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Spin-functional materials and devices using narrow-gap ferromagnetic
semiconductors
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We have successfully grown a new class of narrow—gaﬁ 111-V based
ferromagnetic semiconductors with zinc-blende crystal structures and their heterostructures. We have

revealed their properties and functionalities, which can be applied to spintronics devices.
Ferromagnetic semiconductors (FMS) are alloy semiconductors doped with magnetic atoms and have both
the properties of semiconductors and ferromagnets, thus expected to be functional materials for
next-generation electronics. We have created p-type (Ga,Fe)Sb and n-type (In,Fe)Sb whose Curie
temperatures are higher than room temperature, and their quantum heterostructures. These new
materials and heterostructures are shown to have unique and useful properties, which can be applied
to future spintronics devices.

(In,Fe)As (Ga,Fe)Sb (In,Fe)Sb



Mn
InMnAs

®

Fe

GaSb

(3)Fe

1. InAs

/ or /
Mn Cr Co
1i-v GaMnAs,
@
T. GaMnAs
200K  (2)111-V Mn
Mn
i-v
1i-v InAs
Fe 3 11
€y
N P
@
Tc
GaSh
MBE
Tc

Fe-As  Fe-Sb
i-v [(In,Fe)As,
(Ga,Fe)Sh, (In,Fe)Sb]
MBE
[N (In,Fe)As,
P (Ga,Fe)Sb, P (In,Fe)Sb]
Fe
Te
s,p-d
(FET)
FET
Fe-As Fe-Sb
i-v
1 (Ga,,,Fe)Sb Fe
X 20%
Te
230K

2) (In,Fe)As/ InAs



3)

4)

5)

6)

)

(In,Fe)As

30-50meV
11-v
Nature Communications
(Ga,,,Fe)Sb Fe
X 25%
T. 340K
Appl. Phys. Lett.
Featured Article APL
Articles in News 2016
AIP Scilight
n (In,Fe)Sb
TC 335 K
InSb
(In,Fe)Sb
(FET)
Tc
Fe
T -V
Fe d- 1i-v
Tc
N (In,Fe)As
(In,Fe)As
)

8)

(In,Fe)As

Appl. Phys. Lett.
Featured Article AIP
Scilight

7

Nguyen Thanh Tu, Pham Nam Hai, Le Duc

Anh, and M asaaki Tanaka,
"High-temperature  ferromagnetism  in
heavily Fe-doped ferromagnetic

semiconductor (Ga,Fe)Sh", Appl. Phys. Lett.
108, pp.19240V/1-4  (2016). DOI:
10.1063/1.4948692  Featured Article in
Applied Physics Letters.

Le Duc Anh, Pham Nam Hai, and_Masaaki

Tanaka, "Observation of spontaneous
spin-splitting in the band structure of an
n-type zinc-blende ferromagnetic
semiconductor”, Nature Communications 7,
13810/1-8 (2016). DOI:
10.1038/ncomms13810

Le Duc Anh, Pham Nam Hai, and Masaaki
Tanaka, "Electrical tuning of the band
alignment and magnetoconductance in an n
type ferromagnetic semiconductor
(In,Fe)As-based spin-Esaki diode", Appl.
Phys. Lett. 112, pp.102402/1-4 (2018).
Doi: 10.1063/1.5010020 Featured Article
in Applied Physics Letters.

Nguyen Thanh Tu, Pham Nam Hai, Le Duc
Anh, and Masaski Tanaka, "Electrica
control of ferromagnetism in the n-type
ferromagnetic semiconductor (In,Fe)Sb with
high Curie temperature”, Appl. Phys. Lett.
112, pp.122409/1-5 (2018).
D0i:10.1063/1.5022828

Cong Tinh Bui, Christina A. C. Garcia,
Nguyen Thanh Tu, Masaski Tanaka, and
Pham Nam Hai, "Planar Nernst Effect and
Mott Relation in (In,Fe)Sb Ferromagnetic
Semiconductor”, J. Appl. Phys. 123
pp.175102/1-7 (2018). Doi:
10.1063/1.5026452

113
]



" 2018 6

Pham Nam Hai, Le Duc Anh, Nguyen
Thanh Tu , "

87 9

30 36

Nguyen Thanh Tu, Pham Nam Hai, Le Duc
Anh, and Masaaki Tanaka,
"High-temperature =~ ferromagnetism  in
heavily Fe-doped ferromagnetic
semiconductor  (Ga,Fe)Sb", The 43rd
International Symposium on Compound
Semiconductors (ISCS), 2016 Compound
Semiconductor Week (CSW2016), Toyama,
June 26-30, 2016.

