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AT, extein & JITND X L RTHEHB, VAT
A VL TIHRF O T AT X UL TKRD S
intein & JITNDHRFEDZ /N7 EHITEY, NK
Wi T T A NV AT A VBRI OME D CR
Ui 7 T 7 A MW S ATk Tﬁﬁéﬂé
RIZ, intein NIAEREEZTERT 2 &, —EHDK
JRIZ KV intein 23]V HH 4L, RIFFIZ N R & C

Ko7 T 7 A RN ST extein BENHIES,

Fio, K 1bIZmrd &9l
K7 Z7 T A FINBEN ST R U T F REH &
intein & extein ® CRK¥g~7 7 7 A v "R 7=
WY RTTF FEPR & TR S BT i »
2o T intein DMAMEEDTER S LD & |
intein OY) Y H LI LW extein 22K DR EST
T4, LVOHRLER SN, ZOHRE
transsplicing & FES,
a b

DNA Gene 1 Gene 2 Gene 3

Z. extein & intein ® N

[lenscrmnnTla!sl.abnn """l"%;;.;pis;;,'%r;;;.};'l""""
Protein : |E-e:tein| Intein IC—emein N-mln']nminus <Inneix]C-mein
l Protein cis-splicing \s;u: Inkein association /

[Fexen]cexten] [_Intem 1 |N-extein [Inteiny€ Inteinc | C-extein|
Ligated exteins  excised inteins l Protein trans-splicing

IN-extem |C-Extel'n| |lnb!inu$ Inteing
Figl FOTFAURTS53A4 LV TREDER
B, (a) cis-splicing.

(b) trans-splicing.

3. Expressed Protein Ligation (EPL)D R [6]
EPL 0K % Fig.2 (2~d, CREHIT 4=
AT NEEFFORTF e VAT A R TIR
FLHTTF NI ALFEIRICAT T NEG LB
Y%, ZOK 9785 % Native Chemical

Ligation (NCL) & FE5, AALFHF15E T NCL &
RS %#ER T % Z L%, EPL &5, EPL ©
3 BT o NI EHE NRWT 77 A b
k\yx?4y%%ﬂ%%iéCX%7ﬁﬁxy

o372 BT miE o C REmicix, C RO T
ARG X UFRFLET T =0T Wﬂ L 7= intein & 5
K% %3O N KigZiZ, N KD v AT A 5%
kT T =R LT intein BREAKAE N L 72
VAT NEERLT, Blx RS 5, 2
DEE, — I DB E RN AR & M9, I
W 2 ELHFE T CIRAT % & intein 2 B K
W2 L DUIBOSDET LT, CRmIZT A= AT
NEERFFONKMG T T 7 A e, VAT A U
HETHED CRIZ T 7 A FVERT S (6],
VT, transesterification 35 X8 S-N acyl
shift ZHETL T N K7 7 7 A b & C R
FIAIPERD, BLEIZR D | BB AT
WA SND, B, £V 77 A2 bzERE
L7720, NRBHI S AT A V2> C K
T A e uT T B X0k 5
ZLELARETH D,

0 HS

+R-SH o +R-SH
(reductant) B3 (reductant)
*'i"“““ >

/\

HN- > C C-fragment
11

o]
trarlsateriﬁcaﬁonfl
l ACTgrer]
Hq" |I
S-N acyl shrl’tl

H

N-fragment N m
!
0O Hs

Fig.2 EPL QO#Ez®E,

4. Protein Trans-Splicing (PTS)D[RE [7,8]
PTS 0¥ % Fig.3 (27, Hakd 25 & 3



IBhE, NKT7 T 7 A e, VAT A UM
MOMREDL CRIGZ 7 7 A MITT- BT, %
NZEN C K& N KiglZ, intein @ N K~ 7
TANECKMGTZ T T A MEMLTEb D%,
M lCHRT 5, ZOBE. —HIZORZERAK
PRk A s, I, mMEZEST S &, intein D
TR - T transsplicing SOs 23T L C.
BT DX NI EONKIG T 77 A hECE
Ui 7 T A NEND, LLEIZE D SRR
HORR RS EERL S AL D

[v] 0
H Il H Il
N-fragment ?/“:rcxm Inteincj~.~MN C
] I j
0 Hs 0 Hs

Split intein association
(in vivo or in vitro)

o
H

0
1

oy ]

