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“Rashba-type spin accumulation near a void at a system edge”



1. ¢ v =&

F R R 2 M

(=) 2+3# = iﬁﬁ
E}px&éjﬁjT%:%Pﬂ'

[1]

[11

¥ % F § s i(spin-Hall) ® p *z3# b (spin accumulation) - 32 B~ 18 { i ficaBg fF 0 & >
o TR fa”’ Tl p e g b pF £ N F an(intrinsic) £2 2L\ & s(extrinsic) p gy 2 3 iE R
(SOl: spln-orblt interaction)z_ ¥ <4p 7 ¥R M

f& PP EduE < 3 % ¢ 4% Rashba f- Dresselhaus = 58 > @ 2bp £ 7SOl 2 & i d SOl
ﬁﬁ%ﬁ@ﬁ%’ﬂﬁ%%%—ﬂéﬁﬁﬁﬁ*W”°?6Mﬂzk8ms7E%mwj
T PR RE G IS RPN EBIY I B - BhekPFmy 4 gl
FFF 3 4oz BT S F (2DEG) 5 A A& i (finite-thickness effect) » Baﬁﬂ_ﬁﬂ% X e
ok FRETERF AT p e E o AP F BB - - TEfED ;‘guj& &4
(o) R F BB BT o P NTEGE M amiE 2 E Pl ohp e dhac gk o

2 n(dogg ez it (ac) T 52 p st dh crgR G ~ 4842 B2 P10 a6 TR i3
L 3t end 73t (in-plane) #h &2 v hE R (dO)B SR A L hE B o B¢ £ F 3k

B
Eo)
e eNE B T L B4R P B *wﬁ,w(spm symmetry) % ¢k p o

B~ p ‘iﬁﬁvmv fp oM B MR AT o R B i ) Al ﬂ{a[ﬁlﬁﬂ%é&ﬁ I
B 5 B e i B B R BT A 2 ¢hLandau-quantization vl 0 RIT Ok #
¥ - ﬁp’%%ﬁl I S S R AR Y SN I R N
g?a e A LM R EAR P ARE R Ao MR E A o KT - B
?'Jf—'. Eig T R e U dy it R s e AR 0 A s 8 Keldysh-Green Soficdigd o kg R
P Edpic A2 RH - ﬁui@Jk%gpmwwaA%mmwogﬁsk%
K fRpESUBHIHR MR H SR A2 BT

1] FeA S AR i en 2 & (Rl gy f Rk %
5117 SOl 2efls » W v chiF L in f 2R4 P ”d PR e A o g LTULT’? 2
W pOEE ﬁl*if@;m‘*%oskurafﬁbﬁ‘b Bt g A P i SR P oanp SRR LD

W2y i At B d il a %‘r%ﬁﬂ% S ] L R BT R AT hE B
HjE w o e Iﬂ,mﬁ“ﬂ; o lE'J_l:L:\'E':*?—ﬂ e A=y — - MER T e ‘fr'-— IE¥T T AR R A o

BTt B Gk - 5 B B L e B S i
SR RT3 T 0 R Ap e E dp AR é’%*#%‘”i:ﬁﬁ
[#ra Feniv® e FAE 0 p Edhic 27 hS0l-coupling $-#cp 28+ SE2 F & HicaA
@PF*%I“’L?‘" FRb e i maad  Zp gL i) Fr =
KB 3Rt Lel.f-iﬁﬁﬁ'??a’w’-? BRI B AR e 2 RE D p R IR e



(=)

S IERE £

There are three major goals in this study:

To understand in a comprehensive way the relation of the spin accumulation in the spin-Hall
configuration to the combined effects of the intrinsic and the extrinsic spin-orbit-interactions (SOI):

Intrinsic SOI includes both the Rashba and the Dresselhaus SOls, and the extrinsic SOI is
resulted from the SOI scatterers such as the heavy impurities. Of particular interest is to obtain
physical pictures for the interplay between the various SOIs. Other factors such as the finite
thickness effect of the 2DEG, the crystal orientation, and particular spin accumulation around local
scatterers will be studied. With these understanding, we are hoping to propose some simple optimal
situation for the production of spin accumulation from a given driving dc electric field.

To understand in a comprehensive way the effects of dc magnetic fields and ac electric field on the
spin accumulations:

dc magnetic fields, either perpendicular or parallel to the sample, will be incorporated into our
study. The in plane magnetic field will introduce additional handle for monitoring the spin symmetry
in the system and thus allows an extra degree of freedom to better achieve maximal spin
accumulation. The perpendicular magnetic field will introduce cyclotron motion, in the weak field
regime, and the Landau quantization, in the strong field regime, for another possible way of tuning
the spin accumulation. Furthermore, extending our calculation to the finite frequency regime, which
we will study first the case of ac electric field, may introduce additional coherent inelastic processes
to the spin dynamics. To describe these processes in a “classical’-like approach, we will extend our
derivation of the spin diffusion equation to incorporate both the ac and the dc external fields, starting
from the Keldysh Green’s function. We will look for both the bulk and the edge polarizations.

To explore pure electrical means of probing the transport of spins:

Making use of the SOI, a spin current can generate charge current in the transverse direction. This is
the so-called inverse spin-Hall effect. We will consider various system configurations, which
include both the diffusive and the ballistic regimes, into which a spin current is injected and
calculate the resulting charge current. These structures include a wire, a wire with an opening, and a
cross-wire situation. External field effects will also be taken into consideration. The spin current
injection can be generated from an ac biased finger-gate proposed in our recent work for the case of
the ballistic regime. For the diffusive regime, we need to extend our spin diffusion equation to the
situation when the SOI coupling parameter varies spatially and temporally. The correlation of the
resulting charge current, or charge accumulation, with the injected spin current will be studied.
These understanding will form a basic for the devising of spin current detection by pure electrical
measurements.
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Spin generation in a Rashba-type diffusive electron system by nonuniform driving field
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We show that the Rashba spin-orbit interaction contributes to edge spin accumulation S, in a diffusive
regime when the driving field is nonuniform. Specifically, we solve the case of nonuniform driving field in the
vicinity of a circular void locating in a two-dimensional electron system and we identify the key physical
process leading to the edge spin accumulation. The void has radius Ry in the range of spin-relaxation length /y,
and is far from both source and drain electrodes. The key physical process we find is originated from the
nonuniform in-plane spin polarizations. Their subsequent diffusive contribution to spin current provides the
impetus for the edge spin accumulation S, at the void boundary. The edge spin accumulation is proportional to
the Rashba coupling constant « and is in a spin-dipole form oriented transversely to the driving field. We
expect similar spin accumulation to occur if the void is at the sample edge.

DOI: 10.1103/PhysRevB.81.115312

I. INTRODUCTION

A major goal for the semiconductor spintronics is to gen-
erate and to manipulate spin polarization by mere electrical
means. Spin-orbit interaction (SOI) provides the key lever-
age and spin-Hall effect (SHE) (Refs. 1-15) provides the key
paradigm, where it is possible for a uniform driving electric
field to induce bulk spin polarization and spin current and, in
turn, out-of-plane spin accumulations S at lateral edges. The
Rashba SOI (RSOI) (Ref. 16) is of particular interest because
of its gate-tuning capability. However, background scatterers
lead to a complete quenching of the RSOI’s contribution to
the edge spin accumulation S, a direct consequence of its
linear dependence on the electron momentum k.'"'8 It is le-
gitimate then to find ways to restore the RSOTI's contribution
to the edge spin accumulation. Our interest here is in the
diffusive regime, when the spin-relaxation length /,,>/,, the
mean-free path. Even though the spin accumulation is finite
in the mesoscopic ballistic regime (/,, <</, and L</¢),'9’3‘
with L the sample size and /4 the phase coherent length, it is
still important to see whether the RSOI alone can contribute
to SHE in the impurity-dominate regime.

