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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 conduc@cdescribes the trans-
port of spins noncollinear to the magnetizations of the ferromagnetic reservoirs. Wheh' #0, 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.

I. INTRODUCTION pendent spin distribution functions.
In the present paper, we present a study of the transport
In hybrid systems of ferromagnetic and normal metalsproperties of simple ferromagnet/normal-metal/ferromagnet
interesting phenomena can appear due the interplay betwe&hNF systemssee Fig. 1, taking into account different mag-
charge and spin. The discovery of the giant magnetoresisflet'zat'ons of the ferromagnetic reservoirs and spin diffusion
tance (GMR) effect in metallic magnetic multilayershas in the ”Orma' m_et_al. Al I(.)W temperatures’. spin flip can be
motivated a large number of studies on the transport propelgue o, spin-orbit Interactions and scattering bY d.efectglor
ties of such systenfsThe GMR is caused by spin-dependent'mpum'es' Exchange scattering by paramagnetic impurities

S ) Iso flips the spinsee, e.g., Appendix A in Ref. 11The
scattering in the system. Most studies concentrated on COF—ength %f the ngrrrr(1al mete?l is gssumed to be mu?:-h larger
linear configurations(parallel and antiparallel configura-

. X .% than the mean-free path, so electronic transport may be
tions). There are several papers which cover noncollineagagcribed by the diffusion equation. On the other hand, we

magnetizations, both theor_etléa_ind expe_rlmentél. _ allow the spin diffusion lengthg;, which is the length scale

Magnetoelectronic multiterminal devices reveal interestyn \which an electron loses its spin in diffusive transport, to
ing physics, but may also lead to different applications, .9., he much smaller, of the same order, or much larger than the
nonvolatile electronics. Johnson and Silsbee investigatedize of the systent.. Under an applied bias, ferromagnetic
spin-dependent effects in a three-terminal devicBhey  reservoirs inject a spin current, causing a nonequilibrium
found transistor effects that depend on the relative orientamagnetization or “spin accumulation” in the normal metal.
tion of the magnetization of the ferromagn&tslore re- We are interested in the different mechanisms that reduce
cently, a ferromagnetic single-electron transistor in a threeand also rotate this spin accumulation. For noncollinear con-
terminal configuration has been realiZeénd studied figurations the physics of spin injection is more subtle than
theoretically? In this case the source-drain current also de-n the simple collinear case, since it requires generalized
pends on the relative orientation of the magnetizations.

Brataaset al® give a unified semiclassical picture for ¢.¢.6" Gy &.6.6Y
electron and spin transport in such systems. Their formalism F N F
is inspired by the circuit theory of the Andreev reflectiSn, mf ¢ ‘{ ¢ jm
and is applicable to systems with noncollinear magnetization 4 *

directions and an arbitrary number and variety of contacts
between the ferromagnetic and the normal metals. However,
the simple circuit theory of Ref. 9 only holds When. the re- FIG. 1. Ferromagnetic reservoirs attached to diffusive normal
sistances of the contacts b(?tween the ferroma}gnet'c and tl?ﬁ‘etal through arbitrary contacts. Arbitrary but fixed magnetization
normal metals are much higher than the resistance of thgiections of the ferromagnetic reservoirs and orientations of a mag-
normal metal itself, thus fails when the sikeof the system  neic field applied to the normal metal are taken into account. The
in the transport direction becomes too large. Moreover, whe@ontacts are described by the spin-dependent conductances
the size of the system is larger than the spin diffusion lengtf’ ,G!,G'! and the normal metal is characterized by the normal-
(L>1gp), the presence of spin diffusion in the normal metalmetal conductanc€&, . The ferromagnetic reservoirs are supposed
requires a more complicated description with spatially de+o be large enough and in local equilibrium.

L
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boundary conditions for transport through a single ferromageondition | ;<l¢;, we obtain for diffusive spin transport in
netic normal-meta(FN) contact’ In general, such a contact the steady state the following>22 matrix equations for
is charaterized not only by the conventional spin—dependerﬁtN(X);
conductances&',G!, which describe the transport of spins
collinear to the magnetization of the ferromagnetic reservoir, PPNx) 1. TN
but also by theicompleX mixingconductances'! (see Ref. D———=— fN(X)—lT 2
9), that contains information about the transport of spins ori- X Tst
ented perpendicular to the magnetization of the ferromag- .
netic reservoir. N )
We are also interested in the effect of a magnetic field Jix)=-D ' ®)
applied to the diffusive normal metal in arbitrary directions. .
In this case we assume that the magnetic field only couple¢herel is the unit matrix and where the electron chaegs
to the spin degrees of freedom. Our approach is similar to th@éssumed to be equal to one. Equatidndescribes the relax-
treatment of a precessing magnetic field applied to a diffuation of the spin accumulation due to spin-flip scattering, and
sive metal in Ref. 12. Eq. (3) relates the current density matjiX(x) andfN(x). In
In Sec. Il we introduce and solve the basic equations fothe case of collinear transport, our matrix equations simply
the diffusive spin transport, showing the general expressioneduce to
for the nonequilibrium distribution function in the normal
metal. In Sec. Il we discuss the boundary conditions of the ?tNx) 1) —tN (%)

problem. In Sec. IV we obtain analytical expressions for the PN 2 2 ) (4)
total conductance of the system in collinear configurations sf

and in the absence of applied magnetic field. We also obtain Y

analytical expressions for the total conductance in the case of iNx)=-D Ifs(X) (5)
noncollinear magnetization directions, zero magnetic field, S ax '

and no spin-flip scattering. In Sec. V we calculate numeri- _ . .
cally the conductance in the general case. In Sec. VI WWhereS (1,1). Equationg4) and(5) have been extensively

. . %sed for collinear transport in FN multilayers in which the
summarize and discuss our results. current flows perpendicular to the planes of the interfaces
(CPP geometnyttt3

