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Electric-field dependent spin diffusion and spin injection into semiconductors
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We derive a drift-diffusion equation for spin polarization in semiconductors by consistently taking into
account electric-field effects and nondegenerate electron statistics. We identify a high electric-field diffusive
regime which has no analog in metals. In this regime there are two distinct spin-diffusion lengths. Furthermore,
spin injection from a ferromagnetic metal into a semiconductor is enhanced by several orders of magnitude.
This enhancement also occurs for high electric-field spin injection through a spin-selective interfacial barrier.
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Semiconductor devices based on the control and man
lation of electron spin~semiconductor spintronics! have re-
cently attracted considerable attention.1 Spin transport and
injection properties of semiconductors and heterostructu
strongly constrain the design of new spintronic devices.
theoretical studies of spin transport and injection
semiconductors2–4 the spin polarization is usually assume
to obey the same diffusion equation as in metals,5

¹2~m↑2m↓!2~m↑2m↓!/L250, ~1!

where m↑(↓) is the electrochemical potential of up-sp
~down-spin! electrons. In this diffusion equation the electr
field does not play any role, and spin polarization dec
away on a length scale ofL from an injection point. This is
reasonable for degenerate systems because the electric
E is essentially screened. For semiconductor spintronic
vices, however, the semiconductor often is lightly doped a
nondegenerate, and experiments have shown the ele
field can change spin diffusion dramatically.6,7 Equation~1!
corresponds to neglecting drift in the more general dr
diffusion equation for the spin polarization,

¹2~n↑2n↓!1
eE

kBT
•¹~n↑2n↓!2

~n↑2n↓!

@L (s)#2
50, ~2!

wheren↑2n↓ is the difference between up-spin and dow
spin electron densities andL (s) is the intrinsic spin-diffusion
length. For degenerate systemskBT should be ~approxi-
mately! substituted byEF ~the Fermi energy! in Eq. ~2!, and
Eq. ~1! is thus justified for metals.

If Eq. ~1! were to hold for semiconductors, spin injectio
from a ferromagnetic metal to a semiconductor withou
spin-selective interfacial barrier would be virtually impo
sible due to the ‘‘conductivity mismatch,’’ or more precise
a mismatch between effective resistances in the m
@L ( f )/s f # and in the semiconductor@L (s)/ss#.

2–4 Here L ( f )

andL (s) are the spin-diffusion lengths for the ferromagne
metal and the semiconductor, ands f andss are conductivi-
ties for the two materials. Even for spin injection from fe
romagnetic semiconductors,L ( f )/s f!L (s)/ss and the spin
polarizationpf,99%, so the large spin injection percentag
achieved from ZnMnSe~Refs. 8 and 9! and GaMnAs~Ref.
10! are difficult to understand via Eq.~1!.

Here we clarify the central role of the electric field o
spin transport in semiconductors. We obtain the dr
diffusion equation for the spin polarization in a semicondu
0163-1829/2002/66~20!/201202~4!/$20.00 66 2012
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tor, Eq. ~2!, which consistently takes into account electri
field effects and nondegenerate electron statistics.
identify a high-field diffusive regime which has no analog
metals. This regime occurs for fields as small as 1 V/cm
low temperatures. Two distinct spin-diffusion lengths no
characterize spin motion, i.e., upstream (Lu) and down-
stream (Ld) spin diffusion lengths, which can differ in order
of magnitude with realistic fields:E*10 V/cm at T53 K
and E*103 V/cm at T5300 K. These two length scale
play distinctive but both favorable roles in spin injectio
from a ferromagnetic metal to a semiconductor. We furth
find that the effective semiconductor resistance determin
the injection efficiency isLu /ss rather thanL (s)/ss , which
may be comparable toL ( f )/s f given thatLu can be shorter
than L (s) by several orders of magnitude in the high-fie
regime. Moreover, the decay length scale for the spin po
ization injected into the semiconductor isLd , which would
be much longer thanL (s) in this regime.11 Our results sugges
a practical approach to increase spin injection into semic
ductorsby orders of magnitude: by increasing the electric
field, or equivalently, increasing the total injection current
semiconductors. Our results are consistent with the sign
cant current dependence observed for spin injection from
to GaAs.12 We further note that strong fields also substa
tially enhance spin injection in structures with an interfac
barrier.

