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Conditions for efficient spin injection from a ferromagnetic metal into a semiconductor

A. Fert* and H. Jaffre`s
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and Universite´ Paris-Sud, 91405, Orsay, France
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We adapt the spin accumulation model of the perpendicular transport in metallic magnetic multilayers to the
issue of spin injection from a ferromagnetic metal~F! into a semiconductor~N!. We show that the problem of
the conductivity mismatch between F and N can be solved by introducing a spin dependent interface resistance
~tunnel junction preferably! at theF/N interfaces. In the case of aF/N/F structure, a significant value of the
magnetoresistance can be obtained if the junction resistance at theF/N andN/F interfaces is chosen between
two threshold values depending on the resistivity, spin diffusion length and thickness of N. The problem is
treated for various geometries~vertical or lateralF/N/F structures!.

DOI: 10.1103/PhysRevB.64.184420 PACS number~s!: 75.70.Pa, 72.25.Hg, 72.25.Mk
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I. INTRODUCTION

Achieving spin-polarized electron injection into a sem
conductor is one of the most important challenges in s
electronics today. A decade ago, Datta and Das1 were the first
to propose a device based on spin injection from a ferrom
netic metal into a semiconductor and analogous to
electro-optic modulator. In the same vein, various devi
can be imagined, for example, to detect the informat
stored in a magnetic memory and treat it in a semicondu
heterostructure. What is required is a long spin lifetime in
semiconductor and an efficient injection of spin-polariz
electrons. Extensive data on the spin relaxation in semic
ductors or 2DEG have now been obtained. For example, t
resolved optical experiments by Awschalom and co-worke2

have shown that the spin lifetime in GaAs can be as long
100 ns at low temperature and, even at room temperatur
still definitely longer than the spin lifetime in metal
Achieving an efficient spin injection is a more difficult re
quirement. Two approaches have been tried. Injection fro
magnetic semiconductor gives excellent results, as sho
for example, by the recent experiments of Fiederlinget al.3

or Ohnoet al.4 However, as long as the Curie temperature
ferromagnetic semiconductors does not exceed defin
room temperature, this approach has a limited interest
applications. The second approach is based on spin injec
from ferromagnetic metal such as Co and Fe which, eve
room temperature, exhibit a significantly spin polarized co
duction. However, even if one forgets the technical diffic
ties due to the reactivity of the transition metals with mo
semiconductors, there are fundamental problems wh
strongly limit the spin-polarization of the injected electron
as this has been clearly shown by Schmidtet al.5 By solving
the spin transport equations at aF/SC interface between
ferromagnetic metal~F! and into a semiconductor~SC!,
Schmidtet al. find that the spin-polarization of the current
the semiconductor becomes very small when the resisti
of the SC is much higher than that of theF metal.5 They also
find that the magnetoresistance~MR! of a F/SC/F structure
similar to that proposed by Datta and Das1 should be gener-
ally negligible when F is a metal.

In this paper we extend the calculation of Schmidtet al.5
0163-1829/2001/64~18!/184420~9!/$20.00 64 1844
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by developing a model in which, as in the standard pictu
of the perpendicular GMR, a spin dependent interface re
tance is introduced between the ferromagnetic metal and
semiconductor. We show that the spin polarization of
injected current can be significant when the interface re
tance exceeds a threshold value related to the resistivity
spin diffusion length of the SC. For example, this can
done by introducing a tunnel barrier at theF/SC interface.
We also show that aF/SC/F structure can present a signifi
cant MR if the resistances of the tunnel junctions introduc
at bothF/SC interfaces are in a relatively narrow range d
pending on the resistivity, spin diffusion length and thickne
of the SC.

As a matter of fact, some of the results we describe in t
article are not completely new. A calculation of the spin i
jection effects in a multilayered structure with interface r
sistances has already been presented by Valet and Fert6 and
the only novelty here is the discussion of what can be
pected from their expressions of the MR with the charac
istic parameters of semiconductors and tunnel junctions
large part of the paper will be devoted to quantitative pred
tions with realistic parameters for various geometries. Wh
we were writing the paper, we became also aware of
recent article of Rashba7 on spin injection. We agree with th
results of this paper for the problem of the current spin p
larization at aF/SC interface but not for the MR of a
F/SC/F structure. Our conditions for the existence of a s
nificant MR are different~and more drastic! than those of
Rashba and we explain the origin of this discrepancy.

