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It was proposed recently by Murakarmi al. [Science 301, 1348(2003)] that in a large class gf-doped
semiconductors, an applied electric field can drive a quantum dissipationless spin current in the direction
perpendicular to the electric field. In this paper we investigate the effects of spin imbalance on this intrinsic
spinHall effect. We show that in a real sample with boundaries, due to the presence of spin imbalance near the
edges of the sample, the spin Hall conductivity is not a constant but a sensfingtion-dependerguantity,
and due to this fact, in order to take the effects of spin imbalance properly into account, a microscopic
calculation of both the quantum dissipationless spin Hall current and the spin accumulation on an equal footing
is thus required. Based on such a microscopic calculation, a detailed discussion of the effects of spin imbalance
on the intrinsic spin Hall effect in thin slabs pfdoped semiconductors are presented.
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I. INTRODUCTION and it will disappear completely in the absence of impurity
scatterings. The spin current generated by the extrinsic spin
Efficient injection and coherent control of spins in non- Hall effect was shown to be rather sm#t}?so it is of little
magnetic semiconductors represent two principal challengesse in the problem of spin injections in nonmagnetic semi-
in the emerging field of spintronics, a paradigm of semicon-conductors. Unlike the extrinsic spin Hall effect, the spin
ductor electronics based on the utilization of the electron'Hall effect proposed in Refs. 8 and 9 is purehtrinsic,
spin degree of freedomAt a first glance, it seems a trivial which arises from the intrinsic spin-orbit coupling in the va-
thing to inject spins into nonmagnetic semiconductors by uséence bands op-doped semiconductors and does not rely on
of ferromagnetic metals as sources. However, in reality it isany spin-orbit-dependent anisotropic scatterings from impu-
not practical because most of the spin polarizations will beities. From a more profound point of view, this effect has a
lost at the interface between metal and semiconductor due teep topological character and shares some basic features
the large conductivity mismatch® A possible approach that with the quantum Hall edge current both physically and
can solve this problem is to replace ferromagnetic metals bynathematicall§.° For example, just like the case of quantum
ferromagnetic semiconductorgsuch as Ga,MnAs) as Hall effect!®>-*>the spin Hall conductivity due to this effect
sources of spin injectiofr;® but for practical use at room is a dissipationless transport coefficient and can be expressed
temperature, the Curie temperatures of ferromagnetic semas an integral over all states below the Fermi energy, and the
conductors are still too low. Due to such difficulties, how to contribution of each state can be expressed entirely in terms
achieve efficient injection of spins into nonmagnetic semi-of the curvature of a gauge field in momentum spatBue
conductors at room temperature remains an open questido such features, the spin current generated by this intrinsic
and more great efforts are still needed. Recently, based aspin Hall effect can be very larggomparable to the ordi-
the Luttinger effective HamiltoniahMurakamiet al. theo-  nary charge currentsand, hence, can serve as an effective
retically predicted that an extraordinaspin Hall effect may  source for efficient injections of spins in nonmagnetic semi-
occur in a large class gf-doped semiconductofsuch as Si, conductors at room temperature. Very recently, a similar in-
Ge, and GaAs which means that in such a semiconductor,trinsic spin Hall effect was also found by Sinoea al. in
an applied electric field can drive a substantial amount otwo-dimensional electron gasé3DEG9 with Rashba spin-
guantum dissipationless spin current in the direction perpenerbit coupling’® They found that in 2DEGs with Rashba
dicular to the electric field, and the spin current does nospin-orbit coupling, the dissipationless and intrinsic spin Hall
decrease substantially even at room temperd&iifghis ef-  conductivity will take a universal value as long as both spin-
fect might reveal a new way for achieving efficient spin in- orbit split bands are occupied. It is anticipated this effect will
jection in nonmagnetic semiconductors at room temperaturalso find some important applications in the emerging field
without the need of ferromagnetic metals and may also finaf spintronics.
some other important applications in spintronics. Prior to the Although some basic concepts about the intrinsic spin
discovery of this effect, a similar effect was also predicted byHall effect are clea¥;>5there are still a number of important
Hirscht® and discussed extensively by several otherquestions which are needed to be further clarified, and in the
authorst®'? From the theoretical points of view, the effect last year many theoretical works have been devoted to the
conceived by Hirsch is aextrinsicspin Hall effect, which is  study of this extraordinary effeét-2” Basically, most of
caused by the spin-orbit dependent anisotropic scatteringbese theoretical works have been focused on the calculation
from impurities but not an intrinsic property of a material, of the intrinsic spin Hall conductivity. In the present paper,
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we present a theoretical investigation on the effects of spin Yi— 27, #2K2
imbalance on the intrinsic spin Hall effect prdoped semi- n(K) = €y=xaia(K) = om h2K* = o 2
conductors. While it was well known both experimentally H
and theoretically that in spin-polarized transport
phenomen®—3? (including in semiconductor spintronics e.(K) = epeyq /oK) =
device$®3-35spin imbalance may have significant influences - 2m 2m,
on the transports of s_pms,.what mﬂuenpes spin mbalanc&lhere A=%"%-S/k is a good quantum number of the
will have on the intrinsic spin Hall effect is still a new sub- A .
ject and has not yet been explored. For the intrinsic spin HaliamiltonianHy. The hole bands described by Eqg) and
effect, from both the experimental and theoretical points of 3 are referred to as the light-holg.H) and heavy-hole
view, a clear understanding of the effects of spin imbalancéHH) bands, respectively. When a uniform electric figlds
would be much desirable because spin imbalance may n@pplied, the full Hamiltonian will be given byH=Hj
only have some significant influences on the electric-field+€E -x, where -e is the charge of an electron. The equation
driven quantum dissipationless spin current and on its pracef motion for the light and heavy holes in a uniform electric
tical applications but also play a crucial role in the experi-field has been derived in much detail in Ref. 8, and in the
mental measurement of the effédn this paper, based on a semiclassical approximatiane., the spin is treated as a clas-
solid microscopic ground, we will derive a set of self- sical variable and hence commutes with the current opera-
consistent spin transport equations which will present dor), the following equation of motion was obtained therein:
proper description on the interplay between the spin imbal-

