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Fundamental obstacle for electrical spin injection from a ferromagnetic metal into a diffusive
semiconductor
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~Received 19 June 2000!

We have calculated the spin-polarization effects of a current in a two-dimensional electron gas which is
contacted by two ferromagnetic metals. In the purely diffusive regime, the current may indeed be spin-
polarized. However, for a typical device geometry the degree of spin-polarization of the current is limited to
less than 0.1% only. The change in device resistance for parallel and antiparallel magnetization of the contacts
is up to quadratically smaller, and will thus be difficult to detect.
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Spin-polarized electron injection into semiconductors h
been a field of growing interest during the last years.1–4 The
injection and detection of a spin-polarized current in a se
conducting material could combine magnetic storage of
formation with electronic readout in a single semiconduc
device, yielding many obvious advantages. However, up
now, experiments for spin injection from ferromagnetic m
als into semiconductors have only shown effects of less t
1%,5,6 which sometimes are difficult to separate from stra
field-induced Hall- or magnetoresistance-effects.2 In con-
trast, spin injection from magnetic semiconductors has
ready been demonstrated successfully7,8 using an optical
detection method.

Typically, the experiments on spin injection from a ferr
magnetic contact are performed using a device with a sim
injector–detector geometry, where a ferromagnetic m
contact is used to inject spin-polarized carriers into a t
dimensional electron gas~2DEG!.5 A spin-polarization of the
current is expected from the different conductivities result
from the different densities of states for spin-up and sp
down electrons in the ferromagnet. For the full device, t
should result in a conductance which depends on the rela
magnetization of the two contacts.1

A simple linear-response model for transport acros
ferromagnetic/normal metal interface, which nonetheless
corporates the detailed behavior of the electrochemical
tentials for both spin directions was first introduced by v
Sonet al.9 Based on a more detailed~Boltzmann! approach,
the model was developed further by Valet and Fert for
metal multilayers and GMR.10 Furthermore, it was applied
by Jedemaet al. to superconductor-ferromagnet junctions11

For the interface between a ferromagnetic and a nor
metal, van Sonet al.obtained a splitting of the electrochem
cal potentials for spin-up and spin-down electrons in the
gion of the interface. The model was applied only to a sin
contact and its boundary resistance.9 We now apply a similar
model to a system in which the material properties dif
considerably.

Our theory is based on the assumption that spin-scatte
occurs on a much slower timescale than other electron s
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tering events.12 Under this assumption, two electrochemic
potentialsm↑ andm↓ , which need not be equal, can be d
fined for both spin directions at any point in the device.9 If
the current flow is one-dimensional in thex-direction, the
electrochemical potentials are connected to the current
the conductivitys, the diffusion constantD, and the spin-flip
time constanttsf by Ohm’s law and the diffusion equation
as follows:

]m↑,↓
]x

52
e j↑,↓
s↑,↓

, ~1a!

m↑2m↓
tsf

5
D]2~m↑2m↓!

]x2
, ~1b!

where D is a weighted average of the different diffusio
constants for both spin directions.9 Without loss of general-
ity, we assume a perfect interface without spin scattering
interface resistance, in a way that the electrochemical po
tials m↑↓ and the current densitiesj ↑↓ are continuous.

Starting from these equations, straightforward alge
leads to a splitting of the electrochemical potentials at
boundary of the two materials, which is proportional to t
total current density at the interface. The difference (m↑
2m↓) between the electrochemical potentials decays ex
nentially inside the materials, approaching zero differen
at 6`.

„m↑~6`!5m↓~6`!…. ~2!

