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Conductance modulation by spin precession in noncollinear ferromagnet normal-metal
ferromagnet systems
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We study diffusive transport through ferromagnet normal-metal ferromagnet systems, with arbitrary but
fixed magnetization directions of the ferromagnetic reservoirs and orientations of a magnetic field applied to
the normal metal. For noncollinear configurations, the complex mixing conductanceG↑↓ describes the trans-
port of spins noncollinear to the magnetizations of the ferromagnetic reservoirs. When ImG↑↓Þ0, the total
conductance of the system in the presence of a magnetic field can be asymmetric with respect to time reversal.
The total conductance changes nonmonotonically with the magnetic field strength for different magnetic
configurations. This modulation of the conductance is due to the precession of the spin accumulation in the
normal metal. The difference between the conductance of the parallel and antiparallel configurations can be
either positive or negative as a function of the applied magnetic field. This effect should be best observable on
Al single crystals attached to ferromagnetic electrodes by means of tunnel junctions or metallic contacts.
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I. INTRODUCTION

In hybrid systems of ferromagnetic and normal meta
interesting phenomena can appear due the interplay betw
charge and spin. The discovery of the giant magnetore
tance ~GMR! effect in metallic magnetic multilayers1 has
motivated a large number of studies on the transport pro
ties of such systems.2 The GMR is caused by spin-depende
scattering in the system. Most studies concentrated on
linear configurations~parallel and antiparallel configura
tions!. There are several papers which cover noncollin
magnetizations, both theoretical3 and experimental.4

Magnetoelectronic multiterminal devices reveal intere
ing physics,5 but may also lead to different applications, e.
nonvolatile electronics. Johnson and Silsbee investiga
spin-dependent effects in a three-terminal device.5 They
found transistor effects that depend on the relative orie
tion of the magnetization of the ferromagnets.6 More re-
cently, a ferromagnetic single-electron transistor in a thr
terminal configuration has been realized7 and studied
theoretically.8 In this case the source-drain current also d
pends on the relative orientation of the magnetizations.

Brataaset al.9 give a unified semiclassical picture fo
electron and spin transport in such systems. Their formal
is inspired by the circuit theory of the Andreev reflection10

and is applicable to systems with noncollinear magnetiza
directions and an arbitrary number and variety of conta
between the ferromagnetic and the normal metals. Howe
the simple circuit theory of Ref. 9 only holds when the r
sistances of the contacts between the ferromagnetic and
normal metals are much higher than the resistance of
normal metal itself, thus fails when the sizeL of the system
in the transport direction becomes too large. Moreover, w
the size of the system is larger than the spin diffusion len
(L@ l s f), the presence of spin diffusion in the normal me
requires a more complicated description with spatially
PRB 620163-1829/2000/62~9!/5700~13!/$15.00
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pendent spin distribution functions.
In the present paper, we present a study of the trans

properties of simple ferromagnet/normal-metal/ferromag
FNF systems~see Fig. 1!, taking into account different mag
netizations of the ferromagnetic reservoirs and spin diffus
in the normal metal. At low temperatures, spin flip can
due to spin-orbit interactions and scattering by defects
impurities. Exchange scattering by paramagnetic impuri
also flips the spin~see, e.g., Appendix A in Ref. 11!. The
length of the normal metalL is assumed to be much large
than the mean-free pathl f , so electronic transport may b
described by the diffusion equation. On the other hand,
allow the spin diffusion lengthl s f , which is the length scale
on which an electron loses its spin in diffusive transport,
be much smaller, of the same order, or much larger than
size of the systemL. Under an applied bias, ferromagnet
reservoirs inject a spin current, causing a nonequilibri
magnetization or ‘‘spin accumulation’’ in the normal meta
We are interested in the different mechanisms that red
and also rotate this spin accumulation. For noncollinear c
figurations the physics of spin injection is more subtle th
in the simple collinear case, since it requires generali

FIG. 1. Ferromagnetic reservoirs attached to diffusive norm
metal through arbitrary contacts. Arbitrary but fixed magnetizat
directions of the ferromagnetic reservoirs and orientations of a m
netic field applied to the normal metal are taken into account. T
contacts are described by the spin-dependent conducta
G↑,G↓,G↑↓ and the normal metal is characterized by the norm
metal conductanceGN . The ferromagnetic reservoirs are suppos
to be large enough and in local equilibrium.
5700 ©2000 The American Physical Society
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PRB 62 5701CONDUCTANCE MODULATION BY SPIN PRECESSION . . .
boundary conditions for transport through a single ferrom
netic normal-metal~FN! contact.9 In general, such a contac
is charaterized not only by the conventional spin-depend
conductancesG↑,G↓, which describe the transport of spin
collinear to the magnetization of the ferromagnetic reserv
but also by the~complex! mixingconductanceG↑↓ ~see Ref.
9!, that contains information about the transport of spins o
ented perpendicular to the magnetization of the ferrom
netic reservoir.

We are also interested in the effect of a magnetic fi
applied to the diffusive normal metal in arbitrary direction
In this case we assume that the magnetic field only cou
to the spin degrees of freedom. Our approach is similar to
treatment of a precessing magnetic field applied to a di
sive metal in Ref. 12.

In Sec. II we introduce and solve the basic equations
the diffusive spin transport, showing the general express
for the nonequilibrium distribution function in the norm
metal. In Sec. III we discuss the boundary conditions of
problem. In Sec. IV we obtain analytical expressions for
total conductance of the system in collinear configuratio
and in the absence of applied magnetic field. We also ob
analytical expressions for the total conductance in the cas
noncollinear magnetization directions, zero magnetic fie
and no spin-flip scattering. In Sec. V we calculate nume
cally the conductance in the general case. In Sec. VI
summarize and discuss our results.