L h N . ek . hk T\ K -
ance and the electric-field driven quantum dissipationless k=—, Xi:—+€ij|>\(2)\2——)—3k,—, (4)
spin current in the intrinsic spin Hall effect jrdoped semi- h my 2/k
conductors. Starting from these spin transport equations anghere ¢ is the usual fully antisymmetric tensor in three
with the help of appropriate boundary conditions, the quangimensions. The occurrence of the last term in B4, is

tum dis_sipationless §pin_ current and the induc'ed noneqUi,"bunusual, it represents a “Lorentz force” in momentum space
rium spin accumulation in an actual sample with boundaries, 4 is a natural generalization of the quantum Hall effett

can be calculated simultaneou_sly on an equal footing. OUf, three dimension&? It is just due to this “Lorentz force” in
results show that the characteristics of the interplay betweep, ;mentum spacéwhich makes the hole velocity noncol-

the ql,*a”t“”? di_ssi_patiqnless spin cu_rrent and the, spin imba||'near with its momentumthat the applied electric field will
ance in the intrinsic spin Hall effect ip-doped semiconduc- yrive a quantum dissipationless spin Hall current in the di-

tors are very different from what was found in usual Spin-reciion perpendicular to the electric field. From E4j, one
polarized transport phenomenancluding in the extrinsic .o get that in the low temperature limit and in the semiclas-
spin Hall effecj, and some usual concepts about the interjca|"approximation, the net spin current due to both the LH
play between spin current and spin imbalance cannot be apj,q HH bands will be given By

plied to the intrinsic spin Hall effect.