Indeed, RSOI was found by Mishchenko er al.'® to give
rise to edge spin accumulation S, near electrodes even
though its contribution to bulk spin current vanishes. The
edge spin accumulation is concentrated at the two ends of an
electrode-sample interface, covering a region of size /. This
finding was identified to arise from a nonzero spin current I
flowing along the sample-electrode interface, in direction ¥.'"
This nonzero spin current was understood from the way the
spin current vanishes in the bulk, when an exact cancellation
occurs between two terms, one related to the spin polariza-
tion and the other related to the driving field.'"® This exact
cancellation no longer holds at the sample-electrode inter-
face, when the driving field has reached its bulk value but the
spin polarization has not. Similar result was also obtained by
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Raimondi et al.,”> where spin-density spatial profiles at the
sample corners were obtained. Yet, it would be more desir-
able that we can find schemes and identify physical pro-
cesses for the restoring of the RSOl-induced edge spin accu-
mulation at locations other than the sample-electrode
interfaces and according to our specification.

In this work, we turn to nonuniform driving field for the
restoration of the RSOI-induced spin accumulation. The ef-
fect of nonuniform driving field on spin accumulation is also
interesting in its own right. Earlier study considered nonuni-
form driving field in systems in the presence of “extrinsic”
SOI, that is, SOI due to SOI impurities.23 Here, instead, we
consider nonuniform driving field in the vicinity of a circular
void located in a diffusive RSOI-type two-dimensional elec-
tron gas (2DEG). We obtain spin accumulation in the vicinity
of the void. This problem allows us to identify the key physi-
cal process for the spin accumulation and also sheds light on
the case if the void were to form at a lateral edge. The radius
R of the void is of the order of /.

Most important is our finding that the main physical pro-
cess is in marked contrast to the conventional one. While the
conventional one is associated with the nonvanishing of the
out-ol-plane spin current £5,'® the key process we find is
associated with the in-plane spin currents, £, or £, and with
the way they vanishes at the void boundary. Here, 77 denotes
the flow direction normal to the void boundary. The in-plane
spin currents consist of two terms, a diffusive term and a
term related to the spin accumulation S, which are given by

: a B
[ =-2D—S;-R™S_p-i, 1
o o P (1)

where p is the position vector measured from the center of
the void, ie{x,v}, and D is the diffusion constant>* R¥

denotes the precession of §; into S; when it flows along k.

The factor p-i denotes the projection of the flow. The RSOI
governs the symmetry of R such that R%=0 for i # j.

©2010 The American Physical Society
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Our scheme of S, generation is made possible by Eq. (1),
the boundary condition IL=O. at p=Ry, and the presence of a
radially nonuniform in-plane spin polarization S;. The spin
polarization S”=S“‘Ed+ASH we obtain in this work has

S14 = - Npare/hz X E(p), (2)

which radial dependence is acquired from the driving field E.
Outside the void, E(p)=Eyi—Ey(Ry/p)*(cos 2pi+sin 2¢)
where Eyt is the uniform field far away from the void and
p-x=cos ¢. The driving electric field E=—Ve(p) =0y has to
satisfy the steady state condition V-j=0 and the boundary
condition j,=0. Here oy is the electric conductivity, j is the
electric current density, N is the energy density per spin, a
is the RSOI coupling constant, ¢ >0, and 7 is the mean-free
time. The term Sfd is an Edelstein-like spin polarization’
which we have obtained for the case of nonuniform driving
fields. That this term of S, alone fails to satisfy the boundary
condition Eq. (1), because of its radial dependence, has
prompted the generation of AS; and S,.

The aforementioned key physical process associated with
the spin current is meant to establish a boundary condition
for the spin-diffusion equation. We have used the conven-
tional form of the spin current operator Ji=(1/4)(V,o;
+0;V)), where spin unit of £ is implied, and the kinetic ve-
locity operator V;=(1/if)[;, H]. This is appropriate for hard
wall boundary.”*2° As the boundary condition is applied to a
region much shorter in distance than [/, from the boundary,
the effect of spin torque’™?* here should be of secondary
importance. In Sec. II we present the spin-diffusion equation
for nonuniform driving fields, and the analytical solutions for
spin densities around a circular void. In Sec. IIT we present
our numerical results and discussion. Finally, in Sec. IV, we
will present our conclusion.

1. THEORY

The derivation of the spin-diffusion equation (SDE) b
the Keldysh nonequilibrium Green’s function method'3?* is
extended to the case when the driving field is nonuniform.
With the RSOI Hamiltonian H,=hy-o and hy=—aZ XKk,
where o, and hy are, respectively, the Pauli’s matrix vector
and the SOl-effective magnetic field, the SDE is given by

B

pvis,- Log f RO MOV
A A ) S
yy R g M,\'U.V
DV?S - —S + —§. - ——D2=0,
¥ ﬁZ ¥ fi r/)}' Z Zﬁa 0
, T= =X g R¥Y g
DV-S.— —S.+ —S. + —S,=0, 3
B2 R ooyt R ooyt )
1
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where the spin density S; is in units of #, and D=U§;T/2.
Even though the form of the SDE in Eq. (3) is essentially
the same as that for the uniform driving field,** the spin-
charge coupling term, through VDS, becomes position de-
pendent. To get at this Eq. (3), we have performed a system-
atic scrutiny on possible additional terms in it that are up to
appropriate orders, as will be detailed in the following. The
spin-charge coupling terms, given by -M™.V D). have M
3 dn

0
=472/1kE=—273/112ta(;'X 2) where Dj=2Nye@(p) is the effec-
tive local equilibrium density. The overline denotes angular
average over the Fermi surface, (p(p)=—EU(p+RS/p)cos &
for p=Ry and ny=hy/h;. The Edelstein-like spin polariza-
tion Sfd [Eq. (2)] is solved directly from Eq. (3).

The D’yakonov-Perel” (DP) spin-relaxation rates, given
by Fﬂ=4T/1£(5ﬁ—}‘r;\.}‘1£).30 have F“rx=F“-"‘=FZZ/2=2/1%T for
RSOI. Spin precession arising from diffusive flow is charac-
terized by RU™=47%, "hivy, where € is the Levi-Civita
symbol, and we have R¥=—R%=-2h.v .7 for RSOI and for
i=(x,y).”* Since kgl.>1, with /, the mean-free path, the
charge neutrality is maintained by the condition of zero
charge density throughout due to screening effect. Within the
linear response to the driving electric field, the effect of the
screening potential on the spin accumulation can be ne-
glected.

A brief note on the systematic scrutiny of the possible

additional terms in Eq. (3) is in order here. The spin-charge
coupling term in Eq. (3) is resulted from W°D{* which
lowest order in RSOl and first order in spatial gradient is
given by the expansion of ¥ to the order /z}q. This is ap-
propriate for uniform driving field because V¢ would be-
come position independent. We take caution here, for the
case of nonuniform driving fields, to check for additional
terms of higher order in ¢ that could have arisen from \If’“D:;.
Here,?

\F[/ — r
21TNU

> THZG O w+ )G O p - q,0)].
X

(4)

where ['=1/27, G"#O) are retarded (advanced) Green’s func-
tions averaged over impurily configuration, 7#==1, and
7==g, .. To identify additional expansion terms in gl
for nonuniform driving fields, we note first of all that S‘T‘Ed is
of order hpge. If Sf‘i is to satisfy the SDE, all the terms in
Eq. (3) involving S; will have to be replaced by S,»—Sl‘ff. This
implies, according to Eq. (3), that terms of order /ipg @ and
/r;qch will be needed, and thus we should look for terms of
the same order in the expansion of the spin-charge coupling
WDy, The above two orders can also be identified based on
symmetry argument, that the combined power in /ig and ¢
must be even and that they are the lowest RSOI contributions
to the respective ¢ orders. Starting from
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'w’—s gL T‘ I h ’ 
(A b 7 1 ho
Vw=0,0q)=——> Tr| 7 P~ _ ( , _ (5)
JTN(, - (w'—s B -d82+iF) ® —sp—lf (0" ~s, NG
p— 4 p

. - . 3 .
we expand it, for instance, up to the order iizg”, and obtain

YO(heq’) = ZNUJ de

(q- vp)3lzL
(0 -+ Do —e+iT)?

dJ
+ ) L -
(w—e+ilN)"(w —e—-il)

3(‘1 ' Up)zq :

(6)

where w,=p/m". The angular averages in Eq. (6) over the
Fermi surface give rise to g dependences of the form ¢* Gj=x.ys
which will not contribute to Eq (3) because V2p=0. Follow-
ing similar procedure, ‘If’”(th ) is found to be identically
zero. Thus Eq. (3) is the SDE for the case of nonuniform
driving field.

