9 2% K T 9 Z= K v o v, S 17 3R S A9 48 2% A
Fig. 19. The first ARPES study on magnetic-doped TI??*!: (a) ARPES bands for 16% Fe bulk doped Bi,Se;. A gap is visible at the
TSS; (b) ARPES bands for 1% Mn bulk doped BiySe;. The gap not only exist but also locates right at Ep, realizing an insulating

phase of the surface state.
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Fig. 20. SARPES analysis on magnetic (Mn) and non-magnetic (Zn) doped Bi;Se; filmsP?: (a) Band spins in Mn-Bi,Ses films. In

this ferromagnetically doped TI, the large s, component at [ and the typical spin-momentum lock behavior comprises the “hedge-

hog spin texture”; (b) band spins in Zn-Bi,Ses films. In this non-magnetically doped TI, s, = 0 at [, only the spin-momentum

locking is seen.
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Fig. 21. (a) Crystal structures?¥, (b) predicted ground state magnetic structure®7, (c) Atomic resolution HAADF STEM
images®7, and (d) Selected area electron diffraction (SAED) patterns®7” of magnetic TIs (MnBiyTe,),,(BisTe;), (m =1, n = 0, 1,

2

, ...) and 3 D TI BiyTes. This series of compounds consists of alternatively stacking Bi,Te; QLs (023 layers) and MnBi,Te, sep-

tuple layers (124 layers). The 0 K magnetic structure of bulk MnBi,Te, is determined by neutron diffraction to be out-of-plane A-

type antiferromagnetic.
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Fig. 22. Early ARPES data on MnBi,Te,, observing sizable gaps at the surface state. The photon energies and measuring temperat-
ures are (a) 9 eV, 17 K (right: 2"¢ derivative result)?*?; (b) 30 and 300 K, photon energy unmarked?#l; (c) 21.5 eV, 7 K (left) and

47 K (right)P%l; (d) 21.5 eV, 18 KL

24 K, XMW iZ 2 T 147 P 4> Mn EFEE 1
124 AHY IR, DRI L S AR R B AN A 55
MnBi,Te, % BB IEA A B Iz 8w 45 49 3F
WL FE R TT HnT DL SC—AN ) Zo kb
AR AR TT A G s a) S J R AR B — AR
TREBR M RS . XA A 5 F
S =Tri (i = a, b, ¢) Fom, HHf T JEm ] 53
AT, 7l g FOR— DU i TR, PR
FG 25 K6 JE 3T %) 1/287. 78 MnBi,Te, 554481, 1
SR AR ¢ rin), PRIIE R SeRB IR, B
AR I — A~ TCRE B 40 b R i 5. ARPES HI
STM Z55E997E (0001) J5al (W& T ¢ i1
T A ERARE S, BN T SexdRRYE, DRI BRIE )W fiE
WS G REER I Z TT —FERH A REVEREBR I
A, BB S K TR T B R ERERR Z
i 45 ] BB S0 I QAHE 5 & 1+ B i€ 2 K &0
(quantum spin Hall effect, QSHE)>®. fH T
MnBi,Te, FIAERE (100 meV & 4%) it K T i3
Z% TI IIRERR (10 meV ), KNIt QAHE 5572 W
I SR B T B RETEB 2 T, (4R Fh
i FL F-2F O B EL S bR i A 0. ek, X

AR R AP &R AR NI DN 4 S W e
“Bh A AR (axion insulator)” #H, FB M 7EE /R
L BRIl e b, W il 28 et 1 3
— G, M E 2y BT Wik B e
HLSE €2/ h20-2400 B Tl HAT J8 G 1 43 202
MnBi,Te, HEAEBE S QAHE, T b T #EFEHKIH
MIEEUZ MnBiyTe, Wl AEDS S LRI T4 2 AH. 78
] — A FEHA R b SE N QAHE S22 1411
FFMEAS AR FEERT Y, PRI H T e —
APGRL AR TR, TR QAHE 8192 7E
S (B = 0) WTE G T B R L ATISRIAF] €2/ h,
1B 5 f iz 525 b AT R A TR A B2
MnBiyTey Wil H BT XA LR, &7 i SH
B RBIMEY (B > 5 T) T AWM E]. X
AMEBLHERFAT, MnBiyTe, BIBEA5H ] BEAJE fi]
RS A BYRCERRE. FLANER RESS A v, v
BEAEFER KIN L T7 18], BEWER RN, LUK AT BERY
FRRENEFABRIRE R D], #R 20 Hoi iz PR ot
PR AR E PE R R