O Hs

l Protein trans-splicing

Inteiny m

N-fragment

=0

o
H |l
~N__CJC-fragment
I

0 Hs

0
H 1l
o T
HS

Fig.3 PTS O#®XHE,

Fig.4 (2" 9 X 912, PTS 12X 2@ % |
FEKRIGEOF CHEITIE DL L HARETH D
(9], ZDJETIE, PTS (T B “FHEHO R Y~
TF FHEa—-FTL8E 2, TrE—F—K
OGUEMERYER R 72 D02 07T A I R
ANTEET, 2o 7T R REFR U KGEICE
AT D, WIZ, —FBHOBMT—HOTnE—X
—DOFHEEMNT S, S5, “HFHORMIIKH
LizbET, b9 —Fo7at—4—0FE %N
Do OB, — I OREROD T % 22 T RN AR S
Do EORER, MR Y XTF RED—F O IITHE
AR S AL, S BIZKBE O C PTS Ot & AT
T2, Uhicky | BRUIERDSZERIND, 20D
FiE% . in vivo PTS 1£ L RS,
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E. coli g Spin down Washing
) e -
Npre \

/N first medium (e.g., 2H,15N)  second medium (e.g., H,14N) /\_

T‘.I'Prbm.gb:r:ou amlmse:mmmr:UFF

T7 Promoter : OFF arlblnoup?romom : ON

' Expression 'y Expression
N-fragment & Inteiny N-fragment & Inteiny
\Pfotelr: !rar:s—spllcing/

N-fragment
in vivo PTS ;&0 —4l,

Fig.4

5. CheA MRE S 1EH

UL ETEARTz K 51T, #x KO EaRiE D Wil
SNTWD, L, Bty n— FAnmnie
D WO IFE GG DT, EDTD,
EDOIFEEENT D ONE NN E WD FREHIH X
TR, Fxlx, XA ~—THFE 14 TO~
IWTF RAAL B RTE T2 CheA lZOWT,
BOSHRE ORI Z B5 L C. EPL & PTS Offj
A W CIX il 2 i L7=[10], Z ofEFIE.
LT\ Rk R DM E DB E L 12D
EEZT, LTI+ 5,

CheA 1%, JFEZAEM D EALMEICIS T DM >
TV T ERET DX NI ETH D, PL D
P5DOB5OD RAAL InDHN SIS~V TF RAA
VEHETHY P3S RAAL U ENLTHEA~—%
EHT 5, AWFFETIE, VU iRk Z%1F %5 His48
DIFET D P1 R A A V@RI 35 = &
L L7,

5-1. EPL ik

& #Z. New England Biolab #t X 0 ik &
TW5 pTWIN system #H\ T, EPL yE% i H
L 72, pTWIN system T/Z,intein 28 2 {K|Z Chitin
binding domain (CBD)/A L T\ 5, ZiiZ &
0.4 7727 A k% Chitin £ —X|Z[EE L7
LT, R E G L BT BaAleEteoNy
7 —HIINT A5 21250 intein ZBEAKDY)
W& brREE —EITIT) ZENFRRTH D,



HE) 2 X7 B %yl - 86 28k L U%
DUEEDOEFNE, 57 7 7 A2 FONERLENE
WCRELSEET L, M T, 777 A2 hOK
OBEFNX, 74 7 — a3 UG X intein 282
RIC K DU OE DRRICKRESHET L2 L0
HHNTWD, EHIT, BEEAMICERLE
AT D ENKTELERDN, ZOERN, KI&E
WOTEMIZTEE LW ELEBETHDL, LD
ST, AL O E R J OIS % Fai b5 2
ENEHETH D,

AWFFETIZ, T 2800 C Rl a2 o A7
A VEREIITOMNERS DL EHBELT, 74
F—a VENLE LT, P1L,P2 RAA UREDY v
B — BIChiiE T 5. K146-S147, Q153-S154,
R155-S156, Q157—-S158 O 4 iz #ist L7-, P1
KA A D CEREHE Mxe GyrA A > 7 A > &N
LIEHBREHEL, KIGEICTRBELSE, £
DOFEFR, PLQLEITHOWTIE, FAT AT L E
N7 Pl RAA % ILE#EHT-D 40 mg 55 =
EWTEI, VAT A VERENOIMGE D P2—
5 RAA OO T=0, C Kl P25 KA A
D N KiaD Ser 7% Cys [ZEH L, S HITE
D N Kbl SspDnaB A > 7 A &AL 7= 388
REME L, BB SE, TORE, (S15640)P2-
51220V, ILE#E B2 20mg D, VAT A
VIR DA E H(S154C)P2-5 155 Z LR TE
7o TSN DI L ARNT T FTIE, AT AV
DY AR RICAE T T LE 7272, CBD %7
MLEET 74 =7 4 —BRRBTERVEW S E
NAETT,