As has been explained in the previous section, SH alone

cannot satisfy the boundary condition ]; “¥=(). Thus in the

end we expect to have an additional AS so Th'lt S=SF+AS.
On the other hand, the contribution from SH to I;) is found to
vanish already. The generation of AS, thus does not fall into
the conventional scheme that spin accumulation S, is caused
by I near the sample boundary. Our major task in the fol-
lomng is to calculate AS.

Putrmg the coordinates in units of Iw—\Da;U with 7,
=2h° /(hg7). the SDE for AS is given by

5 d
VZAS, —4AS, +4—AS_=0
! dx 7
. J
VIAS, - 448, +4--AS. =
) ‘ v

d d
VZAS, - 8AS, —4—AS, —4—AS, = 0. (7
: L T ay
Modes of solution of Eq. (7) have the form AS'¥
=2,,,(71(-‘1)ef”'(5+¢)Hf,:)('yqp). where H'(z) is the Hankel func-
tion of the first kind and the index ¢ denotes the g-th mode.
Substituting into Eq. (7) we obtain

(- -4) 0 4iysin & || a?
0 (-y—4) 4diycosd awf.q) =0. (8)

—4iysin & —4diycos 8 (- —8) ag‘”

The asymptotic behavior required _of ASJ(,.(” leads to
Im y>0. Thus ¥,=2i, y=\2+2i\V7, and y3;=-%5. We

also have ((1(]) ay a(”)—a(”( —tan 6.,0), (a() am a'?)
—a( )(2ig, sin 6, 2!{{') cos &,1), and (a “)
=a¥(2ig, sin 8,2ig, cos 8,1)*, for g=1, 2, and 3 respec-
twelv Here 27—77/('}/‘4‘4) As & takes on continuous values,
there are effective infinite solutions per g-mode. In terms of
these modes AS; is expanded in the form

2w 3
Asj:f ds>, X dP(S)H, (y,p)e™ . (9)
(

) g=1 m

The condition that AS is real requires a(” to be pure imagi-
nary and a'¥=—a®*.

The boundqry condition for the nonuniform driving field
is established by applying to the spin current expression
similar procedure that we have applied to Eq. (3). The spin-
current expression is found to resemble the uniform driving
field case,” albeit now that V¢ becomes position dependent.
We have

I;=-2DV;S;— RS, - R¥S, - RS,
2 o7 (’)h)
+ > 4r€“.!rufp(hp X —L) eNoVie(r),  (10)
I=x.y dkt’ z
where the last term is the explicit contribution from the driv-
ing field and is nonzero for /% only. The boundary condition
I (p p) =0 becomes

- V,AS, 2 cos ¢pAS. —2aF/p sin 24 ,., =0,

- V,AS, -2 sin $pAS, + 2aE/p cos 2| - oo =

— V,AS, +2 cos pAS, +2 sin pAS, |0, =0, (11)

where V,=d/dp, py=Ry/l,, and E=¢EyNy7/h. We note that

he E terms in Eq. (11) originate from the spin current due to
SH which are the driving terms here. We solve Eqs. (9) and
(11) for af(d) by a direct numerical approach and by an
analytical approach. Excellent matching is obtained between
the two approaches. The analytical approach is lacilitated by
the assumed forms a( )=it, sin 28 and a(“)—r cos &, where 7,
is real and 7 is Lomplex The former is gu1ded by the ObSel—
vation, from Eq. (I1), that AS, depends on ¢ as sin 2¢.
Substituting these forms into Egs. (9) and (11), and after
some algebra, gives

115312-3
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— y HY ()t + i Im[1.X] = iaE/(mp,),

— iy H (2t +2 Im[r,Y]=0,

4
—H ()t +i Im[1,Z] =0, (12)
2

where 2= yipo. f'(2) =dfldz, X=2H{"(2))=2829:H (22). Y=(g272~ DH(22), Z=2(%2—~4g2)H{" (22). and zp=y>py. Equa-

tion (12) allows us to solve for r, and 7, analytically, which are proportional to aE. Explicit expressions of 7_and 7, are

4aE

Im[YZ"]

=

and

aF

T SH()Im[XY* ]+ 2,5 () Im[ ZX*] + EyI;]Hgl)!(:])Im[ZY*] !

(13)

H(z)Im[8Y" - y,2,2"]

7

The spin densities AS; are then obtained to give

AS, = 2a{= it HY (y1p) + 2 Im[1,8:H5" () }sin 24b,
AS,=2m{- irxH((,”(ylp) -2 Im[fzgng)])(ygp)]} —AS, cot 2¢,

AS.=— 47 Im[7.H"(yp)]sin ¢. (14)

This and Eq. (2) together are our main results. In particular,
AS.#0 confirms that RSOI’s contribution to spin accumula-
tion can be restored in a nonuniform driving field. The parity
in ¢ of AS; is consistent with that implied in Eq. (11), which
is determined by the E terms. The spin accumulation, given
in its entirety by AS_, is in a dipole distribution which orients
transversely to the driving field Eyr. Furthermore, Eq. (14)
shows that y; and 7y, contribute to, respectively, decaying
and oscillatory behavior in AS;.

III. NUMERICAL RESULTS

Figure | presents the spin accumulation S; in the vicinity
of the circular void. We use for our numerical results mate-
rial parameters that are consistent with GaAs: effective mass
m*=0.067my, with my the free-clectron mass; electron density
n,=1x10" cm™?; electron mean free path /,=0.43 um; ra-
dius of the circular hole Ry=0.5/; and Rashba coupling
constant a=0.3X10""2 eV m>32 The spin-relaxation
length is /,=3.76 pm and the driving field is E,
=40 mV/um. As shown in Fig. 1, the core of the spin ac-
cumulation consists of two spin pockets of opposite spin and
of largest spin density magnitude at ¢=* /2. The spin
pockets have radial thickness of about 0.3/,,~ 1.1 mm. In
the outer region, spin densities of opposite signs and of
smaller magnitudes are dispersed to a wider spatial extent, in
the form of two curved spin clouds. The spin cloud center is
located about one /, from the void boundary at ¢==* /2.

11

© g SHSU(:,,)Im[XY*] + ’y]:,]Hgl)(:,,)Im[ZX*] + Z’y]:IH(Ql)’(:I)Im[ZY*] '

Both the spin pocket thickness and the spin cloud distance
from the void boundary are not sensitive to the void radius
R().

This spin accumulation can be probed optically by Kerr
rotation. To simulate the case of an optical probe scanning
along the ¢=/2 direction, we calculate the net number of
out-of-plane electron spin within the probe area which center
is located at a distance d from the void center. For simplicity,
we take the probe area to be the same as that of the void. The
result is presented in Fig. 2, where we have included several
Ry cases, from Ry=0.5/,, up to Ry=1.2/,. Distinct contribu-
tions from the spin pocket and the spin cloud can be identi-
fied. The former are negative minima around ¢=0.5/, and

2 S (14 mf)
E 1
1.5 —
0.8
1 0.6
0 5 0.4
—_ ' 02
=0 o
-
05 v [
: -0.4
-1 -0.6
-0.8
-1.5

-1

2 45 1 -05 05 1 15 2

0
X (lso)

FIG. 1. (Color online) Spin accumulation S, in the vicinity of a
circular void (white circle). S. is in unit of 1/am? void radius R,
=0.5/,. and {,=3.76 pm. Dark arrow indicates the driving field
direction.
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Total spin number

ae,)

FIG. 2. (Color online) Net number of out-of-plane electron spin
within a circular area the same size as the void. The center is shifted
by a distance d from the void center along ¢=/2.

the latter are positive peaks around d=Ry+/,. That the
negative minima are essentially unshifted reflects the insen-
sitivity of the core radial thickness to the void radius R.
Additional peak for the Ry=1.2/, curve at d=2R, corre-
sponds to the situation when the probe area moves out of the
spin pocket.

