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Giant magnetoresistance of copper/permalloy multilayers
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Current perpendicular~CPP! and current in-plane~CIP! magnetoresistances~MR! have been measured on
sputtered Cu/Py~Py5Permalloy! multilayers at 4.2 K. The CPP-MR is several times larger than the CIP-MR.
For fixed Py layer thickness,tPy51.5 nm, both the CPP and CIP MR’s show oscillations with increasingtCu

with a period similar to that previously reported for the CIP-MR. The CPP data for Cu thicknesses large
enough that exchange interactions between Py layers are small are analyzed using the two spin-current model
for both infinite and finite spin-diffusion length in Py. The very low coercive field of Py leads to a larger than
usual uncertainty in the derived parameters, because of the uncertainty in the degree of antiparallel alignment
required for the analysis. Three alternative analyses give bulk and interface spin-dependent anisotropy param-
eters,b, andg, of comparable size, so that both must be considered in determining the CPP-MR. Our preferred
values, based upon an assumedI s f

Py55.561 nm, areb50.6560.1 andg50.7660.1. These values produce
good fits to the CPP-MR’s of Co/Cu/Py/Cu multilayers.
@S0163-1829~98!01442-8#
ly
a

x-

o

e

ad

is

o

as
r
re
in
ar
a
re

tor

e

t
le.
ent

ed

ons

-

lk
ce

the

Py
we

l-
lloy
ces-

Py,

in-

ibe
we
I. INTRODUCTION

Giant magnetoresistance~GMR! in multilayers composed
of alternating ferromagnetic (F) and nonmagnetic (N) layers
is of great interest both scientifically and technological
GMR is the reduction in resistance, often large, when
applied magnetic fieldH aligns the magnetizationsMi of the
F layers parallel~P! to each other. The largest GMR is e
pected to occur when interactions between theF layers cause
the Mi of adjacent layers to align antiparallel~AP! to each
other in the initial zero-field state. Theoretical analysis
GMR focuses upon the change in resistanceR, DR
5R(AP)2R(P), that occurs when the alignment chang
from AP to P. We formally define the MR as

MR5DR/R~P!. ~1!

Experimentally,R~P! is easily obtained by raisingH above
the saturation field,Hs , of the multilayer. EstimatingR~AP!
is more difficult, and is one of the main issues that we
dress.

The low coercive field (Hc;a few Oe! of Permalloy
(Ni1002xFex with x;205Py) makes the MR of multilayers
containing it of technological interest. We will see that th
same lowHc complicates the determination ofR~AP! for
Cu/Py multilayers, because the low-field magnetic state
the system can easily be perturbed by strayH fields during
growth.

The current in plane CIP-MR of Cu/Py multilayers w
measured by Parkin1 and later by others.2 The present pape
contains extensive data and analysis for Cu/Py with cur
flow perpendicular to the plane CPP-MR. It also conta
current in-plane CIP-MR data measured on samples prep
in the same sputtering system. Limited data and prelimin
values of parameters from our CPP-MR studies were
ported in Refs. 3–5.
PRB 580163-1829/98/58~18!/12230~7!/$15.00
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We previously showed that a two-current, series-resis
~2CSR! model, valid for infinite spin-diffusion lengths,l s f ,
in both theF andN layers of a multilayer, described well th
CPP-MR’s of Ag/Co~Refs. 6–10! and Cu/Co~Refs. 3, 8,
and 10! multilayers with Ag or Cu layers thick enough tha
exchange coupling between the Co layers is negligib
The model allows the separation of the spin-depend
scattering contributions in the bulkF metal and at the
F/N interfaces.7–10 These contributions are characteriz
by the spin-anisotropy parametersaF5rF

↓ /rF
↑ and aF/N

5RF/N
↓ /RF/N

↑ , whererF
↑(↓)andRF/N

↑(↓) are, respectively, theF-
layer bulk resistivity and the interface resistance of electr
with spin parallel~antiparallel! to theF-layer magnetization
Mi . The parametersb andg used in the 2CSR model analy
sis are given byaF5(11b)/(12b) and aF/N5(11g)(1
2g). For both Ag/Co and Cu/Co, our derived CPP bu
parameter,aCo;3 was noticeably smaller than the interfa
parameters,aCo/Cu;6 ~Ref. 8! and aCo/Ag;11.9 For these
multilayers, effects of interface scattering thus dominate
CPP-MR for Co layer thicknesses up totCo;40 nm.

