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Spin relaxation in mesoscopic superconducting Al wires
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We studied the diffusion and the relaxation of the polarized quasiparticle spins in superconductors. To that
end, quasiparticles of polarized spins were injected through an interface of a mesoscopic superconducting Al
wire in proximity contact with an overlaid ferromagnetic Co wire in the single-domain state. The supercon-
ductivity was observed to be suppressed near the spin-injecting interface, as evidenced by the occurrence of a
finite voltage for a bias current below the onset of the superconducting transition. The spin-diffusion length,
estimated from finite voltages over a certain length of Al wire near the interface, was almost temperature
independent in the temperature range sufficiently below the superconducting transition but grew as the transi-
tion temperature was approached. This temperature dependence suggests that the relaxation of the spin polar-
ization in the superconducting state is governed by the condensation of quasiparticles to the paired state. The
spin relaxation in the superconducting state turned out to be more effective than in the normal state.
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Recently the spin-dependent electron transport has beeng transition temperaturé.. But this result was in contra-
the subject of intensive studies. The key element of the phediction to the increase of the spin-relaxation rate with in-
nomenon is to inject a current of spin-polarized conductioncreasing temperature negs from below in superconducting
electrons into a mesoscopic or nanoscale nonmagnetic metsb films and potassium-doped fulleridk ;Cg0) compounds
or semiconductor, control, and detect the resulting spin stateneasured by the electron-spin-resonance techriftfle.
Spin-polarized electrons can be injected from a ferromagnetlore recent theoretical studies by Yamastétaal,??> how-

(F) into the system under study? To realize the spin- ever, indicated that the estimated spin-diffusion length in
dependent electronic conductance or “spintronics,” it is eshoth the superconducting stateeglecting the charge imbal-
sential to obtain accurate information on the characteristiance effegt and the normal-metallic state should be the
spin-relaxation time or length of the injected electrons in thesame, implying that the spin-diffusion characteristics should
metallic or semiconducting system in the presence of spinbe independent of temperature in the narrow temperature
relaxing scattering-® Spin-relaxation originates from both range belowT,.

scattering by magnetic impurities and spin-orbit scattering of On the other hand, studies on the influence of the spin-
conduction electrons, but the relaxation because of spin-orbjiolarized quasiparticle injection into high- cuprate$—28
scattering is dominant without magnetic impurities. A num-have mainly been focused on the effective suppression of
ber of studies on the spin relaxation in metals have beesuperconductivity. The sensitive dependence of the critical
done using nonlocal spin injectidr¥;® conduction electron current on the spin injection in a low-carrier-density cuprate
spin resonanc&*? weak localization>* and supercon- hybridized with a highly polarized colossal magnetoresis-
ducting tunneling spectroscopyl® Observed spin- tance material is expected to open the way to develop active
relaxation rate using different techniques at room temperathree-terminal superconducting devices with a high current
ture, where the electron-phonon interaction predominates thgain. In addition, it is expected that the spin injection into
spin-orbit scattering, reveals reasonable consistency, but duprates may provide key information on the possible roles
shows a wider spread at low temperatures around liquidef the spin degrees of freedom in bringing about the high-
helium temperature. It has been pointed®dbat as the im-  superconducting order. For these purposes also clear under-
purity scattering predominates the spin-orbit scattering astanding of the spin-relaxation mechanism in the cuprates is
low temperatures, the measured spin-relaxation rates may dan essential element.

pend on different measurement techniques that are sensitive In this study we injected a spin-polarized current from a
to different impurity-induced spin-orbit scattering. ferromagnetic Co wire into a mesoscopic superconducting Al