We are also interested in the effect of an external mag-
netic field applied to the normal metal in an arbitrary direc-

When a bias is applied to our FNF device, a spin currention. We know that the magnetic Zeeman energy associated
is injected from the ferromagnetic reservoirs into the normawith the coupling between the magnetic field and the spin of
metal, causing a nonequilibrium magnetization or spin accuthe electrons is given bgugo-B/2, whereug is the Bohr

mulation. For an arbitrary magnetic configuration of the sysimagnetong is the gyromagnetic ratiay= (o, ,(}y ,0,) is the

tem, the spin accumulated in the normal metal can be OMYector of Pauli matrices ar is the external magnetic field.

enped in differents dwecuons. If we take the spin quam'zat'o.nSemiclassically, we can write for the spin dynamisge,
axis parallel to the magnetization of one of the ferromagnetic

II. DIFFUSIVE SPIN TRANSPORT

reservoirs, we need to take into account spins oriented pe?—'g" Ref. 13
pendicular to this quantization axis, which can be described AN i g
as a superposition of upl{ and down () spin states. We — _ ﬂ((}.é),f’\'(x) (6)
study a geometry invariant to translations in the lateral direc- at hl 2 -
tion, so all quantities depend only on one spatial coordinat .
(x). The spin-polarized electron distribution is characterizedei_hen’ in the steady state
by a 2<2 matrix in spin space of the form 2N 1 ( Tr[?"\‘(x)])
= [N -] — -
x2 Tst (x) 2
N N
n :<fTT(X) fH(X)> @ e ~ -
oo N/ “7| 72 (B0 )

Using the properties of the Pauli matrices we can express the

When the size of the systeln is larger than the spin nonequilibrium distribution matritN(x) as

diffusion lengthl ¢, fN(x) depends on the position. Here we
arS interested in tfaln'sport under the cond|ﬂ|pﬁlsf, wherg fN(X):fO(X)iﬂ}, f(x), ®)
li=ve(1l/7+ 1/7gs) " " is themean free pathvg is the Fermi

velocity, 7 the spin-conserving scattering time amgt the  wherefy(x) is a scalar ancf(x)=[fx(x),fy(x),fz(x)] is a
spin-flip scattering time. Bothr and 7 are considered iso- three component vectorfy(x) is the particle orspin-
tropic in momentum space. The spin diffusion lengthis  independentistribution function. On the other hané,(x)
defined aslg;=+D7g, where D=vgl{/d, is the spin- describes the “spin polarization” on the system, aix)
independent diffusion coefficient of the normal metal ( andf,(x) contain information about the spins oriented per-
=1,2,3 is the dimension of the normal metéo under the pendicular to the quantization axis. We call the three com-
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ponent vectorF(x) the spin-dependendistribution function. 1 hyh,
Using Eq.(8), we separate Ed.7) into two contributions, le—a hyh,
one for thespin-independenpart and another for thepin- V(h2+ h§)|h| —(h2+h?)
dependenpart: 2T Ny
) and
3°fo(X)
=0, 9
ax? 3 i 1 hy
s : o
Pf(x) 1. B . x Ty
%) _ L+ %Sxf(x)» (ab) 0
X Iss The general solution of E¢9b), can then be written in terms

The spin-independent pdiq. (93], is the conventional re- Of the eigenvalues, A, ,\_ and vectors/,,v4,v;, as
sult for diffusive particle transport. Similar to E¢5), the

particle current densityj y(x) reads [ Av, costix/|sp) + Bu, sinh(x/ ) )
. +(C[v, cosiX)cog Y) — v, sinh X)sin(Y
N HTIENO T} 9fo(x) . [Uf cos) ljz 0sInY)]
jo)=—D—F—=-2D—'—. (10 f(x)={ —D[v;sin(X)sin(Y)+v,coskX)cogY)] p
Equations(9a) and (10) express the particle current conser- + &lvg sini(X)cogY) — v costiX)sin(Y) |
vation [ — v, coshX)sin(Y)+uv,sinh(X)cog Y)]. J
N (12
djo(X)
=0 where
Ix
The general solution of Eq9a) is 1+V1+a? x
X: -
fo(X) =P+ Ox. (11) 2 l's
Equation(9b) describes how the spin accumulation relaxes >
by spin-flip scattering and by the spimecessioraround the v= [~ 1+vite i
magnetic field. This equation can be written in a general 2 los

matrix form as
and where the dimensionless constastgw, 7¢;=|h|lZ is

(%) - the ratio between spin-flip and precession relaxation mecha-
X2 =Af(x). nisms.w, = ug|B|/% is the (Larmon frequency for the spin
precession around the magnetic fi&ldlhe solution associ-
The eigenvalues associated with the makiare ated with\, describes the relaxation of the spin accumula-
tion due to spin-flip scattering, and the two complex conju-
1 gated solutions associated with, and A _ describe the
)‘o:|7’ relaxation and precession of the spins due to the coupling
sf with the magnetic field. The eight real constants
(O0,P,A,B,C,D,E,F) must be determined by the boundary
A %+i|h|, conditions.
I

IIl. BOUNDARY CONDITIONS

_— i|ﬁ|, We consider two ferromagnetic reservoirs attached to a
diffusive normal metal through some arbitrary contacts, as
_ . shown in Fig. 1. The ferromagnetic reservoirs are supposed
where we have introduced the vectorgugB/2D, which  to be large and in local equilibrium at chemical potentials

describes the “effectiveness” of the magnetic field in a dif- . . (£,R denotes left and right reservoir, respectively

fusive metal. The eigenvector associated withis and with energy-dependent diagonal distribution matrices in
H spin spacd’; »(¢). The components df- z(€) are given by
R the Fermi-Dirac distribution functiof™®(e,u, ), and the

vo=—=1| hy|. direction of the magnetization in each ferromagnetic reser-
[l h, voir is denoted by the unit vectafnLR. The current through

the system and the nonequilibrium distribution function in
On the other hand . and\ - have associated two complex the normal metal are completely determined by the relative
conjugated eigenvectors , =v,+iv, and v_=v;—iv,,  orientation of the magnetization directions in the ferromag-
where netic reservoirs, the contact conductances, the normal-metal
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My - ) iN(x=L")=1%x=L") (15b)
[CURRENT N THE NORMAL METAL CURRENT THROUGH THE CONTACT

for the right contactX=L ). By substituting Eqs(13) and
(14) into Egs.(1539 and(15b), we obtain the boundary con-

FC N cF ditions for the left contactX=0"):
atN(x) . . ANt
—SvposD +GlutNoH U +GlLuttN oMUt
0= "0 ™MD= *o IX o+
+cHafNoHat+(GchH*utfNoHa!