The spin accumulation in a spin-dipole form oriented
transversely to the driving field is a generic feature signity-
ing the redistribution of spin rather than the net transport of
spin. It has been found in the vicinity of a non-SOI elastic
scatterer in a RSOI 2DEG,*3** and in the vicinity of a me-
soscopic cylindrical barrier in a 2DEG with the barrier pro-
file providing the SOL* Both objects are of sizes much less
than /.. Of course, the physical mechanisms leading to all the
above spin-dipole forms are entirely ditferent. Furthermore,
here we demonstrate that such spin-dipole feature can exist
in the neighborhood of a much larger object Ry=/,, is ro-
bust against background scatterers and is within reach of
present measurement technology.

Finally, we note that the spin accumulation features we
obtain above are relevant to the case when the circular void
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FIG. 3. Patterning the sample edge with a semicircular void

is located at a sample edge: an edge-semicircular void (ESV)
as shown in Fig. 3. The nonuniform driving field E(p) for the
circular void satisfies also the additional boundary condition
J,=0 imposed by the ESV case at the sample edge, ¢
=(0, 7). Thus the same E(p) holds in the two cases. How-
ever, to satisfy the additional boundary condition for spin
current at the sample edge, a further additional spin accumu-
lation ASggy is needed, leading to the total spin accumula-
tion §=85“+AS+5ggy. The imposing of the spin current
boundary condition in this case is much more complicated,
particularly for the spin accumulation near the two corners of
the ESV structure, but we find that the spin pocket and the
spin cloud features in Fig. | remains essentially intact except
for near corner regions of the ESV structure.*®

IV. CONCLUSIONS

In conclusions, we have demonstrated that nonuniform
driving field can give rise to spin accumulation in a diffusive
Rashba-type 2DEG. The nonuniform driving field can be re-
alized by patterning the sample such as with a circular void
in the sample or with a semicircular void at the sample edge.
The physical process is identified to be associated with spin
current for the in-plane spin at the boundary. Our proposed
scheme of restoring the RSOI contribution to gate-tunable
spin accumulation is relatively simple, and we hope that this
will draw experimental effort in the near future.
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Rashba-type spin accumulation near a void at a system edge

L. Y. Wang and C. S. Chu
Department of Electrophysics, National Chiao Tung University, Hsinchu 30010, Tatwan

‘We show that contributions to spin accumulation S, from the Rashba spin-orbit interaction can
be turned on locally by the positioning of a void (edge-void) at a system edge. The two-dimensional
electron system is in the diffusive regime and the edge-void is semicircular in shape with a radius
Ry =2 I, the spin-relaxation length. Nonuniform driving field in the vicinity of the void provides
the essential condition, and diffusive contributions to the spin currents from nonuniform in-plane
spin polarizations provide the primary impetus for the spin accumulation. The conditions that the
spin currents are zero at both the system edge and the void boundary mandate a self-consistent
procedure for the determination of the spin accumulation. Physical mechanisms leading to spin
accumulations at the void boundary and at the void-edge corners are identified within our semi-
analytical approach. These physical mechanisms are expected to remain intact for edge-voids of

general shapes.

PACS numbers: 72.25.De, 71.70.Ej, 73.40.Lq

I. INTRODUCTION

All-electrical generations and manipulations of spin
polarization are the main goals of semiconductor spin-
tronics. Rashba spin-orbit interaction (RSOI) has been
the key knob for achieving this goal due to its gate-
tunning capability.! However, in the diffusive resime
(lso = 1.), the RSOT’s contribution to the edge spin ac-
cumulation S. is completely quenched due to the linear-
k dependence of the SO1.2% The edge spin accumula-
tion is an essential feature of spin-Hall effect (SHE).”22
Here k, I,,, and [, are, respectively, the electron mo-
mentum, spin-relaxation length, and mean-free path.
Though RSOI contributes to SHE in the mesoscopic bal-
listic regime (l,, < l., and the system dimension L < [,
the phase coherent length), it remains important to seek
for ways to restore the RSOI contribution to SHE in the
diffusive regime.

Effects of RSOI on SHE in the diffusive regime have
been obtained at two corners of an electrode-sample
interface,®* and in its competing interplay with the
cubic-k Dresselhaus SOI.2¢ However, the former has the
spin accumulation restricted to within a ls, region about
the interface corners, whereas the latter has the RSOI
restricted to suppressing the spin accumulations due to
the cubic-k DSOL®1Y Seeking for more flexible ways of
RSOT’s contribution has prompted a recent study on a
nonuniform field SHE.?® A void in the bulk of a Rashba-
type two-dimensional electron system (2DES) and its sur-
rounding nonuniform driving field were found to generate
a spin accumulation S..2° The underlying physical pro-
cess 1s different from the conventional one. While the
conventional one Is assoclated with a finite out-of-plane
spin current (SC) 172, the key process in Ref.[25] is asso-
cliated with an in-plane SC [}, and with its vanishing at
the void boundary. Here, ., € {x, %}, and superscript
(subscript) denotes spin (flow) direction.

In this work, we show that positioning a void (edge-
void, see Fig. 1) at a system edge can locally turn on
the RSOI's contribution to SHE at the edge. The phys-

ical processes are more complicated than that for a void
(bulk-void) in the 2DES bulk. A physical picture is pre-
sented below, and it starts from the finding in Ref.[25]
that the nonuniform driving field E(p) gives rise to an
Edelstein-like spin polarization®®

Sl‘lgd = —Npate/h 2 x E(p), (1)

which spin is in-plane and spatial variation is from the
driving field. Here Ny, a, 7, € are the energy density per
spin, RSOI coupling contant, mean-tfree time, and charge
magnitude, respectively. Already .S‘lEd satisfies the spin
diffusion equation, but the boundary condition for the
SC has not. The SC, I:(S,.JE), contains terms related
to the spin polarization S and to the direct field-driving

term JEZ, and is given by!%25:26

I = 2DV .S, — R**"S, (- n),
['ﬁ = —2DV,5. — Z RZWJS,,. (I:’ . IA)) -+ Jf" (‘

v=r,y

B8]
—

where the gradient terms correspond to diffusive contri-
butions with D the diffusion constant, the '™ denotes
the precession of S; into S, when the flow is along 1, and
J;IE corresponds to the direct effect of the driving field.
Setting S = Sl’lgd leads to zero I but nonzero I;,. That
the former SC is zero reflects the quenching of the conven-
tional RSOI’s contribution to SHE, but the nonzero value
for the latter SC shows that diffusive contributions from
in-plane spin polarization provide the primary impetus
for the SHE. A nonuniform driving field opens up this
unconventional contribution of RSOI to SHE. The con-
dition I} = 0 at the void boundary (i normal to the
boundary) generates an additional AS including, most
importantly, a nonzero spin accumulation AS., as is evi-
dent from the I¥ expression in Eq. (2). For the bulk-void,
the void boundary is self-explanatory, while for the edge-
void, the boundaries include both the void boundary and
the system edge. The conditions that the spin currents
are zero at both the void boundary and the system edge
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mandates a self-consistent procedure for the determina-
tion of the spin accumulation.