II. DIFFUSIVE SPIN TRANSPORT

When a bias is applied to our FNF device, a spin curr
is injected from the ferromagnetic reservoirs into the norm
metal, causing a nonequilibrium magnetization or spin ac
mulation. For an arbitrary magnetic configuration of the s
tem, the spin accumulated in the normal metal can be
ented in differents directions. If we take the spin quantizat
axis parallel to the magnetization of one of the ferromagn
reservoirs, we need to take into account spins oriented
pendicular to this quantization axis, which can be descri
as a superposition of up (↑) and down (↓) spin states. We
study a geometry invariant to translations in the lateral dir
tion, so all quantities depend only on one spatial coordin
(x). The spin-polarized electron distribution is characteriz
by a 232 matrix in spin space of the form

f̂ N~x!5S f ↑↑
N ~x! f ↑↓

N ~x!

f ↓↑
N ~x! f ↓↓

N ~x!
D . ~1!

When the size of the systemL is larger than the spin
diffusion lengthl s f , f̂ N(x) depends on the position. Here w
are interested in transport under the conditionl f! l s f , where
l f5vF(1/t11/ts f)

21 is themean free path, vF is the Fermi
velocity, t the spin-conserving scattering time andts f the
spin-flip scattering time. Botht andts f are considered iso
tropic in momentum space. The spin diffusion lengthl s f is
defined as l s f5ADts f, where D5vFl f /d, is the spin-
independent diffusion coefficient of the normal metald
51,2,3 is the dimension of the normal metal!. So under the
-
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condition l f! l s f , we obtain for diffusive spin transport in
the steady state the following 232 matrix equations for
f̂ N(x):

D
]2 f̂ N~x!

]x2
5

1

ts f
S f̂ N~x!21̂

Tr@ f̂ N~x!#

2
D ~2!

̂N~x!52D
] f̂ N~x!

]x
, ~3!

where1̂ is the unit matrix and where the electron chargee is
assumed to be equal to one. Equation~2! describes the relax
ation of the spin accumulation due to spin-flip scattering, a
Eq. ~3! relates the current density matrixĵ N(x) and f̂ N(x). In
the case of collinear transport, our matrix equations sim
reduce to

]2f s
N~x!

]x2
5

1

2

f s
N~x!2 f 2s

N ~x!

l s f
2

, ~4!

j s
N~x!52D

] f s
N~x!

]x
, ~5!

wheres5(↑,↓). Equations~4! and~5! have been extensively
used for collinear transport in FN multilayers in which th
current flows perpendicular to the planes of the interfa
~CPP geometry!.11,13

We are also interested in the effect of an external m
netic field applied to the normal metal in an arbitrary dire
tion. We know that the magnetic Zeeman energy associa
with the coupling between the magnetic field and the spin
the electrons is given bygmBŝ•BW /2, wheremB is the Bohr
magneton,g is the gyromagnetic ratio,ŝ5(ŝx ,ŝy ,ŝz) is the
vector of Pauli matrices andBW is the external magnetic field
Semiclassically, we can write for the spin dynamics~see,
e.g., Ref. 14!

] f̂ N~x!

]t
5

i

\ FgmB

2
~ ŝ•BW !, f̂ N~x!G

2

. ~6!

Then, in the steady state

D
]2 f̂ N~x!

]x2
5

1

ts f
S f̂ N~x!21̂

Tr@ f̂ N~x!#

2
D

2
i

\ FgmB

2
~ ŝ•BW !, f̂ N~x!G

2

. ~7!

Using the properties of the Pauli matrices we can express
nonequilibrium distribution matrixf̂ N(x) as

f̂ N~x!5 f 0~x!1̂1ŝ• fW~x!, ~8!

where f 0(x) is a scalar andfW(x)5@ f x(x), f y(x), f z(x)# is a
three component vector.f 0(x) is the particle or spin-
independentdistribution function. On the other hand,f z(x)
describes the ‘‘spin polarization’’ on the system, andf x(x)
and f y(x) contain information about the spins oriented pe
pendicular to the quantization axis. We call the three co
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5702 PRB 62HUERTAS HERNANDO, NAZAROV, BRATAAS, AND BAUER
ponent vectorfW(x) the spin-dependentdistribution function.
Using Eq. ~8!, we separate Eq.~7! into two contributions,
one for thespin-independentpart and another for thespin-
dependentpart:

]2f 0~x!

]x2
50, ~9a!

]2fW~x!

]x2
5

1

l s f
2

fW~x!1S gmB

\

BW

D
3 fW~x! D . ~9b!

The spin-independent part@Eq. ~9a!#, is the conventional re-
sult for diffusive particle transport. Similar to Eq.~5!, the
particle current densityj 0

N(x) reads

j 0
N~x!52D

]$Tr@ f̂ N~x!#%

]x
522D

] f 0~x!

]x
. ~10!

Equations~9a! and ~10! express the particle current conse
vation

] j 0
N~x!

]x
50.

The general solution of Eq.~9a! is

f 0~x!5P1Ox. ~11!

Equation~9b! describes how the spin accumulation relax
by spin-flip scattering and by the spinprecessionaround the
magnetic field. This equation can be written in a gene
matrix form as

]2fW~x!

]x2
5A fW~x!.

The eigenvalues associated with the matrixA are

lo5
1

l s f
2

,

l15
1

l s f
2

1 i uhW u,

l25
1

l s f
2

2 i uhW u,

where we have introduced the vectorhW 5gmBBW /\D, which
describes the ‘‘effectiveness’’ of the magnetic field in a d
fusive metal. The eigenvector associated withlo is

vW o5
1

uhW u S hx

hy

hz

D .

On the other hand,l1 andl2 have associated two comple
conjugated eigenvectorsvW 15vW 11 ivW 2 and vW 25vW 12 ivW 2,
where
s

l

vW 15
1

A~hx
21hy

2!uhW u S hxhz

hyhz

2~hz
21hx

2!
D

and

vW 25
1

Ahx
21hy

2 S hy

2hx

0
D .

The general solution of Eq.~9b!, can then be written in terms
of the eigenvalueslo ,l1 ,l2 and vectorsvW o ,vW 1 ,vW 2 as

fW~x!55
AvW o cosh~x/ l s f!1BvW o sinh~x/ l s f!

1C@vW 1 cosh~X!cos~Y!2vW 2 sinh~X!sin~Y!#

2D@vW 1 sinh~X!sin~Y!1vW 2 cosh~X!cos~Y!#

1E@vW 1 sinh~X!cos~Y!2vW 2 cosh~X!sin~Y!#

2F@vW 1 cosh~X!sin~Y!1vW 2 sinh~X!cos~Y!#.