L =Glu'ffu'+Glutfhu!, (163
FIG. 2. Current conservation imposes boundary conditions Oynd for the right contactx=L ~):
the system. The current through the contaft) is equal to the

current into the normal metél“(x) at each contaci.c(x) depends af'\‘(x) N SN A
on the contact conductances and on the direction of the magnetiza- S¥posP +Glu ML U+ Gt N )u
tion of the adjacent ferromagnet reservoir aff@x) is the current x=L-

for the normal metal. -I—G“LAJTIQN(L_)LAH+(G“)*fﬂfN(L_)m
conductance, the spin-diffusion length, and the magnetic =G'u'tha'+Gla'th ol (16b)
field.

The current through an FN contact is given in Ref. 9 inThe set of parametersG',G!,ReG'!,ImG'!,u',u'} is in
terms of the microscopic scattering matrices of the Landauergeneral different for each contact, but we have omitted the
Blttiker formalism®® According to Eq.(3) of Ref. 9, the indices£ andR in Egs.(16a and (16b) for brevity. Equa-
particle current through a single contact directed into theions (168 and (16b) are two 2<2 matrix equations, that

normal metal can be written as provide us a system of linear equations that determinate the
R o A o . eight unknown constants}, P, A,B,C,D,E,F).
iCx)=Gu[fF=tNx)JuT+Grul[TF—tN(x)Ju! From Eq.(10) we can see that the total particle currgjt

can be written in terms of one of these constants as

afo(x)
JX

—GITTNG) G — (GTH*aHENx) U, (13

wherefN(x) andf’, , are isotropic distribution function&' ig=—2SvposD
and G! are the conventional spin-dependent conductances,

which describe the transport of spins oriented in the directionvhere Gy=(D/L)vpos is the normal-metal conductance
of the magnetization of the adjacent ferromagnetic reservoirand V,, is the volume of the normal metal. By solving the
and G''=ReG''+iImG'! is the mixing conductance, system of Eqs(16a and (16b), we can calculate this total
which contains information about the transport of spins ori-particle currentif) is proportional to the difference between
ented in perpendicular direction to the magnetization of thenhe distribution functions of the ferromagnéggx(fz_f%),
ferromagnetic reservoir. The matrices=(1+o~m)/2, and  times a quantity which does not depends on energy. From
ul=(1—-o-m)/2 define the basis in which the spin- this quantity it is possible to obtain the total conductaBde
quantization axis is parallel to the magnetization of the fer- N T/ F ¢F

romagnet(for details, see Ref. 17Equation(13) relates the ig=G (f;=f%), (17)

spin current through the conta?:?(x) and the nonequilib- whereGT is in principle a function of the relative orientation
rium distribution matrix?"\‘(x) in the normal metal. Due to Of the magnetization directions in the ferromagnetic reser-
current conservation, E¢L3) is equal, at each contact, to the Voirs, the contacts and normal-metal conductances, the spin-
particle current per energy interval in the normal mésale  diffusion length, and also of the magnetic fieft:

Fig. 2). The particle current per energy interval is related T T . " . R

with the current densityjN(x) as, iN(X)=Svpos 1V(X), G'=G(m,r{G .G ReGI'IMG '}z Gy lst,B).
whereSis the surface perpendicular to the transport directiorBy studyingG” for different values of these parameters, we
andvpos is the density of states of the normal metal. Usingobtain information about the physics of the spin accumula-

= ZDSVDOSo: - 2V0|GNO,

Eq. (3) iN(x) is tion in diffusive systems.
N zﬁN(X) IV. ANALYTICAL EXPRESSIONS
| (X): _SVDOSD— (14)
2 The properties of the contacts are parametrized by the
So we have spin-dependent conductancdss',G!,ReG'Im G}, ».
For collinear configurations of the ferromagnetic reservoirs
fc(X:0+):iN(X:O+) (159 (parallel and antiparallglit is easy to obtain simple expres-

sions for the conductance, which can be interpreted by
for the left contact x=07) and simple equivalent circuits. Whel>L, there is no mixing
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between spin-up () and spin-down {) channels, and we (a)
obtain the conductance for the parallel configuration,

G, Gy G,
GLGLGy G,GxGy T B T

= +
(GL+GR)G\+GLGy (GL+GL)Gy+GGk
(189 G} Gy Gt

Gp

and for the antiparallel configuration,

GLGKCy G1GkGy ® o 5 =

= + .
(GL+GL)Gy+GlGL  (GL+Gl)Gy+GLGL - N u
(18b) T _| | l
On the other hand, whe<L, spin-up () and spin-down

(1) channels are completely mixed due to spin-flip scattering G} GN G}
and the spin accumulation vanishes. In this limit we have

