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Coherent spin-valve phenomena and electrical spin injection
in ferromagneticÕsemiconductorÕferromagnetic junctions
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Coherent quantum transport in ferromagnetic/semiconductor/ferromagnetic junctions is studied theoretically
within the Landauer framework of ballistic transport. We show that quantum coherence can have unexpected
implications for spin injection and that some intuitive spintronic concepts which are founded in semiclassical
physics no longer apply: A quantum spin-valve~QSV! effect occurs even in theabsenceof a net spin polarized
current flowing through the device, unlike in the classical regime. The converse effect also arises, i.e., a zero
spin-valve signal for a nonvanishing spin current. We introduce criteria useful for analyzing quantum and
classical spin-transport phenomena and the relationships between them. The effects on QSV behavior of
spin-dependent electron transmission at the interfaces, interface Schottky barriers, Rashba spin-orbit coupling,
and temperature, are systematically investigated. While the signature of the QSV is found to be sensitive to
temperature, interestingly, that of its converse is not. We argue that the QSV phenomenon can have important
implications for the interpretation of spin injection in quantum spintronic experiments with spin-valve geom-
etries.
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I. INTRODUCTION

Electrical spin injection of coherent polarized carrie
from ferromagnetic metals into semiconductors is curren
an issue of fundamental relevance in spintronics.1,2 It was
suggested in the seminal work of Datta and Das3 that the use
of ferromagnetic metals as source and drain contacts~spin
injector and detector! connected to a semiconductor wou
make feasible a unique transistor that relies on the man
lation of the electron’s spin instead of its charge. Since th
considerable effort has been directed towards practic
demonstrating efficient injection of spin-polarized electro
through ferromagnetic/semiconductor (F/S) solid state
interfaces.4–9 This issue has been one of the central ch
lenges in the field, as its demonstration have encounte
crucial obstacles, such as the large resistivity mismatch
typical metals and semiconductors, a condition that seve
inhibits spin injection.10,11

Work is in progress to determine whether these obsta
may be overcome through the use of suitable poten
barriers11–13 or through appropriate epitaxial interfaces th
obey certain selection rules and band structure symm
properties,14 as recently corroborated byab initio spin-
transport calculations.15–17 For instance, recently, Hamma
and Johnson18 have performed successful spin-depend
transport measurements across ferromagnetic-m
insulating barrier/two-dimensional electron gas~2DEG!
junctions, validating the theoretical predictions.11–13 Recent
experiments at room temperature on spin injection from
romagnetic metal contacts into a semiconductor~Fe/GaAs!
via STM through Schottky tunnel barriers19,20 have yielded
encouraging results of about 2% injection efficiencies, a
very recently, Hanbickiet al.21 have achieved relatively high
spin-injection efficiencies of 30% in Fe/GaAs-based lig
emitting diode structures, showing the effectiveness of the
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Schottky tunnel contacts in enhancing the spin-efficien
rates.21,22

These experiments suggest that combinations of fe
magnetic metals and semiconductor materials may be ind
promising for applications in hybrid semiconductor spi
tronic devices. It should also be noted that very high elect
~or hole! spin-injection efficiencies have been achieved fro
magnetic to nonmagnetic semiconductors. However, this
required low temperatures and/or strong magnetic fields.23,24

Most of the theoretical modeling of spin dependent tra
port in two-terminalF/S/F systems reported to date ha
been in the semiclassical diffusive regime of transp
~within the Boltzmann framework!,10–13,25–27with just a few
studies in ballistic regime.28–32However, it has been pointe
out that quantum interference phenomena may be explo
in novel spintronic devices.33–35Quantum effects on the spi
injection such as quantum coherence and interference h
been typically neglected until recently. The interference
fects in aF/S/F transistor were studied by Scha¨pterset al.36

showing that an enhanced spin signal can be attained w
quantum interference is considered. Also recently, M
suyama et al.37 have studied ballistic spin transport i
ferromagnet/2DEG/ferromagnet double junctions taking i
account the spin-orbit interaction in the quantum ballis
regime. In a more recent work we have explored the in
play between spin injection and quantum coherence in
listic F/S/F heterojunctions theoretically within the Land
auer formalism of transport.38 We showed that quantum
coherence give rise to aquantum spin valve~QSV! effect
that, unlike its familiar semiclassical analog, occurs even
the absence of a net spin current flowing through
heterostructure.39

The purpose of this work is to provide a comprehens
and detailed study of the QSV effect inF/S/F junctions, and
investigate theoretically to what extent the effects of qu
©2002 The American Physical Society15-1
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tum interference,28 spin-dependent electron transmission
the interfaces,29 interface Schottky barriers,36,37Rashba spin-
orbit coupling,40–42 and temperature effects are of relevan
for the existence on the predictedquantumspin-valve behav-
ior. We establish criteria that are helpful in interpreting a
analyzing quantum and classical spin-transport phenom
It is then verified that the QSV effect is an inherently qua
tum interference process and we find that its distinctive s
nature is extremely sensitive to temperature. However,
converse of the QSV, although it is also due to quant
interference, is found to be remarkably temperature inse
tive. We find that the QSV effect persists even in the pr
ence of Schottky barriers at the boundaries and that th
enhance spin injection in the quantum coherent regime,
though rather weakly. Our results show that, in the ballis
quantum regime of transport care has to be exercised in o
to appropriately interpret the physics of spin-injection e
periments with spin-valve geometries.

The paper is organized as follows. In Sec. II we estab
and discuss the semiclassical picture of electron s
injection atF/S interfaces. In Sec. III the classical spin-valv
concepts are outlined, their connection with spin injection
F/S/F junctions is discussed, and criteria are established
interpreting both classical and quantum spin-transport beh
ior. Section IV is devoted to the description of the ballis
quantum approach that we use to model the spin-trans
mechanism. The results and our discussion of them are g
in Sec. V. Finally in Sec. VI a summary and conclusions
presented.