Recently, the spin relaxation in a supercondu¢®yboth  wire that was in proximity contact with the Co wire and
conventiond®?* and highT, cuprate?>2® has attracted observed the resulting suppression of the superconductivity
much research interest in relation to the recombinationn the Al wire. In general, the superconductivity suppresses
mechanism of the spin-polarized quasiparticles into the sinas superconducting pairs are broken by the injection of the
glet Cooper-paired state. A number of studies on the spimonequilibrium quasiparticles into a superconductor. In our
diffusion in conventional superconductors, however, have restudy with the injection of a spin-polarized current into a
vealed contradicting results. Measurements of spinsuperconducting wire through the F/S interface, the super-
accumulation effect in F/S/F-type bipolar spin transisfors conductivity was more effectively suppressed as the time-
showed an increase of the spin-diffusion length in superconreversal symmetry of the superconducting pairs in the singlet
ducting Nb films as\gy(T)=\sy(0)/(1-T/T)" with 1/4<n  state was easily broken in the nonequilibrium state. We esti-
<1/2, with increasing temperature below the superconductmated the spin-diffusion lengtkg, from the finite voltages
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used. Pair breaking of superconducting electrons due to the

injection of the spin-polarized current was monitored by

measuring theé—V characteristics of each segment of an Al

wire between two neighboring voltage leads. For sample A,

the voltage drop in the segments of the Al wirg V,, ... Vg

was monitored between the leadlande, e andf, ... i, and

i, respectively, as shown in Fig(ld. Sample C had the same

nominal geometry as Sample A. For sample B the voltage

drop V4,V,, ... Vo was also monitored between the leads

ande, e andf,... I, andm, respectively, as shown in Fig.

1(c) in detail. The center-to-center length of the segment cor-

responding to the voltage drop; (the segment )1 was

460 nm (1.6 um) and the average center-to-center spacing

between the adjacent voltage leads for other segments was
FIG. 1. (a) Schematic geometry of the samples. SEM micro- 340—380 nm(1.8 um) for samples A and GB).

graphs of(b) sample A andc) sample B. Data were taken by the conventional four-probe lock-in

. . . i i ilution refrigerator. The diffu-
revealed in the Al wire for a bias below the onset current Oftechmque run at 38 Hz in a dilution 9