Gap

N T o 9 (c) o
26Ny GL+GL GL+GhL

These expressions correspond to the simple equivalent cir T 2GN B T,l
cuits displayed in Fig. 3. Equatiof18a corresponds to a Gt G
circuit in which the two spin channels are independent in the : z
parallel configuratiofiFig. 3@]. Equation(18b) corresponds
to the antiparallel configuratioffFig. 3(b)]. Equation(19) is
equivalent to a circuit with a complete mixing between spin

up (T). and S_,pln-down () channelsFig. 3(c)], n which this limit, the two spin channels are independent and there is no
t_here IS no difference between parallel and antiparallel Conr'nixing between them(c) parallel and antiparallel configurations
figurations. ) t " L ! whenlgs<L. In this case, there is complete mixing between spin-up

For symmetric contacts @,=Gr=G' andG,=Gj (1) and spin-down [) channels and the spin accumulation van-
=G!), we find analytical expressions for the conductance ofshes.

the system for any value df/l¢, in the parallel configura-

GO

FIG. 3. Equivalent circuits for parallel and antiparallel configu-
rations in the limitd ;=L andl¢<L. (a) and(b) correspond to the
parallel and antiparallel configuration, respectively, whge-L. In

tion, s GGy G'Gy
Gp= + , (213
| . G'+2Gy G'+2Gy
f
ZGTGlftan)‘( T f) + GGy for antiparallel configuration,
S
Gr =26y It L\’ el
GN(4GN+G)+2(GNG+GTGi)ftan|—(T) GS.— G G'Gy (21b
sf AP TGey+GIGH
(20
and in the antiparallel configuration, and in the limit {s;<L) for parallel and antiparallel configu-
rations,
| L GGy
e T — O —— — .
2G'G! ¢ +GGNtanI'( 2lsf) G 3G+ G2 (22)
Gap=2Gy 1 i
Gn(4Gy+ G)tan)‘(— +2(GNG+GTGl)if For noncollinear configurations there is no simple circuit
2l L analogy, but we can still find an analytical expression for the
(20D total conductance of the system as a function of the angle
whereG=G'+G/'. between the magnetizations of the different ferromaggets
In the limit I;>L, these equations reduce to, for parallelwhenlg L, at zero magnetic fieldlizO) and for symmet-
configuration, ric contacts:
|GTH[4G2(1+ cosh) +2GGy]+2 ReG!'GZG(1—cosh)
G'(6)=2GyX

1- .
G (4G4+GGy)(1+c0s6)+2(GGy+G'G!)]+2 ReG'G\[(GGy+G'G)(1—cosb)]
N
(23
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In the limit of =0 andd= =, Eq.(23) simplifies to Egs. 082 ReG/Gy= 07, ImG /Gy = 00
(219 and (21b), respgc;twely. When the resistance of thg os0k  -eee ReG /Gy = 0.7, IMG/ Gy = 0.5
normal metal is negligible compared to the contacts resis- L ReG /Gy =07, ImG / Gy = 1.0
tance Gy— ), this reduces to 0.48 [ —mm- REG / Gy = 0.7, IMG / Gy, = 2.0
06 ! - ReG/ Gy = 0.7, IMG / Gy = 10.0
(o) G, . tarf 6/2 24 |
=5|+i7P : S i
2 tar?6/2+| 7|?/Re(7) 5 0.4
where p=P/G=(G'—G!)/G is the polarization andy 042 -
=2G'!/G is the (compley relative mixing conductance. 00 F
Equation(24) can also be obtained by means of the circuit !
theory%t/ 0.38 [
036 1 1 1 1 1 1 1
V. NUMERICAL RESULTS 0 45 90 135 180 225 270 315 360

6 (degrees)
The total conductance depends on the spin-depender (a)

conductances of the contacts. We mostly set the polarizatior
p=P/G=(G'—G')/G=0.5 (for real metallic ferromagnets ReG/Gyy=0.7, IMG/Gyy=0.0
like Fe or Co,p is 0.4 and 0.35, respectivefy, which cor- “er ReG/Gy=1.0, IMG/Gy=0.0
responds to a ratiG'/G'=3. On the other hand, the real N ReG/Gy=2.0, ImG/Gy=0.0
part of the mixing conductance obeys ®&=(G'+ ' ST, T ReG/Gy=10.0, IMG/Gy=0.0
GY)/2 ° The conductances of the contacts and the diffusive
normal metal are considered to be of the same ofglgr
N(GT,GL,GH)_

044 |-

0.42 -

G'/Gy

A. Collinear and noncollinear configurations 0.40 |

The total conductance depends on the magnetic configu
ration. We plot in Figs. &) and(b), G'/Gy as function of
the relative angle between magnetizatighdor symmetric S R

contacts, zero magnetic fielE0) and in the absence of 0 4 9% 135 180 225 270 315 360
spin relaxation in the normal metdl,¢>L), as given by Eq. 8 (degrees)
(23) for different values of InG'! and ReG'! respectively. ~ ®)

For =0°, §=360°, and§=180° the total conductance g, 4. Mixing conductance: DependenceG¥ G, on the rela-
does not depend on the mixing conductance and the valugge angle# between the magnetizations of the ferromagnetic res-
of G/Gy at #=0°, 360°, andd=180° are given by Egs. ervoirs, for symmetric contacts, zero magnetic field, and in the ab-
(213 and(21b), respectively. On the other hand, for noncol- sence of spin-flip scatteringa) The following set of parame-
linear configurations, the total conductance increases witkers is chosen:G'/Gy=1.0,G!/Gy=0.3, ReG!!/Gy=0.7, and

increasing mixing conductangthe dip become more sharp  Im G'!/Gy, takes values 0.0, 0.5, 1.0, 2.0, and 10.0 corresponding
This enhancement is due to the contributions of noncollineato the different plotted linegb) In this caseG'/Gy=1.0,G'/Gy
spins to the transport, in which electrons with spins oriented=0.3, ImG'!/Gy=0.0, and R&'!/Gy changes with values 0.7,

in different directions than the magnetization of the adjacent.0, 2.0, and 10.0. According to the condition &e=(G'
ferromagnet are transmitted or reflected at the contact. TheseG')/2, ReG'!/Gy cannot be smaller than 0.65.