The paper is organized as follows: In Sec. I, we will
present a microscopic derivation of the spin transport equa-
tions for describing the intrinsic spin Hall effect prdoped _
semiconductors. In our derivation, the effects of spin imbal-where J} denotes the net spin current following to tke
ance will be included explicitly. In Sec. Ill by solving these direction with spin parallel to the; direction, n\(k) is the
spin transport equations with the help of appropriate boundiilling of holes in the band with helicity, anda? is thespin
ary conditions, the electric-field driven quantum dissipation-Hall conductivity, which is given by
less spin current and the induced nonequilibrium spin accu-
mulation in thin slabs ofp-doped semiconductors will be (rg:iz(?akﬁ—kf), (6)
calculated explicitly. 127

+2 12k?
Y1 Y2 222 = , 3)

. A . Ak
= 52 Xjfnx(k) = ogeiEx, 5)
Nk

Il. SPIN TRANSPORT EQUATIONS IN THE PRESENCE with kE and k,': denoting the Fermi wave numbers in the LH
OF SPIN IMBALANCE and HH bands, respectively. In obtaining E¢S) and (6),

one has assumed that the fillings of holes in each band can be

In a large class op-doped semiconductors such as Si, Ge,gescribed by the simple Fermi-Dirac equilibrium distribution
and GaAs, the valence bands are fourfold degenerate &t thegnction. An alternative way of calculating the intrinsic spin

point. In the momentum representation and taking the holgy conductivity is by use of the Kubo formufa-6-18.21,22

picture, the valance bands in such semiconductors can B€;sed on the Kubo formula, as was shown in Ref. 9, the full
described 753/ the following  Luttinger  effective quantum treatment of the noncommutativity between the
Hamiltonian quantum spin and current operator will lead to a quantum
~  j2 5 5 5 correction to Eq(6). But if one takes the semiclassical limit,
Ho=o (7’1+ 57’2)'( = 2y(k -9, (1) the result will become the same as was given by &y.
Equationg5) and(6) are the central results of Refs. 8 and
where§ is the spin-3/2 matrix;y; and y, are the Luttinger 9. They are valid in the absence of spin imbalance. But in a
parameters. For a given wave veckgrthe Hamiltonian(l)  real sample with boundaries, when a spin current circulates
has two eigenvalues, given by in it, spin imbalance will be caused inevitably near the edge
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of the sample by the spin current, and in the presence of spin 0 of0 of°
imbalance, the spin current may be significantly different fA(x,k) = f +MA(X);+97‘[E>\(X) 'Vx]zi
from what was given by Eqg5) and (6), especially in the F F

regions near the edges of the sample. The reason for thig \'ﬁhereVA:hk/mx is the velocity of holesy is the total re-

that in the presence of spin imbalance, the fillings of holes iNaxation time of holes due to impurity-induced random scat-

the LH andd_ HH bano_ls trr:lay dgl\_/;)a_te sigtni:ica}ntly C}‘rons tthiterings, ancE, (x) is the total effective field felt by a moving
corresponding cases In the equilibrium state. in order 10 1akg, 0 Gy the pand with helicityy, which is the sum of the

;meou?gi)cbtfaiﬁftrfgQisltwt?lilizﬂcﬁj nFc)::?opnegtyriégtobacs%?\tlirr:t’ t?}geexternal electric fieldE and a band-dependent effective field
Boltzman transport equation, which describgs %/he chag es laduced by the spin imbalance in the sample. The detailed

man transport equation, S 9 efinition of E, (x) and = will be given later. The second term
the distribution function in a nonequilibrium state. In a non- .

S : in Eg. (9) just characterizes the deviation of the filling of
equilibrium but steady state, the Boltzman equation reads holes in the band with helicity from the corresponding case

9)

_ ) o, (coll.) in the equilibrium state due to the occurrence of spin imbal-
x - Vi (xk)+k -V fi(xk)= -> (E) , (7 ance in the sample, and the presence of this term is math-
N A=A ematically equivalent to introducing a band-dependent