II. EQUATIONS FOR SPIN-POLARIZED TRANSPORT
AT INTERFACES AND PERTINENT PARAMETERS

As in the model of Schmidtet al.,5 our calculation is
based on the equations introduced phenomenologically
Johnson and Silsbee8 and van Sonet al.9 to describe the spin
transport between ferromagnetic and nonmagnetic cond
tors, and extended in a Boltzmann equation formalism
Valet and Fert.6 We will consider interfaces parallel to thexy
plane and a current densityJ parallel to thez axis. We adopt
the notation of Valet and Fert~VF!. 1~2! refers to the ab-
solute spin direction of the electrons and↑(↓) refers to the
majority ~minority! spin direction in a ferromagnetic mate
rial. We call J1(z) @J2(z)# andm1(z)@m2(z)# the current
©2001 The American Physical Society20-1
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A. FERT AND H. JAFFRÈS PHYSICAL REVIEW B64 184420
density and electrochemical potential of the spin1 ~spin 2!
electrons at positionz ~the difference betweenm1 and m2

comes from spin accumulation effects8,9!. We write

r↑(↓)52@12~1 !b#rF* ~1!

for the resistivity of the spin↑(↓) channel in the metalF @the
resistivity of the bulk metal is (12b2)rF* ] and

r↑(↓)52rN* ~2!

for the resistivity of the nonmagnetic conductorN ~metal or
semiconductor!. In the limit where the spin relaxation i
much slower than the momentum relaxation,J1(2) and
m1(2) in a given layer are determined by the followin
equations:9

J1(2)5
1

ueur1(2)

]m1(2)

]z
, ~3!

J11J25J, ~4!

]~J12J2!

]z
5

2eN~EF!Dm

ts f
, ~5!

wherets f is the spin lifetime,r1(2) is the resistivity in the
spin 1~2! channel, 2N(EF) is the total density of states a
the Fermi level, andDm5m1(z)2m2(z). Equation ~5!
holds for metals and in the degenerate Fermi gas regim
semiconductors. In a nondegenerate semiconductor,
equation expressing the balance between spin injection
spin relaxation has a slightly different form

]~J12J2!

]z
5

enDm

kBT

1

ts f
, ~6!

wheren is the total number of carriers. By combining Eq
~3! and~5! or ~6!, one finds that the variation of the electr
chemical potentials withz is determined by the equation

]2Dm1(2)

]z2
5

Dm1(2)

l s f
2

, ~7!

where l s f is the spin diffusion length (l s f
F or l s f

N ) in the ma-
terial one considers. As expressed in Ref. 10, the spin d
sion length is given by

l s f
N 5Alls f

6
5A ts f

4e2N~EF!rN*
~8!

for a nonmagnetic metal or a degenerate Fermi gas semi
ductor. N(EF) must be replaced by 2/@1/N1(EF)
11/N2(EF)# for a ferromagnetic metal when one suppos
different densities of states in the spin1 and spin 2
channels.10 However, this is not an important matter he
and, for simplicity, we keep the assumption of the VF mod
N1(EF)5N2(EF)5N(EF). In the nondegenerate regime
a semiconductor, Eq.~8! becomes
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l s f
N 5A kBTts f

2ne2rN*
. ~9!

The boundary conditions at an interfacez5z0 are the con-
tinuity of J1 and J2 and the discontinuity ofm1 and m2

associated with the existence of an interface resistance

m1(2)~z5z0
1!2m1(2)~z5z0

2!5r 1(2)J1(2)~z5z0!,
~10!

wherem1(z5z0
1) and m2(z5z0

1) @m1(z5z0
2) and m2(z

5z0
2)] are the chemical potentials on the right~left! side of

the interface and, in the notation of the CPP-GMR~Refs.
6,11,12!

r 1(2)52r b* @12~1 !g#. ~11!

Equations~10!,~11! hold for both aF/N interface between
two metals (r b* .10216210215 Vm2, Ref. 11! and a tunnel
junction between aF metal and a nonmagnetic conduct
~with a value ofr b* which is much higher than for a metalli
interface and can also be voltage dependent;g is P in the
usual notation of spin dependent tunneling13!. We will see
below that the important parameters in the spin inject
problem are the interface resistancer b* and the products of
the resistivity by the spin diffusion length

r F5rF* 3 l s f
F , ~12!

r N5rN* 3 l s f
N ~13!

for the ferromagnetic and nonmagnetic materials, resp
tively. For metals,r F andr N have similar values. In the cas
of Co and Cu, for example, taking data from CPP-GM
experiments rCo* 57.531028 Vm,11 b50.46,11 l s f

Co

559 nm,12,14 rCu* 5631029 Vm,11 l s f
Cu51 mm,15 we find

r Co54.5310215 Vm2 and r Cu56310215 Vm2. In con-
trast, when the ferromagnet is still a metal such as Co w
the nonmagnetic material is a semiconductor presentin
much higher resistivity~and also a long spin diffusion
length!, one expectsr N@r F . This is the condition for having
a strong reduction of the current polarization in the semic
ductor, at least in the situation without interface resistance
Schmidtet al.5

It is of interest to see howr N is expected to vary as a
function of the carrier densityn. In a simple free electron
model for a metal or a degenerate Fermi gas semicondu
by combining Eq.~8! with r5m/ne2t, we find for the prod-
uct rNl s f

N :

r N5
\p

~3p2!
1
6e2
Ats f

2t
n22/3. ~14!

