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Coulomb interaction in the spin Hall effect
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The influence of the electronic Coulomb interaction on the spin-orbit-coupling induced spin Hall effect was
discussed. It was shown that the electronic Coulomb interaction may decrease substantially the spin-orbit-
coupling induced transverse spin accumulation in a sample when a longitudinal charge current circulates in it,
and the decrease of the transverse spin accumulation due to the influences of the Coulomb interaction is
determined by the ratio of the spin-drag resistivity to the ordinary resistivity of the sample.
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The spin Hall effect is a transverse spin accumulation The system is described schematically in Fig. 1. We will
effect induced by the spin-orbit couplin®OQ of moving  assume that the length of the slab is much larger than its
conduction electrons when a longitudinal charge current cirwidth L, so that in the longitudinal direction the current den-
culates in a thin slab of nonmagnetic or ferromagnetic metal§ity is uniform. The thickness of the slab is assumed to be
(or semiconductobs-? The spin Hall effect is very different much smaller than the spin-diffusion length so that the spin
from the spin accumulation effect found in magnetic multi- current perpendicular to the film can be neglected. To calcu-
layers when a charge current flows in the direction perpenI.ate the SOC induced transverse spin current, we start from

dicular to the plane of the laye?s® From theoretical view- the Boltzman equation, which reads

points, the spin accumulation effect found in magnetic . - 5 "
multilayers is caused by the discontinuity of material prop- Ak o - hk ot (ecs) _ _ Jf

. : . ! -Vifo(k,r) —eBeyt = , (D
erties at the interfaces of alternating layers, but the spin Hall m m Jdey, al

effect arises from the SOC inducdeift-right asymmetric . .

scattering of moving conduction electrons and can occuwhereEg,=E,g, is the longitudinal external electric field,
only in thin slab geometry. The SOC induced left-right asym-f7(k,r) andf°(e,) are the total and equilibrium distribution
metric scattering was known a&ewscattering in the litera-  functions of conduction electrons with spin respectively,
ture, and was believed to be the origin of the anomalous Halhnd as usuaf®(e,,)=1/(ef(¢ks~EF) 4+ 1), whereEg denotes
coefficients found in ferromagnetic met&fin the spin Hall  the chemical potential in the equilibrium stat@=1/kgT
effect, as illustrated in Fig. 1, when a longitudinal charge(i.e., the inverse of the product of the Boltzman constant and
current flows in a thin slab of paramagnetic or ferromagnetiahe temperatupe e;, =7%2k?/2m+ 6570), and 6570> denotes the
metals (or semiconductols due to the SOC induced left- phand offset. The collision termif“/at).,;; can be divided
right asymmetric scattering, spin-up electrons will have gnto three parts, which arise from the non-spin-flip and spin-
larger probability to be scattered to the right and spin-dowryjip electron-impurity scattering processes and the electron-
electron will have a larger probability to be scattered to theglectron scattering process, respectively. The contribution

left, leading to transverse nonequilibrium spin accumulationgrising from the electron-electron scattering process is given
at both sides of the slal? It is anticipated that this effect

may find some practical applications in the emerging field of

spintronics:% For instance, this effect can be applied to [ gfo(k,r)| € ®

generate and/or measure a pure spin current, which car Y

only spins but carry no chargésn this paper we discuss the

influences of the electronic Coulomb interaction on the spin PR PedPe

Hall effect. This is an interesting question about the spin Hall  _ _ > f Aw(e—e)
effect. Since no charge imbalance occurs in the spin Hall g B (27)%%3

effect, at first sight it seems that the electronic Coulomb L, R .
interaction should have no substantial influence on the spin X (ko,pB;K o ,p’ B H{Fo(k,r)fA(p,r)
Hall effect. However, in this paper we will show that this is

not the case. We will show that the electronic Coulomb in- X[1—f7 (K',1)][1— 8 (p'\1)]
teraction may have some significant influence on the spin R L
Hall effect. The reason for this is that in the spin Hall effect, —[1—fo(k,r)][1—fA(p,r)]f (K’ ,r)fP (p’,1)]}

