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We describe measurements using a technique for determining interfacial resistances and loss of spin-
direction memory(spin relaxatioin for nonmagnetic metals and nonmagnetic interfaces. The technique in-
volves inserting the metal of interest, or a multilayer, into the middle of a current-perpendiQP&
permalloy-based exchange-biased spin-valve and monitoring the resulting increase in CPP resistance and
decrease in magnetoresistance. The technique has the advantage over earlier ones of giving both uniform
current and control of the required magnetic states. We test and validate the techniqu@)usmnalloy, CuPt
(6 at. 99, in which the spin-diffusion length has previously been measured with a different techfiee,
metal, Ag, where we expect a long spin-diffusion length, &)dCu/Ag interfaces, where we expect little if
any spin-memory loss. We then use the technique to measure spin-memofywospin-diffusion lengthat
4.2 K of the antiferromagnetic alloy FeMn, which is used for pinning the ferromagnetic layers in our spin-
valves, and of sputtered single layers of V, Nb, and W preparatory to measuring interfacial resistance and
interfacial spin-memory loss in sputterge@u/Ag]y, [Cu/V]y, [Cu/Nb]y, and[ Cu/W]y multilayers withN
repeats. To our surprise, we discovered large interfacial spin-relaxation rates for V/Cu, Nb/Cu, and W/Cu
interfaces. These rates seem to be understandable as due to spin-orbit coupling in high resistivity interfacial
alloys.

. INTRODUCTION alloys.*? The techniques of the previous studies of N layers
did not give complete control over the two magnetic states
Spin-polarized transport in ferromagneti® metals, nee_dec_zl for a rigor_ous analysis, the ones in which the mag-
where the scattering of conduction electrons depends upopetizationsM of adjacent F layers are aligned paralle} or
the relative directions of the electron spin and the local magantiparallel(AP) to each other. We achieve such control by
netizationM, has been studied since the 1970sterest in ~Means of a perma8llo§Py)-based exchange-biased spin-valve
the topic exploded recently after the discovery of giant mag{EBSV) geometry”, where a layer of the antlfe‘r‘rqmagrletlc
netoresistancéGMR) in ferromagnetic-nonmagnetige/N) ~ (AF) metal FeMn adjacent to one Py layghe “pinned
metal multilayeré and rapid progress to GMR-based layen anstra|r_13 that layer's so that it reone_nts only at a
technology? It was recognized early on that spin-relaxation much hlgher _f|e|d than that needed t(?‘ reo,r,lent Meof a
(loss of spin-direction-memojy could degrade second, identical-thickness Py lay@he “free” layer). The

spin-polarizatiort. Initial studies were limited to spin-current two Py layers are separated from each other by an N layer

mixing due to scattering by phonons or magnons, which re'_[hlck enough to eliminate any exchange coupling between

! . S them. The only measurements of spin-relaxation at interfaces
quires temperatures high enough to produce significant phq{nown to us are those from ESR studies of interfaces of
non and magnon populatiohd. Recent studies of spin-

o ! X alkali metals with Cu, Mn, and AlRef. 19 and the prelimi-

current mixing are reviewed in Ref. 5. , _ nary report® of our Cu/Nb multilayer data. The ESR studies

Only more recently was it recogniZel’ that spin-  |eq’to the belief that any spin-relaxation at interfaces is
relaxation could be important even at low temperatieeg.,  small. In contrast, we show that spin relaxation at some in-
4.2 K) where scattering by phonons and magnons is negliterfaces can be substantial.
gible, and that such relaxation might remain dominant to  Since there should be few paramagnetic impurities in our
high temperatures. Low temperature spin-relaxation is at€u or the inserts, the spin-relaxation we study should be
tracting increasing attentioh2® but is still inadequately un- dominated by spin-orbit coupling. To allow a simple study of
derstood. In this paper we describe in detail, test, and implespin-orbit coupling, we chose Ag, which is chemically simi-
ment a new low-temperature detector in the currentdar to Cu and where we expect to find a long spin-diffusion
perpendicular to the planéCPP geometry’ that allows length, and the three metals V, Nb, and W, which are chemi-
fairly straightforward measurements of the resistances ofally similar to each othe®® Since spin-orbit coupling in-
N, /N, interfaces and of spin-relaxation within N metals or creases with increasing row in the periodic taBlee expect
alloys and at N/N, interfaces. The technique was first ap- spin-relaxation to increase from V to Nb to W. Ag, V, Nb,
plied in Ref. 16. and W are all nearly insoluble in G so interface intermix-