processes are described by the real and the imaginary part of

the mixing conductance. tance G° given by Eq.(22), as a function ofL/ls. The
o _ _ _ length of the normal-metal sectidnis set to be constant, in
B. Spin-flip scattering, spin relaxation order to keep a constant value ®f,. Whenl L the con-

When spin-flip scattering is caused by spin-orbit interac-ductance of the system depends on the magnetic configura-
tion in the normal metal, the spin-diffusion lendth can be  tion. By decreasindg¢, all configurations converge to the
estimated to be equal tg/(aZ)?, wherea is the relativistic ~same value of conductand®@'/G°=1. All configurations
fine structure constang is the atomic number, ard is the  reach the same value of the conductance long before
mean free patitsee, e.g., Ref. 20In Co/Cu multilayers, the GT/G°=1, since forl ;<L both contacts become indepen-
spin diffusion lengthlg¢ is of the order of a few hundred dent and as the relative magnetic configuration is irrelevant.
angstrom(see Appendix A in Ref. J1 For Al, Is; can be In Fig. 5b) we plot GT/G? in the case of antiparallel con-
estimated to be of the order of a few micrometers for poly-figuration for differents values of the relative polarization
crystalline Al (see Ref. 18 or even between 10 and g0n  P/Gy=(G'—G!)/Gy and for G/Gy=(G'+G!)/Gy con-
for Al single crystals. In the case of very pure Naz;  stant. When =L the configuration with large relative po-
~1 us?In this case); limited by spin-orbit interactions larization P/Gy gives a small conductance and vice versa.
can be estimated to be of the order of 0.4 cm. In Fig) e  The spin accumulation increases with increasing polarization
plot, at zero magnetic field and for symmetric contacts, theof the ferromagnet and causes a reduction of the total con-
conductance of the syste@', normalized to the conduc- ductance of the system. Fhy;<L we also see that in each

0.38 |-
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1 ' ' T T T >(G!,G!,G'!), andl;— . In this limit the distribution func-
tion of the normal metal does not depend on position. From
current conservation we have

i¢+iS=o0, (25)

G'/a°

i rgz( 955 T Ve, 26)

where Eq.(25) corresponds to the particle current, EB6)

corresponds to the spin current avig} is the volume of the

normal metal. The current is defined to be positive when

0.75 . : n . . injected into the normal metal by the ferromagnetic reser-
Ulsf voirs. We can rewrite Eq.26) as

(a) sc o -
i,Hip=(gw X))V,

Wherecs,_ is the Larmor frequency vector. From this expres-
sion follows that the time scale relevant for is the escape
time 7os=€2vpos. Vo /G2 whereGeoMaclis the aver-
age contact conductance, . is the time in which an elec-
tron escapes from the normal metal into the ferromagnetic
reservoirs. It is also the time scale relevant for the precession
of the electrons around the magnetic field. On the other hand,
if Gy~(G!,G,G"), 74 is Of the order of the Thouless
time 75, which is the average time in which an electron
passes through the diffusive normal metal. Whexy,
— ~(G'",G!,G') diffusion, precession and transmission or re-
o 1t 2 3 4 5 6 7 8 9 10 flection at the contacts, happen on the same time scale. From
List these estimates we see that the ballistic or diffusive nature of
®) the normal metal is not going to change the effect of the
FIG. 5. Effect of spin-flip scattering on the system: For symmet-mag_netIC field on the physics at the contacts. The re.sults
ric contacts and zero magnetic field) G' normalized toG® as a  Obtained forGy>(G',G!,G'!), should therefore be valid
function of L/l., for the following set of parameterss'/Gy, ~ WhenGy~(G',G',G'!). We now make a perturbation ex-
=1.0,G!/Gy=0.3, ReG'!/Gy=0.7, ING''/Gy=0.0.(b) GT/G° pansion in small magnetic fieldsee the Appendjx To first
versusL/l4 in the case of antiparallel configuration, for different order, the current depends on the expansion pararBeasr
values of the relative polarizatiof?/Gy=0.1,0.7,1.1, and for

_ di oA ama
G/Gy=1.3 constant. _0:SC—1MC—lb’ (27)

G'/G°

case the conductance approactsasymptotically in dif- - - . ] .
ferent ways, depending on the magnitude of the spin accuvheres andb are vectors associated with the spin current

mulation. injected into the normal metasee the Appendixand where
the matrixC describes the contacts aNtithe magnetic-field
C. Effect of the magnetic field: Precession and relaxation contribution. As detailed in the Appendi&, has a symmetric

In a diffusive system the presence of an external magnetiBa’t Se, which only includes three of th? four &ontact con-
field relaxes the spin accumulation, in addition to the usuafuctances, i.e., only the conductan@sG',ReG of each
precession of the spin. Semiclassically, the spin accumulazontact ¢ and R), respectively. On the other han@, has
tion at a certain position is the average contribution of the also an antisymmetric part which only depends on the imagi-
spin of all electrons. In a diffusive metal each electron dif-nary part of the mixing conductance of each contact
fuses along a random trajectory, while its spin precesses witfin G|, . The matrixM, which describes the precession of
frequencyw,_ around the magnetic field. Since each trajec-spins due to the magnetic field, is also antisymmetric. Using
tory has a different length, the spins of the electrons at Fhe symmetry properties of the matricesand M we can

certain pointx are oriented in dn‘fere_nt d.|rect|ons, which in determine from Eq(27) the symmetry properties of the total
average relaxes the local spin polarization. The length Scalgonductance of the syste@ =i,/(ff— f7) with respect to
of both relaxation and precession processes iptheession the magnetic field y o\l IR P
length Ig=+/2AD/ B, where D is the diffusion coeffi- ~ . ' ) )

