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Unité Mixte de Recherche CNRS Thomson CSF, 91404 Orsay, and Universite´ Paris-Sud, Baˆt 510, 91405 Orsay, France

~Received 30 October 1995!

We extend the Valet-Fert model of the perpendicular magnetoresistance in magnetic multilayers to describe
the spin accumulation and relaxation effects in the spin switch structure introduced by Johnson and calculate
the output voltage of the device. In contrast to the usual treatment by Johnson, we take into account the spin
relaxation in the ferromagnetic layers, and also the influence of interface resistances and interface spin flips.
We show that, for thin nonmagnetic layers, the output voltage is limited by the spin relaxation in the ferro-
magnetic layers. We find that the interpretation of the experimental data requires surprisingly long spin diffu-
sion lengths in both the magnetic and nonmagnetic layers, much longer than those derived from perpendicular
magnetoresistance in multilayers of similar materials.

I. INTRODUCTION

The subject of this paper is the theory of the ‘‘bipolar spin
switch’’ introduced by Mark Johnson.1,2 This device is based
on the spin accumulation effects generated by injecting a
spin polarized current from a ferromagnetic metal into a non-
magnetic metal.1–5 The geometry of Johnson’s spin switch1,2

is shown in Fig. 1. A current is driven from a ferromagnetic
metalF1 into a nonmagnetic metalN. The spin polarization
of this current creates aspin accumulation, i.e., anonequi-
librium magnetizationthat can be described as a splitting
between the chemical potentials of the spin up and spin
down conduction electrons. A second ferromagnetic material
F2 is used to probe these chemical potentials. Its voltage
depends on the relative orientation of the magnetizations in
F1 andF2 ~Refs. 1, 2!:

VP2VAP5DRsI ~1!

or

VP~AP!51~2 !DRsI /2 ~2!

if the reference voltage is that of a nonmagnetic metal probe.
HereP and AP refer respectively to the parallel and antipar-
allel arrangements of the magnetizations inF1 andF2, andI
is the current through theF1/N interface.

The same spin accumulation effects play an essential role
in the current-perpendicular-to-plane magnetoresistance of
magnetic multilayers, or CPP-MR.6–10 For typical experi-
mental results in which the balance between spin accumula-
tion and spin relaxation appears clearly, readers can refer, for
example, to Yanget al.7 These experiments have been ac-
counted for in the model worked out by Valet and Fert~VF
model! to describe the spin accumulation in periodic multi-
layered structures.9,10 Here we extend the VF model to
Johnson’s spin switch structure. The main difference from
Johnson’s calculation1,2 is that we take into account thespin
relaxation not only in the nonmagnetic metal but also in the
ferromagnetic materials. The classical result of Johnson for
DRs is written as

Rs5DRs/25h1h2

rds
2

Ad
, ~3!

where, in the notation of Ref. 2,r is the resistivity of the
nonmagnetic metal,ds is the spin diffusion length in the
nonmagnetic metal, i.e.,ds5(v F

2tT 1
N/3)1/2, wheret andT 1

N

are the momentum and spin relaxation times, respectively, in
the nonmagnetic metal~ds is calledl sf

N in the VF model!, A is
the area of theF/N interface,d is the thickness of the non-
magnetic layer and is supposed to be much smaller thands ,
andh1, h2 are phenomenological coefficients expressing the
incomplete polarization of the current in the ferromagnets. It
can be pointed out that Eq.~3! depends only on the spin
relaxation timeT 1

N in the nonmagnetic layer (Rs;T 1
N/d),

whereas the spin accumulation is normally expected to ex-
tend by diffusion inF1 and F2, and thus should be also
affected by the spin relaxation in the ferromagnetic layers.
Johnson’s implicit assumption, as illustrated for example by
Fig. 1 in Refs. 1 and 2, is thatF1 andF2 are half-metallic
ferromagnets with a zero density of states at the Fermi level
for one of the spin directions~the majority spin direction or
spin↑!. With no empty states at the Fermi level in the spin↑

FIG. 1. Schematic drawing of Johnson’s spin switch device. The
voltage measured as shown depends on the relative orientation of
the magnetizations inF1 andF2.
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direction, there is no spin flip and no relaxation of the out of
equilibrium magnetization within the ferromagnetic metal.11

In ferromagnetic metals such as Co, Ni, or Fe, it is clear
that there is a nonzero density of states at the Fermi level in
both spin directions. The spin relaxation time and spin diffu-
sion length are not infinite, so that the spin accumulation and
DRs should be affected by the spin relaxation rates inF1 and
F2. Our extension of the VF model to the spin switch prob-
lem takes into account the spin relaxation effects in both the
nonmagnetic and ferromagnetic materials and, as we will
show,DRs depends not only on the spin relaxation time in
the nonmagnetic material but also~and essentially in usual
experimental conditions! on the spin relaxation and diffusion
parameters in the ferromagnetic layers. Our notation for the
density of states at the Fermi level will beN(EF) for the
nonmagnetic metal, andN↑(EF),N↓(EF) for the ferromag-
netic material~for simplicity, we assume thatF1 andF2 are
made of the same material!. In contrast to the VF model
whereN(EF), N↑(EF), and N↓(EF) were supposed to be
equal, we have introduced three free parameters, so that, by
decreasingN↑(EF) to zero, we can go to the half-metallic
limit and compare our results with those of Johnson@Eq.
~3!#.

The second significant difference between our approach
and that of Johnson is that we introduce spin dependent in-
terface resistances in the calculation. The importance of the
interface resistances in the perpendicular transport has been
clearly shown by the CPP-MR experiments in multilayers
and their interpretations.6–9 As we will show, the interface
resistances can play an important role as they tend to confine
the spin accumulation in the nonmagnetic layer and to in-
creaseDRs . However, when some probability of spin flip
scattering by the interface is also introduced, this contributes
to the spin relaxation and leads to the opposite effect of a
reduction ofDRs .

This paper is organized as follows. In Sec. II, we extend
the expressions describing the spin accumulation effects in
the VF model to the case with different values of the density
of states at the Fermi level,N(EF), N↑(EF), andN↓(EF),
and we describe how they can be applied to the spin switch
geometry. In Sec. III we present the calculation ofDRs in the
simplest case where there is no interface resistance. We in-
troduce interface resistances and interface spin flips in Sec.
IV and, in Sec. V, we relate our result forDRs in the spin
switch structure to the resistance change in a CPP-MR ex-
periment. Section VI is devoted to a discussion of the results
of our calculation and Sec. VII to a comparison with experi-
ments on spin switch structures and CPP-MR experiments.
Our conclusions are summarized in Sec. VIII.