Spin-relaxation within N metals was first studied by ing should occur only during deposition. The Nb and V lay-
Johnson and SilsbBand JohnsoR.We and others later ex- ers are thin enough so that, sandwiched between Cu and
tended measurements to N all&ys* and to F metals and ferromagnetic Py layers, they remain non-superconducting at
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our measuring temperature of 4.2 K; in fact, our thickest Nb
layer, typ=20 nm, remained normal down to about 2.7 K.
We test and validate our detector in three ways. First, quan-
titatively using an alloy of CuP{6 at. %9—hereafter just
CuPt—where the spin-relaxation length, the spin-diffusion
Iengthlscfupt, is dominated by spin-orbit coupling associated
with the heavy Pt impurity and was previously measured
with a different techniqué® Second, qualitatively with sput-
tered Ag, where we expeti’fg to be long. Third, also quali-
tatively, with[Cu/Ag] interfaces, which should give little or
no spin-memory loss. We then study spin-memory loss in
single layers of antiferromagnetic FeMn, because of its role
in our EBSVs, and in V, Nb, and W, mainly because we
need their parameters for our studie$\éfCu], [Nb/Cu], and
[WICu] interfaces, but also to get a feeling for the sizepf

in sputtered multilayers of these metals. We note that values
of I at 4.2 K for nominally “pure” metals are not quanti-
tatively transferrable, because they are determined by the
particular residual defectémpurities and point, line, and
surface—e.q., stacking faultproduced by a given prepara-
tion system. The simple exponential decay of our data with
increasing layer thickness at least shows that the defects in
our samples do not vary substantially with layer thickness.
Lastly, observation of systematic variations in interface re-
sistance, and systematically different spin-memory loss, for
interfaces of Cu with Ag and the three chemically similar
metals V, Nb, and W, lets us rule out spurious results due to
accidental magnetic contamination of any single type of in-
terface.

Il. SAMPLES AND PRINCIPLES OF THE TECHNIQUE
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FIG. 1. Sample structure showing the Nb cross strips and the

been described elsewhéfeThe basis of the present tech- Sample-to-sample fluctuations tp, (Ref. 7) and because

nigue is our standard method of crossed mm wide, 250

largetp, simplifies the analysis as described in Sec. Ill. De-

nm thick superconducting Nb strigdused to produce uni- tailed studies oAR(AP), AR(P), and AAR for Py-based

form current flow through the area~1.1mnf of the

EBSVs without inserts have already been publishé&ily. 2

sample of interest—here our EBSV-based spin-relaxatio§noWs that both the magnetizatiéh and AR for a control

detector. In the present study we sputtered a 10 nm thick CEBSV (with no insertedX layer) show the required sharp
layer on top of the bottom Nb strip to help the AF-metal transitions betwee® and AP states and constant values in

FeMn grow in the proper crystal structure for pinrfiignd a

10 nm Cu layer just below the last Nb strip to minimize the
saturation fieldH of the topmost Py layer. Separate studies
have shown that these Cu layers become superconducting |
the proximity effect, so that the S/FeMn and S/Py interface
specific resistances between each superconductor and _
neighboring F-layer or AF-layer remain the same for theg
Nb/Cu bilayers as for a bare Nb layers. The crossed-strij§
geometry lets us directly measure the experimental quantitie
of interest® for our detector: its specific resistandeseaA
times resistancdr) for the two magnetic stateAR(AP),
AR(P), and the difference between themAR=AR(AP)
—AR(P).

