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The spin-diffusion length is the scaling length of the perpendicular giant magnetoresistance in magnet-
ic multilayers and, according to recent experiments, the magnetoresistance ratio can be significantly re-
duced by enhancing the spin relaxation and thus shortening the spin-diffusion length. We present a
theoretical picture of these spin-diffusion-length effects on the magnetoresistance. We also calculate the
contribution from several mechanisms (spin-orbit scattering, exchange scattering by paramagnetic im-

purities, electron-magnon scattering) to the spin relaxation and spin-diffusion length.

I. INTRGDUCTIGN

Since its discovery in 1988,' the giant magnetoresis-
tance (GMR) of the magnetic multilayers has generally
been studied in the conventional CIP (current in the
plane of the layers) geometry. Extension to the CPP
(current perpendicular to the plane of the layers)
geometry by Pratt and coworkers at Michigan State Uni-
versity dates from 1991. The first interest of the CPP
geometry is that it leads to very high MR ratios,
definitely higher than in the CIP geometry. This has
been found in the Co/Cu and Co/Ag systems extensively
investigated by Pratt et al. as well as in the Fe/Cr
multilayers recently studied by Gijs, Lenczowski, and
Giesbers, and this is probably very promising for appli-
cations. Also, on the fundamental side, the CPP-MR
raises very interesting problems, as this has been recently
discussed in several theoretical papers.

An important point in most experimental results for
Co/Cu and Co/Ag (Refs. 4—6) is the very simple varia-
tion of the magnetoresistance with the individual layer
thicknesses. This variation has been accounted for by
Lee and coworkers in a phenomenological picture of
the CPP-MR. In a theory based on the Boltzmann equa-
tion, Valet and Fert' have shown that this phenomeno-
logical picture can be justified rigorously when the spin-
diffusion lengths (l'„' and l,', ' in the normal and fer-
romagnetic layers, respectively) are much longer than the
mean free paths and individual layer thicknesses (t~ and
tz). In the experimental conditions of Pratt et al. ,
i.e., for measurements in the helium temperature range,
the spin-diffusion lengths are determined by the spin-
orbit scattering and, in systems such as Co/Ag and
Co/Cu, are expected to be relatively long, say above 1000
A. ' Consequently, for most experiments of the Michi-
gan State University group, the simple picture of the long
spin-diffusion-length limit is certainly justified. However,
other types of experiments have been recently performed;
those of Gijs, Lenczowski, and Cxiesbers up to room tem-
perature, and those of Yang et al. on Co/Ag and Co/Cu
multilayers in which the Ag or Cu layers are doped with

magnetic impurities (Mn) or nonmagnetic impurities with
strong spin-orbit interaction (Pt). These experiments
raise problems related to the spin relaxation induced by
magnons or impurities and to the behavior of the CPP-
MR when such additional spin relaxation mechanisms
make the spin-difFusion lengths shorter than the individu-
al layer thicknesses. Our paper addresses these problems.

First, in Sec. II, we discuss the behavior of the CPP-
MR out of the limit of very long spin-diffusion lengths.
We show that, when the spin-diffusion lengths become
shorter than the layer thicknesses, the CPP-MR is
strongly reduced and no longer exhibits the simple varia-
tion with the layer thicknesses found for Co/Cu and
Co/Ag. We have already discussed the influence of
the spin-diffusion length in the nonmagnetic layer in two
previous publications, ' and our predictions have been
compared with experimental results in Ref. 6. On the
other hand, the results we present here on the inQuence
of the spin-difFusion length in the magnetic layer have
never been discussed.

In Secs. III and IV, we calculate the shortening of the
spin-diffusion length expected from the addition of im-
purities with strong spin-orbit coupling (Sec. III) or
paramagnetic impurities in the nonmagnetic layers (Sec.
IV). The stronger effects (shortening of l,', ' and reduc-
tion of the CPP-MR) are expected from paramagnetic
impurities, in agreement with recent results of Yang
et al.

In Sec. V, we discuss the influence of temperature.
First, in Sec. V A, we assume that, in spite of the addi-
tional spin relaxation arising from electron-magnon
scattering, the spin-diffusion length is still much longer
than the layer thickness. In these conditions, the CPP-
MR is nevertheless reduced because the momentum
transfer induced by spin-Hip electron-magnon collisions
(the so-called spin mixing mechanism) equalizes the spin-
up and spin-down currents. We calculate this first contri-
bution. Then, in Sec. V 8, we estimate the second contri-
bution arising from the shortening of the spin-diffusion
length by electron-magnon scattering.