superconductivityfor convenience we assign this as the su-Sipn constarllt D.Of. Al wire at 4.2 K, drﬁzt;arr?ined frolmAt‘he
perconducting critical curreptwhich itself was reduced by wire re5|dua_ resistivity, was 12424.8 cn/s for sample
the weakened superconductivity due to spin-polarized cur(B)' To obta|r112the value of D, we used the relgﬁ‘??fpr A
rent injection. The resulting spin-diffusion length saturated aP!e=3-2< 107 Q cn?, wherep andl, are the resistivity and
temperatures far beloW, but grew gradually with increasing the elastic mean-free path, respectively, of _the Al wires |1n the
temperature and tended to diverge ndar This result is normal state. Here, the value of the_ Fermi _velochy foflAl
consistent with the results of Ref. 19 but is in contradictionvr=2.03x 10° cm/s was used. The interfacial resistaige
to the results of Refs. 20-22. The detailed temperature ddor sample A(B, C) was about 2.42.4,0.04 () far below
pendence oh, in our study indicated that the spin relax- the superconducting transition temperatiigef Al. The cor-
ation in a superconductor was related to the condensation ¢esponding interfacial transparentyof sample A(B, C),
quasiparticle pairs in two opposite spin channels into super0.22%(0.15%, 11%, was determined using the relatfSmf
conducting electron pairs at the Fermi level. R '=2N(Ep)veSét. Here,N(Er) and vr are the density of
Specimens were fabricated using a combination ofstates at the Fermi level and the Fermi velocity of @a),
electron-bean{e-bean) lithography, e-beam and/or thermal respectively, for samples A and [€). Sande are the cross-
evaporation, Ar-ion etching, and lift-off techniques. Si sub-sectional area of the interface and the electron charge, re-
strates covered with natural oxide layers were used. For F/Spectively.
hybrid samplegsamples A and Bferromagnetic wires de- In Fig. 2 the resistance versus temperature of the Al wire
signed to form in a single-domain structtitevere made by of sample A, determined by measuring the voltage drop
the e-beam evaporation of 60—65 nm thick Co films on patVi,, between leads (e,i) and e (f,]), is shown for a
terned layers of e-beam resist and by lifting off subsequentlgpin-polarized bias currenty, of 1 uA, applied between
to the width of about 250—-270 nm. Then about 80—130 nmeadsa and d. One notes that no interfacial resistance was
thick Al layers for both samples with extended contact elecincluded in the data in this measurement configuration. Since
trodes were thermally evaporated as superconducting wiresample A has a defect in leddnear the interfacgsee Fig.
on the second patterned resist and lifted off to the width ofl(b)], this lead was not used in the measurements. The volt-
about 200 and 270 nm, respectively. There was about a 10%ge drop in the segment that was closest to the interface
variation in the width of the Al wire over the length under (segment 1V;, showed many smeared characteristics below
study for both samples. The surface of the ferromagnetithe onset of the superconducting transitibnthan those in
layers was cleaned using low-energy Ar-ion milling right be- other segmentésegments 2 and)fsuch asv, or Vg in the
fore the Al deposition to enhance the transparency of théigure. The voltage drop¥s, V4, andVs over other segments
Co/Al interface. To compare the results between the spinshowed behavio(not illustrated in the figurgsvery similar
polarized and spin-degenerate configurations, a contrdab V, with a few percent deviation of the onset temperatures
sample C was fabricated by the same method as described zero resistance. The finite resistance corresponding; to
above, in which, however, the ferromagnetic Co wire wasin segment 1 below the onset of the superconducting transi-
replaced by a honmagnetic Au wire. tion is most likely to have been caused by weakening of the
A schematic configuration of the samples is shown in Fig superconductivity in the Al wire by the spin-polarization-
1(a). The Al wire, with multiple voltage leads, was in crossed induced pair breaking. The open-circle symbols are the data
contact with a ferromagnetic Co wire. The total number ofwith the current bias of JuA for the spin-degenerate bias
segments of the Al wires was 6, 9, and 6 for samples A, Bconfiguration over segment 1, where the voltage drop for the
and C, respectively. For the nonequilibrium spin injectionunpolarized spin injection is almost identical to that for the
into the superconducting Al wire, the current was appliedcase of spin injection. This fact indicates that the nonequi-
between leadsa and d. But for the injection of spin- librium effect of quasiparticle injection is supposed to be
degenerate nonequilibrium quasiparticles, lemdadd were  minimal for this low bias level.
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FIG. 2. The resistive transition of the Al wire of sample A for FIG. 3. The resistive transition of segment 1 of the Al wire in
different segments corresponding to the voltage drgp/,, andVg sample C, consisting of a Au/Al junction, for the bias currents of 1
in Fig. 1 for the bias current of LA in the spin-injection configu- and 15uA. Inset: The resistive transition of segment 1 of the Al
ration. Open circles are the data corresponding to the spinwire of sample A for increasing spin-polarized bias current from
degenerate configuration. Inset: The temperature dependence of thgo 15 uA.

Al-wire resistance of sample B for the bias current ofiA along

segments 1, 2, and 9 in the spin-injection configuratisolid  The spatial dependence of the resistance in Fig. 2 also re-

curves and along segment 1 in the spin-degenerate configuratiopeals that the spin-polarized state of the bias current was

(open circles confined within segment 1 of the Al wire in both samples.
The behavior of the Al-wire resistance that was almost