The detector, sandwiched between the Nb strips, consisi
of a sputtered Py-based CPP-EBSV, in the middle of whict
is placed the inserX of interest as shown in Fig. 1. The
EBSV consists of two equal thickneds{= 24 nm) layers of
Py separated by a Cu layer thick enough,&20nm) to
magnetically decouple the Py layers. We chas@lg}y
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FIG. 2. AR (filled circles and magnetizatiofM) (open dia-

=5.5nm to make the signal of interest insensitive to smalimonds hysteresis curves for a Py-based EBSV without an insert.
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each state. The insext within the Cu layer can be either a L B A B A B
single N layer of thicknesdy, or a multilayer with N 0o

bilayers—the number of bilayers is italicized to distin- -

guish it from N for the nonmagnetic metal. The effect of 1

such an insert on the spin-valve signal is demonstrated i =

Fig. 3, which compares the AR hysteresis loops for a contro 21 PP90006 3 o 00

spin valve with those from spin valves with insert9Gt Ag, /! ' * Nb 1
CuPt, V, Nb, and W. The basic principle of the detector is 20 - b

that spin relaxation irK will cause AAR to decrease expo-

nentially withty or N, and measurement of that decrease will i
20
19 é

[ T - e~ — 4

allow extraction of the magnitude of the spin relaxation. In
practice the situation is slightly more complicated since the
inserted layer or multilayer increases the resistance of th
structure in addition to providing avenues for spin relaxation. _
Both spin relaxation and the added resistance introduce’e
by the insert can reduce tfeAR of our EBSV structures. If £ 55 | fitoed
the relaxation rate is not too large, and is dominated by pro £ r Lo :
cesses in the bulk of the inserted layer, then the Valet-Fel% 20
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(VF) theory" predicts that r i | B CuPt |
}__—A—_:'{;;_:hi: i b - -k ’f—'—‘t-‘:*«—‘*:-_*~——f
AARxexy] —ty /1X]/(ARy+AR,). (1) 2l =
The proportionality constant depends on the bulk and inter 20 I’szo\e“%o»o\o\» ]
face spin anisotropy parameters for Ry, and sz are the 19 v ! |

o b \ 3

i

i

thickness and spin diffusion lengths of the ins&mR, is for 1
the contribution to the denominator from the EBSV without L on | ; . Ag

the insert, andAR, is the specific resistance increase associ 18T TeTTe R e e
ated with the insert. If spin relaxation is dominated by inter- F =
facial processes we may modify the above result to the forn 19 + prongse o .

AAR=exp{ —2N8Y/(ARy+AR,), 2 18 [
where N is the number of inserted interfaces afid t, /1 17 ﬁ i ‘.‘ . ‘:. ‘ ]
is the ratio of the interface thickness to its spin diffusion T eegeensesd  po e, Nithoptlngert |

length. AR, and AR, have the same meaning as in E)
and we note that the latter has both interface and bulk cor
tributions AR, = N(pntnTt peutcut 2ARcyn) - In most cases
the pc e, term is negligible.

Even with no spin-relaxation i (i.e., |N=15"N=c), the
term AR, in the denominators of Eqgl) and (2) causes
AAR to decrease algebraically with increasingor N, in a

way calculable from independent measurements of the prop- . ) . . .
erties of the component layers in the EBSV. written for the spin-dependent, and spatially varying, chemi-

Spin-relaxation, in contrast, causddR to decrease ex- cal potentials and spin-dependent currents in each of the lay-

ponentially as suggested by the numerators of Efjsand 'S in the sample, and these relations are matched at the

(2). The more rigorous equations actually used in our ana|y1nterfaces, taking account of interfacial specific resistances

sis are described in Sec. IIl. They account for spin relaxatiofVeén needed but neglecting any interface-induced spin re-

both at the Cu/N interfaces and within the N layers, buti@xation. In this theory, havinge,> I simplifies the com-
assume thatscf“ is so large that there is no spin-relaxation putation ofAAR, because any nonequilibrium spin distribu-

within the Cu layers. In this full theory the simple exponen-tion in the Py layer resulting from the spin-polarized current
tials of Eqs.(1) and(2) are replaced by hyperbolic functions, 1owing through the EBSV decays with distance from the

but we shall see that the essential physics is well describe§U/PY interface over a length scafg. Thus the regions of
by the above simplified forms. the structure outside this distance from the Cu/Py interface

(viz. the remainder of the Py layer, the FeMn layer, and the
Py/S interfaces make no contribution tAAAR; they only
increase the total specific resistance of the struciiRe
Formally, our data are fit by solutions to equations de- Figure 4a) shows the structural model used in adapting
rived for our multilayered samples using the two spin-the VF theory to the case of a single N-layer ingedt, of
channel(VF) theory for finitel ;.* For CPP current flow in a nominal total thicknessy, in the middle of the Cu layer.
F/N multilayer, the VF theory describes the spin-polarizedThe Cu/N interfacél) is modeled as a uniform slab of resis-
transport in terms of a splitting of the electrochemical potendivity p,, spin-relaxation Iength'Sf and thickness, to which
tials for the spin-up and spin-down electrons. Relations ar¢he Cu and N make equal contributions and for whigh

-200 -100 0 100 200 300 400

FIG. 3. ARhysteresis curves for Py-based EBSVs with no insert
and with single layer, 3 nm thick inserts of Ag, C(#at. %, V,
Nb, and W.

