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1. Outline of my research
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1. Outline of my research
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2-1 Cr distribution
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2-1 Summary
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Next step (Tsukuba > NIMS)
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2-2 Previous study
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2-2 Sample Structure
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l;nj = OpA ~10pA

Tunnel Junction
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Microscope INAS.-
Image
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2-2 Differential Conductance

Nb % ma V dependence of differential Conductance
V -0 —————
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Next step (NIMS - TITECH)
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2-3.Spin-polarized light emitting diodes’
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2-3. Spin-LED as a CPL source

-3

EL intensity (arbitrary units)

e
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InGaAs (i) 77 l?\ § 000¢ G
Gahs () - 001f TR
GaAs buffer (n) i g .
GaAs substrate (n) : Tk ] —a
| -003im l
-15 -10 -5 0 5 10 15
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0.04F
g.; B LED with Fe: HH T=300K
100 ? 003 T LED with Fe: LH
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s n § *\ s
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10 5 EL .E o00f
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2 o0l Wy, = °
5] n !
1 .0.03 L . ) N . |
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Energy (eV)

GaMnAs-based Spin-LED
P: ~ 10 %(@6K)
Ohno et al. Nature 402 790 (1999)

Magnetic Field (T)

Fe / GaAs (Schottky Barrier)
Pc ~ 2%(@300K B>|4T|)
Zhu et al. PRL 87 016601 (2001)
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Temperature (K)
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CoFe / MgO / GaAs
Pc ~ 47%(@290 K B>|5T])
X. Jiang et al., PRL 94, 056601 (2005)
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2-3. Spin-LED for applications

1. Operation without applying external magnetic field

Az2 [ i T
| © 5 | < \
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2. High polarizatian at room temperature
- High spin-injection efficiency - _,,,_,.Q:::;
- Crystalline tunnel barrier ' - P

1. BIZCEHGEDHED

Eﬂ?]ﬂ@;?x%@b\%%
> ?Lﬁ\gﬁtg—éﬁtﬁ 3. Helicity selectivity of CPL emissio
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Sample Preparation
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e-beam
depositio

MBE
growth <

T =510°C

.

>| Fe |

thickness difference
(30/100 nm)
- H, difference

>IA|OXI - 1.0 nm AlOx layer

. . Doping
Au/Ti Thickness profile
Fe FM layer —
AlO, Barrier ~1.0 nm —
n-Al,,GagAs | &12d 300 nm [1E17 cm®
S (Transport)
Al, 4Ga, gAs 15 nm
InGaAs Active 500 nm
Aly ,Ga, gAs 15 nm
p-Al, ,Ga,gAs | Clad 500 nm (1E18 cm-3
p-GaAs buf. 500 nm [1E18 cm?

p-GaAs sub. (001)

Al epitaxial growth
- Oxidization @RT

o~ InGaAs

In composition : 3%

EgtaAs  =1.42eV
Egncats  =1.38 eV @LT

Molecular beam epitaxy
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Oxide film on GaAs N-Nishizawa ol l, JAP 14, 033507 (2013)

[typical D, values]

1. High density of interface state (D)

. 13 . 2\/-

2. High temperature oxidation method AlO,/GaAs :~10"~ cm?V!

- Not available for IlI-V SCs SiO,/ Si - ~101 cm2v-
Group-V elements (As or P) have high vapor pressures

To obtain high quality oxide layer on GaAs

1. Reduce the density of interface state
- Less dangling bonds and defects at the interface
—> Epitaxial growth of thin aluminum layer - Small lattice mismatch with GaAs

2. Low temperature oxidation process
—>Post-oxidation by exposed Al epilayer at RT

Epitaxial growth of Al

AU
OO
OROROK

As stabilized surface on GaAs
Decrease the dangling bonds Suppression of migration and replacement by
by covered with Aluminum mono-layer not giving an extra kinetic energy to oxygen ions
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rystalline AlO
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N. Nishizawa et al., JAP 114, 033507 (2013).

N. Yokota et al., JAP 118, 163905 (2015).

‘ Process \9 Crystalline AlO, layer

Al epitaxial growth (5.5A)
@RT with low As back-pressure

Thickness of natural oxidation layer
onpureAlcrystal > 4~6A

Oxidization for 10h. (= 7.0A)
dry air of 1 atm. @QRT

Al deposition (2.3A)

Oxidization 10h. (9 3. OA)

| Simulated images

(i) (ii) (iii) (iv) >

AIO,

AlIO,

- Al epilayer
As-stabilized
surface 55A
GaAs GaAs

GaAs
[1-10]

GaAs
[110]

o
00
(3}

o

o]

o
T
|

azincblende (l 10) |

=)

~

o
—

i a};’gl o (1120)

0.65} 3 x ajpfflo (222)

I/l GaAs (110) plane (nm)
S

o
=]
o

AlGaAs  1st _ 1st __ 2nd _ 2nd
Al growth Oxidation Al growth Oxidation
Process step

Spacing of lattice plane



Crystalline AlO
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N. Nishizawa et al., JAP 114, 033507 (2013).

