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Theory of spin Coulomb drag in spin-polarized transport
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We introduce a distinctive feature of spin-polarized transport, the spin Coulomb drag: theraigresic
source of friction for spin currents due to the Coulomb interaction between spin “up” and spin “down”
electrons. We calculate the associated “spansresistivity” in a generalized random-phase approximation
and show that, to the leading order in the interactions, it has no contribution from correlated impurity scatter-
ing. We show that, in an appropriate range of parameters, such resistivity is measurable, and we propose an
experiment to measure it.

Interest in spin-polarized transport has been growing draspin, caused mainly by the spin-orbit interaction, represents a
matically in the past few years, spurred by the hope of real“leakage” mechanism analogous to the interlayer tunneling
izing practical spin-electronic devices in a not too distantin the usual Coulomb drag.
futurel In particular, it has been shown that spin coherence First of all, let us describe the SCD from a phenomeno-
can be maintained over large distan@gs 100 um and for  logical point of view. LetE(t) andE (t) be uniform effec-
long times T,~10 °-10"%s both in metafk and in tive electric fields that couple to spinand spin| electrons,
semiconductors. respectively. These fields are sums of the ordinary electro-

In this paper we introduce a distinctive feature of spin-static field plus the gradient of the local chemical potential,
polarized transport: in a conductor, due to the Coulomb inwhich can be spin-dependent. We restrict ourselves to the
teraction, there is arntrinsic mechanism for friction be- linear-response regime, assume weak electron-electron and
tween electrons of different spin, tlfepin Coulomb drag”  electron-impurity scattering, and ignore spin-flipping pro-
(SCD). For simplicity, we shall restrict our discussion to the cesses altogether. \f; is the velocity of the center of mass
case in which the spin state of each electron can be classifiesf electrons of spinr, andN,, is the number of such elec-
as “up” or “down” relative to the z axis. In the absence of trons, the phenomenological equation of motion has the form
impurities, the total momentur®=ZX;p;, wherep; is the
momentum of thdth electron, is a conserved quantity. On
the contrary, the “up” and the “down” components of the

total momentum, P,=3;p;;(1+0,)/2 and P, ==;p; (1

) m
mN,v,=—eN,E, +F,;— P N,V , (1)
D

where 7 is the Drude scattering time arig, is the Cou-

—7a)/2, where&zi is the the Pauli matrix for the compo- lomb force exerted by spir (= — ) electrons on spinr
nent of theith electron’s spin, ar@ot separately conserved electrons. By Newton's third laF,—= — F—. and by Gal-

evenin the absence of impuritiesCoulomb scattering can . : . ) .
. . ilean invariance this force can only depend on the relative
transfer momentum between spin-up and spin-down elec-

. . . PP . velocity of the two components. Hence, for weak Coulomb
trons thereby effectively introducing a “friction” for relative counling we write
motion of the two spin components. If, for example, one of piing
the two spin components is set into motion relative to the n=
other, it will tend to drag the latter in the same direction. Or, F,o=—ymN,—(V,— V), 2
if a finite spin current is set up through the application of an n
external field, then the Coulomb interaction will tend to wheren,, is the number density of electrons of spinand
equalize the net momenta of the two spin components, Caugr=n, +n, is the total density. Equatiof?) defines thespin
ing the difference(P)—(P)) to decay to zero when the qrag coefficienty. Fourier transforming Eq1) with respect
external field is turned off. to time, and making use of the relationship,(w)

The most dramatic manifestation of the SCD is the ap-— _en v («w) between current density and velocity, we ob-
pearance of a finitgans-resistivitydefined as the ratio of the {5i

gradient of the spin-down electrochemical potential to the

spin-up current density when the spin-down current is zero. n,e n, 1) n, .
This is completely analogous to theansresistivity mea-  1wj (@)= ———E (0)+| =y+ —|j,(0) = —¥(0).
sured in Coulomb drag experiments with electrons in two D &)

separate layers,? but in this case what makes the two elec-
tron populations distinguishable is not a physical separatioThe resistivity matrixp,,. is defined as the coefficient of
but the different spin. In SCD, the nonconservation of theproportionality between the electric field and the current:
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E,=2,pso'io - A quick comparison between this defini- i <<pT ;pl»w.;_i([pT )
tion and Eq.(3) shows thaty is directly proportional to the pp (@)= o2 .
spin transresistivity,

