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bR F B K Ferromagnetic Semiconductors (FMSs)

® B IV, -V, IV + BEtETTHR (Mn, Fe...) —
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B&E R (Mn-doped IlI-V and IV) Zinc-blende type crystal
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® BHMFERDYILE, MMEZEIHNFRTHIEHITAIEATELMN?
EHEBAD OEETHIHIT D2LENHD)

® SLW\Fal)—BET, (>300K) ZHL DM F ERTIERTEHH ?
“125 big questions that face scientific inquiry over the next quarter-century”,
Commemorative Issue Celebrating the 125th Anniversary of the Science Magazine, Science 309, 82 (2005).
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MBE growth and structural characterizations of (In,Fe)As

I » P.N.Hai, L. D.Anhetal,
RHEED pattern @ 0O Appl. Phys. Lett. 101, 182403 (2012).

OI(['_110]C“'fecti0n)h d HRTEM lattice image
uring MBE growt P (GaAs[llO] dlrectlon)

InAs cap 5-20 nm
Ty =236°C

(a) GaAs buffer (b) InAs buffer (In4..Fey)As:Be 100 nm
T, = 236°C

InAs buffer 10-20 nm
Ts = 500°C

GaAs buffer 50 nm
(c) InFeAs:Be 5nm (d) InFeAs:Be 100nm Ts=580°C

S.l. GaAs(001) sub.
Be is a double donor In

LT-MBE grown InAs.

Good zinc-blende crystal structure
No metallic Fe or FeAs second-pahes metallic compounds
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Curie temperature T vs. electron concentration n

T was estimated by Arrott plots of M - H, MCD - H, and AHE
characteristics on various (In,Fe)As samples

80 0 .
* Fe 8% matrix 107
70r = Fe 8% duster | : :
o Fe 5% € insulating
60 B o ’
o 50} errofagnetic| £ 107
O 40} E
i D
30 % 10-2
20 B ,/ m
pa?lga{ma Aeticy
0 g. ..'/;.ll L 10'3 ] ] I
7618 1019 1020 0 100 200 300
Electron concentration n (cm™3) Temperature (K

n >~ 6x101% cm2 is needed for J Ferromagnetism appears near
electron-induced ferromagnetism | the insulator-metal transition

Features similar to (Ga,Mn)As, but need only n < 10 cm=3in (In,Fe)As
-> s-d exchange in (In,Fe)As is large. 7




Electrical control of ferromagnetism

By controlling carrier density N e By controlling carrier
(conventional) wavefunction (this work)
Magnetic thin films with low carrier Quantum well (QW) containing
coherency (no quantum size effect) a thin magnetic layer

gate voltage Vg gate voltage V5 = Wavefunction is shifted

Magnetic layer
(Fe, CoFe, GaMnAs)

Carriers are
iInduced in the

T~~pY .
) 1(;3 391/2. magnetic layer Tc: o Z j‘¢i(z)‘4dz
7= occupied i EMS

.4._.._ O No need of Ang,..,

— Low power consumption
B | arge Ang; required (10%~10% cm?) | @ — High speed (sub-ps)
— High power consumption O T. — V. relation can be customized
B Low speed (limited by the carriers’ by the QW structure

transit time) L. D. Anh et al., Phys. Rev. B92, 161201(R) (2015).
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InAs/(In,Fe)As/InAs trilayer qguantum well

Anomalous Hall resistance (AHR)

Sample A

INAS 2 nm
(In,Fe)As 6% Fe

8 nm

INAS 5 nm

AISb 50 nm
AlAs 10 nm

GaAs 100 nm

N
o

Potential (eV)
o

Conduction band
potential profile

' InAsInFeAs  InAs /@)’,
" !
o |
1.35eV
feeemeeeesmsenen e T MM lEVEI]
0 5 10 15 20 25
Depth (nm)

L. D. Anh et al., APL (2014).
L. D. Anh et al., PRB (2015).
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Electron density (1018 cm-3)

Anomalous Hall resistance ()

HE o v LA o —
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Device A 42K
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10K
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o 0.6

" 204 T
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€ 051015202530
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« Tri-layer quantum well formed by potential barriers:
AISb/InAs band offset (1.35 eV) + surface barrier
« Samples are characterized by the Hall resistances
- Ordinary Hall resistance (dominant) — Electron conc. ng,q
- Anomalous Hall resistance (~3% of the total) — Magnetization