In the nondegenerate Fermi gas regime of a semicond
tor with l s f

N given by Eqs.~9!, ~14! becomes

r N5A2mkBT
ts f

t
e2n21. ~15!
0-2
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CONDITIONS FOR EFFICIENT SPIN INJECTION . . . PHYSICAL REVIEW B64 184420
In metals, the predominant contribution to the spin rela
ation rate (1/ts f) comes from the Yafet mechanism,16 that is
from the spin-orbit part of the scattering potentials produc
the momentum scattering (1/t). The ratiots f /t depends on
the level of the spin-orbit interaction and, as shown by E
experiments,17,18 can vary between about 103 for pure Cu to
around 102 for the characteristic spin-orbit interaction of 3d
elements. Similar values ofn and not very different values o
Ats f /t account for the not very different values ofr Cu and
r Co that we have quoted above. The values ofr F ~or r N) are
also approximately temperature independent.19,20

In semiconductors the mechanisms of spin relaxation21,22

are not limited to the Yafet mechanism of metals, so that
ratio ts f /t is more system dependent. However, even if
ratio ts f /t can be somewhat larger than in metals, the mu
larger values ofr N in semiconductors come mainly from th
variation asn22/3 in Eq. ~14! for the degenerate regime an
then asn21 in Eq. ~15! for the nondegenerate regime. W
have estimatedr N in the typical example ofn-type GaAs
samples in which Kikkawa and Awschalom22 have measured
the spin relaxation time. Since the interest of injection from
ferromagnetic metal comes from the possibility of spin inje
tion at room temperature~RT!, we consider the experimenta
data at RT. For the sample with a doping densityn
51016 cm23, the spin relaxation time at RT can be es
mated at about 1.5310210 s ~see Fig. 4 in Ref. 22!. With
m55400 cm2/V s for the mobility at RT andm50.07me ,
on obtains from Eq. ~9! l s f

N .1.83 mm and r N.4.4
31029 Vm2. The value ofr N is larger than that of metal
such as Cu or Co by 6 orders of magnitude. In contrast
spin diffusion length is only slightly larger than in a nonma
netic metal such as Cu, that is still in the micron range. O
numerical applications for semiconductors in the next pa
graphs will be based on values ofr N and l s f

N , r N54
31029 Vm2 and l s f

N 52 mm, in the typical range found
above for the GaAs sample of Ref. 22.

III. CURRENT SPIN POLARIZATION AT AN INTERFACE
BETWEEN A FERROMAGNETIC METAL AND A

NONMAGNETIC CONDUCTOR

We consider two semi-infinite ferromagnetic~F! and non-
magnetic~N! materials separated by the planez50. The so-
lution of Eqs.~3!–~7! in F andN can be written as

m1(2)
F 5erF* ~12b2!Jz2~1 !B@12~1 !b#expS z

l s f
F D 1C,

~16!

J1(2)
F 5@11~2 !b#

J

2
2~1 !

B

2erF
expS z

l s f
F D , ~17!

m1(2)
N 5erNJz2~1 !D expS 2

z

l s f
N D , ~18!
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J1(2)
N 5

J

2
1~2 !

D

2erN
expS 2

z

l s f
N D , ~19!

where r F5rF* l s f
F , r N5rN* l s f

N . The coefficientsB, C, andD
can be obtained from the boundary conditions, that is
~10! for m1 and m2 and continuity of (J12J2), and we
have calculated the variation withz of m1 , m2 , J1 andJ2

for several values of the parameters. We will focus on
variation of the spin polarization of the current SP5(J1

2J2)/J, as a function ofz in Fig. 1 and on its value (SP)I at
the interface, which is given by the simple expression

~SP! I5S J12J2

J D
I

5
br F1gr b*

r F1r N1r b*
. ~20!

We first consider the case without interface resistance.
r b* 50, Eq. ~20! becomes

~SP! I5
b

11r N /r F
. ~21!

When bothF andN are metals,r N and r F have similar val-
ues, for example, r Cu56310215 Vm2 and r Co54.5
310215 Vm2, as estimated in Sec. II for a typical Co/C
multilayer. In this case, the SP of the current penetrating
semiconductor is only moderately reduced from its valueb
inside the ferromagnet, see curve 1 in Fig. 1, with, from E
~21!, (SP)I5b/2.33 at the Co/Cu interface.

In contrast, when, for a semiconductor,r N is much larger
than r F , we obtain the curve 2 of Fig. 1 with a negligibl
polarization in the semiconductor. At the interface, from E
~21!, the polarization is reduced to aboutbr F /r N . In the
typical example discussed in the preceding section with,r N

FIG. 1. Spin polarization of the current as a function ofz at the
F/N interface. Curve 1 is forF5Co (r F54.5310215 Vm2, b
50.46, l s f

F 560 nm), N5Cu (r N56310215 Vm2, l s f
N 51 mm)

and without interface resistance. Curve 2 is forF5Co ~same pa-
rameters than for curve 1!, N5semiconductor (r N54
31029 Vm2, l s f