The semiconductor we consider here is lightly or mod
ately n doped (p-doped semiconductors can be analyz
similarly!, which is often encountered in spintronic device
We assume that there is no space charge and the mater
homogeneous. The current for up spin and down spin can
written as j ↑(↓)5s↑(↓)E1eD¹n↑(↓) , which consists of the
drift current and the diffusion one. HereD is the electron
diffusion constant,s↑(↓) the up-spin~down-spin! conductiv-
ity, and n↑(↓) the up-spin~down-spin! electron density. The
spin-dependent conductivity is proportional to the electr
density for individual spins,s↑(↓)5n↑(↓)ene . The rate at
which spin-up ~spin-down! electrons scatter to spin-dow
~spin-up! electrons is denoted by 1/t↑↓ (1/t↓↑). In a steady
state, the equations of continuity for individual spins read

¹• j ↑5¹s↑•E1s↑¹•E1eD¹2n↑5S n↑
t↑↓

2
n↓
t↓↑

De, ~3!

¹• j ↓5¹s↓•E1s↓¹•E1eD¹2n↓5S n↓
t↓↑

2
n↑
t↑↓

De, ~4!
©2002 The American Physical Society02-1
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Z.G. YU AND M.E. FLATTÉ PHYSICAL REVIEW B 66, 201202~R! ~2002!
where¹•E52eDn/e andDn is a local variation of electron
density. In nondegenerate semiconductors,t↑↓

215t↓↑
21

[t21/2. Generally speaking, a strong electric fie
(>103 V/cm) may modifyt, ne , and the band structure o
semiconductors. However, as we will show later, the elec
field even in the ‘‘high-field’’ regime is still relatively weak
(<102 V/cm) and we assume that bothne and t are inde-
pendent of the field.

For a homogeneous semiconductor without space cha
Dn should be roughly balanced by a change in hole den
Dp. In doped semiconductors, however, spin polarizat
can be created without changing electron or hole densitie13

and therefore,

Dn↑1Dn↓50. ~5!

Here Dn↑(↓)5n↑(↓)2n0/2, andn0 is the total electron den
sity in equilibrium. Care is required, however, to avoid s
ting ¹•E50 directly in Eqs.~3! and ~4!.14 Instead we mul-
tiply Eq. ~3! by s↓ and Eq.~4! by s↑ , and substract one
from the other, eliminating the terms containing¹•E. Only
then do we setDn↑1Dn↓50. By using the Einstein relation
D5kBTne /e, wherekB is the Boltzmann constant andT is
temperature, we obtain the differential Eq.~2! for n↑2n↓ ,
the measure of the spin polarization in semiconductors, w
L (s)5ADt.

Equation ~2!, together with the local charge neutrali
constraint Eq.~5!, dramatically alter the spin transport b
havior in semiconductors from that expected from Eq.~1!. To
understand the physical consequence of the electric field
the spin transport, we suppose that a continuous spin im
ance is injected atx50, and the electric field is along the
2x direction. The spin polarization will gradually decay
size as the distance from the point of injection increases
Fig. 1, we plot the spin polarization as a function of positi
for different fields. In the absence of the field, as shown
the solid line, the spin polarization decays symmetrica
along2x and1x with a single length scale,L (s). When an

FIG. 1. Distribution of electron-spin polarization as a functi
of position for a spin imbalance injected atx50. Solid and dashed
lines are forueEu/kBT50 and 0.01 nm21, which correspond toE
50 and 25 V/cm, respectively, atT53 K. The intrinsic spin-
diffusion length is L (s)52 mm. The inset illustrates upstream
~dashed line! and downstream~solid line! diffusion lengths as a
function of electric field.
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electric field is applied, the decay of the spin polarizati
becomes spatially asymmetric. For spin diffusion opposite
the field direction ~downstream for electrons!, the decay
length of the spin polarization is longer thanL (s).11 For spin
diffusion along the field direction~upstream for electrons!,
the decay length is shorter thanL (s).

We define two quantitiesLd , Lu ,

Ld(u)5H 2~1 !
ueEu
2kBT

1AS eE

2kBTD 2

1
1

@L (s)#2 J 21

.

~6!