6
~12!

where

X5A11A11a2

2

x

l s f

Y5A211A11a2

2

x

l s f

.

and where the dimensionless constanta5gvLts f5uhW u l s f
2 is

the ratio between spin-flip and precession relaxation mec
nisms.vL5mBuBW u/\ is the ~Larmor! frequency for the spin
precession around the magnetic field.15 The solution associ-
ated withlo describes the relaxation of the spin accumu
tion due to spin-flip scattering, and the two complex con
gated solutions associated withl1 and l2 describe the
relaxation and precession of the spins due to the coup
with the magnetic field. The eight real constan
(O,P,A,B,C,D,E,F) must be determined by the bounda
conditions.

III. BOUNDARY CONDITIONS

We consider two ferromagnetic reservoirs attached t
diffusive normal metal through some arbitrary contacts,
shown in Fig. 1. The ferromagnetic reservoirs are suppo
to be large and in local equilibrium at chemical potentia
mL,R (L,R denotes left and right reservoir, respectively!,
and with energy-dependent diagonal distribution matrices
spin spacef̂ L,R

F (e). The components off̂ L,R
F (e) are given by

the Fermi-Dirac distribution functionf FD(e,mL,R), and the
direction of the magnetization in each ferromagnetic res
voir is denoted by the unit vectorm¢ L,R . The current through
the system and the nonequilibrium distribution function
the normal metal are completely determined by the rela
orientation of the magnetization directions in the ferroma
netic reservoirs, the contact conductances, the normal-m
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conductance, the spin-diffusion length, and the magn
field.

The current through an FN contact is given in Ref. 9
terms of the microscopic scattering matrices of the Landa
Büttiker formalism.16 According to Eq.~3! of Ref. 9, the
particle current through a single contact directed into
normal metal can be written as

î C~x!5G↑û↑@ f̂ F2 f̂ N~x!#û↑1G↓û↓@ f̂ F2 f̂ N~x!#û↓

2G↑↓û↑ f̂ N~x!û↓2~G↑↓!* û↓ f̂ N~x!û↑, ~13!

wheref̂ N(x) and f̂ L,R
F are isotropic distribution functions,G↑

and G↓ are the conventional spin-dependent conductan
which describe the transport of spins oriented in the direc
of the magnetization of the adjacent ferromagnetic reserv
and G↑↓5ReG↑↓1 i Im G↑↓ is the mixing conductance
which contains information about the transport of spins o
ented in perpendicular direction to the magnetization of
ferromagnetic reservoir. The matricesû↑5(1̂1ŝ•m¢ )/2, and
û↓5(1̂2ŝ•m¢ )/2 define the basis in which the spin
quantization axis is parallel to the magnetization of the f
romagnet~for details, see Ref. 17!. Equation~13! relates the
spin current through the contactı̂ C(x) and the nonequilib-
rium distribution matrix f̂ N(x) in the normal metal. Due to
current conservation, Eq.~13! is equal, at each contact, to th
particle current per energy interval in the normal metal~see
Fig. 2!. The particle current per energy interval is relat

with the current densityĵ N(x) as, î N(x)5SnDOS ĵ N(x),
whereS is the surface perpendicular to the transport direct
andnDOS is the density of states of the normal metal. Usi

Eq. ~3! î N(x) is

î N~x!52SnDOSD
] f̂ N~x!

]x
. ~14!

So we have

î C~x501!5 î N~x501! ~15a!

for the left contact (x501) and

FIG. 2. Current conservation imposes boundary conditions

the system. The current through the contactsı̂ C(x) is equal to the

current into the normal metalı̂ N(x) at each contact.ı̂ C(x) depends
on the contact conductances and on the direction of the magne

tion of the adjacent ferromagnet reservoir andı̂ N(x) is the current
for the normal metal.
ic

r-

e

s,
n
ir,

-
e

-

n

î N~x5L2!5 ı̂ C~x5L2! ~15b!

for the right contact (x5L2). By substituting Eqs.~13! and
~14! into Eqs.~15a! and~15b!, we obtain the boundary con
ditions for the left contact (x501):

2SnDOSD
] f̂ N~x!

]x
x501

1G↑û↑ f̂ N~01!û↑1G↓û↓ f̂ N~01!û↓

1G↑↓û↑ f̂ N~01!û↓1~G↑↓!* û↓ f̂ N~01!û↑

5G↑û↑ f̂ L
Fû↑1G↓û↓ f̂ L

Fû↓, ~16a!

and for the right contact (x5L2):

SnDOSD
] f̂ N~x!

]x
x5L2

1G↑û↑ f̂ N~L2!û↑1G↓û↓ f̂ N~L2!û↓

1G↑↓û↑ f̂ N~L2!û↓1~G↑↓!* û↓ f̂ N~L2!û↑

5G↑û↑ f̂ R
F û↑1G↓û↓ f̂ R

F û↓. ~16b!

The set of parameters$G↑,G↓,ReG↑↓,Im G↑↓,û↑,û↓% is in
general different for each contact, but we have omitted
indicesL andR in Eqs. ~16a! and ~16b! for brevity. Equa-
tions ~16a! and ~16b! are two 232 matrix equations, tha
provide us a system of linear equations that determinate
eight unknown constants (O,P,A,B,C,D,E,F).

From Eq.~10! we can see that the total particle currenti 0
N

can be written in terms of one of these constants as

i 0
N522SnDOSD

] f 0~x!

]x
522DSnDOSO522VolGNO,

where GN5(D/L)nDOS is the normal-metal conductanc
and Vol is the volume of the normal metal. By solving th
system of Eqs.~16a! and ~16b!, we can calculate this tota
particle current.i 0

N is proportional to the difference betwee
the distribution functions of the ferromagnetsi 0

N}( f L
F2 f R

F ),
times a quantity which does not depends on energy. F
this quantity it is possible to obtain the total conductanceGT,

i 0
N5GT~ f L

F2 f R
F !, ~17!

whereGT is in principle a function of the relative orientatio
of the magnetization directions in the ferromagnetic res
voirs, the contacts and normal-metal conductances, the s
diffusion length, and also of the magnetic field:18

GT[GT~m¢ L,R ,$G↑,G↓,ReG↑↓Im G↑↓%L,R ,GN ,l s f ,BW !.

