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Electrical spin injection into semiconductors
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We present the results of a theoretical model describing electrical spin injection from a spin-polarized
contact into a nonmagnetic semiconductor. The model includes the possibility of interface resistance due, for
example, to a tunnel barrier at the contact/semiconductor heterojunction, and shows that such interface resis-
tance can be critical in determining spin injection properties. With no interface resistance spin injection is very
weak for contacts with typical metallic resistivities. For higher bulk resistivity contacts, such as doped semi-
conductors, or for completely spin-polarized contacts, strong spin injection is possible without significant
interface resistance. However the spin polarization must be extremely close to complete for contacts with
metallic resistivities. A tunnel barrier with spin-dependent interface resistance can greatly enhance spin injec-
tion. An insulating tunnel barrier with a spin-polarized contact, and a ferromagnetic insulator tunnel barrier,
both have spin-dependent interface resistance, and provide two promising approaches to achieve significant
electrical spin injection. The model is consistent with a variety of experimental observations, identifies the
basic physics problems that must be addressed to achieve a high degree of spin injection, and suggests
systematic strategies to achieve strong spin injection.
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I. INTRODUCTION

Traditional semiconductor devices are based on the c
trol and manipulation of electronic charge. Recently, se
conductor devices based on the control and manipulatio
electron spin were proposed.1–3 For such devices it is neces
sary to controllably introduce a spin-polarized electron po
lation into the semiconductor. Optical pumping with circ
larly polarized light has been used to do this, and long s
lifetimes and diffusion lengths have been reported.4–7 These
long spin lifetimes and diffusion lengths argue that sp
based semiconductor devices are a realistic possibility.

Spin-polarized optical injection in semiconductors h
been clearly demonstrated, but electrical injection of sp
polarized current is important for practical spin-based se
conductor devices. One might expect that a ferromagn
metal contact would allow spin-polarized electrical injectio
Electrons in the ferromagnetic metal are spin polarized, an
polarized injection current might be expected to result fr
such a contact. To date, however, this approach has
proved successful in achieving strong electrical spin inj
tion. Reported injection current spin polarizations using t
approach have been of the order of 1% or less8,9 and the
report of even these small effects has been challenge10

Spin-polarized injection has been reported using sp
polarized degenerately doped semiconductor contacts
some cases, semimagnetic semiconductors with largeg fac-
tors were used as contacts, and were spin polarized by a
external magnetic field at low temperature.11–14In one case a
GaMnAs contact, ap-type ferromagnetic semiconducto
was used.15 Spin-polarized electron injection has also be
reported using ferromagnetic metal scanning tunneling
croscopy~STM! tips.16,17

A recent theoretical paper analyzed current flow throug
ferromagnet/semiconductor/ferromagnet structure, with
spins in the two ferromagnetic contacts either aligned pa
lel or antiparallel.18 Contacts with no interface resistanc
0163-1829/2001/64~4!/045323~8!/$20.00 64 0453
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were considered. The current transport in the semicondu
was in a quantized two-dimensional electron gas. A v
small difference in the calculated resistance for parallel a
antiparallel contact spin alignments was reported. This re
argues that the electrical spin injection from a ferromagne
metal into a two-dimensional electron gas in a semicond
tor is weak. Approaches to achieve strong electrical spin
jection are not discussed.