The distribution of the spin polarization in Fig. 1 is the
described byn↑2n↓;exp(2x/Ld) for x.0, and n↑2n↓
;exp(x/Lu) for x,0. Thus Ld @Ld.L (s)# and Lu @Lu
,L (s)# are the downstream and upstream spin-diffus
lengths, respectively. In the absence of the field, the do
stream and upstream lengths are equal to the intrinsic d
sion lengthL (s). With increasing field the downstream diffu
sion length Ld increases, whereas the upstream diffus
lengthLu decreases. A high-field regime for spin transport
semiconductors can be defined byE.Ec , whereeEc /kBT
51/L (s). In this regime,Lu andLd deviate fromL (s) consid-
erably and the spin-diffusion behavior is qualitatively diffe
ent from that in low fields. We emphasize that sinceL (s) is
large in semiconductors, this regime is not beyond reali
fields where most spintronic devices operate. For a typ
spin-diffusion length,L (s)52 mm,6 Ec5125 V/cm at T
5300 K andEc51.25 V/cm atT53 K.

The physics of the field effects on the spin diffusion b
comes clearer at the strong-field limit, whereueEu/kBT
@1/L (s). In this limit, the electrons move with velocityuEune
and so does the spin polarization.Ld is simply the distance
over which the carriers move within the spin lifetimet, Ld
.uEunet5uEu(e/kBT)Dt5@L (s)#2ueEu/kBT. For the up-
stream diffusion lengthLu at this limit, Lu.kBT/ueEu,
which simply corresponds to a Boltzmann distribution
electrons in a retarding field.

A similar field-dependent diffusion phenomenon has be
observed and studied in charge transport of minority carr
in doped semiconductors.14 In fact, if n↑2n↓ is substituted
by Dp andL (s) is regarded as the intrinsic charge diffusio
length, Eq.~2! becomes the diffusion equation for the distu
bance of the minority carriers inn-doped semiconductors. I
is known that the electric field leads totwo distinct charge
diffusion lengths in this case as well asa modification of
minority-carrier injection.14

As an application of our field-dependent spin transp
theory, we study how the electric field affects spin injecti
from a ferromagnetic metal to a semiconductor. We consi
a simple one-dimensional spin injection structure which,
shown in the inset of Fig. 2, comprises a semi-infinite me
(x,0) and a semi-infinite nondegenerate semiconductorx
.0). The depletion region between the metal and the se
conductor is assumed to be negligibly thin, for a wide dep
tion region is undesirable for spin transport and cohere
due to the strong deviation from the local charge neutra
condition ~the presence of holes dramatically shortens
electron-spin coherence time!. Electrons are injected from
2-2
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the metal to the semiconductor, and therefore the elec
field is antiparallel to thex axis. In the ferromagnetic meta
the electrochemical potentials for individual spins satisfy
equations15

d2

dx2 S m↑
m↓

D 5S ~D↑
f t↑↓!21 2~D↑

f t↑↓!21

2~D↓
f t↓↑!21 ~D↓

f t↓↑!21 D S m↑
m↓

D ,

where D↑(↓)
f is the up-spin~down-spin! electron diffusion

constant. In metals the conductivity and the diffusion co
stant are related vias↑(↓)

f /D↑(↓)
f 5e2N↑(↓)(EF), where

N↑(↓)(EF) is the up-spin~down-spin! density of states at the
Fermi energy. It is readily seen that the above equations
to Eq. ~1! if L ( f )5@(D↑

f t↑↓)211(D↓
f t↓↑)21#21/2. The gen-

eral solution can be written as

1

eJS m↑
m↓

D 5
x

s↑
f 1s↓

f S 1

1D 1C1ex/L( f )S 1/s↑
f

21/s↓
f D , ~7!

where J is the total electron current, which is a consta
throughout the structure in a steady state. In the semicon
tor, according to Eqs.~2! and ~5!,

Dn↑52Dn↓5C2exp~2x/Ld!, ~8!

and J5ssE. In order to match boundary conditions at th
interface between the metal and the semiconductor, it is
sirable to know the electrochemical potentials for up-s
and down-spin electrons in the semiconductor, which are
lated to the electron density for individual spins via

m↑(↓)5kBT lnF11
2Dn↑(↓)

n0
G1eEx2C0 . ~9!

This relation can be readily derived based on the definit
of the electrochemical potential in nondegenerate semic
ductorsn↑(↓)}exp$@m↑(↓)1ec#/kBT%, whereE[2dc/dx.