Finally we summarize our results data in Sec. VI.
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II. CPP-MR OUT OF THE LIMIT
OF VERY LONG SPIN-DIFFUSION LENGTHS

In a previous article, ' Valet and Fert (VF) concentrat-
ed on the behavior of the CPP-MR in the limit where the
spin-diffusion lengths l,', ' and l,', ' are much longer than
the layer thicknesses t& and t~. In this limit, the VF
model leads to the simple expressions already used by
Pratt et al. in a phenomenological analysis of their
experimental data, that is to say

R' '=M[pFt~+pttt~+2rb ],
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In the case where L and tF are constant and
t& =(L Mtz)/M, Eq. (3) becom—es

where R ' ' and R ' ' are the resistances of a unit area of
the multilayer for the antiparallel (or random) and paral-
lel arrangements, respectively, p& is the resistivity of the
normal layers, p&t&~=2pg[1 —(+)P] are the resistivities
of the spin I' and spin J, channels in the ferromagnetic
layers, r&t&~=2rb'[I —(+)y] are the resistances of the
F/N interfaces for the spin I' and spin J, channels, tF and
t~ are the thicknesses of the F and X layers, respectively,
M is the number of bilayers, and L =M ( t~+ t~ ) is the to-
tal thickness of the structure. The right-hand side of Eq.
(3) includes two contributions respectively due to bulk
and interface spin dependent scattering: the first one is
the product of the total resistance of the magnetic layers
(p~LtFI[t~+tz] or, as written by Pratt et al. ' Mt~p~)
by their asymmetry coefficient P; the second one is the
product of the resistance of the interfaces (2Mro ) by
their asymmetry coeEcient y.

In the usual conditions of Pratt et a/. , L is constant
and Eq. (3) leads to a linear variation as a function of the
number of bilayers M. In the case of structures with
equal thicknesses for the magnetic and normal layers, i.e.,
tF = t~ =L /2M, Eq. (3) becomes
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FIG. 1. Influence of a reduction of the spin-diffusion length
in the nonmagnetic layers on the square root plots: for a Co/Ag
multilayer with a fixed total thickness, L =7200 A,
+[R'A ' —R' ']R'AP' is plotted as a function of the number of
bilayers M for several values of l',f g', indicated on the figure.
The parameters of the calculation from Eqs. (6)—(8) are those
derived from measurements on Co/Ag, ' i.e., pAg=1 pQcm,
pc, = 10.7 pQ cm, rb =0.56 fQ cm, P=0.48, y =0.83, with also
l,'f ' =2000 A for the spin diffusion length in the magnetic lay-

0
ers. (a) is for tc, =60 A, t„g=L/M —tc, [as in Figs. 1 and 3
from Yang et al. (Ref. 6)]; (b) is for tc, =t„0=L/(2M) [condi-
tions chosen in the upper Fig. 3 of Pratt et al. , Ref. 5)]. The
linear variations shown for infinite l,'f ' are those predicted by
Eq. (5). The curves for finite l',f

~' are somewhat different from
those published by Fert et al. (Fig. 1 in Ref. 12) or Yang et al.
(Figs. 1 and 3 in Ref. 6) because we have kept the resistivity of
pure Ag layers. In contrast, the curves of Refs. 12 and 6 were
calculated to account for experimental results on Co/AgPt mul-
tilayers and used the resistivity of AgPt alloys. This does not
change significantly the results.

'1/(R' ' —R' ')R' '=[13tFp~+2yrq*]M . (5)

These two types of linear variations with M, calculated
with values of P, y, p~, rb', L, t~ used in the fits of experi
mental results on Co/Ag multilayers by Pratt and co-
workers, ' are the straight lines in Figs. 1(a) and l(b).
We recall that Eqs. (1)—(5) hold only for l„' ' &) t~t~~, so
that the linear variations continuing down to M=1 in
Fig. 1 are expected only for M ))L /l+' '.

Now, suppose that additional spin relaxation mecha-
nisms (impurities, rnagnons) shorten the spin-diffusion
lengths to values of the order of magnitude of the layer
thicknesses. Then Eqs. (1)—(5) are no longer valid and
have to be replaced by the general expressions of R'
and R ' ~, Eqs. (40)—(43) in Ref. 13, i.e.,
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R' ' '=M[ro+2rsi' '] with ra=(1 P—)pFtF+pztz+2(1 y—)rb*, (6)
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The spin-diffusion length in the nonmagnetic layers,
l,'f ', is related to the spin mean free path A,,'f ' and
momentum mean free path A,

' ' by'

g(N)g(N)
l(N)

sf
=

6

The spin-diffusion length of the magnetic layers, 1,'f ', is
related to the momentum mean free paths X& and A, ~, and
the spin mean free path X,'f ' by

' 1/2
ksf

3(A, )+A, t)
(10)

We will first consider how shortening l',f
' reduces the

MR and distorts the linear variation of
+(R ' ' —R ' ')R ' ' with M found in the limit of very
long spin-diffusion lengths.

