!UU! gummer WOI‘ESHOP on nanoscale ma!erlals

Spin dipole induced by the spin-Hall effect
in the diffusion region
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Charge and spin dipoles:

The presence of a point scatterer leads to a dipole field about
the scatterer in a conducting current.
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Figure | Schpfatic representation of current flow disturbed by the scatterer 5.

eirons in excess Rumbers are incident along A, then are scartered 1o C, then seattered by the background. The
number of electrons incident along B is less than the equilibrium number. The deficit is scattered to D, then scat-
tered by the background. The excess and deficir diffuse rogether and recombine along the ares.
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Landauer, IBM J. Res. Dev. 1, 223 (1957)
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Experimental measurement of the charge dipole
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Spin dipoles (spin cloud) induced via SOI
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a. Electric current induces nonequilibrium charge dipole around a
scatterer.

b. Our concern here is: Does unpolarized electric current induce
nonequilibrium spin dipole around a normal scatterer in a SOI

semiconductor ?



Spin-Hall effect

Conventional Hall Effect for charges:
A driving electric field E i1s applied in the hall-bar accompanying a
external magnetic field B perpendicular to the sample.
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Spin-Hall effect:

In response to an influx of electric current, spin iIs found to
accumulate at the lateral edges of the sample. No magnetic
field is needed but SOl is crucial.

Case of unpolarized electric current



Microscopic origins of SHE and experimental status:
“Intrinsic SHE ” and “ extrinsic SHE ”.

(1) The “Extrinsic SHE” arises from SOI impurities.

Experimental result in n-doped system
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Fig. 2. (A and B) Two-dimensional images of
spin density n_ and reflectivity R, respectively,
for the unstrained GaAs sample measured at T =
30Kand E= 10 mV um .

Extrinsic spin-Hall effect experiment
(Science, 306, 1910 (2004) by
Awschalom et al.)




(2) The “Intrinsic SHE” arises from the band structure effect.

Experimental result in p-doped system

The spin-up and spin-down
charges move toward the
opposite lateral edges due to
the SOI of AL

S. O.Valenzuela and M. Tinkham,
Nature 442, 176 (2006)
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In Lab. frame In the rest frame of an
electron

The SOI Hamiltonian is given by
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H = —[l’heff oC &-(—VXE)Z&‘heff

HRashba Ea(ﬁx 2)'&

where (s is called the Rashba constant.



Intrinsic spin-Hall effect in ballistic regime:

Green arrows: wavevector

Red arrows:
effective magnetic field

Rashba SOI

J. Sinova, et al PRL 92, 126603 (2004)

t=0

However, there Is no z-polarized spin polarization induced in the
diffusion limit for Rashba SOI.



Intrinsic spin-Hall effect in the diffusion region

Diffusion region: spin relaxation length I, >> mean free path | .,
on e can write down the diffusion propagator:

D" (r)=-6"DV* +4z""[N} V'V, —2¢""B" —4ch; (5” - nikn'k)

on' .
+47° hg PV
op

= 5'DV?2 + Rilmvm _ogimgm _ il L 10

1 .
I =—: scatterlng rate
2T

R"™ : spin precession term due to spatial variation of spin density
' : DP relaxation

M ' : spin-charge coupling

A.G. Mal’shukov, L.Y. Wang, C.S. Chu, PRL 95, 146601 (2005)




Spin precession due to the SOI field :
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D’yakonov Perel’ (DP) spin relaxation:

Spin relaxation due to spin precession between collisions with
no spin-flipping impurities. A change in momentum changes
the precession axis of the spin.

Scattering from a
normal scatterer :
no spin-flipping




Spin dipole induced by a single impurity

Ballistic regime: |y ean >> s 2

Diffusive regime: lyean << lso 2m

The nth component spin polarization is

—€ |da)dn (a)) nesr 1 a 1
S, (r)=—[fdr == (Tr[o"G" (1.1, @) v-EG* (r'r,0)])
Velocity operator: | vi = K Ohyeo
m ok’

The effective SOI field is given by

he =ak,,h! =—-ak

X

for Rashba SOIl.



In the ballistic regime (Rashba SOI case)

k Ballistic regime: |y ean >> s
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Spin accumulation does occur regardless of vanishing spin

current in the bulk (Rashba SOI case).
(A.G. Mal’shukov and C.S. Chu, PRL 97, 76601 (2006))



The target impurity Is at r; with a scattering potential V,(r- r;)
and the Green’s functions can be expanded up to 2" order of
scattering potential of the target impurity:

G (r,r)=G"%(r,r" jdszGr(a)o( S)V, (s—1,)G ™ (s, 1)

tg

+Id32ds Gl’(a)O( )Vtg ( —ﬁ)Gr(a)O(S,S )Vtg (Sl_ ri)Gr(a)O(S',l")

Calculating the background impurities averaging:

r(a NL K1)~ r(a - 1
G =Jd?(r-re" )G()O(r’r):E ~E, —ho+(-)il
F K k

Assuming the semiclassical approximation E_z >>1 is valid,
the above Green’s functions become the building block for
ladder perturbation series.