Here we consider electron injection from a spin-polariz
contact, which may be a ferromagnetic metal or a sp
polarized degenerately doped semiconductor, into a ligh
doped nonmagnetic semiconductor. The electron states in
semiconductor are three dimensional, and satisfy nonde
erate statistics. We include the possibility of finite interfa
resistance due, for example, to a tunnel barrier at the con
semiconductor heterojunction. We find very weak spin inje
tion from a contact with truly metallic bulk conductivity an
no interface resistance, in agreement with the results of R
18 for injection into a quantized two-dimensional electr
gas. If the bulk conductivity of the contact material is su
stantially below metallic values, conductivities that are mo
typical of a doped semiconductor contact, significant s
injection can be achieved without interface resistance. A t
nel barrier can significantly enhance spin injection if it has
spin-dependent interface resistance. An insulating tunnel
rier with a spin-polarized contact has spin-dependent re
tance because of the difference in Fermi wave vectors for
two spin types in the contact material.19 Indeed, spin-
dependent tunneling resistance out of a ferromagnetic c
tact is the essential principle behind magnetic random ac
memory that employs metal/insulator/metal structures. A f
romagnetic insulator tunnel barrier can also have sp
dependent transmission properties. These are two exam
of interface structures with spin-dependent resistance. T
provide promising approaches to achieve significant elec
cal spin injection. An essential conclusion of this work is th
effective spin injection into semiconductors can be achie
©2001 The American Physical Society23-1
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D. L. SMITH AND R. N. SILVER PHYSICAL REVIEW B64 045323
using spin-dependent tunneling. A half-metallic ferroma
netic contact, in which only electrons of one spin type oc
at the Fermi surface, can also give strong spin injection w
out interface resistance. In this case, however, the spin
larization in a contacting material with metallic conductivi
must be extremely close to complete for significant spin
jection. The paper is organized in the following fashion:
Sec. II we describe the spin injection model, in Sec. III w
present our numerical results, and in Sec. IV we summa
our conclusions.

II. SPIN INJECTION MODEL

We describe a spin-polarized contact/semiconduc
structure using the transport model of Ref. 20, in which
drift-diffusion equations describe the current flow

j h5sh

]~mh /e!

]x
. ~1!

Here j h is the current density due to electrons of spin ty
h,sh is the conductivity for electrons of that spin type,mh is
the corresponding electrochemical potential,e is the magni-
tude of the electron charge, andx is the position. Equation
~1! assumes rapid wave vector randomizing scatter
events, so that electrons of the same spin stay in local q
sithermal equilibrium. However, spin-flip scattering can
comparatively slow, so that electrons of different spin m
be driven out of local quasithermal equilibrium with ea
other by, for example, an applied current density. The c
ductivities are, of course, different in the contact and
semiconductor.

If electrons with different spins are driven out of loc
quasithermal equilibrium, so thatm↑ is not equal tom↓, at
some point in space, the difference in the two electroche
cal potentials relax as described by a diffusion equation

]2~m↑2m↓ !

]x2 5
~m↑2m↓ !

L2 . ~2!

Here L is a spin diffusion length, which is different in th
contact and the semiconductor. At the contact/semicondu
interface, electrons of different spin can be driven out
quasithermal equilibrium by current flow. Far from the inte
face, located atx50, (m↑2m↓) returns to zero in both the
contact and the semiconductor. The total steady-state cu
density is a constant function of position. We assume
strong spin-flip scattering at the interface, so that the in
vidual current components for the two spin types are c
tinuous at the interface. It is not difficult to include interf
cial spin-flip scattering in the model, but it adds addition
unknown parameters and further reduces the degree of
injection.

Current flow at the interface is described using an int
face conductance

j h
05Gh~Dmh /e! ~3!

where j h
0 is the current density at the interface,Gh is the

interface conductance~1/Gh is the interface resistance!, and
Dmh is an interfacial discontinuity in electrochemical pote
04532
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tial for electrons of spin typeh. If the interface conductance
is infinite, the electrochemical potential is continuous at
interface whereas for finite values ofGh a discontinuity in
mh develops.

Because the steady state current is constant, it is co
nient to define a variableb by j↑5b j where j is the total
electron current density@ j↓5(12b) j #. b is continuous at
the interface. We take the electron density as a function
position to be fixed, independent of the current densityj, by
electrostatic constraints.21 We take the conductivities for the
two spin types in the semiconductor to be proportional to
corresponding electron densities with the same proportio
ity constant. The total conductivity is then fixed independe
of current density. It is convenient to define a variablea by
s↑5as where s is the total conductivity @s↓5(1
2a)s#. a is not continuous at the interface. Because
electron density is much greater in the contact than in
semiconductor, the fractional spin density can be more ea
changed in the semiconductor than in the contact mate
Therefore in the semiconductor,aS is taken to be a function
of current density and position; but in the contact,ac is taken
independent of current density and position.22 ~Subscripts
andc will be used to refer to the semiconductor and conta
respectively.! We consider nondegenerate statistics in
semiconductor with the conductivity proportional to the ele
tron density, so that

as5
n↑s

n↓s1n↑s
5

1

~11e2~m↑2m↓ !/kT!
, ~4!

where nhs is the density of electrons with spinh in the
semiconductor,k is Boltzmann’s constant, andT is tempera-
ture.