N. Yokota et al., JAP 118, 163905 (2015).

' Spin-LED =G +|
| with AIO, /\ =0 —
_ r\l _/2|ox n~67 % _
-/":'\ i ot/ o™ |
= |
5| i
2
=
%’ - Spin-LED o
| _WOAO: g
TV
= |
LLI ot/ o™
140 145 150 155
Photon energy (eV)

7;u.':' = 30 OC

C-V characteristics
on Au/AIOx/n-GaAs_;

0.7

1.4

2.1 2.8 3.5

{NOX (nm)

| Typical values of
a-AlOx / GaAs

ok w

. High spin injection efficiency
n~63% @ 6 K > MgO/GaAs

ALD-grown AlO, / GaAs

Low density of interface state
D, ~7 x 10" cm2.eV-1 << ~ 101314

(amorphous AlOx/GaAs)

Electrical uniformity

Depression of chemical reaction at interface

High breakdown voltage (~ 107 V/cm)




Toward RT operation
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MBE and evaporations
Tokyo Tech (Japan)

i ~40um | Thickness Doping
3 > profile
Au/Ti Au / Ti 20/10 nm
ﬂ Fe 100nm
AlOx x-AlO, 1 nm
n-GaAs GaAs cap 15 nm | $i: 5E18 cm-
n-Al, ,Ga, ;As Clad 500 nm | Si: 1E17 cm?3
i-Al, ;Ga, ,As 15 nm
p-GaAs Active 500 nm | C : 1E18 cm
p-Al, ;Ga, ;As Clad 500 nm | C : 1E18 cm?3 >
p-GaAs 500 nm | C : 1E18 cm™
p-GaAs sub. (100) Zn :1.3-
00umI20E19em® )

\/\

> Efficient spin injection
* MBE-grown x-AlO,
(show the next for details)

N. Nishizawa et al., APL 104, 111102 (2014)

MOVPE growth
Optowell. Co., Ltd. (Korea)
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O ptl Cal Set' U p N. Nishizawa et al., PNAS 114, 1783 (2017).

J =22 Alcm?2 J = 110A/cm?

Real-time
multichannel
spectrometer




EL spectra
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N. Nishizawa et al., PNAS 114, 1783 (2017).

EL intensity 7 (arb. unit)

P. =0.98 _
circ @ RT G+ G

28 Alcm? e e- -
85 Alem® - - - - - -
184 Alcm’

- J=184 Alcm® -
=0.03 = *© i
2 £ 5

8 .

> E e D S

3 ; . =

1.3 1.4 1.5

Photon Energy (eV)

] ] ]
1.35 1.40 1.45

Photon Energy (eV)
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EXpe ri m e ntal S u m m a ry N. Nishizawa et al., PNAS 114, 1783 (2017).

EL intensity (arb.unit)

= LB & & 0 s
= [ Chip-A —fi—-+0— I
o - Chip-B —@—+0— i
= I | _
1.30 1.35 1.40 1.45 1.30 1.35 1.40 1.45 _9 -
Photon energy (eV) Photon Energy (eV) = i 1
— 8 =
Switching the direction of magnetization i
—> Signs of polarization 10 . e s o W {'
= Spin-dependent emission : 2 -
. 0.8f |
low current density (J) region Q”
P_.. M and then U gradually S 06¢ 6 = 1(6-)
@® [ EL = -~ ]
. . I + I
high J region (J > 100 Alcm?) g o4f ™) 1) ]
EL(o") turns to decrease g | Chip-A—i— |
P Increases abruptly e Chip-B —@—
- ~ 100% (spontaneous emission) colbe—d .Ch’.p'c."'—.
0 50 100 150 200 250

Current density (A/cm®)



Helicity switching
[ e

40 pm 40 pm Thickness
< i< N—i¢ >
AuTi | 2°0Km —20/10nm_
Au/Ti
Fe I Feo 100 /30 nm

I xAOx T  inm
n-GaAs 15 nm
n‘AIQ_:;GaO'?AS 500 nm
i'AIOGGaUI?AS 15 nm
p-GaAs 500 nm
p'Alo_SGao_?AS 500 nm
p-GaAs 500 nm
p-GaAs sub. (100) 600 um

28/52
- etal, APL 104,111102 (2014).
ﬁ' APEX 11, 053003 (2018).

