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Very powerful technology
Present everywhere in today’'s societ







Ferromagnets

- Stable memory

- Fast switching

- High ordering temp.
- Spin transport

- Technology base
(magnetic recording)

Semiconductors
Bandgap engineering -
Carrier density & type -

Electrical gating -
Long spin lifetime -

Technology base -
(electronics)

Semiconductor Spintronics

Can we develop spin-based
transistors, switches, and
logic circuits ?

How to create, control and
propagate spin information
In semiconductor structures?
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lon of spin-polarized charge current
- Hot-electron spin filtering
- From ferromagnetic tunnel contact

lon of pure spin current (no charge

- Spin pumping by magnetization dynamics
- Spin + thermoelectric effects (spin caloritre

al Injection
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Optical detection in spin-LED

LED

W

Hot-electron
spin filtering

Source
current

4-terminal, non-local

Source current Non-local voltage

© O

Spin Spin
injector FM detector

Semiconductor




nin Si spin-LED (low T)
Jonker & Co. (2007)

pin injection & detection
at 300 K (n- and p-type)
Jansen & Co. (2009)

Electric-field control of sp
(without S-O interaction, |
Jansen & Co. (2010)

alve Si channel, 300 K Spin accumulation / tran
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arized electrons T=50K,80K| A

ation with holes
U

)olarized emission

Silicon

—— TO 50K (32 mA, 2.2 V)
—%— 2TO 50K (32 mA, 2.2V)
—4— TO80K (65 mA 24 V)
— e magnetization

Circular light polarization (%)

Magnetic field (T)




Source current Non-local voltage

Spin Spin
injector FM detector

GaAs semiconductor

pin-valve




Source current Non-local voltage

Spin Spin
injector detector

)
o
o
)

>

| = +100uA Extraction

| = -100uA

Non-local Voltage (V-V0)
Non-local Voltage (V-VO

6
4010 00 =200 100 0 100 200 -600 -400 -200 0 200 400
Magnetic Field (Oe) Magnetic Field (Oe)




d

Introduction and brief overview
Key methods and devices for spin injection

Part I Part Il

al spin devices Hot topic:
Injection Spin relaxation tim
Detection Magnitude spin acc
Transport

anipulation




Source Drain

Ferromagnet Ferromagnet

Tunnel oxide Tunnel oxide

Silicon

Ing blocks:

ection of spin-polarized electrons into semicon

ansport spin information through the semicond

tection of spin polarization




Transfer of sp
by spin-polarti:

Ferromagnet

Creates spin :




Il p [T IV |arge p A 4 - Semiconductor

Current spin polarized

G?—G‘J’

=
Ty ol / P=0
Current unpolarized

Depolarization in FM

larization of spin current predominantly in ferromag
Almost no spin accumulation in semiconductor




hot electrons
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semi-
conductor
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No conductivity
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Undoped
Silicon

FM switch
- T=150K _
100 200

Transverse magnetic field (Oe)

- not a very practical geometry
- small current levels
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Denslity of States

Density of States
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ity spin states of Fe decay much faster
gO barrier:




——— = Spin-injection possible

Source

Spin current
created at

m ~ the interface

Semiconductor

Ferromagnet

Injected spin-polarization (%)
Conductivity mismatch

0
10" 10™ 10" 10° 10° 10" 10% 10°

Contact resistance (Qm?)




Al, Gag gAS

| n~ 10" |tr:ansitinn| n~ 1016 -1017
100A 150A 150 A 550 A

Tunneling across the narrow Schottky
energy barrier between metal (Fe) and




polarization
detected via

Field (Oe) Hanle effect




Ferromagnet

O‘)L = 1/T
at half max

Ap

Transverse magnetic field B,

— Spin precession

— Suppression of spin
accumulation




Ferromagnet

) Source
®

7 current &
-§-

n=1
100 x 200
3-termi




n-Si
r, Nat. Comm. 2, 245 (2011) Jeon et al. APL 98

Lorentzian |
fit
it ,=143 ps |

—— 500 K
—— 400 K
—e— 300 K
—— 250 K
—— 150 K
—— 10K

-2,000 0 2,000 4,000
Magnetic field B> (Oe)




Standard
Silicon / Al,O, / Nig,Fe,,

Control device
Silicon / Al,O, / Yb (2 nm) / NigyFe,,

Standard
Silicon / Al,O, / Nig,Fe,,

Control device
Silicon / Al,O, / Au (3 nm) / NigyFe,,

Proof that signal is due to
spin injection by tunneling
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Tunnel
barrier

Hanle signal
tunnel curren

Ferromagnet
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Semiconductor F M

’/D ~ 25 ps EM

: Dwell time (s)
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Time evolution of spin density S

wf + DV?S

spin spin spin
ecession diffusion drift
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fusion length (Lgp):

e spin polarization can diffuse during spin |




easure spin signal as a function of sepe
tween 2 FM contacts (multiple devices




easure the Hanle curve in a transport co
t with equation for spin-precession/diffusi

E Y
B 1G)
; .JI

% cos(gugBt/T) edf .