IIl. EQUATIONS
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with fAP=cothty/21%) andf{=tanh¢y/25). For the Py lay-
T PN ers,ph is the resistivity andARK2, is the Py/Cu interface
resistance for conduction electron moment pardbetipar-
allel) to the magnetization, givingy,=(pp,* pp,)/4 and
ARS, o= (ARbLyci+ ARb,c) /4. The anisotropy parameters
p and y are defined byB=[(pp,~ ph,)/(pb, = pby)] and y
=[(ARbyci= ARbyc)/ (ARby et ARy c) 1.

The parameters within the Py and at the Py/Cu interfaces
are taken to be those published in Ref. 7, except that we have
increasedB from 0.73+0.07 to 0.76-0.07 to account for
slightly larger values oAAR seen in our more recently pro-
duced Py-based EBSVs without insefts.

Fig. 4(b) showsAAR vsty for the VF theory as applied to
the multilayer structure of Fig.(d), using parameters indi-

t. (nm) cated in the figure caption. To obtain solutions to more com-
plicated, less symmetrical multilayers, we usually solve the

FIG. 4. (a) Simplified picture of an EBSV with a single N-layer coupled linear-equation problem numerically; this numerical
insert(X) of total thicknesgy in the middle of the Cu layer. Each solution is shown as a solid curve. To simplify the solution
Cu/N interface slab has thicknegsfor ty=t,. (b) AAR vsty for  for this plot, we have assumed that there is no spin relaxation
solutions to Valet-Fer{VF) theory. Solid curve: numerical solu- in the Cu/N interfacial regiont(<|'sf). The solid circles are
tion; solid circles: algebraic solution; dot-dashed curve: (Eg(this the algebraic solutiofiEgs. (3) and (4)]. As expected, the
curve overlaps with the solid curve fdi below the “knee”);  solid curve and the circles are indistinguishable. The dot-
dashed lingvertical position arbitrarily s¢t&=numerator of Eq(1): dashed curve represents Eg), suitably normalized to agree
exp(—ty/IY) wherety is the thickness of t_he bulk part of the N\ ith the exact solution at,=0. Equation(1) clearly pro-
layer. The parameters for the VF solutions dgg=10nm, & y;ijes 4 reasonable approximation to the expected behavior,
;1()“:;‘1 aAn%%J’N;g;%210'07?5;2/tles;;%thgr'“;;g&gg‘s a:;f as especially for smalky. The “knee” in the solid curve at
in Ref. 7 Py— ' f[xz 1 nm(=t,) occurs at the value df, where the two Cu/N

interfaces become fully formed. Thus measuremensAoR

for an EBSV can detect the formation of just two interfaces

in the Cu layer between the two Py layers, so lond\&s,

is sufficiently large—see Eq(l) discussion. The dashed
=t,/ll;. For ty>t,, one hasty=tx—t,, wherety is the curve indicates the exponential form, exji(/I%), from the

(fam?)

AAR

thickness of the bulk part of the N layer addRq n=pit; - numerator of Eq(1). The slopes of the solid and dashed
The bulk N layer is assumed to have spin-diffusion lengthcurves agree well at lards .
IN, and the Cu layer, of thicknesg, and resistivitypc,, to Figure 5a) shows the assumed sample structure for a

have infinitel Y. Forty<t, , the two overlapping interfacial Multilayer insert containingN[Cu/N] bilayers. The VF

slabs are treated as one slab with total thickeeds, ty thelz_?ryhls f'_rStI usetd tt(') :elatir;thectw;) pararr][etershof tge ];spln-
—0, andp, and & the same as before. split chemical potentials in the Cu layers at each end of one

The sample structure shown in Figatwas chosen to be unit cell via a simple X 2 transfer matrix. Then the whole

; : e : structure is solved numerically, including contributions from
symmetric, which simplifies the VF equations because th%oth Py layers. Figure(B) is a plot of AAR vs N. The solid

spin-split chemical potentials have even and odd symmetr urve is the solution for the parameters listed in the figure

about the center of the N layer for AP and P states of the ID%aption. The dashed curve indicates the exponential form of

layers, respective_ly. Algebraic equations AR can then the numerator of Eq.2). As expected, at largl the slopes
be obtained, as displayed below: of these curves are very similar.