II. SPIN-INJECTION RATE

It is instructive to first review the standard~classical! defi-
nition of the electron spin-injection rate at a singleF/S in-
terface. This will help us to establish the fundamental phy
cal concepts that we will use later to examine the case of
injection in aF/S/F heterojunction. Afterwards we will de
scribe how the spin-valve phenomenon~a change in the re
sistance when the magnetization of a ferromagnetic elect
is reversed! is related to spin injection in two terminal de
vices in the semiclassical picture.

Following Johnson and Silsbee,26 consider an idea
Stoner-Wohlfarth model for a ferromagnetic metal with ju
one parabolic spin-subband at the Fermi surface, and in e
librium with a semiconductor material, whose~twofold de-
generate! spin subband structure is assumed to be fr
electron-like. By applying a potential biasV across the
interface it is expected that electrons of that spin subb
will be driven into the semiconductor. Neglecting spin rela
ation at the interface, the magnetization current transfe
through the interface into the semiconductor would be p
portional to the total electronic current. Since each car
transports a spin-magnetic moment with magnitudeumW Bu
5mB , mB5e\/2mc being the Bohr magneton. The net in
jected magnetization currentj M related to the driven electric
current j e will be j M5mBj e /e. In practice the Fermi sur
faces of most ferromagnetic metals have both spin-subba
occupied, although with a significant imbalance in the d
sity of states at the Fermi energy. Therefore the spin injec
21441
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~spin magnetization! is reduced correspondingly. Assumin
weak coupling between spin subbands, this reduced ma
tization injection efficiency can be described by the dime
sionless~phenomenological! parameterhM , such that j M
5hMmBj e /e. Explicitly, the spin-injection rate through
single F/S heterojunction is related to the electric curre
through the ratio11,26

j M

j e
5

j ↑2 j ↓
j ↑1 j ↓

mB

e
[hM

mB

e
. ~1!

The interfacial transport parameterhM in Eq. ~1! thus
describes the degree of spin polarization of the net elec
flux through the interface. Note thatuhMu<1. We notice also
that generally speaking, as was pointed out by Johnson
Silsbee,11 the current of nonequilibrium magnetization ma
be written as jJM5h(mW M /e) jWe . Here jJM is a second-rank
tensor which specifies both the direction of flow and t
orientation of the magnetization, such that the compon
( jJM)ab describes the transport along theb axis of the pro-
jection of the magnetization on thea axis.11,26Assuming that
the charge current is along thex axis, normal to the interface
that is, jWe5 j ex̂, and the magnetization of the ferromagn
metal is such that the spin polarization is aligned along thz

axis, for instance, thenjJM5h(mM /e) j eẑx̂5 j Mẑx̂, therefore
jJM and jWe can be treated simply as scalars.26

The ratio~1!, was originally introduced for ferromagneti
metal/paramagnetic metal interfaces, but applies equall
F/S interfaces. Within the linear response regime assum
that no spin-flip scattering at the interface26 or spin
precession41 is present, and in terms of the spin conductan
Gs , we havej e5 j ↑1 j ↓5(G↑1G↓)V. Therefore

hM5
G↑2G↓
G↑1G↓

. ~2!

This relationship clearly shows that there is a net flux
spin-polarized electrons through theF/S interface for all
G↑ÞG↓ .

Equation~2! can be extended toF/S/F double interface
heterojunctions. Then, in terms of the total spin conductan
for the entire device~assuming that the ferromagnetic co
tacts have parallel magnetization! the spin injection effi-
ciency is given by

hM8 5
G↑

tot2G↓
tot

G↑
tot1G↓

tot
. ~3!

In the semiclassical regime of transport where all qu
tum phase information is assumed to be lost during~ballistic!
electron transit between interfaces~that is, by neglecting all
phase information in the calculation of net transmiss
through two scatterers in series! the elastic multiple scatter
ing at the interfaces results in the following spi
transmission probabilities:29,30

Ts
tot5TPs5

Ts

22Ts
, ~4!
5-2
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COHERENT SPIN-VALVE PHENOMENA AND . . . PHYSICAL REVIEW B66, 214415 ~2002!
whereTs are the independent single-interface transmiss
probabilities, with spins5(↑,↓), andP denotes the paralle
configuration of the ferromagnets. Hence~semiclassically!,
from Eq. ~4! with Gs

tot5(e2/h)Ts
tot within the ballistic Land-

auer picture,38 the spin-injection efficiency in Eq.~3! for the
F/S/F structure can be written as

hM8 5
T↑2T↓

T↑1T↓2T↑T↓
, ~5!

which in turns suggests that a net spin current flows ac
the F/S/F heterojunction wheneverT↑ÞT↓ .

A particularly important spintronic phenomenon som
what related to the injection of spin-polarized currents is
magnetoconductance~magnetoresistance!, also dubbed spin-
valve behavior. In the following section we shall discuss
relationship between the widely accepted definition of m
netoconductance and spin injection of polarized electron
two terminal structures in the semiclassical picture. We w
then examine to what extent this relationship may be
tended to the case of a coherent quantum regime of trans

III. SPIN VALVE PHENOMENA

The absence of a complete theory of spin injection in
ballistic quantum regime of transport, has led in part, to b
rowing criteria for the efficiency of spin injection from th
semiclassical ballistic and diffusive approaches of spin tra
port. Thus a well known, although indirect way to elect
cally detect spin-injection experimentally is based on
spin-valve effect, a phenomenon known to be yielded
multiple spin-dependent electron scattering events at the
terfaces of ferromagnetic/nonmagnetic junctions. It is a m
sure of the change in conductance~or resistance! when the
magnetizations of the ferromagnetic contacts in aF/sp/F
switch between the parallel~P! and antiparallel~AP! con-
figurations. Here sp stands for a spacer which can be a
mal metal, a semiconductor or superconductor. This cha
is normally represented by the ratio9,36,37,43

DG

2Gav
5

DR

2Rav
5

GP2GAP

GP1GAP
[h. ~6!

