Anomalous Hall transport in metallic spin-orbit

coupled systems: Spin-Injection Hall effect

JAIRO SINOVA
Texas A&M University
Institute of Physics ASCR

University of Nottingham
Texas AdM Institute of Physics ASCR B. Gallagher, K. Edmonds, et al.

A. Kovalev, M. Borunda, et al

Hitachi Cambridge Wuerzburg Univ.

Jorg Wunderlich, A. L. Molenkamp, E. Hankiweicz et al
Irvine, et al

T. Jungwirth, K. Vyborny, et al
University of Texas
A. H. MaDonald, N. Sinitsyn
(LANL), et al.

Institute of Physics, ASRC,
Prague, November 18t 2008

Research fueled by oo 3 ® RESEARCH CORPORATION 1
s'r,e,-,r;‘ \_‘_FMU\OL‘;. : ’ A foundation for the advancement of science




The family of spintronic Hall effects
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1) The basic phenomena of AHE
2) Cartoon of mechanisms contributing to the AHE
3) Semiclassical theory of AHE:
a) Wave-packets of Bloch electrons: birth of Berry's connection
b) Dynamics of Bloch electron wave-packets: birth of Berry's curvature
c) Boltzmann Eq. for Bloch wave-packets
d) Back to the three main mechanisms: clarifying/correcting popular believes
4) Microscopic theory of AHE (Kubo approach)
a) Kubo formula microscopic approach to transport
b) Does it match the semiclassical approach?
c) Other microscopic approaches
5) Spin-injection Hall effect: a new tool to explore spintronic Hall effects
a) Device schematics
b) Experimental observation
c) Theory Modeling



Anomalous Hall effect

Spin dependent "force” deflects like-spin particles
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Anomalous Hall effect (scaling with p)
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STRONG SPIN-ORBIT COUPLED REGIME (A, >h/T)

Intrinsic deflection

SO coupled quasiparticles —>

Electrons deflect to the right or to the
left as they are accelerated by an
electric field ONLY because of the spin-
orbit coupling in the periodic potential
(electronics structure)
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~79 or independent of impurity density —

Electrons have an "anomalous” velocity perpendicular to the
electric field related to their Berry's phase curvature which is
nonzero when they have spin-orbit coupling.

Side jump scattering

independent of impurity density

Electrons deflect first to one side due to the field created by the impurity and deflect back when they leave
the impurity since the field is opposite resulting in a side step. They however come out in a different band so
this gives rise to an anomalous velocity through scattering rates times side jump.

Skew scattering

~1/n, Vimp(r)

Asymmetric scattering due to the spin-
orbit coupling of the electron or the
impurity. This is also known as Mott
scattering used to polarize beams of
particles in accelerators.




Semi-classical theory of transport for Bloch electrons:

Idea I: to interpret things in ferms of classical particles transform
description from plane waves to wave-packets (whichEi(sR)a good basis t00)

n

E(K) /\

_Z o k= ~100 A:#100 A |
a , ¢ _a Valid for fields and disorder that vary in
~1% of BZ ) scales larger than the wavepackets
Fo—ER 5
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Are the Egs of motion .
hk.=—eE ? VYes

Once the information of the periodic potential is imbedded into the wave-packet
the choice of the phase factors are important to have it center at r,



Building a wave-packet from Bloch electrons: the birth of the Berry's connection

= 1 N\ Ak (F=T) -
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We want to have w, (k) such that <‘Pﬁcrc

Lo . 0
|(k—kc)-<uizc’n 'a@”k'c’”>

= W, (E):‘w(E—EC)e

Berry's phase

connection
Influences dynamics of Influences scattering of
wave-packets wave-packets
(velocities: 2" step of (collision integral term of
semiclassical approach) Boltzmann eqn. in several parts)




Dynamics of wave-packets of Bloch electrons:
the birth of the Berry's curvature and the anomalous velocity

[ 9 u
Ke.n alzc kc,n

I E,(K)
I(k—k¢) Ak (F-1;) B h t v A = u
Y e U ,(F) where A < -

Task: build a Lagrangian from the new dynamic variables r. and k.

