RAPID COMMUNICATIONS

Direct measurement of quasiparticle evanescent waves in a dirty superconductor
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We have used a perpendicular-current spin-polarization detector, in the form of a Permalloy-based exchange-
biased spin valve, to measure the length scale for penetration of quasiparticles through superconducting-Nb
thin films under diffusive transport conditions. In the low-temperature limit, this penetration lengtheisim,
comparable to the estimated “dirty-limit” zero-temperature coherence length of our Nb films.
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Electron transport across the interface between a supegavel qp~2 Nm, a very low value relative to expectations. In
conductor(S) and a ferromagneti¢F) metal is an area of the present paper we measuig in superconducting Nb
active interest. For example, the consequences of Andreaysing a technique that provides a uniform current distribu-
reflectiort upon the injection of a spin-polarized current tion, ohmic response, good control of the antiparalsP)
from F into S have been used to measure the degree of spiand parallel(P) magnetic order of the tw& layers, and a
polarization of various ferromagnéets: including the highly  lowest temperature range &fT.=<0.3 for which over 99.7%
spin-polarized half-metallic ferromagnet G+®°~"Andreev  of electrons impinging or8 satisfy theE<A criterion. The
reflection occurs when an electron ent8@nd is reflected as resultingT=0 value ofl, is an order of magnitude larger
a hole, adding a Cooper pair to tisecondensate. Although than that estimated from the spin transisto®ur technique
Andreev reflection is typically thought of as an “interfacial” Provides a way to systematically study hayy, varies with
process, it actually takes place over a finite length skale temperature anSthmkn_ess for a variety of superconductors.
in Sas quasiparticles with enerdyless tham (pair poten- We used an adaptation of our perpendicular-curt€mt)
tial) enter S as “evanescent” waved.As pointed out €xchange-biased spin val¥e.as shown in Fig. 1, where
recently? spin-polarized transport i§ occurs only via single I|thograph|c patterning (_)f the pillar ensures t_hat the current
quasiparticle processes, and thiys should be derivable density through the middle Nb layer remains unchanged
from spin-polarized transport measurements. In this commul/Nen it turns superconducting. The fdns, layer “pins
nication, we report direct measurmentsl g for quasiparti- the adjacent Permalloy=( “Py” ) layer via exchange bias so

cle penetration througBin the low-temperature limit under that its magnetizatiorM remains fixed in weak magnetic
diffusive conditions. fields that can reorient of the “free” Py layer, allowing

Two other length scales can affect the propertieSidt good control of the relativ® and AP states of these two®
interfaces, the spin-diffusion lengths (“spin-flip length”) Iayer_s_. For _CPP measurements, the important parameters are
in the F and S metals. Theoretical wolfR~12on S/F inter-  SPECIfiC resistance&R,p andARp, whereA is the 75.m

faces focuses off;, which contributes to the effective/F X 75 pm area of CPP current flow, arithp andR; are the
interface resistance via a “spin-accumulation” proces$in cPP regstances in the AP_ _aﬁ’dstates of the_twcF layers,
This length appears only indirectly in our present Study,respectwely. Thg specific . ma.\gnetore3|st'ano@AR
where we have chosdrlayer thicknesses much larger than [=A(Rap—Rp)] will decrease if spin memory is lost as the
|§f. The spin-diffusion lengths in the norm@dll) and super-
conducting states of 8 metal were recently predicted to be

<« Top contact (250 nm)

the same|5;=1Z;.1 Because of Andreev reflection, we will L e (10mm)
see that g, in our proximity-coupled superconductor is less S o
$i0 | FeMn |«——— AF pinning layer (8 nm)

than itslL;.

The only prior attempt to measutg, in a conventional
superconductor using spin-polarized transffoemployed a
F1/Nb/F2 spin-transistor geometry that suffered from im- ,
portant problems. The current distribution of interest was Py |
highly nonuniform, the voltage response was not linear with
applied current, and the relative magnetic order of the Fwo
layers was not under good control in the antiparallel state.
Also the measurements were restricted to the narrow tem- 75 um
perature(T) range 0.985T/T.<1.0, whereT, is the super-
conducting transition temperature of the Nb. For this range
of T/T¢, less than 20% of the electrons impinging &n FIG. 1. Diagram of CPP exchange-biased spin valve structure in
satisfy the E<A criterion for evanescent-wave behavior. the form of a 75umx 75 um pillar. There are four 10-nm-thick Cu
Thus it is not surprising that extrapolation to the=0 limit layers, and Py Nig/Fes.

