PHYSICAL REVIEW B, VOLUME 65, 172509

Spin transport and relaxation in superconductors
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We study theoretically the effect of spin relaxation on the spin transport in a ferromagnet/superconductor
(FM/SQO) tunnel junction. When spin-polarized electrons are injected into the SC from the FM, nonequilibrium
spin accumulation as well as spin current are created in the range of the spin diffusion length in the SC. We find
that the spin diffusion length in the superconducting state is the same as that in the normal state. We examine
a FM/SC/SC double tunnel junction, and show that the spin current is detected by the Joule heat generated at
the Josephson junction. This provides a method to obtain the spin diffusion length by probing the spin current
in SC’s.
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Spin transport through magnetic nanostructures has aexamine a FM/SC1/SC2 double tunnel junction, and show
tracted much interest. Using the method of tunneling specthat the spin current is detected by the Joule heat generated at
troscopy, Tedrow and Meservegemonstrated that the cur- the Josephson junctidri,which provides information about
rent through the junction between a ferromagifédl) and a  the spin diffusion length and the spin relaxation time in SC’s.
Superconduct(ﬁSC) is Spin p0|arized_ Johnson and SI|SE)%€ We first consider a FM/SC tunnel junction. The bias volt-
and Jedemat al* have observed nonequilibrium spin accu- @geVy is applied to the tunnel junction of resistariRe. The
mulation in a nonmagnetic metal sandwiched by FM’s. Suplunnel barrier is ak=0 and the current flows in thedirec-
pression of the superconducting gap due to spin accumuldion. The tunnel current is calculated by using the phenom-
tion has been shown experimentafiyand theoreticall. enological tunnel Hamiltonian which describes the transfer

SC's are powerful probe for the spin polarization of the Of electrons from one electrode to the other. If the SC is in
current injected from FM's as shown in FM/SC tunnel the superconducting state, we rewrite the electron operators
junctions and FM/SC point contactsSC’s are also useful 8o in the SC in terms of the QP operatoyg, by using the
for exploring how the inject_ed spin-polarized quasi_particlesBogoIiubov transformationsam=ukykT+v’|§SyJﬂkl and
(QP’9 are transported, particularly the effect of spm.rela.x-aT_kl: — 0, Sy +ug 7’T—k1 , where |ug2=1—|v,/2=2(1
ation on the spin transport, because the spin-relaxation t|m§r§ IE) S is the operator which annihilates a Cooper
and the spin diffusion length can be measured precisely in 5%, N % 12 . ; ~00p
the superconducting state where thermal noise effects af@!" aqd B =[&+A"]"" is the QP d|s.per3|on Witk .
extremely small. In addition, the unambiguous description O‘andA pelng the one-electron energy relative to the chem|cal
the spin-relaxation effect is possible due to the fact that th&°tential of the condensate and the superconducting gap,

spin relaxation is dominated by spin-orbit impurity scattering"©SPectively.

in SC’s. From Fermi’s golden rule, the spin-dependent tunnel cur-
So far, there have been a number of studies on the spiffNts across the FM/SC junction are giver? by

relaxation time and the spin diffusion length in SC’s. How- _ -

ever, the results are controversial: In a spin coupled resis- 71 (VD =(Cri /OIN=S(0)], (13

tance in permalloy/Nb/permalloy trilayetsit was shown I1,(V1)=(Gr, [)[N+S(0)], (1b)

that the spin diffusion length of Nb decreases with decreas-

ing temperature in the superconducting state. In contrast, thehereGr,, is the tunnel conductance for electrons with spin
spin relaxation time in SC’s was measured by the method ofr when the SC is in the normal state, aadhe electronic
electron spin resonandESR and was found to increase charge. The quantity/is the ordinary tunneling term driven
with decreasing temperature in SG%! It was also shown by Vi: MVy)=J7.DsE)[fo(E—eVs)—fo(E)]dE,
that the spin diffusion length in SC’s increases with decreaswhere Dg(E)=R€ |E|/VE?—A?] is the normalized BCS
ing temperatur€ by assuming that the length is proportional density of states ané(E) the Fermi distribution function.

