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Spin Flip Diffusion Length and Giant Magnetoresistance at Low Temperatures
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Measurements at 4.2 K. of the magnetoresistance of Co/AgMn, Co/CuMn, Co/AgPt, and (:o/CuPi
muitilayers with the current perpendicular to the layer planes (CPP-MR) show effects of reduced spin
diA'usion lengths due to alloying of the nonmagnetic metal with impurities that produce spin-spin (Mn)
or spin-orbit (Pt) scattering. Combining the data with u theory by Valet and Fert gives the spin
diA'usion lengths in the alloys.

PACS numbers: 75.50.Rr, 72. 10.Fk, 72. 15.Gd

Giant magnetoresistance (GMR) in multilayers of al-
ternating ferromagnetic (FM) and nonmagnetic (NM)
layers has both scientific and technological interest [1,2].
From its discovery [3], GMR has been described by a

two-current model in which independently propagating
spin up and spin down electrons undergo spin-dependent
scattering in the FM metal and at FM/NM interfaces
[3-6]. This scattering causes the multilayer resistance to
decrease as the magnetizations of neighboring FM layers
rotate from an antiferromagnetic (af) alignment at a low

magnetic field H, to a ferromagnetic (fm) one above a

saturation field, H, . At low temperatures, this model
[3-6] (and other GMR models [4,7]) contains only two

fundamental lengths, the (elastic) mean free path for
momentum relaxation, X,,1, and the spin diffusion length,
1,1. Effects of changes in A,,1 on GMR are well studied
and reasonably well understood [4-6]. Effects of changes
in l,t, in contrast, have not been studied at all, except for
a partial presentation of the present results [8]. In this
Letter, we isolate effects on GMR of reducing the spin

diffusion length in the NM metal, l,p

At low temperatures, where electron-magnon scatter-
ing is negligible, the usual MR measured with current

i]ow in the layer planes (CIP-MR) depends only on k„i
and X,"~ —i.e., neither I,~ nor I,& plays a role. In con-
trast, when l,t» [)ig,k,"~ ], l, t is the only fundamental
length in the alternative MR measured with current How

perpendicular to the layer planes (CPP-MR) [6,9]. That
is, the CPP-MR depends upon X,1 and k,"1 only in-

directly through the resistivities @I=M and p~M. In the
more restrictive limit l,t» b.,~, tFM, t~M] (trM and tNM

=FM and NM metal layer thicknesses), we derived;i
measurable function for the CPP-MR that is also com-

pletely independent of pgM and we showed that data for
Co/Ag and Co/AgSn multilayers displayed universal be-

havior when plotted in the form of this function [10].
Valet and Fert (VF) have shown how to analyze devi i-

tions from this universal behavior when l, t is finite, and

thereby how to derive values of /, t [9,11]. We will com-

pare our derived values with independent estimates in

Table I.
To define the function of interest, we focus upon the

quantity we measure, ART [the area of the sample

(A = 1.2 mm ) times the total CPP resistance, Rt
[12,13]], in two limits, when the magnetizations of neigh-

boring FM layers are oriented ferromagnetically,

TABLE l. Estimated and measured parameters for Co/Ag, Co/AgSn, Co/AgMn, Co/AgPt, Co/Cu, Co/CuMn, and Co/CuPt.

Metal or alloy' Ag AgSn (4k) AgMn (6') AgMn (9%) AgPt (6%) Cu CuMn (7~k) CuPt (6'I&)

p&M (nnm)'
pNM (nn m)'

XgjM (nm)'
(nlll)

I," (nm) '

Is~i (exp) (nm)

9+1
85

= 17000
= 500

190
200+ 20

4.4
= 950
=26

100
110~25

8
= 120
=12
=11

150
155+ 20

=90—9

90
110+ 20

9
=32
=7
=10

6+1
110

= 11000
= 450

310
270+ 30

= 24(6)
= 3(1.S)

7

120
130+ 10

'Impurity concentrations are in atomic %.
Calculated from intended impurity concentrations and known resistivities per atomic percent impurity [26].

