PHYSICAL REVIEW B, VOLUME 64, 045323
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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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[. INTRODUCTION were considered. The current transport in the semiconductor
was in a quantized two-dimensional electron gas. A very
Traditional semiconductor devices are based on the corsmall difference in the calculated resistance for parallel and
trol and manipulation of electronic charge. Recently, semi-antiparallel contact spin alignments was reported. This result
conductor devices based on the control and manipulation adrgues that the electrical spin injection from a ferromagnetic
electron spin were proposéd® For such devices it is neces- metal into a two-dimensional electron gas in a semiconduc-
sary to controllably introduce a spin-polarized electron popu+tor is weak. Approaches to achieve strong electrical spin in-
lation into the semiconductor. Optical pumping with circu- jection are not discussed.
larly polarized light has been used to do this, and long spin Here we consider electron injection from a spin-polarized
lifetimes and diffusion lengths have been repoftedThese  contact, which may be a ferromagnetic metal or a spin-
long spin lifetimes and diffusion lengths argue that spin-polarized degenerately doped semiconductor, into a lightly
based semiconductor devices are a realistic possibility. doped nonmagnetic semiconductor. The electron states in the
Spin-polarized optical injection in semiconductors hassemiconductor are three dimensional, and satisfy nondegen-
been clearly demonstrated, but electrical injection of spinerate statistics. We include the possibility of finite interface
polarized current is important for practical spin-based semiresistance due, for example, to a tunnel barrier at the contact/
conductor devices. One might expect that a ferromagnetisemiconductor heterojunction. We find very weak spin injec-
metal contact would allow spin-polarized electrical injection.tion from a contact with truly metallic bulk conductivity and
Electrons in the ferromagnetic metal are spin polarized, and no interface resistance, in agreement with the results of Ref.
polarized injection current might be expected to result froml18 for injection into a quantized two-dimensional electron
such a contact. To date, however, this approach has ngfas. If the bulk conductivity of the contact material is sub-
proved successful in achieving strong electrical spin injecstantially below metallic values, conductivities that are more
tion. Reported injection current spin polarizations using thistypical of a doped semiconductor contact, significant spin
approach have been of the order of 1% or §8sand the injection can be achieved without interface resistance. A tun-
report of even these small effects has been challefyed.nel barrier can significantly enhance spin injection if it has a
Spin-polarized injection has been reported using spinspin-dependent interface resistance. An insulating tunnel bar-
polarized degenerately doped semiconductor contacts. Irier with a spin-polarized contact has spin-dependent resis-
some cases, semimagnetic semiconductors with lgrige-  tance because of the difference in Fermi wave vectors for the
tors were used as contacts, and were spin polarized by a largeo spin types in the contact materidl.Indeed, spin-
external magnetic field at low temperatdfel*In one case a dependent tunneling resistance out of a ferromagnetic con-
GaMnAs contact, ap-type ferromagnetic semiconductor, tact is the essential principle behind magnetic random access
was used® Spin-polarized electron injection has also beenmemory that employs metal/insulator/metal structures. A fer-
reported using ferromagnetic metal scanning tunneling miromagnetic insulator tunnel barrier can also have spin-
croscopy(STM) tips 1617 dependent transmission properties. These are two examples
A recent theoretical paper analyzed current flow through af interface structures with spin-dependent resistance. They
ferromagnet/semiconductor/ferromagnet structure, with th@rovide promising approaches to achieve significant electri-
spins in the two ferromagnetic contacts either aligned paraleal spin injection. An essential conclusion of this work is that
lel or antiparallet® Contacts with no interface resistance effective spin injection into semiconductors can be achieved
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using spin-dependent tunneling. A half-metallic ferromag-tial for electrons of spin typey. If the interface conductance

netic contact, in which only electrons of one spin type occuris infinite, the electrochemical potential is continuous at the

at the Fermi surface, can also give strong spin injection withinterface whereas for finite values G, a discontinuity in

out interface resistance. In this case, however, the spin pqz, develops.