(coll) - . _ _ “shift” w, in the Fermi leveleg. (It should be noted that
where(df\/dt), "), is the collision term due to impurity scat- ynlike the corresponding cases in usual spin-polarized trans-

terings, andk andk are the drift velocities of holes in the POrt phenomena, here, does not relate directly to the spin
real space and in the momentum space, respectively. Simil@ccumulation because the labeldoes not correspond to a
to Ref. 8, in this paper we will confine our discussion to thefixed spin-polarization direction in real spacé.he third
semiclassical limit and weak external electric figie., in  term in Eq.(9) denotes the change of the filling due to the
the linear response regimm that the semiclassical equation drifts of holes in the external electric field and in the pres-
of motion given by Eq(4) can be applied® The collision ~ €nce of impurity scatterings. By inserting K8) into Eq.(7)

term (afx/m)(coll-{ will be given by and assuming that the impu_rity s_gatterings are isc_)tropic, the
A=A Boltzman equation can be simplified to the following form:
af)\>(°°”-) J d3k/ i
- == | =W (kK k) — e (k’ 1
& ) ik Aa ) — e (k)] v, {E + 2V 00+ 7V [E,X) -vu]
X [f)\(X,k) - f}\’(xak’)]a (8) /*'L)\(X) _/“L)\’(X) E (X) vV
| = +2 =2 (10

wherew!”,(k k') is the probability of a hole to be scattered AE)\) enn %" T

AN

from the statdk\) into the staték’\’) due to impurity scat-
terings, and the impurity scatterings will be assumed to bavherer,,, is a characteristic relaxation time defined by
isotropic and spin independent.

In the equilibrium state, the fillings of holes in each band 3 -1
are stable and can be described by the simple Fermi-Dirac 7,/ [ FWQ?)\,(k,k’)é[e)\(k) - GA’(k’)]:| ,
equilibrium distribution function. When the external electric (2m)
field is applied and the system turns into an nonequilibrium (11
but steady state, the fillings of holes in each band will still be
stable but different from what was described by the simplaevhich characterizes the probabilitgiven byT;i,) for a hole
Fermi-Dirac equilibrium distribution function. In the pres- jn the band with helicitys to be scattered into the band with
ence of spin imbalance, the changes of the fillings of holes ielicity A’ due to impurity scatterings. For simplicity, in the

the LH and HH bands will be caused primarily by two kinds following we will assume that the intraband-scattering relax-
of contributions. The first kind of contribution is caused by ation time 7,, =7, (independent of\) and the interband-

the drifts of holes in the external electric field, and the secscattering relaxation time,(,)= 7» (independent ok and
ond kind of contribution is due to the occurrence of SPIN\") and as usual, the total scattering probability for a hole

imbalance. In the linear response regifme., in a weak elec-  given by 7%, i.e., the inverse of the total relaxation time of
tric field), the deviations of the fillings of holes in each band 4 hole can be given by

from the corresponding cases in the equilibrium state are

small, and the two kinds of contributions will be independent 1 3

and both be proportional t6f°/ der (here f°=(expBle, (k) =X ==+, (12)

- er|}+1)7tis the usual Fermi-Dirac equilibrium distribution N T2

function with 8 denoting the inverse of temperature aqd

the Fermi level in the equilibrium stgteConsidering this which is assumed to be independent of the band label
fact and by use of the relaxation time approximation, in theMultiplying both sides of Eq(10) by V, and then integrating
linear response regime the nonequilibrium distribution func-both sides with respect td, and with the help of Eq(12),
tion f,(x,k) (in a nonequilibrium but steady statean be one can find that the total effective field felt by a moving
expressed as the following: hole in the band with helicitjn should be given by
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1 andk{ will also be position dependent, and the changeg,of
Ex(x)=E+ e V (%) (13 and kI'L: due to the occurrence of spin imbalance will be de-
termined directly byu,(x). Due to this reason, in the pres-
Equation(13) suggests that in the presence of spin imbal-ence of spin imbalance, the spin Hall conductivity will be a
ance, in addition to the external electric figkd conduction  position-dependent quantity, and the change of the spin Hall
electrons will also feel an effective field proportional to the current due to the occurrence of spin imbalance will be de-
gradient of the band- and position-dependent shift in theermined by, (x) but independent of the gradients @f(x).
Fermi level. Afterr andE, (x) are determined from Eqél2)  Finally, it should be pointed out that because we have con-
and (13), the nonequilibrium distribution functio,(x,k)  sidered only isotropic and spinless impurity scattering, the
will also be determined by E@9). Then in the semiclassical mechanism of the generation of the spin Hall current de-
limit the electric-field driven quantum dissipationless spinscribed by Eqs(15) and(16) is still purely intrinsic, though

current can be obtained through the following formula: there are some significant differences between(E6). and
Pk Eqg. (6). In fact, one can check that in the linear response
Jx)=> f—[x.si LK) If (X, K), (14)  regime the impurity scattering tergne., the third termin
! ~ ) @m)FT Eq. (9) does not contribute to the spin Hall conductivity