A typical lengthscale for the decay of (m↑2m↓) is the
spin-flip lengthl5ADtsf of the material. In a semiconduc
tor, the spin-flip lengthlsc can exceed its ferromagneti
counterpartl fm by several orders of magnitude. In the lim
of infinite lsc, this leads to a splitting of the electrochemic
potentials at the interface which stays constant through
the semiconductor. If the semiconductor extends to`, Eqs.
~1! in combination with Eq.~2! imply a linear and parallel
slope of the electrochemical potentials for spin-up and sp
down in the semiconductor, forbidding injection of a spi
polarized current if the conductivities for both spin chann
in the 2DEG are equal. At the same time, we see that
R4790 ©2000 The American Physical Society
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ferromagnetic contact influences the electron system of
semiconductor over a lengthscale of the order of the spin
length in the semiconductor. A second ferromagnetic con
applied at a distance smaller than the spin-flip length m
thus lead to a considerably different behavior depending
its spin-polarization.

In the following, we will apply the theory to a one
dimensional system in which a ferromagnet~index i 51) ex-
tending fromx52` to x50 is in contact with a semicon
ductor~index i 52, 0,x,x0), which again is in contact to a
second ferromagnet~index i 53, x0<x<`). This system
corresponds to a network of resistorsR1↑,↓ , RSC↑,↓ , and
R3↑,↓ , representing the two independent spin channels in
three different regions as sketched in Fig. 1~a!.

The ~x dependent! spin-polarization of the current densit
at positionx is defined as

a i~x![
j i↑~x!2 j i↓~x!

j i↑~x!1 j i↓~x!
, ~3!

where we set the bulk spin-polarization in the ferromagn
far from the interfacea1,3(6`)[b1,3. The conductivities

FIG. 1. ~a! Simplified resistor model for a device consisting of
semiconductor~SC! with two ferromagnetic contacts~FM! 1 and 3.
The two independent spin channels are represented by the res
R1↑,↓ , RSC↑,↓ , and R3↑,↓ . ~b! and ~c! show the electrochemica
potentials in the three different regions for parallel~b! and antipar-
allel ~c! magnetization of the ferromagnets. The solid lines show
potentials for spin-up and spin-down electrons, the dotted line
m0 ~undisturbed case!. For parallel magnetization~b!, the slopes of
the electrochemical potentials in the semiconductor are differen
both spin orientations. They cross in the middle between the c
tacts. Because the conductivity of both spin channels is equal,
results in a~small! spin-polarization of the current in the semico
ductor. In the antiparallel case~c!, the slopes of the electrochemic
potentials in the semiconductor are equal for both spin orientati
resulting in unpolarized current flow.~Note that the slope ofm in
the metals is exaggerated.!
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for the spin-up and spin-down channels in the ferromagn
can now be written ass1,3↑5s1,3(11b1,3)/2 and s1,3↓
5s1,3(12b1,3)/2. We assume that the physical properties
both ferromagnets are equal, but allow their magnetizatio
be either parallel (b15b3 andR1↑,↓5R3↑,↓) or antiparallel
(b152b3 andR1↑,↓5R3↓,↑). In the linear-response regime
the difference in conductivity for the spin-up and the sp
down channel in the ferromagnets can easily be dedu
from the Einstein relation withDi↑ÞDi↓ ~Ref. 11! and
r i↑(EF)Þr i↑(EF), wherer(EF) is the density of states a
the Fermi energy, andD the diffusion constant.

To separate the spin-polarization effects from the norm
current flow, we now write the electrochemical potentials
the ferromagnets for both spin directions asm↑,↓5m0

1m↑,↓* , (i 51,3), m0 being the electrochemical potentia
without spin effects. For each parti of the device, Eqs.~1!
apply separately.

As solutions for the diffusion equation, we make the A
satz

m i↑,↓5m i
01m i↑,↓* 5m i

01ci↑,↓ exp6„~x2xi !/l fm… ~4!

for i 51,3 with x150, x35x0, and the1 (2) sign referring
to index 1 (3), respectively.

From the boundary conditionsm1↑(2`)5m1↓(2`) and

m3↑(`)5m3↓(`), we have that the slope ofm0 is identical
for both spin directions, and also equal in region 1 and 3
the conductivitys is identical in both regions, as assume
above. In addition, these boundary conditions imply that
exponential part ofm must behave asc exp(x/lfm) in region
1 and asc exp„2(x2x0)/l fm… in region 3.