On the other hand, the identical results between the twinsensitive to the bias between spin-injection and spin-
bias configurations imply that, even for this quasiequilibriumdegenerate configurations changed for higher current biases.
situation in the low spin-degenerate bias current, pair breakfhe inset of Fig. 3 again shows the resistance versus tem-
ing comparable to the level for corresponding spin injectionperature of segment 1 of the Al wire of sample A for increas-
takes place. Random interdiffusion of conduction electronsng spin-polarized bias current from 1 to 1&\. For the bias
even without an external bias current can take place crossingf 10 wA a considerable finite resistance appeared even be-
the interface. This, in turn, induces spin accumulation in thdow the original value ofT., which indicates that, for this
Al wire near the interface because the spin population of thdias level, significant spin-polarization-induced pair breaking
two opposite polarities is imbalanced in the ferromagnetidook place. For 15uA almost full pair breaking is visible. In
Co wire. The resulting spin acculmulation in the supercon-comparison, for the spin-degenerate bias configuration, the
ducting Al wire induces the pair breaking and causes the&esistive transition of the Al wire for samples A and B re-
finite resistance below the bulk transition temperaffg®f  mained almost unaltered for the current bias up tou®6
Al. Thus, the finite resistance beloW of the Al wire is not  (the data are not shownOn the other hand, when a current
because of the bias-induced pair breaking but rather the selfas injected through a honmagnetic Au wire, no noticeable
spin injection near the interface. This is similar to the self-pair-breaking effect was visible up to XBA for any bias
injection effect as discussed in Ref. 27. The difference in thenodes. Figure 3 shows such resistive transition for segment
normal-state resistance for different segments resulted frorh of the Al wire of sample C. In this sample consisting of
the variation in the length as well as in the width of seg-Au/Al junction, the transition of segment 1 of the Al wire is
ments. The unusual peak in the resistance corresponding touch sharper than in the previous case consisting of Co/Al
V, is presumably due to nonuniform current distribution atinterface. Apparently in this case no pair breaking because of
the junction as the Al electrode became superconductinghe spin-accumulation effect dominated the resistive-
This peak feature appeared even in the Au/Al junction oftransition characteristics of the Al wires.
sample C. Figure 4 shows the spatial dependence of Ith¥ char-

As illustrated in the inset of Fig. 2 similar behavior was acteristics of segments 1, 2, 3, and 6 of sample A measured at
observed in the wire resistance versus temperature of samplel0 K in the spin-polarized bias configuration. The voltage
B for the segments represented Wy, V,, andV,. Also for  value of each segment is normalized with respect to the
sample B, the open-circle data corresponding/icfor the  normal-state resistance. Except for small variation, segments
spin-degenerate bias configuration are almost the same &s3, and 6 show transition to the normal state at correspond-
those for the spin-injection configuration. This indicatesing critical currents with almost equal sharpness. In contrast,
again that the bias level of LA used to determine the tem- the transition of segment 1 is greatly smeared with a signifi-
perature dependence of resistance of sample B was losantly reduced critical current. The appearance of the clear
enough that the equilibrium electron state in the Al wire wasfinite resistance in segment 1 below its critical current is due
not disturbed, even for the spin-injection bias configurationto the pair breaking by the spin injection. As observed in the
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FIG. 5. 1-V characteristics for segment 1 in the control sample
C (consisting of Au/Al junction, taken at 0.10 K for the bias cur-
rent fed from Au lead through Afsolid circle and from Al lead
(open squane which would correspond to spin-polarized and spin-
pegenerate configurations, respectively, in samples A and B. In the
inset thel -V characteristics for segment 1 in sample Aat 0.10 K in
the spin-injection configuratiofgray curve in comparison to the
resistive-transition data in Fig. 2, the spatial variation of thespin-degenerate bias configuratitsiack curve.
-V curve also indicates that the spin injection effect decays
within the range comparable to the length of segment 1 opair breaking due to spin injection was absent in both cases.
superconducting Al wire. Note that, in this high-transparency sample, most of the bias

In the inset of Fig. 4 we also illustrate the spatial depen-current below of the Al wire flowed across the interface by
dence of the spin-injection effect exhibited in theV char-  the Andreev reflection. In this case no spin accumulation
acteristics of sample B. Different sets lofV characteristics took place as evidenced by both the resistive-transition and
were taken from segments 1,2, and 9 at 0.43 K2 For  thel-V data in the main panel of Figs. 3 and 5, respectively.
clarity, each set is offset downward from the neighboringA slight discrepancy between the two curves in the main
curve by 0.03 mV. In this sample also the finite voltage bespanel of Fig. 5 arose from the possible difference in the
low the critical current is present only for segment 1, whicheffective length of segment 1 between the two configurations
is consistent with the picture that it was caused by the paiand/or the nonuniform current distribution at the interface for
breaking because of the nonequilibrium spin injection withinthe bias current of,,. Even for this spin-degenerate configu-
the spin-diffusion length near the interface. ration, however, pair breaking by the nonequilibrium current

