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In a two-dimensional electron gas with Rashba spin-orbit coupling, the external electric field may cause a
spin Hall current in the direction perpendicular to the electric field. This effect was called the intrinsic spin Hall
effect. In this paper, we investigate the influences of spin accumulation on this intrinsic spin Hall effect. We
show that due to the existence of boundaries in a real sample, the spin Hall current generated by the intrinsic
spin Hall effect will cause spin accumulation near the edges of the sample, and in the presence of spin
accumulation, the spin Hall conductivity will not have a universal value. The influences of spin accumulation
on the intrinsic spin Hall effect in narrow strips of two-dimensional electron gases with Rashba spin-orbit
coupling are investigated in detail.
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I. INTRODUCTION (such as Si, Ge, and Gaf$or in two dimensional electron
gases(2DEGS with Rashba spin-orbit coupling. This in-

Spintronics, which aims at the manipulation of the elec-trinsic spin Hall effect might offer a new approach for
tron’s spin degree of freedom in electronic devices, has beachieving efficient injections of spins in nonmagnetic semi-
come an emerging field of condensed matter physics for itsonductors and reveal a new avenue in the spintronics re-
potential application in information industty’ Though search.
originally many spintronic concepts involve ferromagnetic In this paper, we study the influences of spin accumula-
metals since spins in this kind of system behave collectivelyion on the intrinsic spin Hall effect in 2DEGs with Rashba
and hence are easy to be controftedispintronics in semi- spin-orbit coupling. From the standpoint of spintronic appli-
conductors is more interesting because doped and heteroations, it is important to understand whether the spin Hall
junction formation can be used to design some specific decsurrents predicted in Refs. 14 and 15 &emsportspin cur-
vices. It is anticipated that combining the advantages ofents, i.e., whether they can be employed for transporting
semiconductors with the concepts of spintronics will yieldspins. An important feature of transport spin currents is that
fascinating new electronic devices and open the way to ¢hey will induce nonequilibrium spin accumulation at some
new field of physics, i.e., semiconductor spintronics. How-specific locations, for example, at the boundaries of a sample
ever, at present many great challenges still remain in thisr at the interfaces between two different materfafsOn
exciting quest. Among them, an issue that is fundamentallghe other hand, if spin accumulation was caused in a sample
important in semiconductor spintronics and has not yet beedue to the flow of a spin current, the spin current will also be
resolved is how to achieve efficient injections of spins intochanged significantly by the spin accumulatfoh.So in a
nonmagnetic semiconductors at room temperattfeThe  full treatment of the intrinsic spin Hall effect, the interplay
usage of ferromagnetic metals as sources of spin injection isetween the spin Hall current and the spin accumulation
not practical because most of the spin polarizations will bemust be taken into account. A detailed theoretical investiga-
lost at the interface between the metal and the semiconducttion of the influences of spin accumulation on the intrinsic
due to the large conductivity mismat®h? Another possible spin Hall effect in hole-doped semiconductors was presented
approach is to use ferromagnetic semiconducteteh as in Ref. 16. In the present paper, we will use a similar method
Ga,_,Mn,As) instead of ferromagnetic metals as sources ofas was applied in Ref. 16 to investigate the influences of spin
spin injection. In this approach, the problem of conductivityaccumulation on the intrinsic spin Hall effect in 2DEGs with
mismatch does not exist and hence efficient injections oRashba spin-orbit coupling. We will show that in contrast
spins into nonmagnetic semiconductors can truly bewith what was found in Refs. 15, 17, and 18, in the presence
achieved-*-13But for practical use at room temperatures, theof spin accumulation, the spin Hall conductivity in the intrin-
Curie temperatures of ferromagnetic semiconductors are stilic spin Hall effect in a 2DEG with Rashba spin-orbit cou-
too low. Thus, from both the experimental and theoreticalpling does nothave a universal value, and in order to calcu-
points of view, more great efforts are still needed in order tdate correctly the spin Hall current and the spin Hall
achieve efficient injections of spins in nonmagnetic semiconeonductivity in a real sample with boundaries, the influences
ductors at room temperatures. Recently, a surprising effeaf spin accumulation need to be taken into account. The
was predicted theoretically that an electric field may cause gaper will be organized as follows: In Sec. Il, we will first
quantum spin Hall current in the direction perpendicular topresent a brief introduction to the intrinsic spin Hall effect in
the electric field in conventional hole-doped semiconductor& 2DEG in the absence of spin accumulation and impurity
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scattering. In Sec. lll, the influences of spin accumulation When an external electric field is applied in tkelirec-