The analysis of Fert and Campbell11 suggests that bulk
spin-dependent scattering should be more important in
than in Co. We thus chose Cu/Py as a system where
expected a largeraF than those for Ag/Co and Cu/Co, a
though we recognized that correlations between bulk a
parameters and those associated with MR’s need not ne
sarily be strong.12 From CIP-MR measurements, Dieny,13

Dieny et al.,14 and Gurneyet al.15 concluded that spin-
dependent scattering in Cu/Py occurs mostly in the bulk
with the former derivingaPy>8. Parkin,16 in contrast, has
argued that the Cu/Py CIP-MR is dominated by sp
dependent scattering at the interfaces. Lenczowski2 derived
values,aPy52.160.3 andaPy/Cu55.060.4. In the present
paper, we estimate the CPP-MR values,aPy54.721.3

12.3, and
aPy/Cu57.322.4

16 .
This paper is organized as follows. In Sec. II we descr

our samples and experimental techniques. In Sec. III,
12 230 ©1998 The American Physical Society
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briefly describe the 2CSR model which assumes no spin
either in bulk Cu or Py or at the Cu/Py interfaces, i.e., t
both l sf

N and l sf
F5`. We then explain the need for the theo

of Valet and Fert~VF!,17 which goes beyond this approx
mation. In Sec. IV we compare CIP-MR and CPP-MR’s f
our sputtered Cu/Py multilayers. In Sec. V we explain h
we approximate the AP states needed for analysis, an
Sec. VI we numerically fit the VF equations to the data
derive the parameters appropriate to our samples. In Sec
we test how well our parameters predict the specific re
tances~AR5Area times resistance! of Co/Cu/Py/Cu multi-
layers without adjustment. In Sec. VIII, we summarize a
conclude.

II. SAMPLES

Schematics of our CPP-MR samples can be s
elsewhere.5,9 The multilayer of interest is sandwiched9 be-
tween crossed Nb strips, which superconduct at our mea
ing temperature of 4.2 K, thereby ensuring a uniform curr
flow through the multilayer, of areaA;1.25 mm2, where
the strips overlap. The potential across the sample@including
the superconducting/ferromagnetic (S/F) contacts# is mea-
sured using a superconducting quantum interference de
null detector.

All of the samples were sputtered onto Si~100! substrates9

at sputtering pressure;2.5 mTorr. The sputtering rates we
;1.2 nm/s for Cu,;0.8 nm/s for Py, and;0.9 nm/s for Nb.
The substrate temperature was held between240 and
120 °C. Both the CPP and CIP multilayers withtPy51.5 nm
were grown on 5 nm thick Py buffer layers sputtered onto
bare Si for the CIP samples and onto the Nb for the C
samples. The other CPP multilayers were sputtered dire
onto the Nb, starting with a Py layer. All of the CPP mul
layers had the same total thickness,tT5360 nm. The other
CIP samples were sputtered with a 5 nmthick Py buffer onto
1.25 cm square substrates and then cleaved to produce
rower strips for MR and magnetizationM measurements
Since the geometrical factor was not well defined for the C
samples, only their MR’s are given.

X-ray fluorescence studies of 300 nm thick films of sp
tered Py and chips from a Py target showed that the ta
material had the expected composition of Ni80Fe20, but that
the sputtered Py was about Ni84Fe16.

The intrinsic CPP quantity is the specific resistance A7

Figure 1 shows AR(H) and M (H) for an exchange-
decoupled Cu/Py sample.Hc is only a few Oe.R(O) desig-
nates the resistance of the sample in its as-prepared
before H is applied. IncreasingH from zero gradually re-
ducesR(H) until it reaches its minimum value,R(S), above
Hs. Thereafter, upon cycling from1Hs to 2Hs , R(H)
varies betweenR(S) and a locally maximum value
R(Pk) that occurs at a fieldHPk near the coercive field
Hc where M50. In Ag/Co and Cu/Co, we have alway
found R(O)>R(Pk).8 In Cu/Py, in contrast, this is not al
ways so, and the difference will be important to our da
analysis.