50 100 150 200
T(K)




re Hanle curve in 3-terminal device = T

re charge mobility + use Einstein relation

Silicon / Al,O, / Nig,Fe,, T =300 K

Ferromagnet
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) / —10 ns at
180 300 | Elliott-Yafet
Spin-orbit +

T (K)

e ESR Lepine
= ESR Lancaster
m Sl Appelbaum

— {:‘stc;do 1 NS at 300
Elliott-Yafet

50 100 150 200 250 300 350 400  Spin-orbit +
T(K) '
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T=10K

NiFe / SiO, / n-Si
Li, van ‘t Erve & Jonker,
Nature Comm. 2, 245 (2011).

CoFe / MgC
Jeon et al.
262102 (20

NiFe / AlLO, / n-Si —&
Dash et al. Nature
462, 491 (2009)

10'8

1019

Si electron density (cm™)




Spin lifetime extracted from Hanle effect
3-terminal (3T) and non-local (NL) devices

spin T FM tunnel semiconductor carrier density technigue reference
lifetime oecide at 300 K
140 ps 300 K NigFea  AlOj ntype Si  1.8x10'" cm—* 3T Dash et al. Nature 462, 401 (2009)
140 ps 300 K NigFea AlO; n-5i with Cs  1.8x10'% em—# aT Dash et al. Nature 462, 491 (2009)
200ps 300K  Ni AlaD; n-type Si 1.8x10'% cm—? 3T Dash et al. ArXiv:1101.1691 (2011)
g0ops 300K  Co Al ntype Si 1.8x10'% em—* 3T Dash et al. ArXiv:1101.1691 (2011)
60ps 30K  Fe Al Oy ntype Si  1.8x10'" cm—* 3T Dash et al. ArXiv:1101.1691 (2011)
125 ps 300 K NigFe, S0, n-type Si 310" em—F aT Li/Erve/Jonker, Nat. Comm. 2, 245 {2011}
155 ps 300K CoFe Mg n-type 51 2.5x10'? em—? 3T Jeon et al. APL 98, 262102 {2011)
13ns 30K Fe Mg n-type Si 5x10Y em—® NL Suzuki et al. APEX 4, 023003 (2011)
135ps 10K NigFea AlkOs  ntypeSi  1.8x10'"" cm™® 3T Dash et al. Nature 462, 401 (2009)
185ps 10K NigFea AlO; n-5iwith Cs  1.8x10'% em—* aT Dash et al. Nature 462, 491 (2009)
125 ps 10K NigFea  Si0 n-type Si 3x10%° em—® 3T Li/Erve/Jonker, Nat. Comm. 2, 245 (2011}
100 ps 10K CoFey S0 n-type Si 3x10" cm—* 3T Li/Erve/Jonker, Nat. Comm. 2, 245 (2011)
190ps 10K CoFe  MgO n-type 8i  2.5x10'" cm—* 3T Jeon et al. APL 98, 262102 {2011)
31ns 25K CogFey Schottky  n-type Si 2%10%% em—* 3T Ando et al. APL 99, 012113 {2011}
09ns SK Fe AlaQ3;  n-type Si 23108 em—2 NL  Erve et al. IEEE Tr. Elec. Dov. 56, 2343 (20089)
10ns 10K Fe Mg n-type Si 5x10%% em—2 NL Suzuki et al. APEX 4, 023003 (2011)
0 ns 8 K Fe MgO n-type Si 1x10%" cm—* 3T Sasaki et al. APL 08, 012508 (2011)




Ferromagnet

states
defects




Injected spin
presence of
ferromagnet

= Apparent
of spin lifeti

NigoFe0 = Ko
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Fe electrode

Spin precession in B
Au reduced at B

exter

B, termal IN-Plane, pare
magnetization and |
spins, reduces prece




p-Ge /MgO / Fe, 10 K
Sol. St. Comm. 151, 1159 (2011)

Vo

[0}
&
~

In-plane ;s | n-Si/MgO / CoFe
(MuB) * "1 T=300K
3 | APL 98,
262102 (2011)

Bias-voltage (mV)

Arxiv:1101.1691

n-Ge / Al,O, / NiFe
T=10K
ArXiv:1107.3510 HH (T}

08 -84402 0 02 04 08




NiFe / SiO, / n-Si
Li, van ‘t Erve & Jonker,
Nature Comm. 2, 245 (2011).
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Spin resista
Ap




Wy >> L,

Volume of spin
accumulation
(WX WY Lsd)

Ferromagnet




Volume of spin
accumulation
(~ Lsd WY Lsd)




Area spin resiste
standard model

r.=p Ly~ 0.01

.