In the semiconductor we settsf5`, based on the assump
tion that the spin-flip lengthlsc is several orders of magni
tude longer than in the ferromagnet and much larger than
spacing between the two contacts. This is correct for sev
material systems, as semiconductor spin-flip lengths up
100 mm have already been demonstrated.13 In this limit, we
thus can write the electrochemical potentials for spin-up a
spin-down in the semiconductor as

m2↑,↓~x!5m1↑,↓~0!1g↑,↓x, g↑,↓5const. ~5!

While the conductivities of both spin-channels in the fe
romagnet are different, they have to be equal in the tw
dimensional electron gas. This is because in the 2DEG,
density of states at the Fermi level is constant, and in
diffusive regime the conductivity is proportional to the de
sity of states at the Fermi energy. Each spin channel will t
exhibit half the total conductivity of the semiconduct
(s2↑,↓5ssc/2).

If we combine Eqs.~1! and~4! and solve in region 1 at the
boundaryx50 and in region 3 atx5x0 we are in a position
to sketch the band bending in the overall device. From sy
metry considerations and the fact thatj 2↑ and j 2↓ remain
constant through the semiconductor~no spin-flip! we have

m1↑~0!2m1↓~0!56„m3↓~x0!2m3↑~x0!…, ~6!

where the1(2) sign refers to parallel~antiparallel! magne-
tization, respectively. This yieldsc1↑52c3↑ and c1↓
52c3↓ in the expression form↑↓ in Eq. ~4! for the parallel
case, which is shown schematically in Fig. 1~b!. The anti-
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symmetric splitting of the electrochemical potentials at
interfaces leads to a different slope and a crossing of
electrochemical potentials atx5x0/2. We thus obtain a dif-
ferent voltage drop for the two spin directions over the se
conductor, which leads to a spin-polarization of the curre
In the antiparallel case where the minority spins on the
couple to the majority spins on the right the solution isc1↑
52c3↓ and c1↓52c3↑ with j ↑5 j ↓ . A schematic drawing
is shown in Fig. 1~c!. The splitting is symmetric and th
current is unpolarized.

The physics of this result may readily be understood fr
the resistor model@Fig. 1~a!#. For parallel~antiparallel! mag-
netization we haveR1↑1R3↑ÞR1↓1R3↓ (R1↑1R3↑5R1↓
1R3↓), respectively. Since the voltage across the comp
device is identical for both spin channels, this results eit
in a different~parallel! or an identical~antiparallel! voltage
drop overRSC↑ andRSC↓ .

For parallel magnetization (b15b35b) the finite spin-
polarization of the current density in the semiconductor c
be calculated explicitly by using the continuity ofj i↑,↓ at the
interfaces under the boundary condition of charge conse
tion for ( j i↑1 j i↓) and may be expressed as:

a25b
l fm

s fm

ssc

x0

2

S 2
l fmssc

x0s fm
11D2b2

, ~7!

FIG. 2. Dependence ofa2 on l fm ~a! andx0 ~b!, respectively for
s fm5100 ssc and three different values ofb. In Fig. ~a!, x0 is 1
mm. Note thata2 is only in the range of % forb'100% orl fm in
the mm-range. In Fig.~b! we havel fm510 nm and again, we se
that for a contact spacing of more than 10 nm,a2 will be below 1%
if a standard ferromagnetic metal (b,80%) is used.
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wherea2 is evaluated atx50 and constant throughout th
semiconductor, because above we have settsf5` in the
semiconductor.

For a typical ferromagnet,a2 is dominated by
(l fm /s fm)/(x0 /ssc) wherex0 /ssc andl fm /s fm are the resis-
tance of the semiconductor and the relevant part of the re
tance of the ferromagnet, respectively. The maximum obta
able value fora2 is b.