<+«——+— Pinned Py (24 nm)

<+«——+— Superconductor (Nb)

<+ Free Py (24 nm)
S+ Cu (10 nm)
<+ Bottom contact (250 nm’

Sample Area ~ 5100 pum? (~75 ym X ~75 pm)
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FIG. 2. Temperature dependences/AR (@, left-hand ordi- FIG. 3. AAR vstyy in the normal T>T,) and superconducting

nate and Rp (V, right-hand ordinatefor ty,=60 nm. For com- (O,T/T,=0.3) states. FoT>T., 4 and @ represent, respec-
parison,Rp of a ty,=15 nm sample is shown as a dashed curve.tively, 1 mmx1 mm samples withty,=<20 nm (Ref. 15 and
Inset shows the CPP-resistance vs magnetic field at 4.2 K for thé5 umx75 um pillars with ty,=15 nm. The solid and dashed
tnp=60 Nm sample as the magnetization of the “free” Py layer lines are least-squares fits to the data Tor T, and T/T.=0.3,
cycles between its antiparalléAP) and parallel(P) orientations  respectivelyi, is explained in the text. Inse@ depicts the depen-
with respect to that of the “pinned” Py layer. These valuesRpf ~ dence ofT. ontyy,; X is for the case where the two Cu layers on
andAR at 4.2 K can be read from the main figure. either side of the middle Nb layer are missing.

current traverses the middle Nb layer. The CPP resistandgetween them shows the effect Bg of this middle Nb layer
exhibits no observable dependence upon applied curremfecoming superconducting. Further analysis of e be-
even when this Nb layer is superconducting, except at highefaviors will be published elsewhet®.
current denSitieS’floo A/C”?) for T very nearTC of the In F|g 3,AAR decays as a Simp|e exponentia| th)
outer Nb contacts. The middle Nb layer was separated fronfor both the normal and superconductinfy T.= 0.3) states.
the two Py layers by two Cu layers &f,=10 nm thickness The inset shows thaf, depends upoty, due to the prox-
to eliminate an observed 50% drop inAR when Nb and Py  imity of the two Py layers. Based upon our earlier studies
are in direct contact and to allow a direct comparison withyith such a spin-polarization detectSiwe define an “effec-
our earllerworlg on spin-memory loss in nonsuperconductingjye spin-polarized quasiparticle penetration Iengtf;:)’f in
thin Nb layers'® L the Nb for the two states usinA Rxexp(—tyy/I5y). For the
The inset to '.:'g' 2 shows the magnetic-field depe_ndencgormm state, the two sets of data, for earlier 1 xainmm
of the CPP re5|stan(_:e a’g 4.2 K for a.superconductmg samples @) (Ref. 19 and present 7&mx 75 um pillars
;60 n“] s?rE?IeH LhASP m;%ortthterf;']S Itooppdelmonstrateﬁ.)’ are in very good agreement in their region of overlap;
mgdvéit'e;;" isned AT ard stales ot e o 7y 'a¥erS N and they combine to gives '=48+3 nm (=1YP), which
gnetic fields. In most of the experiments rees well witHNP=25* nm obtained earlier f v th
~*100 Oe fields were adequate for this purpose. The mai 9 sf —=7=5 obtained earlier for only the
part of Fig. 2 shows th& dependence oAR andRp. For mmX1 mm sar_nples: we assume thaf n _the norma_l
T>T,, AR is temperature independent. &, AR begins to state is due tzsspm—orblt scattering, begause in our studlgs of
decrease with decreasifigin the superconducting state. At Normal metals;’ls; decreased systematically with increasing
T~1.5 K, AR is about 1/3 of its value &, implying sig- Z (V—Nb—W) as would be expected for spin-orbit scatter-