due to the spin-orbit coupling of moving conduction elec- .. L

trons, a transverse relative movement will be caused between X ek, + €55~ €k’ — €pr5)) A(K+p—K' —p"), (2
the spin-up and -down components, but arising from the N AT A .
electrgnic pCoulomb interactioE\, there will inherengtly exist a"Vhere W 9(ka.pgik’o,p'B) is the probability - of
friction between the relative movements of spin-up andthe  electron-electron  scattering  processko,pp)
-down component§ In this paper we will show that due to —)(k/()'l,p’ﬁ,). The contributions from the non-spin-flip
this inherent friction, the spin Hall effect may be decreasedand spin-flip electron-impurity scattering processes are given
substantially by the electronic Coulomb interaction. by
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fo(k,r)=1"(ek,) —e———n(r)
& ﬁek(r
O/ -
EEAAREEAREERENAKAEN] | /2 . . .of (Eku')
+ (o wiop ) —_—
\@ er’E(r)-v P (6)
0 e where v =#k/m is the velocity of conduction electrons,
/ ,LL"(F) denotes the spin-dependent shift of the chemical po-
tential, which is caused by the SOC induced transverse spin
NEEEREIEEERNENYENEE BN

imbalance in the sample, atﬁf(?) is the effective field felt
FIG. 1. lllustration of the spin Hall effect. When a longitudinal by moving conduction electrons with spimn. Due to the
charge current flows in a thin slab of paramagnetic or ferromagnetioccurrence of the transverse spin imbalance in the sample, in
metals(or semiconductosthe spin-orbit-coupling of moving con- addition to the longitudinal external electric fiel),, mov-
duction electrons will cause transverse nonequilibrium spin accuing conduction electrons will also feel a spin-dependent
mulation at both sides of the slaffhe two boundaries of the slab transverse effective fiel&”, i.e., Eo— Exéx+ E;féy- If the

+ . y - ’ -
are assumed to be locatedyat +1./2.) influence of the electron-electron interaction is negledid,

) . will be given simply byEJ= —du“(y)/dy, corresponding to
(ﬁf”(k-r)> __f k Wi (KK S(ee— ecr.) the case considered in Refs. 1 and 2. But after taking into

at (m_ (2m)3 77 ko™ €k'o account the electronic Coulomb interactidf, will depend

. . not only on x”(y) but also depend om™“(y); thus EY

x[fo(k,r)=fo(k,r)], (3 cannot be given simply bS=—du’(y)/dy. In such a

L . case, the relation between the transverse effective Eld
(af"(k,r))(') d3k’ O CC i i and the SOC induced transverse spin imbalance in the

oot ; 70_ N J (Zw)ngﬁv(k’k ) O €k~ €K'~ o) sample must be derived strictly from Eq$)—(4). This deri-

vation will be given below. Equatiof6) is generally valid

X[ (k) — (K 0], (4 foran iso}lropic system slightly perturbed from its equilib-

rium state After substituting Eq(6) into Eq. (5), the total

wherewf,‘?g(lz,lz') andwf,i?_ +(k,k") are the non-spin-flip and  spin-dependent charge current densities in the sample can be
spin-flip electron-impurity scattering rates, respectively.expressed as
There are two different approaches to take into account the Lo . ..
effect of the spin-orbit coupling!?'® One approach is to J7(r)=C,E(r)+C{E’(r) X o, (7
calculate the  scattering probabilitiesv)) (k,k') and whereC, = 6277(k?)¥/6m2m is the ordinary Drude conduc-
w_,(k,k) first by taking the spin-orbit coupling into ac- tivity, and C,=e2a(kg)3/6x2 is the anomalous Hall con-
count, and then to find the total distribution functitthfrom ductivity caused by the spin-orbit coupling. To obtain the
Eq. (1). In this approachw! (k,k') andwl)_ (k,k') will  relation between the transverse effective figifi and the
contain skew scattering terms, i.e., asymmetric terms witlf5OC induced transverse spin imbalance in the sample, we
respect to the incoming and outgoing velocities. The secondubstitute Eq(6) into Egs.(1)—(4). The left-hand side of Eq.
approach is to find first the total distribution functibfifrom (1) will become

Eqg. (1) by using the scattering probabiliwg?g(lz,lz,) and _ 5k f0
w_,(k,k') in the absenceof the spin-orbit coupling, and ~ “=.v-fo(K r)—eE, . — I ek
then to include the influence of the spin-orbit coupling by M m  Jé,

adding an anomalous term in the curréft;'3

 hik af%eg,) R e () o
o BR[AR ] = de, | m VK ETDI= V(N —eBe,
(= wrA®[kRn, 6
MO P S U U NC ;
27(K KX o d Eqs(3) and(4) will b

where(37(K) = (ah/r7)kx &, in which a is the strength of o0 £as{(3) and(4) will become

the spin-orbit coupling ana’ is the non-spin-flip relaxation AN herm . f%en,)

time of electrons with spiwr, which will be defined below. It (7) = -E7(r) ey ©

can be shown that this approach is completely equivalent to

the first approach up to second order in the spin-orbit cou- ‘
pling constanta.'?3n this paper we will take the second (ﬁ) O of%eg,)
approach. To find the distribution functioff(k,r) in the at |

absence of the spin-orbit-coupling, we assume that the dis-
tribution function can be expressed as the sum of the equi-
librium and nonequilibrium ones,