1 1
AAR=2(Bph )P+ yAR;y,CL)Z(D—P— D_AP) ) IV. DATA AND ANALYSIS
We start with the data for single layer inserts. Figure 3

showed theAR hysteresis curves for EBSVs with 3 nm thick
where inserts of Ag, V, Nb, W, and CuPt. Similar curves are also
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FIG. 5. (a) Sample structure for inserts containiNginit cells of
[Cu/N] with Cu/N interfacegl) as defined in Fig. 4 and the texh) 0 5 10 15
AAR vs N for solutions to VF theory. Solid curve: numerical solu- t(nm)
tion; dashed linévertical position arbitrarily set numerator of Eq.
(1): exp(=2Né). The parameters are the same as for Fib),4ex- FIG. 6. AAR vs ty, for single layer inserts of CuPt, FeMn, Ag,
cept herety=1nm, Ig=c, and 5=t, /1=0.2. V, Nb, and W. The solid curves are fits assumiifjg- <. The dotted

. N and dashed curves are fits with the valuespgiven in Table I.
obtained for FeMn. As in Fig. 2, all of the data show sharp

transitions betweed\P and P states and well defined con-
stant values oARin both theP andAP states. In contrast to
Fig. 2, Fig. 3 shows data to fields in the positive direction
sufficiently large to unpin the exchanged-biased Py layer.
Figure 6 shows the decreases AR with ty for the
samples of Fig. 4 plus FeMine., samples with a single layer
inserted into the EBS) CuPt was measured to test the new
technique by determining a value @“P‘ to compare with

the valuel gf“PE_BizOnm measured earlier with a completely " ye atiripute the later slower decreasedAR with ty to
different technlqgi.LThe best fit(dotted curve in Fig. B the combination of increasing insert resistapgenominator

gjves a value of g 1_1i3 nm that ovgrlaps with the Pré- of Eq. (1)] and spin-relaxation in Nnumerator of Eq(1)].
vious one. We take this overlap to validate both techniques

to within their mutual uncertainties.

As a demonstration of our technique in a more general |
context we have also measured spin relaxation in the antifer-
romagnetic alloy FeMn used for the exchange-bias-pinningata or o N ARcun
in our EBSV. The FeMn data in Fig. 6 fall off very rapidly nyilayer (nQm) (n?n) (fomd S=toyn /IS
with tremn. The dashed curve is a fit with very strong inter-
facial spin relaxation6=2.5 followed by a shortlZ?™"  CuPt6 at.% 160=30 11+3

20

form is important, as it lets us estimate the interface thick-
ness. The lengths over which rapid decreases in Fig. 2 occur
yield interface thicknessetc y=tcynp=0.6£0.1nm and
tcuw=0.920.1nm. The lack of any initial rapid decrease
with CuPt is due to the absence of any interface between
CuPt and Cu, and the smallness of any decrease with Ag is
consistent with the independently measiragry small
value of ARgaq=0.044+0.003 2 m?.

TABLE I. Independently measured resistivities, and derived pa-
meters, for metal layers or multilayers.

~1.5nm. Within uncertainties, the data can also be fit by a9 7x2 >40
single line corresponding to slightly smaller value fbr \% 10520 >40
Turning now to the four nominally “pure” metals, we see Nb 78+15 25°7
in Fig. 6 thatAAR for N=V, Nb, and W first decreases W 92+10 4.8-1
rapidly with increasing, and then more slowly. We ascribe Cu/Ag 0.044-0.003 0
the initial rapid decrease mostly to formation of the two Cu/vV 1.15-0.15 0.072-0.04
Cu/N interfaces, which contribute to the denominator of Eq.Cu/Nb 1.10-0.15 0.19-0.05
(1) [and to the numerator if is large enough for Eq2) to  cu/w 1.55+0.1 0.96+0.1

be more appropriale This ability to see the two interfaces
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FIG. 7. AR(AP) vs N for[Cu/Ag]y, [Cu/V]y, [Cu/Nb]y, and FIG. 8. AAR vs N for [Cu/Ag]y [Cu/V]y, [Cu/Nb]y, and
[Cu/W]y multilayer inserts. [ Cu/W]y multilayer inserts with fixed 3 nm thick layers of Ag, V,
Nb, and W. The solid curve for Ag and the dotted curve for V are