Masaaki Tanaka (invited), "Epitaxial
Ferromagnetic Semiconductor
Heterostructures: Control of
Ferromagnetism by Wavefunction

Engineering", 18th International Conference
on Crystal Growth and Epitaxy (ICCGE-18),
Tu3-GO01-1, Nagoya, August 7-12, 2016.

Le Duc Anh, Pham Nam Hai, and Masaaki

Tanaka, "Spontaneous spin-split band
structure of  n-type ferromagnetic
semiconductor (In,Fe)As observed by

tunneling spectroscopy”, 9th International
Conference on Physics and Applications of
Spin-Related Phenomena in Solids, P1-1,
Kobe International Conference Center,
Kobe, August 8-11, 2016.

Nguyen Thanh Tu, Pham Nam Hai, Le Duc
Anbh, and Masaaki Tanaka,
"High-Temperature =~ Ferromagnetism in
Heavily Fe-doped Ferromagnetic
Semiconductor (Ga,Fe)Sb", 9th
International Conference on Physics and
Applications of Spin-Related Phenomena in
Solids, 0-25, Kobe International
Conference Center, Kobe,

Kohei Okamoto, Yuki K. Wakabayashi,
Wataru Ashihara, Yoshisuke Ban, Shoichi
Sato, Masaaki Tanaka, and Shinobu Ohya,
"Tunneling magnetoresistance in trilayer
structures ~ composed  of  group-1V
ferromagnetic semiconductor Gel-xFex,
MgO, and Fe", 9th International Conference
on Physics and  Applications  of
Spin-Related Phenomena in Solids, P1-10,
Kobe International Conference Center,
Kobe, August 8-11, 2016.

T. Nakamura, Y. Iwasaki, L. D. Anh, Y.
Hashimoto, S. Ohya, M. Tanaka, and S.

10.

11.

12.

Katsumoto, "Josephson effect in
Nb/(In,Fe)As/Nb junctions", 9th
International Conference on Physics and
Applications of Spin-Related Phenomena in
Solids, P1-9, Kobe International Conference
Center, Kobe, August 8-11, 2016.

S. Sakamoto, Y. K. Wakabayashi, Y. Takeda,
S.-i. Fuyjimori, H. Suzuki, Y. Ban, H.
Yamagami, M. Tanaka, S. Ohya and A.
Fujimori, "Electronic structure of the
ferromagnetic  semiconductor Gel-xFex
revealed by soft x-ray angle-resolved
photoemission spectroscopy", 9th
International Conference on Physics and
Applications of Spin-Related Phenomena in
Solids, P2-6, Kobe International Conference
Center, Kobe, August 8-11, 2016.

Duong Dinh Hiep, Masaaki Tanaka, Pham
Nam Hai, "Spin transport in nanoscale
silicon channels", 9th International
Conference on Physics and Applications of
Spin-Related Phenomena in Solids, P1-15,
Kobe International Conference Center,
Kobe, August 8-11, 2016.

Tomohiro Ostuka, Yuto Arakawa, Masaaki
Tanaka, and Pham Nam Hai, "Giant
spin-valve effect in (Ga,Fe)Sb/(In,Fe)As
ferromagnetic  p-n  junctions", Oth
International Conference on Physics and
Applications of Spin-Related Phenomena in
Solids, 0-18, Kobe International
Conference Center, Kobe, August 8-11,
2016.