. given by Eq.(16). This point will be more clearly seen from
where X;=7ik;/m, + €N (2\*-712)kk/K® [see Eq.(4)] and  the results presented in Sec. lll. Of course, if the impurity
s\(k)=f(\ki/k)/3 are the velocity and the spin of a hole scatterings are spin-orbit dependent, then the total spin cur-
with momentumk and helicity \, respectively.[Since the rent will contain not only the intrinsic part but also contain
spin-3/2 matrixS in the Hamiltonian(1) is a summation of an extrinsic part due to the spin-orbit-dependent impurity
the spin angular momentumm with spin one-half and the scatterings through the mechanism proposed by Hit$gh.
atomic orbital angular momentuhwith spin one, the expec- In the ordinary charge Hall effect, the charge Hall current
tation value ofs should be one-third 08.”8 By substituting  causeschargeimbalance in a sample and results in charge
Egs.(12) and(13) into Eq.(9) and then inserting Eq9) into  accumulation. Similarly, in the spin Hall effect, the spin im-

Eq. (14), the following result can be obtained: balance caused by the spin Hall current will result in non-
i equilibrium spin accumulation in a sample. Corresponding to
Jj(x) = og(x) € Ex, (15 the quantum spin Hall current given by Eqé5) and (16),

whereay(x) is the spin Hall conductivity in the presence of the nonequilibrium spin accumulation induced by the quan-
spin imbalance, which is given by tum spin Hall current can be obtained as the following:

_o__°¢ F _LF d3k
o(X) = og 487726F[3kHMH(X) ki (X)), (16) S(x):% Jw%(k)fx(x,k)
Here ag is the spin Hall conductivity in thabsenceof spin EX2 o
imbalance, which has been defined in Ef), and uy(x) =€) ! —[CLu (X) = 3Cxun(x)], (17

= waroX)+ p-z(X) aNd p (X) = puy (X) + -y (x). Equations L6eer 7%

(15) and(16) show that the effects of spin imbalance on the

quantum dissipationless spin current due to the intrinsic spitvhereC =e*#(k)3/6m?m_andC,=€?r(k;})*/67°my, are the
Hall effect in p-doped semiconductors are very different ordinary charge conductivities of the light holes and the
from what was found in usual spin-polarized phenomg@gma  heavy holes, respectively. Equatiofi)—(17) show that in
cluding the extrinsic spin Hall effect®-12First, in the pres- the intrinsic spin Hall effect ip-doped semiconductors, both
ence of spin imbalance, the spin Hall conductivity due to thethe quantum dissipationless spin current and the spin accu-
intrinsic spin Hall effect inp-doped semiconductors might mulation will depend sensitively om,(x), i.e., the band-
not be a constant but@osition-dependerguantity. Thisis a dependent shifts in the Fermi level. To find out the equations
feature that was not seen before. Second, for the intrinsithat w,(x) should satisfy, one can substitute E¢$2) and
spin Hall effect inp-doped semiconductors, the change of(13) into Eq. (10) and integrate both sides of EGLO) with

the quantum dissipationless spin current due to the occurespect tck, then one will arrive at the following equation:
rence of spin imbalance is determined directly/byx) (i.e.,

the band-dependent “shifts” in the Fermi lewvblt is inde- 1

pendent of the gradients @f,(x). This is also significantly V2 (X) = 5 [4un(X) = () = w ()], (18
different from what was found in usual spin-polarized trans- DX