Ber'r'ys connection (gauge dependent)

0 -~ "
L= <‘Pk in—~H, H, > ik, -F + ik, A, —E, (k) +eV (F)
Applying Lagrange’s equations on the above Lagrangian:
k;c __eE  "Anomalous velocity" B 5 < 5 >
~ Q. =—x(Uu_ |I—Uu.
; _ Lok, (k) © oK, ok, "
°h 8IZC Berry's curvature (gauge invariant)

motion perpendicular to E, Hall type motion!

already LINEAR E =) The whole Fermi sea participates
on this current contribution !
. —€
Jit=—> fV =
v




Dynamics of wave-packets of Bloch electrons:
How do the Berry's curvature dynamics affect scattering?

Early theories (Berge,Smit) noticed that Bloch electron wave-packets seem to
experience a side-step upon scattering: (a dangerous way of doing dynamics)

Tried fo interpret it physically BUT it is gauge dependent (i.e. only gauge
invariant quantities have measurable physical meaning) !
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Dynamics of wave-packets of Bloch electrons:
How do the Berry's curvature dynamics affect scattering?

Early theories (Berge,Smit) noticed that Bloch electron wave-packets seem to
experience a side-step upon scattering:

Tried to interpret it physically BUT it is
o - =l(u |iu u i (2 u - gauge dependent (i.e. only gauge
kn.k'n k| ok ke akr invariant quantities have measurable

physical meaning) !

The gauge invariant expressions can be derived using the gauge invariant
Lagrangian dynamics shown earlier (Sinitsyn et al 2006) I=(n k)

|aqu><u QU>(8 a]arg[u\u]
ok VM a ) T a ak o

éﬁl <U|

Side jump scattering 7
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How does side-jump affect transport?

VERY STRANGE THING: for
spin-independent scatterers

Side jump scattering
side-jump is independent of
scatterers!!

0 u,> <u, g u,.> (a g jarg[u,\u, ]
ok ok’ ok ok

The side-jump comes into play through an additional current and influencing the
Boltzmann equation and through it the non-equilibrium distribution function

5ﬁ| <ul

1st-Tt creates a side-jump current: \7|S_J = Za)l,l'gﬁ,l'
IV

2rd-An extra term has to be added to the collision term of the Boltzmann eq. to account
because upon elastic scattering some kinetic energy is transferred to potential energy.

:_Z/’a)l,l‘(ﬂ - 1) ) || =—;0)|T,|'(f| ~ 5f6(E|IE )eE o)

full w does not assume KE conserved, T 5
T-matrix approximation of wy (wT,) does. >, = 27” | TI " | 5(EI — EI')
E,=E,+eE-or, 12




Semiclassical tfransport of spin-orbit coupled Bloch electrons:
Boltzmann Eq. and Hall current

We do this in two steps: first calculate steady state non-equilibrium
distribution function and then use it to comr:pu’re the current.

Set to O for Only the normal velocity term,Vo —%% since
steady Sm,ri we ir‘e looking for linear in E equation
soltion N\ 3f/  ~ \ f, (E,) oty (E))
Vi 0 |/ _ T
_eE'Vm——_Zer(ﬂ - —0—12eE - 51;,)
ot O, . O,

order of the disorder potential strength and
symmeftric and anti-symmetric components

2 3 3 4
Cf)uTr =227, 2 S(E, ~E,)= wl,l'( )+5‘)|,|'( a) +a),’,.( ) +0)|,|'( )
a)l(f) =2 |V|| |2 Oo(E, —E;)  1°"Bornapproximation

a)ﬁa) —(27[) Z:Im[\/I ViV ,] 6(E, —E;)0(E,. —E,) 2" Born approximation (usual
skew scattering contribution)