*f MnBi,Te,, MnBi,Te; %) ARPES W57 H
A A, XA AT LS A A BB 5 —
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#* 1  MnBi,Te, ) ARPES BFFE/NEG (H2 2019 4 7 7 22 H). R “BEBRI/N 18 B2 550y SCHRA5 FIA g B3R T 5

M I R REBTR/D.

Table 1.  Summary of ARPES studies on MnBi,Te, (as of 22 July 2019).
SCHRFF= FEAIER | DIEIREE /K JEFHREE feV REBR /)N /meV /U
[242] L 17/300 28/9 70
[243) T 30/300 KL ~85/115
[235] L 18 21.5 100
o - e - FE3 faf ar Xiv SCHE AR =AU (TR IS T
(244] (v1, v2) B 18/40 7.25/9/11/13.75/15 50 201947 9 F ) L. FEFIIA T RER A,
[245] L 7/18/47/80 21.5/79 100
. W SCHRILEE 2 T 22 RERRE, (AR il iR
[246] i % 212 0 S, 078 09 ST REBR R 2 TS,
[247] Bk 10/300 6.3/7-40 0 TKIET20194E7 A8 H
[248] B 7.5 7/10-22 0 TKIEF20194FE7H1LH
[249] Bk 10/50 13.8/47/51 0 TKIET20194E7H15H
[250] i 8,60 6.36/6.7 0 FKIET20194F7 H 22 H

MrBEREON 2018 4EHhIFIR F] 2019 4F 5 A A AT, &
PS50 & ARPES M E] T RETES R HA K
REB AR N R I A, S HEEE A rh AT S S g0 A5 Hh Y
WELSFI M A, 58 W BERR R 2019 42 7 A (R XX
BYER), 4 MFFEA 0 AIFE arXiv 5K SCEE, 4%
HphS7 &3 MnBiyTe, FIFHINR RSB NE. X
— RIS A S4B R R 2 A
FEARTE, SIBR T XX A0 G W AR LG S5 70 Fn 3R
THIREAS PR X — A5 2. T I X S 5T

KVHPTEZEHMN 20194 7H 22 HZ
HI%F MnBiyTe, B4 ARPES BF58. M54 fE
BAYAE TC L, v AR B b E A ST B B B AR
—BrBeiy ARPES s ani&l 22 s, aTRIEE], T
WO RE AN SRR 2 /D, XS SCHERER I3
24 100 meV B I S AERR. XS5 E BIAT A B
BRUEFEASAT A, (HRERRAE 124 A1 Neel IR DL I
FERME, X HS R IR EE R A AERE ). 2
HIT YA, IX B2 A T ARPES HiFETTiy Ji
PRI A DL BN REBR I R T2, B2 25 A
FEIIRE, BB SCHR S5 1 AR AN IE A 1Y)

H 2019 4 7 H &, %} MnBi,Te, i1 ARPES
WA T — BB, 2B E e R T BHE R
SEWEFT /N A arXiv BRI IS SC 247, ) A
Jt ARPES (hv = 6.3 eV) FIFETKRAE R 4R 5
(hv = 7—40 eV) W RS 1ER ARPES $045 5
MnBi,Te, MHFMRIAASBER A ZE. JFR LAY
B RAEBR B F S PR MnBiyTe, FIRRER,
WA Yk, 7w (K 23). XS TCRERR AT HH