3 m{lcm > 230 n

Standard mode

not match with




r, Nat. Comm. 2, 245 (2011) Jeon et al. APL 98

0.24; T=300K

Lorentzian
fit
fi =143 ps

-4,000 -2,000 0 2,000 4,000
Magnetic field B, (Oe)




Comparison of Hanle signal amplitude with theory. The ampli-
tude of the Hanle signal agrees well with that expected from the the-
ory of spin injection into a semiconductor channel in the diftusive
regime'*", indicating that spin accumulation occurs in the semicon-
ductor channel rather than in localized interface states. The ampli-
tude of the Hanle signal at 300 K for sample A, AV, .(B_=0)~0.04 meV,
corresponds to a spin resistance R, = AV, (B, =0)/I~0.08 {2, or equiv-
alently a spin resistance—area product R-A~1,200Qum? for the
150100 um* contact. The value at 10K is R_-A~6,000 2 um*. These
are in excellent agreednent With the value predicted by theory'>*!
as given by r, = (PL M W/wi-3,000 Q2 um* using parameters meas-
—

)metric correction (750 !) cannot be used

\ \




magnetostatic fields (roughness)
Hanle data underestimates t, and thus L 4

ogeneous tunnel current density
real tunnel area << geometric area

step tunneling via localized interface ¢

roposed by Tran et al. - PRL 102, 036601 (=
Iready ruled out in Dash et al. Nature 462, 4
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Proposal by Tran et al.
PRL 102, 036601 (2009):

Semiconductor - Two-step (sequential) tu

localized interface states

Spin accumulation in loc
states can be larger tha
semiconductor channel

Only if bulk bands and |
states are well separatec

Depletion resistance (Schottky) ba
region




Tran et al.
PRL102, 036601
(2009)

Enhancement

(specific conditions)

lonic emission

Jansen and Min
PRL 99, 246604
(2007)

No enhancement
but reduction

Resonant / off-reson:

Spin

Reduction of

polarization



ris (Tb + Teh)
_I-r.-.EE: _I_ .I-Ir'l.'!_ll _I_ .l-r‘l:-h_

e Spin resistance «

states

r, Spin resistance
semiconductor c

r, Resistance betw

states and semic

S

Enhancement facto
accumulation in loca
states (Is) can be la
In semiconductor ch




Schottky
rls barrier
resistance

My




Strongly reduced Sc
(DB
(heavily doped Si) Width reduced co

no Cs with Cs

Effect of Cs: see R. Jansen et al., PRB 82, 241305(R) (2010).



No significant chanc

2) With Cs still large sf
1-10 kQum? range.

But with Cs the r, Is
smaller than this (r
40 Qum? at best)

Data with Cs canno
explained by enhan
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Tunnel barrier .
- Min et al. Nature Mate

Electron spin injection 2) Spln transport

> & thermionic e
Jansen et al. PRL 99,

___— Schottky barrier

Conduction band 3) Two-step tunne

interface states
Tran et al. PRL 102, O

Ferromagnetic
metal Silicon Valence band




Al, Gag gAS

| n~ 10" |tr:ansitinn| n~ 1016 -1017
100A 150A 150 A 550 A

Used by many groups




spin-injection

~~Gd 0.8 ~5nm
__~Gd 0.7 nm

=

Si/ALO,/GdINi, Fe,,

Si/ALO /N, Fe,




<— Cs exposed
Si surface
(<1 ML)

moderately doped

with Cs

heavil

doped
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©
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R. Jansen
et al.,
PRB 82,
241305(R)
(2010).




Electrical Hanle
n=15x10"cm” (Sb)
T = 300 K, with Cs

Suppression C
500-800 0 800 1600 depletion e

Magnetic field (Oe) spin injection &

R. Jansen et al., PRB 82, 241305(R) (2010).




citing progress
GaAs, recently also in Si & Ge and at 300

Sic understanding of spin injection, £

any aspects poorly or not understood
eories not yet confirmed experimentally




nges:
c field control without spin-orbit
2 design

unities by new approaches to spin |
umping from magnetization dynamics
al spin current (spin caloritronics)