and impurity scattering will be taken into account. In Sec. 1V, tion, the total Hamiltonian of the system will be given by

by use of the formulas derived in Sec. lll, the influences 0f|:|:|:|0+eE-x, where E=E,e, is the external electric field

spin accumulation on the intrinsic spin Hall effect in a nar-and -e the charge of the electron. The equation of motion for

row strip of a 2DEG will be discussed in detail. the electron’s position and spin degrees of freedom under the
action of the external electric field can be obtained directly

from the Heisenberg equation, and the results read as
II. INTRINSIC SPIN HALL EFFECT IN THE ABSENCE OF

SPIN ACCUMULATION AND IMPURITY SCATTERING dk eE .
In this paper, we will use a slightly different method from dt 7’ @
what was applied in Refs. 15 and 17 to discuss the intrinsic
spin Hall effect in 2DEGs with Rashba spin-orbit coupling. ds
The merit of this method is that the influences of spin accu- — =hgg X S, (8)
mulation can be easily included. For clarity, in this section dt

we first present a brief introduction to the intrinsic spin Hall . ] o
effect in the absence of spin accumulation and impurity scatWherehes=(2a/%)(kg—k.e,) is an effective magnetic field
tering. We will show that our method will recover the samefelt by an electron with momenturk due to the Rashba
results as was obtained in Refs. 15 and 17 if spin accumulgsPin-orbit coupling. The time variation of the electron spin
tion and |mpur|ty Scattering are neg|ected_ which is |n|t|a”y in the SpinOI’ eigenstaﬂtk)\) [i.e., S(t:O)

In the momentum representation, the single-particle=(%/2)(kX\|alk\)] can be obtained by solving Eqgl) and
Hamiltonian for a 2DEG with Rashba spin-orbit coupling (8) simultaneously. In this paper we will consider only the
reads® as linear response of the transport property to the electric field.
In the linear response regime, E@3) and (8) can be inte-
grated analytically by use of the same method of Ref. 15, and
one can find that under the action of the external electric
(1) field, the spin of an electron with momentumand initially

in the spinor eigenstaté\) will become
where e, is the unit vector perpendicular to the two-

dimensional planek =(k cosé,ksin 6) is the momentum of Su(k) = S2(k), (9)
an electron,o0=(0y,0y,0, the Pauli matrices, ana the ’ ’
Rashba spin-orbit coupling constant. The Hamilton{an

21,2 21,2
Ho= o ale,X k) o= o ak(cos oy, - sin fo,),

can be diagonalized exactly. The eigenenergies are given by Syk) = 8%(K), (10)
hK?
€n=—"—-Nak (A=z%1), (2 ehk
7 2m S.k) =~ N~ 5Ex. (11)
o

and the corresponding spinor eigenstates are defined by

1 [(-ire? where S, ;(k) is the ith component of the spin. Equations
[kN\) = —r< ) (3)  (99+11) show that an applied electric field in tixedirection
V2 1 will cause the spin to tilt in the perpendicular direction by an

The expectation value of the spin of an electron which is inr@mount proportional t&,. Due to this fact, the application of
the spinor eigenstaté&\) will be given by an external electric field in the direction will induce a spin