Henceh can be seen as the normalized change in cond
tance between the parallel and antiparallel configuration
the magnetic moments of the two ferromagnetic electrod
Now, in the semiclassical picture, where the interfaces
simply regarded as elastic phase-incoherent scatterers~resis-
tors! in series, the transmission probabilities per spin ori
tation for the antiparallel configuration are given by

TAP↑5TAP↓5
T↑T↓

T↑1T↓2T↑T↓
, ~7!

with the total transmission given byTAP5TAP↑1TAP↓ .
Hence it follows that the relative conductance or magne
conductance ratio can be written also in terms of the sin
interface spin probabilities
21441
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h5
~T↑2T↓!2

T↑
216T↑T↓24T↑

2T↓24T↑T↓
212T↑

2T↓
21T↓

2
. ~8!

Thus semiclassically, as forhM8 , h is not zero whenT↑
ÞT↓ . Thus~in geometries that exclude extrinsic signals d
to local Hall fields and the like9! the observation of a spin
valve effect (hÞ0) in the semiclassical ballistic regime im
plies that spin injection is taking place and vice versa. Sim
larly, it is generally believed~with the same caveat9! that
observation of a spin-valve effect in the semiclassical dif
sive regime indicates that spin injection is taking place a
that the same is true for all-metal systems.

Interestingly enough, we shall see below that the ab
semiclassical, and somewhat intuitive arguments for the
terpretation of the magnetoconductance ratioh, as a measure
of a spin-injection rate, does not necessarily hold in the b
listic quantum coherent regime of transport.

In order to better understand the condition~s! for the oc-
currence~or absence! of an overall spin injection in aF/sp/F
heterojunction, we will rewrite the expression~6! for the
relative magnetoconductance in a slightly different way a
in terms of the net spin-currents flowing through the hete
junction. This will allow us to have a clearer physical insig
to the issue of the correctness of the interpretation forh,
when trying to elucidate its physical significance in the b
listic quantum regime of transport, where quantum coh
ence and interference can play a fundamental role.

We start by noticing that, sinceD j AP5 j ↑
AP2 j ↓

AP50 as
long the right and left ferromagnets are of the same mate
and no external magnetic fields are present, then the~spin-
valve! magnetoconductance coefficient

h5
GP2GAP

2Gav
5

j P2 j AP

2 j av
, ~9!

where the subscript~av! denotes the average value betwe
the parallel and antiparallel conductance~or current!, can
without loss of generality, conveniently be rewritten as

h5
D j P22~ j ↑

AP2 j ↓
P!

j P1 j AP
, ~10!

whereD j P5 j ↑
P2 j ↓

P represents the net electron spin curre
~magnetization! flowing through the device in the paralle
~P! configuration. The term 2(j ↑

AP2 j ↓
P) does not have an

apparent physical meaning since it depends on indepen
conductances~current! measurements, at least in the sem
classical picture. However, we will show below that it ca
play an important role in the quantum regime.

Clearly from Eq.~10! a null result in the magnetoconduc
tance (h50) will imply either of the following conditions
~omitting the obvious casej ↑

P/AP5 j ↓
P/AP50): ~a1! D j P50

and 2(j ↑
AP2 j ↓

P)50 or ~a2! D j P52( j ↑
AP2 j ↓

P)Þ0. On the
other hand, the situation with finite magnetoconductanceh
Þ0, should always occur whenever~b1! D j PÞ2( j ↑

AP2 j ↓
P)

Þ0, ~b2! D j PÞ0 and 2(j ↑
AP2 j ↓

P)50, or ~b3! D j P50 and
2( j ↑

AP2 j ↓
P)Þ0. We emphasize that Eq.~10! and the crite-
5-3
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FIG. 1. Schematic diagram o
the split bands in aF/S/F hetero-
junction. The ferromagnet magne
tization is chosen to be along thez
axis, parallel to the interface. Th
splitting energy of the spin sub
bands of the ferromagnetic meta
is defined byD, while dEc de-
scribes the band structure mis
match between the ferromagnet
and semiconductor materials a
the Fermi energy. A finite Rashb
spin orbit coupling is assumed in
the semiconductor region which
splits the spin-subbands as
schematically shown.
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general and apply to both classical and quantum system

Let us now examine in detail the consequences of th
conditions. In the ballistic semiclassical regime, ifD j P50
then from Eq.~4! T↑5T↓ sinceTP↑5TP↓ , and therefore it
follows from Eqs.~4! and ~7! that TAP↑5TP↓5TAP↓5TP↑ ,
and hence 2(j ↑

AP2 j ↓
P)50. Thus, semiclassically the cond

tion ~a1! is clearly fulfilled wheneverD j P50. Therefore,
semiclassically theabsenceof a net spin injection (D j P

50) implies that the magnetoconductanceh50. The condi-
tion ~a2! can give rise to a rather misleading interpretation
it is not analyzed appropriately. It implies that the magne
conductanceh can in fact be zero, but with a nonzero sp
current (D j PÞ0) flowing through the device. There is a
apparent inconsistency here, since it would appear to con
dict the intuitive standard criteria for the existence of sp
injection, i.e.,h50→D j P50 ~or TP↑5TP↓). However, this
condition~a2! never occurs in the semiclassical regime as
only way to satisfyD j P52( j ↑

AP2 j ↓
P) in that regime is to

haveD j P50, (T↑5T↓) which brings us back to condition
~a1!. Hence the measurement of a zero magnetoconduct
will ensure that spin injection is not taking place, at least
the ballistic semiclassical regime of transport. Neverthele
it is clear that the occurrence ofh50 may, in principle, be
allowed for a nonvanishingD j P. We will see below that this
can in fact occur in the coherent quantum regime of tra
port, leading thus to counterintuitive results if one tries
interpret them within the framework of the semiclassical c
teria of spin injection.

