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Giant magnetoresistance of copper/permalloy multilayers
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Current perpendiculaiCPPB and current in-planéCIP) magnetoresistancé®dR) have been measured on
sputtered Cu/PyPy=Permalloy multilayers at 4.2 K. The CPP-MR is several times larger than the CIP-MR.
For fixed Py layer thickness$p,=1.5 nm, both the CPP and CIP MR’s show oscillations with increakipg
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, andy, of comparable size, so that both must be considered in determining the CPP-MR. Our preferred
values, based upon an assumég‘j: 5.5+1 nm, aref=0.65+0.1 andy=0.76+0.1. These values produce
good fits to the CPP-MR’s of Co/Cu/Py/Cu multilayers.
[S0163-182¢08)01442-8

[. INTRODUCTION We previously showed that a two-current, series-resistor
(2CSR model, valid for infinite spin-diffusion lengths,;,
Giant magnetoresistan¢&MR) in multilayers composed in both theF andN layers of a multilayer, described well the
of alternating ferromagnetidq) and nonmagnetic) layers ~CPP-MR’s of Ag/Co(Refs. 6—10 and Cu/Co(Refs. 3, 8,
is of great interest both scientifically and technologically.and 10 multilayers with Ag or Cu layers thick enough that
GMR is the reduction in resistance, often large, when arfxchange coupling between the Co layers is negligible.
applied magnetic fielé aligns the magnetizationd, of the "€ model allows the separation of the spin-dependent
F layers paralle(P) to each other. The largest GMR is ex- Scattering contr_llljoutlons in the bulk metal and at the
pected to occur when interactions betweenRHayers cause F/N |nterf§1ces7._ These contributions are characterized
the M; of adjacent layers to align antiparalleAP) to each Py the spin-anisotropy parametets:=pe/pe and agy
other in the initial zero-field state. Theoretical analysis of=Ren/REn, WhereptVandREY are, respectively, the-
GMR focuses upon the change in resistanRe AR  layer bulk resistivity and the interface resistance of electrons
=R(AP)—R(P), that occurs when the alignment changeswith spin parallel(antiparalle] to the F-layer magnetization
from AP to P. We formally define the MR as M; . The parameterg and y used in the 2CSR model analy-
sis are given byar=(1+8)/(1—B) and ag,n=(1+y)(1
—v). For both Ag/Co and Cu/Co, our derived CPP bulk
MR=AR/R(P). &Y parameterp,~3 was noticeably smaller than the interface
parameterspcoc~6 (Ref. 8 and aCO,Ag~11.9 For these
Experimentally,R(P) is easily obtained by raisingl above  multilayers, effects of interface scattering thus dominate the
the saturation fieldH, of the multilayer. EstimatingR(AP) ~ CPP-MR for Co layer thicknesses uptig,~40 nm.
is more difficult, and is one of the main issues that we ad- The analysis of Fert and Campbélsuggests that bulk
dress. spin-dependent scattering should be more important in Py
The low coercive field ,~a few 0@ of Permalloy than in Co. We thus chose Cu/Py as a system where we

(Ni1goxFe, with x~20="Py) makes the MR of multilayers €xpected a largea than those for Ag/Co and Cu/Co, al-
containing it of technological interest. We will see that thisthough we recognized that correlations between bulk alloy
same lowH. complicates the determination &(AP) for ~ parameters and those associated with MR’s need not neces-
Cu/Py multilayers, because the low-field magnetic state ofarily be strond? From CIP-MR measurements, Diefiy,
the system can easily be perturbed by strhfields during  Dieny etal,'* and Gurneyet al’® concluded that spin-
growth. dependent scattering in Cu/Py occurs mostly in the bulk Py,
The current in plane CIP-MR of Cu/Py multilayers was with the former derivingapy>8. Parkin}e in contrast, has
measured by Parktrand later by other$The present paper argued that the Cu/Py CIP-MR is dominated by spin-
contains extensive data and analysis for Cu/Py with currerlependent scattering at the interfaces. Lenczdwdéiived
flow perpendicular to the plane CPP-MR. It also containsvalues,ap,=2.1=0.3 andapy,c,=5.0=0.4. In the present
current in-plane CIP-MR data measured on samples prepargiiper, we estimate the CPP-MR values,=4. 23, and
in the same sputtering system. Limited data and preliminary:vpy,cﬁ7.31’2_4.
values of parameters from our CPP-MR studies were re- This paper is organized as follows. In Sec. Il we describe
ported in Refs. 3-5. our samples and experimental techniques. In Sec. lll, we
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briefly describe the 2CSR model which assumes no spin flips
either in bulk Cu or Py or at the Cu/Py interfaces, i.e., that
both |} andl5=o. We then explain the need for the theory
of Valet and Fert(VF),}” which goes beyond this approxi-
mation. In Sec. IV we compare CIP-MR and CPP-MR'’s for
our sputtered Cu/Py multilayers. In Sec. V we explain how
we approximate the AP states needed for analysis, and in
Sec. VI we numerically fit the VF equations to the data to
derive the parameters appropriate to our samples. In Sec. VIl
we test how well our parameters predict the specific resis-
tances(AR=Area times resistangeof Co/Cu/Py/Cu multi-
layers without adjustment. In Sec. VI, we summarize and
conclude.