A calculation based on a similar approach has been re-
cently worked out by Hershfield and Zhao.12 They also take
into account the spin relaxation in the ferromagnetic layers
and interface resistances but do not introduce the effect of
spin flip at interfaces. Most of their results are similar to
ours. However, our conclusion on the influence of interfaces
is definitely different.

II. BASIC EQUATIONS AND OUTLINE
OF THE CALCULATION

We adopt the notation of the VF model:9 ↑~↓! refers to the
majority ~minority! spin direction,1~2! refers to the abso-

lute spin direction ~i.e., s561/2!, J1(z)[J2(z)] and
m1(z)[m2(z)] are respectively the current density in the
directionz perpendicular to the layer planes and the electro-
chemical potential of the spin1 ~spin2! electrons. With the
uniform distribution of thez component of the current as-
sumed in the calculation, we haveJ1(2)5I1(2)/A. Finally
we write

r↑~↓ !52rF* ~17b! ~4!

for the resistivity of the spin↑ ~spin ↓! channel in the ferro-
magnetic metal and, in the same way, for the nonmagnetic
metal,

r↑~↓ !52rN* ~5!

~rN* is the resistivity of the metal!. In Sec. IV, we shall also
introduce interfacial nonspin-flip and spin-flip resistances.

The basic equations are the macroscopic equations dem-
onstrated from a microscopic Boltzmann model in Ref. 9.
These equations are equivalent to those used by Johnson and
co-workers,1–4 and van Sonet al.5 The first equation is a
pseudo-Ohm’s law,

Js5
1

ueurs

dms

dz
. ~6!

Two other equations express the conservation of charge and
spin respectively,

J1~z!1J2~z!5const ~7!

or

dJ1

dz
1
dJ2

dz
50 ~8!

and

dJ1

dz
2
dJ2

dz
5

DM ueu
mBT1

, ~9!

whereDM is the out of equilibrium magnetization andT1 its
relaxation time~unlike in Ref. 9, we come back to the con-
ventional notation for the magnetization relaxation time,T1
replacingtsf52T1!. T1 has valuesT 1

N andT 1
F in the nonmag-

netic and ferromagnetic metals, respectively. The electro-
chemical potentials can be written as

m6~z!5m~z!1Dm6~z!. ~10!

m(z) is spin independent, whileDm1(z) and Dm2(z) are
spin dependent and related to the out of equilibrium magne-
tization ~or spin accumulation! DM by

Dm656
DM

2mBN6~EF!
. ~11!

N1(EF) and N2(EF) are the density of states in the two
channels and, depending on the orientation of the magneti-
zations,N1(EF)5N↑(EF) and N2(EF)5N↓(EF) or vice
versa.

By combining Eqs.~6!–~11! we find thatDM , m6(z),
m(z), Dm6(z), andJ6(z) obey the same differential equa-
tion as that found in Ref. 9,
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d2f ~z!

dz2
5

f ~z!

l sf
N~F !2

. ~12!

The spin diffusion length in the nonmagnetic metal,l sf
N has

the same expression as in Ref. 9

l sf
N5S T1

N

2e2rN*N~EF!
D 1/2 ~13!

or, if rN* is expressed in a free electron model,

l sf
N5S llsf

6 D 1/2 ~14!

with l5tvF , lsf5tsfvF52T 1
NvF .

The new expression for the spin diffusion length in the
ferromagnetic metal,l sf

F , is

l sf
F5H T1

F

4e2rF*
F 1

N↑~EF!
1

1

N↓~EF!G J 1/2, ~15!

which reduces to the expression of Ref. 9 whenrF* is ex-
pressed in a free electron model andN↑(EF)5N↑(EF). The
functionsm6(z), J6(z), etc. are therefore linear combina-
tions of constant, linear, and exponential terms
@exp(6z/lsf

N(F))#.
As illustrated by Fig. 2~a!, the difficulty of Johnson’s ge-

ometry for a theoretical treatment is that the current lines
curve down progressively. The current arrives along the hori-
zontal direction of the figure and goes out vertically. Some
current lines, illustrated by line 1, crossN, penetrateF2 and
then curve down to go out alongN. Some others turn down
within N between theF1/N andF2/N interfaces; see line 2.
Some others, see line 3, have practically turned to the verti-
cal direction before penetratingF1/N interfaces. An exact
solution of the problem would depend inevitably on the geo-
metrical parameters of the structure, so that we have adopted
the following approximate solution.

We consider the current distribution obtained by adding
up the current distributions of Figs. 2~b! and 2~c!. In Fig.
2~b!, a uniform currentI /2 flows horizontally fromz52` to
z51` ~as in a conventional CPP-MR experiment!. In Fig.
2~c!, a currentI /2 flows fromz52` to z50, while an equal
current I /2 flows in the opposite direction fromz51` to
z50. The planez50 is a drain collecting the two currents, so
that there is a total currentI downwards. Adding up the two
distributions of Figs. 2~b! and 2~c! leads to the current dis-
tribution of Fig. 2~d!, where a currentI flows fromz52` to
z50, and atz50, curves down abruptly to the vertical direc-
tion. In the real distribution of Fig. 2~a!, some of the current
lines curve down afterz50, some before. However, since the
scaling length of the spin accumulation effects is very long,
the solution with an abrupt turn atz50 should provide us
with an approximate solution to the problem.

What we have to calculate now is the electrochemical
potentialm6(z) for both the current distributions of Figs.
2~b! and 2~c! and successively for antiparallel~AP! and par-
allel ~P! arrangements of the magnetizations inF1 andF2.
This will be done first in Sec. III without interfacial resis-
tance and interfacial spin relaxation, consequently not only
the charge current but also the spin current and the electro-

chemical potentials are continuous at theF1/N and N/F2
interfaces in this case. In Sec. IV we take into account the
interfacial resistance and interfacial spin relaxation. This
leads to a discontinuity of the electrochemical potentials re-
lated to the interface resistance and a discontinuity of the
spin currents related to the spin flip interface resistance.

