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Why spintronics? s

Science and Technology

International Technology Roadmap for Semiconductors (2013)
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Two fascinating devices in semiconductor spintroncis

Spin-FET Spin Hall Transistor

(Science 2009) (Nature Nanotechnology 2015)
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Main Physics R
Rashba effect: When the Spin Hall effect: The direction of the
perpendicular electric field carrier deviation depends on the spin
exists, the flow of electrons orientation.
induces the effective magnetic

field.

- Gate control of spin orientation

- Realization of spin-charge
conversion
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Difficulties for developing spin transistor s
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Spin field effect transistor (spin-FET) Kdl

ience and Technology

5 Datta and Das, APL 1990

y Zero-field spin splitting (Rashba Hamiltonian)
0 Gate(Vg) Lo
H, =a (oxk)-Z

Spin precession angle for the
FM2 electron traveling the
channel length L
2maol
AO =

h2

FM1

-y
Semiconductor channel

@ » Spin injection from FM1

| » Spin precession by Rashba spin-orbit

interaction.

» Spin detection at FM2 after A® — precession
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Material : InAs quantum well structure K
InNAs (2 nm)
Ino.52Alo0.48As (20 nm)
Ino.53Gaon.47As (13.5 nm)
Ino.s3Gao.47As (2.5 nm)
Ino.52Al0.48As (6 Nnm)
n+ Ing 5,Alg45AS (7 NM) , n=4 x 1018 /cm3
Ino.s2Alo.48As (buffer)
Semi-insulated InP(100)
Temperature (K) Carrier Density Mobility (cm?/Vsec) | Sheet resistance
(X102 cm2) Q)
300 ~2 ~10000 ~250
1.8 ~2 ~60000 ~45

Large spin-orbit interaction parameter : o = 1.0x10"1 eVm (T = 1.8 K)

]ST
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Energy band profile of the InAs quantum weIIK]ST
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InAs (2nm) 1l

InA t I
INg 5Alg 46AS (20 nm) . nAs (quantum wel)

INg 5:Gay 47AS (13.5 nm) ob S~ |
InNAs QW (2nm) | InAIAS INGaAs ]

S .
Ing 53Gag 47AS (2.5 nm) % % INnAIAS
INg 5,Alp 46AS (6 NM) -1 ______/_—J\\\ p2
N+ Ing 5,Al 46AS (7 NM) i O
INo 527l 4gAS (300 nm) 20 10 20 30 40 50 60 70
InP substrate depth (nm)
0.6F 10.6
Only one quantum level exists o R ==
below the Fermi energy. S LT o R m
- | |
2 ool H -0.139 eV ] _0.25
04l U 04
No magneto-intersubband scattering ~ ©osf mg* = 0.05m, {-0.6

Depth (nm) 12
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Spin-orbit interaction (Rashba effect) _....\S

. When the perpendicular electric field (E,) exists, the flow
of electrons (k,) in two-dimensional electron gas (2-DEG)
produces unbalanced population of spin up and down
electrons due to the effective magnetic field (B,) induced
by so-called Rashba effect.

E Beff,y

V4

13
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Shubnikov-de Haas (SdH) Oscillation

SRAVATATLY.
| W
V

14

Korea Institute of .'
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Shubnikov-de Haas oscillations in our InAs KT

Shubnikov-de Haas oscillation [€2] e
1 2e 1 65
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B h 2D 80
n2D :nT+n¢ D:X 70—-
Zero-field spin splitting .
- - 55 - [Oe]
‘ Beatlng pattern In RXX - (l) ' 50100 ' lO(l)OO ' 15(I)OO ' 20(IJOO ‘
non= & L "
T h AQ/ By
AE—ﬂ " (n,—n,)
TR

Using the observed AE, o = AE/(2k;) = AE / (27 n,p)°5
15
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Temperature dependence of .S

SdH measurement
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Amplitude (arb. units)

Major two peaks are not intermixing term between 1%t
and 2" sub-band. 16
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H. C. Koo et al. Science 325,1515 (2009)
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Gate voltage dependence of a and carrier density
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H. C. Koo et al. Science 325,1515 (2009) 18
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Rashba constant control using doping levels™
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K.-H. Kim et al. Appl. Phys. Lett. 97,012504 (2010)
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Crystal direction dependence of Rashba (a) and ™
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Y. H. Park et al. Appl. Phys. Lett. 103, 252407 (2013)
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arbitrary unit

Separation of Rashba and Dresselhaus te
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Y. H. Park et al. Appl. Phys. Lett. 103, 252407 (2013)
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Spin—FET operation
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Semiconductor spin-valve : NiFe/(InAs-2DEG)/NiFe ...... fS

hlgy

FM1(NiFe)

B

FM2(NiFe)

Local measurement
(Spin-valve effect)

Non-local measurement
(Spin accumulation)

24
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Local spin valve measurement at T = 20 K(cl

Science and Technology

Center—to—center distance between FM1 and FM2 = 2.2 um

ﬁ IA903 @20 K, 1=0.5 mA —e— sweep Uup
I T T - . . n — —&— sweep down
AP

AP

25.992

25.990

25.988

25.986

25.984

Resistance (Q)

25982 1 1 1 1 1 1 1
50 40 -30 -20 10 0 10 20 30 40 50

Field (Oe)