For Ag and V the predictegsolid) curves using indepen- redictions for6=0 (i.e., I$"™N=). The dashed curves for V, Nb,

dently measured parameters and assuming no Spm_rel\?xatlgﬂd W are fits to the data using the valuesddfiven in Table I.

are so close to the data that we can only say tffaand|Y

are>40 nm, the maximunhl} that we can distinguish from i o ) .
with the layer thicknesses measured. This expectedly Ioné__'s o] cIo;e to the dgta that we need little if any |nterfa'C|aI
1A9 shows that our technigue does not produce spurious spirpPin relaxatior(<0.5%finterfacg As Cu and Ag are chemi-
memory loss in single layers. For W, the predictions withoutcally similar, and the Cu/Ag interface resistance is srifall,
spin-relaxation lie well above the data. The dashed curvdis resultis expected, and serves as an additional check on
through the W data in Fig. 6 is a fit with the value Idf the validity of our technique. For the other three metals in
=4.8nm given in Table I. The dashed curve through the NgFi9- 8, however, the data fall well below the predicted
data in Fig. 6 is forl}\’=25nm. Both the W and Nb fits Curves—e.g., the dotted curve fpEu/V]y. Best fits to the
include also interfacial relaxation using tiéeparameters in  data with the analysis described in Sec. Ill above gives the
Table I. The fit to the Nb data is not unique. Those data caivalues in Table | foro=tcyn/IG"™. The values ofs for

be fit with values of 2@:|5’\"fb<oo nm. A very Ionglls\'fb agrees Cu/V, Cu/Nb, and Cu/W are surprisingly large for non-
best with Ref. 9. However, our fits to tH€u/Nb]y data in ~ magnetic interfaces.

Fig. 8 below, or to our previously publish&d[ Cu/Nb]y To try to explain the values oARc,y and & in Table I,
data, are then not so good. To “explain” th€u/Nb], data we assume simple intermixing of the interfaces during sput-
we would have to invoke an additional interfacial contribu-tering to make a 50%/50% interfacial alloy, and we assume
tion in Fig. 6 for intermediate Nb thicknesses, which wouldthat this alloyed region is characterized by the independently
also have to explain the observed variation in falloff ratemeasured bulk resistivity of the 50%/50% alloy. This model
with different Nb thicknesses in Ref. 16. In contrast, theneglects effects of interfacial potential steps, an approxima-
valuel Y= 25 nm also fits reasonably well the data of Fig. 8tion seemingly justified by a recent calculatih.

(broken curve and of Ref. 16. In this model, AR\ should be given just bycuntcun:

We are now ready for our multilayer data. Figure 7 showswherepcy is the resistivity of the 50%/50% interfacial al-
that AR(AP) increases linearly wittN. The slopes of these loy, andtc,y is the interface thickness. From Fig. 6, as well
curves represent the added specific resistances per insertagl independent studies of interface thicknesses for our sput-
bilayer. From these slopes, plus separate measurements tefed multilayerg’ we estimate the thicknesses,y given
Cu and N films, we determined the valuesA®R, listed in  above. The smalAR¢,, a4 for our sputtered Cu/Ag multilayer
column 4 of Table I. Armed with the materials parameters inhas been satisfactorily explained elsewResmply by in-
the first three columns of Table I, obtained from the data interfacial intermixing. No independent values AR¢,y for
Figs. 6 and 7 and independently measured resistivities dhe other alloys exist. For these, we compare our new values
separately sputtered thin films of each metal listed in colummf ARcyn With peyntewn, taking for pcyn, independently
2 of Table I, we can determine the parameters for our EBSVsneasured values for “bulk” C{b0%)/V(50%), Cu50%)/
with multilayer inserts and predict the decreasesAitR  Nb(50%), and Cu50%)/W(50%) alloys, or multilayers with
with N in the limit of no spin-relaxation at the insert inter- short modulation wavelengths, all of which appear to be
faces. For[Cu/Ag]y the prediction—solid curve in Fig. ~150 uQcm?® For V and Nb,tc,n=0.6nm then gives
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ARcyn=0.9f0m? and for W, te=0.9 nm givesARcyw V. SUMMARY AND CONCLUSIONS