We have calculated +(R ' ' —R ' ')R ' ' from Eqs.
(6)—(8) with the parameters of the fit by Pratt and co-
workers for Co/Ag, with a very long l,'f ' (2000 A) and
with different values of l,'f ' between infinity and 20 A.
As shown in Fig. 1, the MR is rapidly reduced as l,'f ' is
shortened. For a given value of l,'f ', the variation of
+(R' ' —R' ')R' ' with M is no longer linear: it
starts with a positive curvature (in fact exponentially, as
exp[ L (/4 Ml', 'f)])—at small values of M in Fig. 1 and
catches up with the linear variation of the long spin-
difFusion-length limit for M »L/l, (f '. Such a behavior
has been recently observed by Yang et al. in Co/Ag and
Co/Cu multilayers in which Mn or Pt impurities have
been introduced in the silver layers to shorten their spin-
diffusion length. By fitting Eqs. (6)—(8) with their experi-
mental results, they have determined the spin diffusion
length l,'f ' for each concentration of Mn or Pt. For ex-
ample, l Ir

' is reduced to 2.8 nm by the addition of 7%%uo of
Mn in Cu.

Equations (6)—(8) can also be used to predict how the
CPP-MR is reduced by shortening the spin-diffusion
length in the ferromagnetic layers, l,'f'. In Fig. 2 we
show plots of +(R ' ' —R ' ')R ' ' versus M calculated
again with the parameters of the fit by Pratt and cowork-
ers for Co/Ag, with now l(fN)=5000 A and several
"short" values of l,'f '. We see that shortening l,'f ' also
reduces the MR and distorts the linear variation of the

I

long spin-diffusion-length limit. The curves start from
zero with a negative curvature and catch up with the
linear variation for M »L /l,'r i. In contrast with the ex-
ponential variation at small M, when l,'f ' is shortened, the
variation at small values of M is linear in M.

III. INFLUENCE OF SPIN-ORBIT SCAI j.KRING
BY IMPURITIES
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PIG. 2. Same caption as for Fig. 1(b) but now for a Axed
value l,'& g' =5000 A and several values of 1,'f" indicated on the
6gure. According to the experimental square root plots of Pratt
et al. (Ref. 5), a linear var'iation is observed down to M =10
(thickest Ag layers in the samples of Ref. 5). Only our curves
for l,'&" &200 A keep a linear variation down to M =10, and
thus we can conclude that the actual spin-di6'usion length in the

0
Co layers is longer than 200 A.

The case of spin Aip scattering by impurities I with
strong spin-orbit interaction (I=Au, Pt, or other 51 ele-
ments, also Pb or Bi) is relatively simple. Spin-orbit
scattering by such impurities brings an additional and
temperature independent contribution to the spin relaxa-
tion. ' The total spin relaxation rate will be written as

1 1 1
(o)

Bf 7sf %sf
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where 1/~,'&' is due to spin-orbit scattering by defects and
residual impurities, while 1/~(f ' is due to spin-orbit
scattering by the impurities r and proportional to their
concentration Xi per unit volume (we consider the low
temperature limit and will treat the additional contribu-
tion from electron-magnon scattering only in Sec. V B).
For transition metal impurities, the spin-orbit scattering
is due mainly to the hybridization between the conduc-
tion band states and the d states of the impurity, in other
words to the formation of a virtual bound state. ' ' This
leads to simple expressions of the spin flip cross section
o,'f' and relaxation time':

2
40m ~d . 2 d0 f

= sin 7T
10

(12)

(I)
(I) cVI UF &sf

+sf
(13)

where A, d is the spin orbit constant of the d states, 6 is
the width of the virtual bound state ( =1 eV), Zd is the
number of d electrons, and kF and UF are the Fermi wave
vector and velocity, respectively. Note that Eq. (12) is for
nonmagnetic transition metal impurities.

Large spin-flip cross sections are expected for transi-
tion metal impurities at the end of the 5d series for which
A, d is much stronger than for 3d or 4d elements [for ex-
ample, kd =0.51 eV for Pt against kd =0.076 eV for Ni
(Ref. 16)]. For Pt in Cu the spin flip cross section is
known from electron spin resonance (ESR) experiments,
o.,&=4.0X10 ' cm (Refs. 14 and 17) and, for a given
concentration of Pt, this cross section can be converted
into spin mean free path from Eq. (13). Suppose, for ex-
ample, Cu layers containing 6 at. %%uoof Pt impurities:
starting from the above value of o,t and neglecting I /r, '&'

[that is assuming A,,t=v', &'v~=[Nlo', t'] ' from Eq. (13)],
a straightforward calculation leads to A,,f=500 A. As-
suming a resistivity of 13 pA cm for Cu+6 at. %%u&Pt, '
we also obtain A, =55 A and, from Eq. (9):

r(~) =68 A.Sf (14)

This is the value also derived by Yang et al. By
fitting their experimental data with the VF theory (see
Fig. 4 in Ref. 6), they have found a good fit for I,'P =80
A, which is in good agreement with the above 68 A.
Larger spin flip cross section and shorter 1,'f ' can be ex-
pected with Os or Ir impurities [larger value of
sin(~Z„/10)].