The SC given by Eq. (1) has D = v:7/2, where vp is
the Fermi velocity, and R = 47 > F”";’z}ji)ﬂl, where
eiln is the Levi-Civita symbol, hy, the effective RSOI field,
and the overline denotes angular average over Fermi sur-
tace. The direct field-driving term in the SC is given
by JE = >, Ar%up(hy % %—;;:‘)z eNgV(r), where the
nonuniform driving field £ = —Vp(p) = 09 has the
electric current density 7 satisfing the steady state con-
dition V - 7 = 0 and the boundary condition j,, = 0 for
72 normal to the boundary. Here a¢ is the electric con-
ductivity and F = Eqi — Eo(j.’?gj,r))g(cos 203 + sin 207)
outside the circular edge-void (EV), with p and ¢ being
the coordinates originated from the EV center.

In this work, we calculate the spin polarization S
in the vicinity of the EV. Our result is in the form

S = SP + ASFY. The first term P = slf“d + ASE

is the spin polarization for a bulk circular void,?® where
1:(S%.1F) = 0 at the void boundary. JE’s sole contri-
bution to SC is in ¢« = z and is exactly canceled by that
from Sl“g 4. Along the seemingly symmetry axis (¢ =0,m,
or y = 0) of the bulk void, we find that the SCs IZ (S, 0)
and 77(ASP,0) are nonzero for 2 = 7. This hidden
asymmetry in SC is revealed when the circular void is
positioned at a system edge, and is exhibited via its gen-
eration of an additional ASEY .

The calculation of ASEY is carried out in a two-step
procedure. The first step produces AS EL which, together
with S, has I' (S 4+ ASFL JE) = 0 at the sample
edge (y = 0). This step is solved analytically and ASF!
is tfound to have already incorporated an essential part
of the spin accumulation at the sample edge, especially
at the corners junctioning the edge and the void bound-
ary. The second, and final, step is to find AS¥2 such
that, with ASEY = ASEL L ASE2 & satisfies the SC
boundary conditions at both the void boundary and the
sample edge. All the AS’s above for each step are solu-
tions to the spin diffusion equation, Eq. (3), but each has
to satisty a designated SC boundary condition and each
is driven by a designated SC source term. Nonzero SC
at the boundary or edge in a step of our calculation will
be treated as a SC source term for the determination of
AS in the next step. This semi-analytical approach re-
veals a clear physical picture for the mechanisms of spin
accumulation formation around a semi-circular EV. We
expect, however, that these mechanisms to remain intact
for EVs of general shapes.

We note, in passing, that the SC is used for the estab-
lishment of a boundary condition for the spin-diffusion
equation. A conventional form of the spin current op-
erator J; = (1/4)(Vio; + o,V}) is appropriate for hard
wall boundary,'®?"?® where the kinetic velocity V] =
(1/ih)[&, H], and spin unit of A is implied. As the bound-
ary condition is applied to a region much shorter in
distance than /s, from the boundary, the effect of spin
torque? 30 should be of secondary importance here.

Eﬂ
=
X

FIG. 1: An edge-void of radius R is positioned at a system
edge. Asymptotic driving field is Fy and the origin of the
coordinate coincides with the void center.

In Sec. II, we present the theory and model for the
nonuniform driving field effects in the vicinity of an EV.
In Sec. III we present our numerical results and discus-
sion. Finally, in Sec. IV, we will present our conclusion.

II. MODEL AND THEORY

The spin diffusion equation (SDE) for the case of
nonuniform driving field has been derived in Ref. [25].
For the case of RSOIL, the Hamiltonian H., = hj - o has
the effective SOI field h;, = —az x k, where o denotes
the Pauli matrices. The SDE is given by

) Tvv RvEv l'n‘_fpo v
2 ~ o _

DV Su — FSU + TVHA x — WDO =0, (3)
; == Rerx R=uy

DV?S, — % = Va8 = =V, 8, =0,

where S 1s in unit of A.

The spin-charge coupling term i1s —M "OVDS where
MY = p o, and VD becomes position de-
pendent in a nonuniform driving field. Here, D) =
2Npep(p), fie = hyfhy, and R¥YY = — RV = —2hp opt
for RSOL Furthermore, T* = 47h? (3 — nini) is the
D’yakonov-Perel’ (DP) spin relaxation rates for which
[“¢ = T% = I'**/2 = 2h%7 in the RSOI case.®! The
boundary condition for the SDE, as mentioned above, is
given by Ifl = 0 for #» normal to either the system edge
or the EV boundary.

Our main goal is to solve for ASEV, Adding this term
to S8, the spin polarization for a bulk circular void,
will give us the total spin polarization S. The expres-
sion for 8P has been obtained analytically?® but it is
too lengthy and is not presented here. An essential part
of ASEV namely, ASFL, is the spin accumulation at
the system edge, and it can be captured by first apply-
ing our SC boundary condition to the edge, at v = 0
and for 7 = 7. The remaining part of ASEY | namely,
ASE2 is obtained by imposing the SC boundary con-
ditions at both the EV boundary and the sample edge.
Thus ASEY =3, , ASEI.

To address the SC boundary condition at the system
edge, we start from the SDE for ASE7 (j = 1,2), which

4r2p3 9k
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is obtained from Eq. (3), given by

VZASET —4ASEI 44y, ASEI — 0
VEASHT —4ASET 4V, ASET =0, (4)
VZASET — BASET — 4V, ASET — 4V ASET = 0.

This equation has adopted a length unit le = Do,
where 7, = 2h?/(h%7) and hp is the RSOI field at the
Fermi surface. A Fourler transform solution to this SDE
with respect to a is facilitated by writing AS®7 in the
form

AS‘;EJ" :fdk Z f}éj) (k) aiq ¢FTe=Fay

g=1,2.3

(5)

where index ¢ denotes the ¢—th mode of solution for the
SDE and ¢ % indicates that AS®7 is localized near the
y = 0 edge. The eigen-modes, given by a;,, depend on
k and the amplitude for each such mode is attributed to
() (7.
ng - (K)-
Substituting AS*7 into Eq. (4), we obtain

—k2 4+ ;ng —4 0 dik Qg

0 —K+5i -4 45, (g

—4ik 4/, -k + ,"i? -8 (zq
R
where 51 = VE2+4, B2 = VK2 — 24 207, and G3 =

5. The eigen-modes are (a;1) (Lg1.0), (an) =
(g2.95.1), and (a;3) = (—g3.¢5.1) with g = ik/VEZ + 4,
g2 = ik(3+iv/7)/8, and g3 = igaV k? — 2+ 2i\/T/k. The
fact that ASEJ are real requires r,{j) to be pure imagi-
nary and ‘r,léj){k) = {'r,lgj){fk}}* The amplitudes r}m{k)
will be fixed by the SC boundary conditions.

The boundary condition 7%(S% + ASFL JE) = 0 at
y =0 and 7 = §j is obtained from Eq. (2), given by

. P2
0 (ASEL 4 ASE) + 20,
Oy o € 3
L Y y=0
~ 2 (astreas) -2 (asP e as?)| <o)
y=0
0 =0,

de

(ASEY + ASP) 42 (AS]T + Asf)}

y=0

where E = elgNo7/h, and the term involving E is due
to Srr:d. Note that if the terms in Eq. (7) that involve
ASB and E were to add up to zero for their respective
equations, then ASF! would be obviously zero. However,
the contrary turns out to be the case here. Therefore, by
moving these AS B and E terms to the right-hand-side of
Eq. (7). they become the SC sources fi(l) for the ASE?
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generation, as is given by

~ 2 As } — f,
| L)y =0

B ‘ 1
dym 1 9As! 1} = 1, (8)
y—
_ O ASELaasE o ),
dy y=0

where f) = —L(S" + ASP )|, for 2| > Ro
and fi(l) = 0 for |z| < Rp. Analytical forms of fi(l) are
obtained to be

Rz
V() = —{ X2 +2Im [gZs]} — 2nE—3‘3.
(D (4) —
fy (@) N (0)
T (@) = NE (Z1] 4 47 { Xo + 2Im [¢Z0]}

+dm{—X2 4+ 2Im [gZ2]},

where g = 3f{fz+4} X = ity Hm (71|=]), and Z,, =

t.HY( (v2|x]). Here HY (%) denotes the Hankel function
of the first kind, and the constants v; = 2i and 5

V2427 Explicit expressions for ¢, and t. are not

= 0. shown here but they were defined for the expression of

S% in a bulk circular void.?5.