nTnl w (8)
The commutator term controls the high-frequency behavior
_ ne’ of p;;(w) and can be expressed in terms of ground-state
YT T Pl (4) properties’ This term, however, gives a purely imaginary
contribution to theransresistivity. Our present interest is in
If we want to calculate microscopically the spirans the real part of thdransresistivity, which is controlled by
resistivity, special attention must be paid to the contributionghe imaginary part of the force-force response function.
due to the electron-impurity scattering. In the theory of the The force operator is given by
ordinary Coulomb drat] such contributions are zero on the ) )
average because the electrons in the two layers interact with __r — _ e—i i
two different sets of impurities, which are uncorrelated to Pe="v % WaParP-ao™ % Qg Pgp-ar ()
each other. In the present case, however, electrons of oppo-
site spin interact with thesameset of impurities, so that Wherev=4me’/¢” is the Fourier transform of the Coulomb
electron-impurity terms do not vanish upon disorder averaginteraction,vg ' is the Fourier transform of the electron-
ing. Fortunately, it will turn out that these terms cancel outimpurity interaction,p, is the electronic spin density fluc-
exactly at low frequencyd<Eg) and to leading order in the tuation operatorp{q is the Fourier transform of the impurity
electron-electron and electron-impurity interactions. density(a numbey, andV is the volume of the system.
To see how this happens, let us now proceed to the mi- We are now ready to evaluate the contribution of corre-
croscopic calculation of the spimansresistivity. We start lated impurity scattering to thieansresistivity. Let us insert

from the Kubo formula for the uniform conductivity matrix  the expression9) for P, into Eq.(8). The impurity-impurity
contribution takes the form

(5) N N T e -
’ Repn (w)=——2 §|Uq | |m<<Pqu-pql>>w

eZ <<PU';PU">>(1)
m nin oV q
(10)

O'U’Ur(a))Z — E E n050’0,+

where ({A;B)), represents, as usual, the retarded response _
function for the expectation value &funder the action of a N' q? .
3 o Pl (G )

field that couples linearly t®. The resistivity matrix is the ~
inverse of the conductivity matrix. In the spirit of the Drude
approximation, we assume that the resistivity is essentially X x,(0, @)+ x5:(d, @) x4, (0, )], (11)
independent of frequency for frequencies much smaller than

the Fermi energy. It is therefore permissible to take the limit . . . .

of weak electron-impurity and electron-electron scatteringVhere the last equality is valid to leading order in the Cou-
beforetaking the limit ofw— 0 & When the limits are carried lomb and electron-impurity interactiongg!’ is the real
out in this order, thé®,’s are almost constants of the motion (imaginary part of the noninteracting density-density re-
and therefore the second term in the large parentheses of Egponse function, antl' is the number of impurities. In de-
(5) is a small correction to the first. Inverting E@) to first  riving this equation we have made use of the fact that, to the
order in{(P,;P,.)), and selecting thé | matrix element, first order in the Coulomb interaction and zero order in the

we obtain electron-impurity interaction, one has
o (PP, X11(8,0)=(p-q11Pq1)) 0=V aX01(d @) X0, (9, ) .
pr(@)= g T m ) (12)

T ) T T T
It is convenient to recast this equation in a form that empha- “Q‘ “Q‘O” “Q‘O‘Q”

sizes the importance of the nonconservatiorPefand P .

Iy 1 l l l
To this end we make use twice of the general equation of ’\QN “Q‘Q“ @\O\QV

motion

) : : l ) i .: .: {
l : : ) l i : : T
whereA=—i[A,H] is the time derivative of the operatér FIG. 1. The two series of “bubble” diagrams for the four-point

and () denotes the thermal average. Thus, E).can be response functiory,, in the RPA. The vertices represent spin-
rewritten as density fluctuationg,,, as labeled.

(AB= ([ABD+H(AB), ()
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and that for a random distribution of impurities Comparing Eq(11) and Eq.(17), it is clear that, in the limit
O _ of w—0, the Coulomb-impurity termexactly cancels the
(pgp_q)=N'Sqq - (13)  impurity-impurity contribution. Thus, at low frequencys(

. . o <Eg) and to leading order in the electron-electron and
The Coulomb-impurity contributions to E¢8) can also  gjectron-impurity interactions, the contribution of the impu-

be calculated easily. We note that in the limit of weak Cou-jjsies disappears and the real part of the spims-resistivity
lomb scattering the spin-up and spin-down components b&z;kes the form

come decoupled so that

<<P—qTPq1;P—q’l>>w~5q,q’<p—qT><<Pq1;P—q’L>>w- 1 q-q’
(14) Repy (w)= 2 2 3 Vala’
The equilibrium value of the spin-up electron density fluc-
tuation is given, to first order in the electron-impurity inter- XIM((p_q1Pq, :Pq' 1P-q' | N)w- (18
action and zeroth order in the Coulomb interaction, by
—i | It must be stressed that the cancellation of correlated im-
<qu>=xOT(q,0)v3 'p'q, (15