In the diffusive regime (Rashba SOI case)

ZTI’ [sz Gl:+q pT ( p):l

The main contributions come from (a)-(d).



Calculation of spin polarization S,(q)

The vertex Z,(d) can be represented by a diffusion propagator D*(q) :

ZDzb bOxyz To=1,Z'J=JJ

The source 1"(q) presents the spin-polarized particle emitted from a
target impurity.

S.(a)= 2, D(@)I"(@) g<<I, <<k,

One can obtain the spin polarization S,(q) by calculating the source
terms 1"(q) and matrix elements D?"(q).



Source terms I, and |, are the first and second order with
respect to the scattering potential Vi,

1" (a)=1{(a)+13(a)

eV

11 (q)==—%-" Y Tr[G!G? (o"G!,, + G2 ,o" )Ip-E
1 ( ) 27m ; p ( P+q P=q )
th2 | fi
17(q)=—2-€" ZTr[G G:(Gio"Gy,, —70"Gy,, +7Gi_ 0" Ip+E
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Symmetric properties for source 1(Q)

G 0'Gly, |PE

pk

(hRashba hRashba) ( k _ak)

D p,, > px,y,a' — o’c'c’ (for Rashba SOI)

1" (q,.q,)=1""(-a,.-a,); 1" (a,.9,) =—1"(-a,.—q, )
(2) p, > -p,,.0' >c’c'c” (for Rashba SOI)

1" (a,,a,)=1"(a,.-a,); 1**(a,.a,)=-1""(a,.-q, )
In final, we have the relations:




Brief summary:
For =0 cases: o,
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For small g cases: o,
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Source terms: 1" =0; (vOI =eEr/ m*)

I
I =vym'Nyah, i constant

<— proportional to g,




The matrix element D?(q) satisfies the spin-diffusion
equation:

Z[—a” DG’ - +iy R"mqmj DY (q) = —57” — 1§
| m
PRL 95, 146601 (2005)

DP relaxation term: I =4z (5"h —h,_h; )

precession term: R =47y " (hPv")

P
2 __ 1 q° +1 ow__ 1 G2 +2
2h 7% (67 +2)(q° +1)- 407 2h¢ 7° (67 +2) (0% +1) - 407

DY - D% =1 quy (24 =ql,,)



Spin polarization around a target impurity

< oma T id,(q°+3)
=N NOr(q2+2)(q2+1)—4q2
9

oma, ' (37°+2)
ksy_2vd P (67 +2)(G° +1)-44°

In bulk system: g—0 and I"’=TI'/n; (target impurity is the
same as the background impurities)

S, =0

. * < Rashba case
S, =2V, Mo N,
\ h
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Spin accumulation in a semi-infinite system
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The ith component averaging spin density: S, (y)=)d,
<
Spin difffusion equation:

( 201 y
O Sa S;‘V —dm«a P —-8m~“a’S;, =0
oy oy
<
2y z bulk
g Sz""" +4m a Oy —4m“a’S) = S*Z >
k oy dm “«
boundary conditions:
oS, .
B2 opm a (S, (0)-5**)=0
oy
< /0
oS’ .
B _opmiast (0)=0
L y=0

Finally, there is no spin accumulation near the boundary:

S) =S™“=2reE N,a, S., =0



Summary:

1. Spin dipoles can be Induced around impurities for
the vanishing bulk spin-Hall current system.

2. The spin accumulation from the impurity averaging
IS exactly cancel by the spin contribution of hard-
wall boundary. It Is consistent with previous works.

Thank you!






Extrinsic spin-Hall effect
1. Spin-orbit interaction (SOI):

hZ
- aAmic?

. 15.(|Zxﬁv) in vacuum

5-[IZ><§V]

From Dirac equation:

We have L =-3.7x10°% A2 in vacuum.
In semiconductor: GaAs: A= 5.3 A2

The SOI can be enhanced greatly in the semiconductor.



Band structure in the semiconductor:
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Using the k®p to calculate and we have

In semiconductor:

2 2
A= h* 1— B >
6m E, (E, +A,)

In vacuum:

B’ h°
A= ———os == 2
4m;cC 2m,(2m,c?)

the ratio between the energy gap in vacuum and in semiconductor
m*c’

~10°
0
such the SOI Is not small in the semiconductor.



A ring-shaped potential pattern is embedded in a 2DEG.
Chen KY, Chu, and Mal’shukov , PRB (2007).
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