FPRT SRR FE, TOIRTE Neel T EE LT 1852 LA
b, FEERTE 300 K IR T AR R TR B 1Y
FRAE. B 23 SO A B AE i, SRS AR T
HARE R SRR 25 7B 2%, AR MR ISR T
RERRIY (&1 24). Z3CnEdE BT dEw e, LLICATBE
XA SR SR T ICREBR R A R AEAE. TR SC
R T arXiv 5 =N, A =AM AL
%f MnBi,Te, i) ARPES #F 58 7 arXiv I 9K It i
S RAS=2901 (3 Rl R [ A HER - A RS BR AN
| EBRE B BT T K- T U /N2 0 A
AN 7 K2 Kaminski /N, 75315 HAH R A9 5256
gl:l‘i’/b\'

i T ARPES 5250 WLE 3 1 JCRE R 1 2K i 5e
MR PR, MICREBRRTE X SR A &Y
FERRELAER AR, B LA ORI R SR
AR RARTE. NE 24 B, XADFREA
o MRS58 =4k TL(%14n BiySes A1 BiyTes) AYER
FEMAH LT, 2 SRR R A IR, Rt
XA R ASARA AT et 2B R F MR ) B[] —
193 SCHR ] A 2508 R R 53 B R0 2R — P B R 5 42
R A AT RER IR T FARM RE A T8 S Bk 45
PR B B AR TG 54, e T R R 45 1
FIIE B fiE LA S M5 S50 e A A i B9 TE 1z 24549
BT REME. SEERHAE MnBiyTe, Y3 T G 45 #4) X1
PEIF DA AR U S B2 ORISR A e BRI
fe L o $f R (spin-polarized low energy
electron microscopy, SP-LEEM). # [& — {4 4%
(magnetic circular dichroism, MCD). 4 M| £
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Fig. 23. Surface and bulk electronic structure of MnBiyTe,*7: (a) A typical ARPES k-E map along K — I" — K (k,), taken at 10 K

under photon energy hv = 6.3 eV. A linear, X-shaped, gapless state exists between the valence and the conduction bands; (b) k, dis-

2
Hi
2
Hi

persion map at [, taken with 6— 20 eV photons. Periodic dispersion pattern on the VBM is seen clearly. (c)—(e) k-E maps along
M — I — M (k,) taken at the Iy, Z; and Iy points marked in Fig. (b) (correspond to hv = 7.5, 10.5 and 13.5 eV, respectively). It is
clear that the gapless state forming the Dirac cone has no k, dispersion, while the VBM evolves from —0.33 eV (I') to -0.4 eV (2),

consequently changing the bulk gap from 0.13 to 0.20 eV.

NV .0y (NV center) BARZME: 55 0 R w41
BB AR I AL A ) — R AT B DR

L= 2019 4F 7 HJE, MnBi,Te, 251 HABIL
A% (#1140 MnBi, Te;, MnBigTe,, %) () ARPES
W5 T SCRI A 2, (B 20158 N E A AR
KRR A B, 5k C A R ARSI
%I, HATWT arXiv i MnBi,Te, ARPES ¥4t £
WL, 4 lok A RS HL 2 K Hu 5 PoU F s =
Vidal £ 22, %} Hfe MnBiyTe,, MnBi,Te; (147 #)
SERE Y B KRR R A2 e S A A
XPRST Y, DA AR BLH- 0 ARER R B 53, 410002
124 JZ2H1 BiyTey (023) J2 (147 = 124 + 0237).
P IE 24 ARPES 5 STM il & 75 B 25 o i FLRE f
IF, BT A 124 AT 023 A ALK K SO 25
X 147 AHEA PREHULTH AN R Y REH 451 (ANt

HHE, 1, 6, 10 tHFA 3 EARFMIREH S5, F555).
IR PR SCER R B T X B ERET A5, dRATIA
R SAFER KM RERR, (ABHE 0 3t 4 HeR It
AN, AN REHY v AN BE 0t

DL MnBiyTe, A1 35 108 1 40 b 4 2 4K 6 5¢
SEREE R MRS — AN B R A S gt 1. il
T LR A A0 A R B 0 B2 2 P R S i - A A ek
A—FEOL, WX — RIS B — A
Iy PRI R G PER) ARPES P52 H i 14 & 1Y 4F
% . XU E B — OB Y . R I
()22 A REBR A TSR, A B T BRI ek R
HIFREEEAE, I 2R s (Bl anF 2
FeVHE SR, HEAT F S A ) RAMKE. T
ARPES 7EiX — PR REAS 25 AR % £ 5 1) 2
fFE, X—TJ7 R A F 5.
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H 6.3 eV ¥t ARPES R4, W K — [ — K X BR 7 ). B — /NN G B AR & o3 00k (a) 8 10 45 i B A 8, I 0 308 13 o
10 K(f& T Neel #2JE); (b) #B &5 BL2 i PR A AR 5L, 0538 B R 300 K (I & T Neel 38 ); () 1828 S H i BLR 5 Tl B2 JB A RE B
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Fig. 24. Robustness of the Dirac surface state?'. The figure shows ARPES raw (left) and second derivative (right) k-E maps taken

with 6.3 eV laser light along K — ' — K (k,) for (a) a pristine sample cleaved and measured at 10 K (below Ty), (b) a pristine

sample cleaved and measured at 300 K (way above Ty), and (c) a sample cleaved in air at room temperature, and measured at