nificant residual spin-polarized quasiparticle penetratiorind- However, this value Of_glfb is much smaller than the
through this Nb layer. Note that our detector responds to &~ 800 nm obtained in the spin-transistor experiments for Nb
reduced quasiparticle penetration througas a loss of spin  Samples of similar residual resistivity.Thus perhaps mag-
memory(a lowerAR). netic impurity scattering contributions tafb cannot be ruled
The behavior oRp is more complex. AT, Rp exhibits ~ out for our Nb films:® For the superconducting state with
a discontinuity in slope, withRp initially decreasing rapidly T/Tc=0.3, we obtainl§'=17.5+0.6 nm, which provides
for T<T,. Note thatAR and Rp imply the same value of an approximate measure of the length scale for quasiparticle
T., and this agreement applies to all valuestgf.*® The penetration into the Nb prior to Andreev reflection at this
dashed curve shows thE dependence oRe for a ty, relatively low temperature. However, sintl is a combi-
=15 nm sample where the Nb layer is not superconductingpation of the actual length scale for quasiparticle penetration
for T=1.5K. Separate experiments indicate that this(lqp) andldy, further analysis is needed to extrag; .
resistance-minimum behavior originates mostly at the inter- For our Nb the residual resistivityy,~60+=10 n() m at
faces between the multilayer and the outer 250-nm-thick NH.2 K. FrompypA np=0.38 10 m?,%° where\ y,, is the elastic
layers that havd .=9.1 K. AboveT, of the 60-nm sample, mean free path, we obtaxy,~6 nm. Hence our samples

the twoRp data sets look simildr. Below T., the difference  have\ ,<typ, implying that the motion of the quasiparti-
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cles is diffusive. In this diffusive and low-limit, one has in
the superconducting state tH§f'= VD 7e¢;, whereD is the
electron diffusion constant angl¢; is an effective time con-
taining contributions from both “spin-orbit” scattering and
Cooper-pair formation via Andreev reflection for quasiparti-

cles withE<A. If the two processes are independent, then

their rates add, giving the simple resulf () 2= (1 4,) ~2
+(137) 2. We obtain I,,=18.8+0.8 nm for T/T.=0.3,
which is an upper bound on if§=0 valuelgp. One can
estimate the Ginzberg-Landab=0 dirty-limit coherence
length for our Nb using(0)~0.86y\ &g, Whereé, is the
clean-limit coherence length for Nb~(40 nm) 8 We obtain
£(0)~13 nm, comparable to our value &f,. This is the

central result of this paper: the penetration length for diffus-

ing spin-polarized quasiparticles with<A appears to be
close to theT=0 dirty-limit coherence length and is not as
short as estimated earli¥rOur work demonstrates that un-
der diffusive conditions witE<A the length scale of the
polarized evanescent-wave penetration~ig(0), a result
that had been anticipated for diffusing unpolarized
quasiparticles!

In Fig. 3 theT/T;=0.3 line joins theT>T, line attyy
~28 nm. At this thicknesa no longer acts as a “barrier” to
guasiparticle penetration. To take thisdepression into ac-

count, we adopt the following simple model to compute the

T dependence oAR: let A be a rectangular barrier of re-
duced width {y,—tp) and constant heighi,(T), whereA

=0 everywhere outside the barrier. Thus at the line-joining

point in Fig. 3, the effective barrier width is zero, giving
~28 nm, a reasonable value in comparison-t2£(0). This
severe depression @ inside S over a distance of- £(0)
from the two S/F interfaces is similar to that observed in
the Au/NbSe systen?>? We also assume that the barrier
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FIG. 4. ARE<Ab=ARn0rm— 2f[Ap(T)] vs T/T, for different
thickness Nb samples whereR,,,,, is @ normalized form of the
AR data,f is the Fermi-Dirac distribution function and, is the
actual transition temperature for each valuegf. The X symbols
are for the case where the two Cu layers on either side of the middle
Nb layer are missing fary,=30 and 60 nm. The solid, dashed, and
dotted curves are explained in the text.