To solve this equation we write the non-equilibrium component in various components that
correspond to solving parts of the equation the corresponding order of disorder

adis

;z: eq(E)+gl+gl +g| "+,
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Semiclassical tfransport of spin-orbit coupled Bloch electrons:
Boltzmann Eq. and Hall current

= = —_ S 3a adis
_eE'qlm _Z ||(f afg(EE')eE-é'ﬁ,,) f|2_ feq(EI)+g| +0, +g, 40,
|
~eE T 8fg(EEI) _Z @ (97 ~97) ~V0 —> gfacn”
0= Za)l(z) _gl Za)l(3a)(g| ~\/ e 3 gl3a OCni_l
0= Zwl(z) " gty - Za’|(4a)(9| V2 s gt
'of o(E)

0= Za)(z) adis gadls eE 5 “ ) "’VZ —_— gIadis o ni0
2" step: (af‘rer' solving them) we put them into the equation for the current and
identify from there the different contributions to the AHE using the full expression for

the velocity V= %Z%_I_%xﬁ +Za)|,5r||

1, ~ N ! Skl— Zgl Vo ~ N7 Skz_ Zg'\ ~n’
ad's = Z g'adls\/o,x - = Z o (Z @, 0N . j ny

1nt _
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~n. or independent of impurity density

Intrinsic deflection /./
E

adis

adls _ 0, V 0 o S
/ Z Giy_J = Ve Z IgEI Za)l,l'5ﬁ,|' ~ ni0
| y |

Origin is on its effecT on ’rhe distribution function

Popular believe: ~n or independent of impurity density \

Skew sca‘r’rering (2 contributions)
skl _ Z gI v ot Popular believe: ~t! or ~1/n, WRONG

a0

4====m Term missed by many people using
semiclassical approach =




Microscopic vs. Semiclassical

 Boltzmann semiclassical approach: easy physical
interpretation of different contributions (used to define them)
but very easy to miss terms and make mistakes. MUST BE
CONFIRMED MICROSCOPICALLY! How one understands but not
necessarily computes the effect.

 Kubo approach: systematic formalism but not very transparent.

 Keldysh approach: also a systematic kinetic equation approach
(equivalent to Kubo in the linear regime). In the quasi-particle limit
it must yield Boltzmann semiclassical treatment.
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Kubo microscopic approach to transport:

2
o, ~EVZI:Tr[GR(EF)Vk.iGA(EF)Vk.j]

Need to perform disorder average (effects of scattering)

F—Hy— Vg +1
Real Eigenstates Bloch Electron
Averaging procedures: ’:( =1/ TVo = VoT

Perturbation Theory: conductivity

n,
© s Drude Conductivity
g=ne’> T /m~1/n

n,
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Kubo microscopic approach to AHE

Early identifications of the contributions

N Skew scattering”
n, m, nk m, k'

n,q m, p
S|de'Jump scattering matrix in band index

/
Vertex Corrections
~ O\ntrinsic ~ TO or noi

Intrinsic AHE accelerating between scatterings

Intrinsic
~0, /egt~ 10 or no,

h#n, q
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“AHE” in graphene: linking microscopic and semiclassical theories

Single K-band with spin up

H, .=v(k,c, tk o )+A o,

Eft

I 11
Kubo-Streda formula: ny:ny_l_ny

kx
A. Crépieux and P. Bruno (2001)

0y = Z— 8O Grgr Gh| Pl TGy, S
. de 46" | oy gy, 99° dGA R
_VXGRVy(GR_GA)] -V, ” v,G"-v,G"v " +v, v,G"]
In metallic regime: gfy =() ﬁx©"~"y = °+> N>
*—b—*
G eA | ek L ekt | (V) A k)
U amnok e | KA (kg a) | 2 V) ()AL

Sinitsyn et al PRB 07 .