We finally point out that Eq. (12) holds only for transi-
tion metal impurities. The calculation of o.,f is more
complex for sp elements. ' However, there are ESR ex-
perimental data for some impurities, for example,
o.,f=2.0X10 cm an o.,f=2.5X10 cm for Au
impurities in Cu and Ag, respectively, which is definitely
smaller than for Pt impurities, 4.0X 10 ' cm in Cu and
9.3X10 ' cm in Ag, respectively. ' '

Equation (12) can also be used to estimate the spin re-
laxation rate in "nondoped'* multilayers such as Co/Cu
or Co/Ag. The spin flip scattering is then by the spin or-
bit part of the scattering potential of defects or
interdiffused atoms. Therefore the involved spin orbit in-

teraction is that of Co, Cu, or Ag, which leads to a ratio
larger than 10 between the non-spin-flip or spin-flip

0
cross sections. For mean free path longer than 10 A,
this also leads to spin-difFusion length longer than 10 and
therefore justifies the simple expressions used by Pratt
et al. ' to interpret experimental results on Co/Ag and
Co/Cu. Similar estimates by Yang et a1. lead to 5000
and 4500 A for the spin-diffusion lengths of Ag and Cu
layers, respectively.

IV. INFLUENCE OF SPIN FLIP SCA'I I'ERING
BY EXCHANGE INTERACTIONS

WITH PARAMAGNETIC IMPURITIES

H = —2Js S6(r)

the classical expression for I/r, d and I/~d, are '
1 8 ~ 2

3 A
=——tV S(S+1)J n (E ),F

(15)

(16)

Qs

=4m [Jn (Ep ) ] kti T, (17)

where Nl is the number of magnetic impurities per unit
volume, S is the spin of the paramagnetic impurities, and
n (EF ) is the density of states at the Fermi level per unit
volume and per spin direction.

In the presence of both spin-lattice and s-d relaxations
for the conduction electrons, the balance between the
spin accumulation related to current gradients and the
spin relaxation is written

pz dJ+ dJ AMd
(18)

e dz
1 1+
sl +sddz ds

Recent experiments on Cu/Ag and Co/Cu multilayers
with Mn impurities in the nonmagnetic layers have
shown that the CPP-MR is strongly reduced by Mn im-
purities. In this section, we calculate the influence of ex-
change spin-flip scattering by such paramagnetic impuri-
ties on the spin-diffusion length.

Compared to the case of spin-orbit scattering (Sec. III),
the problem of the spin-flip scattering by exchange in-
teraction with paramagnetic impurities is a little more
complex because exchange scattering does not relax the
spin accumulation directly to the lattice but transfers it
to the paramagnetic impurity system. This problem of
relaxation via paramagnetic impurities is similar to that
of electron spin resonance in dilute magnetic alloys and
we adopt the conventional notation of ESR: I/~, d is the
spin relaxation rate of the conduction electrons towards
the paramagnetic impurities, I /rd, is the spin relaxation
rate of the paramagnetic impurities towards the conduc-
tion electrons (the so-called Korringa rate), I /r, &

and
I /rdl are the respective spin relaxation rate of the con-
duction electrons and paramagnetic impurities to the lat-
tice (the relaxation rate I/r,

&
of the ESR is twice the spin

flip rate I/r, t of the preceding section ). When the ex-
change interaction between the spin s of a conduction
electron and the spin S of a paramagnetic impurity is
written as
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0= 1 1+ AMd-
dl +ds sd

(19)

Combining Eqs. (18) and (19) leads to

pg dJ+ dJ
e dz dz

1 1 ~ds

+sl lsd wads + tdl
AM, .

J+ and J are the current densities for the two spin
directions, z is the axis perpendicular to the layers, and
AM, and EMd are the out of equilibrium magnetizations
for the conduction electrons and magnetic impurities.
Equation (18) is similar to the first of Eqs. (13) in Ref. 13;
in fact, with I/r, d

= 1/rd, =0, Eq. (18) would be reduced
to the corresponding equation of Ref. 13.

