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Abstract

FHEE /72024 R RXp R=F1H, Xp=T=7 7)) FEEMERTFEET 2 2B E LTHIBN TV,
TR OFRDHEEMAHT M Ra O )ViEigIA L 52 T ENAS M LR D, EEREE S RO Y ) UEADEYIE & LT
FHEN TS, AR TIE NGB I LT~ A 7 BECAERCET7E (Y1710 ARPES) JIEZTTY, XD
SERERRENE R A A > %20 HEid % T & TRIINE 7z Dirac B FIREEIC DWW THIE T 5,

1. IFL&HIT

CNET, FREIMUERRE (TD ICBEEEZ S AT
% IC & o TR FRE 2 O, B rFEER—ILR)
ROX S BRRZETENIIRENTE 1], Z0H
RIEPEER E LTINS, [6 U < R pOfis i FR e AM il
NI RRBEME T T, | AT NIz EAESRIR [2-5],
ERAMSOCAINE [6,7], BINT 74 V581 R ELF
VFy 7R RS T e RS N RHICEH 24
HTWVB, THIC, M TI X, THz B O E#EA Y
VIRER YOS R EOREA S, A S
ATNNA RTSHTRERAR R TSy b7+ —LEK%%
[9,10] CTOXKDEREHEENEE P RO Y—0EkD K9 F
VFy JIRE e RIRT B 72 IS BRI T1 0 FRERIT 52
AENFFEE NS,

KRR TIHE 2010 4EIC Mong 51 & » THERETILH
RREINT 3] SRR TR BRI R () 13
N3N, ACZREEEE 5 X5 HRIERE T, LHBE
DR TEEWFRE S = 0T, 138 1% 9 % [Fig. 1(@)] TT T
D XY MUIHAEDAE UANANIRNT MV TH S, T
D S HFRIEERER SR AZ D TI &[S Z, hRa P hb
AERRERT ST ENTE, KiEEMERH T O Dirac 81
IREEZRFET 5 [3,11]. LA L, T SHFRMEIERE L
TFRMEE IE R D, REDORREMR THNZHZENH 2,
Thhbb, SHEENRIET S8 (D N7 RV ET
R0M) Tld Dirac B HIREEDMREEE N, 75 THRVLEAIE
IHRIF—F v v TRIEKT 2550 TINRIRS BV 72 R
T [3]e TOMEIIINE T INIZE O TI® MR Y
JVERIBICE IR WVEETH D, ORI THSRAAE O
HTHB, HEo>T, SHFMENRIEL TV A LR EMNT
WABRRMAZXFIL, KRG TI 20NN % T
EWTAIRTH %,

CDORGEBENETI & UTHIIHICRE I NEE LT
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Figure 1 (a) Crystal structure of NdBi with spin orientation. D vector
is indicated by the green arrow. (b) Schematic Fermi surface
(FS) and bulk fcc Brillouin zone (BZ) of NdBi, together
with the surface BZ projected onto the (001) plane (orange
rectangle) and Dirac-cone surface states (SSs) at the T and
M points. (c)ARPES intensity at 7 = 40 K measured along
the I'X cut (k. ~ 0) of bulk BZ with soft X-ray photons of
hv =515 eV. Red and blue dashed curves highlight the band
dispersion for the Bi-6p (hl1, h2) and Nd-5d (el) orbital. The
spin-orbit gap at the intersection of these bands and the band
inversion at the X point are indicated by white and orange
arrows, respectively. (d) Calculated bulk band structure in the
paramagnetic state. The label of bands (6-9) is also indicated.
(e) ARPES-intensity mapping at £ as a function of &, and &,
at 7= 35 K measured at zv = 60 eV.
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MnBi,Te, D& < FISN TV 3 [12-16], MnBi,Te, I h3 %
AR D S ROERENE TIHOTFE 2 L FEd 2 B A2
F—IVRIERMDBIE N TIH O [12], Dirac EH-IKAEIC DN
T AF BRFHORO T3V F—F v v T 2T 5 5% <
0)*&&:75‘*373% [13-16], L/ L, MnBi,Te, ZJEIRYECH