We take the contact on the left and the semiconductor
the right-hand side of the interface, so that the current d
sity j is negative for electron injection into the semicondu
tor. Solving Eq. ~2! with the stated boundary condition
gives

~m↑2m↓ !5Aex/Lc, x,0, ~5a!

~m↑2m↓ !5Be2x/Ls, x.0. ~5b!

Equation~3! for the interfacial discontinuity in electrochem
cal potential gives a relation between the coefficientsA and
B,

B2A5e jFbS 1

G↑ 1
1

G↓ D2
1

G↓G , ~6!

whereb is evaluated at the interface. Drift-diffusion equ
tions @like Eq. ~1!#, evaluated at the two sides of the inte
face, combine to give

e j

sc
S b2ac

ac~12ac!
D5A/Lc ~7a!

and

e j

ss
S b2as

as~12as!
D52B/Ls , ~7b!
3-2
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ELECTRICAL SPIN INJECTION INTO SEMICONDUCTORS PHYSICAL REVIEW B64 045323
whereas andb are evaluated at the interface. Equations~6!
and~7! can be solved to give the injected current spin pol
ization

j↑2 j↓
j↑1 j↓ 5~2b21!

5
~2ac21!Rc1~2as21!Rs1~1/G↑ !2~1/G↓ !

Rc1Rs1~1/G↑ !1~1/G↓ !
,

~8!

where position-dependent quantities are evaluated at th
terface and

R5
L

sa~12a!
. ~9!

Rc and Rs for the contact and the semiconductor, resp
tively, are important parameters in the model. They cor
spond to the sum of the bulk resistivities for the two sp
types „i.e., @(1/s↑)1(1/s↓)#… times the spin diffusion
length. They have the units of interface resistance,V cm2.

At very low current density there is no spin-density p
larization in the semiconductor, andas5

1
2 . But at larger

current density, spin polarization of the electron density
the semiconductor can occur, andas can deviate from1

2. In
this high current density regimeas is found by solving Eq.
~4! and

as5

S RcG↓1
1

ac
Dac

S RcG↓1
G↓
G↑ 11D 1H G↓

S RcG↓1
G↓
G↑ 11D 1

1

RsJ
3S B

e jD . ~10!

Equation ~10! follows from Eqs. ~6! and ~7!. Here B is
(m↑2m↓) evaluated at the semiconductor side of the int
face. It is linear inj at smallj.

Position dependences are determined once the inter
quantities are found:

b~x!5ac1
1

Rc
S A

e jDex/Lc, x,0, ~11a!

b~x!5as~x!2
1

Rs~x! S B

e jDe2x/Ls, x.0. ~11b!

The position dependence ofas(x) and Rs(x) follows from
Eqs.~4!, ~5!, and~9!. The position dependence of the chem
cal potentials can be found by integrating Eq.~11! in space,
using Eq.~1!,

m↑5
e j

sc
x1A~12ac!~ex/Lc21!, x,0, ~12a!
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m↑5
e j

ss
x1B~e2x/Ls21!1

B

Ls
E

0

x

as~x!e2x/Lsdx1m↑
1 ,

x.0, ~12b!

wherem↑ in the contact at the interface is set to zero as
arbitrary zero of energy, andm↑

1 is the discontinuity inm↑ at
the interface which is found from Eq.~3!. The position de-
pendence ofm↓ is found from Eqs.~5! and ~12!.