The inset of Fig. 5 clearly contrasts with theV charac- injection may have smeared the superconducting transition
teristics of segment 1 of sample A measured at 0.1 K beef the Al wire near the critical current as seen in the figure.
tween the two different configurations: the gray curve shows One may argue that the seeming spin-injection effect was
the characteristics for the spin-injection configuration and theaused by simple Joule heating generated by a bias current in
black curve is the one without spin injection. For the spin-the ferromagnetic wire or at the interface. In fact, the control
injection configuration thé—V curve is greatly smeared with sample C, where the seeming spin-injection effect was ab-
a significantly reduced critical current. The slightly peakedsent, had an interfacial resistance much lower than samples A
feature in the voltage near the critical current above theand B with Co/Al interfaces. In order to interpret the sup-
normal-state value in the spin-injection configuration is notpression of superconductivity described above in terms of
well understood. But the feature appeared only in segment Kpin-related pair breaking, one needs to rule out the possibil-
thus one may assume it was caused by nonuniform curreiity of the thermally induced pair-breaking effect. To examine
distribution at the junction. the possibility of Joule heating at the interface conduction

We took the nonequilibrium conduction properties of theproperties of Al wire in another Au/Al hybrid test sample
Al wire in a sample where the ferromagnetic Co wire waswith similar configuration as sample A were measured. The
replaced by nonmagnetic normal wire, i.e., sample C. In thisnterfacial resistance, 0.48, of this sample was adjusted so
case the injected current was spin degenerate in any bias to be closer to those of samples A and B by controlling the
configurations. In the main panel of Fig. I5;V characteris- ion-beam cleaning time of the surface of the Au wire before
tics of segment 1 of the control sample C are compared besverlaying the Al cross wire. The resistive transition data in
tween biasing through lea@dsandd as denoted by, and  Figs. Ga) and &b) were taken from segment(+1.5 um in
biasing through leadsandd as denoted by, which would  length of the Al wire near itsT. for the configurations,
correspond to the spin-polarized and spin-degenerate modehere the current was injected through the Al wire only and
respectively, for samples A and BV characteristics turn out through the Au/Al interface, respectively. The sets of black
to be almost identical in both bias configurations becausand gray dots correspond to the bias currents of 4 and

FIG. 4. -V characteristics of sample A taken at 0.10 K, along
segments 1, 2, 3, and 6 of the Al wire for the spin-injection bias
configuration. Inset: The spatial dependence ofIthe character-
istics taken from segments 1,2,9 of the Al wire of sample B at
0.43 K. For clarity each curve is offset downward from the neares
neighbor by 0.03 mV.
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L eff
V= IRH%J dxd[l = 1.(x,T)]= IRnL—”, (1)
0

L

where 6(y) is the step function, which is 1 foy>0 and 0
otherwise. HereR, andL&" are the resistance of the Al wire
and the effective spin-diffusion length in the normal state,
respectively. The total voltage drop is the sum of the local
voltage droplR,,dx/L over an infinitesimal segmenix. The
local voltage drop appears when the applied bias cuirent
exceeds the local critical curreif(x,T) of an infinitesimal
segmentdx located atx. From the assumption above, the
critical current (LS, T) is determined by the relatioh,
=B[Ao(T)-A|P(LE", T)|]. If the local density of spin accu-

0.5 1 1.5 2 - . .
T(K) mulation is assumed to relax exponentially &x,T)

=Po(T)exd—x/\g(T)] the effective spin-diffusion length
FIG. 6. The resistive transition of segment 1 of the Al wire in a follows the relati(.)n,Lﬁﬁ:')\Splog[AB Po/(BAo—1)]. Hence,
Au/Al hybrid sample for the bias current appliéa only through  the voltage drop/ is obtained as