Electrical gating of ferromagnetism  Seli-consistent
T T T e calculation

FET device ~
INAS 2 nm 30 L (s obtained by fittingT)
(In,Fe)As 6% Fe RoaoX ]88 1 sVg —
8nm E; - 17 6
e _ 416 (O<s<1)
InAs 5 nm %20 e o068 e 1{(3)5~
ASb50mm | 315 | 142 ol /XX [ 65
ARs10nm | £ 4 | (In,Fe)As | 38 2 ) HlEA0.186 4
GaAs 100 nm | = InAs ___InAs c g 22
o 1292 £ o
= 5 - MSID_} — — — L 0 <
GaAsS.Isub. | 5 Ve<0 & Verd 4 18 0246 810121416
(001) © 0 Lo Me=Q 0o 5 Deptn {iim) i
432101234567 8§ eZ6V 13
Gate voltage (V) 5 THAL - L P
B Large change in Curie temp. AT (-42%) 05”/\ 0.626] 10
with very small Ang, .. (~5x101* cm-?) 0 0

B T varies non-monotonically with Vg and Ny

AT Is not caused by Ang, ..
but by the movement of electron wavefunctions
(2D wavefunction engineering in magnetic QW) | A |
L. D. Anh et al., Phys. Rev. B 92, 161201(R) (2015). 02 402pt8h 2;%%1416 10
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New Fe-doped lll-V Ferromagnetic semiconductors (FMS)
@ (In,Fe)As: n-type ferromagnetic GaAs InAs GaSb AISb

P. N. Hai et al, APL (2012); JJAP (2021). (T¢~100K,
M. Tanaka et al., Appl. Phys. Rev. (2014).  305K) . ‘ \ 4&
o =2.3eV(d)

@ (Ga,Fe)Sh: p-type ferromagnetic © ) /

N. T. Tu et al, PRB (2015): APL (2016). (Tc~340K) FEQ";';Q e\: [E;=0.78eV 1.6eV(ind)
| . : g mme SN e .
@ (In,Fe)Sb: n-type ferromagnetic C 0300

N. T. Tu et al, APEX (2018). (Tc~335K) Iig
_ : : . EV "'I"‘"_l
@ (Al,Fe)Sb: insulating ferromagnetic : .
L. D. Anh et al, APL (2015). (T~ 10K)  paramagnetic  ""YPe P-fype insulafing
@ (Ga,Fe)As: insulating paramagnetic Ferromagnetic

S. Haneda et al, Jpn. J. Appl. Phys. (2000). Nearly lattice matched

' Resonant s,p-d exchange interaction model ]

1 1
Noaor N,p = —2|V5de|2(-w. )

Vspa : S-d (p-d) mixing parameter =~ ====-=======- d
E.: Energy of CB-bottom (VB top) P. W. Anderson et al, Phys. Rev. 124, 41 (1964).

& : Energy of d states J. R. Schrieffer et al, Phys. Rev. 149, 491 (1966).
In narrow gap semiconductors,
Fe d-level is near the band edge —» Nya or Nyg is large — high T 1




MBE growth p-type (Ga,Fe)Sb and n-type (In,Fe)Sb

Growth condition v T = 250°C

GaFeSb or InFeSb

@ AISb/AlAs buffer layers to AlSb  100nm
relax the lattice mismatch AlAs  10nm T
€ Grow GaFeSb (InFeSb) at GaAs  50nm Tgb= 550°C
Toup = 250°C Sl-GaAs sub

Sample GaFeSb list

Sample InFeSb list
Sample | %Fe | d(nm)

Al 3.9 | 100 Sample | %Fe | d(nm)
A2 | 6.7 | 100 B1 5 20
A . 1
3 9.0 00 B2 8 20

A4 | 11.4 | 100

B3 11 20
A5 | 13.7 | 100

B4 12 20
A6 17 40 1 15
A7 20 30 55 °

A8 23 | 10
A9 25 | 10 12




- (Ga,,,Fe,)Sb

X =25%

GaFeSB'

AISb 2 nm

a 0 9

GaFeSb 10-100nm . INFeSb  15-20nm
AISh 00 L AlSh 00
A A . . L ] . L] » ‘ A A .
/\ 0 Al J

STEM image and TED pattern confirm that the crystal structure of
(Ga,Fe)Sb and (In,Fe)Sb is zinc-blende-type without second phase



Ferromagnetism of (Ga,,,Fe,)Sb and (In,,,Fe,)Sb

p-type GaFeSb n-type InFeSb

160 = 160
x=16%
120 E=2.0eV
= 80 E“n 80
< .
2 0 ~ 0
O ®
= -40 =
-80 -80
-120 ¢ o S
-160 - - i ' ' '
04  -02 0 02 04 -0.5 -025 0 025 0.5

o Magnetic Field
Magnetic Field (T)

€ MCD vs. magnetic-field (MCD — H) curves (shown here), and SQUID
and AHE characteristics show clear ferromagnetic hysteresis,
Indicating ferromagnetic order.