Hall current in they direction with spin parallel to the

h direction. The spin Hall current can be calculated by the
0 — — 0 0
s(k) = §<k)‘|‘7|k)‘> =S0ke+ S ke, (@) following formula;

wheree, ande, are the unit vectors along theandy axes in 2

i ) 0 s, d“k
the plane, respectively, arg’(k) and S(A,y(k) are thex and =2 (Z—)ZSAYZ(k)(ﬁky/m)fx(k), (12)
y components of the spin, which are given by A 77

h ik where f, (k) is the probability distribution function of con-
0 (1) = = —\ 2y A p y
S("‘“(k) 2<k)\|a>‘|k)\> A 2k’ ®) duction electrons. If spin accumulation and electron-impurity
scattering can be neglectef](k) can be given simply by
0 3 fik, the Fermi-Dirac equilibrium distribution function, i.e.,
SO(k) = §<k)\|ffy|k?\> = A ) (k)=%e,) =[exd B(en - )]+ 1]7L, whereB=1/kgT and

€r is the Fermi energy. Then one can find that in the usual
Equations(4)<6) show that the eigenstates of the Hamil- case where both spin-orbit split bands are occupied, the spin
tonian (1) are spin polarized in the in-plane directions, andHall current.J§Z and the spin Hall conductivityrg will be
the spin-polarization directions depend on the momeriktum given by*®
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(\—=\")
J?Z= oEy, og=—. (13 (ﬁ_f>\>

d?k’ , ,
P :—j W%,w(k'k )&le\(k) — e (k'))

X [fi(r,k) = fo(r.k)], (15

coll

Equation(13) is the central result of Ref. 15, which was also
obtained by several other groups with different theoretical "
approache&” Equation(13) shows that as long as both spin- wherew, . (k,k") is the rates of an eIectron to. be scattered
orbit split bands are occupied, the spin Hall conductivity will rom the statdk\) into the statek’\") by impurity scatter-
have auniversalvalue, independent of both the Rashba spin-N9: _

orbit coupling strength and of the density of conduction elec- _1h€ Boltzmann equatio(@4) can be solved by the relax-
trons. Though Eq(13) was obtained in the clean limit, recent &tion time approximation method. Within the relaxation time
numerical simulation shows that it is not suppressed com@PProximation and in the linear response regime, the system
pletely in the presence of weak disorder, providing that th&an be considered only slightly deviated from the equilib-
sample size exceeds the localization lenttt.is also im-  "um state, thus the total distributiofy(r k) can be ex-
portant to note that unlike the similar effect conceived byporessed as the sum of the equilibrium distribution function
Hirsch2® which is caused by spin-orbit dependent aniso-f (€) and the nonequilibrium ones as the following:

tropic scattering from impurities and will vanish in the weak

L .. . . 0
scattering limi%-22 the spin Ha}ll effect _des_crl_bet_ll by_ Eq. fx(r,k)=f°(ekx)—em(r)af (€in)
(13) has a quantum nature and is purely intrinsic, i.e., it does 7=
not rely on any anisotropic scattering from impurities. Of %)
course, it should be pointed out that though the mechanism +er (K)ENr) -Vx(k)—k”. (16)
of the intrinsic spin Hall effect described above does not Jekn

involve impurity scattering, it does not mean that impurity o
scattering has no significant influences on the effect. Th&tere the second term denotes the change of the distribution

reason is that in a real sample, due to the existence of bounflnction due to the occurrence ?\f nonequilibrium spin accu-
aries, nonequilibrium spin accumulation will be caused in-Mufation in the sample, with ex*(r) (\=%) denoting the
evitably near the edges of the sample when the spin Halpand- a_n_d posmon-depen_dent shifts of_the Fermi level in the
current circulates in it, and in the presence of nonequilibriunf’onéquilibrium state, which characterize the imbalance of
spin accumulation, spin diffusion will be induced by the filling of conduction electrons in the two spin-orbit split
electron-impurity scattering and, hence, the spin Hall currenfands in the presence of nonequilibrium spin accumulation.
may also be changed significantly from what was given byThe_: third term in Eq(16) denotes the changes qf the distri-
Eq. (13). Thus in order to calculate correctly the spin Hall bution function due to the movement of conduction electrons
current and the spin Hall conductivity in a real sample withunder the action of an effective electric fiefeh(r), with
boundaries, the influences of spin accumulation and electrorfa(k) denoting the total relaxation time of conduction elec-
impurity scattering need to be considered. trons with momentumk, which is determined by the
electron-impurity scattering. Because the occurrence of non-
equilibrium spin accumulation will cause spin diffusion in
1. INFLUENCES OF SPIN ACCUMULATION the sample, the effective electric fielth(r) should be given
AND IMPURITY SCATTERING by EMr)=Eey— V (1), i.e., in addition to the external elec-