g e 9rg When C is a symmetric matrixgG"/¢9B=0 for small

cient,B is the magnetic fiel is the Bohr magneton a S )
d Ghes g g values of magnetic field. The conductance of the system is

is the spin gyromagnetic ratio. 2 .
The external magnetic field may also influence the transtN€n symmetric with respect to a change of sign of the mag-

port processes described by the mixing conductaBceat ~ netic field (éﬂ—g:). i.e., with respect to time reversal. On
the contacts. Let us consider for simplicity th&,  the other hand, iiC is antisymmetric,dG'/9B+0 and we
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1 T T T According to the values of the contact conductances for the
different magnetic configurations the spins are reflected or
transmitted at the contacts depending on its orientation. Con-
cerning the relaxation, the configuration with more spin ac-
cumulation(in this case, the antiparallel configuratjas the
most sensitive to the magnetic figlidicreases faster than the
other oney since there are more spins to be rotated by the
magnetic field in this configuration than in others. In Fig.
6(a), the conductance of=180°antiparalle] and §=90°
configurations cross the conductance #+=0" (paralle)
aroundL/lg=1. That means that at this point the spins ac-
) . ) cumulated in these two configurations have been reduced to
0 1 2 3 4 the value of spin accumulation &= 0° configuration. After

g the pointL/Ig=1, the parallel configurationd=0°) gives a
(a) smaller conductance and the antiparallel configuratién (
=180°) gives the highest conductance. As a result, for
L/Ig>1, the parallel configuration is more sensitive to the
magnetic field than the antiparallel configuratiorow the
one which increases fasjeThe relaxation of spins via the
precession around the magnetic field depends on the amount
of spin accumulation in the system. This nonmononotic be-
havior of the conductance is specially relevant between par-
allel and antiparallel configurations, because the difference
between the conductance of both configurati@s— G,p
can be modulated from positive to negative values by the
external magnetic field.

o100 WfJen I§~rﬁﬁ'R:O, according to I§q(A7) in th(i Appen-

078 8 6 4 2 o 2 4 o6 s 10 dix, B has only one compone;w~Bs(m;Xmyz) (see
B/Bp Ref. 2%. More9ver, the spins are injected with directions
(b) alongm, and my, so the precession due to the magnetic

o . __field only switches the spin directions betwe®p andm;, .
FIG. 6. Magnetic-field dependence in the absence of spin-flip . . .
scattering: We consider symmetric contacts and the foIIowingAS a result, the distribution function given by E3), hzis

set of parametersG!/Gy=1.0, G'/Gy=0.3, ReG'\/Gy=0.7, ~ Only two component§=fyu-+f,u. In this particular case
ImG'/Gy=0.5. Moreover, the magnetic field is always perpen-reduces t&z, which is a symmetric matrix. The same holds
dicular to both magnetizations directioﬁsnflﬂvR:O.(a) G'/G%as  for the matrix M, which reduces to its 83 upper box,

; . T/0 ~
a function ofL/lg; (b) G'/G" versusB/Bp . which only includesB; (see the Appendjx As C reduces to

A T — H

can expect asymmetric behavior of the conductance with red‘?'c’ we EXPEC?G /oB=0. Flgure &b) ShOWS. the dgpen-

spect to change of sign of magnetic field. lence ofG'/G _on B/Bp for'dlfferent magnetic cor)flgpra-
tions, whereBp=2//gug7p is the scale of magnetic fields

relevant for precession in a diffusive medium. As expected,

all configurations are symmetric with respect to a change of

sign in magnetic field B— — B).

In the following, we discuss the dependence of the con-

ductance on the magnetic field. We obt&@"G° as a func- 2. Modulation of the conductance by the magnetic field:

tion of L/IB~L\/§ for different magnetic configurations, Asymmetric properties with respect to time reversal

lss— and L constant. In Fig. &) we plot G'/G° in the

case of symmetric contacts, where the magnetic field is per- Now we want to investigate the role of 1B To this
Y ' 9 P end, the magnetic field is assumed to be oriented perpendicu-

pendicular to both magnetization directioBsm; z=0. N |ar to both magnetizations when the system is in collinear
this case all injected spins precess around the magnetic fieldonfigurations, and parallel to the direction of one of the
Whenlg>L, the spins injected from one ferromagnet are notyagnetizations when the system is in #e 90° configura-

strongly affected by the magnetic field, so they traveljon According to Eq(A7) in the Appendix, forf=90°, the
B e s phegnet. ek s son v, and s . reul o
; L . . .“Injection and precession, there are spins in the three direc-
pends on the relative magnetic configuration. By decreasin - - - - . )
|g, the spin accumulation precesses and relaxes on the sc£8n5f2f1“,+f,2v+_f3“” i.e., the precession of spins around
of I5. Due to the precession of spins, the conductance didh® magnetic field induces spins along the perpendicular di-
plays in general a nonmonotonic behavior witHg. This  rection (m;xXmyg) to the injection orientationsl, andmy, .
modulation of the conductance can be understood in terms & is then an antisymmetric matrix, due to the contributions
the “matching” of the spins at the contacts after precessionof the terms which includes 1®&'!. So for ImG'!#0,

G'G°

0.75

Ga'e°

1. Modulation of the conductance by the magnetic field:
Symmetry with respect to time reversal
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Isf=0.1L

Isf=0.3L

G'/G°

lsf=10L

0.86 Ist=100L

0.75

0 1 2 3 4 0 0.5 1 1.5 2 25 3
Ulg Lig
@ . . :
FIG. 8. Magnetic-field dependence and spin-flip scattering:
1 T T T Conductance fop= 90 configuration of Fig. 7a), for different ra-
tios l4¢/L=0.1,0.3,1,3,10,100.