Il. SAMPLES

Schematics of our CPP-MR samples can be seen
elsewher@® The multilayer of interest is sandwichete-
tween crossed Nb strips, which superconduct at our measur-
ing temperature of 4.2 K, thereby ensuring a uniform current
flow through the multilayer, of areA~1.25 mnt, where
the strips overlap. The potential across the sarfiptduding
the superconducting/ferromagneti&/F) contact$ is mea-
sured using a superconducting quantum interference device FIG. 1. (&) The CPP AR for a[Py(6 nm)/Cu(8.4 nm]x25
null detector. sample.(b) The magnetization of the same sample.

All of the samples were sputtered ontq1%i0) substrate’s
at sputtering pressure2.5 mTorr. The sputtering rates were of a linear plot of measured values of ARty for sputtered
~1.2 nm/s for Cu~0.8 nm/s for Py, and-0.9 nm/s for Nb.  sandwiches of Nb/Py/Nb with fixeti,=300 nm. Rather
The substrate temperature was held betwee#0 and scattered data gave 2ARe,~6.5+1.0 m? and (from
+20 °C. Both the CPP and CIP multilayers wih=1.5nm  the slopg ppy=108+20 nQ) m.
were grown on 5 nm thick Py buffer layers sputtered onto the Values for ppy and pc, were estimated from measure-
bare Si for the CIP samples and onto the Nb for the CPRnents on independently sputtered thin films. For Cu, mea-
samples. The other CPP multilayers were sputtered directlgurements on 300 nm thick films, gave a simple average of
onto the Nb, starting with a Py layer. All of the CPP multi- o =5+1 nQ m, consistent with what we previously found
layers had the same total thicknesg=360 nm. The other for Co/Cu multilayers:® For Py, measurements on films of
CIP samples were sputtered i 5 nmthick Py buffer onto  different thicknesses prepared over two years from different
1.25 cm square substrates and then cleaved to produce nagrgets ranged from a low of 1020m to a high of 177
rower strips for MR and magnetizatiol measurements. n() m. These values are the same order of magnitude as the
Since the geometrical factor was not well defined for the ClResistivity for bulk Py of~150 ) m,'® and the only value
samples, only their MR'’s are given. for sputtered films we have found, Dien{’sp, also ~150

X-ray fluorescence studies of 300 nm thick films of sput-n() m. We use a judiciously weighted averagg=122+20
tered Py and chips from a Py target showed that the targei() m, which is consistent to within mutual uncertainties
material had the expected composition ofdNi,, but that  with the alternative estimate 1820 nf) m noted above.
the sputtered Py was aboutghfe.

The intrinsic CPP quantity is the specific resistance ‘AR.
Figure 1 shows AR{l) and M(H) for an exchange-
decoupled Cu/Py samplel, is only a few OeR(O) desig- At 4.2 K, where scattering by phonons and magnons
nates the resistance of the sample in its as-prepared staghould be negligible, the momentum transferring spin-flip
before H is applied. Increasingd from zero gradually re- scattering lengths in sputtered metals and alloys are expected
ducesR(H) until it reaches its minimum valu®(S), above  to be much longer than the layer thicknesses of typical mul-
H.. Thereafter, upon cycling from+Hg to —Hg, R(H) tilayers (see Appendix A of Ref. 17 The current-carrying
varies betweenR(S) and a locally maximum value electrons can then be divided into two spin-channels that do
R(Pk) that occurs at a fieldHp, near the coercive field not intermix!® In Ag, Cu, and Co there is now good evi-
H. where M=0. In Ag/Co and Cu/Co, we have always dence that the values b at 4.2 K are much longer than the
found R(O)=R(PK).% In Cu/Py, in contrast, this is not al- typical layer thicknesseS.To obtain the CPP specific resis-
ways so, and the difference will be important to our datatance, one then first simply adds the bulk and interface spe-
analysis. cific resistances within each channel in series and then adds