, MEOBETIREBIC T 72 AT 5 hHEL L, AFRE
3_8 Dirac & FDORERICOWTEHEL GRS 5 T S I1dHEL L,
DM, Ty=24K D Néel lHELL N TR A T 1D AF B
[Fig. 1()] Z/RS /LT 7= XA K NdBi &, @)
MIC 7 7 2 AT[HE7x NaCl TS &2 L, (i) Dirac & 11
KEFMHEELESTEEZEND Nd A4 > DKESH
KE—AVbE Guy) ERETMMIE G0%) =&, 5
B SENTZ TSy b T4 —LTH B, AWIZETIE
<A 71 ARPES[17] ZFIH 9 % Z & T, NdBi D AF F X
AL, SHFREDNRIET 5 Kif & R (7 LRV
DZFNFNICIBWT Dirac B IREEHIE LTz, AT
Photon Factory BL-28A, BL-2A 7% & T3ZJiti L /7= ARPES £
FER 18] NS %,

2. R F RO I hIVigESE NdBi D1~ 0O ARPES
2-1. BHMARIC ST B 22 RO I HIVGEGEE
NdBi 1&, fec 7V VT V= (BZ) IKHBWT, T Al
ﬂ“\—wﬁ (h1, h2), XFRICE M (el-€3) ZHT 2 F v
TS ETH B [Fig. 1(0)]. WRMEMHIC BT 2 FR
1 /h/bl&%ﬁﬂl’ob\ 295 T &I BRI R R Y )L
MR IGEET 2 LIRS LB 5, HhHIMH (T=40 1
IZ 34T BL-2A Tf7 - 728 X #) ARPES 7T D4 R [Fig.
1(0)] &B—FHEH [Fig. 1(d)] DHRICK D, chenT
IV IEEEKT B0 73 R X HICB W TKIEEL,
NdBi WHE MMM TNY RF vy v ITHRAD Z, FRadh
IVHERRIR & 722 T L DR E NTz, Fig. 1(e) I BZEERYE
VUV) ZHOTHELONEY 2VIER Y EV T ORREE
R, T TR Bi-6p R—)L 3y RICHRY 2 NI EST
JEIR (hD) EHMUDE AV EY RIR (h2) ©OF )V IHEH
BHE AN, M AICIEHEED 2 /N RERED el 32 RO
7 VIR K JTENCH LI FEANRO 7 )b I mh
BTN TV, VUV 3L BUER Tz bR L&
HIRREZ AL T 2 T N TEDD, TDXKIIC k- T 1
— RV THERHCIC % C LICEET 208D 5,
Fig. 2(a),(b) IC T=30 K ICEBWT T fi& M HDJE Y T
517z VUV-ARPES D#ERZ/R9, Fig. 2(a) TIE T =UCH
WTHEA T IV F— Ey ~ 0.2 eV I Dirac 5% & D Dirac #
FIREE (DD BTN T VB, —J5TM i [Fig. 2(b)]
Tl& Ey~ 0.2, 0.4eV IC Dirac 5% £ 2 D O Dirac T TIK
HE (D2,D3) ABIIEN TV D, TNV RKIEEAT
é 2 DOIEFHAM R X Jh M SIS SN TS T &icx
69 %, BIIEN/ZHEED Dirac EFIRE T &M TH
LT3 &, WRIEAHD NdBI WMEDNY RFE v v
ERFOZ,TITHAT EERLTED, MO TIZNRFT S
IS0 T o FRITDFER (v vy, v,y vy) = (1;0,0,0) & —E(T %,
Dirac ¥ TIRREDI-D3 13 X T 73 T HH & N [Fig.
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Figure 2 (a) ARPES intensity around the T point of surface BZ
measured at #v = 75 eV. (b) Same as (a) but measured around
the M point at #v = 60 eV. Black dashed curves in (a, b) are
guides for the eyes to trace band dispersions. (c¢) Calculated
surface spectral weight along the TX and 'M cuts projected
onto the (001) plane, obtained with the Green-function method
for a semi-infinite slab of NdBi in the PM phase. Black dashed
curves trace the band dispersion of D1-D3 SS.