N 52 mm, see Sec. II! and without interface resis
tance. Curve 3 is forF5Co, N5semiconductor~same parameters
as for curve 2! with a spin dependent resistance~tunnel junction! at
the interface (r b* 5r N5431029 Vm2,g50.5). The spin polariza-
tion is g/2 at the interface for the particular caser b* 5r N@r F of
curve 3. It reachesg in the limit r b* @r N@r F ~curve not shown!.
0-3
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A. FERT AND H. JAFFRÈS PHYSICAL REVIEW B64 184420
.431029 Vm2, the spin asymmetry is reduced by 6 orde
of magnitude. This strong reduction of the spin polarizat
of the injected current is that already discussed by Schm
et al.5,23

On the other hand, what Eq.~20! says is that, even fo
r N@r F , the spin polarization remains large when there i
large enough spin dependent interface resistancer b* , more
precisely forr b* .r N . Curve 3 in Fig. 1 shows the variatio
of the SP for the threshold value of the resistance,r b* 5r N

@r F . In this case the SP at the interface isg/2 ~0.25 with the
coefficientg of curve 3!. In the limit r b* @r N.r F , from Eq.
~20!, the spin polarization at the interface is simply the sp
asymmetry coefficient of the interface resistance

~SP! I5g. ~22!

The very high resistance required by the conditionr b*
@r N , together with a significant spin asymmetry coefficie
g, can be obtained with a tunnel junction, that is by intr
ducing an ultrathin insulating layer between the ferrom
netic metal and the semiconductor. The resistances that
be obtained with alumina~ALO! layers are generally in the
range 1021021024 Vm2 (1022108 Vmm2) and, for tun-
neling from Co alloys for example, the coefficientg (P in
the usual notation of spin dependent tunneling! can reach
0.5.24 Schottky barriers could also give large interface res
tances but the existence of spin dependent tunneling thro
a Schottky barrier has never been clearly demonstrated
that an oxide barrier of the type use for tunneling magneto
sistance seems a much more reliable solution. In agreem
with Rashba,7 we thus find that, with appropriate spin depe
dent interface resistances such as those introduced by o
layers, there is no physical obstacle for the injection o
significantly spin-polarized current from a ferromagne
metal into a semiconductor.

The physical mechanism explaining the influence of
interface resistance on the spin polarization of the injec
current can be described as follows. In the absence of in
face resistance, the Fermi energy splitting due to spin ac
mulation,Dm5m12m2 , has the same valueDm I on both
sides of the interface and, when one goes away from
interface, decreases exponentially with decay lengthsl s f

F (F
side! or l s f

N (N side!. This is illustrated by Fig. 2~a! in the
simple case of a Co/Cu interface and by the dashed curv
Fig. 2~b! for a Co/SC interface. The respective variations
the current spin polarization inF and N are obtained by
integrating Eq.~5! with Dm5Dm I exp(z/lsf

F ) between2`
and 0, and Eq.~5! @or Eq. ~6!# with Dm5Dm I exp(2z/lsf

N)
between 0 and1`, which actually means that these vari
tions are proportional to the respective total numbers of s
flips in F and N. It turns out from the calculation of the
integrals that, with the sameDm I , these total numbers o
spin flips in F and N are, respectively, proportional to 1/r F
and 1/r N . With r F!r N when N is a semiconductor, this
means that there are much more spin-flips and a stro
depolarization of the current inF than inN. In other words,
the current is already completely depolarized when it cros
the interface.
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An interface resistance, by introducing a spin depend
discontinuity ofDm at the interface and generating a mu
higherDm in N than inF @see solid line in Fig. 2~b!#, leads
to a more balanced number of spin flips inF and N, and
restores the spin polarization at the interface and in the se
conductor. In the example of Fig. 2~b! with r b* 5r N54
31029 Vm2 andr F55310215 Vm2, one sees that the in
terface resistance induces a difference of about 6 order
magnitude between the values ofDm on the SC and F side
of the interface, which explains that the spin polarization
N is restored~curve 3 in Fig. 1!.

IV. MAGNETORESISTANCE OF A F ÕNÕF STRUCTURE,
WITH AND WITHOUT INTERFACE RESISTANCE

We consider aN layer betweenz52tN/2 andz51tN/2
separating two semi-infinite layers of the same ferromagn
metal. As above, we could write down solutions of Eqs.~3!–
~7! similar to Eqs.~16!–~19! and determine the unknow
coefficients of these solutions from the boundary conditio
at the interfaces to finally derive the resistance differen

FIG. 2. ~a! Variation of the electrochemical potentialsm1 and
m2 as a function ofz at a Co/Cu interface without interface resi
tance (r F54.5310215 Vm2, b50.46, l s f

F 560 nm for Co, r N

56310215 Vm2, l s f
N 51 mm for Cu, r b* 50). The dashed lines

represent the asymptotes. The inset shows the variation of the
accumulation parameter,Dm5m12m2 , as a function of z.~b!
Variation of the spin accumulation parameter as a function ofz at a
Co/SC interface@same values ofr b* , l s f