The analysis of Sec. VI below assumes advance kno
edge of three parameters, the Cu and Py layer resistivi
rCu and rPy, and twice the Nb/Py interface resistanc
2ARNb/Py. 2ARNb/Py was estimated as the ordinate interce
s
t

in

II
s-

d

n

ur-
t

ce

e
P
tly

ar-

P

-
et

.

ate

a

l-
s,

,
t

of a linear plot of measured values of AR vstPy for sputtered
sandwiches of Nb/Py/Nb with fixedtNb5300 nm. Rather
scattered data gave 2ARNb/Py56.561.0 fV m2 and ~from
the slope! rPy5108620 nV m.

Values for rPy and rCu were estimated from measure
ments on independently sputtered thin films. For Cu, m
surements on 300 nm thick films, gave a simple average
rCu5561 nV m, consistent with what we previously foun
for Co/Cu multilayers.3,8 For Py, measurements on films o
different thicknesses prepared over two years from differ
targets ranged from a low of 102 nV m to a high of 177
nV m. These values are the same order of magnitude as
resistivity for bulk Py of;150 nV m,18 and the only value
for sputtered films we have found, Dieny’s13 rPy also'150
nV m. We use a judiciously weighted averagerPy5122620
nV m, which is consistent to within mutual uncertaintie
with the alternative estimate 108620 nV m noted above.

III. THEORETICAL BACKGROUND

At 4.2 K, where scattering by phonons and magno
should be negligible, the momentum transferring spin-fl
scattering lengths in sputtered metals and alloys are expe
to be much longer than the layer thicknesses of typical m
tilayers ~see Appendix A of Ref. 17!. The current-carrying
electrons can then be divided into two spin-channels tha
not intermix.19 In Ag, Cu, and Co there is now good ev
dence that the values ofl sf at 4.2 K are much longer than th
typical layer thicknesses.20 To obtain the CPP specific resis
tance, one then first simply adds the bulk and interface s
cific resistances within each channel in series and then a
the specific resistances of the two channels in parallel.10,19

This is the 2CSR model.
If the total thickness,tT5NtCu1NtPy, of the multilayer is

held fixed, and eithertPy is fixed andtCu is varied, or else one

FIG. 1. ~a! The CPP AR for a@Py~6 nm!/Cu~8.4 nm!#325
sample.~b! The magnetization of the same sample.
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holdstPy5tCu, then AR~AP! should vary linearly withN, the
number of bilayers. The general expression for the P sta
more complex, but except for very smallN, AR~P! is also
linear in N. Such linear variations, allow direct determin
tions of parameters from least-squares linear fits. The
tailed equations on which our analysis of the Ag/Co a
Cu/Co data was based can be found elsewhere.9,24

When the present study began, we expected a longl sf
Py,

and hence the analyses in Refs. 3 and 4 used the sim
2CSR model. However, the recent results of Steenw
et al.21 now suggest thatl sf

Py;5.5 nm. Handling a finitel sf
Py

requires more complex equations derived by Valet and F
~VF!.17 Since l sf

Cu is still long, l sf
Py is the only additional pa-

rameter introduced in Eqs.~40!–~42! of Ref. 17. Our data
analyses with finitel sf

Py must then be done numerically.

IV. COMPARISONS OF CIP- AND CPP-MR’s

Here, we compare our CPP-MR and CIP-MR data w
each other and with the CIP-MR data of Parkin1 and Lenc-
zowski et al.2 For this comparison, we subtract 2ARNb/Py
56.5 fV m2 from the denominators of the CPP-MR’s to r
move the contribution due to the Nb/Py interfaces.

Parkin found that the CIP-MR(Pk) of Cu/Py multilayers
with fixed tPy51.5 nm, and measured at 300 K, oscillates
magnitude with increasingtCu.1 Figure 2 shows our CIP-MR
data for Py~5 nm!@Py~1.5 nm!/Cu(tCu)] 14 taken at 4.2 K us-
ing, like Parkin and Lenczowski, theHPk data to approxi-
mate R(AP). The maxima data of Parkin~at 300 K! and
Lenczowski~at 4.2 K! are included for comparison. For th
CIP-MR, we found oscillations with essentially the same p
riod as they did, and generally little difference betwe
R(O) andR(Pk). Figure 2 shows that the CPP-MR is su
stantially larger than the CIP-MR. The larger magnitude
the CPP-MR data leads to the identification of at least 3
possibly 5 maxima, corresponding to a mean period of 1
nm. The CPP-MR also retains its large value to much lar
tCu than shown in Fig. 2~e.g., it is still 45% fortCu543.5
nm!, whereas the CIP-MR tends rapidly to zero astCu in-
creases. These behaviors are expected forl sf

Cu long.19

Figure 1 also shows that for the particular sample illu
trated,R(O) was larger thanR(Pk), similar to the behavior

FIG. 2. Magnetoresistance as a function of copper thicknes
the series Py~5 nm!@Py~1.5 nm!/Cu~tCu!#314. For comparison pur-
poses all the CIP data are forHPk . Only the peak points of the
Parkin ~300 K! and Lenczowski~4.2 K! data are shown. Both ou
CIP and CPP data were taken at 4.2 K.
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we found for most Cu/Co and Ag/Co multilayers. Howeve
this was not always true for Cu/Py, as will be discussed
the next section.