III. CALCULATION WITHOUT INTERFACE RESISTANCE

We first calculate the electrochemical potentialm6(z) for
the situation of Fig. 2~b! ~horizontal current densityJ/2 from
z52` to z51`! and we will consider successively AP and
P configurations ofF1 andF2. We choose the value ofm6 at
z50 as reference and write

m6~z!52erF* ~12b2!
J

2
~z1a!1erN*

J

2
a1dmF1~z!

1Dm
6

F1~z! in F1 , ~16!

m6~z!52erN*
J

2
z1Dm6

N ~z! in N, ~17!

FIG. 2. ~a! Current distribution in the spin switch device.~b!
Current distribution for a conventional current-perpendicular-to-
plane geometry with currentI /2. ~c! Current distribution with two
uniform currentsI /2 flowing from z56` to a drain in thez50
plane. A total currentI flows downwards in thez50 plane. ~d!
Current distribution obtained by adding up the current distributions
~b! and ~c!, as an approximation of~a!.
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m6~z!52erF* ~12b2!
J

2
~z2a!2erN*

J

2
a1dmF2~z!

1Dm
6

F2~z! in F2 , ~18!

where the termsdmF1(z), Dm
6

F1(z), Dm6
N (z), dmF2(z),

Dm
6

F2(z) are generated by the spin accumulation effects and,
according to Eq.~12!, are linear combinations of constant,
linear, and exponential terms@exp(6z/lsf

F) in F1 and F2,
exp(6z/lsf

N) in N#.
The boundary conditions when there is no interface resis-

tance and no interfacial spin flips are the following:m1(z)
andm2(z) are continuous atz56a ~a5tN/2, tN is the thick-
ness ofN!; the charge current [J1(z)1J2(z)] is equal to
J/2 everywhere; and the spin current proportional to
[J1(z)2J2(z)] is continuous atz56a, where the current
densitiesJ6 are related tom6 by Eq. ~6!.

In the case of an AP configuration~majority spins with a
positive orientation inF1 and negative inF2!, the solution
can be written as

dmF1~z!5dmF2

1

r↑N↑~EF!
2

1

r↓N↓~EF!

1

r↑
1

1

r↓

mFexp~z/ l sf
F !,

~19!

Dm
6

F1~z!56
1

N↑~↓ !~EF!
mFexp~z/ l sf

F !, ~20!

Dm6
N ~z!56

2

N~EF!
mNcosh~z/ l sf

N!, ~21!

dmF2~z!52dmF1

1

r↑N↑~EF!
2

1

r↓N↓~EF!

1

r↑
1

1

r↓

mFexp~2z/ l sf
F !,

~22!

Dm
6

F2~z!56
1

N↓~↑ !~EF!
mFexp~2z/ l sf

F !, ~23!

with

mN5
ebJN~EF!

4F 1

rN* l sf
N sinhS al sfND 1

1

rF* l sf
N coshS al sfND G

, ~24!

mF5

4mNcoshS al sfNDexpS al sfND
N~EF!S 1

N↑~EF!
1

1

N↓~EF! D
, ~25!

dmF5

2bmNcoshS al sfND
N~EF!

. ~26!

For the spin switch problem, we are interested in the voltage
difference betweenz51` andz50. We ignore the contribu-
tion from linear terms which will be cancelled by terms with
opposite signs of the current distribution of Fig. 2~c!. We
keep

VAP5
2dmF

e
5

2b2J coshS al sfND
2F 1

rN* l sf
N sinhS al sfND 1

1

rF* l sf
F coshS al sfND G

.

~27!

In the case of aP configuration~majority spin in the positive
orientation in bothF1 andF2! the solution is written as

dmF1~z!5dmF82

1

r↑N↑~EF!
2

1

r↓N↓~EF!

1

r↑
1

1

r↓

mF8exp~z/ l sf
F !,

~28!

Dm
6

F1~z!56
1

N↑~↓ !~EF!
mF8exp~z/ l sf

F !, ~29!

Dm6
N ~z!57

2

N~EF!
mNsinh~z/ l sf

N!, ~30!

dmF2~z!52dmF81

1

r↑N↑~EF!
2

1

r↓N↓~EF!

1

r↑
1

1

r↓

mF8exp~2z/ l sf
F !,

~31!

Dm
6

F2~z!57
1

N↑~↓ !~EF!
mF8exp~2z/ l sf

F !. ~32!

The expression ofmN is still given by Eq.~24!, whilemF8 and
dmF8 can be obtained by replacing cosh by sinh in Eqs.~25!
and ~26!. The voltage difference betweenz51` and z50
~contribution from linear terms excluded! is written as

VP5
2dmF8

e
5

2b2J sinhS al sfND
2F 1

rN* l sf
N coshS al sfND 1

1

rF* l sf
F sinhS al sfND G

.

~33!

For the solution of Fig. 2~c!, the variation of the electro-
chemical potential can be calculated in a similar way. We
find that the voltage differences betweenz51` and z50,
VAP8 andVP8 for the AP andP configurations, respectively,
are related toVAP andVP calculated above by
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VAP8 52VP ,

VP8 52VAP, ~34!

as it can also be predicte from time reversal symmetry argu-
ments.

Finally, if we defineDRs by Eq. ~1!, we find

DRs5
VP2VAP1VP8 2VAP8

AJ
~35!

or

DRs5
b2

A S coshS tN
2l sf

ND
1

rN* l sf
N sinhS tN

2l sf
ND 1

1

rF* l sf
F coshS tN

2l sf
ND 2

sinhS tN
2l sf

ND
1

rN* l sf
N coshS tN

2l sf
ND 1

1

rF* l sf
F sinhS tN

2l sf
ND D . ~36!

After some algebraic calculation, this leads to

DRs5
2b2rN* l sf

N/A

F11S rN* l sf
N

rF* l sf
F D 2GsinhS tNl sfND 12

rN* l sf
N

rF* l sf
F coshS tNl sfND

.

~37!

Johnson’s expression in Ref. 2, i.e., Eq.~3! in the present
article, can be found by taking the half-metallic limit for the
ferromagnetic metal@i.e. (PF* l sf

F)2150# and the limit where
tN is much smaller thanl sf

N . In our notation, this gives

DRs5
2b2rN* l sf

N2

AtN
. ~38!