larization in a contacting material with metallic conductivity = Because the steady state current is constant, it is conve-

must be extremely close to complete for significant spin in-nient to define a variabl@ by j1=8j wherej is the total

jection. The paper is organized in the following fashion: inelectron current densityj | =(1—8)j]. 8 is continuous at

Sec. Il we describe the spin injection model, in Sec. Il wethe interface. We take the electron density as a function of

present our numerical results, and in Sec. IV we summarizeosition to be fixed, independent of the current denjsityy

our conclusions. electrostatic constraints.We take the conductivities for the

two spin types in the semiconductor to be proportional to the

[l. SPIN INJECTION MODEL corresponding electron densities with the same proportional-

. . _ ) ity constant. The total conductivity is then fixed independent
We describe a spin-polarized ~contact/semiconductopy cyrrent density. It is convenient to define a variabley

structure using the transport model of Ref. 20, in which theUT:aU where o is the total conductivity [o]=(1
drift-diffusion equations describe the current flow —a)o]. ais not continuous at the interface. Because the
) electron density is much greater in the contact than in the
i,= 7]—”_ (1) semiconductor, the fractional spin density can be more easily
28 changed in the semiconductor than in the contact material.

Herej, is the current density due to electrons of spin typeTherefore in the semiconductats is taken to be a function
7,0, is the conductivity for electrons of that spin type, is ~ Of current density and position; but in the contaet,is taken
the corresponding electrochemical potentiais the magni-  independent of current density and positfér(Subscripts
tude of the electron charge, amds the position. Equation andc will be used to refer to the semiconductor and contact,
(1) assumes rapid wave vector randomizing Scatteringespectivelw. We consider nondegenerate statistics in the
events, so that electrons of the same spin stay in local qu§emiconductor with the conductivity proportional to the elec-
sithermal equilibrium. However, spin-flip scattering can betron density, so that

comparatively slow, so that electrons of different spin may

be driven out of local quasithermal equilibrium with each Q= nTs _ 1
other by, for example, an applied current density. The con- * nlgtnls  (L+e WImub/KT)
ductivities are, of course, different in the contact and th
semiconductor.

If electrons with different spins are driven out of local
quasithermal equilibrium, so that] is not equal tou], at
some point in space, the difference in the two electrochemif
cal potentials relax as described by a diffusion equation

4

Svhere n,s is the density of electrons with spip in the
semiconductork is Boltzmann’s constant, aritlis tempera-
ture.

We take the contact on the left and the semiconductor on
he right-hand side of the interface, so that the current den-
sity j is negative for electron injection into the semiconduc-

Plut—pl) (ul—pul) tor. Solving Eq.(2) with the stated boundary conditions
v (2)  gives
= AEK/AC
Here A is a spin diffusion length, which is different in the (BT —pl)=Aee,  x<0, (58

contact and the semiconductor. At the contact/semiconductor o WA
interface, electrons of different spin can be driven out of (pT—pl)=Be ™ x>0. (50)
quasithermal equilibrium by current flow. Far from the inter- Equation(3) for the interfacial discontinuity in electrochemi-
face, located ax=0, (uT—pul) returns to zero in both the cal potential gives a relation between the coefficiehisnd
contact and the semiconductor. The total steady-state curreBt
density is a constant function of position. We assume no
strong spin-flip scattering at the interface, so that the indi- el i} 6)
vidual current components for the two spin types are con- G G| GlJ

tinuous at the interface. It is not difficult to include interfa- . . e o

cial spin-flip scattering in the model, but it adds additional¥Nere B is evaluated at the interface. Drift-diffusion equa-
unknown parameters and further reduces the degree of spﬂ?ns Liike E_q. @], _evaluated at the two sides of the inter-
injection. ace, combine to give

Current flow at the interface is described using an inter-

1 1

B—-A=ej|B

face conductance el Bz =A/A. (7a)
o\ ag(l—ap)

wherej% is the current density at the interfacg,, is the .

interface conductancel/G,, is the interface resistangeand ﬂ(&) =—B/A., (7b)