to the square root of the spin relaxation time. Since the spiThe quantityS(x) is the normalized spin density at position
diffusion length and the spin relaxation time are key quantix in the SC:

ties for the spin transport in SC’s, it is highly desired to
construct a theory of the spin transport and relaxation and to
solve the controversial issue mentioned above. S= 1/(2DN)§k: [fir =T, @

In this paper, we study the spin transport through a
FM/SC tunnel junction. The spin accumulation and spin curwhere f,, = (v}, ) is the distribution function for a QP
rent in SC’s are calculated based on the Boltzmann transpowith energyE, and spino, andDy the density of states in
theory. It is shown that the spin diffusion length in the su-the normal state. In Eq1), we neglected the contribution of
perconducting state is equal to that in the normal state. Weharge imbalance by assuming that the charge diffusion
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length\ o is much smaller than the spin diffusion length.
It has been reported that,~450 um (Ref. 2) and \q
~10 um (Ref. 15 for Al. The charge currentCharge Ity
+1+, and the spin curreritSpln l+;— 1+, through the junc-
tion are given by

charge [N PS(O)]/(eRT) (33)

spln [PN_ 0)]/(ER-|—), (Sb)

Where lRT:GTT—i_GTL and P:(GTT_GTl)/(GTT+GTl)
is the tunneling spin polarization.
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Vid spirl X) = —[4€Dy /P 1T o(A) S (). (10)

Thus, the chemical potential shift satisfies the equation

NIV ou(x)= du(x), (D)
where) is the spin diffusion length in the SC
Ae=DO M (12)

In the FM/SC junction, Eq(11) has a solution of the form

Let us examine the effect of spin relaxation on the spinsu(x) = du(0)expx/\y), and therefore both the spin accu-
accumulation and the spin current in SC. In a steady statenulation and spin current decay exponentially on the length

the Boltzmann equation is written as

vk Vit K- VieFp = (0F o /) scarn 4
where v, =%V E, = (&/E) v is the group velocity of
QP’s andv the Fermi velocity. In the superconducting state,

there is no electric field inside SC and thkis 0. The scat-
tering term on the right side of E¢4) arose from scattering

of QP’s by nonmagnetic impurities, and is decomposed into

the terms due to elastic scattering and spin-flip scatt&ting

fO*a’
27’5f

an'_

fka_ fOU

(9f ko ! It) scar= — 5

Timp

scale ofAs. Note that the spin diffusion length in the super-
conducting state is the same as that in the normal sftes
result is understood as foIIows In the superconducting state,
the diffusion constant i® = 3va|mp (|&l/E)D™ and the
spin-flip time 7= (E /| &]) 7, so that the density of state
‘factor Ey /| & in \¢= VD74 is canceled out, resulting in Eq.
(12).

The spin injection experiment has been done to extract the
spin diffusion length\g in Nb by using bipolar spin
transistors. From the measurement of an excess voltdge
(e du) due to spin accumulation, a strong dependencé.of
on temperaturgT) was found below the superconducting
critical temperatureT,. From an analysis oV using the

wheref, is the distribution function defined by the average relationV =V exp(—x/A\y), N (1—T/T.) " (n~1/2) was

of f, with respect to the direction ofk, iy,
—(Ek/|§k|)r|(r'r‘])p,16 and 7= (E /| &]) 7 are the elastic and
the spin-flip scattering times in the superconducting stat

respectively, anc{) and 7{) are those in the normal state.

deduced However, since\, is independent of as given in
Eq. (12), X in Ref. 3 is not the spin diffusion length, but

er'ather the penetration length of the QP evanescent wave into

SC due to Andreev reflectiofAR).!” This is because AR is

In the FM/SC junction, the physical quantities vary in the jominant when SC is in metallic contact with FM’s as in the

x direction and are uniform in thgz plane, whereV,f,,
=V,fr,=0. From Egs(4) and(5), we have
fOo’ (6)

The spin-dependent current densigyflowing in thex direc-
tion is calculated as

X
fro~ ~ TimpV kVxfoo-

|U=e; Uﬁfkgz—zeDND<“>fA Vi fo,dE, 7)
whereD ™= 3vZ7(N is the diffusion constant in the normal
state.