purity scattering effects has been proved here only within the
where x,(q,0) is thestatic noninteracting density-density frame of the Drude-Boltzmann theory defined by E6),

response function for spior. which is the result of interchanging the natural order of the
Making use of these results in E@), we obtain 0—0 limit and the weak scattering limit. A more sophisti-
cated treatment of quantum effects in correlated impurity
- 1 92 | scattering! suggests that the spin drag would éeen larger
Repy, (“’):m Eq 3 Valq than predicted by the present theory at temperatures so low
[ that kgT<<#/7p. The temperature range in which these
X(p—g)IM((pq; 1P—q1))wPly quantum corrections are important shrinks to zero in the limit
of weak impurity scattering.
+ (spinf —spin] ) (16) We have calculated the four-point response function
. 5 X4p(0,9",0)=(p—q1Pq, iPq'1P-q'|))w at finite tempera-
N' a° e ture in a generalized random-phase approximatieRA).
%nTnlesz = §|Uq "vq The selected diagrams are shown in Fig. 1. Because of its
infinite range, the Coulomb interaction must be treated to
X[ x01(9,0) x0, (0, @) infinite order, even when weak. The sum of the RPA dia-
grams has been evaluated by standard metfosith the
+ X0,(9,0) xo; (0, @) ]. (17 following result;
|
1 2 (e hPe—1

nnve? g 3

<[ do’ [ (a0)x]) (00— )~ X1 (@0)xy(d0-0)] 9

—w T (efﬁw’_l)(efﬁ(w*w’)_l)

Here B=1/kgT, with kg the Boltzmann constant, and Ref. 14 to calculate the dynamical exchange-correlation ker-
X5 ./(q,0) is the imaginary part of the RPA spin-resolved nel. Thus our calculation demonstrates that those two ap-
density-density response function, which is related to thdroximations, quite different at first sight, are simply RPAs

noninteracting response functi ,w) as follows: performed in different limits.
g resp a4, ) Let us focus on the low-temperature and low-frequency

[X_l(q.w)]wr:[Xoa]_l(q,w)@m'—Uq- (20)  regimekgT<Er andw<Eg, with E¢ the Fermi energy. In
this regime the imaginary part of the density-density re-
It is possible to show by simple but tedious algebraicsponse functiong” (g, ®) is a linear function ofw. In the
calculations that this expression for the spiansresistivity  |imit of vanishing impurity concentrationy,,(q,®) is sim-
p(w,T) reduces, in the case of finite temperature and ply the Lindhard function, whose imaginary part, at low fre-
=0, to the well known result of memory function and dia- quency, is given byyg,(d,w—0)=—(m?/47)(w/q) and
grammatic theories for the Coulomb drifg; Furthermore,  whose real part can be approximated by its value at0.
for T=0 andw+#0, the RPA is equivalent to the decoupling Making use of this limiting form, the calculation @f,| can
approximation for the four-point response function used inbe carried in an essentially analytical fashion. The result is
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FIG. 2. Temperature and density dependenckpof(0,T)| in a
paramagnetic metal. The top line correspondsrie=7. The FIG. 3. (@) Experimental setup to detect the SCD effect: the
electron-gas parameter is decremented by 1 starting from the topvoltageAV is applied between two parallel half-metallic ferromag-

nets[injector (inj.) and receiveKrec)] that sandwich a paramagnet

ha 4772(kBT)2+h2w2 (P). The voltageAVy is detected using two ferromagnetic elec-
Repu(w,T)I - — 5 trodes(d) similar to the injector and the receiver, but polarized in
e 6(Ry) the oppositedirection. (b) Schematic band structure of injector, re-
_ ceiver,d, andP.
1 kaFadq 1
24r®nin,Jo o2 |e(q/a,0)? and measuring the spimans-resistivity. The setup is shown