IV. CALCULATION WITH INTERFACE RESISTANCES

A. Without interface spin flips

The importance of interface electron scattering had been
shown by a large number of giant magnetoresistance
measurements.13 We will first consider the effects associated
with scattering without spin flips. In the geometry with the
current perpendicular to the layer plane, this scattering is
expressed by introducing interface resistances,6–10and exten-
sive data on the value and spin dependence of these interface
resistances have already been derived from experiments.6–8

The notation in the VF model for the interface resistances is9

r ↑~↓ !52r b* ~17g!. ~39!

These interface resistances introduce discontinuity in the
variation of the electrochemical potentials at the interfaces,
for example,

1

e
@m6~z5z0

1!2m6~z5z0
2!#5r6J6~z5z0! ~40!

for an interface atz5z0 @z5z0
1~2! means just before~after!

the interface#. Typical experimental values ofr b* in systems
such as Co/Cu, Co/Ag, NiFe/Cu, or NiFe/Ag are in the range
of 10215 V m2 ~fV m2!, with spin asymmetry coefficients in
the range 0.7–0.8~to be compared with bulk spin asymmetry
coefficientsb.0.5 in the same systems!.

To take into account the effect of interface resistance, we
replace the continuity condition for the electrochemical po-
tentials in the preceding section by Eq.~40!. This has two
effects.~1! If g is different fromb, this changes the polar-
ization of the injected current.~2! The spin accumulation is
more confined in the nonmagnetic layer when there is an
interface resistance.

The first effect is not essential. It is clearly expected that
when g is larger ~smaller! than b, the current polarization
and DRs will be increased~decreased!. The second effect,
related to spin confinement by interface resistances, is more
interesting. To focus on the confinement effect, we will put
the general expressions forg different fromb in Appendix A
and, in this section, we assume thatg andb are equal. By
introducing Eq.~40! in the calculation of the preceding sec-
tion andg5b, we get the following expression forDRs in-
stead of Eq.~37!:

DRs5
2b2rN* l sf

N/A

F11S rN* l sf
N

rF* l sf
F1r b*

D 2GsinhS tNl sfND 12
rN* l sf

N

rF* l sf
F1r b*

coshS tNl sfND
. ~41!
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It can be checked easily that Eq.~41! reduces to Eq.~37! in
the absence of interface resistance, i.e., whenr b* equals zero.

B. With interface spin flips

The interface resistancesr ↑ and r ↓ , Eq. ~39!, introduced
in theories of CPP-MR are supposed to be associated with
scattering without spin flip~with contributions from diffuse
scatterings by interface roughness and Landauer type contri-
butions from specular scattering by interface potential
steps!.10 Rigorously, and whatever the mechanism~rough-
ness or Landauer! involved is, some proportion of scattering
with spin flip is expected if one takes into account the spin
orbit coupling in the scattering potentials or in the wave
functions. For 3d or noble metals, the order of magnitude of
this proportion is only 1022 so that the spin flip scattering by
interfaces has been neglected in the VF model of the CPP-
MR. However, as we show below, this small proportion of
spin flip interface scattering can be important for the spin
switch problem and is taken into account by introducing spin
flip interface resistance in our calculation. The effect of the
interface spin flip is to contribute to the relaxation of the spin
accumulation and to produce a discontinuity in the spin cur-
rent as expressed by the following equation:

1

e
~m12m2!z05r b

sf@~J12J2!z
0
22~J12J2!z

0
1#, ~42!

where (m12m2)e0 is the mean value of [m1(z)2m2(z)] in
the interface region atz5z0 . As the thickness of the inter-
faces ~a few Å! is much smaller than the spin diffusion
length, the variation ofm1(z) andm2(z) can be treated as
linear within this thickness, so that Eq.~42! can be written as

1

2e
@m1~z0

2!1m1~z0
1!2m2~z0

2!2m2~z0
1!#

5r b
sf@~J12J2!z

0
22~J12J2!z

0
1#. ~43!

Equation ~43! replaces the continuity equation of the spin
current used in Sec. III. Without interface spin flip,r b

sf is
infinite and the continuity of the spin current is recovered. In
addition, Eq.~40! must be written for the mean value of the
currentsJ6(z5z0)51/2[J6(z0

1)1J6(z0
2)].

We have performed again the calculation of Sec. III by
taking into account not onlyr b* but alsor b

sf . We find forDRs

DRs5
2b2rN* l sf

N/A

F 11S rN* l sf
N~rF* l sf

F1r b
sf!

r b
sfS rF* l sf

F1r b*1
r b* rF* l sf

F

r b
sf D D

2G sinhS tNl sfND 12
rN* l sf

N~rF* l sf
F1r b

sf!

r b
sfS rF* l sf

F1r b*1
r b* rF* l sf

F

r b
sf D coshS tNl sfND

. ~44!

It can be checked that Eq.~44! reduces to Eq.~41! when
r b
sf is infinite and to Eq.~37! when, in addition,r b* is zero.

V. CONNECTION WITH CPP-MR EXPERIMENTS

All the results presented in Sec. III and IV are for the
resistanceDRs defined for the Johnson geometry by Eq.~1!
and related to a voltage difference betweenF2 andN. But
our calculation can also be applied to the interpretation of
CPP-MR experiments. In the CPP-MR geometry of Fig.
2~b!, the extra voltage betweenz51L and z52L with L
much larger thanl sf

F is 22dmF/e for an AF configuration~or
22dmF8 /e for a F configuration!, that is twice the voltage
VAP ~or VP! measured in the Johnson geometry and given by
Eq. ~27! @or Eq.~33!#. The resistance change in this CPP-MR
experiment is therefore written as

DRCPP5
2~VP2VAP!

AJ/2
52DRs ~45!

and can be calculated from the expressions ofDRs given in
Sec. III and IV.

Equation~45! can also be applied to the CPP-MR of mul-
tilayers when the thickness of the magnetic layers is much
larger thanl sf

F . In this case, Eq.~45! expresses the resistance

change per period of the multilayer. In the case without in-
terface spin flip, one obtains equivalent expressions to those
of the VF model9 in the limit tF@ l sf

F .