The analysis of Sec. VI below assumes advance knowlthe specific resistances of the two channels in par&fe.
edge of three parameters, the Cu and Py layer resistivitieg;his is the 2CSR model.
pcu and ppy, and twice the Nb/Py interface resistance, If the total thicknessi;=Ntc,+ Ntpy, of the multilayer is
2AR\ppy 2ARy,py Was estimated as the ordinate interceptheld fixed, and eitheti is fixed and ¢, is varied, or else one

Ill. THEORETICAL BACKGROUND
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100 L S —T T we found for most Cu/Co and Ag/Co multilayers. However,
90} —— CPP.Ho - this was not always true for Cu/Py, as will be discussed in
801 e ] the next section.

, Parkin
70 r & CIP, Lenc zowski ]
528 7 V. ESTIMATING AR (AP)

=40 We now turn to the quantitative analysis of the CPP-AR’s
30 ] using the VF equations. As noted above, (RRis obtained
20 7] simply by increasing the applied field to above the satura-
18 i L T tion field Hg, whereR(H) reaches its minimum valug(S).
0O 2 4 6 8 10 12 14 But estimating ARAP) for samples with a wide range of
tcu (nm) values oft¢, is not so simple.

At the first peak in Fig. 2, the antiferromagnetic exchange
FIG. 2. Magnetoresistance as a function of copper thickness i'&oupling is so strong that the measured AR should well ap-
the Se”eus i@ ET;[Zy(l-fS ”m{;”(tcg]fldfﬁ For C(l’(mpé_‘risonfp‘;]r‘ proximate ARAP). However, to achieve values of AR that
poses all the ata are fétp, . Only the peak points of the : : :
Parkin (300 K) and Lenczowski4.2 K) data are shown. Both our \éz[lyag:)%g?t?ﬁ ;ng)r/nvgllggctuhZ? C\J/\fgy:ar? ;l;zegui:]’eg]igyptgg e\r/i ave
CIP and CPP data were taken at 4.2 K. large values of,—tc, =10 nm—beyond the region where
) ) exchange coupling oscillating witty,, is appreciable. For
holdstpy=tc,, then ARAP) should vary linearly wittN, the  |arget,,,,, any coupling should be magnetostatic, and it is not
number of bilayers. The general expression for thg P state ispvious that this will produce AP ordering at lot. From
more complex, but except for very small AR(P) is also  theory, we expect the largest value of AR to best approxi-
linear in N. Such linear variations, allow direct determina- pate ARAP). As noted above, in Ag/Co and Cu/Co multi-
tions of parameters from least-squares linear fits. The anyers withty=6 nm, this was always ARY). AR(O) was
tailed equations on which our analysis of the Ag/Co andygq larger than ARD), the value obtained after demagne-
Cu/Co data was based can be found elsewhéfe. tizing the sample by simultaneously reducing the magnitude
When the present study began, we expected a Ihg  of H while oscillating its sigrf? For Cu/Co, we have pre-

and hence the analyses in Refs. 3 and 4 used the simplgnted additional evidence that AR under such condi-
2CSR model. However, the recent results of Steenwykions is a good approximation to ARP).

et al”* now suggest thay~5.5 nm. Handling a finitd In Cu/Py, the situation is more complex. Figure 3 shows

requires more complex equations derived by Valet and Fefthe ratiosR(O)/R(Pk) andR(D)/R(Pk)for the three series
(VF).Y Sincel §' is still long, 15 is the only additional pa- of multilayers studied[Note that these plots only contain
rameter introduced in Eq$40)—(42) of Ref. 17. Our data results for samples for whicR(D)was measuredlin each
analyses with finitelspfy must then be done numerically. case there were some samples in whr{liPk) was greater
thanR(O). However, with only two exception&(Pk) was
less tharR(D). The best we can do is to approxim&eAP)
by R(L), the largest oR(O) or R(D). R(L) is probably a

Here, we compare our CPP-MR and CIP-MR data withlower bound orR(AP) for Cu/Py. In Sec. VII we will present
each other and with the CIP-MR data of Pafkimd Lenc-  evidence supporting the choice BRfAP)=R(L).
zowski et al? For this comparison, we subtract 2 RiFey
=6.5 fQ m? from the denominators of the CPP-MR's to re- VI. DATA, ANALYSIS, AND DISCUSSION
move the contribution due to the Nb/Py interfaces. )