= || mT=300K

C L 2 o
S || mHN1T0 V_II ;

e

o

c

<

©

N

©

=

(®)]

©

=

-200 | -100 | 0 l 100 l 200

Magnetic field (Oe)

With the increase of the film thickness, the strength and broad

distribution of pinning cites decrease
Anti-parallel magnetization configuration at remnant state
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Electrical helicity switching s as e e

PeL = 1D T 166

_:g (a) QWP =0 ° )
2-channel S5
Function o
| -
generator W
= (b) QWP = 90 |
U) |
c
QL
£
—
L Or .
C
Ae)
©
N
We have successfully &
demonstrated electrical switching of s

circular polarized light up to 100 -O-g_t;o “Re OB BiE OO 0_H05
kHz at room temperature without

: . Time (ms)
using external magnetic fields.
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Polarization blending ! it 20 ot 12 )
Iy
IO\ é 5] | I

B c i A

R O 10t

0 E’; | I, + Iy

2-channel % 5_

t - _a

o o8& >
&< -Of
: L
2-10
O r N 1 N 1 N 1 N 1

0.00 0.25 0.50 0.75 1.00

ratio 1,/(1, + Ip)

By simply tuning the currents ratio of two electrodes,
value of circular polarization can be changed continuously between
negative and positive helicities

—> Arbitrary polarization emission
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Next step

[ZERpLTE=CL]
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2-4. CPL applications
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Electron system
(Magnetic materials)

Spin-polarized
electron

Biology
Medical
Chemical

HaC

Communication

Display
Recording

7  Cellomcol
“ ‘amg{o \;i—|o[_]o|o" -

64-

'L

; @@“55§5?r
|C={1/0=ClO] |4

J. F. Sherson, et al.,
Nature 443 527 (2006).

F. B. McCormick, et al.,
Applied Optics 29, 2013
(1990).

L-alanine

o]

Chromatogr. A 202 239 (1980). |-

Optical device

Spin angular Circularly
momentum polarized light
(CPL)

D-alanine

0 Al

o 3
H3C .
NH:2

A. F. Drake, et al.,

tumour generated tumour cellutar |
u
.ﬂh rous tissue .:Dn'umeﬁl: ‘ e

B. Kunnen, et al
J. Biophotonics. 8 317 (201

y

RHC Polaniger

CPL Switchable

"\S‘pin-LF.D

K. S. Bae et al.
Optics Express
20 6927 (2012)

C. D. Stanciu et al.,
Phys. Rev. Lett. 99 (2007) 047601.
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2-4. CPL on Biology

mt BELEDIRIIRREDE L
> HEADOKSES.BEE. 7%
> AEABORBEDER
REZI
/ N > BB T (R ZE) DR H
~ — \ f [ZHE®
A PRAE 7 W. S. Bickel et al., PNAS 73, 486 (1976)
(PR AR ARELIR)

RIS T B PR M B NE

E J
tumour cellular

component —

rrrrr

100

1741
0! 3 $Q
SDO-' . E
10 5
€ 1000 - - X
- -3 - -
L 10 § . s U
£ 1500 104 § -
o 3 tumour generated
3 105 P fibrous tissue IEI“"‘%HH@
2000 - PJ L X a1
108 € E NG
‘Scattering medium v Pl 4

.tumour generated .tumour cellular . lung

fibrous tissue component

B. Kunnenn et al., b X L‘m P S

J. Biophotonics 8, 317-323 (2015)




2-4. Spin-LEDs for Cancer diagnosis ™

Spin-LED (CPL source)

Intensity

0

130 135 140 145 150
Photon energy (eV)

N. Nishizawa et al.,
PNAS 114, 1783 (2017)

uuuuu
T

Cancer diagnosis technique
using CP light scattering

umour cellul u s
nnnnnnnn
+Q
|
tumour generated tumour cellular . lung
fibrous tissue ™ com ponent

B. Kunenn et al., J. Biophotonics 8, 317 (2015)

ERRICE T3 EZ
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FEESEE

BEtE5=5ZohT—<YDTTHELNTES
BEtS=T—<7BEKZESTHRLTHRZITAS NFETODHERTODERS

o Bt Bt

CETES

AADHREEELDRENLER AL, 22
(BCKOEMBEEH R - WEL T %)

HZARTIFX2000F K FE TIE
L= (r%) T1 AR, 7%
FERETEHTIEIHRBARRIT =,

HAFEDRE (CNNDEHAE)

Bt Rt TOOHEE

LAOLEE., AEEERDS ALY
F15E—5,
BLXSOMREFEALONTLEIRRK

NRZTESTULVS,
(NELDOEHEXRTIHIERIZRE ML)

. S.BEROTEEELEDLYDDOH D
H15 H29
c BXTDOFEE: 645% > 78.2%
ETOFMEE: 54.4% >  67.7%
TaDRZA 18—~
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