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It has been reported that the introduction of ferromagnetism by various ways into topological insulators (TIs) can
induce concerted effects, resulting in various novel magnetic phenomena such as quantum anomalous Hall effect and
skyrmions. In addition, recently, efforts to increase the observation temperature of quantum phenomena by enhancing
the crystal quality and improving electronic coherence have been pursued with great enthusiasm. Self-assembled regular
alloy crystals such as Mn(Bi,Sb).Se(Te)s are called “intrinsic” ferromagnetic TIs that have recently attracted much
attention, and we have observed skyrmions in sandwich structures based on these crystals. Furthermore, we have newly
observed the ferromagnetic proximity effect even at room temperature at the heterojunction interface between Fe and
topological crystalline insulator SnTe by polarized neutron reflectometry. As an extension of these efforts, it is hoped
that the unique properties of TIs will be utilized to develop next-generation robust devices for such as spintronics and
quantum computing.
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1. & U & (&

FART YA VAR (topological insulators, TI) & i,
WE NI O3 LWREERIET 4 7 v 7§
DBEBFNY FERHLERNEL), SV THEAE VR
L CTHREICHMA Y Yite LT & BRIl s
NTOLH LR TH L, SO OWEIXFERMIC
b, AESOLE T IO ERISGENE & &4 Dk
KXo THESINTBY RELREERELZHE TV, £
7z, PR D TI @ KR DS [ SOz b Bk 2 62 & 3
LOITH LT, Mogmus itk zEIie 55 T, b
R Y H VSRR (topological crystalline insulators,
TCD) AHFAEL 9 % T & 552012 IS HERMICIE S Y,
FPEIT SnTe IB VT ARPES IZ X > THHER I 1/
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BICERAITIE IR LY 714 Ty ZENHED 5720
WCAEEF XY R VAN F AL — L 55 2 L 2 BELAULET
BIIL 72V TCI TREBLREH~NOREDNTI LD DS
BThobLfFsh, BOEHEZHED TV,

NS THCMBHZEATE L, T4 T v Z78EICF
X v 7 (F4 9 v 27X ¥ v 7 :Dirac gap, DG) DBHE, TI
WIKFEONY ANAE YT 7 AF XY hHHh 4 FVAE
VT AFANEEL, DGHICHAL TNIZ Yy YNV F
AEL (Fig. 1 (a), FEEMTIEREGICT AV ¥ -1
MR R A VRBERTHE NI TNy VEEIED
bo TNEETHEEFS—VHE (Quantum anomalous Hall
effect, QAHE) & W\, WA T AE -7 /34 A% Lol
o LM, BACHIEENhCWwb, — 5T, Fig. 1
(a) TEDPDGHTIERL AL TIVAE YN Y FIThh
STVBYE, TOHALFIVAE VT 7 AF ¥ h3FE22R/
TIRACVOWEAMELZ Y AFVIFT L ELTHRS S
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Fig. 1. (color online). (a) Dirac gap (DG) opens and helical
spin texture changes to chiral spin texture by introducing
ferromagnetism. (b) Exemplified arrangement of the magnetic
moment of a skyrmion. Emergent magnetic field is induced
by the skiymion.

EHRMEINTBY, M TI O b o2 T X
YU RAIASE R TRAICER Lz b 0 L LT
WAF 2N TWb, FLRAFVIFVIEMRTYALR
ZRTEXRINDDTREMNHFAET DL IN, 1FED
BRAE) R ENDIBHLEEHUINT VS, AF N3
TV OBRBEWRBZEE LTE bR YAV F— VR
(THE) %525, ThidF—NVIERICa 7ok )z —
7ELTHNG, BALPMAESD L Fig. 1 (b) DX H I
AR AL, ShICX o TH v ) 7ASBRENIHGEL
NH720, F—IVIEPIICE—22DBHELLEDTH 5,
ZNS5®DQAHE R A F IV I F ¥ % BT 51212 Ex il
&SRR 5D O OB B EE L 25> TL %o Er i
DWTIE, WM Z TI TH % BiSes, ShoTe;, BiTes T