2(c)], FEERERE—HL TV 5,

2-2. AF FICEERR S e Dirac EFIRHEE

Fig. 3.4 I RRREMEAE (T=5K) CTHllENhz hRay
FIVETIREEDBIIFE R Z /RS, Fig. 3(a) ICRd KD ICH
AR TR E Nz 7 =)V il AF #1C & RIRICERIE
NTW5, £ DI NV FEERBICEIIEN TV S D [Fig.
3(c)], Néel J@ELLF Tk v 7R D DIU & ABID DIL
ENAL, Fv v THEVTWE T Db E, TOF Yy
w I T3V F—fiER (EDC) [Fig. 3(d)] T B 2
E—IihEe LTHEIIENTED, EDCHhS RGN
72 T 15ICH1) % Dirac Fv v 7O KEET1F 125 + 5 meV T
Holze £z Fig 3(e) IC/RT T 210D EDC DIREZLHIE
FERIE, COZEWAFFRETHZ T ERR LTV,

FAEDNEE M FUEFEICBWTETo /e, 7 IV
DR [Fig. )] Z A2 &, WHMEHETORREE X <AL
7O 7 )V IEHBMET N TNS, LHL, D23V R
[Fig. 4] ICIEHT % & Néel ifELL R TIE DI /N R & A
FEIC AF AHIC 35 C Dirac BHIRREICF v v THEE N,
D2U & D2L IC T ZEF Wb %, T Nid Fig. 4(d) I
RS MO EDC S EHSMT, 160 £ 5 meV DL )L
F—F v v IEERL TS, FzFig 4(e) IC”9 EDC
DOREZALIEOFE RN S E, TONHAMN AF BFHsko
EDTHBT ENOND, —/TD3/NY RICDWTIIE
ENgEL, HEICBIHIT A LI TE R 72h, AT
THEIC X > T R— SN TV 5,
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Figure 3 (a) FS mapping around the T point in the AF phase (7= 5 K)
measured at v = 60 eV. (b),(c) ARPES intensity around the T
point in the paramagnetic phase (7' = 30 K) and the AF phase
(T =5 K), respectively, measured at 4v = 75 eV. (d) EDCs at
the T point at T =5 K (orange curve) and 30 K (black curve).
(e) Temperature dependence of ARPES intensity at the T’
point.
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Figure 4 (a) FS mapping around the M point in the AF phase (T =5 K)
measured at v = 60 eV. (b),(c) ARPES intensity around the M
point in the paramagnetic phase (7' = 40 K) and the AF phase
(T =5 K), respectively, measured at 7v = 60 eV. (d) EDCs at
the M point at 7= 5 K (orange curve) and 40 K (black curve).
(e) Temperature dependence of ARPES intensity at the M point.
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2-3. AF F XA VEIRMEFINEE

NdBi I3V 5 HETH S T & D, R N TIIER
DAF RAA VIMFET 5 LA TRENS [Fig. 1(a)lo
BL-28A DX A 7 0N C— LR Uik & i O AF
RAA T &IC Dirac EIREZFANTz L T A, Lkl
R A A > (Domain A) LIFIHSMICHIZ S AT FIVZER
FHID F A A > (Domain B) WFEET ST Ehbh o7z,
Fig. 5(a) IC/RT K 9 1Z, Domain A Tl& D1 /32 FLIA DN
VIRV R (b1, h2) F E i THESMTHE L T
%o —Jj Fig. 5(b) \</R9 &K 51, Domain BICHUF % Ep it
FEOIXIVF—NY FERESHHBKENTVS, hl N
YRIE2DDRAAL Y THU K S R #Z/Rd M, h2 N
VR, E ZRRY) % 2 DD v — T 7550 (S1,82; FIRHD
ICZED B, E5HIC, Dirac EHIRIEICIEHT % &, Domain
A lZ 125 meV @ Dirac ¥+ v 772 FFD7, Domain B TIEF
¥ TIFERIE s, UL, Domain B 1235 C Dirac
BT 2RTET 2 MREDFIET 2 2 2R L TWV5,
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Figure 5 (a),(b) ARPES intensity around the T point for domains
A and B, respectively. (c),(d) Same as (a),(b), but at the M
point. (e) Optical microscope image for a cleaved surface of
NdBi where domain-selective micro-ARPES measurements
were performed. (f) Spatial mapping of the ARPES intensity
integrated the (E, k) area around the T point, measured for the
area enclosed by the green rectangle in (e). (g) Distribution
of domains A (orange) and B (purple) estimated from the
spatially resolved ARPES-derived band structure. Gray and
black colors represent indistinguishable and very-weak-
intensity areas, respectively.
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—73, D27\ K& Domain A [Fig. 5(c)] Tl& 160 meV D
Dirac ¥ v %7~ L, Domain B [Fig. 5(d)] TI&HJ 80 meV
DF ¥ w7 (D2UD2L) ZRLTWD, TTTZ ONH
TEZDE, AEIAD Dirac ETIREDFET ST & NE
SREN S, Domain B TIE D23V RicF v v TR E
NBEHBDINY RRF v v I L ATz ethke UTHEUH
@ Dirac & TIREENFEHE L TW5, > T, Domain B I
BIF B D2V ROXy v T&, Z, O R H IVl
IGER L TWADTIFEL, Mgk bR Radh)VIKETH
H5TLERLTVDEFERD, Eiz, B LT~ Ao
LTz VUV ZEE L, FEZERINE x p) OB E LT
NV RREEZ B U 72 [Fig. 5(D]. Z O%5%E, ARPES A
%2 F)VIZ Domain A, Domain B, F7z13Z DHDX K| T =
ROV OWT NI I N [Fig. 5()], HREMERTIX
CDX D IENIEMEAFENER T HT D E AFRJETH
% T R LTz,