For the impurity spins, there is no spin accumulation
term related to current gradients and there is only bal-
ance between sd, ds, and dl relaxation terms:

toresistance measurements on CuMn alloys and
S=5/2, we obtain

exch

7
low T

' res

=0.089 . (25)

According to ESR data for CuMn, the additional spin-
Aip scattering rate by the spin orbit of Mn is much small-
er' and will be neglected here, i.e., we take

' exch

=0.089
low T low T

7

' res

(26)

Supposing 7 at. % of Mn impurities in Cu, taking p (7%
Mn) = 31 pQ cm (Ref. 18) and 1 free electron per atom
in the conduction band of Cu, we obtain that the corre-
sponding mean free path is

(27)

( 0) Then, from Eq. (26):

~ds

rds +~dl

In the low temperature limit, according to Eq. (17) for
the Korringa rate, I /rd, tends to zero, so that

4n NIS (S + 1)J n (Ep )

+sf 3A
(22)

7
low T

As temperature increases, the Korringa rate increases
so that (I/r, t)'"'" decreases below its low temperature
value given by Eq. (22). This shows that the efficiency of
paramagnetic impurities for shortening the spin-diffusion
length and for reducing the CPP-MR is expected to de-
crease with temperature.

For a numerical illustration, we choose the example of
Cu layers doped with Mn impurities. We can derive the
spin-Hip rate from magnetotransport data. We assume an
impurity scattering potential of the form

~ We thus 6nd that, in addition to the spin-orbit term of
direct relaxation to the lattice, i.e., I/r, &, there is an addi-
tional contribution to the spin relaxation provided by the
exchange scattering. When we use Eq. (16) to express
I /r, d, this exchange contribution to 1/r, t is written as

4nNIS (S + 1)J n (EF )
(21)

+sf

'/0. 089=236 A . (28)

The spin-diffusion length is then derived from Eq. (9),

Qg(N)g(N)
=29 A.sf (29)

Out of the low temperature limit, the Mn impurities
are expected to be less efficient as Eq. (22) has to be re-
placed by Eq. (21), which includes the reduction factor
rd /(rd +rdi ). We can rapidly check that 4.2 K is not
strictly in the low temperature limit. According to ESR
data, y(1/rd&) (with y =2ps/h) is around 200 Cx in im-
planted CuMn alloys, while y(1/rd, )/T=45 GK
This leads to a reduction factor of 0.51 for (1/r, t)'"'" at
4.2 K and to a value around 40 A for l,'f '. Spin glass
freezing could also freeze out a part of the spin Rip and
increase l,'f ' a little more.

In the CPP experiments on CuMn(7%)/Co, a good fit
with the VF model has been obtained by Yang et al.
with lIt '=28 A. This is in better agreement with the
nonreduced value of 29 A, Eq. (29), and suggests that, at
4.2 K, the reduction factor is less important than we have
estimated. However, the reduction must become really
effective at higher temperature.

H„„=(V —2Js.S)5(r)

so that the resistivity relaxation rate is written as

(23)
V. INFLUENCE OF TEMPERATURE

2m%I
[ V +S(S+1)J ]n(E~)

7 fi
(24a)

' exch

low T

res

=2
3

S(S+1) J
V

. (24b)

1+S(S+1) J
V

Taking the value J/V=0. 133 derived from magne-

and is related to the low temperature spin relaxation rate,
Eq. (22), by

'2

The two current model for the conduction in ferromag-
nets ' and the corresponding models of the CIP-GMR
include three relaxations rates, rt ', ri ', and A, &i' [and
the three associated characteristic lengths or mean free
paths, A. t, i, &, and A. ti (Ref. 27)]. The rates r&

' and r&
'

characterize the relaxation of the momentum to the lattice
within each channel, while ~t ~ characterizes the momen-
tum transfer between the two channels (the so-called spin
mixing effect). However, for the low temperature limit of
the two current model, the usual assumption is ~~~'=0
(no spin mixing). Consequently, there are three charac-
teristic lengths, k&, A, &, and A,

& ~ at 6nite temperatures and
only two, A,

~ and A, ~, in the low temperature limit. In the
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effects that must be taken into account to describe the
temperature dependence of the CPP-GMR.

(a) At finite temperatures, the intrachannel relaxation
rates ~&

' and ~&
' receive an additional contribution from

thermally excited scatterings (phonons, magnons). This
can be described in terms of an additional contribution to
the resistivity of each channel, that is

p (T)=p (T=O)+5p (T) with cr=1 to l (30)

in the notation or Ref. 28. In our notation this leads to
temperature dependent values of p~ and P,

pt(T)+p}(T)
pp(T)= (31)

pt(T) —pi(T)
/3(T) =

pt(T)+pi(T)
(32)

Experimental values of 5p&( T) and 5p i( T) for bulk Ni,
Fe, and Co can be found in the literature. ' For the
nonmagnetic layer also, 2p&( T)=p ( T)=p ( T =0)
+5p (T), where 5p (T) is independent of 0 and is twice
the phonon resistivity of the bulk metal 5p~( T).