ports(including the extrinsic spin Hall effectThese unusual

characteristics of the intrinsic spin Hall effect jrdoped ~ WhereD, =V \7,7/3 is a characteristic hole diffusion length
semiconductors can be understood by the following arguandV; is the band-dependent Fermi velocity. In addition to
ments. According to Eq(6), the spin Hall conductivity EQ.(18), u,\(x) should also satisfy the charge neutrality con-
should be determined uniquely by the Fermi wave numbersdlition, which requires that the net changes of the charge
ki, andkl. In the presence of spin imbalance, because thelensity due to the flow of the quantum spin current, given by
spin imbalance will induce a position- and band-dependendp.=—-€2, [[(d*k)/(2m)3]{f\(x,k) - T e (k)]}, should be
shift u,(x) in the Fermi level, the Fermi wave numbek,% zero. This leads to the following equation:
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m,

3/2
pn(x) == (m—:) L (X). (19)

Equationg15—(19) are the central results of the present pa-
per. They constitute a set of self-consistent equations frorr
which both the quantum dissipationless spin current and the
spin accumulation due to the intrinsic spin Hall effect in a
real sample op-doped semiconductors with boundaries can o
be obtained simultaneously with the help of appropriate &
boundary conditions. =

—————

s

IIl. INTRINSIC SPIN HALL EFFECT IN THIN SLABS OF ©
p-DOPED SEMICONDUCTORS

Equations(15—19) are rather general and in principle
they can be applied to samples with any kind of geometries.
In the experimental measurement of the Hall effgatliud- L A L T
ing the spin Hall effegt a thin slab geometryi.e., theHall v T v Y
ban is usually applied. In this section, starting from Eqgs.
(15—19), we will present a detailed theoretical investigation yiw
on the intrinsic spin Hall effect in a thin slab @Fdoped
semiconductors. We assume that the longitudinal direction of FIG. 1. lllustration of the position dependences of the spin Hall
the slab is along the axis and the transverse direction along conductivity o4(y) in three cases with different ratios @¥/D.
the y axis and the normal of the surface along thaxis, [w/D=50 for the solid line,w/D=10 for the dashed line, and
respectively, and an external electric fi€lgis applied in the ~w/D=1 for the dotted lineay(y) is normalized by, i.e., the spin
longitudinal direction of the slab. The thickness of the slab isHall conductivity in the absence of spin imbalarice.
assumed to be much smaller than the hole diffusion length
D, and the_length of the slab is'assumed to bg much larger J§(y) = o(y)E,, (22)
than the width, so that only spin current flowing to the
direction (i.e., in the transverse direction of the sjabith
spin parallel to thex direction need to be considered. The ody) = 00{1 _ COSV(ZV/D)]. (23)
two boundaries of the slab are assumed to be located at s S coshw/D)
=+w/2, andw is the width of the slab. In general, it is very . ) )
difficult to solve Eqs(15)—(19) analytically. In order to get Eduations(22) and (23) show that, in the presence of spin
some explicit expressions for the spin Hall current and thédmbalance, both the spin Hall current and the spin Hall con-
spin accumulation, we assume that in E4$)—(19) the hole ~ ductivity might be highly position dependent and might also
diffusion lengthD, is \ independenti.e., D,=D) andm,_  depend sensitively on the hole diffusion lendthand the
(V) = (V) + psoy) and g (Y) = pyo(y)+u-y5(y) can  be maximum at the center of the sample., aty=0) and

be expressed as tend to be zero at the edges of the sample. Two limiting cases
will be especially interesting. The first case is that the hole
pr(y) = = i (y) = Ae¥® + Be /P, (20)  diffusion lengthD is much larger than the widt of the

whereA andB are two constant coefficients that need to besample. In this limiting case the spin Hall current will be

determined by the appropriate boundary condition. In this' 7Y small, i.e.o4(y) =0 everywhere. The second interesting

paper, we will consider the transverse open circuit boundar§‘5lse is thatv>D. In this limiting case, the maximum value

: P : _ 0
condition. In the transverse open circuit boundary condition©f the spin Hall conductivity will be given by(y) = o5 (at

the spin Hall current will be zero at the two boundaries of theY=0) anda(y) —0 asy — +w/2. These features can be seen
slab, i.e.,3(y=+w/2)=0. Substituting Eq(20) into Egs. clearly from Fig. 1, where we have plotted the position de-