On the other hand, a measurement ofhÞ0 likewise has
interesting consequences as we seek again to interpre
significance in relation to spin injection. Note, for instanc
that D j PÞ0 in both conditions~b1! and ~b2!, which in turn
physically implies a finite spin current. Therefore it becom
evident that the interpretation of the conditionhÞ0 as a
criterion indicative of the presence of a net spin injection
always valid, except in the case~b3!. In the case~b3! we
21441
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have zero spin current, which would appear to contradict
criterion thathÞ0 implies finite spin injection. However, in
the semiclassical regime the situationsD j P50 and 2(j ↑

AP

2 j ↓
P)Þ0 are never both satisfied at the same time@see Eqs.

~4! and ~7!#, and consequently~b3! never occurs in this re-
gime. Similarly, it can be shown that condition~b2! never
holds in this regime, despiteD j P being nonzero. In other
words, in the semiclassical picture, for allhÞ0, only the
condition ~b1! is fulfilled, and there is no possibility that
physically counterintuitive situation will occur. Therefor
the observation of a nonzero magnetoconductance (hÞ0) by
itself consititutes unequivocal evidence of a net spin-curr
injection in the semiclassical regime. However, the possi
ity of having a nonvanishingh without having any spin cur-
rent at all~b3! is in principle conceivable and in that case t
classical interpretation of the criteria for spin-injection bre
down. Indeed this situation is realized in the quantum regi
giving rise to a quantum spin-valve effect, that we shall d
scribe below. Therefore special care has to be exercise
the ballistic quantum regime of transport for the appropri
interpretation of spin-injection experiments. We now turn
the description of the quantum coherent spin-transport mo
in a F/S/F heterostructure that we will use to make a sy
tematic study the behavior of the spin injection in this regim
in spin-valve systems.

IV. SPIN-TRANSPORT MODEL: QUANTUM REGIME

We consider ballistic spin transport through aF/S/F hy-
brid heterojunction. In the~identical! ferromagnetic elec-
trodes a Stoner-Wohlfarth-like model of the magnetization
assumed such that the spin-up and spin-down band ene
offset is set by an exchange splittingD ~Fig. 1!. The elec-
trode magnetization is chosen along thez direction, parallel
to the interface. We assume the semiconductor region to h
a quasi-one-dimensional wave guide shape which later
confines the electrons in the direction transverse to transp
5-4
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which is assumed to be normal to the interface and along
x axis. In the semiconductor channel a Rashba spin-o
coupling40 widely believed to be of importance in narro
gap semiconductors, will be also considered.45,46 In order to
incorporate the tunnel Schottky barriers usually presen
F/S interfaces,36,37,43 simple d-type interface potentials ar
also included in our model.

The total one-electron effective mass Hamiltonian for p
allel ~P! magnetization of the ferromagnets is given by t
sum

Ĥ5Ĥ01ĤSO1Ĥz1V~x!, ~11!

with

Ĥ05
1

2
p̂x

1

m* ~x!
p̂x , ~12!

ĤSO5
1

2\
sz@ p̂xaR~x!1aR~x! p̂x#, ~13!

Ĥz5
1

2
Dsz1S dEc2

1

2
DszD u~x!u~ l s2x!, ~14!

and

V~x!5S V↑~x! 0

0 V↓~x!
D . ~15!

ClearlyĤ0 is due to the free-electron part,ĤSO introduces
the Rashba spin-orbit interaction,aR(x) being the position-
dependent spin-orbit~Rashba! parameter.37,43,44 Ĥz , de-
scribes the exchange interaction in the ferromagnetic me
as well as the band offset between the semiconductor
ferromagnet band structure at the interface, withdEc model-
ing the F/S conduction band structure mismatch. The la
term V(x) defines Schottkyd barrier potentials at the inter
faces which are modeled by V(x)
5Us

Ld(x)1Us
Rd(x2 l s).

36,37Although the strength of thed
potentialsUs

L,R , have been set spin dependent for comple
ness, in the actual calculations concerned here they wil
assumed spin independent. Sinceu(x) defines a Heaviside
step function, theF/S and S/F interfaces are located atx
50 and x5 l s , respectively. Accordingly, the position
dependent conduction effective mass is given bym* (x)
5mf* 1(ms* 2mf* )u(x)u( l s2x), with f ands indicating the
ferromagnet and semiconductor regions, respectively. No
that we use the one-dimensional symmetrized version of
Rashba Hamiltonian,39,43,44and neglect intersubband mixin
which is permissible ifW,,\2/aRms* , where W is the
width of the transverse confining potential that defines
channel.41,47

Spin-transport properties. In the ferromagnetic metal con
tacts the energy spectrum is given by

Es
f ~ks

f !5
\2

2mf*
~ks

f !21
1

2
lsD, ~16!
21441
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wheres5↑,↓ labels the spin state of the split band structu
with l↑,↓561, and direction of the spin quantization alon
thez axis. In the semiconductor there is a Rashba splitting
the dispersion which is linear ink, thus

Es
s ~ks

s !5
\2

2ms*
~ks

s !21lsaRks
s 1dEc . ~17!