Comparing Boltzmann to Kubo (chiral basis)

I:I.j = v(kzox + kyoy

:l + Ao,.

2
| €A,

1+

4(vk, ) 3(vky)*

e (V') A0k

Y anhy (v, A

zJ

(vk, )2 +4A <(VkF)2 4 Asoz)

- 2m(V7) (k4407 )

Sinitsyn et al 2007
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Kubo identifies, without a lot of effort, the order in n, of the diagrams BUT
not so much their physical interpretation according to semiclassical theory
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Another simple example: AHE in Rashba 2D system

L L

V

Inversion symmetry Broken inversion symmetry
= no R-SO — R-SO
hk? 72k -
H =——0o,+ Ao -k,o)+ho,=——0c,+Acxk +ho,
2m 2m
Kubo and semiclassical approach approach: Bychkov and Rashba (1984)

(Nuner et al PRBOS8, Borunda et al PRL 07)

o2 AE_N 1
Only when ONE both sub-band — B . T ( = ) 3h2 1 A2
there is a significant contribution e V3 hA_alkt
T2y T T OrRnVE (3R + A2 )2

When both subbands are occupied there is additional vertex corrections that contribute
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Recent progress: full understanding of simple models in each approach

Semi-classical approach: Kubo microscopic GPP"'O‘_ICh‘
Gauge invariant formulation; shown Results in agreement with
to match microscopic approach in semiclassical calculations
2DEG+Rashba, Graphene 2DEG+Rashba, Graphene

Sinitsyn et al PRB 05, PRL 06, PRB 07 Sinitsyn et al PRL 06, PRB 07, Nunner

Borunda et al PRL 07, Nunner et al PRB 08 PRB 08, Inoue PRL 06, Dugaev PRB 05

Sinitsyn JP:C-M 08

NEGF/Keldysh microscopic approach:
Numerical/analytical results in agreement
in the metallic regime with semiclassical
calculations 2DEG+Rashba, Graphene
Kovalev et al PRB 08, Onoda PRL 06, PRB 08

22




How to test the simple models? utilize technology
developed to detect SHE in 2DHG

LED 1

r

etched

n d [
3 g :
1.51m n\ il

channel s
n-AlGaAs
GaAs/AlGaAs superlattice J. Wunderlich, B. Kaestner, J. Sinova and
GaAs substrate T. Jungwirth, Phys. Rev. Lett. 94 047204 (2005)

B. Kaestner, et al, JPL 02; B. Kaesther, et al Microelec.
J.03; Xiulai Xu, et al APL 04, Wunderlich et al PRL 05

p, n[10%ent]
'] 1 2
E.

0

reverse bias with Hall probes along the 2DEG channel | e
Borunda, Wunderlich, Jungwirth, Sinova et al PRL 07 e s e co
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Proposed experiment/device: Coplanar photocell in l G




Device schematic - Hall measurement




Device schematic - SITHE measurement




Reverse- or zero-biased: Photovoltaic Cell

Red-shift of confined 2D hole = free electron trans.
due to built in field and reverse bias
light excitation with A = 850nm

(well below bulk band-g ap energy
bulk Band bending: star effecT

1/2 +1/2 12 +1/,2\
-1/2 3/2 +1/2 +3/2 L 2 g P2
Transitions allowed for hw:E, Transitions allowed for hw<E,
50- ' ' ' ] ' 124 1.059 P/Pav._
a0l trans. signal 1p, 1.00-\\
30- 120 o095 (a)
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Spin injection Hall effect: experimental observation

o) ol
100-. n2 R
|—|50’
S
T 0
: or —
P 50{ N3 (x4)
\\ ]
: -100{ N1 (x4)
n_ 4 2 0 _2 4
t, [s]

Local Hall voltage changes sign and magnitude along the stripe
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Spin injection Hall effect €-> Anomalous Hall effect

n1
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Persistent Spin injection Hall effect
Zero bias-and high temperature operation

oy ol o8 o’