V. ESTIMATING AR „AP…

We now turn to the quantitative analysis of the CPP-AR
using the VF equations. As noted above, AR~P! is obtained
simply by increasing the applied fieldH to above the satura
tion field Hs, whereR(H) reaches its minimum valueR(S).
But estimating AR~AP! for samples with a wide range o
values oftCu is not so simple.

At the first peak in Fig. 2, the antiferromagnetic exchan
coupling is so strong that the measured AR should well
proximate AR~AP!. However, to achieve values of AR tha
vary monotonically withtCu and tPy, as required by the VF
equations, the samples that we analyze in this paper h
large values oftCu—tCu>10 nm—beyond the region wher
exchange coupling oscillating withtCu is appreciable. For
largetCu, any coupling should be magnetostatic, and it is n
obvious that this will produce AP ordering at lowH. From
theory, we expect the largest value of AR to best appro
mate AR~AP!. As noted above, in Ag/Co and Cu/Co mult
layers withtN>6 nm, this was always AR(O). AR(O) was
also larger than AR(D), the value obtained after demagn
tizing the sample by simultaneously reducing the magnitu
of H while oscillating its sign.22 For Cu/Co, we have pre
sented additional evidence that AR(O) under such condi-
tions is a good approximation to AR~AP!.3

In Cu/Py, the situation is more complex. Figure 3 sho
the ratiosR(O)/R(Pk) andR(D)/R(Pk)for the three series
of multilayers studied.@Note that these plots only contai
results for samples for whichR(D)was measured.# In each
case there were some samples in whichR(Pk) was greater
thanR(O). However, with only two exceptions,R(Pk) was
less thanR(D). The best we can do is to approximateR~AP!
by R(L), the largest ofR(O) or R(D). R(L) is probably a
lower bound onR~AP! for Cu/Py. In Sec. VII we will present
evidence supporting the choice ofR~AP!>R(L).

VI. DATA, ANALYSIS, AND DISCUSSION

Figures 4–6, show the data for AR(L) @>AR~AP!# and
AR~P! as a function ofN for the three series,tPy51.5 nm,
tPy56 nm, andtPy5tCu.The solid lines are fits to the low-N
data which we now describe.

In our earlier publication3 we only hadR(O) andR(Hs)
data fort(Py)51.5 and 6 nm. Using the 2CSR model, whic
assumesl sf

F5`, values ofb and g were derived. Three oc
currences since then necessitate a different analysis. Firs
have measured thetPy5tCu samples~which hereafter we call
equals samples!, and found that the above parameters fail
to correctly predict their AR’s. Second it is now clear th
R(L) should replaceR(O)in our analysis. Third, the recen
work of Steenwyket al.21 strongly suggests thatl sf

Py is ;5.5
nm. Such a shortl sf

Py requires using the VF analysis of th
tPy56 nm and the equals data. Our present analyses
therefore based on takingR(L);R~AP! and using the Valet-
Fert equations, which apply whenl sf

Py is finite.
It turns out that these modifications are insufficient to e

plain theR(L) data for the equals series, which leads one

in
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suspect these data do not approximateR~AP!. Further reason
for this suspicion comes from the near coincidence ofL and
P data in Fig. 6 and from magnetization measureme
which show that the coercive field,Hc for equals samples
is very small, e.g., only;1.7 Oe for a@Py~30 nm!/Cu~30
nm!#36 sample. We do not have magnetization data for
the samples, but the magnitude ofHPk, which is usually

FIG. 3. The ratios R(O)/R(Pk)and R(D)/R(Pk) for ~a!
t(Py)1.5 nm;~b! t~Py!56 nm, and~c! t~Py!5t~Cu!. Points on the
same vertical line are from the same sample. The migration of
empty circles to the full triangles after demagnetization indica
that R usually increased after demagnetization, and, with only t
exceptions,R(D) was.R(Pk).