Parkin found that the CIP-MAgK) of Cu/Py multilayers Figures 4-6, show the data for AR [=AR(AP)] and
with fixed tp,= 1.5 nm, and measured at 300 K, oscillates inAR(P) as a function ofN for the three seriedp,=1.5 nm,
magnitude with increasintg,.* Figure 2 shows our CIP-MR  try=6 nm, andtp,=tc,.The solid lines are fits to the loh-
data for PY5 nm[Py(1.5 nm/Cu(tc,)] 14 taken at 4.2 K us-  data which we now describe.
ing, like Parkin and Lenczowski, thelp, data to approxi- In our earlier publicatiofiwe only hadR(O) andR(Hs)
mate R(AP). The maxima data of Parkifat 300 K and data fort(FPy)=1.5 and 6 nm. Using the ZC_SR model, which
Lenczowski(at 4.2 K) are included for comparison. For the assumedgy=, values of3 and y were derived. Three oc-
CIP-MR, we found oscillations with essentially the same pe-currences since then necessitate a different analysis. First we
riod as they did, and generally little difference betweenhave measured the,=tc, samplegwhich hereafter we call
R(0O) andR(PK). Figure 2 shows that the CPP-MR is sub- equals samplgsand found that the above parameters failed
stantially larger than the CIP-MR. The larger magnitude ofto correctly predict their AR’s. Second it is now clear that
the CPP-MR data leads to the identification of at least 3 andR(L) should replac&k(O)in our analysis. Third, the recent
possibly 5 maxima, corresponding to a mean period of 1.1%vork of Steenwyket al?* strongly suggests thaf? is ~5.5
nm. The CPP-MR also retains its large value to much largenm. Such a shor’t‘ffy requires using the VF analysis of the
tc, than shown in Fig. Ze.g., it is still 45% fortc,=43.5 tp,=6 nm and the equals data. Our present analyses are
nm), whereas the CIP-MR tends rapidly to zerotagin-  therefore based on takiig(L) ~R(AP) and using the Valet-
creases. These behaviors are expectedJbdiong® Fert equations, which apply whég is finite.

Figure 1 also shows that for the particular sample illus- It turns out that these modifications are insufficient to ex-
trated,R(O) was larger thaiR(Pk), similar to the behavior plain theR(L) data for the equals series, which leads one to

IV. COMPARISONS OF CIP- AND CPP-MR'’s
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FIG. 5. As for Fig. 4, but fotp,=6 nm.

~Hg, gives an indication of hovwt. changes witttp,. We

find Hp~20, 7, and 3 Oe fotp,=1.5 nm, 6 nm, and the
equals samples, respectively. Comparing these values with
fields as large as 3 Oe at the sample due to the proximity of
the sputtering gun, it is clear that the equal samples are
grown in a field which is~H.. We therefore omit the equals
AR(L) data from our main analysis given below.

The VF theory forR(AP) requires the data to be closely
linear inN. As was true for Cu/Co and Ag/Co, we must thus
limit our analysis to values oN that satisfy this condition
(i.e., to values ot¢, large enough that the samples are not
exchanged coupled From Figs. 4 and 5, this limits the
analysis fortpy=1.5 nm toN<30 and fortp,=6nm toN
=<16. For the equals samples we take=12, which corre-
sponds roughly with the minimuny,, thickness of the other
samples.

In our analysis we assume initial values of 24R,
=6.5 fQ m?, pc,=4.5 M m, pp,=122 Mam and I}
=5.5 nm. The fits were made by assuming values for the

FIG. 3. The ratiosR(O)/R(Pk)and R(D)/R(Pk) for (&

t(Py)1.5 nm;(b) t(Py)=6 nm, and(c) t(Py)=t(Cu). Points on the unknown parameterg and v, calculating values oﬁ(iz for

same vertical line are from the same sample. The migration of theach 3,y pair, and for each of the=5 sets of AR[) and

empty circles to the full triangles after demagnetization indicatesAR(P) data used, and choosing as the best parameters those

that R usually increased after demagnetization, and, with only twothat minimize the overalEiXiZ.

exceptionsR(D) was>R(Pk). The fits are shown as solid lines in Figs. 7-9, and the
parameters are given in column 3, Table I. We t@ke0.65

suspect these data do not approxinfat&P). Further reason and y=0.76 as our best estimates. To obtain some estimate

for this suspicion comes from the near coincidencé @ihd  of the uncertainty in these values we have performed two