Now, given the spin-diagonal nature of Hamiltonian~11!,
we consider eigenstates of the wholeF/S/F structure of the
form uC↑&5@c↑(x),0# anduC↓&5@0,c↓(x)#. The matching
boundary conditions for the wave functions at the interfa
at x050 and x05 l s are obtained by integratingĤuCs&
5EuCs& from x02e to x01e in the limit e→0. This
yields39,44

S m
]

]x
1es~x! Dcs

f ~x!ux5x0
5S ]

]x
1 ilskRDcs

s ~x!ux5x0
,

~18!

cs
f ~x0!5cs

s ~x0! ~19!

with the definitionsm[ms* /mf* , es(x50)52ms* Us
L , es(x

5 l s)522ms* Us
R , and kR5ms* aR /\2, the Rashba spin-

orbit wave vector. The largest experimental value reported
date for aR in InAs-based heterojunctions isaR53
310212 eV m, which corresponds to a Rashba wave vec
of kR51.53105 cm21.45 In the ferromagnetic regions th
eigenstates have the general plane-wave form

cs
f ,n~x!5As

n eikFs
n x1Bs

n e2 ikFs
n x, ~20!

with n5L,R denoting the left and right ferromagnet ele
trodes.kFs

n is the Fermi wave vector for the band with sp
states in the ferromagnetn. In the semiconductor the gen
eral solutions will be of the form

c↑,↓
s ~x!5C↑,↓eikF↑,↓

s x1D↑,↓e2 ikF↓,↑
s x, ~21!

wherekFs
s is the Fermi wave vector in the semiconductor f

the spin-orbit-split band with spins. For the parallel~P!
magnetic configuration, i.e., when the orientations of
magnetic moments of the left~L! and right~R! ferromagnets
are parallel@mW L5mW R5(0,0,1)#, the spin-transmission coef
ficients ts

P are determined by using the boundary conditio
~18! and~19! and applying the transfer matrix technique. T
probability of an incoming electron from the left ferromagn
at the Fermi energyEF in spin states, and being transmitted
to the right ferromagnet with parallel~P! magnetization is
thus determined by

Ts
P5

vFs
R

vFs
L

1

uM11
s u2

, ~22!

wherevFs
L 5\kFs

L andvFs
R 5\kFs

R , are the Fermi velocities
of an incoming/outgoing electron with spins, respectively.
Explicitly the transfer matrix elementM11

s reads
5-5



re

se

th
ur
lis

o

er

f
e

pi

ults
y

-
era-

e

r.
t to

sses

e

g-

is
f
m
tion
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M11
s 5

eikFs
R l s

2mkFs
L ~kF↑

s 1kF↓
s !

m11
s , ~23!

where fors5↑,

m11
↑ 5@Ks1mkF↑

L 1 i j↑~0!#@Ks1mkF↑
R 2 i js~ l s!#e

2 ikF↑
s l s

2@Ks2mkF↑
L 2 i j↑~0!#@Ks2mkFs

R 1 i js~ l s!#e
ikF↓

s l s

~24!

with the definition Ks[kFs
s 1lskR , and with js(0)

5(22ms* /\2)Us
L , andjs( l s)5(22ms* /\2)Us

R . The trans-
mission probability for the spin states5↓, i.e., T↓

P , is ob-
tained from Eqs.~22!–~24! through the replacementkF↑

L,R

→kF↓
L,R , j↑(x0)→j↓(x0), kF↑

s 
kF↓
s , andkR→2kR , respec-

tively. Notice that energy conservation at Fermi energy
quires that

kFs
s 1lskR5AkR

21m~kFs
L !22

2ms*

\2 S dEc2
1

2
lsD D .

~25!

For the antiparallel~AP! magnetization, i.e.,mW R52mW L

5(0,0,21), the transmission probabilitiesT↑,↓
AP are also

given by Eqs. ~22!–~24! with the replacementkF↑,↓
R

→kF↓,↑
L , respectively. It is clear thatT↑

AP5T↓
AP by symmetry

as no external magnetic fields are considered. For the ca
js(0)5js( l s)50, that is, with no d Schottky barriers,
Us

L,R50, the transmission probabilities reduce to39

Ts
P5

4m2kFs
L kFs

R ~kF↑
s 1kF↓

s !2

ks1

2 1ks2

2 22ks1
ks2

cos@~kF↑
s 1kF↓

s !l s#
, ~26!

with the definitionsks6
[(Ks6mkFs

L )(Ks6mkFs
R ), whereas

Ts
AP is similarly obtained as we have argued above for

case ofUs
L,RÞ0. The spin conductances at zero temperat

are then calculated within the Landauer formalism of bal
tic transport,38 whereGP/AP5(e2/h)(sTs

P/AP . From this, the
magnetoconductanceh is then determined using Eq.~6!.

We remark that because we assumed that transport is
curing in the ballistic linear response regime, calculatingD j
is exactly equivalent to evaluatingDT for the two magneti-
zations (P,AP). We can thus, in a independent way det
mine the spin currents from the continuity equation,44,47,48

which leads to

j ~x,aR!5
e\

2mi FC†
]C

]x
2

]C†

]x
C G1

eaR

\
C†szC,

~27!

for the current density at the semiconductor region o
F/S/F heterojunction including the spin-orbit coupling. W
proceed now to discuss the numerical results for the s
transport properties in aF/S/F heterojunction.
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V. RESULTS AND DISCUSSION

A. Results at zero-temperature and without Schottky barriers

We first present the ballistic quantum-mechanical res
of the spin-transport properties in the absence of Schottkd
barriers at the interfaces of aF/S/F structure at zero tem
perature; in the next subsection the case with finite temp
ture and Schottky barriers will be considered. Figure 2~a!
shows the normalized change in conductance@magnetocon-
ductance h, as defined in Eq. ~6!#, plotted against
kR /k0 (k0[13105 cm21) for a F/S/F structure with a
semiconductor channel lengthl s51.0 mm ~separation be-
tween the ferromagnetic contacts! at zero temperature. Th
effective masses were set tomf* 5me for the ferromagnetic
metals, andms* 50.036me for the InAs-based semiconducto
For the ferromagnets the Fermi wave vectors were se
kF↓51.053108 cm21 and kF↑50.443108 cm21 appropri-
ate for Fe. Note that the same values for the effective ma