FIG. 4. AR(L) and AR(P) as a function ofN for tPy51.5 nm.
The lines are fits assumingl sf55.5 nm and using parameters
column 3 of Table I derived from the lowN linear regions.
s,

ll

;Hc, gives an indication of howHc changes withtPy. We
find HPk;20, 7, and 3 Oe fortPy51.5 nm, 6 nm, and the
equals samples, respectively. Comparing these values
fields as large as 3 Oe at the sample due to the proximit
the sputtering gun, it is clear that the equal samples
grown in a field which is;Hc . We therefore omit the equal
AR(L) data from our main analysis given below.

The VF theory forR~AP! requires the data to be close
linear inN. As was true for Cu/Co and Ag/Co, we must th
limit our analysis to values ofN that satisfy this condition
~i.e., to values oftCu large enough that the samples are n
exchanged coupled!. From Figs. 4 and 5, this limits the
analysis fortPy51.5 nm toN<30 and for tPy56nm to N
<16. For the equals samples we takeN<12, which corre-
sponds roughly with the minimumtCu thickness of the other
samples.

In our analysis we assume initial values of 2ARNb/Py

56.5 fV m2, rCu54.5 nV m, rPy5122 nV m and l sf
Py

55.5 nm. The fits were made by assuming values for
unknown parametersb and g, calculating values ofx i

2 for
eachb,g pair, and for each of thei 55 sets of AR(L) and
AR~P! data used, and choosing as the best parameters t
that minimize the overall( ix i

2.
The fits are shown as solid lines in Figs. 7–9, and

parameters are given in column 3, Table I. We takeb50.65
andg50.76 as our best estimates. To obtain some estim
of the uncertainty in these values we have performed
other analyses which we take as extreme cases. In the
we fit the same data but assumedl sf

Py5500 nm—effectively
the infinite value corresponding to the 2CSR model. Th
fits are shown as dotted lines in Figs. 7–9, and the co
sponding parameters are listed in column 1, Table I. In
second we used all the data@including the previously omitted
R(L) data for the equals samples# but left l sf

Py andrPy free, to

e
s
o

FIG. 5. As for Fig. 4, but fortPy56 nm.

FIG. 6. As for Fig. 4, but fortPy5tCu.
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see if we could account for the equals AR(L) data in this
way. These fits are shown as dash/dot lines in Figs. 7–9,
the parameters are listed in column 2, Table I. The equ
AR(L) fit is indeed improved, but only at the expense
worsened fits to the other data, plusl sf

Py and rPy values
which are outside the range of likelihood. Comparing t
values ofb andg for the three different columns in Table
reveals that the variation is not very large. Having taken

FIG. 7. ~a! AR(L) and~b! AR~P! for the tPy51.5 nm data plot-
ted as a function ofN for the three analyses outlined in the tex
Only the data in the linear range are included.

FIG. 8. As for Fig. 7, buttPy56 nm. In ~a! data forl sf555 and
500 nm are scarcely distinguishable.
nd
ls
f

e

e

parameters forl sf
Py55.5 nm as our preferred ones, it seem

conservative to take those forl sf
Py5500 nm and 2 nm as

extremes. We thus estimateb50.6560.1 andg50.7660.1.
To check the reliability of these parameters we turn to

completely independent set of experiments on Co/Cu/Py
hybrid multilayers.5,23,24 We ask how well these paramete
for Py allow us to predict the values ofADR for thesehy-
brids with no adjustability. Success in such a prediction wi
support our values ofb andg.

VII. PREDICTIONS FOR Co/Cu/Py/Cu HYBRIDS

When the Cu layers in these hybrids are thick enough
uncouple the exchange interaction between Co and Py lay
the very different saturation fields of sputtered thin layers
Co (Hs

Co;200 Oe! and Py (Hs
Py;10 Oe! lead naturally to an

AP state. If a field.1Hs
Co is first applied and then reduce

to just beyond2Hs
Py, the magnetizations of the Co laye

will still be aligned along the initial field direction, but thos

FIG. 9. As for Fig. 7 buttCu5tPy.