FIG. 2. Spin injection efficiencya0 as a function of electric field
for structure with transparent interface. Dot-dashed, solid, sh
dashed, and long-dashed lines correspond tos f /ss510, 102, 103,
and 104, respectively. Other parameters arepf50.5 and L ( f )

560 nm ~appropriate for Co!, and L (s)52 mm ~appropriate for
GaAs!. The inset shows the schematic injection structure.
Co/n-GaAs structure corresponds tos f /ss5104. The s f /ss

5102 curve is more appropriate for injection from ferromagne
semiconductors.
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The three unknown coefficientsCi ( i 50,1,2) in Eqs.~7!–
~9! will be determined by the boundary conditions at t
interface. For a clean and transparent interface, i.e., no s
flip scattering at the interface and no interface resistan
both the electrochemical potential and the current for in
vidual spins are continuous, giving rise to three independ
equations:~i! m↑(02)5m↑(01), ~ii ! m↓(02)5m↓(01), and
~iii ! j ↑(02)2 j ↓(02)5 j ↑(01)2 j ↓(01). The current can be
calculated usingj ↑(↓)5s↑(↓)@d(m↑(↓) /e)/dx#.

The spin injection in the semiconductor is usually defin
via the spin polarization of the currenta(x)5@ j ↑(x)
2 j ↓(x)#/J, which is proportional to the spin polarization o
the electron densityn↑2n↓ ,11

a~x!5
n↑~x!2n↓~x!

n0
S 12

kBT

eELd
D . ~10!

Thus the solution ofn↑2n↓ in Eq. ~8! indicates a(x)
5a0e2x/Ld, where a0 is the spin injection efficiency. We
obtain an equation for a0, noting 12kBT/eELd5
2kBT/eELu ,

2L ( f )~a02pf !

~12pf
2!s f

5
kBT

eEss
ln

2kBT/eELu1a0

2kBT/eELu2a0
, ~11!

wheres f5s↑
f 1s↓

f , andpf5(s↑
f 2s↓

f )/s f is the spin polar-
ization in the metal. We solve Eq.~11! and plot the spin
injection efficiencya0 as a function of the electric field in
Fig. 2. We see that the electric field can enhance the s
injection efficiency considerably. WhenDn↑(↓) /n0!1, i.e.,
for a small spin polarization in the semiconductor,a(x) can
be expressed in a compact form,

a~x!5F L ( f )

~12pf
2!s f

1
Lu

ss
G21

pfL
( f )

~12pf
2!s f

e2x/Ld. ~12!

This remarkable expression shows that the electric-fi
effects on spin injection can be described in terms of the
field-induced diffusion lengths. Both diffusion lengths affe
spin injection favorably but in a different manner. The u
stream lengthLu controls the relevant resistance in the sem
conductor, which determines the spin injection efficien
With increasing field this effective resistance,Lu /ss , be-
comes smaller, and accordingly the spin injection efficien
is enhanced. AsE→`, a0 goes topf . The transport distance
of the injected spin polarization in the semiconductor, ho
ever, is controlled by the downstream lengthLd . As the field
increases, this distance becomes longer.

We now contrast Eq.~12! with that obtained by previous
calculations2–4 based on Eq.~1!. The spin injection

a~x!5F L ( f )

~12pf
2!s f

1
L (s)

ss
G21

pfL
( f )

~12pf
2!s f

e2x/L(s)
~13!

is given by the zero-field result of Eq.~12!. As L ( f )!L (s) and
s f@ss , the effective resistance in the metal,L ( f )/s f , is
much less than its counterpart in the semiconductor,L (s)/ss .
Thus Eq.~13! suggests that this resistance mismatch make
virtually impossible to realize an appreciable spin injecti

t-
2-3
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from a ferromagnetic metal to a semiconductor. Howev
our more general description of the spin transport in se
conductors indicates that the effective semiconductor re
tance to be compared withL ( f )/s f should beLu /ss rather
thanL (s)/ss . SinceLu can be smaller thanL (s) by orders of
magnitude in the high-field regime, this ‘‘conductivity mis
match’’ obstacle may be overcome with the help of stro
electric fields, or equivalently, large injection currents.16 For
example, if we choose the following parameters of a s
injection device,pf50.5 andL ( f )560 nm @as in Co ~Ref.
17!#, L (s)52 mm @as in GaAs~Ref. 6!#, for Co/GaAs struc-
tures, s f.104ss , the spin injection efficiency increase
from 231026 at zero field to 2% atueEu/kBT55 nm21. For
a ferromagnetic semiconductor withpf;0.5 and s f
;100ss , the spin injection efficiency increases from 0.02
at zero field to 2% atueEu/kBT50.05 nm21, which corre-
sponds touEu5125 V/cm, or uJu51250 A/cm2 for a semi-
conductor conductivityss510 (V cm)21, at T53 K.