€ Hysteresis is observed even at 300 K, indicating that T is higher
than room temperature. 14



Fe content dependence of ferromagnetism

-
1

MCD? (mdeg

Curie temperature T

estimated by Arrott plot
Ex: Ga, e Sb (x = 25%)

30000

25000

20000

15000

10000

5000

TC = 340K  m ]

I

& 1 _ 300K
_ SK o 2300 - 5 310K
- T 2000 - r % 3201
E .:-' S 1000 :’:::’,:E,é}.
- o 500 {7 oy
[ o 0 | 23 =§ '_’_
r 0.005  -0.015  -0.02
F H/MCD (T/mdeg)
'E""
K
iy
0 -0.01 -0.02

H/MCD (T/mdeg)

400
350
300
< 250
2 200
150
100
50

0

Tcvs. %oFe

L 2

*
*

. -
S‘t’.p
--

S

Fe content x (%)

T values of GaFeSb (340 K) and InFeSb (~340 K) are

the highest among those of IlllI-V FMSs.
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High T. ferromagnetism in p-(Ga,Fe)Sb and n-(In,Fe)Sb

n-type (In,Fe)Sb 16% Fe

p-type (Ga,Fe)Sb 30% Fe

400 ¢ = 7

O s 200K N
E o f ~300K | =2
g : | =
a S \ =
O — - ¢

=290 F 430k \ NG S

~400 R -80

-1 -0 0 05 1

Magnetic Field (T) 160 F . . .

- 0.5 -025 0 025 0.5
ngh TC _(> 400 K) and_ ] Magnetic Field
perpendicular MA by increasing: _

B Fe density (>20%) Tc =390 K when heavily Fe
B Thickness (>20 nm) doped (~35%Fe€)
S. Goel et al., Phys. Rev. B 99, 014431 (2019). N. T. Tu et al., APEX 11, 063005 (2018).

S. Goel et al., Phys. Rev. Mater. 3, 084417 (2019).  N.T. Tu, etal.,, APEX 12, 103004 (2019).16
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mWFaU—RE (To) Fe R hIBaRANE S 8k D RHISIEE, & T OBIR

- Appl. Phys. Exp. 11, 063005 (2018).
ﬁiﬁeﬁ', 0.565nm) [I f-p??z] & 7 (W, Felv {Eixperiment) N [53/5. Haieda et al, Jpn(.J. |
InAs : Appl. Phys. 39, L9 (2000).
(0.42eV, 0.605nm) : N
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BFEHa2A-50 0 50 100 150 200 250 300 35
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Chemical Trend of Ferromagnetism and Bandstructure

n . I | 1
o Conduction band (CB, 1535 ) Fe-doped semiconductors
. - BREEE Ferromagnetic (FM)
2 - FM (n-type) - ¥4 Paramagnetic (PM)
UL 0 e
<4 | el F-a—H,n_pLLr_ilty states(F47F)
'&_5 LYe Bandgapi (ZZH7) '_ 50 ; '
2122 =l [0>9 0@ NS
g.ﬁ . T < = =
7 = v O
N8 et A
of = o % 0 S oo o
8 {p-type)z tPM pp FM (Pty :) o
8 - o
{ = Valence band (VB, i F &) g
-10

E. Malguth et al., Phys. Status Sol. 245, 455 (2008).
Fe related IB is extrapolated using the “vacuum pinning rule”

FeAR {4 & CB, VBOIRILF—{IEDREFREMNIEE EREZRDD
Fe RN AERL(RHR) DY\ Rif E. or E ([C—8 9 B (GEW)IZS (CHaEIE
HRFTSD > S,p-d RIG/\V RIBE M. Tanaka, JJAP (2021) invited review. g
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Fe-doped I11-V narrow-gap semiconductors (InAs, GaSh, InSb)
o NBELPEHDEMADF ) T7AAT DEHEFEREFRTHIENTE
5?2 (ZLIFAZHRIZEEED RWIII-VEETIENE NG oT2)

Yes, we can!
o BHEFEARDOYE. MHEZTERMFETHIETASENTELIN?
EHEENI DEETHIEHT ILENH D)

Yes, we can!
® SUL\Fal)—RET. (> 300K 3Dt +ERZTIERTELMN ?
Yes, we can!