FHBMEFRIBR T Y FH A PRIk TENRE g,

p, n BT o TNV ZREST - i 2> CTL F
9o % T (Bi,Sb),Tes (BLF BST) d X 5 ITRMIZLT
Bi & SbDOWREZLALI L L, HHEEEZ RIS p M
FCELSC EHHETAIENTESLY, ZLT, M
NG IOV TIEWL O HESREEhTEY, D
TOMTHAL TN,
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2.1 FEHMN-—ECTE

T3, A EeE AL MADOKEET M, Cr, V&
EOWMILEE V=X v 7352 L THRBEM TN 2
HT B B S Nz, WEHHEKYD Chang b 1
2013 4FI2JEEE 5 QL (Quintuple Layer : 1 QL~1 nm) @
Cro.15(BioiSboo)1ssTes £\ 9, BSTIZ Cr & F—7L72%
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Fig. 2. (color online). (a) Magnetic field dependence of Hall
resistivity p, at 30 mK in the sample of Cry.i5(Bio.1Sboo)1s5Tes
with gate bias. Typical QAHE behaviors are shown from [5].
Reprinted with permission from AAAS. (b) Topological Hall
effect observed in Cr:BST/BST. Reprinted by permission
from Macmillan Publishers Ltd : Nature Physics [7], © 2016.

Chang X MIT IZBY) V2 F—=7L7%T, KE4QLD
(Bi020Sbo71) 189V Tes \2BWT QAHE Z Bl L7229 L
L, 2Hh5OBIEE VTS HRG S50 5 4
30~120mK I ED, BTFNAZARHEEZD L,
B 5 BHRED FRAKD S b,

—%, AFNIF IZOowTIE, 2016 412 Cr:BST/
BST ONT HIBEETHROLHLIE bART VA V-
BF (Fig. 2 (b)) OBIIZEUCHRATEZEHELY,
Z DO 2017 FFITIHEIE RSO Liu 5D Mn:BirTe; I2BWT
Wi L72Y 7272, WMt F—v v 7T, mtk
IRCRAEMEE o572 X )12, BMICEVEE LD R
MEBE LD L3 <, ERLRVEEED AT
9 A7z, IEMICHS %R Z 5121, [well-defined 74
Bl AHFLVILIEE) T THRL, TOEKRTAT
BCIZRA 2D %

2.2 TRK—-E>T&E

ZFAGHPREINORERMF—=TETH S, ~T 1
BEICB VT, MU ITEOBREZRBILICEZS LW
I, BMEEREATHHVORTERZBEOEWTEETH
5705, Fhe TINOBRBEHEON G W2bITTh S,
D F U RREEE 121X Croas(BioasSbors) 154Tes D X 9 12 EiiR
JEIZCrZ® F—=7L, BSTRIZ Y F—=7,952LT
THE DSOS #EEZ > TW5EY, &9 LTRAEY
BREILEEZATORY, XY BEIEOR W BST &K
(Bf) 23HW, REMEIZ BT TBST 2t @A) &
W EIIZHEEEE TV, HAKDOEALIE, ¥—ME
FEETINZ L7528, S & Y QAHE BHIEREE 2 ik T
2K ETEHASE, 2THDEHIZ, BEKEZSTIED
AL LT, HEMEo LRTBilELY LA 3E5L
W) HFEHIMD THEITH %,

2.3 mREMEESE

Fihsz TRLUCHRMSEEZMN 532 HAL L
T, M bt SR E w2 kR H %, MIT O
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Katmis 5 7% 2016 412 EuS/Bi:Ses D\ 7 1§ 3% T itk
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Wb, L2 L EuS HEYH A Y VELEMAAEMATK &
B g 2 A E— 2 v A2 AL A ENEM, DMI
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137 <, EuS HIEORREZDOIANT aHE ORI RO H
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FCTRTHEYTH S, HEEE TP (RHEED) 7%
¥ — > (Fig. 3 (a), (b)) R XA N7 — >, L OWH
EWAE T M (XTEM) % (Fig. 3 (¢) 547
% & 912, R FE % FED Fe(001)/SnTe(001) Hik i
ANFOEGHIRE RS 5 2 LIRS L. kst T
ETsRETIE, TEFRAE Y 12 28250 T, BwA
JETRBIREICASTT 5 (Fig. 4 (a), AEHOKEF
BEoMEER LAY Y BMHEEROW S TR S
bo KEBEDEFT VT 4 v 5 4 ¥ 72 &0 B
R#%E (NSLD) & #BAMGELE®E (MSLD) O Sk
M Ef D2 8T, RESHMOBALI A 2 REHICH S
EAT& %, Fig. 4 (b), (o) WKiZEhZh 24K, 297 K

Fig. 3. (color online). (a, b) RHEED patterns with the
incident electron from [110] just after the deposition of SnTe
and Fe, respectively. (¢) Cross-sectional TEM image of the
sample.