F , andb than in~a! for Co,
r N5431029, l s f

N 52 mm for SC# without interface resistance~dot-
ted line! and with interface resistance (r b* 5r N , g50.5, solid line!.
Note the logarithmic vertical scale in~b!.
0-4
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CONDITIONS FOR EFFICIENT SPIN INJECTION . . . PHYSICAL REVIEW B64 184420
between the parallel and antiparallel configurations of
magnetic moments on the right and left sides. However
calculation has already been performed in the Valet-F
model of the CPP-GMR.6 From Eq.~40! of Ref. 6, the resis-

tance changeDR equals 2(r SI
AP2r SI

P ), wherer SI
P andr SI

AP are,
respectively, given by Eqs.~41! and ~42!. For the case of
semi-infiniteF layers we consider here,tF5` and, in this
limit, a straightforward calculation leads to

DR5
2~br F1gr b* !2

~r b* 1r F!coshS tN

l s f
N D 1

r N

2 F11S r b*

r N
D 2GsinhS tN

l s f
N D ,

~23!

whereDR is the resistance change between the antipara
and parallel configurations of the magnetizations inF1 and
F2 for an unit area of the structure. The interesting situat
for spin conservation inN and large MR istN! l SF

N and we
consider only this situation. FortN! l SF

N , Eq. ~23! becomes

DR5
2~br F1gr b* !2

~r b* 1r F!1
r N

2 F11S r b*

r N
D 2G tN

l s f
N

. ~24!

As in the calculation of Schmidtet al.,5 we will compare
DR with the resistance in the parallel configuration for
device with both ferromagnetic contactsF1 andF2 having a
thicknessl s f

F , that is with the resistanceRP between z5
2tN/22 l SF

F and z51tN/21 l s f
F for a periodic structure with

tF52l s f
F @as a function oftF , DR reaches its saturation valu

of Eqs.~23!–~24! for tF. l s f
F , which justifies comparingDR

with the above resistance#. From Eq.~40! of Valet and Fert,6

we get

R(P)52~12b2!r F1r N

tN

l SF
N

12~12g2!r b*

12

~b2g!2r Fr b* 1r N~b2r F1g2r b* !tanhS tN

2l s f
N D

~r F1r b* !1r N tanhS tN

2l s f
N D .

~25!

We first consider the case without interface resista
(r b* 50) and with two metals, that is with similar values fo
r N and r F . With tN! l SF

N , and thereforer N(tN / l s f
N )!r N

.r F , Eqs.~24!,~25! become

DR.2b2r F , ~26!

R(P).2~12b2!r F , ~27!

and consequently
18442
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R(P)
.

b2

12b2
, ~28!

which is also the maximum value obtained by Schmidt et5

in the metallic case@see Eq.~10! in Ref. 5#.
Still without interface resistance but when N is a semico

ductor, we are in the limitr N@r F and moreover taking into
account the very high value ofr N /r F estimated above, we
can also reasonably assumer N /r F@4l s f

N /tN@1. From Eqs.
~23!–~25!, DR, R(P), andDR/R(P) can be written as

DR.8b2
r F

2

r N

l s f
N

tN
, ~29!

R(P).rN* tN5r N

tN

l s f
N

, ~30!

DR

R(P)
.8b2S r F

r N

l s f
N

tN
D 2

. ~31!

Equation~31! expresses the strong reduction ofDR/R(P) al-
ready emphasized by Schmidtet al.5

We now consider the case of aF/SC/F structure (r N
@r F) with an interface resistance. It results from Eq.~24!
that a significant MR is restored when the value ofr b* is
larger than aboutr N(tN / l s f

N ) and smaller thanr N( l s f
N /tN). In

Fig. 3 we have plotted the MR calculated as a function ofr b*
for g50.5 ~characteristic for tunneling from Co!, typical val-
ues of r F , l s f

F , r N , l s f
N in metals and semiconductors~see

Sec. I! and for three values oftN / l s f
N , respectively, 1022,

1021, and 1. We can see that, fortN / l s f
N 51021, a large MR

is obtained in a relatively small range~a little more than a
decade! centered at about 1.6r N . For tN / l s f

N 51022, the

FIG. 3. Magnetoresistance versus interface resistancer b* of a
F1 /N/F2 structure whereF15F25Co (r F54.5310215 Vm2, b
50.46, l s f

F 560 nm), N5semiconductor (r N5431029 Vm2,
l s f
N 52 mm, see Sec. II!, with tN520 nm(l s f

N /100), 200 nm(l s f
N /10),

2 mm(l s f
N ), for the thickness ofN and g50.5 for the spin asym-

metry coefficient of the interface resistance. The geometry of
structure is shown in the left top of the figure.
0-5
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range ofr b* with a large MR spreads over more than 2 d
cades aroundr N . For tN / l s f

N 51, the peak of MR aroundr N

has almost completely vanished. The highest MR obtaine
the limit r N(tN / l s f

N )!r b* !r N( l SF
N /tN) is given by the follow-

ing expressions:

DR.2g2r b* , ~32!