VI. DISCUSSION

We begin by discussing our results without interface re-
sistance. We have used Eq.~37! with rN*51028 V m, rF*
51027 V m, b50.5, l sf

N51.5mm to calculateDRs as a func-
tion of tN for several value ofl sf

F ~the values ofrN* , rF* , b
are in the typical range derived from CPP measurements on
Co/Cu in several groups,6–8 the value ofl sf

N is that derived by
Johnson1 for Au, and is about 10 times larger than that found
from CPP-MR experiments on Co/Cu in Ref. 8!. In Figs. 3~a!
and 3~b! we show plots ofDRs and tNDRs versustN for
different values ofl sf

F .
For tN@ l sf

N , the asymptotic variation ofDRs is always an
exponential decrease as exp(2tN /lsf

N), and the prefactor of the
exponential decreases whenl sf

F decreases. In the opposite
limit, tN! l sf

N , the influence ofl sf
F is even more pronounced.

First, for zero spin relaxation in the ferromagnetic material
~i.e., for rF* l sf

F5` or ‘‘half metallic limit’’ ! and for tN! l sf
N ,

Eq. ~37! reduces to Johnson’s result,2 that is, in our notation

DRs5
2b2rN* l sf

N2

AtN
;

T1
N

AtN
. ~46!
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AtN/T 1
N is simply the spin relaxation rate in the volumeAtN

of the layerN, so that Eq.~46! means thatDRs is entirely
governed by the balance between spin injection and spin
relaxation in the volumeAtN . Consequently,DRs(tNDRs)
diverges~tends to a constant! as tN tends to zero; see curves
1 in Figs. 3~a! and 3~b!. Also DRs tends to infinity at any
value of tN when the spin relaxation time inN tends to
infinity.

When the spin relaxation time in ferromagnetic material is
finite, the second term in the denominator of Eq.~37! has a
nonzero value, so thatDRs does not diverge astN tends to
zero. This can be seen in Fig. 3. More precisely, astN tends
to zero (tN! l sf

N), Eq. ~37! becomes

DR'
2b2rN* l sf

N2

A@ tN12l sf
F~ l sf

N/ l sf
F !2~rN* /rF* !#

, ~47!

DRs tends to a finite value that depends only on the param-
eters of the ferromagnetic metal:

~DRs! tN→05b2rF* l sf
F/A. ~48!

By expressingl sf
F from Eq. ~15!, we obtain

~DRs! tN→05
b2

A FrF*T1
F

4e2 S 1

N↑~EF!
1

1

N↓~EF!
D G1/2.

~49!

We check that, when one of the densities of states inF tends
to zero~‘‘half-metallic limit,’’ without spin relaxation inF!,
(DRs) tN→0 tends to infinity, which is consistent with the di-

vergence ast N
21 we have found in the limit of infinitel sf

F , Eq.
~46!.

The difference between the ‘‘half-metallic limit’’ and the
case of metals such as Co or Fe is easy to understand. In the
‘‘half-metallic limit,’’ spin relaxation occurs only inN and
the number of spin flips per unit time is proportional totN
and to the splitting between the spin↑ and spin↓ electro-
chemical potentials. These spin flips balance the spin current
injected inN. When tN tends to zero, the balance can be
conserved only by increasing the potential splitting to infin-
ity. In contrast, in the general case, spin relaxation processes
exist also in the ferromagnetic layers. More precisely, as spin
accumulation and relaxation extend over aboutl sf

F in F1 and
F2, tN is replaced by@ tN12l sf

F( l sf
N/ l sf

F)2(rN* /rF* )# where the
additional thickness with relaxation, 2l sf

F , is weighted by a
factor taking into account the difference in the relaxation and
diffusion parameters inF andN.

We point out that, in Eq.~49!, (DRs) tN→0 increases when
at least one of the densities of states atEF became small.
Thus a strong ferromagnetic metal~Co, Ni! in which one of
the densities of states is relatively small~s band only! is
intermediate between the half-metallic case@N↑(EF)50,
(DRs) tN505`# and the case of a weak ferromagnetic metal
with a large density of states in both spin directions~Fe!.

We now proceed to the case with nonzero interface resis-
tance andg5b but without interface spin flip (r b8Þ0,
r b
sf5`!. In Figs. 4~a! and 4~b!, we have plotted the variation
with tN for DRs andtNDRs calculated from Eq.~41! with the
same values ofrN* , rF* , b, l sf

N as in Fig. 3,l sf
F50.5mm and

for different values ofr b* ~the curves 1 forr b*50 corre-

sponds to the curves 3 in Fig. 3!. It turns out thatDRs in-
creases whenr b* increases and an infinite value ofr b* re-
stores the divergence ofDRs ast N

21 that we had found in the
‘‘half-metallic limit’’ ~curves 1 in Fig. 3!. For a finite value
of r b* , the limit of DRs when tN tends to zero (tN! l sf

N) is
now

~DRs! tN→05b2@rF* l sf
F1r b* #/A, ~50!

which is larger than the valueb2rF* l sf
F/A for r b*50, Eq.~48!.

This is because the spin accumulation is now more confined
into N by the interface resistance. Whenr b* tends to infinity,
the spin accumulation is totally confined and the divergence
asT 1

N/AtN is restored.
To give rise to a non-negligible effect on (DRs) tN→0 and

more generally onDRs , the interface resistancer b* must
reach values of the order ofrF* l sf

F , i.e., 5310214 V m2 with
the typical values we have supposed forrF* andl sf

F . This can
be inferred from Eq.~50! and also seen directly in Fig. 4. In
contrast, the experimental values ofr b* in systems such as
Co/Cu, Co/Ag, or NiFe/Ag are always around 5310216

V m2, that is much too small to produce an effect onDRs .
Even if we take the much smaller valuel sf

N50.044mm de-
rived from CPP experiments on Co/Cu by Pirauxet al.,8 val-
ues ofr b* around 5310216 V m2 are still much too small to

FIG. 4. Influence of the interface resistance.DRs in ~a! and
tNDRs in ~b! are plotted versustN for g5b with several values of
r b* indicated in the figures. The other parameters are those of curve
3 in Fig. 3. One sees that the introduction of interface resistance
~without interface spin flip! enhancesDRs . An infinite value of
r b* ~curve 4! restores the divergences ofDRs in t N

21 in the half
metallic limit.
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produce a significant confinement of the spin accumulation
in the normal metal and a definite increase ofDRs . Never-
theless, this does not rule out that significant effects could be
obtained by increasingr b* above the typical values found up
to now in metallic structures. This could be done, for ex-
ample, by introducing insulating materials and tunnel resis-
tances at the interfaces. The first condition, however, is the
spin dependence of these interface resistances. We recall
that, in Sec. IV and the discussion above, we have assumed
that g equalsb. In contrast, as shown in Appendix A, the
enhancement ofDRs by the interface resistance vanishes
wheng tends to zero. In addition, at this point, we must also
consider that any interface resistance should also come with
spin flip interface resistance, which we will discuss now.