The spin accumulation at positionin the SC is created
by shifting the chemical potential of up-spin QP’s By (x)
and that of down-spin ones by su(x), which is described
by taking fo,(E,x)=fo(E—odu(x)). When du is much
smaller thamA, f,, is expanded as

fos(E.X)~fo(E) — ol dfo(E)/IE]Sp(X) 8

From Eqgs.(7) and (8), the charge current density vanishes:

icharge=111+1,=0, while the spin current densitygp{X)
=i;—1i, is driven by the gradient obu(x),

i spirlX) = — 4D DMV fo(A) Ve Su(X).
The divergence of,i{(x) is given from Eqs(4)—(8) by

9

experiment of Ref. 3. To measukg, it is desirable to insert
a thin insulating barrier between FM and SC for making the
QP spin injection predominant.

Another important quantity for the spin transport is the
spin relaxation timerg of S in the superconducting state,
which is measured by the ESR experiment.rifis intro-
duced by the relaxation time approximatio@S{dt)scar
—S/7g, we find

—fo,]dE

|E|
fA \/EZ—AZ[fOT

A0
o0 sf -
JA [fOT_fOLJdE

(13

Tg=

For Su<<A, Eq. (13) reduces to the result of earlier
theoriest® Figure 1 shows the temperature dependence of
7s. In the normal state =0) aboveT,, 7 is equal tor{) .

In the superconducting state beldw, 75 increases rapldly
with decreasing T and behaves similar to 7
=(wAI2kgT) Y27 at low T. It is worthwhile to note that
one cannot use in place of 7 in Eq. (12) when evaluat-
ing \s, becauser is the relaxatlon time of the macroscopic
qguantity S while T(S?) is the transport relaxation time of
an individual QP with particular energy, which makes them
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FIG. 1. Temperature dependence of the spin relaxation time. +fo(E+eVy+ duy)]. (17)

The gapA, is the value ofA at T=0.
The phase coherent tunneling terms are obtained as

different in the superconducting state. In the normal state, 5

however,r, is equal tor!) and thus can be used for estimat- . A Jx _O(E|=A) 6(A-[E+eVy)
ing \s. Note thatsu(0)~(7d73") 6u(M(0) for eVy<A, 1 2eR e JE2Z—AZ JAZ_(E+eV))?
where s (0) is the shift of chemical potential in the nor- J
mal state.

The above discussions are summarized as follo\s; Xj;u[1_f0(|E|_5:“1)_f0(|E|+5MJ)]'
The strongT dependence 0¥ (Ref. 3 is not related to\ '
but to the decay length of the evanescent wave in Andreev
reflection.(2) The ESR experiment$! are consistent with
our theory.(3) The theoretical treatment ofg in Ref. 12 is
not correct because they used the incorrect formula | o=
=DMz, which differs from Eq.(12). 2eRy

In order to investigate the spin diffusion length and the
spin current in SC's, we consider a FM/SC1/SC2 double tun- X D [fo(E+eVy—adu,) —fo(E—oduy)],
nel junction. The SC1 and SC2 are identical SC’s, and their o=+
thicknesses ard and semi-infinite, respectively. The resis- (19)
tance of the FM/SC1 tunnel junction and that of the SC1/

SC2 Josephson junctigd) areR; andR;, and the voltage whered(x) is the step function. Equatiori46)—(19) are the
drops across the junctions avg andV,, respectively. The generalized formulas for the conventional'3From Eq.
tunnel current through the JJ is expressed as (11), Su; has the formsdu(x)=B,e s+ B,e ¥*s in SC1
and Su,(x)=Bge ¥*s in SC2, whereB,, B,, andB; are
3 ) determined by the boundary conditions that the spin currents
| =15hargd Vo) T151(Vy)sing+152(Vy)cose, (14 gre continuous at each junction. The results are used to cal-
culate the currents through the FM/SC1/SC2 junction.

whereg is the phase difference of the gap parameters in SC1 In th_e following we assume that the bias voltage across

and SC2. In Eq(14), the first term describes the QP tunnel- the JJ is zero\(;=0). It follows from Egs.(16)-(19) that

ing, and the second and third terms describe the phase chenarge@ndl ;> Vanish, whereaky; <[ Su1(d) — Suo(d)] and

herent(Cooper paiy tunneling. The usual Josephson effect isl;1~J¢, Jc being the Josephson critical current. These re-

associated with the sinterm. Using Fermi's golden rule, we sults indicate that the charge current is carried by the Cooper

have the spin-dependent QP tunnel current pairs as the dc Josephson current when the bias current is
less thanJ.., while the spin current is carried by the QP’s as
the QP current.