III. NUMERICAL RESULTS

At thermal equilibrium for these structures, electron sp
are polarized in the contact but not in the semiconductor.
achieve spin injection, the system must be driven out of eq
librium by an electric current in such a way that the electro
injected into the semiconductor are spin polarized. There
fundamental difference in how spin polarization is ma
tained in the contact as compared with the semiconduc
The contact maintains a spin polarization due to differ
densities of states for spin-up and -down electrons. It d
not require a splitting in the electrochemical potential f
different spin types. By contrast, the semiconductor has
same density of states for spin-up and -down electrons,
splitting of the electrochemical potentials for the spin typ
is required for spin polarization. Because the electron den
and therefore the electrical conductivity are high in the co
tact material, and also because the spin diffusion lengt
comparatively short in the contact, it is difficult to drive th
electron population in the contact far from local quasitherm
equilibrium with a physically attainable current density.
the bulk contact is truly metallic, this is essentially impo
sible. At a spin-polarized contact/semiconductor heteroju
tion with no interface resistance, the electrons in the con
and in the semiconductor are in good thermal contact,
therefore they stay in local equilibrium with each othe
Since the electrons in the contact stay near local quasit
mal equilibrium, so do those in the semiconductor, with t
result that strong spin injection is difficult to achieve. This
the essential physical problem in achieving strong electr
spin injection. The behavior is described by Eq.~8!, which
gives the injection current spin polarization. At low curre
density,as5

1
2 andac. 1

2 . ~We take the dominant spin typ
as spin-up.! The conductivity of the contact is typically muc
larger than that of the semiconductor, and the spin diffus
length of the semiconductor is typically larger than that
the contact, so that typicallyRs@Rc . If the interface resis-
tance is small so that the terms involving 1/Gh can be ne-
glected, the injected current spin polarization is small at l
current density. From Eqs.~4! and~10!, we see thatas at the
interface increases toac , for small interface resistance, a
sufficiently large current density. At such large current de
sities, the injection current spin polarization becomes (2ac
21)—that is, the spin polarization of the contact, which c
be a large value. However, the values of current density
quired to achieve this condition are unphysically large
truly metallic contacts. If the interface resistance is lar
electrons on the two sides of the interface are not in go
thermal contact with one another. Thus it is possible for
3-3
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D. L. SMITH AND R. N. SILVER PHYSICAL REVIEW B64 045323
spin populations on the semiconductor side of the interf
to be out of local quasithermal equilibrium, even thou
those on the contact side are in local quasithermal equ
rium. This situation is described by Eq.~8!, when the inter-
face conductance terms dominate the bulk terms contai
the R parameters. Strong spin injection can be achieved
this case if the interface resistances for the two spin ty
differ significantly.

If an electrical bias is applied to a spin-polarized conta
semiconductor structure, the current in the contact far fr
the interface is predominantly from the electron-spin ty
with the larger density of states at the Fermi surface. At fi
it might seem that the current density would continue to
dominated by electrons of this spin type up to the interfa
and that strong spin injection would result. This is usua
not the case, however. If the interface resistance is small
electrons on the two sides of the interface remain in lo
equilibrium. For a high conductivity contact, it is easy
change the ratio of current carried by the two spin typ
within a spin diffusion length of the interface, by having
larger gradient in electrochemical potential for the minori
spin type. The ratio of the gradients in electrochemical
tentials for the two spin types determines the ratio of curr
carried by the two spin types. For a highly conductive fer
magnetic metal, the absolute magnitudes of the electron e
trochemical potential gradients are very small. Howev
there is nothing to prevent the ratio of the gradients for
two spin types from being significantly different from unit
within a spin diffusion length of the interface, even thou
both gradients are small in absolute value. Since it is
ratio of the gradients in electrochemical potentials that de
mines the ratio of current carried by the two spin types, t
ratio can vary within a spin diffusion length of the interfac
so that current in the contact near the interface is no lon
strongly spin polarized. Because, in the contact, the abso
value of the chemical-potential gradients is small and
spin diffusion length is comparatively short, the separation
electrochemical potentials for the two spin types at the in
face remains small.