WRIT, TAT = a VOGRS ERF LTz, 0.8
mM @ P1(Q153)% LT} 0.1 mM D (S154C)P2-5
% =LA TH D 2-mercaptoethanesulfonic acid
Z 200 mM @MU 7254 TIRA L. 2 ARG S
¥z, L, 7457 = a3 VhEIE 10%R2E I
L EFEoie (Figha, V—r 14), £Z T, 74
T AT ENTZ, NREW T 7 7 A 2 b O C K
DT X BIRIEOEEN RIS RICHEETH D &
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W) RIS N T, P1 @ Q153 12 Gly AR %
WA LT, FOfEHR., P2-5(8154C) & DT A /' —
voa VSN A A0%FEE £ ClEm EXE s Z &
WT&E (Figha,L—r 5), TZT, IA 47—
a VISP S, TvAwms e~ NI T 7 4 —T
KD P1Q153G) & frE LIz BT, A AV
oy~ 777 4 —TRKEDS154C)P2-5 %
bR Uiz, ZORER, BAMEMIZHE b2 R CheA
FA~—DINEIX, ILE#EHZY 0.2 mg Tho
7o REUGD(S154C)P2-5 3, P3 KA A &L
T, 4k L7z2F CheA t~Tu XA ~v—%TEK
T5Z EDFIKT, 2K CheA ¥ A ~— DI
ELAERT LTV, FBRAZ#ED IKEIE, NMR
WIE PR B DOFREHE — DR 2 Z &1L ATRE
ThbHEEZ-, £ T, P1 KAA % 2H,15N
ik, P25 R AA & IRk & L7oalk 2R3 L |
1H-15N TROSY-HSQC %<7 kL ZHIE LTz, %
DOFER, BI—ERAE L0 b, FESKIEICSEES
NI AT MG oiuz (Figs.6a and b), L
L, HEERT 2179 LT, LA EDH

RIEENT,
kDa) M1 2 3 4 M5

66 - P1P2§
45

‘9 - P25

3

21

Fig5 EPLZICKSSA4 45— 3 VR,
L—> 1-4 : P1(Q153)&(S154C)P2-5 DS54 5 —>
AVRIGDFER, RICEBARER EZ/ET LIz,
RIGHEFR ELENST=,

L—> 5:P1(Q153G) & (S154C)P2-5 DS54 45— 3
VRIGDHR, L—y 14 LR RRIED P2-5(C
¥ LT, P1/P2-5 M/AY FMNELE->THEY .. RISH
RBHRER L= ENRENT,



arL . eupcnes || by EPL . PHONEPUTH, P25
105 . &
110 " * -,.
T " u e
gni G 5 T
i P L owrddekor
zm " ':y."":.“‘-"
i . o‘.uyr-:. e
128 J rd .0
'
130
C PTSinvitro , PHUNIPITH P25
. . - . .
"o valadil off
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H finy) (o]

Fig.6 EPL%, PTSEICKURAR L. B
$Z# CheA @ 'H-'SN TROSY-HSQC X R4 k

o

(a)CheAREDMAARY FL,'H DL 7 1 8 ppm
FHEDOTFILMNELLMBEL TS,

(b) EPL kI & YEAR L=, [°H,°N]P1(Q153G)
I"H,"N](S154C)P2-5 DA R4 k)L,

() in vitro PTS %k IZ & Y # & L #= .
[H,"°NIP1/['H,*N]P2-5 DR X% kL,

5-2. in vivo PTS i%

WIZF~1X, In vivo PTS Ex G L7=, PTS
£, V3 split intein OPEE R, 7T 7 A
NORBESZEN., BLOTA 7 —va V%
WCRELSEET D, AFETIE, SHODPFHEREL
72 Npu DnaE A > 7 A % HWi=[12], Npu
DnaE 1 7 A i, BEAF O split intein & il L
TV T7H—NT A TRARETHDL L, A
TAD CRIFZ T 7 AL FHS 15 FRA L A<,
INEMMLIZZ N IEDT T 7 A SOWE
PEZHBR WIS WEDFHETH 5, AT split
intein M OBFIEN TR Z (Kd =3 nM), 71
T2 a VRIGHEIT LT W ERMIRF S D,
7. NpuDnaE 1 > 7 A VOB EFR>T T
A X Fid, Addgene tE L ViEAT L Z LR TE D
(http://www.addgene.org/Hideo Iwai),