2000 ——_" | " ——wmsLD
N e NSLD i
‘o 1500 ====: Difference x10- i
s) \ :
S 1000l 24K | Fe i SnTe
e : 10 kOe i
3 :
c
k]
]
N v
@ o
5 Fe |+ SnTe
5] v
= v

10 12 14 1|6 18 20 22

Difference
Magnetization (emu/cc)

Ol =", .
12 14 16 18
Depth (nm)

Fig. 4. (color online). (a) Schematic picture of polarized neutron reflectometry. (b, ¢) O dependence of reflectivity,
(d, e) Spin-asymmetry ratio, and (f, g MSLD (yellow: solid line), NSLD (green: dotted line), and their difference (black:
dashed line) at 2.4 K and 297 K under 10 kOe, respectively. (h) Temperature dependence of magnetization given by
subtraction of NSLD from MSLD. Adapted and modified with permission from [11]. © 2022 American Chemical Society.
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DFHED 0 BATHEE) KEREZRT, 2B R (R)
X, FINEEYS (10 kOe) W23t LCHAT (BCFEAT) DAY
YRR T ORI EE RS, HERETORIHTX
LU IRE DA LN TW5DH, 43, SnTe 28 400 nm F2
EDE RN D B 720, HHEZIZIZSnTe MLy b L
DHEHEIZL > TWBLEEZ TR, Fig. 4 (d), (e) &
ZNZENOMEE TO spin assymetry ratio TH 0, KL L
ToMi L WEMB EDORETRME L T2k ihd I P
TX5%, MBETEFNV 74 v 714 Y HlifREIEIZLS
—N—NTO—HZHETW5H, FI2d L SnTe fll~D
WAL DA L2008 L wia (BAE) 3ie s
DOEENKE W L2505, Fig. 4 (), (g T,
ZhZhOMRETHONSLD (kk : sif) & MSLD (3 :
), TLTENS DA (B ) ZRL7. £45T
HHBEWEHIIREDDS 16~ 17 nm DIES, Thbb
SnTe EICE =27 2 AL, ThEREBLZR 20
SnTe EMIZ~2 nm (3 LRSS RABM L TEZ &%
RLTWb, ZLTCZORRAMLOKE SIE, Fig. 4 (h)
WRTEIICHET L2500 (297 K) THHRAEL
TWwb, INHDOZ NS, WEEYAM LI X % HiE
T TCI KD BBEIEEATK I L7z vWR b AT
BT Fig. 3 (¢0) O XTEMR#TbH 445 & 912, TCI
AN D T A — I 9D 7 BB 525 TH 5 72
O, HMMWHERF—E 27 X0 EBWIRETO QAHE %
BIZHLETHHLEZEZ TV,

3. BCERE®ENM b RO HIViEGE

3.1 MnBi;Ses

wBIZ, HCHRRM OB R I h vk
(Ferromagnetic topological insulator, FMTI) (22T
T 5o A1 2017 4E1Z, BiSes M 1T MnSe % #45 L
TT7T==NT2E, 2=y MEMGAEH ORI
% LT MnBixSes £\ 9 FMTI 2L 5 Z & 2 W 5 22
L 72" Bi:Se; ® BixTe; 1 QL &) SEFJEA 1 2=
v P TR LTV, ZofMHiEFigs ) 0k
2, 72 Mn @ 1 EFEOEGA QL ICHOAE T
THRTIET1 2=y b &7%5bSL (Septuple Layer) & \»
I 5 %E B A TWDZ L% Low Energy Electron Diffrac-
tion (LEED) ® [Vl L > TSI L7z 2O
Mn @ 1 i E2EEEZ 7253720, R
h& 7% b, DFT B H 51, ARHEE T, AR~
Ttk o g A LIC K %2 DG K TIE R <, Mgt s
bR YA VREIRB OB B KA, [F UREEE O SRR
SIHFELT) FLA—N=F v T, BTUCHKT S
K&7% DG 2HOZ LA PREN L, FEHE, FEBRIMIZIZ
SQUID bl TIEHIMTH Mm@ L L-THY, &