in Fig. 3: a paramagnetic metal film of thickndsss sand-
(21) wiched between two ferromagnets polarized in the same di-
wherea=#2/mé’ is the effective Bohr radius, Rye?/2a is rection. A battery is connected to the ferromagnets inducing
the effective Rydberg, wherle-=min(kg; k), with ke, be- a spin-polarizedcurrent from the first ferromagnet‘injec-
ing the & spin population Fermi wave vectoazqa, Fo’ tor”) thr‘c‘)ugh'the”paramggnet and towarq the second ferro-
=n,a% and €(0,®) =1~ vgx01 (0, ®) ~vgx0, (0 ) is the magnet( receiver ). The injector and receiver are chosgn to
RPA dielectric function. Equatiori21) shows that, in the P€ half-metals, i.e., they have only electron states of pin
absence of impuritiesp; | (,T) is proportional tow? for  the l_:er_m| Ievgl(see Fig. 3. I_t follows that the injected cur-
ksT<w and toT? for w<kgT. rentj, is carnedonly by .sme elgctrons. If we choose
Modifications in the form ofye,(q,®) due to the pres- <, where5§ |s_the spin relaxation length, we can safely
ence of impurities can be taken into account through Mern€glect spin-flipping processes and the polarized current en-
min’s approximation schem@.These modifications amount t€NY thSe _paralmagtr)et V|VI|| rl(r)]t relax blef?relrelachmg the re-
to replacingw/qug by w/Dg? (D =0v27/3) being the diffu- CEVEr- Spin relaxation lengihs are relatively large in some
sion F::onstgnt%erzllr z(jnd(q<1/5Fr,)wherng is the materials g~ 100 wm in Al),2 so the conditiorL < &, is not

Fermi velocity andr is the electron-impurity mean scattering Particularly restrictive. Due to the SCD, the injectedwill

time. Thew andT dependences of EqR1) are not affected. gratg spin| tilectrpns towarg thtg Jurg)ctlcan W'thl tSIe (ecter:ver.
Writing explicitly in Eq. (21) the dependence over,, ut, since there 1S no conduction band avaraole in the re-

[wherer,,=(4mn,a%3) 3 is the usual electron gas pa- ceiver for spin| electrons, the circuit will behave as apen

rametet one can also see that (o, T)~r3r3 | so that circ_uit_for _spinl electrons, i.ej,=0. The vanishing of, is
Ip:1| will strongly increase \D\ﬁith ' decrégssiln,g electron &7 indication that the Coulomb drag force is exactly balanced
Tl

density’® In Fig. 2 we plot/p: (@=0T)| as a function of by the gradient of the electrochemical potential for spin

the temperature, fon,=n, and in the density range<lrg down,
<7. The figure shows that, for metallic densities correspon- ,
dent tors=5 and tempera?ures of the qrder oMQO K'(at —eE, + myJ—T=O, 22)
which, for example, experiments on spin relaxation time us- n;
ing spin-polarized currents have been perforfiiedhe
spin transresistivity is appreciable [|p; (0=0,T)|  whereE =V u /e+E is the sum of the electrostatic fiell
=0.01 ) cm]. and the gradient of the chemical potential. What Eq.(22)
Using this result, we can check posteriorithe consis- tells us is that due to the SCD there will be a measurable
tency of neglecting spin-flip processes. We estimate the spirelectrochemical potential differenceg | =emyj;l/n, for
diffusion time by &;/ve and the Coulomb scattering time spin | electrons between two points within the metal sepa-
y~1 from Eq. (4). Forrs=5 we obtainy '~10 13s and rated by a distanckalong the direction of the current.
Sslve~10"1%s: y 1 is indeed several orders of magnitude To measure this potential difference, a second circuit in-
smaller than the spin-diffusion time, so our approximation iscluding a voltmeter of very large resistance is connected to
fully justified. the regions of the paramagnet close to the junctises Fig.
In the remaining part of this paper, we describe an experi3). Our purpose is to measukg , so this second circuit must
ment aimed at detecting the effect of the spin Coulomb dradpe driven by the spin electrochemical potential only. In
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order to accomplish this, we propose to use as contacts tworder of 102 Q) cm that is proportional tol? for kgT
half-metallic ferromagnetic electrodé&etectors”), similar > w.

to the injector and the receiver, but polarized in tpposite In summary, we have pointed out a novel effect in spin-
direction. In this way, for the same reasons explained beforegolarized transport, the spin Coulomb drag, and we have
the detection circuit will be “open” as far as spinelectrons ~ proposed an experiment to observe it. We hope that this pa-
are concerned, and the current flowing in the voltmeter willPer will stimulate experimental work aimed at the detection
be exclusively driven by the electrochemical potential differ-Of this effect.

ence of spin| electrons. The spitransresistivity will then This research was supported by NSF Grant No. DMR-
be given byp, = (AVp/1;)(A/l), whereAVy is the voltage  9706788. We thank Shufeng Zhang for very valuable discus-
measured by the meteA is the cross section of the para- sions.

magnetic metall is the distance between the detectors, and Note added in proofAfter submitting the paper, we be-

I, the current flowing between injector and receiver. Ascame aware that some features of SCD had been discussed in
shown by our calculations, we expect a resistivity of theRef. 17 and Ref. 18.
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