In the presence of spin accumulation and electron—tric field E.,, conduction electrons will also feel an effective

impurity scattering, the distribution function of conduction field given by the gradients of the band- and position-

electrons can no longer be given simply by the Fermi-DiracdeF)endent shifts of the Fermi levef. Substituting Eq(16)

equilibrium distribution function but may be derived by solv- into Egs.(14) and(15), the left-hand side of the Boltzmann

ing the Boltzmann transport equation. In a stedolyt non- equation becomes
equilibrium) state, the Boltzmann equation reads as

of 0
Lhs=- eﬂ{E"(r) -V, (k)
VoK) - ¥ £,(1,K) = 6By Vy (k) T o
k) VINEK) = e Valk) T AV, - VIEND -V, (0T (17)
[(afx)“ﬂ) (afx)“ﬂ)] (19 and the right-hand side of the Boltzmann equation becomes
=—||{— +|—
ot coll. ot coll. , 0
of k k
Rhs=-¢e (Ek)‘){{ ?\T( ), ?‘f ) }[E)‘(r) -V, (K)]

where V, (k) =V, &, /#% is the velocity of conduction elec- 2N (k) (k)

trons, E.,=E,e, is the external electric field applied in the pMr) = o)

direction, andf,(r,k) is the distribution function. The colli- (18)

sion term(afA/at)(cﬁ",) describes the changes of the distri-
bution function due to the intra-ban@’=\) and/or inter- \yhere 7l'(k) and 7/!(k) are the intra-band and inter-band

band(\’ :f) electron-impurity scattering, which is given by transition relaxation times, respectively, which are defined by

7'(K) ’
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d2k’ -1 occupied?® the spin Hall current and the spin Hall conduc-
7/ (k) = f W“’A,x(k,k')&ﬁ\(k) —ak)| ; tivity will be given by
(19) JHr) = oy(1)E,, (26)
d%k’ -1 _ef(. elu'(r) - p(r)]
r{l(k):[ f Q—kav_x(k,k')a(q(k)—e_x(k'))} . Gs(f)—8W<1 2al(mali®? + 2men?2) . 27

(20) Equations(26) and (27) show that the spin accumulation
) ) ) . . may have some significant influences on the intrinsic spin
By integrating both the left-hand side and the right-hand sidey | effect in a 2DEG. First, in the presence of spin accumu-
of the Boltzmann equation, one can find that the total relaxjation  the spin Hall conductivity will be aposition-
ation time 7, of conduction electrons should be given by dependenguantity anddoes nohave a universal value, i.e.,
1 1 1 it will depend on the Rashba spin-orbit coupling constant and
nK)=| st T | (21)  on the density of conduction electrons. This is very different
i) 7 K) from what was shown in Eq13). Second, in the presence of

and the band- and position-dependent shifts of the Fernfipin accumulation, the spin Hall current may be decreased

level satisfy the following equation: substantially from the corresponding value obtained in the
\ N absence of spin accumulation, and the decrease will be de-

V2uNr) = p(r) = ur) (22) termined byu*(r)—u(r), i.e., proportional to the relative

D2 ’ shifts of the Fermi level in the two spin-orbit split bands.

where D, =[(V})?77']2, with V} denoting the band- IV. RESULTS AND DISCUSSIONS
. . TJ’ . _ _ e
dependent Fermi velocity ang-' the inter-band-transition Equations(23) and (25(27) constitute a set of self-