In principle, the spin dependent interface resistances r
~

and r& involved in the VF model should also receive
some temperature dependent contributions due to inter-
face phonons and magnons. For simplicity we neglect
this temperature dependent of r

&
and r

&
but it could be

included straightforwardly in the calculation.
(b) Electron-magnon scattering not only contributes to

5pt(T) and 5p~(T) but also to the spin mixing rate r&&
or, in terms of resistivity, to the spin mixing resistivity
pti(T). ' The spin mixing tends to equalize the two
currents and lowers the GMR. Experimental data on
pt~(T) for Ni, Fe, and Co can be found in the litera-
t 25'26'29

(c) Spin slip electron-magnon scattering could also con-
tribute to the spin relaxation rate ~ f

' and therefore to
shorten the spin-diffusion length in the magnetic layers.

A. Temperature dependence due to spin mixing
and temperature dependent spin resistivities

0
In most experimenta1 systems, l,f exceeds 10 A and

is much larger than the layer thicknesses. The spin-
diffusion length in the ferromagnetic layers, l,'f ', will be
shortened by electron-magnon scattering but, from the
conclusions of Sec. II, the CPP-GMR is reduced only
when the spin diffusion length is shortened to the order of
magnitude of the layer thickness (and, moreover, the
effect is less severe when the reduction is for I,'&'). Thus
we postpone the discussion of the effects due to the shor-
tening of l,'f ' to Sec. V B. In this section, we consider the
case where the shortening is not sufficient to go outside
the long spin-diffusion-length limit and we discuss the
temperature dependence due to 5p ( T) and p & &( T). '

In the long spin-diffusion-length limit of the VF model,
the current densities J+ and J for the two absolute spin
directions are constant throughout the multilayer and
can be determined by averaging all the scattering proba-
bilities in each channel. The voltage drop V across the

models of the CIP-GMR, the assumption r&~'=0 has
been generally assumed valid at any temperature and
only a few models introduce a nonzero ~&&' at finite tem-
perature to describe the temperature dependence of the
CIP-6 MR. ."

For the CPP-GMR the VF model' has been worked
out for the low temperature limit and therefore assumes
w&& =0. In addition, to describe the relaxation of the
spin accumulations, it introduces another relaxation rate,
the spin relaxation rate ~ f '. The only scaling length ap-
pearing in the final expressions of the CPP-GMR is the
spin diffusion length l,f, which is a function of the
characteristic lengths k~, A, ~, and A,,f=u~~, f. At finite
temperatures, it is necessary to introduce the spin mixing
effect (momentum transfer) into the VF model and, as de-
scribed below, A,

&& will also come into play with k&, A, &,

and A'sf

Because the relaxation times ~& &
and ~,f are both relat-

ed to spin Hip scattering, there is some confusion between
them, so that we begin by explaining in what they differ
and why they depend differently on temperature, that is
why r&&'(T =0)=0 and ~,&'(T =0)%0.

The relaxation rate ~&~' characterizes the momentum
transfer between the two channels by spin Rip scattering,
or in other words the relaxation of the magnetization
current. Only the scattering processes which conserUe the
momentum, at least partly, contribute to r&~", this ap-
pears clearly in the usual expressions of ~&~' or p&&, for
example, in Eq. (17) of Ref. 25. Consequently, st&' is zero
if, for a given incident wave vector k, the mean value of
the scattered wave vector k' is zero. At low temperature,
for spin-Aip scattering by the spin orbit part of impurity
or defect potentials (or by the exchange interaction with
paramagnetic impurities doping nonmagnetic layers ),
this condition is approximately obeyed. With also the
weakness of the spin-orbit potentials, this explains why
rt~(T=O) is assumed to be zero (in fact, in the two
current models, the condition ~&&' (&~& ', ~&

' is sufficient
to neglect r&& ). As T increases, mainly spin /Pip scatter-
ing by magnons comes into play to give ~&&' a nonzero
value, since the electron momentum is partly conserved
in electron-magnon collisions: k'=k+q, where q is the
magnon wave vector (at relatively low temperatures, q is
much smaller than kF, so that the momentum of the scat-
tered electrons is almost completely transferred to the
other channel).

On the other hand, ~ f
' characterizes the relaxation of

the out of equilibrium magnetization (or spin accumula-
tion) and all the spin fiip scattering proce-sses, with and
without momentum conservation, may contribute to ~ f

'

providing that the corresponding scattering Hamiltonian
does not commute with the total spin of the conduction
electron system. At low temperatures, ~ f

' includes con-
tributions from spin-orbit scattering by impurities or de-
fects (see Sec. III) and, for nonmagnetic layers doped
with paramagnetic impurities, contributions from ex-
change scattering (see Sec. IV). As T increases, r,f ' could
receive additional contribution from electron-magnon
scattering in magnetically ordered layers.