5102 Vg =0V 1{n2 (x2) S ]
W\




THEORY CONSIDERATIONS
Spin transport in a 2DEG with Rashba+Dresselhaus SO

The 2DEG is well described by the effective Hamiltonian:

h'k? _
H, e = S + a(kyO'X — kXO'y)-I— ,B(kxax — kyay)+/1 o-(kxVV, ()
A= Pz[ 12 - ! Z]zss ,&2 for GaAs, ,B:—B<k22>with B=10 eV,g >forGaAs, O = ﬁ*EZ
31 B2 (E,+Ay)

For our 2DEG system: #~—0.02 eVA, m=0.067m,
0 0
2 ~0.01-0.03 eVA (forE, ~0.01-0.03eV/A)

Hence |a~-pf
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What is special about & ~ —f ?

72k > Ignoring the term
H,pe ® % + a(ky -k (o, + O-y) f{f‘;‘(gv;VVdiS(F))

« spin along the [110] direction is conserved

* long lived precessing spin wave for spin perpendicular to [110]

* The nesting property of the Fermi surface:

k Y

6. (k) =2, (K +) K
_dma Q.

Q= e
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The long lived spin-excitation: “spin-helix”

* Finite wave-vector spin components

0 =2 CiuCior  So =2 CharCas St = 2k CirCir —CrCpy
(85,53 =285, [84.8] =S

+ Shifting property essential

[HReD»CE@TCm] = (ET (EJF@)_‘% (E))CE+@¢CE¢ =0

‘ An exact SU(2) symmetry

Only Sz, zero wavevector U(1) symmetry previously known:
J. Schliemann, J. C. Egues, and D. Loss, Phys. Rev. Lett. 90, 146801 (2003).
K. C. Hall et. al., Appl. Phys. Lett 83, 2937 (2003).
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Persistent state spin helix verified by pump-probe experiments

Nondiffusive Spin Dynamics in a Two-Dimensional Electron Gas

C.P. Weber,! J. Orenstein,' B. Andrei Bemm’ig,: Shou-Cheng Zhlz:nng_r,,E Jason SIt‘,prI]umr:»;,3 and D.D. Awschalom®

T 7 r . week ending
PRL 98, 076604 (2007) PHYSICAL REVIEW LETTERS 6 FEBRUARY 2007
1000 . r . r . r o
_ p _
| . . c (DR [11]
L g ]
e P R e S— g
& ! ] o E
o 600F ' ' | A AL | - ©
'E _f‘ nﬁ ? 7 v _ g o~ \
= 1/ T c viml'p.
& 400} . a e o
o | " ) 2 S e
O L ] L [
200 R v - .
5, b L
Y S . (a); 0
0 "'..- . - T~ . N I R N B
o 3 5 L"""'"‘“‘“‘S ! 80 100 120 140 160
q [x10* ecm™] Time [ps]

Similar wafer parameters to ours
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The Spin-Charge Drift-Diffusion Transport Equations

For arbitrary a,p spin-charge transport equation is obtained for diffusive regime

on=DV°n +Bo,.S_-B,0, S,

X+ = X—

ath+ — DV28x+ o Bzax—n _Clax+sz _TISX+

0,5, =DV’S,_ -Bo,.n-C0,S,-T,S,
0,8, =DV’S, +C,0, S, +C,0,,S,, —(T, +T,)S,

B, :2(a+ﬂ)2(aiﬂ)kéfza T :E(aiﬂ)zL
D=vz/2, andC/,=4DT,,

For propagation on [1-10], the equations decouple in two blocks.
Focus on the one coupling S,, and S,

0,S,_=DV’S_-C,o,S -TS,
0,5, =DV’S, +C,0,.S, —(T,+T,)S,

For Dresselhauss = 0, the equations reduce to Burkov, Nunez and MacDonald, PRB 70, 155308 (2004);
Mishchenko, Shytov, Halperin, PRL 93, 226602 (2004)