PTS V£ TIiX. BIWr &AL o 8 FHEAT DT
L141-S142 & L7=, P1(L141)? C &K 2 78R
Gly-Ser . (S142)P2-5 » N K 5 7% H(c
Cys-Phe-Asn-Gly-Thr OZRZHEA LT, 2D
%, Cys-Phe-Asn /X, NpuDnaE 1 > 7 A DA
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TIA T E AT DT OIEA LD
ThHV., 7Y D 451 cloning artifact TH 5,
P1 % IPTG #E M T7 promoter 2 A3 5 RSF
N7 H2—Z, P2-5 %, RSF X7/ ¥ — LT85
R R PUEWE A A5, T8 — A&
D BAD N7 X —ZEREFREA LT,

MFEBLR Z RIGEAMENICEA L, BEFHEA
1To72& A, IPTG TIEPLR, 778/ —RAT
1T P2-5 NFE SN, MG THET L L, WHD
FA = a VERHBAERK LT (Fig.7a, L —
3,4), G OILEIL, 2-20 mg F2)¥ & EPL %
EHEATEEEIT R LT,

F 7. cloning artifact T& 5 P1 @ Gly-Ser,
P2-5 @ Gly-Thr Z#TOESNIER L7 5EBR %1
KL, FAT7—va U RISEIToT, EDORER,
INEICKRE R BE 52T, BREAKEE 3
FRIEE TN TE D Z LM E RS T, Fo,
3-T BRIEDERPEASNIZ, WTNDOTA 7 —
Va VEMIOWTH, BAEMLREDOY T
fREFEERE L CND Z & AR LT,

ARFETHEEBIR D EBPAER 21T > 7285 1]
EPL & [k, A7 bV ORFEITMHE Sz, L
ML, BEONELE TH-1D A7 s JEE
WDT A= a VEMD. 50 %REERIE L TV
LZEBHLMNERoT, ZhE, IPTG 12X -
THHLL7- T7 RNA polymerase 23551 H1(257% %
Z 22 X& Y, T7 promoter NEFHIAHAILIZ b 5E4E
IR CE WD ThDH LERTL, ZDLD
PRIEREERIR ORI, NMR > 7 v 2813 %
T OEBRTHIIIMER WD, IR =L
(18] X 5 7, EVVEBCENEHR &0 5 EBR Tl
[} EERp A



a b

kDa)M 0 1 2 3 4 kaa} M Oh1zh

e - M EMOPURLS B S e Hg-Smi3-A1182-5
66 b Hg-Tb-P2-5

& - . e iniP2S - '.-4H5—Smt3—P1.—[nlu
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184 -
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Fig.7 PTSZIC&BFA4 45— arvRib,
(@) in vivo PTS R, L—>0: 55&RI. 1: IPTG
B 2:75E/—RFE, 3,4: MATHE, 3,4°T
X, SAH5—YarvEnf=P1/P2-5IZHkET 5. 85
FEDONY FHBAEI ST,

(b) in vitro PTS R, 12 BEIDRIE T, 7T0%EEDH
BTSA 75— a3 UhEfT LI,

5-3. in vitro PTS i

F ZTWRIZ, Iin vitro PTS &2 it U=, in vitro
PTSIETIL, ZoD7 7 7 Ay A IZH8BLS
w7z BT, T 5, DD
PTS L3R 0 | HFEEROETAEL R,
In vivo PTS THZE LTca L AN T 7 NaZDF
FHAHL T, PL,P2-5 D% 7T 7 A haRE -
KL, 0.5 mM TCEP 17(E F CMHG & ¥, &
DOFER, 12 FEEHZIZIE TO%RRE DGR TT A
J—a VEMNARK LT (Fig.7c), INEiX, 1L
& bdHizh 3.6 mg Tholz, P1 FAAL V%
2H,15N 125k, P2-5 N A A v & IRk & L7-alkt
® 1H-15N TROSY-HSQC %<~ kL%, EPL
TR L= B D 2227 FL (Fig.6b) &,
B =88y R TIIE—E L= (Fig.6e),

in vitro TIRG . In vivo

Ve

6. BERLELYD

Fx X, EPLIE, PTSEE W) 2RO R D
FiEZHAWT, CheA D F A A KAy BRIRFE G
DR L NMR 2227 L OBURIZREE LT=,
CheA TlX, RIGT F T AL BT A T —
aVEME~T A =% L T, INEEK
TEEDLD, FCEWT A7 — 3 VRIGHR
NER &7z, EPL T, P1(Q153)D C K