::::;:?;Ir?sn;LTﬁeaggFrr:rIeez\t/c()atlalrcr-:‘eslag?ttil\(/)nlg'lc?ii(r?r:c Cls:?tdus\fgm consistent equations, from which both the spin Hall current
 Tesp « plicity, and the spin accumulation can be obtained. In this section,

il i
assume that: andr" are band independepgrom Eq.(22), we apply these formulas to discuss the intrinsic spin Hall in

one can see that the relative shifts of the Fermi level in th% : : : ; :
. . . ! oo ; narrow strip of a 2DEG with Rashba spin-orbit coupling.
two spin-orbit split bands, given by'(r) - u"(r), satisfy the Narrow strips are the usual geometry applied in the experi-

following diffusion equation: mental measurement of the Hall effect, including the spin

- ) wHr) = wo(r) Hall effect?®-22 In the following we will assume that the
VAR (r) - p(r)]= T2 (23)  longitudinal direction of the strip is along theaxis and the
transverse direction along theaxis and the normal of the
whereD is the spin-diffusion length, defined by 2D plane along the axis, respectively, and an external elec-
1 1 ]2 tric field E, is applied in the longitudinal direction of the
D= {_2 + _2] (24) strip. According to Eqs(26) and (27), in order to calculate
Dy DZ the spin Hall curren8 caused by the longitudinal external

In addition to Eqs(22) and(23), the band-dependent shifts ele:-ctric+field E,, one must first fin'd out the bgnd—dgpendent

of the Fermi level should also satisfy the charge neutralitySMtS #"() andu™(r) of the Fermi level. For simplicity, we

condition, which requires that the net changes of the charg@SSUme that the length of the strip is much larger than its

density due to the band-dependent shifts of the Fermi levelvidth W so that spin diffusion in the longitudinal direction of

given by 8p(r)=eS, [[d?k/ (2m)2][f,(r k) - %(€q)], should the strip can be neglected. In such a case, only transverse
- > R Ak ._spin accumulation needs to be considered, aha), J>(r)

be zero. This requirement arises from the fact that accordma ) e Py

to the symmetry of the Hamiltoniafl), in the direction per- and"s(i) will all depend only on they coordinates. From Eq.

pendicular to the external electric field, no charge Hall cur<(23), #*(y)~u"(y) can be expressed as

rent will be generated, so the occurrence of spin accumula- pMy) = wNy) = AePL+ Be VP, (28)

tion due to the flow of the spin Hall current does not result in o

charge accumulation. Due to this requirement, one can showhereA andB are two constant coefficients that need to be

that in addition to Eqs(22) and (23), the band-dependent determined by appropriate boundary conditions. In this pa-

shifts of the Fermi level should also satisfy the following Per, we will consider the transverse-open-circuit boundary
equation: condition. In the transverse-open-circuit boundary condition,

the spin Hall current at the two boundaries of the sample,
> ket (r) =0, (25  which are assumed to be located/at+w/2, should be zero,
A=+ ie.,
wherek, ¢ is the band-dependent wave number at the Fermi W
level. After the band-dependent shifts of the Fermi level are J?()’: * E) =0. (29
determined, the spin Hall current can be obtained by insert-
ing Eq.(11) and Eq.(16) into Eq.(12); then one can find that Substituting Eq(28) into Egs.(26) and (27) and by use of
in the usual case where both spin-orbit split bands ar¢he above boundary condition, the coefficieAtand B can

195343-4



INFLUENCES OF SPIN ACCUMULATION ON THE.. PHYSICAL REVIEW B 70, 195343(2004)

10 with different ratios ofD/w. From Fig. 1, one can see that if
—D=10:m w<D, the spin Hall current will be negligibly small in the
8 T sample, i.e.JX(y)=0 everywhere. On the other hand,wif

> D, the spin Hall conductivity will be approximately a con-
stant atly| <w/2, i.e.,oy)=J(y)/E,=e/8x at ly| <w/2,
which is independent of both the Rashba spin-orbit coupling

e . strength and of the density of conduction electrons. B()
2 will decrease to zero ag— +w/2.
7, The spin accumulation caused by the longitudinal electric
=24 field E, can be calculated through the following formula:
T (9=2 f 5 )zsx(k)f)\(r k), (36)
-2 R A — I where S, (k) has been given in Eq$9)—(11). By inserting
’ ) Y(10°m) Eq.(16) and Eqs(9)—11) into Eq.(36) and with the help of