Steady state spin transport in diffusive regime

Steady state solution for the spin-polarization
component if propagating along the [1-10] orientation

Sz/x—(X[ITO]) =S

0
Z/X—

exp

q X[lT()]]

(D@ +To) (D@ +T1+T5)—C2¢% = 0

\/[dlztz2 o E14/4

a=lalexp(i6), [q|=(L’L’ +L,H", 0= ;arctan[

e | o/|B|

L>-L*/)2 ] L, =2m|a x|/’

1.0
0.5
0.0
-0.5

-1.0

Spatial variation scale
consistent with the one
observed in STHE
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AHE contribution

h2k2 * —
H, e = o + a(kyax — kxay )+ ,B(kxax — kyay )+ Ao-(KxVV, ()
Two types of contributions:
i)  S.0. from band structure interacting with the field (external and internal)

ii) Bloch electrons interacting with S.O. part of the disorder

Type (i) contribution much smaller in the weak SO coupled regime where the
SO-coupled bands are not resolved, dominant contribution from type (ii)

skew 27@21* side-jump 2621*
‘O‘Xy = > V7 n(nT —ni) ‘o-xy — (nT _”O
n n
Crepieux et al PRB 01 side-jump 4
Nozier et al J. Phys. 79 ‘aH ~5.3x10

. e ; Lower bound
. (X - V=2n4 |—— n X - V)~1.1x10" estimate of skew
H ( [1 10]) hn,u pz( [1 10]) & scatt. contribution
i
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WEAK SPIN-ORBIT COUPLED REGIME (A, <h/T)

Better understood than the strongly SO couple regime

The terms/contributions dominant in the strong SO couple regime are strongly
reduced (quasiparticles not well defined due to strong disorder broadening).
Other terms, originating from the interaction of the quasiparticles with the SO-
coupled part of the disorder potential dominate.

Side jump scattering from SO disorder

\ 4

independent of impurity density

Electrons deflect first to one side due to the field created by the impurity and deflect back when they leave
the impurity since the field is opposite resulting in a side step. They however come out in a different band so
this gives rise to an anomalous velocity through scattering rates times side jump.

Skew scattering from SO disorder o NV, (1)

Asymmetric scattering due to the spin-
orbit coupling of the electron or the
impurity. This is also known as Mott
scattering used to polarize beams of
particles in accelerators.

~1/n|-
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Spin injection Hall effect: Theoretical consideration

Local spin polarization - calculation of the Hall signal

Weak SO coupling regime - extrinsic skew-scattering term is dominant

» e
ay (X[1T0]) =27A m n pz(X[1T0])

B=-0.02 A eV

oy [1079]
1.1

0.5
Lower bound 0.0

estimate -0.5
1.1
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The family of spintronics Hall effects

SIHE

Op‘ric%l-?njec‘re
polarized
current gives
charge curreng

SHE

char'gzocur'r'en‘r
gives

spin current,

Op’rlcal

Electrical
detection detection . /l
[_‘T"""' TTM/
e
1
N ﬁ/
SHE-! /_
. B=0 "B=0
polarized charge| < umEEEEED> | spin current
Electrical current gives )
detection charge-spin
current |
Electrical
detection
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SIHE: a new tool to explore spintronics

‘nondestructive electric probing tool of
spin propagation without magnetic elements

«all electrical spin-polarimeter in the
optical range

*Gating (tunes a/p ratio) allows for FET type devices (high T operation)

‘New tool to explore the AHE in the strong SO coupled regime
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CONCLUSIONS (SIHE)

Spin-injection Hall effect observed in a conventional 2DEG

- nondestructive electrical probing tool of spin propagation

- indication of precession of spin-polarization

- observations in qualitative agreement with theoretical
expectations

- optical spin-injection in a reverse biased coplanar pn-
junction: large and persistent Hall signal (applications lll)
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