39

W Gly ZBRAZEANTHZ LT, SIEE 40%F2
EECTH EIELZENTEZHLOD, ZHUE
DRI A ER T HZ LIXTE o, T
I%. CheA DOGERIFHEC, W TEX VNI H
ThHHEOIT, SO T T 7 A MEEZ D
LZONRHELoTZ ERFERTHL EEZDND,
Flo. TAT =Y a VRISORRZ il S 7
OIZIX, BOSKER, BE. T4 75— a VEML,

77 Ay MRE, BRI ORE R S
V272 D R ERE PR EThH -7, Mz T, ifi
fR®> pTWIN system % H\ 72 EPL Tix, CheA
DYIWHBALIC K - T, A T A Oz LY
RN TE o Tolo®d, EEOGIWHEHAL 2 72
HIZEDBMETHT,

—J7. PTS {5 Tlx
WT, EWWRRZhER L IETA R CheA ZFRHS
HIENTE, BT, 77742 FORRN
A7 in vivo PTS IETIX, FHRUZ )5 R $
KT 103072 v o> 72, in vivoPTS {ETlE, ik
BHPMERVVEDME & 72 > 7223, In vitro PTS 11T
FORBET D ENTER, LR - TUBIEIR
CheA D XA DOFHEUZ 1L PTS #52 VT
2o

LorL, PTSIETIE, A 7 A U BNARRE&E %
R L2 A =2 a U IRIEPEE 20 e
in vitro PTS {ETIXM )5, in vivo PTS Yif‘%/}\fcﬁ
KEb—FHDT T 7 AL PPAETRW AN
WNEETdH 5, —F, EPLIETIE, BMHANFEFT
REMD 75 7 A NAtLETAF—v a4
T LT RAREZEBERT LA THD, £72.
WTNOHIET S, ol - BEEEIICERZEA
THIENWMELETHDLHN, PTS LY EPL ©
TIN5, BRI BOE NFRHIL S DI, Liciso
T, BEHHS =7y NERSE#RT 2551%
%E@ﬁﬁ%%%ub@ﬂ%\ﬁﬁﬁﬁﬁ%%ﬁ
THIEDBRETHD,

Stk KOEMIEOHEMEZ LV ES T 5720
(21, PTSIETIX, K07 WEEE AL T

. In vivo, in vitro D N I7IZ



bITAT =V a UBER KD A T A DR
WLETHY  EPLIETIE, CRRICF AT AT
NEEFFOT T 7 A M EFRIGRRTE 551k
DFIFEBBETH 5.

7. BRE V4 —LDEE

WHFZEE TIE, NMR 2V T, Hix &l
BaaBE LT, EEMECERN S 1 & OfE A
ZIRA LV OSREETH DS T A 2 D
TW5, F7o, EEFOMOWIREES, FLE
MORIEDTZHIZ, %< O NMR &% H &I
FMALTWS,

NMR % CTid, HBEE~ 7%y bOKERF D72
WIS, RIRANY 7 L5 X OVRIRZE SR 2 E I A
FLFET D2 ENARAIRTH D, FFIZ, m SIN
RRREZ ER TE 5, ElSOEE TIL, &
DFEBNBMLEL D, LIER-> T, ZNORKIAEE
YHE—=InG EROMRERENICZ T OND
LDOEFRIT, FEFIIKEW,
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o HFERMER-LFEH KBMHRE
AT0 BB /B FOHEBRRICE THRREKES

[FEE1]

WEPEMEHI BRSOk 2 e & Z A IR S
TR, BEOTH 2 DHEFEHZ X2 T\5D. Bl
£, IR WL T DM EE KBIIT 5 &,
WtE7 =74 b (BkR(kaE ~— A L L@@
b)) &, MmtTEMands. w774
ME, BEICHET LR NLRY, 2Ty
B EVEICEN, HREEZA LTS &0 9 R
Ex TWDHI2, IRKIERINTE . RN
T = 7 A4 B E LT, TEE =8k (Fes04)
L b 8k(Fe05) A4 T DH. #%E D FeyOs
DA, BRI & L THEHR S5 y-Fe05
(w7 ~vA ME a-FeO3 (XA K) B0,
ZNE BRGSO AR BB 2 SR < v
HILTE7(K 1ab). SHFFEE TILILA, L5722
T R ARIEIZ LY, SR T Ekom M T
oA T vm - g lEk(e-Fe,05) 2 HifH & LT
DD THRIIL, ZOWEMNERT 20
2T ATy R (kOe) & WO RO =
A FD3EDORE I ORWES) WG A KR S
WD DIZERNIY:) HFi>Z xRl LT-
(B 1e,d). F72, ZHETIZ, ZOD eFeO3 DEEA
o (Fe' ) B AR D 4R TEWT 5 Z LN FRET
HY, TAI=U L, TV TAENST-EEE#
IZE - T, BN ZD TET DHRERFENKE
SHIBERRETH S Z L& RIHL TV Zorf
T, AV LEHM e-Fe,0; (s-InFe, 03) 7/
BEPEMRIT, BB S U CIXRpeE-SOR s %
REWOTOBTHD Z L 2WE LTS,