Nguyen Thanh Tu, Pham Nam Hai, Le Duc
Anh, and Masaaki Tanaka,
"High-Temperature  Ferromagnetism in
Heavily Fe-doped Ferromagnetic
Semiconductor (Ga,Fe)Sb", 19th
International Conference on Molecular
Beam Epitaxy, Tu-C4, Montpelier, France,
September 4-9, 2016.

Masaaki Tanaka, Le Duc Anh, Nguyen
Thanh Tu, Pham Nam Hai, Shinobu Ohya

(invited), "Recent Progress in
Ferromagnetic Semiconductors and
Heterostructures: Control of

Ferromagnetism by Material Growth and
Wavefunction Engineering", EU-JAPAN
Workshop on Computational Materials
Design and Realization for Spintronics,
Moltronics, Quantronics, Superconductivity
and Topotronics, Peter Griinberg Institute,
Jilich Research Centre, Jilich, Germany,
September 18-30, 2016.

Le Duc Anh, Pham Nam Hai, and Masaaki
Tanaka (invited), "N-type carrier-induced
ferromagnetic semiconductor and electrical



13.

14.

15.

16.

17.

18.

19.

control of ferromagnetism by wavefunction
engineering", 61st Annual Conference on
Magnetism and Magnetic Materials (2016
MMM), New Orleans, USA, October 31 -
November 4, 2016.

Munehiko Yoshida, Akihide Nagamine,
Masaaki Tanaka and Pham Nam Hai, "High
Temperature Ferromagnetism In (In,Fe)As
Grown On Vicinal GaAs Substrates", 61st
Annual Conference on Magnetism and
Magnetic Materials (2016 MMM), New
Orleans, USA, October 31 - November 4,
2016.

Tomohiro Otsuka, Yuto Arakawa, Masaaki
Tanaka, and Pham Nam Hai, "Giant
spin-valve effect in (Ga,Fe)Sb/(In,Fe)As
spin diodes", 61st Annual Conference on
Magnetism and Magnetic Materials (2016
MMM), New Orleans, USA, October 31 -
November 4, 2016.

Pham Nam Hai, Le Duc Anh, Nguyen
Thanh Tu, Masaaki Tanaka (invited),
"High-performance Fe-doped ferromagnetic
semiconductors", International Workshop
on Advanced Materials and Nanotechnology
2016 IWAMN 2016), November 3-5, 2016,
Ha Noi, Vietnam.

Masaaki Tanaka, Le Duc Anh, and Pham
Nam Hai (Invited, Keynote presentation),
"Recent Progress in Spintronics with
Ferromagnetic Semiconductors: Control of
Ferromagnetism by Wavefunction
Engineering”, 13th Asian-Pacific Physics
Conference and 22nd Australian Institute of
Physics Congress (APPC-AIP), Brisbane
Convention and Exhibition Centre, Brisbane,
Australia, December 4-8, 2016.

Le Duc Anh, Pham Nam Hai, and Masaaki
Tanaka, "Observation of large spin splitting
in the conduction band of n-type
ferromagnetic semiconductor (In,Fe)As",
American Physical Society (APS) March
Meeting 2017, paper E42.00008, New
Orleans, March 13-17, 2017.

Masaaki Tanaka (invited), "Recent topics in
semiconductor spintronics and
ferromagnetic semiconductors", Spintronics
and Core-to-Core Workshop 2017, Osaka,
March 21-22,2017.

Masaaki Tanaka (invited), "Recent progress
and topics in semiconductor spintronics and
ferromagnetic semiconductors",
Sweden-Japan International workshop on
Quantum Nanophysics and Nanoelectronics,
PACIFICO Yokohama, Japan, March 23 and
24th, 2017.

20.

21.

22.

23.

24.

25.

26.

Le Duc Anh, Pham Nam Hai, and Masaaki
Tanaka, "Tuning of Magnetoconductance by
Electrical Control of Band Alignment in
n+-(In,Fe)As/p+-InAs Esaki Diodes", 9th
International School and Conference on
Spintronics and Quantum Information
Technology (Spintech IX), A25, Fukuoka,
June 4-8, 2017.