By studyingGT for different values of these parameters, w
obtain information about the physics of the spin accumu
tion in diffusive systems.

IV. ANALYTICAL EXPRESSIONS

The properties of the contacts are parametrized by
spin-dependent conductances$G↑,G↓,ReG↑↓Im G↑↓%L,R .
For collinear configurations of the ferromagnetic reservo
~parallel and antiparallel!, it is easy to obtain simple expres
sions for the conductance, which can be interpreted
simple equivalent circuits. Whenl s f@L, there is no mixing

n

a-
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between spin-up (↑) and spin-down (↓) channels, and we
obtain the conductance for the parallel configuration,

GP5
GL

↑ GR
↑ GN

~GL
↑ 1GR

↑ !GN1GL
↑ GR

↑ 1
GL

↓ GR
↓ GN

~GL
↓ 1GR

↓ !GN1GL
↓ GR

↓

~18a!

and for the antiparallel configuration,

GAP5
GL

↑ GR
↓ GN

~GL
↑ 1GR

↓ !GN1GL
↑ GR

↓ 1
GL

↓ GR
↑ GN

~GL
↓ 1GR

↑ !GN1GL
↓ GR

↑ .

~18b!

On the other hand, whenl s f!L, spin-up (↑) and spin-down
(↓) channels are completely mixed due to spin-flip scatter
and the spin accumulation vanishes. In this limit we have

G05S 1

2GN
1

1

GL
↑ 1GL

↓ 1
1

GR
↑ 1GR

↓ D 21

. ~19!

These expressions correspond to the simple equivalent
cuits displayed in Fig. 3. Equation~18a! corresponds to a
circuit in which the two spin channels are independent in
parallel configuration@Fig. 3~a!#. Equation~18b! corresponds
to the antiparallel configuration@Fig. 3~b!#. Equation~19! is
equivalent to a circuit with a complete mixing between sp
up (↑) and spin-down (↓) channels@Fig. 3~c!#, in which
there is no difference between parallel and antiparallel c
figurations.

For symmetric contacts (GL
↑ 5GR

↑ 5G↑ andGL
↓ 5GR

↓

5G↓), we find analytical expressions for the conductance
the system for any value ofL/ l s f , in the parallel configura-
tion,

GP
S52GN

2G↑G↓ l s f

L
tanhS L

2l s f
D1GGN

GN~4GN1G!12~GNG1G↑G↓!
l s f

L
tanhS L

2l s f
D ,

~20a!
and in the antiparallel configuration,

GAP
S 52GN

2G↑G↓ l s f

L
1GGN tanhS L

2l s f
D

GN~4GN1G!tanhS L

2l s f
D12~GNG1G↑G↓!

l s f

L

,

~20b!

whereG5G↑1G↓.
In the limit l s f@L, these equations reduce to, for paral

configuration,
g

ir-

e

n-

f

l

GP
S5

G↑GN

G↑12GN

1
G↓GN

G↓12GN

, ~21a!

for antiparallel configuration,

GAP
S 52

G↑G↓GN

GGN1G↑G↓ , ~21b!

and in the limit (l s f!L) for parallel and antiparallel configu
rations,

G05
GGN

2GN1G/2
. ~22!

For noncollinear configurations there is no simple circ
analogy, but we can still find an analytical expression for
total conductance of the system as a function of the an
between the magnetizations of the different ferromagnetu,
whenl s f@L, at zero magnetic field (BW 50) and for symmet-
ric contacts:

FIG. 3. Equivalent circuits for parallel and antiparallel config
rations in the limitsl s f@L andl s f!L. ~a! and~b! correspond to the
parallel and antiparallel configuration, respectively, whenl s f@L. In
this limit, the two spin channels are independent and there is
mixing between them;~c! parallel and antiparallel configuration
whenl s f!L. In this case, there is complete mixing between spin
(↑) and spin-down (↓) channels and the spin accumulation va
ishes.
GT~u!52GN3S 12
uG↑↓u2@4GN

2 ~11cosu!12GGN#12 ReG↑↓GN
2 G~12cosu!

uG↑↓u2@~4GN
2 1GGN!~11cosu!12~GGN1G↑G↓!#12 ReG↑↓GN@~GGN1G↑G↓!~12cosu!#

D .

~23!
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In the limit of u50 andu5p, Eq. ~23! simplifies to Eqs.
~21a! and ~21b!, respectively. When the resistance of t
normal metal is negligible compared to the contacts re
tance (GN→`), this reduces to

GT~u!5
G

2 S 12p2
tan2u/2

tan2u/21uhu2/Re~h!
D , ~24!

where p5P/G5(G↑2G↓)/G is the polarization andh
52G↑↓/G is the ~complex! relative mixing conductance
Equation~24! can also be obtained by means of the circ
theory.10,17

V. NUMERICAL RESULTS

The total conductance depends on the spin-depen
conductances of the contacts. We mostly set the polariza
p5P/G5(G↑2G↓)/G50.5 ~for real metallic ferromagnets
like Fe or Co,p is 0.4 and 0.35, respectively19!, which cor-
responds to a ratioG↑/G↓53. On the other hand, the rea
part of the mixing conductance obeys ReG↑↓>(G↑1
G↓)/2 .9 The conductances of the contacts and the diffus
normal metal are considered to be of the same orderGN
;(G↑,G↓,G↑↓).