H. C. Koo et al. Appl. Phys. Lett. 90,022101 (2007)

25
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Non-local measurement _Kd
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Ferromagnetic injector and detector
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Nonmagnetic channel

Spin
accumulation
A A-LI 2 .
H_ R = "L P4 e s R, : sheet resistance
| spin A As - spin diffusion length

R A g -/% (for 2 DEG)
W

Johnson and Silsbee, Phys. Rev. B 37, 5312 (1988)
Johnson, J. Appl. Phys. 75, 6714 (1994)
Zutic et al., Rev. Mod. Phys. 76, 323 (2004)
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Mechanism of non-local signal

\ |/ e
R \VT\\V/

FM1 Channel FM2 FM2
parallel anti-parallel

27
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A clear spin valve signal by non-local measurement is
observed at 1.8K.

st

2 Ll
Bx NiFe | ‘L j
4} |1 |
20 10 0o 10 20

B (mT)

H. C. Koo et al. Science 325,1515 (2009)
28
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Magnetization direction dependence of _....*S
sSpin precession

Precession No precession Precession
(x-z plane) (x-z plane)

Magnetization of FM should be aligned in either x or z directian.
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Gate control of spin precession
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Magnetization configuration Measurement at 1.8K
20 I NIAELAALINNINNNS PNt sl FN-NOFM, B,
o ey e et NS o S FM-NONFM, B
NiFe > .'.‘. "\"U'"M FM-FM, B,

A
A,A

-,
._2.

f‘{ MWAPJ# FM-FM, B,

1 2

Ve (V)

R ) Precession
NiFe (x-z plane)

H. C. Koo et al. Science 325,1515 (2009)
30
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Fitting of Spin FET signals KST
40
301"
20-— h | Solid line  : Ballistic

Dashed line : Diffusive

AV (uV)

V. (V) H. C. Koo et. al. Science 325,1515 (2009)

Period of oscillation signal when L =1.65 um:~25V
when L=1.25um: ~3Va;
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Temperature dependence of spin precession signal s

H. C. Koo et al. ]
Kdl

80

300 K
4“' ‘
o0r w

~, 40 K

AV (uV)

\.
20r \\Jaw

Ve V)

H. C. Koo et al. Science 325,1515 (2009) 32
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Spin precession signal and mean free path
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Korea Institute of
Science and Technology
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Spin precession signal with a perpendicular magnetization™
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Spin Hall effect in a semiconductor

channel

35
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Spin Hall Transistor
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Spin Hall effect and carrier movement.. KS
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I@ — B,
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I
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‘bbbb“‘bbbbbbbb No Spin precession
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Spin Hall voltage as a function of Magnetization direction.:«::

Anisotropic Magnetoresistance Inverse spin Hall effect
T T T T T T T T T 3 T T T T T T T T T
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Inverse spin Hall effect KST
[ '_ B, L Br
r | '_ «  We observed
ol | AVH/ | | inverse spin Hall effect.
’g‘ | | _' « The sign of spin Hall
= voltage is determined by
>I

2 L . the sign of M and I.
3t | -
n _'
_5-_ — _

= 1} |
E L 4
= o Mgt
>I_1-_ _ Ba // BR .
03 02 -01 00 01 02 03 No Spin precession
B, (T)

39
W. Y. Choi et al. Nature Nanotechnol. 10, 666 (2015)
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Direct spin Halll effect e
Al _
| B,1Bg:
1t l
!  We observed
= Of . direct spin Hall effect.
\E/ 1 _ i * AVH,direct = AVH,inverse
ST ol |
3t — _
ni A _'

03 02 01 00 01 02 03
B_(T)
a

W. Y. Choi et al. Nature Nanotechnol. 10, 666 (2015)
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Ballistic spin Hall effect _Kdl
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A experimental data

= fitted line
' ' idea! baIIistic' '
40r 1 < The Datta—Das conductance
oscillation are clearly seen.

20 + -
) « The solid line fit includes an
E o} - exponential decay e/
— governed by the mean free
=~ 20l | path of ballistic trajectories.
< (I=1.61 um)

40 F 4

0.6 0.8 1.0 | 1.2 | 1.4 1.6 1.8
L (um)

W. Y. Choi et al. Nature Nanotechnol. 10, 666 (2015) 42
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Gate control of spin Hall voltagm%,.g!éST
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W. Y. Choi et al. Nature Nanotechnol. 10, 666 (2015)

« Gate controlled spin Hall signal is nice matched with gate dependence of

Rashba parameter.
43
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Gate control: application to complementary device-

V. /1 (me)

 When the M is reversed, the injected electrons have spins with opposite
orientation and the sinusoidal trajectories are shifted in phase by 180°.

- Complementary logic is possible. 44
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« All electric spin injection was achieved in an InAs quantum well
layer.

« We determined the absolute values of the Rashba and Dresselhaus
parameters separately.

« Spin-FET signal was detected in the quasi-ballistic regime.

 Ballistic spin Hall voltage in a semiconductor channel was observed
using direct and inverse spin Hall effect.

« Spin Hall signal was modulated by the gate voltage.

45



H. C. Koo et al. ]
. . K'cl
Future direction S e S
. Total Solution of Mobile Electronics

Spin transistor 4

Spin
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