=1.410m? all close to the values in Table I. , To summarize, we have described in detail and tested a
We next ask if our derived values éfcan be due simply  technique for measuring spin-relaxation in nonmagnetic
to spin-orbit scattering within the same 50%/50% alloy of metal layers and at nonmagnetic metal-nonmagnetic metal
thickness 0.6 or 0.9 nm. We start with the equationlfer interfaces. For measurements within single layers, the tech-
given in Ref. 11 in terms ok, the elastic mean-free-path, nique has the advantages that the current is uniform across
and\g, the spin-flip-lengthiwe shall assum& 4=\, the  the sample and the paralléP) and antiparalle(AP) mag-

spin-orbit length: netic states of the system are under complete control. It also
has the unanticipated advantage of allowing monitoring of
ls= V(NeAsi6). (5  the growth of the interfaces between the insert layer of inter-

_ . est and the Cu used to magnetically separate the magnetic

For a dilute alloy A can be written a€/pcyn, WhereC  |ayers. For measurements at interfaces, it seems to be more
is a constant associated with the “host metal” gngnis  straightforward to analyze than ESR and probably more
the alloy residual resistivity® For our assumed 50%/50% widely applicable. Tests of the technique for single metals
alloys, C should involve both metals in a way that we do notusing CuPt and Ag gave satisfactory agreement with previ-
know. As the simplest choice, we take the host metal to b@us measurements or expectation. The measured spin-
Cu, giving\ o= 66 nm/(pcyn) - >° The resulting uncertainty is  relaxation for FeMn is so strong that we describe it just by an
probably a factor of 2. As noted just above, independentnterfacial spin-relaxation of roughly 90%f/interface. Com-
measurements for NV, Nb, and W all give poyy  PiNing new experimental data with the measured valué§ of
~150u O cm.?® We thus take\ ;=66 nm/156=0.44nm for  for our sputtered layers with NAg, V, Nb, and W, we are
all three alloys. This small value partly explains the shortable to estimate values for spin-relaxation at Cu/Ag, Cu/V,
values ofl . Cu/Nb, and Cu/W interfaces. The spin-relaxation at Cu/Ag

The A due to spin-orbit coupling was recently shown to interfaces is expectedly sm_all. In contrast, spin _relaxat|on at
be very sensitive to details of Fermi surface structifeom ~ CU/V, Cu/Nb, and Cu/W interfaces is surprisingly large.
simple arguments we can thus expect only order of magni_However, bpth thg large sizes, and the relative magmtudgs,
tude results. Dimensional arguments suggest that the relevaffe compatible with a crude model where the interface is
cross-section should scale with the fourth power of theAPproximated as a ¢5|_0%)N(_50%) alloy in which spin-
atomic chargé for a given valencé! From Eq.(5) and the relaxatlo_n_ is due to sp|_n-orp|t coupling. If this analysis is
constant value just above fa,, the values of for V:Nb:W _correct, itis mportant, since |t.would then be unnecessary to
should then scale as 1:3:10e., asZ?), similar to the ob- invoke potential steps at the interfaces to understand either
served 1:3:14. the interface specific resistance or the interfacial spin-

Using a calculated spin-orbit cross-sectiog, for V in rela?(ation, ther'eby sjmp!ifying analysis of spin-relaxatiqn for
Cu2land the relation o= 1/(cno.y), wherec=0.5 is the V devices involving diffusive transport of spins across inter-
concentration anah is the number of atoms/unit volume in faces.
Cu, we estimate for V in Cu thdty=1.2nm andé=0.5.
This estimate ofé is even larger than we observe, but the
right order of magnitude. Given that the estimate applies This work was supported in part by the MSU CFMR,
dilute-limit values forhg, o5, andn to a 50%/50% alloy, MSU CSM, and by the US NSF under DMR Grants No.
and the apparent importance of Fermi surface detailsis  94-23795 and 98-20135 and MRSEC Grants No. 94-00417
level of agreement seems satisfactory. and 98-09688.
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