(@)
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Mn, Se deposit + annealing

B

o
~

Binding energy (eV)

MnBi.Se W

0
0

.8

Fig. 5. (color online). (a) Cross-sectional structures of
unit layers of BiSe; and MnBi,Ses. (b) ARPES image of
MnBi:Se,; at room temperature. The red solid lines represent
DFT calculations. Adapted with permission from [13].
© 2017 American Chemical Society.

512 Fig. 5 (b) @ X 912 ARPES 2 5 13T~ 100
meVIZHEIKRELF vy 7B SN0 TR
HEDG7Z2E35E QAHE ODFIRTOEBICHLTDH
D, HOERICE YL THALEO R R MER T
X5DT, FMTL Oz 7 7a—F ¢ LTELIERZ
7,

3.2 MnBi;Te4

ZRTHWT, 4EIE BTes x X— A & L7
MnBi;Te; &\ HEIE A EMTI 25 2019 4 12 R b o
TV —=ThHREHER T LTHE SN, MnBi,Ses
UL R E MR T YA VKR 2 AR IS a4
LTw5Z L5 intrinsic 2 EMTI & L CTHRICTFFE A%
0 1255720 FEARIREEIZRIZ Y HOIRR WD
SLABEKRT LI ENRNTHAS, LHL, MnBirTes D%
BRI OV 7 BB ORA1TIE, Mn 558 I 235U
W 2T MM B 2R T v ik shi, £
DOH, 5SLDT7 L—2RETNy 77— FEIEOH
WCXoTEZH2L, 1.4 KIZHB\WT QAHE Bl 25#
HINAT, LaL, 200V EEOKRE L7 — MEEN
DRI R, REOEICE o TR ML s 2
L EhiEE LT o 72,

3.3 Mn(Bi,Sh):Te,

132 @ MnBi:Ses % MnBixTes 1Z, QAHE % A F )b 3
F U ERBNT I, BBV IANY RERY S 72012
HL T, 2070, E % DG HICHIMT L2 &,
W EBEZ T2 22 KEEEL, &KL
Mn(Bii_.Sby).Tes/(Bi;_Sby)2Tes/Mn(Bi;_.Sby).Tes (MnBST/
BST/MnBST) @ EMTU/TI/FMTIL % ¥ KA v FHidk % #
ZU7: (GBARMONAEIISCHS, 19 1FM2H 50T
S EN72), T3 BST & Bi/Sb OHKILIC X V) Ee A
HIBTTRE 2 DT, BisTes Tld7 { BST #X— 22 LTl
K2 B E YIS Mn(Bi,Sb),Tes % V89 S Er BT
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Fig. 6. (color online). (a) Cross-sectional scanning TEM
image of a sandwich structure of Mn(Bii—.Sby).Tes/
(Bi1-«Sby).Tes/Mn(Bi;-xSby),Tes. (b) M-H curve measured by
SQUID. (¢) p,-H curve of THE+AHE at 0.5 K with
x=0.55. (d) THE component in p,, with different numbers
N of the spacer BST at 0.5 K with x=0.55. Adapted with
permission from [18]. © 2022 American Chemical Society.