(18

| =

A? Joc _Ds(E)Dg(E+eVy)
o E(E+eV))

- 1 (= Figure 2 shows the spatial dependencéof (— du;) for
lgp(Va) = ﬁf_xdEDS(E)DS(E”LeVJ) the up-(down? spin QP’s in theith SC as well as the pair
and QP tunnel currents across the J¥ @t 0. The up-spin
X[fo(E=—0oduy) —fo(E+eVi—odur)], tunnel current across the JJ is driven by the drép.,(d)
(15) — du,(d)] in the forward direction, while the down-spin one

is driven by the same drop in the backward direction. In the
SC's, the up-spin and down-spin QP’s, which are drifted by
wheredu;(x) is the shift of the chemical potential in thth  the slope of the chemical potentials, flow in opposite direc-
SC. The QP charge curretif & 14,(Vy) +14(Vs) and tions to each other, so that the QP’s carry only the spin and
spin currentl gpmzlgp(vj)—lép(VJ) across the JJ are given do not carry the charge. This is one of the realizations of

by spin-charge separatidfi.
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FIG. 2. Spatial variation of the splitting in the chemical poten- P N S N RN R T NI
tials of SC1 and SC2 in a FM/SC1/SC2 tunnel junction. The dashed 0.5 1 L5 2
curves with up and down spins indicate the shiffg,;(x) and d/s

— Sui(X), of the up-spin and down-spin quasipartici€’s) in the
ith SC, respectively, and the long dashed line indicates the chemic%lf
potential of the Cooper pairs.

FIG. 3. Joule hea#V generated at the JJ versus the thickrss
SC1.Wis normalized byW,=A3%/e’R;.

o . . . and/or long\s. It is seen that the curves show an exponen-
The most striking feature of the junction is that the spiny;, decay ford/\=1; Wee exp(—2d/nJ). At d/\,=0.5 and

current across the JJ is accompanied by Joule heating at zegg 7=0.01,R,A=10"° Qcn?, andA,=0.39 meV/(Al)

bias voltage V,=0). Th? power of Joule heating is given by \ye ohtainw/ A=0.4 mw/cn? per unit area of the JJ, which
W=[8u(d) = duo(d)]I5si{e, and has thel dependence of g |arge enough to observe experimentallyWfis measured
the form for various thickness of SC1 at;=0, it provides not only
D2 _ _ _ 2 the spin diffusion length ¢ but also a direct evidence for the
W=P aexp(—2d/\ /1= B exp—2d/Ng) %, (20 spin current flowing in SC’s. Note that our method differs
where from the previous oné;the former probes thepin current
and the latter thepin accumulation
477%[N(VT)/F0]2F2 (1—x2) In conclusion, we have studied the effect of spin relax-
a= 2 2 2’ - ' ation on the spin transport in superconductors based on the
ERI(I X2 (1+2x2) (IFx:)(1+2x2) Boltzmann equation, and shown that the spin diffusion
Here, x,= "y /T'g) 7, (n=1,2), I'y=2fy(A), and length in the superconducting state is equal to that in the
e normal state. This result resolves the controversial issue of
_ |- nf _ 20 the spin diffusion length in the superconducting state. We
o= f,w[DS(E)] ( aE)dE’ @) propose a spin-injection device with the Josephson junction
to extract information about the spin diffusion length and the
spin current by measuring Joule heat generated at the Joseph-
son junction.

with 7;=(pnNs/RTA), 172=(pnAs/R3A), the normal-state
resistivity py of SC, and the junction ared.?

Figure 3 shows the Joule he¥f as a function of the
thicknessd of SC1 in the case where FM is a half metal  This work was supported by a Grant-in-Aid from MEXT
(P=1). An efficient generation dfV occurs for large values of Japan. S.M. acknowledges the support of the Humboldt
of #;, which corresponds to a low area tunnel resistancéoundation.
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