>A,, the possibility of Andreev reflection and relaxation of
quasiparticles into Cooper pairs by other processes. Thus in
Fig. 4 we pIotARE<Ab={ARnorm—2f[Ab(T)]} vs T/T,,

for 30 nm=ty,=<100 nm.
In Fig. 4, the behaviors oARE<Ab for the extremes of

typ are simple. For smalty,, the quasiparticles witte

height A,(T) has the BCS temperature dependence and is<A, have a very small probability of forming Cooper pairs

proportional toT(tyy,),2° the actualT, of the Nb layer of
thicknesstyy, -

The next step in modeling th& behavior of AR is to
divide the flux of quasiparticles enterirgfrom F into two
parts: the fractions®) with E>A, andE<A,. In the low-

voltage-biased limit that is applicable to our experiments, we,

have for the forméf

+ 00
¢E>Ab:2fA

wheref is the Fermi-Dirac distribution function anﬁEqb
=1-®g., . Note that in theT=0 limit, one has
(I)E>Ab:0'

To compareAR data for different values dify,, we nor-
malize eachAR data set at fixetly, (= AR, orm) tO its value
at T slightly aboveT., whereAR is mostly independent of
T. The resulting quantitA R, o, satisfies B AR,q;m=1 for

’ )dEsz[Ab(T)], (1)

f
JE

b(T)

0<T/T.=<1. Since we want to emphasize those quasipartizne E=0 Jimit for |

cles withE<A,, we subtract fromAR,,,, the contribution
of quasiparticles wittE> Ay . If the quasiparticle transmis-

sion probability across the barrier is unchanged in the super-

conducting state foE>A,,, then this subtractive correction
is simply ®E>Ab=2f[Ab(T)]. Here we have ignored fdg

and thus ARg.y ~1—-2f[Ap(T)], represented by the

dashed curve. Indeed, thg,=30 nm data are reasonably
close to this dashed curve. For the other extreme of very
large ty,, the quasiparticles witlE<A, have a very high
probability of forming Cooper pairs, causirngE<Ab~0.

As expected, they,=100 nm data are reasonably close to
this limit. In Fig. 4 and in the inset to Fig. 3, the symbols
represent the case where the two Cu layers on either side of
the middle Nb layer are missing. In both figures these data
agree reasonably well with those fof,=10 nm, implying

that the presence of the Cu layers does not affect our conclu-
sions about the quasiparticle transport in Nb.

To understand better th€& dependence oARE<Ab, we
assume in the diffusive limit that the quasiparticle penetra-
tion length obeysl,,(T)= VD 7a(T) where 7,(T) is the
characteristic time for Andreev reflection withra(T)
«1/A,(T) from an “uncertainty-principle” argument. Here
we ignore any dependencelgf,(T) on E, essentially taking
qp(T). We obtain

ARe5, ={1-2f[Ap(T)1}

x{e~(tno—tol \/[ISNFI*2+[|qp<T)r2—[1/|2‘fb11}. %)
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The two dotted curves in Fig. 4 represent the second term iastimated above. Clearly further theoretical work is needed
the right-hand side of Eq2) for ty,=30 and 100 nm, asso- that includes better modeling of the spin-memory-loss detec-
ciated with theT dependence of,,. The two solid curves tor in its AP andP states under diffusive quasiparticle trans-
are the corresponding complete fits to the data by(Egfor ~ POrt through a realistid barrier at all energies.

T/T.=0.3. At intermediate temperatures, the fit to the 30-nm__ !N conclusion, we have used the magnetoresistance of a
data is reasonable. but the fit to the 100-nm data is wors erpendicular-current exchange-biased spin valve to measure

although the overall' behavior is similar to the data. These d’;ﬁ&?&;ﬂf&‘eﬁgﬁngcpc',ﬂ}jpuoéﬁﬁéeﬂguﬂsmgbc lﬁrsnizis ey
fits show that theARe, data represent a competition with e |ength scale for this penetration-isl6 nm, comparable

decreasingT between the increasing flux of quasiparticlesto the estimated zero-temperature dirty-limit coherence
with E<A, and the decreasing transmission probability asdength. Theoretical work is needed to model the spin-
sociated with the reduction df,,(T). More extensive fits of ~polarization detector and the temperature dependence of the
Eq. (2) to all the data foiT/T,<0.3 were done, but at inter- SPin-polarized transport.

mediate temperatures the fits fell below the data of Fig. 4,
becoming progressively worse &g, increased. For each
value oftyy, Igp [=14p(0)] andt, were adjusted within the
range 16.51 nm and 26.%3 nm, respectively, to obtain
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