KRBT TlE, e-InFe, (O5 T/ BEER D LR HI
kI, MHEBEBICRIETTRELT. vy FR
() OEERIZH:> THEBERIZHEIIREE AT U &
ADWED, 6K (I=25nm)7)>5 47K (/=170 nm) &

(©)

—~
o
-

151 EXRE D
101 H,=20kOe

ey

I

A0 gt

451" 300 K
40000 20000 0 20000 40000
H (Oe)
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X1 : (a) y-Fey0s, (b) 0-Fe,0s, (c) e-Fe,05 Dk itk
1. (d) e-Fe,03 D=EIRIZK T DA e AT U v AL

&l an82_xO3

[+] 100 200 400 500 600
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mESK

2 : e-InFe, (O3 7/ BEMEIR DRGAL 1R EE Bhf.



BRI AHZLERH L. Z047K &0 ) EiI3HE
TRMERGMER & U TR RO T d 514,

(EX79
e-InFe, 03 7T~/ 1 v FE AL L TR

e-In.Fey .03 (x= 0.04) F/ 1> R&, #iI /AL
LN MAEOMA G DRI DA L. X3
AR OBEEE & 7R3, 2 FREE O X B VIR B &
N %, BibeEF L b AFALT E=T A
(CTAB), 1-7 % ) —)v, 7 %>, KERETD
TLICR IR LT, W R WEIR 1T ORI,
FEEREk, HEENU U A, HEEA T U LORAK
WRN D> TERY, WK I OKMEILT
VRTINS STV W RV T 2
LS LCND &2 AT 2 B/VIRIKE T 23 T
L, G THRIZT b7 =F A3 by T %1
TLU, 24 BB Lz, 0Bl - vEd - vt
52 LIk, AR AT 5 DT RTERA A,
1075 °C & 5\ % 975 °C T4 B§RBERR L, > U B
~ MU w7 REKEBIT N T LKEKR Ty F
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Fabrication of n-type ferromagnetic semiconductor (In,Fe)As

1. Introduction

All of semiconductor devices, including pn junction
diodes, field effect transistors or semiconductor lasers,
require a pair of n-type and p-type semiconductor
materials to work. Semiconductor spintronics devices
are no exception. Despite the extensive studies on
magnetic  semiconductors, n-type carrier-induced
FMSs are still missing. In fact, most studies on FMSs
are concentrated on III-V semiconductor doped with
Mn, such as (In,Mn)As [1] or (Ga,Mn)As [2,3], which
are always p-type with hole densities as high as 10% -
10*' cm™. In those materials, Mn atoms work not only
as local magnetic moments but also as acceptors
providing holes that mediate ferromagnetism. This
behavior, however, creates a severe drawback; it is
difficult to control the ferromagnetism and carrier type
(in other words, Fermi level) independently. This
problem makes it difficult to utilise the Mn-based
FMSs for practical devices, as well as to understand
the mechanism of carrier-mediated ferromagnetism in
which controlling the Fermi level is very important. On
the other hand, 11-VI semiconductor based FMSs, such
as ZnCrTe [4], are too insulating and there is no
effective method for carrier doping.

In this study, we show that by introducing iron (Fe)
atoms into InAs, it is possible to fabricate a new FMS
with the ability to control ferromagnetism by both Fe
and independent carrier doping. We demonstrate that
(In,Fe)As doped with electrons behaves as an n-type

electron-induced FMSs, that is, finding the missing

counterpart of p-type FMSs.

2. Sample growth and structure analysis
The studied (In;,Fe,)As layers are 100 nm-thick
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and were grown by low-temperature molecular-beam
epitaxy (LT-MBE) on semi-insulating GaAs substrates
(see Method summary for sample preparation). Two
of (InpFe,)As
in Table L

series samples were grown as

summarized Series A with a Fe
concentration of x = 5.0% and series B with a higher
Fe concentration of x = 8.0% (except for BO with x =
9.1%) were grown at a substrate temperature of 236°C,
with and without electron doping. Figure la shows a
transmission electron microscopy (TEM) image of
sample B0, which is undoped (Ingog9,Feg.g91)As. Figure
1d shows a high-resolution TEM image of an area
close to the buffer layer, indicated by the rectangular in
Fig. la. Despite low-temperature growth, the whole
(In,Fe)As layer shows zinc-blende crystal structure and
no visible inter-metallic precipitation. We further
thinned the TEM sample down to ~ 10 nm and found