In Figs. 5~a! and 5~b! we show the variation ofDRs and
tNDRs with tN calculated from Eq.~44! with the values of
rN* , rF* , b, l sf

N , l sf
F already used for Fig. 4,r b*55310214

V m2 ~value required to produce a significant increase of
DRs, see curves 2 in Fig. 4! and for several values ofr b

sf . As
expected,DRs is reduced when some spin flip is introduced
and r b

sf progressively decreased from infinity~we recall that
r b
sf5` means that there is no interfacial spin flip!.
In Appendix B we estimate the value ofr b

sf expected from
spin-orbit scatterings at interfaces and develop a more quan-
titative discussion. It turns out that, if the proportion of spin
flip scattering is similar in the scattering processes at inter-
faces and inside the ferromagnetic layers~for similar spin-
orbit interactions!, the enhancement ofDRs by the interface
resistances is, in first approximation, balanced by its reduc-
tion by interface spin flip.

In conclusion, we find that, in metallic systems,DRs can-
not be significantly enhanced by the interface resistances.
The usual experimental values ofr b* are generally much too
small and, moreover, any enhancement by exceptionally
large interface resistances, should be strongly reduced by the
effects of interface spin flips. However, as mentioned above,
this does not rule out the possibility of interesting effects by
other types of nonmetallic interfaces~tunnel junctions, etc.!.

VII. COMPARISON WITH EXPERIMENTAL RESULTS

The first important result of our calculation is that
DRs(tN) does not diverge astN tends to zero but saturates at
a constant value fortN! l sf

N . As pointed out in Sec. VI, with
typical values ofr b* measured in metallic multilayers~around
5310216 V m2!, the influence ofr b* can be neglected and
DRs is expected to saturate at the valueb2rF* l sf

F/A. The cor-
responding result for CPP-MR experiments is obtained from
Eq. ~45!:

DRs
CPP~ tN! l sf

N ,tF@ l sf
F !52DRs~ tN! l sf

N!52b2rF* l sf
F/A,

~51!

whereDRs
CPP is the resistance change for one period.

Before discussing spin switch data, we begin by showing
that the above result, Eq.~51!, has been clearly observed in
CPP-MR measurements. If one considers that, fortF@ l sf

F ,
tN , the resistanceRAF

CPP is practically that of a thicknesstF
with resistivity rF* /(12b2),

RAF
CPP'tFrF* ~12b2!/A, ~52!

which leads to a MR ratio independent oftN and inversely
proportional totF :

S DR

RAF
D
tN! l

sf
N

CPP

'
2b2

12b2

l sf
F

tF
. ~53!

This behavior has been clearly observed in Co/Cu multilay-
ered nanowires with thin Cu layers and thick Co layers~tF in
the range 0.06–1mm!; see Fig. 4 in Ref. 8. The complete
analysis of the CPP-MR measurements in Ref. 8 has given
values ofb, g ~0.36 and 0.85, respectively! close to those
already derived for Co/Cu by the Michigan State group6 and
has also obtainedl sf

Cu~77 K!5140 nm. The value ofl sf
F de-

rived from the fit of the linear variation ofDR/R with t F
21 is

44 nm. We will compare these values ofl sf
N and l sf

F derived
from CPP-MR with those required to account for spin switch
data in the same thickness range.

We proceed to the discussion of spin switch data obtained
by Johnson1,2 on NiFe/Au/NiFe trilayers~NiFe5permalloy!
and already discussed by this author on the basis of Eq.~3!,
which is equivalent to our Eq.~46! derived in the limit of
zero spin relaxation in the ferromagnetic layers. As pointed
out by Johnson, the fit of the experimental data with Eq.~3!,
even whenh1h2 ~[b2! is assumed to be equal to 1, leads to
surprisingly long spin diffusion lengths in the nonmagnetic
layers, eitherl sf

N51.5mm to account for the variation ofDRs
with tN , or a three times larger value to account for the
amplitude ofDRs .

When we introduce spin relaxation inF1 andF2, and if
we neglect the influence of interface resistance~since typical

FIG. 5. Influence of the interface spin flips.DRs in ~a! and
tNDRs in ~b! are plotted versustN for several values ofr b

sf indicated
in the figures. The other parameters are those of curve 2 in Fig. 4,
which is identical to curve 1 forr b

sf5` ~no spin flip!.
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values ofr b* are too small by two orders of magnitude to
produce a significant effect; see Sec. VI!, DRs is given by
Eq. ~37!. The curves shown and compared with experimental
data in Fig. 6 have been calculated withrN*50.48 mV cm
~from Ref. 1 for Au!, rF*516 mV cm andb50.56 for per-
malloy ~this corresponds to a resistivity of 12mV cm for
NiFe! from results on permalloy in Ref. 6. In Fig. 6~a!, we
show curves calculated withl sf

N51.5 mm and several values
of l sf

F , and in Fig. 6~b!, with l sf
F530mm and several values of

l sf
N . In Fig. 6~a!, a reasonable fit of the variation withtN can
be obtained if the values ofl sf

F are above 10mm, but the
calculated values ofDRs are too small by about a factor of
10. To account for the amplitude ofDRs , it is necessary to
increase the spin diffusion lengths in both materials. As
shown in Fig. 6~b!, we can account for the values ofDRs at
small values oftN for l sf

N'728 mm, l sf
F'30 mm, but then,

the decrease oftNDRs for tN.1 mm is not reproduced. Her-
shfield and Zhao12 have fitted their model with the same
experimental results and also conclude that similar long spin
diffusion lengths are required.

The really puzzling result of the above discussion is that
the interpretation of the spin switch data of Johnson requires
much longer spin diffusion lengths than those derived from
CPP-MR experiments@l sf

N50.15mm andl sf
F50.044mm from

data on Co/Cu~Ref. 8!#. One can argue that the materials are
different, NiFe/Au for the spin switch measurements and
Co/Cu for the CPP-MR. But this goes in the wrong direction
as Au has a stronger spin-orbit interaction than Cu and there-
fore a faster spin relaxation rate. On the other hand, NiFe and
Co have similar spin-orbit constants but the chemically dis-
ordered and more resistive NiFe should have a shorter spin
diffusion length. It has also been pointed out by Yanget al.7

that the spin diffusion lengths derived from CPP-MR are in
agreement with those estimated from ESR experiments,14 so
that finally the puzzling question is why the interpretation of
the spin switch data requires so long spin diffusion lengths.