10 K. Despite the overall carrier doping induced by different cleaving conditions, the gapless Dirac cone is clearly seen for all cases,

along with an unchanged bulk band gap sized 150 meV.
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SPECIAL TOPIC—The frontiers and applications of topological physics

Angle resolved photoemission spectroscopy studies on three
dimensional strong topological insulators and magnetic
topological insulators”
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Abstract

The discovery of topological materials — condensed matter systems that have nontrivial topological
invariants — marked the commencement of a new era in condensed matter physics and materials science. Three
dimensional topological insulators (3D TIs) are one of the first discovered and the most studied among all
topological materials. The bulk material of the TIs have the characteristics of the insulator, having a complete
energy gap. Their surface electronic states, on the other hand, have the characteristics of a conductor, with
energy band passes continuously through the Fermi surface. The conductivity of this topological surface state
(TSS) is protected by the time reversal symmetry of the bulk material. The TSS is highly spin-polarized and
form a special spin-helical configuration that allows electrons with specific spin to migrate only in a specific
direction on the surface. By this means, surface electrons in TTs can “bypass” the influence of local impurities,
achieving a lossless transmission of spin-polarized current. The existence of TIs directly leads to a variety of
novel transport, magnetic, electrical, and optical phenomena, such as non-local quantum transport, quantum
spin Hall effect, etc., promising wide application prospects. Recently, several research groups have searched all
230 non-magnetic crystal space groups, exhausting all the found or undiscovered strong/weak TIs, topological
crystalline insulators (TCI), and topological semimetals. This series of work marks that theoretical
understanding of non-magnetic topological materials has gone through a period of one-by-one prediction and
verification, and entered the stage of the large-area material screening and optimization.

Parallel to non-magnetic TIs, magnetic topological materials constructed by ferromagnetic or
antiferromagnetic long range orders in topological systems have always been an important direction attracting
theoretical and experimental efforts. In magnetic TIs, the lack of time reversal symmetry brings about new
physical phenomena. For example, when a ferromagnetic order is introduced into a three-dimensional TI, the
Dirac TSS that originally intersected at one point will open a magnetic gap. When the Fermi surface is placed
just in the gap, the quantum anomalous Hall effect can be implemented. At present, the research on magnetic
topology systems is still in the ascendant. It is foreseeable that these systems will be the main focus and

breakthrough point of topology material research in the next few years.
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Angle-resolved photoemission spectroscopy (ARPES) is one of the most successful experimental methods of
solid state physics. Its unique k-space-resolved single-electron detection capability and simple and easy-to-read
data format make it a popular choice for both theoretists and experimentalists. In the field of topological
materials, ARPES has always been an important experimetnal technique. It is able to directly observe the bulk
and surface band structure of crystalline materials, and in a very intuitive way. With ARPES, it is
incontrovertible to conclude whether a material is topological, and which type of topological material it belongs
to.

This paper reviews the progress of ARPES research on TIs since 2008, focusing on the experimental energy
band characteristics of each series of TIs and the general method of using ARPES to study this series of
materials. Due to space limitations, this paper only discusses the research progress of ARPES for strong 3D TIs
(focusing on the BiySes series) and magnetic TIs (focusing on the MnBi,Te, series). Researches involving TCls,
topological Kondo insulators, weak 3D TIs, topological superconductors and heterostructures based on
topological insulators will not be discussed. This paper assumes that the reader has the basic knowledge of

ARPES, so the basic principles and system components of ARPES are not discussed.

Keywords: Topological Insulator, Magnetic Topological Insulator, Angle-resolved Photoemission

Spectroscopy, Energy Bands
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