A. Collinear and noncollinear configurations

The total conductance depends on the magnetic confi
ration. We plot in Figs. 4~a! and ~b!, GT/GN as function of
the relative angle between magnetizationsu, for symmetric
contacts, zero magnetic field (BW 50) and in the absence o
spin relaxation in the normal metal (l s f@L), as given by Eq.
~23! for different values of ImG↑↓ and ReG↑↓ respectively.
For u50°, u5360°, andu5180° the total conductanc
does not depend on the mixing conductance and the va
of GT/GN at u50°, 360°, andu5180° are given by Eqs
~21a! and~21b!, respectively. On the other hand, for nonco
linear configurations, the total conductance increases w
increasing mixing conductance~the dip become more sharp!.
This enhancement is due to the contributions of noncollin
spins to the transport, in which electrons with spins orien
in different directions than the magnetization of the adjac
ferromagnet are transmitted or reflected at the contact. Th
processes are described by the real and the imaginary pa
the mixing conductance.

B. Spin-flip scattering, spin relaxation

When spin-flip scattering is caused by spin-orbit inter
tion in the normal metal, the spin-diffusion lengthl s f can be
estimated to be equal tol f /(aZ)2, wherea is the relativistic
fine structure constant,Z is the atomic number, andl f is the
mean free path~see, e.g., Ref. 20!. In Co/Cu multilayers, the
spin diffusion lengthl s f is of the order of a few hundred
angstrom~see Appendix A in Ref. 11!. For Al, l s f can be
estimated to be of the order of a few micrometers for po
crystalline Al ~see Ref. 19!, or even between 10 and 70mm
for Al single crystals.5 In the case of very pure Na,ts f
;1 ms.21 In this case,l s f limited by spin-orbit interactions
can be estimated to be of the order of 0.4 cm. In Fig. 5~a! we
plot, at zero magnetic field and for symmetric contacts,
conductance of the systemGT, normalized to the conduc
s-
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tance G0 given by Eq. ~22!, as a function ofL/ l s f . The
length of the normal-metal sectionL is set to be constant, in
order to keep a constant value ofGN . Whenl s f@L the con-
ductance of the system depends on the magnetic config
tion. By decreasingl s f , all configurations converge to th
same value of conductanceGT/G051. All configurations
reach the same value of the conductance long be
GT/G051, since forl s f,L both contacts become indepe
dent and as the relative magnetic configuration is irreleva
In Fig. 5~b! we plot GT/G0 in the case of antiparallel con
figuration for differents values of the relative polarizatio
P/GN5(G↑2G↓)/GN and for G/GN5(G↑1G↓)/GN con-
stant. Whenl s f@L the configuration with large relative po
larization P/GN gives a small conductance and vice vers
The spin accumulation increases with increasing polariza
of the ferromagnet and causes a reduction of the total c
ductance of the system. Forl s f!L we also see that in eac

FIG. 4. Mixing conductance: Dependence ofGT/GN on the rela-
tive angleu between the magnetizations of the ferromagnetic r
ervoirs, for symmetric contacts, zero magnetic field, and in the
sence of spin-flip scattering.~a! The following set of parame-
ters is chosen:G↑/GN51.0, G↓/GN50.3, ReG↑↓/GN50.7, and
Im G↑↓/GN takes values 0.0, 0.5, 1.0, 2.0, and 10.0 correspond
to the different plotted lines.~b! In this case,G↑/GN51.0,G↓/GN

50.3, ImG↑↓/GN50.0, and ReG↑↓/GN changes with values 0.7
1.0, 2.0, and 10.0. According to the condition ReG↑↓>(G↑

1G↓)/2, ReG↑↓/GN cannot be smaller than 0.65.
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case the conductance approachesG0 asymptotically in dif-
ferent ways, depending on the magnitude of the spin ac
mulation.

C. Effect of the magnetic field: Precession and relaxation

In a diffusive system the presence of an external magn
field relaxes the spin accumulation, in addition to the us
precession of the spin. Semiclassically, the spin accum
tion at a certain positionx is the average contribution of th
spin of all electrons. In a diffusive metal each electron d
fuses along a random trajectory, while its spin precesses
frequencyvL around the magnetic field. Since each traje
tory has a different length, the spins of the electrons a
certain pointx are oriented in different directions, which i
average relaxes the local spin polarization. The length s
of both relaxation and precession processes is theprecession
length l B5A2\D/gmBB, where D is the diffusion coeffi-
cient,B is the magnetic field,mB is the Bohr magneton andg
is the spin gyromagnetic ratio.

The external magnetic field may also influence the tra
port processes described by the mixing conductanceG↑↓ at
the contacts. Let us consider for simplicity thatGN

FIG. 5. Effect of spin-flip scattering on the system: For symm
ric contacts and zero magnetic field.~a! GT normalized toG0 as a
function of L/ l s f , for the following set of parameters:G↑/GN

51.0, G↓/GN50.3, ReG↑↓/GN50.7, ImG↑↓/GN50.0. ~b! GT/G0

versusL/ l s f in the case of antiparallel configuration, for differe
values of the relative polarizationP/GN50.1,0.7,1.1, and for
G/GN51.3 constant.
u-
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@(G↑,G↓,G↑↓), andl s f→`. In this limit the distribution func-
tion of the normal metal does not depend on position. Fr
current conservation we have

i L
C1 i R

C50, ~25!

iWL
C1 iWR

C5S gmB

\
BW 3 fW DVol , ~26!

where Eq.~25! corresponds to the particle current, Eq.~26!
corresponds to the spin current andVol is the volume of the
normal metal. The current is defined to be positive wh
injected into the normal metal by the ferromagnetic res
voirs. We can rewrite Eq.~26! as

iWL
C1 iWR

C5~gvW L3 fW !Vol ,

wherevW L is the Larmor frequency vector. From this expre
sion follows that the time scale relevant forvL is the escape
time tesc5e2nDOS.Vol /G

contact, whereGcontact is the aver-
age contact conductance.tesc is the time in which an elec-
tron escapes from the normal metal into the ferromagn
reservoirs. It is also the time scale relevant for the preces
of the electrons around the magnetic field. On the other ha
if GN;(G↑,G↓,G↑↓), tesc is of the order of the Thoules
time tD , which is the average time in which an electro
passes through the diffusive normal metal. WhenGN
;(G↑,G↓,G↑↓) diffusion, precession and transmission or r
flection at the contacts, happen on the same time scale. F
these estimates we see that the ballistic or diffusive natur
the normal metal is not going to change the effect of
magnetic field on the physics at the contacts. The res
obtained forGN@(G↑,G↓,G↑↓), should therefore be valid
whenGN;(G↑,G↓,G↑↓). We now make a perturbation ex
pansion in small magnetic fields~see the Appendix!. To first
order, the current depends on the expansion parameterB as