An alternative possibility to interpret the spin switch data
with realistic spin diffusion lengths is to consider the pos-
sible influence of the interface resistances,r b* in our nota-
tion. In Sec. VI we have seen that typical values ofr b* for
metallic systems around 10215–10216 V m2 are much too
small to enhanceDRs . To enhance significantlyDRs and
account for the experimental data with more realistic spin
diffusion lengths, values ofr b* of the order of 5310213 V m2

are required; see, for example, curves 3 in Fig. 4. In addition,
by considering only interface resistances without spin flip,
one overestimates the enhancement ofDRs . It turns out from
the discussion in Appendix B that, with similar spin-orbit
interactions and thus similar proportions of spin flip scatter-
ing at the interfaces and in the ferromagnetic layers, the en-
hancement ofDRs should be strongly reduced. Therefore it
seems unlikely that the interface resistance can play a sig-
nificant role. Finally, it remains the puzzling result that the
interpretation of Johnson’s data requires much longer spin
diffusion lengths than those derived from CPP-MR~Refs. 7,
8! or ESR~Ref. 14! measurements.

VIII. CONCLUSIONS

We have extended the VF model9,10 of the CPP-MR in
multilayers to calculate the output voltage of Johnson’s spin
switch.1,2 This output voltage,VP2VAP5DRsI , is governed
by the balance between the injection of spins by the current
and the relaxation of the resulting spin accumulation. In the
approach of Johnson,1,2 only the spin relaxation within the
nonmagnetic layers is taken into account, which leads to a
divergence ofDRs as t N

21 when the nonmagnetic thickness
tends to zero. In our calculation, we have taken into account
that spin relaxation also takes place in the part of the mag-
netic layers into which the spin accumulation extends, and,
also, we have introduced the effect of interface resistances
and interface spin flips. The main results can be summarized
as follows.

~a! DRs depends on the spin relaxation times in both the
ferromagnetic and nonmagnetic layers. For example, as the
nonmagnetic thicknesstN tends to zero,DRs does not di-
verges ast N

21 but saturates at a constant value determined by
the parameters~spin relaxation time, resistivity! of the ferro-
magnetic material (DRs5b2rF* l sf

F/A).

FIG. 6. The variation oftNDRs versus tN is compared with
experimental data on NiFe/Au/NiFe structures~Refs. 1, 2!. The
curves have been calculated without interface resistance and with-
out interface spin flips, in~a! with l sf

N51.5 mm and for several
values ofl sf

F , in ~b! with l sf
F530 mm and for several values ofl sf

N .
The other parameters arerN*50.48 mV cm ~from Ref. 1 for Au!,
rF*516 mV cm andb50.56 for permalloy@thus corresponds to
rF5rF* (12b2)512 mV cm# from results on permalloy in Ref. 6.
In ~a! the curves forl sf

F>10mm reproduce approximately the varia-
tion with tN but the calculated values ofDRs are smaller by about a
factor of 10. In~b! it turns out that considerably large values of the
spin diffusion lengths~l sf

F530 mm, l sf
N57–8 mm! are required to

account for the absolute value ofDRs at smalltN .
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~b! Although interface resistances can confine the spin
accumulation into the nonmagnetic layer and thus enhance
DRs , a significant enhancement is unlikely for two reasons:
first, DRs is not enhanced when one introduces a realistic
proportion of spin-orbit scattering at the interfaces; secondly,

even when one ignores the spin flips by spin-orbit interac-
tions at the interfaces, the typical values of interface resis-
tances in magnetic systems are much too small to produce a
significant effect. However, it cannot be ruled out that other
types of interface junctions, with high resistance and small
proportion of transmission with spin flip, could help to con-
fine the spin accumulation and enhanceDRs .

~c! There is a close connection betweenDRs and the re-
sistance change in a CPP-MR experiment,DRCPP ~tF@ l sf

F , 1
period!52DRs , so that it is fruitful to compare spin switch
and CPP-MR experimental data. It turns out that the inter-
pretation of so far reported spin switch experiments1,2 re-
quires much larger spin diffusion lengths than those derived
from CPP-MR experiments.8

~d! There is a definite convergence between the results of
our model and those obtained by Hershfield and Zhao.12 A
minor difference is that they have not introduced interface
spin flips and arrive at different conclusions on the influence
of interfaces.

We hope that our work will incite experimentalists to
study spin switch structures of Johnson’s type or to devise
new microstructures based on spin accumulation effects.
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APPENDIX A: CALCULATION WITH DIFFERENT SPIN
ASYMMETRIES FOR THE FERROMAGNETIC
LAYERS AND THE INTERFACE RESISTANCES

We have performed the same calculation as in Sec. IV A,
again with only non-spin-flip interface resistance but now in
the general case where the bulk and interface spin asymme-
try coefficients,b andg, are different. Instead of Eq.~41!,
we find

DRs5
2rN* l sf

N~brF* l sf
F1gr b* !2/A~rF* l sf

F1r b* !2

F11S rN* l sf
N

rF* l sf
F1r b*

D 2GsinhS tNl sfND 12
rN* l sf

N

rF* l sf
F1r b*

coshS tNl sfND
. ~A1!

For b5g, Eq. ~A1! reduces to Eq.~41!. It is easy to check that, compared to the value predicted by Eq.~41!, DRs is larger
~smaller! wheng is larger~smaller! thanb. For g50, Eq. ~A1! becomes

DRs5
2b2rN* l sf

N/A~11r b* /rF* l sf
F !2

F11S rN* l sf
N

rF* l sf
F1r b*

D 2GsinhS tNl sfND 12
rN* l sf

N

rF* l sf
F1r b*

coshS tNl sfND
. ~A2!