® N\UKREIE, Yt BEIEOKBEEMEL., FIEIT L ZENTSHMN?

> ATOBE., EFT/BE. BEMBET NNAADRETE/ER
IN progress

 (In,Fe)As-based spin-Esaki diode [Featured Article in APL (2018)].
e Proximity-Induced spin-triplet superconductivity in n-(In,Fe)As [PRL (2019)].
o Gate-controlled MR in n-InAs/p-GaFeSb [Nat. Phys. (2019); Nat. Comm.(2022)].
« FMR and magnetic anisotropy control of (Ga,Fe)Sb at 300 K [PRB (2019)].
« SOT magnetization switching [Nat. Commun. (2019), Nat. Electron. (2020)].
o FeAs/InAs superlattices, giant MR, gate control [Nat. Commun. (2021)].
o{ Topological Dirac semimetal a-Sn/InSb [Adv. Mater. (2021)]. 19
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FeZF—T&FHF  InAsH(ZFe 2D

O EEE

INAs / (INFe)As / InAs FeAs / INASEBEF InAs / (Ga,Fe)Sb
o
4 K0
T, o Z _Hgoi(z)‘ dz IR D 3
occupied i FMS . S0 R ¢ gac  _ TMOS <L I—
M P ° ¥ TR seocarendy
3 T e
S AlSb PRI R0 o0 00 Sao' W g GaFeSh
= : .:';3% > 0{3 @QMDG = Insulating
> 1 ) o o % Q% = Ferromagnet
(9p] ” )
IEE?%R InAs Eoﬁﬂi

FeAs —[FF/§ AR—4—E FeAs —[RFE

Phys. Rev. B 92, 161201(R) (2015). Nature Comm. 12, 4201 (2021).

Adv. Mater 2023, 2301347 (2023).

Nature Phys. 15, 1134 (2019).
Nature Commun. 13, 6538 (2022).
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a-Sn: EpGRO

CAHILEEZFFED

BHimME

L. D. Anh, K. Takase, T. Chiba, Y. Kota, K. Takiguchi, M. Tanaka, Adv. Mater 33 2104645 (2021).
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FMREDAILFEREaSh — BIEERSH @I EIR
L. D. Anh, K. Ishihara, ..., M. Tanaka, Nature Commun., in press.
a-SNIFMSATOESDOYHEET /IMMR  o-SnDBEEYPELEFT/INMR
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Fe-doped I11-V narrow-gap semiconductors (InAs, GaSh, InSb)
o NBELPEHDEMADF ) T7AAT DEHEFEREFRTHIENTE
5?2 (ZLIVFAZHRIZEEED RWIII-VEETIENE NG oT2)

Yes, we can!
o BHMEFEARDOYE. MHEZTEIMFETHIETAZENTELIN?
EHEEBNI DEETHIEHT ILENH D)

Yes, we can!
® SUL\Fal)—RET. (>300K) 3Dt +ERETIFRTELMN ?
Yes, we can!

® \URTEIE, Wit BMEIEOEBEIEMEL, FIEHIT D CENTSEHN?
> ATORE, BF /RS, BREMBEET A ADRET /R

IN progress - applications to various fields
o (In,Fe)As-based spin-Esaki diode [Featured Article in APL (Z013)].

* Proximity-Induced spin-triplet superconductivity in n-(In,Fe)As [PRL (2019)].

» Gate-controlled MR in n-InAs/p-GaFeSb [Nat. Phys. (2019); Nat. Comm.(2022)].
 FMR and magnetic anisotropy control of (Ga,Fe)Sb at 300 K [PRB (2019)].

e SOT magnetization switching [Nat. Commun. (2019), Nat. Electron. (2020)].

* FeAs/InAs superlattices, giant MR, gate control [Nat. Commun. (2021)].

* Topological Dirac semimetal a-Sn/InSb [Adv. Mater. (2021)]. 23
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