The point is illustrated in Fig. 1, which shows a calcu
tion of the current spin polarization, defined as (j↑
2 j↓)/( j↑1 j↓), as a function of position. The calculation
for zero interface resistance, a current density of 1 A/c2,
80% spin polarization in the contact~i.e., ac50.9!, so that
deep in the bulk of the contact J↑ is nine times larger than J↓,
and a contact spin diffusion length of 100 nm~these values
for the spin polarization and spin diffusion length of th
contact are used throughout the paper! at room temperature
The semiconductor spin diffusion length is 1mm, and its
resistivity is 1 V cm. ~These values for the semiconduct
parameters are fixed throughout the paper.! The bulk resis-
tivity of the contact is varied in Fig. 1. For a low bulk resi
tivity contact, a larger electrochemical gradient develo
within a spin diffusion length of the interface for spin-dow
electrons, and the currents due to the two spin types
proach each other near the interface. As a result the
injection is weak. As the resistivity of the contact material
increased, it becomes possible to drive the higher resisti
contact material further out of quasithermal equilibrium, a
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more significant spin injection can occur. The contact res
tivities used in the calculations for Fig. 1 are all significan
larger than typical metallic values. For true metallic resist
ities the spin polarization current is very small at the int
face.

If a tunnel barrier with different resistances for the tw
spin types is introduced at the contact/semiconductor in
face, strong spin injection can result. Figure 2 shows a
culation of the current spin polarization as a function of p
sition for a metallic bulk contact resistivity of 1025 V cm
and a current density of 1 A/cm2 at room temperature. The
interface resistance for spin-up electrons is one-tenth tha
spin-down electrons, and the interface resistance of s
down electrons is varied. When an interface with sp
selective resistance is included, a discontinuity in the el
trochemical potential difference that enhances spin injec
develops at the interface, because the spin-up electrons

FIG. 1. Calculated current spin polarization at room temperat
as a function of position near a spin-polarized conta
semiconductor interface with no interface resistance for various
ues of the bulk resistivity of the contact material.

FIG. 2. Calculated current spin polarization at room temperat
as a function of position near a spin-polarized conta
semiconductor interface with a spin-selective interface resista
and the metallic bulk resistivity of the contact material for vario
values of the spin-down interface resistance.
3-4
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ELECTRICAL SPIN INJECTION INTO SEMICONDUCTORS PHYSICAL REVIEW B64 045323
a smaller interface resistance. The discontinuity that occ
at a spin-selective interface is a promising approach w
which to obtain a significant difference in electrochemic
potentials at the semiconductor side of the interface,
therefore significant spin injection. However, if the interfa
resistance is spin independent, there is a discontinuity in
electrochemical potential difference at that interface, wit
sign that reduces spin injection because the current
spin-up electrons is larger than for spin-down electrons,
therefore the interfacial drop in electrochemical potentia
larger for spin-up electrons, leading to a reduction in s
injection.

Figure 3 shows the calculated position dependence of
spin-up ~solid lines! and spin-down~dashed lines! electron
electrochemical potentials for a bulk contact resistivity
1021 V cm, with zero interface resistance for both spin-ty
electrons~upper panel! and with a spin-down electron inter
face resistance of 1023 V cm2 and a spin-up electron inter
face resistance one-tenth of the spin-down value~lower
panel! at a current density of 1 A/cm2 at room temperature
Figure 4 shows the calculated electrochemical potential
room temperature as a function of position for the same
terial parameters at a current density of 103 A/cm2. For cases
without contact resistance, the electrochemical potentials
continuous at the interface. A slightly greater gradient dev
ops in the spin-down electron electrochemical potential t
in the spin-up potential, and the currents for the two s
types become nearly equal at the interface~compare with
Fig. 1!. Even for the comparatively large current density
103 A/cm2, the spin injection is quite small. For true metall
values for the contact resistivity, the separation between