FIG. 2. Zero temperature magnetoconductanceh ~a!, spin-
transmission probability~b!, and normalized spin currents~c!, as a
function of the Rashba spin-orbit wave vectorkR /k0 for a F/S/F
structure withl s51.0 mm. For the ferromagnets the Fermi wav
vectors were chosenkF↓51.053108 cm21 and kF↑50.44
3108 cm21. The effective masses were set tomf* 5me and ms*
50.036me for InAs. The exchange splitting energy in the ferroma
nets has been set toD5(\2/2mf* )(kF↓

2 2kF↑
2 ), with a band structure

mismatch ofdEc52.0 eV. Note that atkR51.5k0 there is maxi-
mum inh ~a! while a zero electron spin-injection is attained at th
value ofkR , see~b! and~c!. This behavior is exactly the opposite o
what is expected ifh is interpreted semiclassically. Due to quantu
interference, a quantum spin-valve effect appears, in contradic
with the classical intuition.
5-6
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COHERENT SPIN-VALVE PHENOMENA AND . . . PHYSICAL REVIEW B66, 214415 ~2002!
as well as for the Fermi wave vectors at the ferromagn
contacts are maintained throughout the paper. The con
tion band structure mismatch between the ferromagnet
semiconductor materials was set here todEc52.0 eV. An
oscillating behavior inh is seen as the Rashba spin-or
coupling strengthkR is varied. If we were to interpreth
‘‘semiclassically,’’ i.e., as an indicator of spin injection, th
maximum in h at kR51.5k0 would signal that the larges
amount of electron spin injection is occurring at this paric
lar value ofkR , Fig. 2~a!. However, Fig. 2~b! shows exactly
the opposite, since at resonance (kR51.5k0) an equilibrium
condition of the spin transmissions is reached (T↑

P5T↓
P and

T↑
AP5T↓

AP), henceno net spin current is expected to flo
through the structure, despite the pronounced spin valve
fect seen in Fig. 2~a! at kR51.5k0. This is more clearly
shown in Fig. 2~c! where we plot the normalized spin curre
for the parallel and antiparallel orientations of the magne
moments of the ferromagnets. A null result is obtained
D j P/AP at kR51.5k0, which is an equivalent way of sayin
that no electron spin-injection is taking place. We call th
phenomenon the quantum spin-valve~QSV! effect,39 since,
unlike its familiar classical analog, a nonzeroh signal can be
picked up in a spin-valve geometry whereas a zero net
current is flowing through the heterostructure. Its origin
inherently due to the coherent quantum interference natur
the spin transport. Observe that althoughD j P/AP50, in Fig.
2~c! the quantity 2(j ↑

AP2 j ↓
P)Þ0 atkR51.5k0, that is, condi-

tion ~b3! of Sec. III is clearly satisfied. Therefore this situ
tion is consistent with Eq.~10! which tells us that a finite
value forh should be expected@as seen in Fig. 2~a!#, despite
having no net spin current. We note in passing that condi
~b1! is always fulfilled in thekR range shown in Fig. 2 with
the sole exception ofkR51.5k0 where condition~b! is satis-
fied instead.

The converse effect can also arise, that is, havingh50
with a finite electron spin-current flowing in the structur
see Fig. 3. Here we have set the conduction band mism
dEc52.35 eV, while the rest of the parameters are the sa
as in Fig. 2. Apart from the occurrence of a QSV effect
kR.1.8k0, notice that the sign ofh changes repeatedly askR
is varied. For instance, atkR.2.9k0 the magnetoconductanc
h vanishes, Fig. 3~a!. Therefore, a null spin injection would
be expected, in the standard semiclassical picture. Howe
at the same value ofkR in Fig. 3~b!, there is an imbalance o
the spin-transmission probabilities sinceT↑

PÞT↓
P although

due to symmetryT↑
AP5T↓

AP always applies. In other words
D j PÞ0 at that value of Rashba spin-orbit strengthkR , as
seen in Fig. 3~c!, which physically means that a net sp
current is in fact flowing when the ferromagnets have pa
lel magnetization. Notice that the curves forD j P and 2(j ↑

AP

2 j ↓
P) cross each other at this precise value ofkR @Fig. 3~c!#,

which in turns yields the vanishing ofh for such a spin-orbit
strength, fully consistent with Eq.~10! and condition~a2! of
Sec. III. Thus we find that in the coherent quantum regim
finite spin-injection can occur for the parallel configurati
of ferromagnetic electrodes despiteh being zero, contrary to
semiclassical intuition.
21441
ic
c-

nd

-

f-

c
r

in

of

n

,
ch
e

t

er,

l-

,

In Fig. 4 we plot the zero-temperature spin-transmiss
probabilities as a function of the spin-orbit strengthkR /k0
for two different semiconductor channel lengthsl s
50.1 mm and 1.0mm in aF/S/F structure. A wide range of
the Rashba spin-orbit strength has been chosen here to b
show the strong oscillatory behavior induced by quant
interference askR /k0 is tuned. For comparison, the semicla
sical ballistic results for the spin-transmission probabilit
@Eqs.~4! and ~7!# have been plotted as well~dotted curves!.
Notice that the semiclassical curves describe the envelo
of the coherent quantum case very well. Clearly the form
do not ever cross, in contrast with the behavior shown in
coherent quantum regime case. From these plots it is c
that a QSV effect appears each time a maximal value ofT↓

P

~resonance! is reached askR /k0 is swept.
It should be emphasized that the prediction that quan

coherent spin-valve systems may exhibit an unexpec
quantum spin-valve effect doesnot rely at all on the
semiconductor-specific Rashba spin-orbit coupling that
include in our model Hamiltonian, but is a general cons
quence of quantum interference. This is demonstrated in