It 1s worth mentioning that fi(l) = 0 reflects an un-
expected asymmetry. The symmetric structure of a bulk
circular void seems to suggest that all currents, including
charge and spin, lowing normally to the symmetry axis
(¢ = 0,7) must be zero. This is indeed the case for the
charge current, but is otherwise for the spin current. The
reason is related to the fact that SZ and SP are odd in y
while that for Sf is even.?® As a consequence, according

to Eq. (2), there are diffusive contributions to 1(. )
,:(l) but not to fél)

contribution to f,gl) through the spin precession of Sf.

and

Furthermore, there is additional

Thus we have nonzero fz.(l) except for i = y, as is shown
in Fig. 2(a).

The amplitudes :}( )(F.) for the g—modes is deter-
mined by Fourier transforming Eq. (8), via the integral
i f{l;r'cz’i“, to obtain

. _ 1 -
B 262 — 3393 ’}g : )
Brgr Pegs —2 [agz —2 -1;(1) =| 0 [, (10)
291 B2+ 2g3 P3+ 203 s Y

and from it, the ,’,J( )(}' ;). Here f( )( :) is the Fourier trans-
form of f; .

The amplitudes 1;( )(L) for ASE? can be calculated
similarly. However, we need to address both the SC

boundary conditions at the EV boundary and the system
edge. The construction of AS*! has removed any further
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FIG. 2: Spin current source terms fzm for j = 1,2 are plotted,
respectively, in (a), (b), and with abscissas @ and ¢. In (a),
empty symbols denote f,;(lj. and solid lines denote SC I;j at
y = 0 when AS”! is included. In (b), open symbols denote
fz-(m, and solid lines denote SC I, for 7t = p and at p = Ry,
when the total S is used.

need of introducing SC source at the system edge. Yet
additional spin polarization is generated because the SC
from ASE! does not satisfy the boundary condition at
the EV boundary. In effect, this gives rise to a SC source
at the EV boundary that, in turn, generates AS B2 1p
this work, we find out that it 1s convenient to replace the
SC source fi@) at the EV boundary by an auxiliary SC
source fi"* at y = 0 but located outside the system edge,
for |@| < Ry. This approach is in line with the concept of
mtroducing image charges for the electrostatic problem
where the image charges that help satisfying the bound-
ary condition for the electrostatic potential must locate
outside the region of interest. Taking into account the
parity of S with respect to x, the auxiliary SC sources
2= (x| < Ry) are written in the form

T
e = e Y Asin ()
n=1.,2,... RD
aux( . aux ) {2” — l)iT.'i_.'
fy (i) = Jyo + n:; *4y.n cos ( 2R, 1 (11}
. . (2n — 1]?.'.1')
A () = [ A peos | ————— |,
f" { ) fko FI:IZ.Q---- ( 2R0

where fH* = (fil)(RU}.‘i‘.';’;RU. 0, fél){RU}} is to make
sure that f"* connects to ft.1 continuously to avoid
the Gibbs phenomenon in the Fourier transformation.
With the Fourier transformed auxiliary SC sources fi"*
substituting into the right-hand side of Eq. (10), the
column vector on the left-hand side of the equation be-
comes 'PJJE?). Thus ‘:}52) and AS%? are expressed in terms of
Ajn. These A; ,, coefficients will then be fixed by the 5C
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boundary condition at the EV boundary, I}

which is obtained from Eq. (2), given by

(f) = RU} =0,

=0,
p=Hg

=10,
p=Ro

[—%AF‘EV + 2cos BASEY 4 2sin oA,ﬂf"’}

a cEV ‘ . A EV
[__a,a ASEY — 2cos pAS] }
[77@6 ASEY _9gin fbAShEV}

0=y 2

p=Rq
(12)
where ¢ € (0,7). Similar to Eq. (10), the contributions
from AS*! in Eq. (12) will become the SC source fi@),
when it 1s moved to the right-hand side of the equation.

Solving the equation by direct discretisation lead us to
the total spin polarization S = §F + ASEV,

III. NUMERICAL RESULTS

Numerical examples presented in this section are or-
ganized as follows. Figure 2 illustrates the effective-
ness of our approach. Fig. 3 presents our main re-
sults, that spin accumulation S. does occur near an
EV due to RSOI. Finally, Fig. 3 presents the distri-
bution of the spin accumulation as probed by a scan-
ning optical beam. We have assumed material param-
eters that are consistent with GaAs. Specifically, the
effective mass m™ = 0.067mg, with mg the free-electron
mass; electron density n. = 1x 10 em™2; electron mean
free path I. = 0.43 pm; the Rashba coupling constant
a =0.3%x10712 eV m,3??* and the spin-relaxation length
lso = 3.76 pm. Furthermore, the driving field Ey = 40
mV /pm, and the EV structure radius Ry = 0.5/,,.

The effectiveness of our seli-consistent procedure is il-
lustrated in Fig. 2. We plot the SC I} (solid curves)
at the system edge (y = 0) and at the EV boundary
(p = Ro) in, respectively, Figs. 2(a) and 2(b). For com-
parison, we plot the SC source terms fi(l) and fi@) (open
symbols) in Figs. 2(a) and 2(b), respectively. Our result
that all the six solid curves, three each for I? and I?,
overlap on the zero abscissas shows that the SC bound-
ary conditions are satisfied remarkably. Furthermore, the
symimetries of the SC source are consistent with that de-
rived from S , as have been discussed in the previous
section for the case of fi(l).

Our main results are presented in Fig. 3. The spa-
tial distribution of out-of-plane spin densities SZB, ASfl,
and AST? are shown, respectively, in Figs. 3(a), 3(b),
and 3(c). The spin accumulation S, given by the sum of
these three out-of-plane spin densities, 1s denoted by Fig.
3(d). It is clearly shown that RSOI's contribution to spin
accumulation S, can be turned on locally by an edge-
vold due to the nonuniform driving field. Basically, Figs.
3(a)-(c) provide a pictorial way of viewing the formation
of the spin accumulation. Fig. 3(a) shows the spin den-
sity ASP had the void been in the bulk of the 2DEC.?°
The spin density is centered along the ¢ = w/2 direction
and 1s separated into two regions of opposite spin po-
larization: a core region and an outer region. The core
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FIG. 3: Out-of-plane spin densities ASEZ ASF! ASF? and
spin accumulation S, are plotted in (a), (b), (¢), and (d),
respectively. Fig. 3(d) is the sum of (a), (b), and (¢). The
external electric field E' is applied along # and the EV struc-
ture has a radius Ho = 0.5 ...

region is concentrated along the void boundary and has
a radial thickness of about 0.31,, ~ 1.1 m. The outer
region has a much wider spatial extent, in the form of a
curved spin cloud, and having its center located about a
distance of one I, from the void boundary. This spin den-
sity 1s driven by an in-plane SC of diffusive origin. The
SC boundary condition 1s satisfied at the void boundary
but not at the system edge. The residual SC at the sys-
tem edge becomes SC source terms fi(lj, shown in Fig.
2(a), that drives the generation of ASE! in Fig. 3(b).
The spin density AS’E l'is concentrated mostly at the two
corners of the EV with a range of about 0.5/, and with
spin polarization opposite to that of the core spin density
in Fig. 3(a). ASE! also contains a wide outer region of
compensating spin cloud with much smaller spin density
magnitude. The SC boundary condition, however, is not
satisfied at the void boundary. Again, residual SC gives
rise to SC source terms fz-(Q) that drives the generation of
spin density AS;E 2 The spin density AS f 2, in general,
brings about correction of even smaller magnitude, in-
cluding a void-boundary distribution that reinforces the
core region in Fig. 3(a). Since ASE2 and f§2) together
have satisfied the SC boundary condition at both the
system edge and the void boundary, AS E2 s the results
from our self-consistent procedure. it is numerically more
stable and efficient. The total spin accumulation S, as
shown in Fig. 3(d).