the Al wire and(b) through the Au/Al interface from the Au wire,

each for the low and high bias levels. V=0, for0<I<BA;-ABR,

=IRy, forl>BAj

. T . o Msp ABPy .
20 uA, respectively. The heat dissipation at the interface for = 1Ry L log BA - | otherwise. 2
20 A in the sample is comparable to that fer9 uA in 0
samples A and B, where the resistive transition is severely This relation is satisfied for a strong superconducting state
affected as shown in the inset of Fig. 3. In both configura-with large Ao(T) in the temperature range sufficiently below
tions the essential shape of the transition is almost the samé&,. In this case the spatial distribution of the superconducting
except for the sharp anomalous peak for the low bias in th&trength may look like the one as illustrated in the inset of
Au/Al configuration nearT, of the Al wire. For two bias Fig. 7(a). As the temperature approachiks however, a cer-
levels, the onset of the transition in both configurations is 4&in range over the length, of the Al wire from the interface
little affected but with the zero-resistance temperature almodpSes the superconductivity with vanishiag(x, T) asA, be-
unaltered, which makes the transition even sharper for th§omes smaller thaA|P(x, T)| nearT, [see the inset of Fig.
higher bias. This small variation of the transition between the/(®)]- Then, the spatial dependence Rifx, T) for x>L, is
two bias levels as well as the anomalous peak in Fig) 6 modified —as  Po(T)exp—Ln/An(T)Jexd ~(x=Ln) /Asl(T)].
may be related with a change in the current flow distribution€re, L, and A, are the length of normal region fak,
near the junction area. No discernible smearing in the tran=A|P(x, )| and the spin diffusion length in the normal state,
sitions for the two bias levels clearly rules out the possibility"®SPectively. The ratio df,/L is assumed to be proportional
that the observed smearing of the transition in samples A anf the ratio between the zero-bias-limit resistance and the
B at high biasegas in the inset of Fig. Bmay have been no_rmal-state resistance negy In this case, the voltage drop
caused by joule heating. Vis also modified as

We estimate the effective spin-diffusion lengtl, from B Lo Asp ABP,
the finite voltages below the critical current by adopting a = IRy n + L lo m
phenomenological model. Suppose a superconducting wire is )
placed along the axis with the F/S interface at=0. In the =IR,, otherwise, 3
model, local superconducting gap(x, T), in the presence of \here Py=Po(T)exd—Ln/An(T)].
the spin accumulation near the F/S interface, is assumed to Using Egs.(2) and (3), the spin diffusion lengths far be-
be Ao(T)-A[P(x,T)| for Ao(T)>A|P(x,T)| and zero other- |ow T, and nearT, are extracted, respectively. We adopted
wise. Here,Ay(T) is the local superconducting gap in the three fitting parameterss, ABP, andBA, for the best fit to
absence of the spin accumulatig(x,T)| is the absolute Eq. (2). ABP, should be less thaBA, and the valueBA,
density of the spin imbalance, ardis a parameter defined —ABF, is the maximum bias current of the zero-resistance
as (a dimensionless constant1/N,, whereN, is the den- state in the temperature regime far beldw On the other
sity of states per unit volume in the normal state. The locapand, we adopted two parametas and ABF, for the best
critical currentl (x, T) is assumed to bBA(x,T), whereBis  fit t0 Eq.(3). The value ofABR, must be larger thaBA, in
another parameter defined &s dimensionless constant M€ temperature range neg. In the fit the value oABR,

<N (e cross sectonof a superconcuceng wre 58 1< 8 SUSCLEq o e el of e cuantly
Then, the voltage droy over a region of Al wire of length © ' g

¢ he interf ; lied . temperature dependencBA, near T, is also determined
rom the interface for an applied currents given by from its value far belowT, incorporated with the BCS-type

)} for0< 1 <BAg
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FIG. 8. The temperature dependence Nf, for samples A
(circles and B(triangles, extracted from the best-fit curveslinV
characteristics based on Eq&and (3). The solid curves are the
best fits to the relationg,= VD, together with Eq(4).

obtained from the fit in relation with Fig. (&), is not in
agreement with the assumption ABP,> BA,. This contra-
diction presumably originates from the naive assumptions of
step function in Eq.(1) and/or the linear dependence be-
tween the critical current and the energy gap. One may be-
lieve that the existence of the zero-bias-limit resistance im-

plies A;=0 at the interface, but the fitting formula of E®)
I(nA) . - . .

may hold only approximately in the intermediate temperature
FIG. 7. 1-V characteristicgopen circley of segment 1 for tem-  ange between 0 an@. The fit, following the same proce-

perature€a) far belowT, (T=0.1 K) (b) and neaiT, (T=1.3 K) in dure, tol-V char_ac.teristics. far below, and nearT, for
sample A, with the best-fit curvesolid curve using Eqs(2) and ~ Sample B gave similar quality of the fihot shown.