FIG. 3. Magnetoconductanceh ~a!, spin-transmission probabil
ity ~b!, and normalized spin-current~c! at T50, against the Rashba
spin-orbit wave vectorkR /k0 for a F/S/F structure with a band
structure mismatch ofdEc52.0 eV, the rest of the parameters a
as those in Fig. 2. The dashed horizontal line in~a! is to guide the
eye. Notice thath can change sign askR /k0 is increased. A QSV
effect is seen atkR.1.8k0, similar to that observed in Fig. 2. How
ever, here the converse effect also occurs. That is, wheneveh
50, we haveD j PÞ0 ~c!, which physically means that a finite
spin-injection is occurring, contrary again to the semiclassi
theory of spin-valve behavior.
5-7
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5 where the length dependences of the relevant s
transport parameters are depicted forkR /k050. The overall
behavior ofh, the spin-transmission probabilities, and f
the normalized spin-current resemble those studied in Fi
for a fixed channel length. For instance, in Fig. 5~a! at each
given maximum inh, there is a pronounced spin-valve fe
ture, not because of an imbalance~as would be nedeed sem
classically! betweenj ↑

P and j ↓
P , but because the full coheren

quantum treatment of spin-transport allows 2(j ↑
AP2 j ↓

P)Þ0
@Fig. 5~c!# at the relevant values ofl s . This phenomenon, a
before, is inherently a quantum spin-valve effect~but now
length dependent! since it is maximal where the spin injec
tion vanishes, whereas semi-classical reasoning predicts
there should be no spin-valve effect whenever no spin in
tion is taking place. We also observe that a finite sp
injection can occur at certain values ofl s whenever a change
of sign of the magnetoconductanceh occurs@Fig. 5~a!#, i.e.,
even thoughh can be identically equal to zero at those v
ues, which coincide withD j P52( j ↑

AP2 j ↓
P)Þ0 as stated in

condition ~a2! of Sec. III.
We have also studied the zero-temperature carrier den

dependence of the magnetoconductanceh in the absence o

FIG. 4. Spin-transmission probability versus the Rashba s
orbit wave vectorkR for two different separation length of the fe
romagnet electrodesl s50.1 mm ~a! and l s51.0 mm ~b!, at zero
temperature. The rest of the simulation parameters are as in F
The full quantum treatment for the spin-transport properties gi
strong oscillatory features, induced by both the multiple scatte
at the boundaries and the tuning inkR . The semiclassical results fo
each spin-transmission probability have been plotted for comp
son ~dotted lines!.
21441
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Rashba spin-orbit coupling (kR50), as shown in Fig. 6.
Here we consider a semiconductor channel of len
0.1 mm. To study this dependence we parametrizeks accord-
ing to the two-dimensional~2D! expressionns5ks

2/2p for
the electron density in the absence of Rashba spin-orbit c
pling, whereks[kFs

s is the degenerate Fermi wave vector
the semiconductor region. Notice that increasing the car
density at the Fermi energy is equivalent to decreasing
magnitude of conduction band mismatchdEc , see Eq.~24!.
The quantum interference that tunesh is exhibited clearly
here which produces a strongly oscillatory pattern. Obse
that alwaysuhu,0.1 for the wide electron density rang
shown here. For comparison the semiclassical result@Eq. ~8!#
is also plotted, showing a rather smooth but not monoto
behavior.

B. Finite-temperature results with Schottky barriers
at the interfaces

The QSV effect described above is predicted to occu
zero temperature and in the absence of potential barrier
the interfaces of aF/S/F heterojunction. We shall now focu

-

1.
s
g

ri-

FIG. 5. Length dependence of the magnetoconductanceh ~a!,
spin-transmission probability~b!, and normalized spin-current~c!,
for a F/S/F double junction with a band structure mismatch
dEc52.35 eV, and zero Rashba coupling (kR50) in the semicon-
ductor region at zero temperature. The dashed horizontal line dr
in ~a! at h50 is to guide the eye. These plots show that the ori
of the QSV effect does not rely on the Rashba spin-orbit coup
chosen, but it is due to the coherent quantum interference in
F/S/F structure.
5-8
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COHERENT SPIN-VALVE PHENOMENA AND . . . PHYSICAL REVIEW B66, 214415 ~2002!
on the temperature and Schottkyd-barrier dependence o
such QSV phenomena. We begin by discussing the effec
temperature.

We obtain the finite temperature spin conductances in
Landauer linear response regime through the formula

FIG. 6. Magnetoconductanceh as a function of the carrier den
sity ns at the semiconductor layer forl s50.1 mm in the absence o
Rashba spin-orbit coupling, and at zero temperature. A rather st
oscillatory characteristic is developed asns is varied. Clearly in the
quantum regime, the magnetoconductanceh can change of sign a
very low carrier densities, in contrast withh in the semiclassica
regime, which for comparison has been plotted as well~solid thick
line!. Notice that decreasing the electron density is equivalen
increasing the magnitude of the band structure mismatch en
dEc .
21441
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P/AP~T,kR!5

e2

h E Ts
P/AP~Es!S 2

] f D

]Es
DdEs ,

with f D5$exp@Es2EF)/kBT#11%21 the equilibrium Fermi-
Dirac function distribution at the temperatureT, with the
Fermi energyEF[Es(kFs

L ), such that the splitting energy o
the spin subbands at the ferromagnetic metals is set tD
5(\2/2mf* )(kF↓

2 2kF↑
2 ). We proceed now to discuss the n

merical results for the spin-transport properties in aF/S/F
heterojunction at finite temperatures.