Egs.(30) and(31), one can find that both thecomponent of
FIG. 1. An illustration of the transverse spatial distributions of (S) (the in-plane spin accumulatipand thez component of
the spin Hall currents in three distinct cases with different ratios okS) (the perpendicular spin accumulatjcare nonzero,
D/w. The parameters used are the sample widthl0 um; the

spin diffusion lengthD=1 um (the solid ling, 10 um (the dashed (S) = emar,:E 37)
line), and 100um (the dotted ling SS' - 4ﬂ.ﬁ2 ’
be determined. Then the band- and position-dependent shifts eEX< mre ) 2< a2m> sinh(y/D)
: ) . ; (38
of the Fermi level in the strip can be obtained, and we get A TF e #2e. ) costwi2D) (38)
M ID D?
wy) = Lﬁy){ +—2}, (30) Equations(37) and(38) show that both the in-plane and the
2 cosfiw/2D) D perpendicular spin accumulation are proportional to the lon-

5 gitudinal electric fieldg,, but there are some significant dif-
“y) = Mo COSV(y/D){D__l} (31  ferences between them. The in-plane spin accumulation is

" 2 costfw/2D) homogeneously distributed in the sample and independent of
i both the spin diffusion lengt® and of the sample widthv.
whereM, andD, are defined by However, the spatial distribution of the perpendicular spin
2a ma?  2me accumulation is highly inhomogeneous and its magnitude de-
Mo = + (32)  pends sensitively on the spin diffusion lendthand on the

sample widthw. These differences arise from the fact that
1 1] the in-plane and the perpendicular spin accumulation are
Do= [_ - _} (33)  caused by a very different mechanism. In fact, it was known
long time ago that in a 2DEG with Rashba spin-orbit cou-
pling, an applied in-plane electric field will induce a homo-
geneous in-plane spin accumulation polarized in the direc-
tion perpendicular to the electric fiet¢?® but the in-plane
spin accumulation has nothing to do with the intrinsic spin
Hall effect. From the theoretical viewpoints, the in-plane
spin accumulation is caused by the combined action of the

Here D, (A=) has been defined in E¢22). In obtaining
Egs.(30) and(31), the charge neutrality conditiof25) was
also used. AfteM(y) is determined, according to EqR6)
and(27), the spin Hall current and the spin Hall conductivity
will also be obtained, and the results read as

J)?z(y) = o(y)E,, (34) spin-orbit coupling, absence of inversion symmetry, and the
time-reversal symmetry-breaking in the electric fi¢ld®
e [ coshy/D) } Since the in-plane spin accumulation has been investigated
ayy) . cosHw/2D) (35 in detail in previous literature and it has no relation with the

intrinsic spin Hall effect, we will not discuss it again in the
Equations(34) and (35) show that, due to the influences of present paper. Unlike the in-plane spin accumulation, the
spin accumulation, the spatial distribution of the spin Hallperpendicular spin accumulation given by E88) is caused
current in a sample will be highly inhomogeneous and theédy the intrinsic spin Hall effect, so its spatial distribution is
spin Hall conductivity is sensitively position dependent. Thehighly inhomogeneous and its magnitude depends sensitively
spin Hall current and the spin Hall conductivity and their on the spin diffusion lengt® and on the sample widttv.
spatial distributions will also have sensitive dependences omhis was illustrated clearly in Fig. 2, where we have plotted
the spin diffusion lengti and the sample widttv. This was  the transverse spatial distributions of the perpendicular spin
shown in Fig. 1, where we have plotted the transverse spati@ccumulation in three distinct cases with different ratios of
distributions of the spin Hall currents in three distinct casedD/w. From Fig. 2 and Eq(38), one can see that the perpen-
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from Eq. (38) one can estimate that the perpendicular spin