However, this maximum can only be obtained in certa
limiting cases, i.e.,x0→0, ssc/s f m→`, or l fm→`, which
are far away from a real-life situation. If, e.g., we insert som
typical values for a spin injection device (b560%, x051
mm, l fm510 nm, and s f m5104ssc), we obtain a
'0.002%. The dependence ofa2 on the various parameter
is shown graphically in Figs. 2~a! and 2~b! wherea2 is plot-
ted overx0 andl fm , respectively, for three different value
of b. Apparently, even forb.80%, l fm must be larger than
100 nm orx0 well below 10 nm in order to obtain significan
~i.e., .1%) current polarization. The dependence ofa2 on
b is shown in Fig. 3~a! for three different ratioss fm /ssc.
Even for a ratio of 10,a2 is smaller than 1% forb,98%,
where the other parameters correspond to a realistic dev

By calculating the electrochemical potential througho
the device we may also obtainRpar andRanti which we define
as the total resistance in the parallel or antiparallel confi
ration, respectively. The resistance is calculated for a de
with ferromagnetic contacts of the thicknessl fm , because
only this is the lengthscale on which spin dependent re
tance changes will occur. In a typical experimental setup,

FIG. 3. Dependence ofa2 andDR/R on b. In ~a! a2 is plotted
over b for different ratioss fm /ssc. For a ratio of 100,a2 is well
below 0.1% forb,99%. In ~b!, againa2 is plotted versusb with
s fm /ssc5100, with the corresponding values forDR/R on a loga-
rithmic scale. Forb between 0 and 90%,DR/R is smaller than
1027 and thus difficult to detect in the experiment.
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difference in resistanceDR5(Ranti2Rpar) between the anti-
parallel and the parallel configuration will be measured.
estimate the magnitude of the magnetoresistance effect
calculateDR/Rpar and we readily find

DR

Rpar
5

b2

12b2

l fm
2

s fm
2

ssc
2

x0
2

4

S 2
l fmssc

x0s fm
11D 2

2b2

. ~8!

Now, for metallic ferromagnets,DR/Rpar is dominated by
(l fm /s fm)2/(x0 /ssc)

2 and is 'a2
2. In the limit of x0→0,

ssc/s f m→`, or l fm→`, we again obtain a maximum whic
is now given by

DR

Rpar
5

b2

~b21!~b11!
. ~9!

Figure 3~b! shows the dependence ofa2 andDR/Rpar on b,
for a realistic set of parameters. Obviously, the change
resistance will be difficult to detect in a standard experim
tal setup.

We have thus shown, that, in the diffusive transport
gime, for typical ferromagnets only a current with sm
spin-polarization can be injected into a semiconductor 2D
with long spin-flip length even if the conductivities of sem
conductor and ferromagnet are equal@Fig. 3~a!#. This situa-
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tion is dramatically exacerbated when ferromagnetic me
are used; in this case the spin-polarization in the semic
ductor is negligible.

Evidently, for efficient spin injection one needs a conta
where the spin-polarization is almost 100%. One example
such a contact has already been demonstrated: the
Zeeman-splitting in a semimagnetic semiconductor can
utilized to force all current-carrying electrons to align the
spin to the lower Zeeman level.7 Other promising routes are
ferromagnetic semiconductors8 or the so called Heusle
compounds14 or other half-metallic ferromagnets.15,16 Ex-
periments in the ballistic transport regime17 ~wheressc has to
be replaced by the Sharvin contact resistance! may circum-
vent part of the problem outlined above. However, a splitt
of the electrochemical potentials in the ferromagnets, nec
sary to obtain spin injection, will again only be possible
the resistance of the ferromagnet is of comparable magni
to the contact resistance. Similar arguments apply whe
Schottky barrier is used as a contact. In that case, the re
tance of the semiconductor will be increased by the re
tance of the space charge region. However, spin-depen
effects do not occur, as the I/V-characteristic of the Schot
barrier does not depend on the density of states in
metal.18
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