DR

R(P)
.

g2

12g2
~33!

and is practically reached at the maximum of the curve
tN / l s f

N 51022 in Fig. 3.
In a CPP device, that is with a perpendicular curre

throughF andN layers~sketch in Fig. 3!, tN can be as thin as
a few nm, so that, withl s f

N /tN.1022103, there is a fairly
broad range betweenr N(tN / l s f

N ) andr N( l s f
N /tN) in which the

MR approaches its highest value of Eq.~33!. In contrast, for
‘‘lateral devices’’ of the type represented in Fig. 4~a!, when
one takes into account the limitations imposed by the cur
technologies fortN , one sees that, withl s f

N in the micron
range at RT,tN cannot be smaller thanl s f

N by more than an
order of magnitude. This corresponds to the conditions
Fig. 3 with tN5 l s f

N /10, which lead to significant MR in a
range ofr b* limited to about a decade aroundr N and to a
value of the MR at the maximum somewhat smaller than
the limit of Eq. ~33!.

FIG. 4. Various geometries for a lateralF/N/F structure.~a!
Lateral geometry with the same widthsW for theF andN channels,
~b! Lateral geometry with different widthsW andw for theF andN
channels, respectively.~c! As in ~b! but with possible extension o
the spin accumulation on the right and left sides ofN.
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When the tunnel resistancer b* exceedsr N( l s f
N /tN), we see

from Eq. ~24! that DR saturates at the value 4g2r N( l s f
N /tN)

while, from Eq. ~25!, R(P) is still increasing asr b* , so that
DR/R(P) tends to zero,

DR

R(P)
>

2r Nl s f
N

~12g2!r b* tN

!1 ~34!

for r b* @r N( l s f
N /tN). This result is at odds with that o

Rashba7 who finds, from Eq.~25! in Ref. 7, thatDR contin-
ues to increase proportionally to the tunnel resistance w
out saturation and thatDR/R(P) does not tend to zero in th
limit of very large values ofr b* .

We conclude that achieving a large MR requires cor
lated values of the tunnel resistancer b* and thicknesstN , and
that, to obtain a large MR, one may be led to chooser b* in a

relatively narrow range betweenr N(tN / l s f
N ) and r N( l s f

N /tN).
The physical mechanisms explaining the conditi
r N(tN / l s f

N ),r b* ,r N( l s f
N /tN) and the origin of the discrepanc

with the result of Rashba can be described in the follow
way. We will consider successively the three regimes with~i!
r b* much smaller thanr N(tN / l s f

N ), ~ii ! r b* betweenr N(tN / l s f
N )

and r N( l s f
N /tN), ~iii ! r b* much larger thanr N( l s f

N /tN).
~i! For r b* !r N(tN / l s f

N ), the discontinuities in the electro
chemical potentials (m1 andm2) introduced by the interface
resistances are too small to generate a high enough spli
DmN ~in comparison withDmF) and polarize the current in
N. This issue has already been discussed at the end of Se
for the structure with a single interface. The thresholdr b*
>r N(tN / l s f

N ) is what is required to induce a spin polarizatio
of the order ofg in theP configuration and lowerR(P) below
R(AP) ~the required value ofr b* is smaller than in the case o
Sec. III with a single interface because, in theP configura-
tion, both F1 and F2, separated by onlytN , contribute to
polarize the current!.

~ii ! The regimer N(tN / l s f
N )!r b* !r N( l s f

N /tN) is illustrated
in Fig. 5. The predominant contribution to the variation
the electrochemical potential comes from the potential dr
at the interfaces. In the AP configuration, this gives rise t
splitting 2gr b* eJ betweenm1 and m2 which is negligibly
relaxed by the spin flips inN since the number of these sp
flips, proportional toDmNtN /e2r Nl s f

N }r b* tNJ/erNl s f
N ~as it

can be seen by extrapolating the calculation of Sec. III to
depthtN of N), is much too small in comparison withJ/e. In
the AP configurationJ1>J2>J/2, R(AP)>r b* , while, in the
P configuration, J1(2)>@11(2)g#J, R(P)>r b* (12g2).
The upper limit of r b* for this regime is clear : asr b* in-
creases, the characteristic splittingDmN of this regime in the
AP state increases as 2gr b* eJ, the number of spin flips inN
increases asr b* tNJ/erNl s f

N and, when it becomes larger tha
about J/e, DmN cannot be maintained at the level 2gr b* J
and relaxes to zero.

~iii ! In the regimer b* @r N( l s f
N /tN) ~or, equivalently,tN

@ l s f
N r N /r b* ), the spin accumulationDmN of the AP configu-

ration is completely relaxed by the spin flips in the volum
tN of N, as shown in Fig. 6 andR(AP)>R(P)>r b* (12g2).
0-6
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Rashba7 does not take into account that, at constant s
lifetime in N and constant current, on increasingr b* , the
number of spin flips in N follows the rise ofDmN . Conse-
quently, his calculation does not find that, forr b*
.r N( l s f

N /tN), the rise ofDmN saturates and the MR drop
down to zero. This regime without MR will be easily unde
stood by the readers who are familiar with the magnetic t
nel junctions. It corresponds to the situation of a double m
netic junctionF/I /N/I /F where I is the insulating barrier.
When N is a metal andr N is small, the conditionr b*
@r N( l s f

N /tN) is generally fulfilled and, as one knows, there
no MR.