For structures with a spin-selective interfacial barrier b
tween the ferromagnetic metal and the semiconductor, wh
have been suggested to increase spin injection in the
field regime,3,4 we find

a~x!.F L ( f )

~12pf
2!s f

1
Lu

ss
1

G↑1G↓
4G↑G↓ G21

3F pfL
( f )

~12pf
2!s f

1
G↑2G↓
4G↑G↓ Ge2x/Ld, ~14!

where G↑(↓) is the interfacial conductance for up-sp
~down-spin! electrons. This expression shows that the el
tric field and the spin-selective interfacial resistance both
hance spin injection, but in independent ways. The spin
jection enhancement from a spin-selective barrier wo
therefore become even more pronounced in the high-fi
regime. For a barrier resistance dominating over the fe
magnet’s effective resistance, andG↑52G↓ , the maximum
spin injection achievable is 33%. For a Co/GaAs struct
with G↑52G↓563105 (V cm2)21, the spin injection effi-
a
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ciency increases from 2% at zero field to 10% withuEu
5840 V/cm atT5300 K, oruEu58.4 V/cm atT53 K. The
two mechanisms have distinct electric-field and tempera
dependencies: field-enhanced spin injection increases
the electric field~current! and decreases with the temper
ture; whereas interface-enhanced spin injection depend
neither the electric field nor the temperature. This differen
may help clarify the origin of spin injection enhancement
different structures. Recently Fert and Jaffre`s have identified
the relative values ofL (s)/ss to barrier resistance as govern
ing spin injection.18 Equation~14! shows instead it isLu /ss
that plays this role. As a result, a less resistive barrier
required to generate a particular amount of spin-polari
current, and the power dissipation of the circuit can be mu
less. The combination of spin-selective barrier and elect
field enhancement may help to understand the large spin
jection percentages from ZnMnSe to ZnSe,8,9 from GaMnAs
to GaAs,10 and from Fe to GaAs,12,19,20as well as the dra-
matic increase in spin injection with current in Ref. 12.

In summary, we have derived the drift-diffusion equati
for spin polarization in a semiconductor by consistently ta
ing into account electric-field effects and nondegener
electron statistics. This equation provides a framework
understand spin transport in semiconductors. We have id
tified a high-field diffusive regime which has no analog
metals. In this regime, there are two distinct spin-diffusi
lengths, i.e., the upstream and downstream spin-diffus
lengths. The high-field description of the spin transport
semiconductors predicts that the electric field can effectiv
enhance spin injection from a ferromagnetic metal into
semiconductor and substantially increase the transport
tance of the spin polarization in semiconductors. Our res
suggest that the ‘‘conductivity mismatch’’ obstacle in sp
injection may be overcome with the help of high-field inje
tion in the diffusive regime.
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relevance of resistance mismatch for spin injection from f
romagnetic semiconductors. This work was supported
DARPA/ARO Grant No. DAAD19-01-0490.
D.

ced

and
ed.
1See, e.g., S.A. Wolfet al., Science294, 1488 ~2001!, and refer-
ences therein.

2G. Schmidtet al., Phys. Rev. B62, R4790~2000!.
3E.I. Rashba, Phys. Rev. B62, R16 267~2000!.
4D.L. Smith and R.N. Silver, Phys. Rev. B64, 045323~2001!.
5P.C. van Son, H. van Kempen, and P. Wyder, Phys. Rev. Lett.58,

2271 ~1987!.
6J.M. Kikkawa and D.D. Awschalom, Nature~London! 397, 139

~1999!.
7I. Malajovich, J.J. Berry, N. Samarth, and D.D. Awschalom, N

ture ~London! 411, 770 ~2001!.
8R. Fiederlinget al., Nature~London! 402, 787 ~1999!.
9B.T. Jonkeret al., Phys. Rev. B62, 8180~2000!.

10Y. Ohnoet al., Nature~London! 402, 790 ~1999!.
11A.G. Aronov and G.E. Pikus, Fiz. Tekh. Poluprovodn.10, 1177

~1976! @Sov. Phys. Semicond.10, 698 ~1976!#.
-

12A.T. Hanbicki et al., Appl. Phys. Lett.80, 1240~2002!.
13J.M. Kikkawa and D.D. Awschalom, Phys. Rev. Lett.80, 4313

~1998!; J.M. Kikkawa, I.P. Smorchkova, N. Samarth, and D.
Awschalom, Science277, 1284 ~1997!; M.E. Flatté and J.M.
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