(15) and(16), the spin Hall curreng(y) can be expressed as pendence of the spin Hall conductivigi(y) in three cases
o L H with different ratios ofw/D. From Fig. 1 and Eq(23), one
a function of the coefficienté&. and B. Then by use of the '

transverse open circuit boundary condition, the coefficiants an See clearly that if no boundaries exise., w— and,
andB can be determined, and one can get that hence, no spin imbalance occyrthe spin Hall conductivity
will be a constant and return to the same result as was given

263k — kD) 1 by Eq. (6), i.e., the spin Hall conductivity will not be
A=B= 3kFE + Kk cos2w/D)’ (21) changed by weak isotropic and spinless impurity scatterings.
This is in agreement with Ref. 8 and also in agreement with
After the coefficientsA andB are determined, the spin Hall the result obtained by a more accurate calculation performed
currentJ§(y) and the spin Hall conductivityy(y) will also  in Ref. 20. It is interesting to note that recently a similar
be obtained by inserting EQRO) into Egs.(15) and(16), and  conclusion was also obtained for the intrinsic spin Hall effect
the results are given by in 2DEGs with Rashba spin-orbit coupling by both numeri-
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cal simulation$* and analytical calculatior®8;?” which sug- " T " T " T
gest that in the presence of weékotropic and spinless 10|
impurity scatterings, the intrinsic spin Hall conductivity in a
Rashba two-dimensional electron gas should still take a uni-
versal value, proving that the sample size exceeds the local 0.8
ization length?42627Of course, it should be pointed out that
at present different views also exist on this problem. For
example, in Ref. 25 it was argued that the spin-orbit- ¢y
coupling induced intrinsic spin Hall current in a Rashba two- 3\
dimensional electron gas should vanish in the presence o€ _
impurity scatterings, even if the impurity scatterings are
weak and spinless.

The quantum dissipationless spin current generated by thi
intrinsic spin Hall effect does not carry chargee., it is a
pure spin current, so it is very difficult to measure the quan-
tum dissipationless spin current directly. An indirect but
much more convenient way to detect the quantum dissipa:
tionless spin current is to measure the nonequilibrium spin 0.0
accumulation induced by the quantum dissipationless spir
current. The nonequilibrium spin accumulation induced by w/D
the quantum dissipationless spin Hall current in a thin slab of
p-doped semiconductors can be got by inserting Eg6) FIG. 2. lllustration of the changes of the spin accumulation at

and (21) into Eq. (17), and the following result can be ob- the edges of a sample with the variation of the sample wigfhe
tained: spin accumulation is normalized byS;=[37%h%02E,(C,

+3Cp)/ eeD(ki +3Kk)]}.