We thus conclude that aF/N/F structure can present
significant MR if spin dependent tunnel junctions are int
duced at theF/N interfaces and if the junction resistancesr b*
are chosen in a range which can be relatively narrow, es
cially in the case of a ‘‘lateral’’ device of the Datta and D
type.1 The curves of Fig. 3 have been calculated with n
merical data on Co andn-type GaAs for which the spin life-
time at RT has been determined by kikkawa a

FIG. 5. Variation of the electrochemical potentialsm1 ~solid
line! and m2 ~dashed line! throughout aF/N/F structure having
tunnel resistancer b* at theF/N interfaces in the resistance rang
required to obtain a significant MR, that isr N(tN / l s f

N )!r b*
!r N( l s f

N /tN). The top and bottom graphs are for the AP andP con-
figurations, respectively. The sketches on the right indicate
equivalent resistor schemes, the current distributions and the r
tancesR(AP) andR(P). The MR equalsg2/(12g2).
18442
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Awschalom.22 In this typical case and fortN5 l s f
N /10, we find

that the MR is restored for junction resistances arou
1028 Vm2. In the usual language of the research on tun
junctions, this corresponds to 10 kV for 1 mm2, which is a
standard value for junctions with alumina barrier. The exp
nential dependence of the resistance with the barrier th
ness makes thatr b* can be swept in a very broad range a
adapted to various types of semiconductors.

However the calculation above have been developed f
certain type of geometry@F/N/F trilayer with CPP current
or ‘‘lateral’’ structure of the type shown in Fig. 4~a!# and we
will see in the next section that the conditions for significa
MR can be somewhat different with different types of geo
etry.

V. STRUCTURES WITH DIFFERENT GEOMETRY

We have seen in the preceding sections that the cross
between different regimes is controlled by balance con
tions between the spin relaxation in some volume ofF andN
or between spin relaxation in some volume ofN and spin
injection through a tunnel junction. This makes that differe

e
is-

FIG. 6. Variation of the electrochemical potentialsm1 ~solid
line! and m2 ~dashed line! throughout aF/N/F structure having
tunnel resistancer b* at the F/N interfaces in the ranger b*
@r N( l s f

N /tN). The profile of the electrochemical potential is th
same in the AP~top! andP ~bottom! configurations and the MR is
0. The sketches on the right indicate the equivalent resi
schemes, the current distributions and the resistancesR(AP) and
R(P).
0-7



n
o

th

al

e-
ct
s

th
c-
na
e
in
he
b

io
d

n

at
e

lar-
ion
-
ace
sis-
is

e of

e-
ion
ted
of
our
ted

h

mi-
our

ed
etry
lts
de-
rs.
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types of geometry lead to different conditions.
We first consider a structure of the type of Fig. 4~b! simi-

lar to that of Fig. 4~a! but with a width of theN channelw
smaller than that of theF channels and junctionsW. Com-
pared to the geometry withw5W and for the sameDm, the
relaxation inN is divided by the factorW/w and no longer
proportional to DmNtN /erNl s f

N but to DmNtNw/erNl s f
N W.

Consequently the condition for having a significant curre
spin polarization in theP configuration and a large MR is n
longer r b* @r N(tN / l s f

N ) but r b* @r N(tNW/ l s f
N w). The same

type of scaling can be used for the upper threshold value
the junction resistance, so that the condition for having
large MR becomer N(tNW/ l s f

N w)!r b* !r N( l s f
N W/wtN). In

other words, the resistance range with MR is upscaled by
factor W/w.

In the structure of Fig. 4~c!, the N layer spreads from
2` to 1` towards the left and the right in the horizont
plane, so that the spin accumulationDm spreads overl s f

N on
both sides oftN . Consequently, in comparison with the pr
ceding case, the relaxation in N is enhanced by the fa
l s f
N /tN and the condition for large MR become

r N(tN / l s f
N )2(W/w)!r b* !r N(W/w). Similar expressions can

be obtained in various situations, N spreading not only to
left and the right of Fig. 4 but also in the horizontal dire
tions perpendicular to the figure plane, two-dimensio
electron gas, etc. It turns out that, depending on the geom
of the structure, the resistance range required to obta
large MR, is shifted upward or downward. Fortunately, t
exponential dependence of the tunnel resistance on the
rier thickness makes that the resistances of tunnel junct
can be chosen in an extremely broad range and adapte
various geometry types.

VI. CONCLUSIONS

We have presented a calculation of the spin injection i
semiconductor from a ferromagnetic metal at aF/SC inter-
face and for aF/SC/F structure. Our calculation extends th
of Schmidt et al.5 by introducing spin dependent interfac
s

A

n

.
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resistances~in practice tunnel junctions!. At a F/SC inter-
face, in contrast with the strong reduction of the spin po
ization in the semiconductor predicted in the calculat
without interface resistance,5 we find that the spin polariza
tion can be restored to a significant level when the interf
resistancer b* exceeds a threshold value related to the re
tivity and spin diffusion length of the semiconductor, that
for r b* .r N5rN* l s f

N . For aF/SC/F structure, whereas the MR
~resistance difference between theP and AP configurations!
is negligible without interface resistance,5 a significant MR
can be restored if the resistancesr b* of the tunnel junctions
are in the range

r N

tN

l s f
N

,r b* ,r N

l s f
N

tN
. ~35!