The spin accumulation S, can be optically probed by
Kerr rotation. To simulate the optical prob by scanning
along the cases of & = 7/2 and ¢ = 0. The net number
of out-of-plane spin within a circular probe area with a
radius [?p 1s located at a distance d from the EV center.
The results is plotted mn Fig. 4 for g = 0.5/, to Fy =
1.2l4,. For ¢» = m/2 case, the contribution of spin packet
and spin cloud can be identified. The spin pocket are
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Total spin number
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FIG. 4: Net number of out-of-plane electron spin, from S,
within a circular probe area of the same radius as the EV
structure. The probe center is shifted by a distance d from
the EV center (a) along 4 (¢ = w/2), and (b) along edge (z,
or ¢ =0).

negative minima around d = [, and the spin cloud are
positive peaks around d ~ Ry + l,,. We notice that
the negative minima essentially unshifted indicating the
insensitivity of radial thickness of the core spin pocket
to different K. Additional peak for the R = 1.2,
curve at d &~ 2Ry corresponding to the situation when
the probe area moves out of the core spin pocket. It is
found that the net spin number features in Fig. 4 are
essentially the same as the case of a circular void in the
bulk. The core spin pocket at ¢ = 7/2 is quite robust
against the EV boundary due to the nonuniform driving
field. Furthermore, the net spin number is plotted in
Fig. 4(b) when the probe area is scanning along radial
direction at ¢ = 0 for Ry = 0.5[,, to 1.2],,. The maxima
occurring around d =~ 1., ~ 1.3l;, indicating that the
core spin pockets remain the similar core radial thickness
at ¢ = 0(w). The minima occurring around 2Rg + 0.8,
when the probe area moves out the region of the core
spin-pocket for ¢ = 0 in Fig. 4(b).

IV. CONCLUSIONS

In conclusions, we have studied that the nonuniform
driving field against the EV boundaries can generate the
bulk-like spin accumulation at ¢ = pi/2 and simultane-
ously generate edge-like spin accumulations at ¢ = 0(w)
in a diffusive RSOI EV structure. Our new finding is
that edge-like spin accumulations have comparable mag-
nitudes and opposite signs respecting to bulk-like spin
accumulation. The advantage of edge-like spin accumu-
lations provides the tunable capability of spin accumula-



tion location and it has the potential to be a nonmagnetic

spin-injection source. Our proposed scheme of restora-
tion RSOI spin accumulation in EV structure 1s hopetful
to achieve spintronics by fully electric means. We hope
that this will draw experimental effort in the near future.
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The major goals of the project are to study the spin accumulations due to the combined
effects of various spin-orbit interactions (SOI), the effects of magnetic field, and the electrical
means of manipulation of these spin polarizations. In these research topics, we have obtained solid
results and understanding. The research content matches nicely the original proposal.
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Results obtained in this project have been published in leading SCI journals. These results are of
academic values to the field of spintronics in semiconductors, and may be of importance for
technological exploration. Specifically, we pointed out an experimental diagnostic scheme for
probing of the major ingredient SOI in a system, proposed two ways for the restoration of
Rashba SOI’s contribution to spin accumulation (either by way of the competing interplay
between the Rashba SOI and the Dresselhaus SOI or by way of the nonuniform driving field),
and suggested an electrical means of detection of spin current. Besides, our research has
established a theoretical framework for further exploration of spin accumulations driven by an
external electric field. Therefore, future citation to published work supported by this project is
expected to be reasonably high.
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The meeting date was from 26™ August, 2009 to 29" August 2009. It was an annual meeting
organized by the Chinese Physical Society Magnetism Sub-committee. The number of attendants
was about 150. Participants included researchers from Singapore, Taiwan, Hong Kong, and from
major domestic Institutes and universities. There were two parallel sessions and talks covered
research results from both experimental and theoretical endeavors. | was invited to give an invited
talk in the conference. Apart from airport pickup, I had to pay for my own air ticket, hotel, and
conference registration. The registration covered all meals in the hotel, which also is the venue for
the conference.

[ left Taoyuan Airport on 26"™ August at 8:15 am. and flew to Hong Kong International
Airport for transit to Hanghou. The 11:35 a.m. flight from Hong Kong arrived Hangzhou at 13:35.
The conference program that day was registration and reception. During the reception dinner, | met
Professors S.Q. Shen (Hong Kong University) and Y.Q. Li (Zejiang University), whom | knew
already. | also came to know Professors D.S. Wang (Academician), M.W. Wu (Chinese Academy of
Science, CAS), and many others.

Sessions of the conference started at 8:30 a.m. on the 27" of August. | had the honor to give
the first talk of the conference. The title of my talk was: “Spin accumulations in semiconductors:
Competing spin-orbit interactions effect and Non-uniform driving field effect”. This talk had
attracted question from Professor X.R. Wang (Hong Kong University of Science and Technology)
and response from Professor K. Chang (CAS). It was also well received, as | knew it later from nice
comments from other participants. | attended the talks of Professors Q.F. Sun (CAS), H.G. Luo

(Lanzhou University), J. Wang, K. Chang (CAS), X. Tao (CAS), and D.S. Wang (CAS). The
19




conference ended on 29" August (Sat.) noon, where I left the conference center for Taipei in the

middle of the last talk.

< ET SR

Content of my talk includes work published in two papers:
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Competing interplay between Rashba and cubic-k Dresselhaus spin-orbit interactions
in spin-Hall effect

R. S. Chrmg,1 C. S. Chu,"? and A. G. Mal’shukov!?3
'Department of Electrophysics, National Chiao Tung University, Hsinchu 30010, Taiwan
2National Center for Theoretical Sciences, Physics Division, Hsinchu 30043, Taiwan
Mnstitute of Spectroscopy, Russian Academy of Science, 142190 Troitsk, Moscow oblast, Russia
(Received 5 March 2009; revised manuscript received 20 April 2009; published 14 May 2009)

Focusing on the interplay between the Rashba and cubic-k Dresselhaus spin-orbit interactions (SOI), we
calculate the spin accumulation §, and the spin polarizations Sf at, respectively, the lateral edges and in the

bulk of the two-dimensional electron gas. Their dependences on both the ratio between the Rashba and the

Dresselhaus SOI coupling constants and the electron densities are studied systematically. Strong competition

features in S_ are found. In the Dresselhaus-dominated regime S, changes sign when the electron density is

large enough. In the Rashba-dominated regime S, is essentially suppressed. Most surprising is our finding that

the Rashba-dominated regime occurs when a@==2f, where a and 8 are the Rashba and the effective linear-k

Dresselhaus SOI coupling constants, respectively. For the spin polarizations S? the Rashba-dominated regime

occurs when a=f3. Our results point out that decreasing |ar| leads to the restoration of the spin accumulation

s..

DOI: 10.1103/PhysRevB.79.195314

I. INTRODUCTION

Spin-orbit interaction (SOI) provides the key leverage for
the recent strive for all electrical generations and manipula-
tions of spin densities in semiconductors.'™ Intrinsic SOIs,
such as the Rashba SOI (RSOI) (Refs. 3, 7, and 9-12) and
the Dresselhaus SOIs (DSOIs).*1*1%2* are of particular inter-
est. It is due to their tunability, gate tuning for the RSOI and
either sample thickness or electron-density tuning for the
DSOI, and to their physical origins, being independent of
disorder that requires the presence of SOI impurities. Yet the
ever present background scatterers do play a subtle role in
the intrinsic spin-Hall effect.”® In spin-Hall effect (SHE), an
external electric field induces a transverse spin current and,
in turn, an out-of-plane spin accumulation §, at lateral
edges.""~ For intrinsic SOIs, the background scatterers lead
to a complete quenching of the edge spin accumulation S,
when the SOI depends only linearly on the electron momen-
tum k' but S, maintains finite and dependent on the mo-
mentum relaxation time 7 when the SOI has a cubic-k
dependence.'*~!" Thus, separately considered, the RSOI does
not contribute to edge spin accumulation S, while the cubic-k
DSOI does. For a more realistic situation, when the two SOIs
coexist in a sample, RSOI could exert its effect on the edge
spin accumulation S.. but that would have to be mediated
through the cubic-k DSOIL It is of great interest to see
whether this effect would be reinforcing or competing for 5.