V/Rn (LA)

<
—_
o
3]
[l
12
<

3. In Fig. 8 we plot the temperature dependence\gfex-
tracted from the best-fit tb-V characteristics. It shows that
temperature dependence of the energy dapT).3* the spin-diffusion length\, is almost temperature indepen-

As discussed in relation with Eq2), 1-V curves at dent in the temperature range far beldy which is 1.6 K
0.10 K in sample A show the three different characteristic(1.56 K) for sample A(B). The zero-temperature-limit value
regimes of voltage drop’ for a range of bias currentsthe ~ 0f Ag(0) for sample A(B) was 340 nm(400 nm). The em-
zero-resistance regime, the finite-voltage regime below th@irical value ofAg,increases witfl and tends to diverge near
critical current, and the normal-resistance regime above thé.. This temperature dependence Xof, turns out to be in
critical current. In the finite-voltage regime, the three fitting remarkable agreement with that observed indfexis spin-
parametersys,=340 nmABP,=14 uA, andBA,=20 uA at  polarized quasiparticle tunneling in YB2a0;_5 thin
0.10 K, are determined from the best fiolid line) to the  films2” The temperature dependencelgf is also in quali-
|-V curves in Fig. 7a). It turns out, however, that the quality tative agreement with the results obtained in*Nbut in
of the best-fit curve is not very sensitive to the fitting param-clear contradiction with result in Refs. 20 and 21, whegg
eter values within 10% of variation. The resulting best-fitdecreases for temperatures approachipgOur result also
parameter values give the relative magnitudes among parargontradicts to the theoretically predicted temperature-
eters that are consistent with the assumptions given above. independent spin-diffusion length in a superconduttor.
comparison, in Fig. (b), the |-V curves at 1.3 K show two The spin-diffusion length in the normal state in our study
regimes of voltage drol: the finite-voltage regime below is estimated to ba,~1 um from the ratio between the ex-
the critical current and the normal-resistance regime abovéiapolated value oPy(T) and the fitting parameter d#(T),
the critical current. The features in Figs@yand 7b) are  with 50% variation in its value in the temperature range near
consistent with the assumed variation of the superconducting. where the assumption &BP,>BA, is satisfied. Thus,
strength as illustrated in their insets in relation with E@. the temperature dependence)gfcannot be accurately de-
and(3), respectively. The length of normal-state regignat  termined neafT.. The spin-relaxation time in the normal-
1.3 K, as estimated from the zero-bias-limit resistance, isnetallic stater, in sample A(B) is calculated Me about 450
48 nm. The best-fit valugsolid line) of the parameters turn (1170 ps at 1.4 K using the relation of,=VD,, which is
out to behs,=410 nm andABPy=11 pA. In this fit we used in comparison to the previous resdl®or 7, of 100 ps at
the local gap value, corresponding B\y=13.7 uA, ob- 4.2 K obtained using the nonlocal spin-injection measure-
tained from the BCS behavior. ments.