This condition is at odds with the conditionr b* .r N pro-
posed by Rashba. Our upper limit comes from the increas
the spin relaxation rate in the semiconductor~compared to
the spin injection rate! as the junction resistance and ther
fore the chemical potential splitting increase. The condit
above is for a CPP-like device and we have also calcula
how this condition is shifted in various lateral structures
the Datta and Das type. We have illustrated the results of
model by numerical calculations with parameters estima
for cobalt and an-type GaAs semiconductor for whic
Kikkawa et al. have measured the spin relaxation time~the
interest of magnetic metals with respect to magnetic se
conductors being for spin injection at room temperature,
numerical calculations are based on RT data! and we find
that the conditions for efficient spin injection can be obtain
with realistic values of the resistance and spin asymm
coefficient of the tunnel junctions. We hope that our resu
can be an useful guide for the design of spin electronic
vices combining ferromagnetic metals with semiconducto

ACKNOWLEDGMENT

We thank George Lampel for very fruitful discussions.
-
en
per-

es.
n of
n

in
*Corresponding author. Electronic addres
albert.fert@thalesgroup.com

1S. Datta and B. Das, Appl. Phys. Lett.56, 665 ~1990!.
2J. Kikkawa and D. Awschalom, Nature~London! 397, 139~1999!.
3R. Fiederling, M. Keim, G. Reusher, W. Ossau, G. Schmidt,

Waag, and L. Molemkamp, Nature~London! 402, 787 ~1999!.
4Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, a

D. D. Awschalom, Nature~London! 402, 790 ~1999!.
5G. Schmidt, D. Ferrand, L. W. Molemkamp, A. T. Filip, and B. J

Van Wees, Phys. Rev. B62, 4790~2000!.
6T. Valet and A. Fert, Phys. Rev. B48, 7099~1993!.
7E. Rashba, Phys. Rev. B62, R16 267~2000!.
8M. Johnson and R. Silsbee, Phys. Rev. B35, 4959~1987!.
9P. van Son, H. van Kampen, and P. Wyder, Phys. Rev. Lett.58,

2271 ~1987!.
10A. Fert and S. Lee, Phys. Rev. B53, 6554~1996!.
11J. Bass and W. P. Pratt, Jr., J. Magn. Magn. Mater.200, 274

~1999!.
:

.

d

12A. Barthelemy, A. Fert, and F. Petroff,Handbook of Magnetic
Materials, edited by K.H.J. Buschow~Elsevier Science, Amster-
dam, 1999!, Vol. 12.

13R. Meservey and P. Tedrow, Phys. Rev. Lett.25, 1270~1970!.
14A. Fert and L. Piraux, J. Magn. Magn. Mater.200, 338 ~1999!.
15F. Jedema, A. Filip, and B. van Wees, Nature~London! 410, 345

~2001!.
16Y. Yafet, J. Appl. Phys.39, 853 ~1968!; 42, 1564~1971!.
17F. Beuneu and P. Monod, Phys. Rev. B18, 2422~1978!.
18P. Monod and S. Schultz, J. Phys.~Paris! 43, 393 ~1982!.
19The resistivity and spin diffusion length~SDL! data we refer to in

Sec. II to estimater Co and r Cu have been obtained at low tem
perature~LT! where most CPP-GMR experiments have be
performed. Some CPP-GMR measurements have also been
formed as a function of temperature on multilayered nanowir
The resistivity increases and the SDL decreases as a functio
T, so that their productr changes only weakly, by 11% betwee
LT and RT in Co for example~Ref. 20!. This is also consistent
with Eq. ~14! and the Yafet mechanism of spin relaxation
0-8



tur
y

a

t
our

CONDITIONS FOR EFFICIENT SPIN INJECTION . . . PHYSICAL REVIEW B64 184420
which ts f /t is temperature independent. The weak tempera
dependence ofr F ~or r N) justifies the use of LT data at an
temperature.

20L. Piraux, S. Dubois, A. Fert, and L. Belliard, Eur. Phys. J. B4,
413 ~1998!.

21G. Fishman and G. Lampel, Phys. Rev. B16, 820 ~1977!.
22J. Kikkawa and D. Awschalom, Phys. Rev. Lett.80, 4313~1998!.
18442
e23Schmidtet al. in Ref. 5 find that, for a given metal resistivity,
value of the spin asymmetry coefficientb very close to 1~case
of an ideal half-metallic ferromagnet! can restore a significan
SP of the current injected into the SC. This is also shown by
Eq. ~20! if one reminds thatr F is proportional torF* , that is to
the resistivity of the bulk metal divided by (12b2).

24D. Monsma and S. Parkin, Appl. Phys. Lett.77, 720 ~2000!.
0-9