Nguyen Thanh Tu, Pham Nam Hai, Le Duc
Anh, and Masaaki Tanaka
"High-temperature ~ ferromagnetism  in
n-type and p-type Fe-doped ferromagnetic
semiconductors", 9th International School
and Conference on Spintronics and
Quantum Information Technology (Spintech
1X), B76, Fukuoka, June 4-8, 2017.

Le Duc Anh, Nguyen Thanh Tu, Pham Nam
Hai, and Masaaki Tanaka (invited),
"Fe-based  narrow-gap ferromagnetic
semiconductor:  New  materials  for
high-performance  spintronic  devices",
Collaborative Conference on Materials
Research (CCMR) 2017, Jeju Island, Korea,
June 26-30, 2017.

Pham Nam Hai, Tomohiro Ostuka,
Munehiko Yoshida, Nguyen Thanh Tu, Le
Duc Anh, and Masaaki Tanaka (invited),
"Fe-doped ferromagnetic semiconductors
for high-performance semiconductor spin
devices", 29th International Conference on
Defects in Semiconductors (ICDS 2017),
Matsue, Japan, July 31 - August 4, 2017.

Masaaki Tanaka (invited), "Control of
Ferromagnetism and Transport by Material
Growth and Wavefunction Engineering in
Ferromagnetic Semiconductors and
Heterostructures", Spintronics X,
Symposium: OP17N SPIE Nanoscience +
Engineering, Paper No.: OP115-21, San
Diego, USA, August 6-10, 2017.

Taketomo Nakamura, Le Duc Anh, Yoshiaki
Hashimotol, Yu Iwasaki, Shinobu Ohya,
Masaaki Tanaka, and Shingo Katsumoto,
"Proximity-Induced Superconductivity in a
Ferromagnetic Semiconductor (In,Fe)As",
28th International Conference on Low
Temperature Physics, Gothenburg, Sweden,
August 9-16, 2017.

Masaaki Tanaka (invited), "Recent progress
and topics in semiconductor spintronics and
ferromagnetic ~ semiconductors",  Junjiro
Kanamori Memorial International
Symposium —New Horizon of Magnetism—,
Koshiba Hall at the University of Tokyo,
September 27-29, 2017.



27.

28.

29.

30.

Taiki Hayakawa, Le Duc Anh, Kohei
Okamoto, and Masaaki Tanaka, "Transport
and magnetic properties of n-type
ferromagnetic  semiconductor  (In,Fe)As
co-doped with Mn: (In,Fe, Mn)As", Junjiro
Kanamori Memorial International
Symposium —New Horizon of Magnetism—,
Koshiba Hall at the University of Tokyo,

M. Kobayashi, L. D. Anh, P. N. Hai, Y.
Harada, T. Schmitt, A. Fujimori, M. Tanaka,
M. Oshima, and V. N. Strocov,
"Valence-Band Electronic  Structure of
n-type  Ferromagnetic =~ Semiconductor
(In,Fe)As", Junjiro Kanamori Memorial
International Symposium —New Horizon of
Magnetism—, Koshiba Hall at the University
of Tokyo, September 27-29, 2017.

Masaaki Tanaka (invited), "Recent progress
and topics in semiconductor spintronics and
ferromagnetic semiconductors", Sth
International Meeting on Frontiers of
Physics (IMFP2017), Pullman Kuala
Lumpur Bangsar, Kuala Lumpur, Malaysia,
December 3(Sun) - 7(Thur), 2017.

Le Duc Anh, Pham Nam Hai, and Masaaki
Tanaka, "Realization of spontaneous spin
splitting in the conduction band of n-type
ferromagnetic semiconductor (In,Fe)As for
spin-dependent band engineering", 4th
International Symposium on Advanced
Magnetic Materials and  Applications
(ISAMMA), Phu Quoc, Vietnam, December
10-13, 2017.

36

2017-109044
29 2017 6 1

http://www.cryst.t.u-tokyo.ac.jp/
http://www.csrn.t.u-tokyo.ac.jp/

€Y

@

®

*

TANAKA, Masaaki

30192636

Le Duc Anh

Nguyen Thanh Tu

Pham Nam Hai