6(a). However, ford=90° the relative conductand@'/G°
does not approach unity asymptotically. In this configuration
there are some injected spins, which are parallel to the mag-
netic field and which do not precess at all. So this part of the
spin accumulation remains in the system and does not relax
irrespective of the values of the magnetic field. More inter-
esting is the appearance of a dip in the conductance for small
values of the magnetic field. If we repeat the calculation of
0.75 2 4 2 G'/G° vs L/l for the same set of parameters except for
0 1 2 3 4 ImG'/Gy=0, we see that the dip disappeffsg. 7(b)], so
according to our discussion, it is related with asymmetric
properties of the conductance. In Figc)7 we plotG'/G° vs
1 . . . . . . . . . B/Bp. As we expectf=90° configuration presents asym-
metric behavior respect time reversal, whereas both parallel
and antiparallel configurations remain symmefke. 7(c)].
In particular thed=90° conductance iantisymmetricwith
respect to time reversal, for small values of magnetic field.
From this discussion, we understand that the real part of
the mixing conductance describes processes at the contacts
in which spins perpendicular to the magnetization direction,
are transmitted or reflected obeying timer-eversal symmetry.
On the other hand, the imaginary part of the mixing conduc-
tance describes processes in which the spins precess around
the magnetization vector of the ferromagnet. As a result of
the precession, the orientation of the spin changes. The latter

GT/G°®

(b)

GT/G°

. . . . 65180° . .
10 8 6 4 -2 0 2 4 6 8 10 : o :
B/B, processes arantisymmetriowith respect to time reversal.

0.75

(c)

L ) . 3. Supression of the magnetic-field effects by spin-flip scattering
FIG. 7. Magnetic-field dependence in the absence of spin-flip

scattering: We consides-m,=0, é.nf]%’,lfio"zoy andé|||~ﬁ§§’° (or .Spin-flip scattering causes relaxation of the spin accumu-
B-me=0, B-m% =0, and B||M2). (8 GT/G° vs L/lg, for lation in the normal metal and as a result, suppression of the
symmetric contacts and the following set of paramet&@%:Gy 'spln-d.ependent p“’peT“es. on the system. NC.JW we want to
=1.0, G!/Gy=0.3, ReG!/Gy=0.7, ImG'//Gy=0.5. (b) Same investigate how the sp!n-fllp affect the magnetlc-f_leld effects
as (@ but for ImG''/Gy=0.0. (c) G/G® versus B/Bp,for ~ Shown above. The existence of spin-flip scattering reduces
G!/Gy=1.0, G!/Gy=0.3, ReG!/Gy=0.7, IMG'!/G\=0.5. Is¢. If Ig>L, there is no strong spin-flip scattering in the
system and it is possible to observe spin-dependent effects.
dG'/9B+#0, which means asymmetric behavior of the con-On the other hand, if;;<L, the injected spins relax very fast
ductance with respect to time reversal. On the other hand, due to spin-flip processes and no spin-dependent effects can
we put ImG''=0, C is symmetric and’G"/9B=0. be observed. In particular in Fig. 8 we show how the dip of
In Fig. 7(a) we obtainG"/G° vs L/lg, for the same set of 6=90° configuration from Figs.(@ and 7c), is suppressed
parameters as in Fig(®. For parallel and antiparallel con- by spin-flip scattering on the system. Also by decreasing
figurations, the results are not modified compared to Figlss,G'/GP increases for constant magnetic field, to the value
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1. That simply means, that the spin accumulation relaxes dug/|;=0.5:B(")~0.1 T and for L/Ig=2:B(")~1 T. In

to spin-flip scattering, as is expected. both cases we see that the values of magnetic field in the case
of Al single crystal are quite reasonable and also that the
change from positive to negativ@,— GAp can be achieved

by an increase of the magnetic field by one order of magni-

In thi h | metal i ENF device i tude. The same estimate for polycrystalline Al gives us for
n this paper, the normal metal in our eviceiscon-y | —07 4m2 the values ofB()~1 T and B")

sidered three dimensional, but can also be two dimensiona

. ) ~16 T, respectively. These fields are much higher than the
(2D), e.g., a tvx{o-d|mens!ona| electron gé%pEG) _attchgd typical switching field for a ferromagnet, so polycrystalline
to ferromagnetic reservoirs, or even one dimensi¢hB), if

th metal i " ; b 2 Al does not appear to be a good candidate. For very pure Na,
€ normal metal Is a quantum Wire or a carbon nanotbe. ¢ | _y —0 4 ¢m, the corresponding values of magnetic

In this case electron-electron interaction should be taken intg 1 . a(+)_1 ,T andB()~10 uT respectively. This
account* The nonmagnetic material can also be a semicon- dulati fGTMGT b ’ut.’ field y.I b
ductor, as shown in recent spin-injection experiménts oo aton 0f%p=f4p DY @ Maghetic field can aiso be
the case of a 2DEG attached to metallic ferromagnets, th xplored in sem|conductor(§C_) 2DEG, as, €.g., GaAs and
large difference between the conductivities of the 2DEG an nAs. Whenlg~Isy the following expression hF)IdS for the
the ferromagnetic reservoirs suppresses the spin injection vigagnetic _1f|eld corr_el?pondnl% to L/lg=1:B=2(%/

metallic contacts. For a significant spin injection into the#8) (7s19) ~=2.27X10""(75) ", which depends on the

2DEG, tunnel contacts, a semiconductor ferromagnet or §p|njfllp time 7y and.on the gyromagnetic ratig of the

half metallic ferromagnet are requiréd. semlcpnductorér;/?gerlal. Forni@,depends strongly on the
In this paper we have shown how the spin-dependen aterial (e.g.g =-04g . =15.0), so dependmg on

transport through a FNF double heterojunction can be del€ Values ofrss, one can obtain the corresponding values of

scribed in terms of the spin-dependent conductances of tH@agr_l;atic' field. Kikkawa and Awschaldf report 7,
contacts G',G!,G!), the magnetization directiom of the ~10 "sin n-type GaAs system, but this value corresponds

f i X d th l-metal duct to spin lifetimes of optically pumped carriers, and not to the
erromagnetic reservoirs, and the normal-metal conauctancey o carriers relevant for transport. The corresponding value
Gyn- The dependence of the conductance on the relativ or the magnetic field for this case BS#A5~510°4 T. On

angle between the magnetizations of the different ferromagt- )