Au, is an interfacial discontinuity in electrochemical poten- o5\ ag(1—ay) s
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whereag and B are evaluated at the interface. Equatiofls ej N B (x Cn .
and(7) can be solved to give the injected current spin polar- #1=_"x+B(e e+ fo ag(x)e” " sdx+u,
ization s s

=il x>0, (12b
iT+il =(2p-1) where 1 in the contact at the interface is set to zero as an
arbitrary zero of energy, arwJT+ is the discontinuity inuT at
_ (2ac— 1R+ (2a5— 1R+ (1/GT) —(1/G]) the interface which is found from E@3). The position de-
R.+Rs+ (1/GT)+(1/G]) ' pendence oj] is found from Eqs(5) and(12).

8

where position-dependent quantities are evaluated at the in-
terface and

IlI. NUMERICAL RESULTS

At thermal equilibrium for these structures, electron spins
are polarized in the contact but not in the semiconductor. To
A achieve spin injection, the system must be driven out of equi-
R=— (9) librium by an electric current in such a way that the electrons

ca(l-a) injected into the semiconductor are spin polarized. There is a

) fundamental difference in how spin polarization is main-
R. and Rs for the contact and the semiconductor, respectajned in the contact as compared with the semiconductor.
tively, are important parameters in the model. They corre-the contact maintains a spin polarization due to different
spond to the sum of the bulk resistivities for the two spingensities of states for spin-up and -down electrons. It does
types (i.e., [(1/o7)+(1/ol)]) times the spin diffusion not require a splitting in the electrochemical potential for
length. They have the units of interface resistarieen’. different spin types. By contrast, the semiconductor has the

At very low current density there is no spin-density po-same density of states for spin-up and -down electrons, so a
larization in the semiconductor, angs=3. But at larger  spjitting of the electrochemical potentials for the spin types
current density, spin polarization of the electron density injs required for spin polarization. Because the electron density
the semiconductor can occur, and can deviate fronk. In - and therefore the electrical conductivity are high in the con-
this high current density regimes is found by solving Eq.  tact material, and also because the spin diffusion length is
(4) and comparatively short in the contact, it is difficult to drive the
electron population in the contact far from local quasithermal

1 equilibrium with a physically attainable current density. If

RGL+ a_c e G| 1 the bulk contact is truly metallic, this is essentially impos-
ag= Gl Gl + R. s_ible. At a spin-polarized_ contact/semiconducto_r heterojunc-
(RcGl +——41 (RcGl 4 1) s tion with no interface resistance, the electrons in the contact
GT Gl and in the semiconductor are in good thermal contact, and

(100  Since the electrons in the contact stay near local quasither-
mal equilibrium, so do those in the semiconductor, with the
result that strong spin injection is difficult to achieve. This is
the essential physical problem in achieving strong electrical
“spin injection. The behavior is described by E8), which
ives the injection current spin polarization. At low current
nsity,as=3 anda.>3. (We take the dominant spin type
as spin-up. The conductivity of the contact is typically much
larger than that of the semiconductor, and the spin diffusion
ﬁ) XIA length of the semiconductor is typically larger than that of
-|eXhe,  x<0, (11a ) . )
ej the contact, so that typicallR;>R.. If the interface resis-
tance is small so that the terms involvingGl/ can be ne-
1 /B glected, the injected current spin polarization is small at low
B(X)=ag(X)— R (?) e ¥As x>0. (11b current density. From Eq$4) and(10), we see thatyg at the
s J interface increases ta., for small interface resistance, at
sufficiently large current density. At such large current den-
sities, the injection current spin polarization becomega (2
—1)—that is, the spin polarization of the contact, which can
be a large value. However, the values of current density re-

B therefore they stay in local equilibrium with each other.
&

Equation (10) follows from Egs. (6) and (7). Here B is
(m]— ) evaluated at the semiconductor side of the inter
face. It is linear inj at smallj.