FIG. 3. Calculated position dependence of spin-up~solid lines!
and spin-down~dashed lines! electron electrochemical potentia
for a bulk contact resistivity of 1021 V cm with zero interface re-
sistance~upper panel!, and with a spin-down electron interface r
sistance of 1023 V cm2 and a spin-up electron interface resistanc
tenth of the spin-down value~lower panel! at a current density of 1
A/cm2 at room temperature.
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spin-up and -down electron electrochemical potentials c
not be seen on the scale of Fig. 3. For the case with a s
selective interface resistance, there is a discontinuity in
electrochemical potentials at the interface. A separation
these potentials occurs because of the different interface
sistivities. For a 1-A/cm2 current density the injection curren
is strongly spin polarized~compare with Fig. 2!, but the
magnitude of the injected current is not large enough to
fectively polarize the electrons already in the semiconduc
This is indicated by the fact that the separation between
spin-up and -down electrochemical potentials is small co
pared tokT. For a 103-A/cm2 current density, the injection
current is also strongly spin polarized, and the magnitude
the injected current is large enough to effectively polarize
electrons in the semiconductor, as indicated by the fact
the separation between the spin-up and -down electroch
cal potentials is larger thankT.

The upper panel of Fig. 5 shows the room-temperat
injection current spin polarization as a function of curre
density for zero interface resistance and various bulk con
resistivities. For high conductivity contacts, a larger elect
chemical gradient develops within a spin diffusion length
the interface for spin-down electrons, and the currents du
the two spin types of electrons become nearly equal at
interface. As a result the spin injection is weak. For low
conductivity contacts it is easier to drive the contact out
quasithermal equilibrium, and the spin injection is strong
The lower panel in Fig. 5 shows the calculated spin dens
defined as (2as21)5(ns↑2ns↓)/(ns↑1ns↓), in the semi-
conductor at the interface as a function of current dens
Compare with the upper panels of Figs. 3 and 4, which sh
the corresponding electrochemical potentials. In this str
ture the injected electrons are not confined close to the in
face in the semiconductor by, for example a quantum w
and fairly high current densities are required to achiev
strong density polarization even when the injection curren

a

FIG. 4. Calculated position dependence of spin-up~solid lines!
and spin-down~dashed lines! electron electrochemical potentia
for the same material parameters as in Fig. 3! at a current density of
103 A/cm2 at room temperature.
3-5
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D. L. SMITH AND R. N. SILVER PHYSICAL REVIEW B64 045323
strongly polarized. For semiconductor structures in wh
the injected electrons are confined near the interface, st
density polarization can be achieved at lower current de
ties.

The upper panel of Fig. 6 shows the calculated room te
perature injection current polarization as a function of c
rent density for varying interface resistance for the sp
down electrons. The calculation is for a contact with
metallic bulk resistivity (1025 V cm) at room temperature
The spin-up electrons have one-tenth of the spin-down e
tron interface resistance. Electrons on the two sides of
interface do not remain in local equilibrium with each oth
because of the interface resistance. Spin injection is redu
as the interface resistance is reduced. The lower panel in
6 shows the calculated spin density in the semicondu
near the interface as a function of current density. Comp
with the lower panels of Figs. 3 and 4, which show the c
responding electrochemical potentials. The injected electr
are not confined in the semiconductor in this structure,
fairly high current densities are required to achieve a str
density polarization even when the injection current
strongly polarized.

Figure 7 shows the calculated injection current spin
larization as a function of current density for a low interfa
resistance with varying bulk contact resistivities~upper
panel!; and for a metallic (1025 V cm) bulk contact resistiv-
ity with varying spin-down interface resistances the~spin-up
interface resistance is fixed at one-tenth of the spin-do
value! at 4 K. Comparing with Figs. 5~a! and 6~a!, which
show the same calculations for room temperature, we

FIG. 5. Calculated injection current spin polarization~upper
panel! and electron density spin polarization~lower panel! at room
temperature as a function of current density at a spin-polar
contact/semiconductor interface with no interface resistance,
various values of the bulk resistivity of the contact material.
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FIG. 6. Calculated injection current spin polarization~upper
panel! and electron density spin polarization~lower panel! at room
temperature as a function of current density for a spin-polari
contact/semiconductor interface with a spin-selective interface
sistance, and the metallic bulk resistivity of the contact material
various values of the spin-down interface resistance.