no evidence of such inter-metallic precipitated

particles, proving that it is possible to grow
zinc-blende (In,Fe)As of good quality by LT-MBE.
Figure 1b shows the In, Fe and As atomic

concentrations obtained by energy dispersive x-ray
(EDX) spectroscopy. It is observed that the As atomic
concentration is close to the sum of In and Fe atomic
concentrations, revealing that most of the Fe atoms
reside at the In sites. The fluctuation of Fe
concentration results in superparamagnetic zinc-blende
clusters with high Fe concentrations, as will be
described later.

At In sites, the Fe ions have two possible states;
acceptor state (Fe”") and neutral state (Fe*"). If the Fe**
states were dominant, (In,Fe)As layers would be p-type

and the hole concentration would be close to the doped



Fe concentration at room temperature, similar to the
case of (In,Mn)As. In reality, however, sample BO (and
all the other undoped samples) shows n-type with a
maximum residual electron concentration of 1.8x10'™
cm™ at room temperature, which is four orders of
magnitude smaller than the doped Fe concentration.
Our analysis of the temperature dependence of the
electron mobility of sample BO shows that the neutral
impurity scattering, rather than the ionized impurity
scattering, is the dominant scattering mechanism in
this undoped sample up to room temperature (Fig. 1c).
All of these facts indicate that the Fe atoms in
(In,Fe)As are in the neutral state (Fe’") rather than the
acceptor state (Fe2+). This result is similar to that
obtained in the previous work on paramagnetic
(Ga,Fe)As, in which Fe atoms were found to reside at
the Ga side and in the Fe’* state [5]. The residual
electrons in sample B0 probably come from the As
anti-site defects acting as donors due to the LT-MBE
growth [6].

We then tried doping (In,Fe)As layers with donors to
see the carrier-induced ferromagnetism. After trying
several doping methods, we found that Beryllium (Be)
atoms doped in (In,Fe)As at a low growth temperature
of Ts = 236°C work as good double donors, not as
acceptors as in the case of Be-doped InAs grown at Ts
> 400°C. For these electron doped (In,Fe)As layers, we
investigate their ferromagnetism by using magnetic
circular dichroism (MCD), superconducting quantum
interference device (SQUID), and anomalous Hall
effect (AHE) measurements. Despite the general belief
that the tetrahedral Fe-As bonding is antiferromagnetic
[7], all of our data show striking evolution of
ferromagnetism in (In,Fe)As with increasing both the
Fe concentration (x = 5 -

1.8x10"™ ecm™ to 2.7x10" cm™),

8%) and electron

concentration (n
indicating that (In,Fe)As is an intrinsic n-type FMS,

and that we can control the ferromagnetism of this
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material independently by Fe doping and electron

doping.

1. Magnetic circular dichroism measurements

MCD is a technique that measures the difference
between the reflectivity of right (Rs+) and left (Rs.)
circular polarisations:
90 (R,, R ) 90dR
——————~——=AE
2 T dE
where R is the reflectivity, £ is the photon energy, and
AE

MCD =
T

is the spin-splitting energy (Zeeman energy) of a
material. Since the MCD spectrum of a FMS directly
probes its spin-polarized band structure induced by the
s,p-d exchange interactions and its magnitude is
proportional to the magnetisation (AE~M), MCD is a
powerful and decisive tool to judge whether a FMS is
intrinsic or not. Figure 2 shows the MCD spectra of
sample series A (Al - A4) and sample series B (B1 -
B4), measured at 10 K under a magnetic field of 1
Tesla applied perpendicular to the film plane. With
increasing the electron density and Fe concentration,
the MCD intensity shows strong enhancement at
optical critical point energies E; (2.61 eV), E; + A
(2.88 eV), Ey’ (4.39¢V) and E, (4.74 eV) of InAs,
which show the magnetic “fingerprints” of (In,Fe)As.
For sample B4, (Inggy,Fegog)As with n = 2.8><1019, the
MCD peak at £, already reaches 100 mdeg at 10 K,
which is two orders of magnitude larger than the MCD
caused by the Zeeman splitting of InAs (~1
mdeg/Tesla) [8]. For a reference, we show in Fig. 2i
the MCD spectrum of a 44 nm-thick Fe thin film
grown on a GaAs substrate at 30°C. The MCD signals
of Fe in the 1.5 — 3.0 eV range are, although quite large,
always negative and very broad. Furthermore, there is
a very large negative broad peak (-460 mdeg) at
around 5.0 eV. In contrast, the MCD signals of