Position dependences are determined once the interfa
guantities are found:

1
B(X)=ac+ R_c

The position dependence afy(x) and Ry(x) follows from
Egs.(4), (5), and(9). The position dependence of the chemi-
cal potentials can be found by integrating Efjl) in space,

using Eq.(1), . , . o :
9 Ea.(D quired to achieve this condition are unphysically large for
o truly metallic contacts. If the interface resistance is large,
wl= —JX+A(1—(10)(GXIAC—1), x<0, (129 ¢lectrons on the two sides of the interface are not in good
O¢ thermal contact with one another. Thus it is possible for the

045323-3



D. L. SMITH AND R. N. SILVER PHYSICAL REVIEW B64 045323

spin populations on the semiconductor side of the interface 1.0 T . . . -
to be out of local quasithermal equilibrium, even though Polarized Contact Semiconductor
those on the contact side are in local quasithermal equilib- 08 - ]
rium. This situation is described by E€B), when the inter- & 1 ohm-cm
face conductance terms dominate the bulk terms containing §
the R parameters. Strong spin injection can be achieved in E 061
this case if the interface resistances for the two spin types &
differ significantly. e 041
If an electrical bias is applied to a spin-polarized contact/ 2
semiconductor structure, the current in the contact far from 3 o2l
the interface is predominantly from the electron-spin type
with the larger density of states at the Fermi surface. At first 107 ohm-cm
it might seem that the current density would continue to be 0-9300 200 _1'00 0 100 200 300

dominated by electrons of this spin type up to the interface,
and that strong spin injection would result. This is usually
not the case, however. If the interface resistance is small, the ¢\ 1 calculated current spin polarization at room temperature
electrons on the two sides of the interface remain in locaks 5 function of position near a spin-polarized contact/

equilibrium. For a high conductivity contact, it is easy t0 semiconductor interface with no interface resistance for various val-
change the ratio of current carried by the two spin typesyes of the bulk resistivity of the contact material.

within a spin diffusion length of the interface, by having a

larger gradient in electrochemical potential for the minority- o6 significant spin injection can occur. The contact resis-
spin type. The ratio of the gradients in electrochemical poy;yiies used in the calculations for Fig. 1 are all significantly

tentials for the two spin types determines the ratio of currenfyqer than typical metallic values. For true metallic resistiv-

carried _by the two spin types. For a highly conductive ferro-jseq the spin polarization current is very small at the inter-
magnetic metal, the absolute magnitudes of the electron eleg; .o

trochemical potential gradients are very small. However,
there is nothing to prevent the ratio of the gradients for th

Position (nm)

If a tunnel barrier with different resistances for the two

X X S ) ) e‘spin types is introduced at the contact/semiconductor inter-
two spin types from being significantly different from unity, 506 strong spin injection can result. Figure 2 shows a cal-

within a spin diffusion length of the interface, even though . ation of the current spin polarization as a function of po-

both gradients are small in absolute value. Since it is thpsition for a metallic bulk contact resistivity of T8 cm

ratio of the gradients in electrochemical potentials that deterénd a current density of 1 A/dmat room temperature. The

mines the ratio of current carried by the two spin types, thi§yerface resistance for spin-up electrons is one-tenth that of
ratio can vary w|th|n a spin diffusion Iength of thg interface, spin-down electrons, and the interface resistance of spin-
so that current in the contact near the interface is no longefi,\vn electrons is varied. When an interface with spin-

strlonglyfsr;]m pﬁ|al’l_Z€(ﬁ:. Becal_Jsle, n (tjhe contact, trhe abdsowt?elective resistance is included, a discontinuity in the elec-
value of the chemical-potential gradients is small and the,,.hemical potential difference that enhances spin injection

spin diffusion length is comparatively short, the separation inyeye|ops at the interface, because the spin-up electrons have
electrochemical potentials for the two spin types at the inter-

face remains small.
The point is illustrated in Fig. 1, which shows a calcula-
tion of the current spin polarization, defined a$7 ( Polarized Contact Semiconductor

1.0 T T T T T

—j)/(jT+]jl), as a function of position. The calculation is g 08 1
for zero interface resistance, a current density of 1 Alcm =