. . he other hand, we are not aware of reliable val for
nets is affected by the mixing conductar®é'. For noncol- W W : values.p

i ¢ ¢ betw the f i el transport in these systems. In conclusion, from our estimates
Inear Trlan_spor He een he terromagnelic resevass, ot he relevant values of magnetic fields, Al single crystals
=ReG''+iImG'* describes transport of spins perpendicu-

lar to th tization directi f the f ts. Th with ferromagnetic contacts are good candidates to test our
ar to tne magnetization direction of the Terromagnets. Thesg,qictions and possibly lead to the discovery of other new
processes enhance the conductance for noncollinear config

rations, which may be used in multiterminal devices for fysical phenomena of spin transport.
modulation of the transport propertigsThis modulation
could be useful for future applications as spin-dependent
transistors. We find that spin injection can be symmetric and This work is part of the research program for the “Stich-
antisymmetric with respect to time reversal. The symmetriging voor Fundamenteel Onderzoek der Materi@®OM).
processes are described by ®e and the antisymmetric \We acknowledge support from the NEDO Joint Research
ones are described by B!, 1tis interesting to observe that Program(NTDP-98. It is a pleasure to acknowledge useful
the antisymmetric processes described byaim correspond  discussions with W. Belzig, D. Pfannkuche, and Y. Tokura.
to spin precession around the magnetization vector of the
ferromagnet which couples to an external magnetic field. APPENDIX: PERTURBATION EXPANSION IN SMALL
In a diffusive system, an applied magnetic field produces MAGNETIC FIELDS
both precession and relaxation of the spin accumulation. The
conductance displays a nonmonotonic behavior on the scale Equations(25) and(26) can be written as follows:
of the precession lengthgl, which is the distance for the
precession of the spin around the magnetic field in the nor-(%JF % %fp+ %
mal metal. Due to this modulation, the difference between | 2 2 2 £ 2
the conductances of the parallel and antiparallel configura- (A1)
tionsGL— GAp can be positive and negative as a function of c
the magnetic field. A possible candidate to observe this ef-| 2£ ) F N s T Ew
fect is Al, which has a largk,; and which can be coupledto | 2 ReG. )(f Me)me+ ReGL T+Im G (fxm,)
ferromagnetic reservoir&.g., Fe, CoFe, NiFe, Co. .) via
metallic junctions or also A tunnel junctions. Let us es- +
timate the values of magnetic fields for Al single crystal
associated with the points/Ig=0.5 andL/Iz=2 of Fig.
6(a), whereGL— G, is positive and negative, respectively.
If the length of the system iE=10 wm, which is compa- P, I _
rable with the spin-diffusion lengthL(~14;=10-70 um)° == (fi—fomy+ —(fh—fomg—
we obtain for L/Ig=0.5:B(*)~0.01 T and for L/l 2 2
=2:B(7)~01 T. If L=1 um (L<ls), we obtain for (A2)

VI. DISCUSSION AND CONCLUSIONS
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fot - (fme)+ o (f-mg) = t

G I R
TR—ReG% (f-mg)my+ ReGl

+ImGL (fxmyg)
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Now we expandlF into a convenient basis of the vectors R rﬁLx rﬁR
M, M, andm,Xmy as N~ (AB)
f=f,0+f0+fs0, (A3)
where and wherem=m,-mgp=cosf. We can also express the
magnetic field in this basis as
. omgtmyg
U= ———, (A4) ..
V2(1+m) B=B,U+ B, +Bsw. (A7)
o= M, (A5)  In terms of this expansion, we can combine Egsl) and
\V2(1+m) (A2) into a compact matrix form as
|
(C+M)a=b, (A8a)
where
. . 0
é@ 1-m
~ \/——(mGL—ImG}
(3X3) 2 (IMG: ®)
C= 1+m . | (ASD)
: : : - ?(ImGLHmGR)
1-m 1+m
0 —\/5(ImGI'~ImG) /=5—~(ImG[ +ImGR) ReG}'+ReGj
G,+Gg \/ﬂpﬁpn \/mPL—PR
2 2 2 2 2
- [1+mP+Py (G,+Gg)(1+m) (ReG+ReGL)(1—m) G,—Gp . ) [V=m?
= 5 > 7 + > 5 —ReG/ +ReGy > )
[1-mP,— Py G,—Gp . . (Jlmi) (G;+Gr)(1-m) (ReGL'+ReGJ)(1+m)
5 > ( 5 —ReG/ +ReGy 5 7 + >
(A8c)
and where
0 O 0 0
. gug| 0 0 By —B
M=V, —— , A8d
°%l0 -B; 0 B (A8d)
0 B, -B; ©
fo
- | fa
a= , (A8e)
fa
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G fh+Grfh

1+m F F
1 T( P f+Prfz)

b= > = (A8f)
5 (Pefi—Prfp)
0
|
By a perturbation expansion in small magnetic fields, we —G,+Gp
may study how the magnetic field is coupled with the phys-
ics at the contacts. To zeroth order in magnetic field we R /1+m(_P +Py)
simply have - 2 LroR
s= (A12)

1-m '
a®=C . (A9) ~ V5 (Pc+Pr)
0

The dependence of the current on the expansion paraBeter

To first order

5(1)=(C*1I\7| 6*1)6. (A10) is given by
The total particle current in the system is given by %=§~5
io=i2— i%= §~5+G£ff;+GRf7Fa, (ALD) which to first or(.jer reduces to
where % =s-aW=sCMC 'p. (A13)
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