FIG. 3. Influence of the spin diffusion length in the ferromag-
netic layers,l sf

F : DRs in ~a! and tNDRs in ~b! are plotted versustN
for several values ofl sf

F indicated in the figures. The other param-
eters arel sf

N51.5 mm @derived for Au by Johnson~Ref. 1!# and
typical values found in CPP-MR experiments on Co/Cu multilayers:

rN*51028 V m, rF*51027 V m, b50.5. Curve 1, for an infinite
l sf
F , exhibits the divergence ofDRs in t N

21 in the half metallic limit
~i.e., without spin relaxation inF! ~Refs. 1, 2!.
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In the limit tN! l sf
N , for example, Eq.~A2! leads to

~DRs! tN→0
5

b2~rF* l sf
F !2

A~rF* l sf
F1r b* !

. ~A3!

Comparing with Eq.~50! for b5g, it turns out that, with
g50, DRs is smaller than in the absence of interface resis-
tance and tends to zero whenr b* becomes much larger than
rF* l sf

F .

APPENDIX B: INFLUENCE OF INTERFACE SPIN FLIPS

We begin by estimating the spin flip interface resistance
r b
sf and relatingr b

sf to the interface resistancer b* . We adopt
the simple picture of an interfacial layer of thickness 2Dz in
which structural and chemical disorders produce strong elec-
tron scattering. The spin-orbit part of the scattering potentials
makes that a proportionpI of the scatterings is with spin flip
and contributes to the spin-lattice relaxation. For scattering
in systems involving 3d and 4s metals, 1022 is a typical
value forpI .

14 The momentum and spin relaxation times in
the interfacial layer, respectivelytI andT 1

I , are in the ratio
pI

t I
T1
I 'pI . ~B1!

From Eq. ~9!, the discontinuity of the spin current be-
tweenz52Dz andz51Dz on each side of the interface at
z50 is related to the nonequilibrium magnetizationDM in
the interfacial layer by

1

e
@~J12J2!2Dz2~J12J2!1Dz#5

DzDM

mBT1
I . ~B2!

For an approximate calculation, we suppose
N1(EF)5N2(EF)5N(EF) and write

DM'mB~m12m2!N~EF!. ~B3!

Introducing Eqs.~B1! and ~B3! in Eq. ~B2! and identifying
to Eq. ~42! leads to

r b
sf'

t I
pIe

2N~EF!Dz
~B4!

and, after relatingDz/t I to the interface resistancer b* in a
free electron model, we obtain

tb
sf'

r 0
2

pIr b*
, ~B5!

with

r 05
\kF
ne2

. ~B6!

In a free electron model and with similar approximations, we
can write

rF* l sf
F'

r 0

Ap
, ~B7!

wherep is now the mean proportion of spin-orbit scattering
inside the ferromagnetic layers. A typical value ofp for a
ferromagnetic metal like Co is again 1022. Equations~B5!
and ~B7! can be introduced in the expressions ofDRs , Eq.
~44!, to estimate the combined effect ofr b* andr b

sf . We con-
sider, for example, the saturation value ofDRs whentN tends
to zero, that is, if we neglect the termsr b* rF* l sf

F/r b
sf ,

~DRs! tN→05
b2~rF* l sf

F1r b* !

A~11rF* l sf
F/r b

sf!
. ~B8!

Introducing Eqs.~B5! and ~B7! in Eq. ~B8! leads to

~DRs! tN→05
b2r 0~r 01Aprb* !

A~Apr01pIr b* !
. ~B9!

We first check that, without interface spin flip, i.e.,pI50, Eq.
~B9! becomes

~DRs! tN→05
b2

A S r 0Ap
1r b* D 5b2~rF* l sf

F1r b* !/A

~B10!

in agreement with Eq.~50!. Then, we suppose similar spin
flip proportions in bulk and interface scattering, i.e.,pI5p.
Equation~B9! becomes

~DRs! tN→05
b2r 0

AAp
5b2rF* l sf

F/A, ~B11!

which is the expression derived forr b*50, Eq. ~48!. This
means that there is no enhancement ofDRs by the interface
resistances when the scatterings producing these interface re-
sistances have the same spin flip proportion as the scattering
within the layers.

To summarize, the introduction of interface resistance can
improve the confinement of spin accumulation in the non-
magnetic layer and enhanceDRs only when~a! r b* is larger
than the typical values of interface resistance in metallic
multilayers by two or three orders of magnitude and~b! the
spin flip proportion in the scattering by interfaces is much
smaller than in bulk scattering, which in general should not
be the case for most multilayered systems investigated up to
now.

6564 53ALBERT FERT AND SHANG-FAN LEE



1M. Johnson, Phys. Rev. Lett.70, 2142~1993!.
2M. Johnson, J. Appl. Phys.75, 6714~1994!.
3M. Johnson and R. H. Silsbee, Phys. Rev. Lett.55, 1790~1985!;
Phys. Rev. B37, 5312~1988!; 37, 5326~1988!.

4M. Johnson and R. H. Silsbee, Phys. Rev. B35, 4959~1987!.
5P. C. van Son, H. van Kempen, and P. Wyder, Phys. Rev. Lett.58,
2271 ~1987!.

6W. P. Pratt, Jr., S. F. Lee, P. Holody, Q. Yang, R. Loloee, J. Bass,
and P. A. Schroeder, J. Magn. Magn. Mater.126, 406 ~1993!;
Phys. Rev. B51, 3226~1995!.

7Q. Yang, P. Holody, S. F. Lee, L. L. Henry, R. Loloee, P. A.
Schroeder, W. P. Pratt, Jr., and J. Bass, Phys. Rev. Lett.72, 3274
~1994!.

8L. Piraux, S. Dubois, and A. Fert~unpublished!.
9T. Valet and A. Fert, Phys. Rev. B48, 7099~1993!.
10A. Fert, T. Valet, and J. Barnas, J. Appl. Phys.75, 6693~1994!.
11The spin relaxation in the ferromagnetic material has been intro-

duced by Johnson and Silsbee only for the case of a singleF/N
interface, see Appendix in Ref. 4, but is not taken into account in
Johnson’s paper onF/N/F spin switch structures; see Refs. 1
and 2.

12S. Hershfield and H. L. Zhao~private communication!.
13See, for example, A. Fert and P. Bruno,Ultrathin Magnetic Struc-

tures, edited by B. Heinrich and A. Bland~Springer, New York,
1994!.

14Monod and S. Schultz, J. Phys.~Paris! 43, 393 ~1982!.

53 6565THEORY OF THE BIPOLAR SPIN SWITCH