80% spin polarization in the contagte., «;=0.9), so that N 06 10° ohm-cn?
deep in the bulk of the contact & nine times larger than|,) %

and a contact spin diffusion length of 100 rithese values o

for the spin polarization and spin diffusion length of the S 04t

contact are used throughout the paprroom temperature. £

The semiconductor spin diffusion length isgm, and its O ool 10 ohm-cr?
resistivity is 1 cm. (These values for the semiconductor

parameters are fixed throughout the pap&he bulk resis- 10° ohm-cnf
tivity of the contact is varied in Fig. 1. For a low bulk resis- 0‘9300 -260 -1loo (') 160 200 300

tivity contact, a larger electrochemical gradient develops
within a spin diffusion length of the interface for spin-down
electrons, and the currents due to the two spin types ap- F|G. 2. Calculated current spin polarization at room temperature
proach each other near the interface. As a result the spifs a function of position near a spin-polarized contact/
injection is weak. As the resistivity of the contact material issemiconductor interface with a spin-selective interface resistance,
increased, it becomes possible to drive the higher resistivityind the metallic bulk resistivity of the contact material for various
contact material further out of quasithermal equilibrium, andvalues of the spin-down interface resistance.

Position (nm)
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Position (nm) FIG. 4. Calculated position dependence of spintsgid lineg
FIG. 3. Calculated position dependence of spinésgid lines and spin-down(dashed lines electron electrochemical potentials
and spin-down(dashed lines electron electrochemical potentials fo(;gthe same material parameters as in Figat3a current density of
for a bulk contact resistivity of 10+ Q cm with zero interface re- 10" A/cm” at room temperature.
sistance(upper pang| and with a spin-down electron interface re-
sistance of 10% Q) cn? and a spin-up electron interface resistance a
tenth of the spin-down valu@gower panel at a current density of 1
Alcm? at room temperature.

spin-up and -down electron electrochemical potentials can-
not be seen on the scale of Fig. 3. For the case with a spin-
selective interface resistance, there is a discontinuity in the
electrochemical potentials at the interface. A separation in
these potentials occurs because of the different interface re-
a smaller interface resistance. The discontinuity that occursistivities. For a 1-A/crhcurrent density the injection current

at a spin-selective interface is a promising approach withs strongly spin polarizedcompare with Fig. 2 but the
which to obtain a significant difference in electrochemicalmagnitude of the injected current is not large enough to ef-
potentials at the semiconductor side of the interface, angectively polarize the electrons already in the semiconductor.
therefore significant spin injection. However, if the interfaceThis is indicated by the fact that the separation between the
resistance is spin independent, there is a discontinuity in thepin-up and -down electrochemical potentials is small com-
electrochemical potential difference at that interface, with gared tokT. For a 1G-A/cm? current density, the injection
sign that reduces spin injection because the current fogurrent is also strongly spin polarized, and the magnitude of
spin-up electrons is larger than for spin-down electrons, anehe injected current is large enough to effectively polarize the
therefore the interfacial drop in electrochemical potential iselectrons in the semiconductor, as indicated by the fact that
larger for spin-up electrons, leading to a reduction in spinthe separation between the spin-up and -down electrochemi-
injection. cal potentials is larger thak.