(In,Fe)As at 5.0 eV are nearly zero, and there is no

broad-spectrum offset background that is the signature



of metallic Fe. Furthermore, in (In,Fe)As, the MCD
peaks at £, + A; (2.88 eV) and E;’ (4.39 eV) are
positive, which are consistent with those of (In,Mn)As.
All of the above features clearly indicate that the MCD
spectra of our (In,Fe)As samples are different from that
of Fe, thus eliminating the possibility of metallic Fe
These (In,Fe)As
and that

particles. results indicate that

maintains its zinc-blende structure, its
spin-split band structure is governed by the s,p-d
exchange interaction between the electron sea and the
Fe magnetic moments. Samples A4, B3 and B4, whose

. 1 B
electron concentrations are about 10" cm 3,

are
ferromagnetic, while other samples with lower electron
concentrations are paramagnetic. The facts that the
ferromagnetic properties of (In,Fe)As depend on the
electron concentration n, and that (In,Fe)As can be
ferromagnetic only at n > 10" cm”® while
paramagnetic at n < 10" em?, also eliminate the
possibility of embedded metallic Fe and intermetallic

Fe-As compound particles.

2. Conclusions

conclusion, we have grown new n-type

electron-induced FMS, (In,Fe)As. MCD, SQUID, and

In

magnetotransport data show clear evolution of
ferromagnetism in (In,Fe)As when increasing the
electron density by chemical doping with a fixed Fe
concentration. Development of such n-type Fe-based
FMS will open the way to fabricate all-FMS spintronic
devices, as well as help understanding the physics of

carrier-induced ferromagnetisms in FMS.
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Table L. List of (In;_,,Fe,)As samples.
All samples were grown at 236°C. x is Fe
concentration, and # is electron concentration.

. 3 Non-magnetic
Sample | x (%) n (cm”) dopants
Al 5.0 1.8x10"® Be
A2 5.0 2.9x10" Be
A3 5.0 6.2x10"® Be
Ad 5.0 1.8x10" Be
BO 9.1 1.6x10" None
BI 8.0 1.3x10"® Be
B2 8.0 1.5x10"® Be
B3 8.0 9.4x10' Be
B4 8.0 2.8x10" Be
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Figure 1. a, Transmission electron microscopy (TEM)
image of sample B0, taken from the GaAs[110]
direction. b, In, Fe and As atomic concentrations
obtained by energy dispersive X-ray spectroscopy
(EDX) taken at 6 points marked by * in the above
TEM image. It is observed that the As atomic
concentration (~50%) is close to the sum of the In and
Fe atomic concentrations, revealing that Fe mostly
reside at the In site. ¢, Temperature dependence of the
mobility of sample B0, which indicates the neutral
state of Fe impurities on In sites. Dashed line is the
fitting u~ T'. d, High-resolution TEM (HRTEM)
lattice-image taken at an (Inggp,Fegog)As area close to
the substrate (marked by the rectangular in Fig. la).
The (In,Fe)As lattice shows zinc-blende crystal

structure only.
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Figure 2. Magnetic circular dichroism spectra (MCD) of
a-d, (Inggs,Fepos)As samples (Al - A4 in table I) with

electron concentrations of 1.8><1018, 2.9><1018, 6.2><1018,

1.8x10" cm™, respectively, measured at 10 K and under a

magnetic field of 1 Tesla applied perpendicular to the film

plane, and e-h, (Inggy,Fegos)As samples (B1 - B4 in table

I) with electron concentrations of 1.3><1018, 1.5><1018,

9.4x10"®, 2.8x10" cm™, respectively. With increasing the

electron and Fe concentrations, the MCD spectra show

strong enhancement at optical critical point energies E;
(2.61 eV), E; + A (2.88 eV), Ey’ (4.39 eV) and E, (4.74
eV) of InAs. i, MCD spectrum of a 44 nm-thick Fe thin

film grown on a GaAs substrate at 30°C. The spectrum is

clearly different from those of (In,Fe)As.
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Fig. 1. FESEM images of Ga,O; nanowires grown on 1 nm

thick gold catalyst at the growth temperature of (a) 700, (b)

750, (c) 800 and (d) 850 °C, respectively.
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Fig.2. (a) TEM image of Ga,0O; nanowires. The inset is SAED

image. (b) enlarged TEM image of single Ga,O3 nanowire. (c)
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Fig.3. CL spectra measured for Ga,O; nanowires grown at
700-850 °C as deposition and at 850 °C after annealing.
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