P data in Fig. 6 and from magnetization measurementspther analyses which we take as extreme cases. In the first

which show that the coercive fieldi. for equals samples we fit the same data but assumieg=500 nm—effectively

is very small, e.g., only~1.7 Oe for a[Py(30 nm/Cu(30 the infinite value corresponding to the 2CSR model. These

nm)]x6 sample. We do not have magnetization data for alfits are shown as dotted lines in Figs. 7—9, and the corre-

the samples, but the magnitude Hf,, which is usually sponding parameters are listed in column 1, Table I. In the
second we used all the ddiacluding the previously omitted

290 75 30 25 teu(nm) R(L) data for the equals samplasut left] 5 andpp, free, to
200F 1
180} . 18 9 4.5 tcu=try (nm)
A1 60+ Ya 1 60 T T T T T T T
140 3 140 1
E 1 20 C ] 1 20 A L -
Sroof R < o P
@ 80l ¢ £100 ]
e | o —
20 e ] x 60 4
0" 0 80 120 Te0 = 40 ]
0 40 80 ok 1

O | 1 | s | 1 1
FIG. 4. AR(L) and AR(P) as a function oNN for tp,=1.5 nm. 0 20 40 %) 80 100 120
The lines are fits assuminig=5.5 nm and using parameters in

column 3 of Table | derived from the loW linear regions. FIG. 6. As for Fig. 4, but fottp,=tc,.
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FIG. 7. (8 AR(L) and(b) AR(P) for thetpy=1.5 nm data plot- N
ted as a function oN for the three analyses outlined in the text. )
Only the data in the linear range are included. FIG. 9. As for Fig. 7 butc,=tpy.

parameters fotsfyz 5.5 nm as our preferred ones, it seems

see if we could account for the equals AR(data in this Cconservative to take those fofy=500 nm and 2 nm as
way. These fits are shown as dash/dot lines in Figs. 7—9, arRkiremes. We thus estimgg=0.65+0.1 andy=0.76+0.1.
the parameters are listed in column 2, Table I. The equals 10 check the reliability of these parameters we turn to a
AR(L) fit is indeed improved, but only at the expense of completely independent set of experiments on Co/Cu/Py/Cu
worsened fits to the other data, pi& and pp, values hYbrid multilayers>?*?*We ask how well these parameters

1 y -
which are outside the range of likelihood. Comparing the!®’ PY allow us to predict the values &AR for thesehy-
values ofB and y for the three different columns in Table | brids with no adjustability Success in such a prediction will
reveals that the variation is not very large. Having taken the?UPPOrt our values o and y.

7o) 0 A B B B B VIl. PREDICTIONS FOR Co/Cu/Py/Cu HYBRIDS
NI _ li?:gb%nnr:-. o o 1 When the Cu layers in these hybrids are thick enough to
% 40__ TR T uncouple the exchange interaction between Co and Py layers,
S 3 3 the very different saturation fields of sputtered thin layers of
= = Co (HS$°~200 08 and Py HEY~ 10 Og lead naturally to an
= 20 s ] AP state. If a field> +HS is first applied and then reduced
< ok (a) 3 to just beyond—HZ’y, the magnetizations of the Co layers

10+ 3 will still be aligned along the initial field direction, but those

P TS NP U NP HAEN NAPU NI PR VRN NEON O

5 7 9 11 13 15 ,
N TABLE |. Parameters from the fit of the data to the Valet-Fert

(Ref. 17 equations assuming three different valueskséf ppy Was

B T T T T fixed in columns 1 and 3. Values in rows 2-5 were obtained
30p — b= Som. L through the minimalization af x* as described in the text. Our best
ol o - lat=2nm s L T values of, v, apy, andacypy appear in column 3.
c 25K experimentai p -" -
= ok o ] I?=500 nm 1%=2 nm 1=55 nm
% sk o ] ppy (NQ M) 122 110 122:20
< - . pcy (N M) 5 4.5 5
1o (b) 7 2ARyppy (FQ M) 6.5 6.1 6.1
5-.|.|.(‘1.|.|.|.|.|.|L1 B 0.63 0.77 0.650.1
o7 9yt y 0.82 0.66 0.760.1
apy 4.4 7.7 4.7°%3
FIG. 8. As for Fig. 7, butp,=6 nm. In(a) data forl =55 and acupy 10 4.9 7.3ng4