Figure 3 shows the calculated position dependence of the The upper panel of Fig. 5 shows the room-temperature
spin-up (solid lineg and spin-down(dashed lineselectron injection current spin polarization as a function of current
electrochemical potentials for a bulk contact resistivity ofdensity for zero interface resistance and various bulk contact
101 Q cm, with zero interface resistance for both spin-typeresistivities. For high conductivity contacts, a larger electro-
electrons(upper pangland with a spin-down electron inter- chemical gradient develops within a spin diffusion length of
face resistance of 13 Q cn? and a spin-up electron inter- the interface for spin-down electrons, and the currents due to
face resistance one-tenth of the spin-down vallever  the two spin types of electrons become nearly equal at the
pane) at a current density of 1 A/cfrat room temperature. interface. As a result the spin injection is weak. For lower
Figure 4 shows the calculated electrochemical potentials afonductivity contacts it is easier to drive the contact out of
room temperature as a function of position for the same maguasithermal equilibrium, and the spin injection is stronger.
terial parameters at a current density of &cm?. For cases  The lower panel in Fig. 5 shows the calculated spin density,
without contact resistance, the electrochemical potentials argefined as (&,—1)=(ns] —ngl)/(ngT +ngl), in the semi-
continuous at the interface. A slightly greater gradient develconductor at the interface as a function of current density.
ops in the spin-down electron electrochemical potential tharCompare with the upper panels of Figs. 3 and 4, which show
in the spin-up potential, and the currents for the two spinthe corresponding electrochemical potentials. In this struc-
types become nearly equal at the interfdcempare with  ture the injected electrons are not confined close to the inter-
Fig. 1). Even for the comparatively large current density offace in the semiconductor by, for example a quantum well,
10° Alcm?, the spin injection is quite small. For true metallic and fairly high current densities are required to achieve a
values for the contact resistivity, the separation between thstrong density polarization even when the injection current is
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FIG. 6. Calculated injection current spin polarizatiGupper
pane) and electron density spin polarizatifiower panel at room
aemperature as a function of current density for a spin-polarized
?ontact/semiconductor interface with a spin-selective interface re-
sistance, and the metallic bulk resistivity of the contact material for
various values of the spin-down interface resistance.

strongly polarized. For semiconductor structures in which
the injected electrons are confined near the interface, strong

FIG. 5. Calculated injection current spin polarizatiGupper
pane) and electron density spin polarizatilower panel at room
temperature as a function of current density at a spin-polarize
contact/semiconductor interface with no interface resistance, fo
various values of the bulk resistivity of the contact material.

density polarization can be achieved at lower current densi- 10° : . : :
ties.

The upper panel of Fig. 6 shows the calculated room tem-
perature injection current polarization as a function of cur- 107 | 1ohm-cm

rent density for varying interface resistance for the spin-
down electrons. The calculation is for a contact with a
metallic bulk resistivity (10°Q cm) at room temperature.
The spin-up electrons have one-tenth of the spin-down elec-
tron interface resistance. Electrons on the two sides of the
interface do not remain in local equilibrium with each other
because of the interface resistance. Spin injection is reduced
as the interface resistance is reduced. The lower panel in Fig.
6 shows the calculated spin density in the semiconductor
near the interface as a function of current density. Compare
with the lower panels of Figs. 3 and 4, which show the cor-
responding electrochemical potentials. The injected electrons
are not confined in the semiconductor in this structure, and
fairly high current densities are required to achieve a strong 107
density polarization even when the injection current is 107 10° 10 102 10° 104
strongly polarized.

Figure 7 shows the calculated injection current spin po-
larization as a function of current density for a low interfaceé kg 7. calculated injection current spin polarization at 4 K as a
resistance with varying bulk contact resistiviti€spper  function of the current density for a spin-polarized contact/
pane}; and for a metallic (10° €2 cm) bulk contact resistiv-  semiconductor interface with no interface resistance for various val-
ity with varying spin-down interface resistances {8pin-up  ues of the bulk resistivity of the contact materiapper pane| and
interface resistance is fixed at one-tenth of the spin-dowm spin-selective interface resistance and metallic bulk resistivity of
valug at 4 K. Comparing with Figs. (8 and Ga), which  the contact material for various values of the spin-down interface
show the same calculations for room temperature, we se@sistancelower panel.