] i 0

]B
5sWĈ21M̂Ĉ21bW , ~27!

wheresW and bW are vectors associated with the spin curre
injected into the normal metal~see the Appendix! and where
the matrixĈ describes the contacts andM̂ the magnetic-field
contribution. As detailed in the Appendix,Ĉ has a symmetric
part ŜĈ , which only includes three of the four contact co
ductances, i.e., only the conductancesG↑,G↓,ReG↑↓ of each
contact (L and R), respectively. On the other hand,Ĉ has
also an antisymmetric part which only depends on the ima
nary part of the mixing conductance of each cont
Im GL,R

↑↓ . The matrixM̂ , which describes the precession
spins due to the magnetic field, is also antisymmetric. Us
the symmetry properties of the matricesĈ and M̂ we can
determine from Eq.~27! the symmetry properties of the tota
conductance of the systemGT5 i 0 /( f L

F2 f R
F ) with respect to

the magnetic fieldB.
When Ĉ is a symmetric matrix,]GT/]B50 for small

values of magnetic field. The conductance of the system
then symmetric with respect to a change of sign of the m
netic field (BW →2BW ), i.e., with respect to time reversal. O
the other hand, ifĈ is antisymmetric,]GT/]BÞ0 and we

-
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can expect asymmetric behavior of the conductance with
spect to change of sign of magnetic field.

1. Modulation of the conductance by the magnetic field:
Symmetry with respect to time reversal

In the following, we discuss the dependence of the c
ductance on the magnetic field. We obtainGT/G0 as a func-
tion of L/ l B;LAB for different magnetic configurations
l s f→` and L constant. In Fig. 6~a! we plot GT/G0 in the
case of symmetric contacts, where the magnetic field is
pendicular to both magnetization directionsBW •mW L,R50. In
this case all injected spins precess around the magnetic fi
Whenl B@L, the spins injected from one ferromagnet are n
strongly affected by the magnetic field, so they trav
through the normal metal and reach the other ferromag
without relaxation. As a result, the total conductance
pends on the relative magnetic configuration. By decreas
l B , the spin accumulation precesses and relaxes on the
of l B . Due to the precession of spins, the conductance
plays in general a nonmonotonic behavior withL/ l B . This
modulation of the conductance can be understood in term
the ‘‘matching’’ of the spins at the contacts after precessi

FIG. 6. Magnetic-field dependence in the absence of spin
scattering: We consider symmetric contacts and the follow
set of parameters:G↑/GN51.0, G↓/GN50.3, ReG↑↓/GN50.7,
Im G↑↓/GN50.5. Moreover, the magnetic field is always perpe

dicular to both magnetizations directionsBW •mW L,R50. ~a! GT/G0 as
a function ofL/ l B ; ~b! GT/G0 versusB/BD .
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According to the values of the contact conductances for
different magnetic configurations the spins are reflected
transmitted at the contacts depending on its orientation. C
cerning the relaxation, the configuration with more spin a
cumulation~in this case, the antiparallel configuration! is the
most sensitive to the magnetic field~increases faster than th
other ones!, since there are more spins to be rotated by
magnetic field in this configuration than in others. In F
6~a!, the conductance ofu5180°~antiparallel! and u590°
configurations cross the conductance foru50° ~parallel!
aroundL/ l B51. That means that at this point the spins a
cumulated in these two configurations have been reduce
the value of spin accumulation ofu50° configuration. After
the pointL/ l B51, the parallel configuration (u50°) gives a
smaller conductance and the antiparallel configurationu
5180°) gives the highest conductance. As a result,
L/ l B.1, the parallel configuration is more sensitive to t
magnetic field than the antiparallel configuration~now the
one which increases faster!. The relaxation of spins via the
precession around the magnetic field depends on the am
of spin accumulation in the system. This nonmononotic
havior of the conductance is specially relevant between p
allel and antiparallel configurations, because the differe
between the conductance of both configurationsGP

T2GAP
T

can be modulated from positive to negative values by
external magnetic field.

When BW •mW L,R50, according to Eq.~A7! in the Appen-
dix, BW has only one componentB3vW ;B3(mW L3mW R) ~see
Ref. 22!. Moreover, the spins are injected with directio
along mW L and mW R , so the precession due to the magne
field only switches the spin directions betweenmW L andmW R .
As a result, the distribution function given by Eq.~A3!, has
only two componentsfW5 f 1uW 1 f 2vW . In this particular case,Ĉ
reduces toŜĈ , which is a symmetric matrix. The same hold
for the matrix M̂ , which reduces to its 333 upper box,
which only includesB3 ~see the Appendix!. As Ĉ reduces to
ŜĈ , we expect]GT/]B50. Figure 6~b! shows the depen
dence ofGT/G0 on B/BD for different magnetic configura
tions, whereBD52\/gmBtD is the scale of magnetic field
relevant for precession in a diffusive medium. As expect
all configurations are symmetric with respect to a change
sign in magnetic field (BW →2BW ).

2. Modulation of the conductance by the magnetic field:
Asymmetric properties with respect to time reversal

Now we want to investigate the role of ImG↑↓. To this
end, the magnetic field is assumed to be oriented perpend
lar to both magnetizations when the system is in collin
configurations, and parallel to the direction of one of t
magnetizations when the system is in theu590° configura-
tion. According to Eq.~A7! in the Appendix, foru590°, the
magnetic field is alongB1uW 1B2vW , and as a result from the
injection and precession, there are spins in the three di
tions fW5 f 1uW 1 f 2vW 1 f 3vW , i.e., the precession of spins aroun
the magnetic field induces spins along the perpendicular
rection (mW L3mW R) to the injection orientationsmW L andmW R .
Ĉ is then an antisymmetric matrix, due to the contributio
of the terms which includes ImG↑↓. So for ImG↑↓Þ0,
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]GT/]BÞ0, which means asymmetric behavior of the co
ductance with respect to time reversal. On the other han
we put ImG↑↓50, Ĉ is symmetric and]GT/]B50.