1
&Ek(r TTrl

- . h
X () =p (r) = ———k-E%(n}, (10
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in which 7 and 7" are the impurity induced non-spin-flip B a3k RN d*p &3p’
and spin-flip electron relaxation times, respectively: Ro=—o 7o f f f
6nOnVe?) (2m)3) (2m)*) (2m®) (2m)®
ek L -t I,
o= wi (K K)S(er,—€xy)| (1D WO (KT, pl ;K T,p" | )(K—K")*f (i) fO(ep))
(2m® ”
X[1_fo(fﬁ/T)][l_fU(Eﬁll)](s(6|2T+Eﬁl_ER/T_Gﬁrl)
3L -1 I N
Tm:f WO (12 X 3(K+p—K'—p"). (19
(2m?® "

This resistivity characterize the strength of the friction be-

As to Eq.(2), it can be shown that within the approximation tween the relative movement of spin-up and -down compo-
scheme of EQ(G), only the scattering process between two nents and Was_called the spin-drag reSIStIHﬂﬁ addition to
electrons with opposite spins will contribute to Eds.(15—(18), it can be further shown from Eq1) and Eqs.

[afa(g ;)/m](efe) and the result can be expressed as (8)—(14) that the spin-dependent shift of the chemical poten-
' ' tial will satisfy the following diffusion equation:

ofo\ (e—e) 2mep L .. N 2 T -
W — - [T(TE"'(I‘)—T (TE U‘(r)]gT'L(k), ﬁ_ U(y):M (20)
(13 ay?" LIUSOI
whereg; |(K) is defined by e i o sen

=viJror 113 is the spin-diffusion length in the absence of

.. d3k’ d3pd3p’ ... electron-electron interaction, withf denoting the Fermi ve-
gy, (k Zf Ww(efe)(k%pl;k’%p'l) locity. From Eq.(20), the transverse spin accumulation in the
(2m) sample, which is given by.!(y) — u'(y), will satisfy the
X(E— IZ’)fO(EIZT)fO(Eﬁi)[l_fO(EIZ’T)] fO”OWIng equatlon.
X[1—f%(ez ) ]8(epi+ €5, — €pr— €5 i w(y)—py)
[ (epr) Jole+ e = ewr = &) F[MT(V)—ML(Y)]:W, (21)
X S(K+p—K'—p). (14 g o

_ where [D(AT, N )] 2=[D(A")] 2+[D(X )] 2 D(\T,\))
From Eq.(1) and Eqgs.(8)—(14), after some straightforward s the renormalized spin-diffusion length in the presence of
but tedious algebra, the transverse spin-dependent effectiyge electronic Coulomb interaction. From EQL), x!(y)
field Ey can be expressed in terms @fu’(y)/dy and — u(y) can be expressed as
du~?%(y)/dy, and then, from Eq7), the SOC induced trans-
verse spin-dependent charge current densities in the sample MT(y)_Mi(y):,/_\ey/D(xT,M)Jr Be YD) (22)

can be expressed as ) ] o
in which A andB are constant coefficients.

jy=C"Ey—oCJEy, (15) We now apply Eqs(15—(18) and Eq.(22) to discuss the
_ _ SOC induced transverse spin accumulation in the sample.
where o=*1, corresponding to the spin-up and -down Substituting Eq.(22) into Eq. (15), the transverse spin-

components, respectively, and dependent charge current densities in the sample can be ex-
- pressed as functions of the constant coefficiégngdB. In
EO— _p(ne au’ly) £ p(y) 16) the open circuit condition, the transverse spin-dependent
y=~b(Y) ay 9(A%) ay ' charge current densities should satisfy the following condi-
" ” ) tion: jy(y) +j, ?(y)=0 andjy(=L/2)=0. From this condi-
whereb()\?) andg(\”) are defined by tion the coefficient?\ andB can be determined, and then the
; transverse spin accumulation in the sample can be obtained,
1+N%Ty which reads
b()\”)z (1+ A/ )2_()\0)2’ (17)
7 £ )= 1Y)
A7 ;
(1+ATy)"= (A7) c'clib(AHb(AH)—g(A)g(Ah)coshiw/2D(NT X )]

where y=n{"/n(% i.e., the ratio of the equilibrium densi- fml ' ) Lt | ,
ties of the majority and minority electrons, and” X{CICHIg(N ) =b(A )]+ CICLIg(M ) —b(N )T