TABLE I. Parameters from the fit of the data to the Valet-Fe
~Ref. 17! equations assuming three different values ofl sf

Py. rPy was
fixed in columns 1 and 3. Values in rows 2–5 were obtain
through the minimalization of(x2 as described in the text. Our be
values ofb, g, aPy, andaCu/Py appear in column 3.

l sf
Py5500 nm l sf

Py52 nm l sf
Py55.5 nm

rPy ~nV m! 122 110 122620
rCu ~nV m! 5 4.5 5
2ARNb/Py ~fV m2! 6.5 6.1 6.1
b 0.63 0.77 0.6560.1
g 0.82 0.66 0.7660.1
aPy 4.4 7.7 4.721

12.3

aCu/Py 10 4.9 7.322.4
16
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of the Py layers will be reversed, producing an antipara
alignment of the Co and Py magnetizations. The corresp
ing measuredR(AP) does not depend on the Cu/P
multilayer assumption thatR(AP)5R(L).

The raw data for AR~AP! of the hybrid samples appea
in the paper by Prattet al.24 BecauseADR is more sensitive
than AR~AP! and A~P!, in Fig. 10 we choose to show da
for ADR for @Cu/Py/Cu/Co#3N samples withtCu520 nm,
tCo56 nm, andtPy510 or 16 nm. We include two theoretic
calculations: The lower curve is a previously publish
one,24 using older parameters based on less data and as
ing R(AP)>R(O), and l sf

Py5`. The upper curve uses th
present parameters forl sf

Py55.5 nm. Even better fits using th
present parameters are obtained to the experimental h
data ~published asADR in Ref. 25! on samples withtCu
520 nm,tCo53 nm, andtPy55or 8 nm. In all of the hybrid
samples, the fits to the data using the present paramete
superior to those using the older parameters. This stro
supports the approximationR(L)>R(AP) for Cu/Py. We
emphasize that the prediction of the@Co/Cu/Py/Cu#3N data
represents a completely independent test of our new pa
eters, because the hybrid data were not used in deriving
new parameters.

We conclude this section by noting that Hsuet al.26 esti-
mated possible effects onb and g of spin-flip scattering a
the Cu/Py interface due to alloying of Cu and Ni~since Fe is
the minority constituent of Py!. They concluded that an
such scattering would increaseb and g by no more than a
few percent, well within our specified uncertainties. Wh
their analysis assumed thatl sf

Py5`, a shorterl sf
Py should not

significantly change their conclusion.

VIII. SUMMARY AND CONCLUSIONS

We have presented data on the CPP-MR and CIP-MR
three different series of Cu/Py multilayers: fixedtPy51.5
nm; fixed tPy56 nm; andtPy5tCu. For fixed tPy51.5 nm,
both our CIP-MR and CPP-MR data show oscillations w
increasingtCu with the same period as that previously
ported by Parkin.1 In all three cases, we find the CPP-MR
be several times larger than the CIP-MR. We have used
Valet-Fert17 theory to analyze the CPP-MR data for samp
with tCu thick enough to make exchange coupling small. O
resulting best estimates for the appropriate parameters
given in column 3 of Table I. The main conclusion is thab
and g are similar in size. This similarity indicates that,
least in the CPP-MR, spin-dependent scattering in the
Py and at Cu/Py interfaces are both important. Our best v
of aPy;4.721.3

12.3 falls between the valuesaPy>8 ~Ref. 13!
io
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and aPy;2.1 ~Ref. 2! estimated from CIP measurement
Our upper bound just overlaps the range ofa;7–20 reported
by Campbell and Fert11,27 for Fe in bulk dilute NiFe alloys.

We have explained carefully the assumptions and un
tainties underlying our analysis. Because of those assu
tions, and the uncertainty in establishing AR~AP!, we have
chosen to specify relatively large systematic uncertaintie
the parametersbPy andgPy/Cu. We also cannot say how ap
plicable these parameters might be to Cu/Py multilayers p
pared under very different conditions or in different way
We note, however, that our latest parameters do well in
ting independent data for sputtered Co/Cu/Py/Cu multilay
where the AP and P states are both well defined.

Finally much of the uncertainty in this work apparent
arises from the very small coercive field of Permalloy a
the effects of the magnetic field of the sputtering guns. W
hope that our experience will warn other workers of th
problem.
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FIG. 10. Predictions for the hybrid sample~a! @Cu~20 nm!Py~10
nm!/Cu~20 nm!/Co~6 nm!#320. ~b! @Cu~20 nm!/Py~16 nm!/Cu~20
nm!/Co~6 nm!#320.
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