BB FMTIZSCT& 5 #2720 ZLC, EkoH Y F1 v
FRENE & § 5 2 & CBST ®_F FHEM 7 0 FEEIREE iR
PASEA SN, BRIZETHA FINUNY FHEDOD OH
BITE, SHITBST BB DOANX—F—L LTH
{ ZET, MnEFREHEDT AW ERBED G2 < T
MIBGRBERE S AE I VO TR RV EFE LT, K
RE3E O WM T3EA TEM 8% Fig. 6 (a) (TR BT
JECHl#E S 728 M R RS T =y ET MnBST/
BST/MnBST %> FA v FHEEPTR SN TW5 T &Y%
Moo ZLTENEx=055 G CRMPHEM L %) DG
WBECHAHZ L ERE D, 72 Fig. 6 (b) ® SQUID
(2 X B RALINE TR 22 M-H lFRA S TB Y,
% J& MnBiTe, TS S N7z SURBEIENIR 2 iz o h
F, MR IR Szt EZ5Nhb, ZLT
Fig. 6 (c) DX 912 x=0.55 DRE-TIEZ~8 K LLT DAL
THREF—VHE (AHE) OMBENZe 2579 ¥ 2l
MICMAZTARHO a7 il sz, ShIZE 1T
WBRZTHEWC XD DTH D, T L THHZRENI LIZR
NR—H—BSTORKN ZELZE5 L, Fig. 6 (d) DL
ICN=1Dk XIZH KD THE ZR L7z AHETIE, DMI
D53 T O MnBST OXARBOAE Y H 4 5 74
K> T BT, ETRMARBORMEGAEEI R
5o 2F Y N=2 Tl LT ® MnBST Jg7%%  RIfiRED
RIEANEIFHL, R Y HA 5T 4 BHLWIHF 5 &
%0, RAEKTDMIAF Y YV LAFN I F VPRE
Elllebo N=072L RMRBOREX v v ThHE—< ¥
Fryv7TID RELRY, MR IHVHITHP LR

BELVAFNIF VHPARRELED. LA2L, N=1D
WEFREE Y v 7L KRE SR D LT O MaBST
FIEREARE L, RV AHAL TV T4 BT ERD
AFNVIF UHEENTH, 2k, LT MnBSTE®
FIMPRBOBEY 208 S OJRAA F U I F Vi
RTHDHIEDVRDLHI 5,

B, SCHR20 & ETHRE - BREEhTwa L)1, &
D37 %FD THE+AHE OERIZ, BHEWRLR L5 5%
2 AHE O LR TRABZBIRPTEREN S Z L0
% (mimic THE)o 2 % O 3R H4F 5 0 —Fi%{D AHE
ERTEHASPAAT 551, TR LAEDbENT
H727H THEFAHE IR ZTLE I RN D S, L L
AY ¥ F A v FREETIX, THE O AR—Y —JZRAFEMEAS
»5HZ &, £ LT THE+AHE H#2MRIC [0 5 0
RL2ZAHEORLHE | EEL72L ED DD AHE Hfi
WE, AT TRLADE L X ICBI S N7z M-H i
LR Ly s, ZoWREkRGTEIhS
(R 1 SCHk18 @ Supporting Information 2 ) o

WHBIZ, RROAFNVIF VOB ERRS, BFEiC
Mn % ~10% DRET BiLTe; 12T Y ¥ A F—7LTAF
W F B LB H %Y, chelbigd s,
ARRIGAFNVIF v OLREY (3 T7DOTE L) A8
BBIZ /10 RET [HRgEN] & 51, 817588
Bomg (a701E8) d#Thb, ZORRIE, A%
A3 Mn SEICHAZBHIEEZ ML L XHDLEEZLD
Nb. DF B Mn T OHEES, KRDIZH 2 F—
THREIV D 1/3 LT RETH 5 7205 HARH 05k
BUNMEKREL D, ZAFIV3IF ¥ a7 ORALIHERRES
DHMIRELR T hbo TDROITHALDH B
2= MY 7 ZORAL X D AR o & 12V R <
%5, =7, BATBITIEZMICY MY 7 AL T AV
WAV O X 2R 9 O T, BHWAIFEY O X )8
Wil b, ¥72, REBRUNCE>TAFNVIF VOER
WHDARDITI IR otz bFWITED, 2D
“BRIETEAF N I 7 IIHEMABY 5 L2 O
VIR A Y R EAOISHBIEE 5,

4. % & &

AR TR L2 vwIhd, PRI hv (§
o) MR ZZ S CFHND, SRR MRBEYEE O
WERDTITONZHDTH S, QAHE 3TN Z4FH
D, TANVF—HGR & WD PR IZEN R 2 o
Bl%CTHHD, EMTFNAL ZAD72DIIZEICHBLRE 2
LIFALENH L, FAFNVIF VIZOWTEASL T
VS AR 2 O MERPR EEE CEONT 0 S
L FEPER I ANMBRERTOE (G ST
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