04| -

0 5 10 15 20

3mh200E,(C_+ 3Cy)sinh(2y/D) (24)  the ordinary conductivityC, y~10* Q*cm* and the hole
&ex(kf + 3k5)D coshw/D) diffusion lengthD ~10 nm andf/e-~1 fs. These param-
eters are typical of the holes in GaAs with the hole density
Equation(24) shows that the spin accumulation will be lin- n~ 10! cm™. The widthw of the sample is assumed to be
early proportional to the spin Hall conductivity‘s) and also 100 nm(much larger than the hole diffusion lengtand a
depend sensitively on the ordinary charge conductiviigs current densityj,~10* A/cm?. By use of the parameters
andCy, of the light and heavy holes. It also have a sensitivelisted earlier, from Eq(24) it can be estimated that the spin
dependence on the hole diffusion leng®hand the sample accumulation at the edges of the sample will be on the order
width w. According to Eq(24), for a infinitely large sample of 10%-10%ug cm™. Such magnitudes should be large
without boundariegi.e., w— =), no spin accumulation will - enough to be measured by some ordinary experimental meth-
appearfi.e., S(y)=0 for any finitey]. This is different from ods, for example, by the method proposed in Refs. 8-11.
what was found in a Rashba two-dimensional electron gassinally, it should be pointed out that a rough estimation of
where it was found that the application of an in-plane electriche spin accumulation due to the quantum dissipationless
field would induce a homogeneous nonequilibrium spin acspin Hall current was also presented in the supporting online
cumulation without resort to the boundary effetds*® From  material for Ref. 8 based on a simple analysis by use of the
Eq. (24), one can see that for an actual sample with boundusual spin diffusion equation, but there are some significant
aries, the spatial distribution of the spin accumulation due talifferences between the results obtained in the present paper
the intrinsic spin Hall effect would be highly inhomoge- and the corresponding results reported therein. This can be
neous. The spin accumulation will be maximum at the edgeseen by making a comparison between &4} obtained in
of the sample and vanish near the center of the slab, and thie present paper and E@ 16 presented in the supporting
spin accumulation at the edges of the sample will increasenline material for Ref. 8. For example, according to Eq.
with the increase of the sample width This has been illus- (24) obtained in the present paper, the spin accumulation will
trated in Fig. 2. From Fig. 2 one can see that if the sampleot only depend on the spin Hall conductivity but also de-
width w is much smaller than the hole diffusion lend¥hthe  pend sensitively on the ordinary charge conductivities of the
spin accumulation induced by the quantum spin Hall currentight and heavy holes; however, according to E2[L6 in the
will be very small. On the other hand, if the sample width supporting online material for Ref. 8, the spin accumulation
is much larger than the hole diffusion lengih the spin  will only depend on the spin Hall conductivity but is inde-
accumulation at the edges of the sample will be almost g@endent of the ordinary charge conductivities of the light and
constant, independent of the sample width. This will be sheavy holes. Our results show that though the mechanism of
merit for the experimental measurement of the intrinsic spirthe intrinsic spin Hall effect is purely intrinsic, impurity scat-
Hall effect. To obtain a quantitative estimation on the orderterings might have some significant influences on the effect
of the magnitude of the spin accumulation induced by then a real sample with boundaries, and the usual spin diffusion
guantum dissipationless spin Hall current in a real samplegquation might not be very suitable for describing this effect.
let us consider some actual experimental parameters. We take fact, from the microscopic calculation presented in Sec. I,

S(y) =
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one can see that in general the quantum dissipationless spgsues still exist concerning some fundamental aspects of this
Hall current[given by Egs.(15) and(16)] and the spin ac- extraordinary effect. Among them, a big controversial issue
cumulation[given by Eq.(17)] due to the intrinsic spin Hall is that what is the correct definition of spin current in mate-
effect do not satisfy the usual spin diffusion equation. rials with intrinsic spin-orbit couplin§:1619.2!As was argued

In conclusion, in this paper we have presented a detailefh Ref. 9 and in Ref. 19, there are some difficulties with the
theoretical investigation on the effects of spin imbalance orzonventional definition of spin current in spin-orbit-coupled
the intrinsic spin Hall effect ip-doped semiconductors. We gystems, but it seemed that up to now there are still no unani-
have shown that in a real sample with boundaries, the spif,ous views about this questi8As-1921.23(In the present

Hall conductivity might not be a constant but a sensitively aper we have used the same definition of RefB&cause
position-dependent quantity due to the occurrence of spi 0 unambiguous experimental detections have ever been

imbalance near the edges of the sample, and in order to talﬁﬁ)ne, on the present stage such controversial issues are dif-

the effects of spin imbalance properly into account, a miCrog . 44 he clarified unambiguously by pure theoretical argu-

scopic calculation .Of both the quantum dissipationless SPIents. But it could be anticipated that by combining future
current and the spin accumulation based on an equal footin perimental results with more accurate theoretical investi-

:it?rl;jar;(E)lélt:zg.e\r/lvgpsigiisrrtehr?g ;g;ngplf;’lﬁbcsgﬁigtfn?gbﬁu;;?&ions, these controversial issues should be able to be clari-
be suitable for describing the intrinsic spin Hall effect. After led unambiguously in the near future.
some modifications, the theory presented in this paper might
also be applied to investigate the effects of spin imbalance in A
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