=R, /Rp, in which R,=1/C, is the ordinary resistivity of (23

the sample, an®&y, is a characteristic resistivity arising from From Eq.(23), we observe that after taking into account the
the electron-electron scattering process of electrons with opelectronic Coulomb interaction, the transverse spin accumu-
posite spins: lation in a sample will have a sensitive dependence on the
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used: the ordinary conductivit€“=0.1 (uQ cm) %, the
040 - . anomalous Hall conductivityC{;=10"2 (xQ cm)™?, the
spin-diffusion lengthDy=1 wm, the longitudinal charge
osz | e current densityj,=10° A/cm?, and the sample width
g =1 um. Such parameters are typical of transition metals.
7 (For simplicity we have assumed that the ordinary conduc-
5 L’ tivity C” and the anomalous Hall conductivi§y, are spin
. independent, and hence the rak§ is also spin indepen-
o.18 |- e - dent) For the parameters listed above, the calculated trans-
i verse spin accumulation at the edges of the sample will be
oos L /0 5 wV if one neglects the Coulomb interaction and it will be
e decreased from this value after taking into account the Cou-
’ lomb interaction(i.e., A?#0). From Fig. 2, one can see that
% o o2 o3 o o5 for different spin polarizations, the ratios all increase with
A the increase of the ratin?, i.e., the stronger the Coulomb
FIG. 2. lllustration of the changes of the ratowith the varia-  Interaction is, the larger the decrease of the spin accumula-
tion of the ratio\” for three different spin polarizatiop. (y=1for ~ tion will be, and it can be noted that compared with the result
the dotted line,y=2 for the dashed line, ang=3 for the solid obtained in the absence of the Coulomb interaction, the de-
line. Other parameters used in the calculation have been given iarease of the spin accumulation due to the influences of the
the text) Coulomb interaction may be very substantial if the spin-drag

. . . . ... .. resistivity Ry is comparable to the ordinary resistivig, of
ratio of the Coulomb interaction induced spin-drag reS|st|V|ty,[he sam)p/)IeDIn princrinIe the spin—grag registi\ARM cﬁ;{rfl be

to the ord_inary rgsistivity of the samplg, i_n'dicati'ng that thecalculated from Eq(6) and as has been shown previously
Coulomb interaction may have some significant influence O’k can be as large as a fraction B, especially for '
the SOC induced transverse spin accumulation in a Sampl%z?mples with low dimensior$.In such cags,es the decrease of

Slnce the right-hand side O.f E@3) Isa little complex, the the spin accumulation due to the influences of the Coulomb
influences of the Coulomb interaction cannot be seen app Interaction can also be as large as a fraction of the corre-

zgggsfr%rp tig'%i)ﬁl-{) %%etir?teﬂ:iltli?r?vzrﬁ”edg; Oézilhcigleu- §ponding vaIu_es obtained in the abs_ence of the Coulomb

— ! as a function of\” by fixing ot’her parameters in Eq interaction, which can be seen from Fig. 2.

(Zg The change of the transverse spin accumulation in .th In conclusion, we have discussed the influence of the
: ®lectronic Coulomb interaction on the spin-orbit-coupling in-

sample due to the influences of the Coulomb interaction can ced spin Hall effect. We have shown that the electronic
i = T— ! — :
be cEgrr?cte?iedl by a rfm'?:AE'“ # (= p oo, . Coulomb interaction may substantially decrease the spin-
L.n W 'f th(lu d'“ )x(r:fo tlhs € rallnsyer?ﬁ splg accumt; at'horbit-coupling induced transverse spin accumulation in a
éon Ia b _ete gtgs 0 de f’fm?e: n T_e la seni:e ? gample, and the decrease of the transverse spin accumulation
oulomb interaction and (u — p)=(u' —p)o—o~ (1 due to the influences of the Coulomb interaction is deter-

Yo i i i
'“h)“’?ao Is the ﬁhange Olf tze transr\]/ er.sel spin accumhulatloqnined by the ratio of the spin-drag resistivity to the ordinary
at the edges of the sample due to the influences of the Coyagjgsivity of a sample. In order to get a proper estimate of

lomb interaction. The typical behavior of the changes of the[he spin Hall effect in real materials, these influences may
ratio o with the variation of the ratia“ have been plotted in -\ oo4'to be taken into account

Fig. 2 for three different spin polarizatiop. (y=n{®/n{®
>1 for a ferromagnetic sample ang=1 for a paramagnetic This work was supported by a grant from the Research
sample) In plotting Fig. 2 the following parameters were Grant Council of Hong Kong, China.
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