The above discussion allows us to classify the several



SPIN RELAXATION EFFECTS IN THE PERPENDICULAR . . ~ 6S19

multilayer is thus related to J+ and J by the usual cou-
pled equations of the two current model,

I I I
t

I I l
t

I I I
(

I I I
)

I I I

V=R+ J++R(+ )(J+ —J ),
V=R J +R(+ )(J J+ )

with, in the notation of Sec. II,

R(+ ) =Mt~ptt(T)

(33)

(34)

80

p, 60

40

20

and, in the case of antiparallel (or random) arrangement
of the layer moments, 0

0 20 40 80

R '+ ' =R ' ' =M[2t~p~( T)+2t)vp)'v( T)+4rb*],

while, in the case of parallel arrangement,

R p
' =M [2t~p~( T)(1+P(T) )

+2t~ptv(T)+4rb'(1+y)] .

(35)

(36)

The two terms in the right side of Eq. (33) express the in-
trachannel relaxation of the momentum and the inter-
channel momentum transfer, respectively. Equations
(34)—(36) simply mean that the relaxation and transfer
rates are averaged in each channel. The resistance of a
unit surface of the multilayer, that is R = V/(J++J ),
is obtained by solving Eqs. (33) and this leads to the fa-
miliar expression ' of the two current model,

R+R +R(+ )(R+ +R )R=
R+ +R +4R(+ )

The resistance R' ' and R' ' for the antiparallel and
parallel arrangements are then derived from Eqs.
(34)—(36) and we obtain

~[R (+P)—R (~) ]R (&P)

M[13(T)t~pF(T)+2yrb ]

Ipt (T)
R (AP)

(38)

Compared to the similar expressions for the low tempera-
ture limit, Eq. (3), the only differences are pF and p)v are
replaced by p~(T)=p~+[5pt(T)+5pl(T)]/4 [see Eq.
(31)] and p)v(T)=p)v+5p (T)/2=pz+5pz(T); P is re-
placed by P( T) [Eq. (32)]; and a reduction factor
I /[ I+Mt'�&&( T)IR ' '] expresses the spin mixing
effects.

The variation of +[R ' ' —R ' ']R ' ' with T results
from several competing effects. The increase of pF(T)
with T tends to increase it but, if the spin asymmetry be-
tween 5pt(T) and 5p&( T) is less pronounced than that be-
tween the low temperature resistivities p& and p&, the re-
sulting decrease of P(T) goes in the opposite direction.
Also the increase of p&t(T) with T in the denominator
tends to decrease the square root. In addition, the varia-
tion is no longer linear in M since M is also involved in
the denominator.

Starting from the low temperature values of pF, P, pz,
rb, and y derived by Pratt et al. for Co/Cu and intro-
ducing values of 5pt(T), 5pt(T), and ptt(T) derived for

FICx. 3. (/[R' ' —R' ']R(~p) versus the number of bilayers
M calculated for Co/Cu multilayers at 4.2 and 300 K. The cal-
culation is performed in the long spin-diffusion-length limit by
using Eq. (38) which takes into account phonon and magnon in-
trachannel resistivities, and also the interchannel spin mixing
term. The curve for 4.2 K is calculated for 5p&(4. 2)
=6p+(4. 2)=p~~(4. 2); the curve for 300 K is calculated by us-
ing values of 5p~(300), 5pF(300), P(300), and pt~(300) derived
from data on bulk metals or alloys (Refs. 28 and 29). The
dashed line is calculated for an arbitrarily large value of p&( [ten
times pt~(300)] but, even with such a large value of pt~, the de-
viation from linearity is still negligible.

bulk Co (Ref. 29) and the phonon resistivity 5pz(T) for

bulk Cu ' we have calculated 3/[R ' ' —R ' ']R ' ' at
300 K as a function of the numbers of bilayers M for
Co/Cu multilayers with a total thickness L =7200 A,
tc, =15 A, and tc„=LIM—tc, . ' As shown in Fig. 3

the values of V [R' ' —R' ']R' ' at 300 K are slightly
above those at T =0. The deviation from a linear varia-
tion is small and almost negligible. A similar enhance-
ment of the slope of the square root plot has been ob-
served in measurements on Co/Cu by Gijs. A more
pronounced deviation from linearity can be obtained only
with much higher values of ptt (300 K). The dashed
curve has been obtained by introducing arbitrarily a
value of ptt(300 K) ten times larger than the bulk one.
Even with this large value of pt~, the deviation from
linearity is still extremely small.

From the above equations, we have also calculated the
temperature dependence of [R ' ' —R (~)]/R ' ' for Co 15
A/Cu 20 A using the same low temperature parameters
of Pratt et al. and the same experimental data as above
for 5pt(T), 5p&(T), and pt&(T) in Co and for the phonon
resistivity in Cu. In Fig. 4 we show the corresponding
variation of the CPP-CxMR ratio with T. This variation
can be compared with the variation of CIP-GMR ratio
calculated in a semiclassical model for the same struc-
ture. ' The temperature variation of the MR is rela-
tively weak in both geometries, in agreement with the ex-
perimental data. ' More precisely, the experimental
temperature dependences are slightly more pronounced
than the calculated ones, which could be due to enhanced
spin fluctuations at the interfaces. This could be taken
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I I I I inantly due to the spin-mixing effect described in Sec.
VA.