500 nm are scarcely distinguishable.
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of the Py layers will be reversed, producing an antiparallel 16 PSS Sty A D SN
alignment of the Co and Py magnetizations. The correspond- 141 .
ing measuredR(AP) does not depend on the Cu/Py GE\‘ 21172 Elperionent A
multilayer assumption tha&R(AP)=R(L). & 10[ | = 1sf=5000m 8
The raw data for ARAP) of the hybrid samples appears = 8r .
in the paper by Pratt al?* BecauseAAR is more sensitive 3_:'/ 6 .
than ARAP) andA(P), in Fig. 10 we choose to show data 2 4t .
for AAR for [Cu/Py/Cu/Cdx N samples witht,=20 nm, 2 .
tco=6 nm, andp,=10 or 16 nm. We incIude_two theore;ical 05 N A A R T
calculations: The lower curve is a previously published N
one?* using older parameters based on less data and assum- -
ing R(AP)=R(0), and|Y=c«. The upper curve uses the g 4[(Czonm /Py 6nm/ Cu20nm/CoBnm<20
present parameters ftffy=5.5 nm. Even better fits using the 12|71 L=t o 1
present parameters are obtained to the experimental hybrid €10} [ sf=500nm g
data (published asAAR in Ref. 25 on samples witht¢, = 8t 1
=20 nm,tc,=3 nm, andtp,=50r 8 nm. In all of the hybrid E<:l/ 6F .
samples, the fits to the data using the present parameters are < 4} y
superior to those using the older parameters. This strongly oL -
supports the approximatioR(L)=R(AP) for Cu/Py. We o) P T S ST S
emphasize that the prediction of theéo/Cu/Py/Cyx N data o1 234 NS 67 8910

represents a completely independent test of our new param- o .

eters, because the hybrid data were not used in deriving the FIG. 10. Predictions for the hybrid samg [Cu(20 nmPy(10

new parametersl nm)/Cu(20 nm/CO(G nm)]><20 (b) [CU(ZO nm/Py(lG nm)/Cu(ZO
We conclude this section by noting that Heual?® esti- ~ NM/Co(6 nm)]x20.

mated possible effects ot and y of spin-flip scattering at and apy~2.1 (Ref. 2 estimated from CIP measurements
the CL!/Py'interface; due to alloying of Cu and (Since Fe is Our ugéer 5ound fust overlaps the rangexef7—20 reported .
the minority constituent of By They concluded that any by Campbell and Felt?’ for Fe inbulk dilute NFe alloys.
such scattering would increagand y by no more than a We have explained carefully the assumptions and uncer-

fﬁw. percclant', well W'théln rC])Ug_spemﬁer(? un(r:i%';’talr?tlelsd. While 5inties underlying our analysis. Because of those assump-
their analysis assumed t kﬁ =2, a shortefl ¢ should not tions, and the uncertainty in establishing @), we have

significantly change their conclusion. chosen to specify relatively large systematic uncertainties in
the parametergp, and ypy,c,. We also cannot say how ap-
VIIl. SUMMARY AND CONCLUSIONS plicable these parameters might be to Cu/Py multilayers pre-

We have presented data on the CPP-MR and CIP-MR fopared under very different conditions or in different ways.
three different series of Cu/Py multilayers: fixegl,=1.5 We note, however, that our latest parameters do well in fit-
nm; fixed tp,=6 nm; andtp,=tg, For fixedip -15 nr.n ting independent data for sputtered Co/Cu/Py/Cu multilayers

! y g y u y . ’

both our CIP-MR and CPP-MR data show oscillations WithWhe.re the AP and P states are bOth we]l defined.
increasingtc, with the same period as that previously re- _Fmally much of the uncertainty in _th|s work apparently
ported by Parkirt.In all three cases, we find the CPP-MR to arises from the very Sma." coercive field of P_ermalloy and
be several times larger than the CIP-MR. We have used th e effects of the magnetic f|g|d of the sputtering guns. We
Valet-Fert’ theory to analyze the CPP-MR data for samples'°P€ that our experience will warn other workers of this
with tc, thick enough to make exchange coupling small. Ourproblem.
resulting best estimates for the appropriate parameters are

given in column 3 of Table I. The main conclusion is tifat

and y are similar in size. This similarity indicates that, at  This work was supported in part by the Ford Scientific
least in the CPP-MR, spin-dependent scattering in the bulkaboratory, by the NSF under Grants No. MRSEC-94-
Py and at Cu/Py interfaces are both important. Our best valug04127, DMR-94-23795, and by the Michigan State Univer-
of ap,~4.7"73 falls between the valueap,>8 (Ref. 13  sity Center for Fundamental Materials Research.
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