'Measured on sputtered 300-500 nm thick films.
Calculated from pQM (pPM for Ag and Cu) and free-electron equations [27].
'4 for CuPt and AgPt was calculated from a free-electron conversion of ESR cross sections [21,22]. The AgMn and CuMn esti-

mates were made by Fert [28] from available information about exchange coupling in these alloys. The CuMn value in parentheses

was calculated from a cross section measured from weak localization by Start, Nishida, and Schultz [241. The AgSn value assumes a

cross section (3/4) of that for AgSb in Ref. [21] of Ref. [21]. The sputtered Ag and Cu vajues assume defect contents = 11' and

spin-orbit cross sections = 1 x 10 ' cm .

fl™Q(g™gNM)/6 (Ref [9])
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FIG. l. QARr(Hp)[ARr(Hp) ARr(H—, )] vs bilayer num-

ber N calculated from VF equations in Ref. [1 I]. The line la-
beled oo is a fit with parameters for Co/Ag. The solid curves
for the indicated values of l,f are calculated with these same
parameters and pNM 150 n 0 m. The dashed curves for
l,f =7 nm show the effect of varying p&M from 80 to 300
nQm.

ARP —where ART is smallest —and when they are or-
dered antiferromagnetically, AR$'r& —where ART is larg-
est. The physics is in their difference AR$' —ARP

In the limit I,r»[k, ~, tFM, tNM], the two current model
[12-14] gives a very simple relation upon multiplying
ARj' —ARP by AR$' and taking the square root
[10]:

j(AR)&r& —ARPm&)AR)'t&

=N(ppFMtFM+2yARFM/NM) . (1)

Here tFM, the number of bilayers N, and the total sample
thickness, tT=NtFM+NtgM, are set when a sample is

made, and pFM, RFM/NM, p, and y are spin-dependent pa-
rameters uniquely fixed from measurements on multilay-
ers of given FM and host NM metals [13,15]. The left-
hand side (LHS) of Eq. (I) is the function of interest.

For fixed tFM and tT, a plot of the LHS versus N
should give a straight line through the origin, with slope
independent of pNM. We have shown that Co/Ag and
Co/Cu fall on such lines [10,13,16). If Eq. (1) applies,
data for alloys with a long IP must fall on the same
line as the host metal, with no adjustable parameters.
We have shown that this prediction holds for Co/AgSn
[10], which provides a strong test of Eq. (1), since AgSn
has a pNM = 20 times larger than Ag and also larger than
AgMn or AgPt (Table I).

In contrast, for alloys with a short I,r (e.g. , Mn and
Pt), VF predict that a plot of the LHS of Eq. (1) will fall
below this line, by an increasing fraction as N decreases

—1.0
I

—0.5
~ I s a ~ s I a s ~ I

0.0 0.5 1.0
H (koe)

FIG. 2. ARr(H) ARr(H, ) —versus H for Co/AgSn(4%)
and Co/AgMn(9%) multilayers. The curves are simply guides
to the eye.

(tNM increases) [9]. As the VF equations are complex,
we show their predictions graphically (Fig. I) for a range
of values of /,r, which is the only unknown in the
analysis. The line for I,r =oo is simply Eq. (I) for
Co/Ag. The curves for reduced /st use the already mea-
sured parameters of Eq. (I ) for Co/Ag multilayers
[10,13,16]. The solid curves are for pNM =150 n 0 m, in

the middle of our alloy values. The dashed curves for

l,p
=7 nm show that changing pNM by a factor of 2

makes only modest changes, but enough that the correct
value of pNM must be used for each alloy.

Our sample preparation, characterization, and measur-

ing techniques have already been described [13,15]. We
limit our analysis to t FM =6 nm and tT as close to 720 nm

as possible, consistent with an integer value of N [10].
Additional data will be published later [17]. To avoid

complications of changing magnetic coupling between
neighboring Co layers as tgM varies [13,18], we also limit
ourselves to tNM~ 6 nm, where any coupling should be
weak. To fully test our method of analysis, we apply it to
two different NM metals, Ag and Cu, with both a mag-
netic impurity (Mn) that reduces I+tM by spin-spin

scattering, and a nonmagnetic impurity (Pt) that reduces
l,f by spin-orbit scattering. We also examine two dif-
ferent concentrations of Mn in Ag.