The valueABP;=11.2 uA at 1.3 K, which is obtained by Employing the picture of the relaxation of charge-
linearly extrapolating the low-temperature-limit values asimbalanced nonequilibrium quasiparticle states in a
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superconducto? the spin-relaxation time has been sug-general, longer than that in the superconducting state. One
gested to follow the relatiofY, may explain this trend in terms of plausible spin-relaxation
processes in superconducting system in the following way.
Tsp™ TekKaTd/A(T). (4 An imbalanced nonequilibrium state of the spin-polarized
Here, the energy-relaxation time or the inelastic-scatteringluasiparticles between the opposite spin bands in the super-
time 7, is defined in terms of the spin exchange ag  conductor, caused by the spin injection, relaxes to a nonequi-
~ﬁ/hex (hex is the exchange energy inside the Supercon]ibrium Spin-balanced state, which, in turn, relaxes to the
ductop and A(T) is the superconducting energy gap. In this equilibrium-condensed Cooper-paired state. T&&xond re-
picture, the nonequilibrium spin imbalance is set by the charcombination process in a superconductor depopulates the
acteristic energy-relaxation or inelastic scattering time bufluasiparticles in the nonequilibrium state, which expedites
only the fraction of quasiparticles/ksT just above the gap the (first) spin-flip process mediated by the spin-orbit inter-
is effectively involved in relaxing the spin imbalan&Then ~ action. We believe that is why the spin relaxation in the
temperature degendence of the spin_diffusion |ength, exSUpercondUCtlng state is more effective than that in the nor-
pressed aag,= D7, should be determined by the tempera-Ma! state. We thus suppose the fast increase of the spin-
ture dependence of as 1A/A(T). The best fit to this tem- diffusion length neal; should be limited by its normal-state
perature dependence is shown for samples A and B in Fig. §2/ue, although it could not be confirmed in our study be-
by solid curves. In the fit we use the empirical fornfila CauSe of lack of resolution in the measurements of the spin-
A(T)=A(0) tani(1.74T./T-1) for the temperature depen- diffusion length very close t@.. . .
dence of the gap, which is supposed to be valid in all the. In conclusion, we opserved suppression .Of noneql_ﬂllb—
temperature ranges beloly=1.6 (1.56) K], with T, as the rium 'sgpe'rcor!ducnwty, mduqed by spm-polapzed quasipar-
fitting parameter for sample 4B). Combining\{0)=340 ticle injection into mesoscopic superconducting Al wires in

. _ proximity contact with an overlaid ferromagnetic Co wire.
(4(.)0) nm W'.th D71220(24‘8) szls for Sample A(B)’ the The suppression, as evidenced by the occurrence of finite
spin-relaxation time in the Al wire fol <T, is estimated to

- 11 ) voltages for the bias-current range below the superconduct-
be Tsp’ 9.6 (6.9x10""s for sample A(B). The corre ing onset, was pronounced when the spin-polarized currents
sponding exchange energy,/kg for sample A(B) was

o were injected through the Co/Al interfaces. The finite volt-
91 mK (95 mK), Wh'Ch IS Iarger than the valu.e of 11 mK for ages in the samples with transparent interfaces of low inter-
Nb.»® The fast spin relaxation, corresponding to the larg

) ) ’ ) €acial resistances are attributed to the dynamic pair breaking
exchange energy, in Al was discussed in Ref. 9, in terms of,y, the quasiparticles with the imbalanced spin population.
the pseudogot_ennal band calculation results by Fabian angle temperature dependence of the spin-diffusion length in a
Das Sarmé’ It is theoretically suggested that the small spin g, herconductor, estimated from the finite voltages over a cer-
hot spots at the large Fermi surface of polyvalent metalsyyin |ength of Al wire near the interface, suggests that the
such as Al, give excessive contribution to the spin-flip scatxpin giffusion in the superconductor is governed by the pair
tering, making the spin relaxation faster by up to a factor ofyngensation of quasiparticles through opposite spin chan-
100. The nice fit of the temperature dependencagfon g5 Since the pair condensation depopulates the spin-
the other hand, indicates that the spin diffusion in supercong5i5nced quasiparticles, more efficient spin flip can take

ductors is governed by the energy relaxation between thgjace (via the spin-orbit interactionin the superconducting
opposite spin channels as well as the pair condensation oV€faie than in the normal state, making the spin-diffusion

the superconducting gap. _ _ length, in general, shorter in the superconducting state.
The spin-relaxation length measured previously in the

normal state of Al at 4.2 K was 1200 nm, which is thus This work was supported by Electron Spin Science Cen-
longer than that in the superconducting state by a factor ofer, in Pohang University of Science and Technology, admin-
~4 as measured in this study. Although the direct compariistered by KOSEF. This work was also partially supported by
son of the spin-diffusion lengths in systems with differentNano Research and Development Program administered by
electron diffusivity is meaningless, the above trend may inKISTEP. We thank Dong-Keun Kie for his help in the
dicate that the spin-diffusion length in the normal state is, incomplementary work of this study.
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