In Fig. 7~a! we obtainGT/G0 vs L/ l B , for the same set o
parameters as in Fig. 6~a!. For parallel and antiparallel con
figurations, the results are not modified compared to F

FIG. 7. Magnetic-field dependence in the absence of spin

scattering: We considerBW •mW L50, BW •mW R
0°,180°50, andBW uumW R

90° ~or

BW •mW R50, BW •mW L
0°,180°50, and BW uumW L

90°). ~a! GT/G0 vs L/ l B , for
symmetric contacts and the following set of parameters:G↑/GN

51.0, G↓/GN50.3, ReG↑↓/GN50.7, ImG↑↓/GN50.5. ~b! Same
as ~a! but for ImG↑↓/GN50.0. ~c! GT/G0 versus B/BD ,for
G↑/GN51.0, G↓/GN50.3, ReG↑↓/GN50.7, ImG↑↓/GN50.5.
-
if

.

6~a!. However, foru590° the relative conductanceGT/G0

does not approach unity asymptotically. In this configurat
there are some injected spins, which are parallel to the m
netic field and which do not precess at all. So this part of
spin accumulation remains in the system and does not r
irrespective of the values of the magnetic field. More int
esting is the appearance of a dip in the conductance for s
values of the magnetic field. If we repeat the calculation
GT/G0 vs L/ l B for the same set of parameters except
Im G↑↓/GN50, we see that the dip disappears@Fig. 7~b!#, so
according to our discussion, it is related with asymmet
properties of the conductance. In Fig. 7~c!, we plotGT/G0 vs
B/BD . As we expect,u590° configuration presents asym
metric behavior respect time reversal, whereas both par
and antiparallel configurations remain symmetric@Fig. 7~c!#.
In particular theu590° conductance isantisymmetricwith
respect to time reversal, for small values of magnetic fie

From this discussion, we understand that the real par
the mixing conductance describes processes at the con
in which spins perpendicular to the magnetization directi
are transmitted or reflected obeying timer-eversal symme
On the other hand, the imaginary part of the mixing cond
tance describes processes in which the spins precess ar
the magnetization vector of the ferromagnet. As a result
the precession, the orientation of the spin changes. The l
processes areantisymmetricwith respect to time reversal.

3. Supression of the magnetic-field effects by spin-flip scatterin

Spin-flip scattering causes relaxation of the spin accum
lation in the normal metal and as a result, suppression of
spin-dependent properties on the system. Now we wan
investigate how the spin-flip affect the magnetic-field effe
shown above. The existence of spin-flip scattering redu
l s f . If l s f@L, there is no strong spin-flip scattering in th
system and it is possible to observe spin-dependent effe
On the other hand, ifl s f!L, the injected spins relax very fas
due to spin-flip processes and no spin-dependent effects
be observed. In particular in Fig. 8 we show how the dip
u590° configuration from Figs. 7~a! and 7~c!, is suppressed
by spin-flip scattering on the system. Also by decreas
l s f ,G

T/G0 increases for constant magnetic field, to the va

p

FIG. 8. Magnetic-field dependence and spin-flip scatteri
Conductance foru590°configuration of Fig. 7~a!, for different ra-
tios l s f /L50.1,0.3,1,3,10,100.
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1. That simply means, that the spin accumulation relaxes
to spin-flip scattering, as is expected.

VI. DISCUSSION AND CONCLUSIONS

In this paper, the normal metal in our FNF device is co
sidered three dimensional, but can also be two dimensio
~2D!, e.g., a two-dimensional electron gas~2DEG! attached
to ferromagnetic reservoirs, or even one dimensional~1D!, if
the normal metal is a quantum wire or a carbon nanotub23

In this case electron-electron interaction should be taken
account.24 The nonmagnetic material can also be a semic
ductor, as shown in recent spin-injection experiments.25 In
the case of a 2DEG attached to metallic ferromagnets,
large difference between the conductivities of the 2DEG a
the ferromagnetic reservoirs suppresses the spin injection
metallic contacts. For a significant spin injection into t
2DEG, tunnel contacts, a semiconductor ferromagnet o
half metallic ferromagnet are required.26

In this paper we have shown how the spin-depend
transport through a FNF double heterojunction can be
scribed in terms of the spin-dependent conductances of
contacts (G↑,G↓,G↑↓), the magnetization directionmW of the
ferromagnetic reservoirs, and the normal-metal conducta
GN . The dependence of the conductance on the rela
angle between the magnetizations of the different ferrom
nets is affected by the mixing conductanceG↑↓. For noncol-
linear transport between the ferromagnetic reservoirs,G↑↓

5ReG↑↓1 i Im G↑↓ describes transport of spins perpendic
lar to the magnetization direction of the ferromagnets. Th
processes enhance the conductance for noncollinear con
rations, which may be used in multiterminal devices
modulation of the transport properties.9 This modulation
could be useful for future applications as spin-depend
transistors. We find that spin injection can be symmetric a
antisymmetric with respect to time reversal. The symme
processes are described by ReG↑↓ and the antisymmetric
ones are described by ImG↑↓. It is interesting to observe tha
the antisymmetric processes described by ImG↑↓ correspond
to spin precession around the magnetization vector of
ferromagnet which couples to an external magnetic field

In a diffusive system, an applied magnetic field produc
both precession and relaxation of the spin accumulation.
conductance displays a nonmonotonic behavior on the s
of the precession length lB , which is the distance for the
precession of the spin around the magnetic field in the n
mal metal. Due to this modulation, the difference betwe
the conductances of the parallel and antiparallel configu
tionsGP

T2GAP
T can be positive and negative as a function

the magnetic field. A possible candidate to observe this
fect is Al, which has a largel s f and which can be coupled t
ferromagnetic reservoirs~e.g., Fe, CoFe, NiFe, Co, . . . ! via
metallic junctions or also Al2O3 tunnel junctions. Let us es
timate the values of magnetic fields for Al single crys
associated with the pointsL/ l B50.5 andL/ l B52 of Fig.
6~a!, whereGP