2-4, S AFREICREE S Ll Dirac EFIRRE

Dirac FE TIRRED R TIR 2 TV ORIFEZH S MICT %
728IC, Fig. 6(a)~«(d) IC/RT KD, DomainA & BDT x
JVIHETIRE E L U Tz, T AOE6E [Fig. 6(a),(c)], M s
W% [Fig. 6(b),(d)] H1C Domain B IZ D k, J7 AN T 72
T el DMFRICHRAITRI/NEZRT v b (82) B
FET ST e B, TOEWIE Fig 6(e),(h) ITRT X
I, MUEMmMICHIT 2 2D AF RA A VDFIEE
BT 28 ROHHKZERT 2 & THHTE %,

Domain B

ke Lo High K

Domain A Tl& AF OFEEDHE A MIC &R L, &EmIC
Nd £ A > DT — A > b HVisREE I #5113 % [Fig.
6(g)le TDFER AF HIC A B & kAN RITOIR UMD
LT % [Fig. 6(e)]o Fig. 6(a),(c) D C, WFr7z 7 )V I KR
& kOO IR L ESFFL T3, —/7, Domain B T,
AF BEDHA TN T 3728, REHOMKE—X
b SRRETEICEE A3 B [Fig. 6(h)]. Z DFSHE, Ti&
M HDOHIRNC B 25 BZ AU LTI DR LAAEL S
[Fig. 6(h)]o T AF B Dirac T IREEDOE BICH LT
HEEREEERIZLTED, WERZ MLV (D) HENIC
% & & [Domain B; Fig. 4(h)], #ERHFE S =0T, 134R1F
TN, AF TR EEFRE (@) DN Tnaict
A 59 Dirac HE TIREIXMREI NS, THUIHEER [3]
KX TIRESNIZAFTIHZDEDTH D, BL-28A I
BB~ A 7 O ARPES O EWWZEM 2 REEIC X D WD
THEMNEES TR TH B,

3. ¥¢&8

SOEREME bR T 2 A )L M fg A5 I NdBi IS B W T,
Photon Factory BL-28A 7% £ 7 WV T~ A 7 T ARPES
HEST BT LICKD, KB R A A > 20 L TE IR
RERE UTze ZFOREHE, R A A ICHKAE LTz Dirac 1+
REZEL, 7 )V 2 HONHFRE & RN B A A > D
WFRERIES LEDEZ T ETRALVEEE Lz, SH
FRIEICIRFE S Nz Dirac EFIRREDIFAE, I 7 B RS
PE bR a2 ) UtigdR 7z 9E5E U Tz & fam U Tzo
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Figure 6 (a),(b) ARPES intensity around the T and M points, respectively, for domain A. (c),(d) Same as (a),(b) but for domain B. (e),(f) Schematics of
the influence of AF structure to the folding of FS and band dispersion for domains A and B, respectively. G, is a reciprocal lattice vector of
magnetic BZ for each domain. (g),(h) AF structure for domains A and B, respectively. D vector is indicated by the green arrow.
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