2| 10" ohm-cm

10 ohm-cm

10 10 ohm—cm2

Current Polarization
)
[=3

i 10 ohm-crt

10° ohm-cm2

¢ L
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shows that such interface resistance can be critical in deter-
mining spin injection properties. Without a tunnel barrier
spin injection is very weak for metallic ferromagnetic con-
tacts. At thermal equilibrium, electron spins are polarized in
the contact but not in the semiconductor. To achieve spin
injection, the system must be driven out of equilibrium by an
electric current, in such a way that the electrons injected into
the semiconductor are spin polarized. It is difficult to drive
the electron population in a metallic contact far from local
quasithermal equilibrium with a physically attainable current
density because of its high electrical conductivity and com-
paratively short spin diffusion length. For a spin-polarized
, ) i , contact/semiconductor heterojunction with no interface resis-
0.0 0.2 0.4 06 08 10 tance, the electrons in the contact and in the semiconductor
Contact Polarization are in good thermal contact, and therefore the electrons in the
semiconductor also stay in local quasithermal equilibrium.
FIG. 8. Calculated injection current spin polarization at room As a result spin injection is weak. This is the essential physi-
temperature as a function of contact spin polarization for a spingg| problem in achieving strong electrical spin injection. To
polarized contact/semiconductor interface with no interface resisxychjeyve strong spin injection it is necessary to provide a
tgnce, for various values of the bulk resistivity of the contact mate{j,achanism that allows the applied current density to drive
rial. electrons out of quasithermal equilibrium either in the bulk

. . ...contact or at the contact/semiconductor interface; that is, a
that the low current density results do not depend explicitly '

on temperaturdexcept through the values of the materiai mechanism to allow hot electron injection must be provided.
P : P 9 . A tunnel barrier with spin-dependent resistance provides
parameters which normally would change with temperature

. . such a mechanism and can significantly enhance spin injec-
but that'the v'alue of 'the C“Fre”t density at which the degreqﬁon_ An insulating tunnel barrier with a spin-polarized con-
of spin injection begins to increase moves to lower value

: . ; o Yact has spin-dependent interface resistance because of the
with decreasing temperature. This explicit temperature de- b b

d , f the t t q d iof difference in Fermi wave vectors for the two spin types in
pEZn(Aince arises from the temperature dependence the contact material. A ferromagnetic insulator tunnel barrier

if th tact i letel . larized that th can also have spin-dependent interface resistance. These in-
Ie coln etc IS cc;mpe ey_sptm PO a}[rltzhe ’FSO & fereterface structures with spin-dependent interface resistance

are only €electrons ot one spin type at tne rermi sur aC(f)rovide promising approaches to achieve significant spin in-

(ac=1), the injected electron current will be completely jection. A main conclusion of this work is that spin-

spin p;)larrl];eg.bTr;ll(s candbetggten fror? E%ﬁi;.a'?kc]i(Q). .H?Wf' dependent tunneling can be employed to achieve effective
ever, Tor high bulk conductivity, contacts with no ntertace spin injection into semiconductors. For higher bulk resistiv-

resistance the spin polarization of the contact must be e)ﬁ’[y contacts, such as doped semiconductors, or for com-
Fremely CIO.Se to.complete for thig result io follow. Th.is. point pletely spin-’polarized contacts, strong spin injéction iS pos-
IS emphas_|zed |n.F|g_. 8’. in which the calculated Injectiongip e without a tunnel barrier. However, the spin polarization
cu_rrent Spin polanza_tlon is plotted as a f“_”c“O” of Contacrmust be extremely close to complete for metallic contacts.
spin po!ar_m_a_tmn, .defme.d as f2— 1),_for various bulk con- The theory is consistent with a variety of experimental ob-
tact resistivities with no interface resistance at room temperagg . ations. It explains why strong spin injection has been
ture. _Fpr Zero contact spin polarization thefe IS, of'cou.rse, NBifficult to achieve from metallic ferromagnetic contacts that
Spin Injection, and for complete qontact spin polanzanon th ave high bulk conductivity, but for spin-polarized semicon-
injected current is co_m_pl_etely spin polarized mdep_endent Ouctor contacts with much lower bulk conductivity signifi-
the bulk contact resistivity. However, for conducuv_e bulk cant spin injection has been observed. Significant spin injec-
contacts the spin injection drops off extremely _rap|dly .fortion can occur using metallic ferromagnetic STM tips
very small deviations from complete contact spin p°|ar'za'because of the vacuum tunnel barrier present in the STM

tion. structure.

Current Polarization

IV. SUMMARY AND CONCLUSION
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