FIG. 7. Calculated injection current spin polarization at 4 K a
function of the current density for a spin-polarized conta
semiconductor interface with no interface resistance for various
ues of the bulk resistivity of the contact material~upper panel!; and
a spin-selective interface resistance and metallic bulk resistivity
the contact material for various values of the spin-down interf
resistance~lower panel!.
3-6
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that the low current density results do not depend explic
on temperature~except through the values of the mater
parameters which normally would change with temperatu!,
but that the value of the current density at which the deg
of spin injection begins to increase moves to lower valu
with decreasing temperature. This explicit temperature
pendence arises from the temperature dependence ofas in
Eq. ~4!.

If the contact is completely spin polarized, so that the
are only electrons of one spin type at the Fermi surf
(ac51), the injected electron current will be complete
spin polarized. This can be seen from Eqs.~8! and~9!. How-
ever, for high bulk conductivity, contacts with no interfa
resistance the spin polarization of the contact must be
tremely close to complete for this result to follow. This poi
is emphasized in Fig. 8, in which the calculated injecti
current spin polarization is plotted as a function of cont
spin polarization, defined as (2ac21), for various bulk con-
tact resistivities with no interface resistance at room temp
ture. For zero contact spin polarization there is, of course
spin injection, and for complete contact spin polarization
injected current is completely spin polarized independen
the bulk contact resistivity. However, for conductive bu
contacts the spin injection drops off extremely rapidly f
very small deviations from complete contact spin polari
tion.

IV. SUMMARY AND CONCLUSION

We presented results of a theoretical model describ
electrical spin injection from a spin-polarized contact into
nonmagnetic semiconductor. The model includes the po
bility of interface resistance due, for example, to a tun
barrier at the contact/semiconductor heterojunction,

FIG. 8. Calculated injection current spin polarization at roo
temperature as a function of contact spin polarization for a s
polarized contact/semiconductor interface with no interface re
tance, for various values of the bulk resistivity of the contact ma
rial.
04532
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shows that such interface resistance can be critical in de
mining spin injection properties. Without a tunnel barri
spin injection is very weak for metallic ferromagnetic co
tacts. At thermal equilibrium, electron spins are polarized
the contact but not in the semiconductor. To achieve s
injection, the system must be driven out of equilibrium by
electric current, in such a way that the electrons injected i
the semiconductor are spin polarized. It is difficult to dri
the electron population in a metallic contact far from loc
quasithermal equilibrium with a physically attainable curre
density because of its high electrical conductivity and co
paratively short spin diffusion length. For a spin-polariz
contact/semiconductor heterojunction with no interface re
tance, the electrons in the contact and in the semicondu
are in good thermal contact, and therefore the electrons in
semiconductor also stay in local quasithermal equilibriu
As a result spin injection is weak. This is the essential phy
cal problem in achieving strong electrical spin injection. T
achieve strong spin injection it is necessary to provide
mechanism that allows the applied current density to dr
electrons out of quasithermal equilibrium either in the bu
contact or at the contact/semiconductor interface; that i
mechanism to allow hot electron injection must be provid
A tunnel barrier with spin-dependent resistance provid
such a mechanism and can significantly enhance spin in
tion. An insulating tunnel barrier with a spin-polarized co
tact has spin-dependent interface resistance because o
difference in Fermi wave vectors for the two spin types
the contact material. A ferromagnetic insulator tunnel barr
can also have spin-dependent interface resistance. Thes
terface structures with spin-dependent interface resista
provide promising approaches to achieve significant spin
jection. A main conclusion of this work is that spin
dependent tunneling can be employed to achieve effec
spin injection into semiconductors. For higher bulk resist
ity contacts, such as doped semiconductors, or for co
pletely spin-polarized contacts, strong spin injection is p
sible without a tunnel barrier. However, the spin polarizati
must be extremely close to complete for metallic contac
The theory is consistent with a variety of experimental o
servations. It explains why strong spin injection has be
difficult to achieve from metallic ferromagnetic contacts th
have high bulk conductivity, but for spin-polarized semico
ductor contacts with much lower bulk conductivity signifi
cant spin injection has been observed. Significant spin in
tion can occur using metallic ferromagnetic STM tip
because of the vacuum tunnel barrier present in the S
structure.
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