Thus, in this work, we focus upon the interplay between
the RSOI and the cubic-k DSOISs in their combined, or com-
peting, effects on both the edge spin accumulation S, and the
bulk spin density S;B. Bulk spin density S}g. formed in an
external electric field, is another important physical quantity
of interest that is closely related to the intrinsic SOIs. The
subscript i denotes the vector component of spin. The effect
of the background scatterers on S? is less subtle than that on
S.: 5%, remains finite for all intrinsic SOIs and depends on 7
also.” Intuitively, up to leading order in the SOI coupling

1098-0121/2000/79(19)/195314(6)
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constant one might expect this S'? feature to arise from a
SOI-effective magnetic field* It turns out to be the case
when there is only one dominated SOI and the SOI depends
on k linearly. Take, for instance, a Rashba-type two-
dimensional electron gas (2DEG) in the diffusive regime, the
k-dependent effective magnetic field becomes (hy)=—az
% (k) when (k) is averaged over the electron distribution
given by a shifted Fermi sphere f(e.k)=fy(e.k)
—%&EF—E). where e, fo, and m"* are, respectively, the
Rashba coupling constant, Fermi-Dirac distribution, and
electron mass and for ¢>>0. With (hy)=ae/#Z X E, the bulk
spin density, in units of #, is given by S¥=—Nyare/fii X E,
which was first obtained by Edelstein. In the above expres-
sion the density of states per spin is denoted by Ny. Beyond
leading order or linear k dependence in the SOIs, or for the
coexistence of different types of SOIs, the derivation of %
becomes more involved. In this work, we calculate the SES
within a spin-diffusion equation approach and perform a sys-
tematic study on the competing interplay between the RSOI
and the cubic-k SOIs.

Interplay between the RSOI and the linear-k DSOI in a
sample has attracted much attention lately.'®2° Earlier work

studied the effect of a=p, where B is the effective linear-k
DSOI coupling constant, on the magnetoconductivity.'®

More recent work on the same a = regime pointed out that
the spin becomes a good quantum number, independent of k,
and has a long relaxation time.'” The D’yakonov-Perel” (DP)
mechanism! for spin relaxation is suppressed. This finding
led to proposals for spintronic transistor that would manipu-
late polarized spin transport in the diffusive regime.!?2% It

was later shown, within the same a/B=1 regime, that the
Fermi circles of opposite spins are connected by a wave vec-
tor Q that depends only on the SOI constant and the effective
mass.>* This leads to the persistent spin-helix state.>* Since

the ratio /3 is important for the development of spintron-

ics, and the transport is anisotropic when both & and 8 are

©2009 The American Physical Society



PHYSICAL REVIEW B 81, 115312 (2010)

Spin generation in a Rashba-type diffusive electron system by nonuniform driving field
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We show that the Rashba spin-orbit interaction contributes to edge spin accumulation §. in a diffusive

regime when the driving field is nonuniform. Specifically, we solve the case of nonuniform driving field in the

vicinity of a circular void locating in a two-dimensional electron system and we identily the key physical

process leading to the edge spin accumulation. The void has radius Ry in the range of spin-relaxation length I,

and is far from both source and drain electrodes. The key physical process we find is originated from the

nonuniform in-plane spin polarizations. Their subsequent diffusive contribution to spin current provides the

impetus for the edge spin accumulation 5 at the void boundary. The edge spin accumulation is proportional to
the Rashba coupling constant @ and is in a spin-dipole form oriented transversely to the driving field. We

expect similar spin accumulation to occur if the void is at the sample edge.

DOI: 10.1103/PhysRevB.81.115312

I. INTRODUCTION

A major goal for the semiconductor spintronics is to gen-
erate and to manipulate spin polarization by mere electrical
means. Spin-orbit interaction (SOI) provides the key lever-
age and spin-Hall effect (SHE) (Refs. 1-15) provides the key
paradigm, where it is possible for a uniform driving electric
field to induce bulk spin polarization and spin current and, in
turn, out-of-plane spin accumulations 5, at lateral edges. The
Rashba SOI (RSOT) (Ref. 16) is of particular interest because
of its gate-tuning capability. However, background scatterers
lead to a complete quenching of the RSOI’s contribution to
the edge spin accumulation §., a direct consequence of its
linear dependence on the electron momentum k.78 Tt is Te-
gitimate then to find ways to restore the RSOI’s contribution
to the edge spin accumulation. Qur interest here i1s in the
diffusive regime, when the spin-relaxation length /31, the
mean-free path. Even though the spin accumulation is finite
in the mesoscopic ballistic regime (/,<</., and L<i¢,),'9‘2]
with L the sample size and /4 the phase coherent length, it is
still important to see whether the RSOI alone can contribute
to SHE in the impurity-dominate regime.

Indeed, RSOI was found by Mishchenko ef al.'® to give
rise to edge spin accumulation S, near electrodes even
though its contribution to bulk spin current vanishes. The
edge spin accumulation is concentrated at the two ends of an
electrode-sample interface, covering a region of size [.,. This
finding was identified to arise from a nonzero spin current [
flowing along the sample-electrode interface, in direction y.'®
This nonzero spin current was understood from the way the
spin current vanishes in the bulk, when an exact cancellation
occurs between two terms, one related to the spin polariza-
tion and the other related to the driving field.'® This exact
cancellation no longer holds at the sample-electrode inter-
face, when the driving field has reached its bulk value but the
spin polarization has not. Similar result was also obtained by

1098-0121/2010/81(11)/115312(6)
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Raimondi et al.,”> where spin-density spatial profiles at the
sample corners were obtained. Yet, it would be more desir-
able that we can find schemes and identify physical pro-
cesses for the restoring of the RSOI-induced edge spin accu-
mulation at locations other than the sample-electrode
interfaces and according to our specification.

In this work, we turn to nonuniform driving field for the
restoration of the RSOI-induced spin accumulation. The ef-
fect of nonuniform driving field on spin accumulation is also
interesting in its own right. Earlier study considered nonuni-
form driving field in systems in the presence of “extrinsic”
SOI, that is, SOI due to SOI impurities.” Here, instead, we
consider nonuniform driving field in the vicinity of a circular
void located in a diffusive RSOI-type two-dimensional elec-
tron gas (2DEG). We obtain spin accumulation in the vicinity
of the void. This problem allows us to identify the key physi-
cal process for the spin accumulation and also sheds light on
the case if the void were to form at a lateral edge. The radius
Ry of the void is of the order of /.

Most important is our finding that the main physical pro-
cess 1s in marked contrast to the conventional one. While the
conventional one is associated with the nonvanishing of the
out-of-plane spin current I%.'® the key process we find is
associated with the in-plane spin currents, [, or 2, and with
the way they vanishes at the void boundary. Here, 71 denotes
the flow direction normal to the void boundary. The in-plane
spin currents consist of two terms, a diffusive term and a
term related to the spin accumulation S_, which are given by

; i - -
I = -2D;—ps,-— RES -4, (1)

where p is the position vector measured from the center of
the void. i e{x.y}. and D is the diffusion constant.** R7*

denotes the precession of §; into §; when it flows along k.

The factor ﬁf denotes the projection of the flow. The RSOI
governs the symmetry of R such that R¥=0 for i .

2-1 ©2010 The American Physical Society



In attending this conference, | had the opportunity to know in person quite a number
of active physicists, listened to and learned from their recent work, and might
establish possible collaborations in the future. For example, the second
renormalization of tensor network state method presented by Professor X. Tao had
been inspiring for me, particularly when I am considering topological insulator

characteristics for different lattices recently.
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