80

CIP
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50 100 150 200 250
Temperature (K)

FIG. 4. Variation with temperature of the CPP- and CIP-
MR for a Co 15 A/Cu 20 A multilayer calculated (as described
in the text) from values of 5p„*{T), 5pF{T), 13{T), and p t t {T) de-
rived from data on bulk metals and alloys (Refs. 29 and 30).
The variation is somewhat smaller than the experimental one
(Refs. 28 and 32), which suggest an additional contribution to
5p ( T) and p ~ ~( T) from the interfaces.

into account by introducing temperature-dependent in-
terface resistance 5r t ( T), 5r

&
( T), and 6r t &

( T).

B. Temperature dependence of the spin-diA'usion length
in the ferromagnetic layers

In order to consider the influence of the spin fluctua-
tions on the conduction electron spin-diffusion length in
the ferromagnetic layers, we will adopt the physical pic-
ture of slightly polarized, small effective mass "s" elec-
trons (mainly responsible for the current conduction) and
heavily polarized, large effective mass "d" electrons
(mainly responsible for the spontaneous magnetization)
coexisting at the Fermi level. We will also assume an s-d
exchange interaction of the kind in Eq. (15).

Within this model, at nonzero temperature the
thermally excited magnons in the d subsystem will scatter
the conduction electrons. But, because the s-d Hamil-
tonian (15) conserve the total spin of the system s+d
electrons, it is clear that the spin-flip part of these scatter-
ings (due to the s S++s+S terms of the Hamiltonian)
will not relax the s electron spin accumulation directly to
the lattice, but will rather allow exchange of spin accu-
mulation between the s and d subsystems. Anyhow, this
is only an additional mechanism of equalization of the
chemical potential shifts between the s and d bands, since
s-d elastic scatterings on impurities and defects is an even
more eKcient mechanism already present at low tempera-
ture. With, at any temperature, the spin accumulation
spread in both bands, its relaxation to the lattice is al-
ways controlled by the almost temperature independent
spin-orbit scattering (in both bands, by impurity, defects,
phonons etc.).

In conclusion, we guess that electron-magnon scatter-
ings do not provide an additional efficient mechanism of
relaxation of spin accumulation to the lattice, and should
not affect significantly the spin-diffusion length. The tem-
perature dependence of the CPP-MR should be predom-

VI. SUMMARY AND CONCLUSIONS

The spin-diffusion lengths 1,'f ' and 1,'&' are the scaling
lengths of the perpendicular transport in magnetic multi-
layers and this leads to very simple linear variations, Eq.
(3) or Eqs. (4) and (5), when the thicknesses (tz, t&) are
much smaller than the spin-diffusion lengths (SDL).
Such linear variations have been observed in extensive
measurements at Michigan State University and are use-
ful to separate simply the bulk and interface contribu-
tions. Out of the long spin-diffusion-length limit, the
CPP-MR is given by Eqs. (6)—(8). In Sec. II we have de-
scribed the corresponding behavior, and in Figs. 1 and 2
we have illustrated how the CPP-MR is reduced and
departs from linear variations when one goes away from
the long spin-diffusion-length limit.

Bass et a/. have confirmed this behavior at finite SDL
by adding Pt or Mn impurities in Co/Ag or Co/Cu mul-
tilayers to shorten the spin-difFusion length, 1,'f ', in the
nonmagnetic layers. In Sec. III we have calculated the
shortening of 1,'f ' by impurities with large spin-orbit in-
teractions, and shown that the values of 1,'f ' predicted for
Pt impurities are in good agreement with those derived
by Bass et al. In Sec. IV we have calculated the shor-
tening of 1,'f ' by paramagnetic impurities in Cu and ac-
counted for experimental results of Bass et al. on
Co/CuMn multilayers at 4.2 K. In addition we predict
how the effect of Mn impurities should be reduced by an
increase of temperature. Section V is devoted to the tem-
perature dependence of the CPP-MR. In Sec. VA we
suppose that the spin-diffusion lengths remain much
longer than the thicknesses at any temperature, and we
calculate the variation with temperature due to spin mix-
ing of the spin t and spin $ currents. We apply our re-
sults to the case of Co/Cu multilayers and we find a rela-
tively weak temperature dependence for both the CPP
and CIP-MR, in agreement with recent experimental re-
sults. In Sec. VB, it is furthermore shown that the
electron-magnon scattering can hardly be considered to
affect significantly this weak temperature dependence
through spin diffusion length 1,'f ' shortening.

Our calculations have been applied mainly to Co/Cu
or Co/Ag multilayers doped with Pt or Mn impurities.
Similar analyses should be of interest in multilayers
doped with other types of impurities for extensive deter-
mination of spin-flip cross section.
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