T2GAP
T is positive and negative, respectivel

If the length of the system isL510 mm, which is compa-
rable with the spin-diffusion length (L; l s f510–70 mm),5

we obtain for L/ l B50.5:B(1);0.01 T and for L/ l B
52: B(2);0.1 T. If L51 mm (L! l s f), we obtain for
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L/ l B50.5:B(1);0.1 T and for L/ l B52: B(2);1 T. In
both cases we see that the values of magnetic field in the
of Al single crystal are quite reasonable and also that
change from positive to negativeGP

T2GAP
T can be achieved

by an increase of the magnetic field by one order of mag
tude. The same estimate for polycrystalline Al gives us
L; l s f50.7 mm,19 the values of B(1);1 T and B(2)

;16 T, respectively. These fields are much higher than
typical switching field for a ferromagnet, so polycrystallin
Al does not appear to be a good candidate. For very pure
if L; l s f50.4 cm, the corresponding values of magne
fields areB(1);1 mT andB(2);10 mT, respectively. This
modulation of GP

T2GAP
T by a magnetic field can also b

explored in semiconductors~SC! 2DEG, as, e.g., GaAs an
InAs. When l B; l s f the following expression holds for th
magnetic field corresponding to L/ l B51: B52(\/
mB)(ts fg)2152.27310211(ts fg)21, which depends on the
spin-flip time ts f and on the gyromagnetic ratiog of the
semiconductor material. For SC,g depends strongly on the
material (e.g.,gGaAs520.4,gInAs515.0), so depending on
the values ofts f , one can obtain the corresponding values
magnetic field. Kikkawa and Awschalom27 report ts f
;1027 s in n-type GaAs system, but this value correspon
to spin lifetimes of optically pumped carriers, and not to t
usual carriers relevant for transport. The corresponding va
for the magnetic field for this case isBGaAs;51024 T. On
the other hand, we are not aware of reliable values ofts f for
transport in these systems. In conclusion, from our estim
of the relevant values of magnetic fields, Al single cryst
with ferromagnetic contacts are good candidates to test
predictions and possibly lead to the discovery of other n
physical phenomena of spin transport.
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APPENDIX: PERTURBATION EXPANSION IN SMALL
MAGNETIC FIELDS

Equations~25! and ~26! can be written as follows:

S GL
2

1
GR
2 D f 01

PL
2

~ fWmW L!1
PR
2

~ fW•mW R!5
GL
2

f L
F1

GR
2

f R
F

~A1!

S GL
2

2ReGL
↑↓D ~ fW•mW L!mW L1ReGL

↑↓ fW1Im GL
↑↓~ fW3mW L!

1S GR
2

2ReGR
↑↓D ~ fW•mW R!mW R1ReGR

↑↓ fW

1Im GR
↑↓~ fW3mW R!

5
PL
2

~ f L
F2 f 0!mW L1

PR
2

~ f R
F 2 f 0!mW R2S gmB

\
BW 3 fW DVol .

~A2!
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Now we expandfW into a convenient basis of the vecto
mW L , mW R , andmW L3mW R as

fW5 f 1uW 1 f 2vW 1 f 3vW , ~A3!

where

uW 5
mW L1mW R

A2~11m!
, ~A4!

vW 5
mW L2mW R

A2~11m!
, ~A5!
vW 5
mW L3mW R
A12m2

, ~A6!

and wherem5mW L•mW R5cosu. We can also express th
magnetic field in this basis as

BW 5B1uW 1B2vW 1B3vW . ~A7!

In terms of this expansion, we can combine Eqs.~A1! and
~A2! into a compact matrix form as
~Ĉ1M̂ !aW 5bW , ~A8a!

where

Ĉ5S • • • 0

•

ŜĈ

~333!
• A12m

2
~ Im GL

↑↓2Im GR
↑↓!

• • • 2A11m

2
~ Im GL

↑↓1Im GR
↑↓!

0 2A12m

2
~ Im GL

↑↓2Im GR
↑↓! A11m

2
~ Im GL

↑↓1Im GR
↑↓! ReGL

↑↓1ReGR
↑↓

D , ~A8b!

ŜĈ5S GL1GR
2

A11m

2

PL1PR
2

A12m

2

PL2PR
2

A11m

2

PL1PR
2

~GL1GR!~11m!

4
1

~ReGL
↑↓1ReGR

↑↓!~12m!

2 S GL2GR
2

2ReGL
↑↓1ReGR

↑↓D SA12m2

2 D
A12m

2

PL2PR
2 S GL2GR

2
2ReGL

↑↓1ReGR
↑↓D SA12m2

2 D ~GL1GR!~12m!

4
1

~ReGL
↑↓1ReGR

↑↓!~11m!

2

D ,

~A8c!

and where

M̂5Vol

gmB

\ S 0 0 0 0

0 0 B3 2B2

0 2B3 0 B1

0 B2 2B1 0

D , ~A8d!

aW 5S f 0

f 1

f 2

f 3

D , ~A8e!
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bW 5
1

2 S GLf L
F1GRf R

F

A11m

2
~PLf L

F1PRf R
F !

A12m

2
~PLf L

F2PRf R
F !

0

D . ~A8f!
w
ys
w

ter
By a perturbation expansion in small magnetic fields,
may study how the magnetic field is coupled with the ph
ics at the contacts. To zeroth order in magnetic field
simply have

aW (0)5Ĉ21bW . ~A9!

To first order

aW (1)5~Ĉ21M̂Ĉ21!bW . ~A10!

The total particle current in the system is given by

i 05 i L
C2 i R

C5sW•aW 1GLf L
F1GRf R

F , ~A11!

where
.
la
.

an

-

H

o

e
-
e

sW5S 2GL1GR

A11m

2
~2PL1PR!

2A12m

2
~PL1PR!

0

D . ~A12!

The dependence of the current on the expansion parameB
is given by

] i 0

]B
5sW•aW

which to first order reduces to

] i 0

]B
5sW•aW (1)5sWĈ21M̂Ĉ21bW . ~A13!
er,

ett.
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