——D=10"m accumulation at the edges of the sample can be as large as
"‘"""g=:gfm 10722 J-s/nt. This magnitude should be large enough to be
............ —10*m

detected experimentally.
In conclusion, in this paper we have investigated the in-
fluences of spin accumulation on the intrinsic spin Hall effect
_ in 2DEGs with Rashba spin-orbit coupling. We have pre-
0- e e " sented a detailed theoretical analysis on the interplay be-

e tween the spin Hall current and spin accumulation in the
,,,,,,,,, intrinsic spin Hall effect in a 2DEG. We have shown that in
the presence of spin accumulation, the spin Hall conductivity
2o will not have a universal value. The spin Hall current and
spin accumulation in narrow strips of 2DEGs with Rashba
spin-orbit coupling was calculated explicitly. The results
show that in order to calculate correctly the spin Hall current
“ X 5 0 j z i and the spin Hall conductivity in a real sample with bound-
¥(10°m) aries, the influences of spin accumulation need to be taken
into account. Recently, Rashba pointed out that the Hamil-
FIG. 2. The transverse spatial distributions of the perpendiculagonjan (1) implies that there exist nonvanishing dissipation-
spin accumulation in three distinct cases with different ratios ofjggg spin currents even in the thermodynamic equilibrium
D/w. The parameters used are the sample wigthlO um; the  gtate(ie., in the absence of the external electric figfl
spin diffusion lengttD=1 um (the solid ling, 10 um (the dashed  pege packground spin currents are not associated with real
line), and 100um (the dotted ling the extemal fielde&  ghin yransports but spurious effects caused by the lacking of
;ll%ﬁle\e/\//r?ﬁ_ tt:: efzii’ibzami;‘:'%r%';;c;ﬁgl'rr;?axzct’igit?iﬁlis the time-rgversal symmetry implied ip t'he 'Hamiltonielr)..
1 ps: and thé Fermi energs:=20 meV ' Due to this fact, a procedure for eliminating the spurious
' ' effects of these background spin currents should be devised
. . . . in calculating transport spin currents if the background cur-
dicular spin accumulanop IS maximum at the_ edges of th‘?ents contribute to the calculation. But for the intrinsic spin
sample, and the'p(.arpendmula'r spin gccumulanon at the edg?—ﬁall effect discussed in the present paper, the background
of the sample will increase with the increase of the width Ofspin currents do not contribute to the calculation of the spin

tEe sar:nple._ W(;!?fn the ‘;Vidmgf trr]\e sampledi_s rlnuch larger a1 current due to the following reasons. First, the spin Hall
than tl € spin r: US(IjOI"I enfgth , the p:arpe_lr; Icular Sﬁm 8C- current is polarized in the direction perpendicular to the 2D
cumulation at the edges o tf sample Wi approach a Maxizjane, while the background spin currents are polarized in
mum value ofle/ 4m)E(mre/ 7€) (1 +a"m/h’ep), which 0 5p plane. Second, the spin Hall current is a dynamic
is independent of the sample width This will be a merit  yagponse of the spins to the external electric field and will
for the experimental measurement of the effect. In order tQ anish in the absence of the electric field, but the background
get a quantitative estimation of the perpendicular spin acCugpin currents are independent of the electric field. Due to
mulation, let us consider some actual experimental parampese reasons, the background spin currents do not present in

eters. In current 2DEG high quality samplIééYvZGtr;e ty_pzi- the calculation of the spin Hall current and hence do not need
cal carrier concentrations range fronx80' to 10 cm2 15 pe considered in the present paper.

the strength of the Rashba spin-orbit coupling is on the order

of 1x1011-5x 101 eV m, the effective mass of conduc-  This work is supported by the Research Grant Council of
tion electrons is about 0.0%, the relaxation time is typically Hong Kong under Contract No. HKU 7088/01P and a CRCG
1 ps, the spin diffusion length is aboutudn, and the Fermi grant from the University of Hong KongSQS, National
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