We measure ART(H) at 4.2 K. Figure 2 compares
ART(H) ART(H, ) for selec—ted Co/AgSn(6 nm/6 nm)
and Co/AgMn(6 nm/6 nm) multilayers. The forms and

magnitudes are quite similar, suggesting that the magnet-
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FIG. 3. JARr(Hp)[ARr(Hp) ARr(H~)l vs /V for Co/
Ag, Co/AgSn(4%), Co/AgMn(6%), Co/AgMn(9%), and Co/
AgPt(6%). The dashed line is for l,"rM =00 [24]. The curves
(solid for Co/AgMn and broken for Co/AgPt) correspond to the
indicated best fit values of l,p . Some measuring uncertainties
are also shown. Those not shown are smaller than the symbols
or ~ + 5%, whichever is larger.

ic impurities do not change the weak interaction between
FM layers enough to invalidate our analysis. ART(H) is

almost always largest in the initially prepared state,
which we call Ho, then decreases until the saturation field

H, is reached, and then cycles through the curves shown,
with maxima at the peak field, H~, which is near the
coercive field, H, .

For ARP, we take ART(H) at H=l kG, the max-
imum fie)d of our usual measuring system. A higher field

system showed that ART(H) has reached the desired
minimum value by 1 kG for multilayers of all of our met-
als and alloys except AgMn. For AgMn, ART(H) con-
tinues to decrease slowly with H above 1 kG, nearly
linearly, a behavior not yet understood [17]. Otherwise,
the AgMn data look like the rest of our data. As we have
not seen similar behavior in CuMn, we presume that this
anomaly in AgMn will eventually be found to be ir-
relevant to our present purpose.

For ARj', we have two choices, ART(Hp) and

ART(HI, ). We follow past practice [10,12,13] and use

ART(Hp), where ART(H) is largest, as expected for
ART' . This choice is supported by data on Co/Cu mul-

tilayers extending from antiferromagnetically coupled
samples to uncoupled ones [19]. Our conclusions stay the
same if we systematically use ART(H~) instead, and
values for I,r change by less than S0% [16]. Most of
our Co/AgPt and Co/CuPt data, and some recent Co/Cu
data, had values of AR(Hp) closer to AR(Hz) than usu-

al. We present these data unmodified, and consider alter-

FIG. 4. JART(Hp)[ARr(Hp) —ARr(H, )] vs JV for Co/Cu
and Co/CuMn(9 at.%). The dashed line and curves, associated

NMvalues of l,q, and measuring uncertainties are as described in

Fig. 3,

native analyses elsewhere [16]; these alternatives do not
change l,~ by more than the 50% already noted,NM

Plots of the LHS of Eq. (1) vs W are shown for our
Ag-based data in Fig. 3 and for our Cu-based data in Fig.
4. As noted above, the Co/Ag and Co/Cu data are con-
sistent with the required straight lines passing through
the origin [20], and the Co/AgSn data also fall close to
the line for Co/Ag.

To analyze the other alloy data, we use the values ot

pN~ for our sputtered alloys given in Table I. The VF
theory then gives the best fits for 1,~ shown in the
figures.

For CuPt [21] and AgPt [22], we can compare our
values of l,p with ones derived from published ESR
values for the spin-ffip mean free path, lsr (see Table
1). DilYerences in ESR values among investigators [23]
suggest uncertainties in X,g of at least a factor of 2, giv-
ing more than a 50% uncertainty in l,g . The values of
l, t for Pt in Table I lie within S0% of ours.NM

For the other alloys, we use the estimates of /, &
de-

scribed in Table I. The value l,i =26 nm for AgSn is

large enough that we cannot distinguish it from l,p

to within our reproducibility. The estimates for para-
magnetic Mn in Ag and Cu may be only lo~er bounds,
since these alloys are in a spin-glass state at 4.2 K—even
in layers only 6 nm thick [24]—where coherent interac-
tions between Mn ions could increase l,q . Our fits in

Fig. 3 agree with the unmodified estimates for AgMn in

Table I. The estimate for CuMn is 10% larger than our
fit, but a recent measurement is =50% less [23]. Both
lie within our uncertainties.

Some loose threads remain. The VF equations were in-
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itially shown to be valid only for l,t))l, i [9], a criterion
not met by our Mn or Pt alloys, for which Table I and
Figs. 3 and 4 give l,t =X,I . Valet [25] has extended
the analysis to second order in kg /1st, and found a
correction term = 0.25!,t (XeI /l, t ) [2]. Further
analysis must show if such a simple correction holds to all
orders. As noted above, the high field negative linear MR
in AgMn must also still be understood, and we must clar-
ify the relationship between R$'", RT(Ho), and RT(H&).

To summarize, we have used the CPP geometry to pro-
vide direct evidence for changes in GMR in magnetic
rnultilayers due to reductions in the spin diffusion length,
l,t . Our data display the qualitative features predicted
by YF and our derived values of I,f agree reasonably
well with independent estimates.
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