In Fig. 7~a! we plot the thermally averaged spin
transmission probabilities in aF/S/F double interface versus
kR /k0 for both magnetization configurations of the ferroma
netic layers~parallel and antiparallel! at the temperature o
T52.5 K. The rest of the parameters are the same as in
2. We observe that even at such low temperatures, the e
on the spin-transmission probabilities is quite significa
The feature found atkR;1.5k0 when T50 K ~see Fig. 2!
changes qualitatively at such temperatures (T52.5 K) since
T↑

PÞT↓
P , so thatD j PÞ0 for all kR /k0, that is, spin injection

that was prevented by quantum interference at zero temp
ture is now allowed. Therefore the QSV effect evolves
wards the standard semiclassical spin-valve behavior as
perature is turned on. Plots of the normalized spin current
several temperatures show this very sensitive dependenc
the signature of the QSV effect on the temperature, Fig. 7~b!.
It is clear that the minimum ofuD j Pu smears out very rapidly
with temperature; thus the distinctive signature of the qu
tum spin-valve phenomenon is suppressed already at
low temperatures. Similar features are observed if we
crease the conduction band mismatch todEc52.35 eV, as is
shown in Figs. 7~c! and 7~d!. We have also plotted the de
pendence on the relevant spin-transport properties agains

ng

f
gy
0
-

d-

t

n

FIG. 7. Spin-transmission and
spin-current plots againstkR /k0 at
finite temperature for two band
structure mismatch energies 2.
and 2.35 eV, respectively. The dis
tinctive signature of the quantum
spin-valve~QSV! effect observed
at T50 ~Fig. 1! is clearly de-
graded at the temperatures consi
ered hereT52.5 K @~a! and ~c!#
sinceT↑

P andT↓
P are pushed apar

by thermal smearing, yielding
D j PÞ0. In plots ~b! and ~d! the
temperature smearing effect o
the spin current is shown for dif-
ferent temperatures.
5-9
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FRANCISCO MIRELES AND GEORGE KIRCZENOW PHYSICAL REVIEW B66, 214415 ~2002!
525 K), where for clarity we have setkR /k050. Notice
that, although the temperature smearing suppresses the
tinctive QSV behavior, sinceD j PÞ0 at the maximal values
of h; remarkably, however, the converse effect is not
graded at all. We find that in the oscillatory behavior of t
magnetoconductanceh with l s , a vanishing value ofh is
reached always that corresponds toD j P52( j ↑

AP2 j ↓
P) @see

spin-current plots in Fig. 8~c!#, despite the relatively high
temperature. That is, even though we have a net spin po
ized current injected into the structure, it is still possible
have~measure! a zero signal in the magnetoconductanceh.
We notice that in fact, the latter effect persists regardles
what the temperature of the system is. We observe also
the amplitudes of all of the oscillations in the plots of Fig.
(T525 K) are very similar to those in Fig. 5 forT50 K.
The physical reason for this is that the energy spacingDE
between resonances of the spin-transmission probab
plots against Fermi energy~see Fig. 9!, are much greater tha
KBT at T525 K. The energy spacingDE ranges from 0.01
to 0.04 eV for the relevant Fermi energy interval shown h
at zero temperature. Therefore it is expected that even at
relatively high temperature (T525 K) the thermal smearing
will be rather weak, as observed in Fig. 8. It should be not

FIG. 8. Finite-temperature length dependence of the magn
conductanceh ~a!, spin-transmission probability~b!, and normal-
ized spin current~c! for a F/S/F double junction with a band struc
ture mismatch ofdEc52.35 eV, and zero Rashba coupling (kR

50). The dashed horizontal line in~a! at h50 is for guiding the
eye. As observed in Fig. 7, the QSV effect is suppressed by t
perature. However, the quantum coherent phenomenon of ha
h50 for nonvanishing spin current it is not affected by tempe
ture.
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however, that at this high temperature it is very likely th
the presence of effects such the inelastic scattering and p
breaking will destroy the coherent quantum interference,
hence the quantum spin-valve effect.

In Fig. 10 we show the carrier density dependence of
spin-transport parameters for aF/S/F junction of l s
50.1 mm, in the absence of Schottky barriers for two d
ferent temperaturesT50 K andT525 K, respectively. The
Rashba spin-orbit strength has been set to zero here.
Fabry-Perot-like interference pattern of the spin transmiss
probabilities caused by the multiple scattering at the int
faces is shown clearly here for a wide carrier density int
val. The strong oscillations of the spin-transmission a
manifested in a modulation of the magnetoconductan
Even though the curves forh look qualitatively very similar
when we compare the case withT50 and case withT525
K, the smearing effect results inuh(T525)u<uh(T50)u, in
general. Notice that the sharp peaks in the transmission p
abilities are affected the most by temperature, Figs. 10~a! and
10~c!. We point out that the signature of the QSV effect
strongly suppressed here by the temperature@compare Figs.
10~a!,10~b! with Figs. 10~c!,10~d!#. However, the quantum
interference effect of having a vanishingh with a finite spin-
current polarization is not affected at all by the temperatu
as is seen also in Fig. 8.

Finally, we consider the case withd-potential Schottky

o-

-
ng
-

FIG. 9. Semiconductor Fermi energy behavior of the magne
conductance~a! and spin-transmission probabilities for aF/S/F
junction with a l s50.1 mm without Rashba coupling (kR50) at
zero temperature. In~a! the semiclassical result has been also pl
ted for comparison with the quantum regime.~b! Notice that the
energy spacing between resonancesDE@KBT at T525 K.
5-10
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FIG. 10. Carrier density de-
pendence of the magnetocondu
tanceh, spin transmission prob-
ability, and normalized spin-
current atT50 andT525 K for a
F/S/F junction of l s50.1 mm
andkR50. The effect of suppres-
sion of the QSV signature by the
temperature is clearly shown here
or

e

th

o

the

the
barriers at the interfaces of aF/S/F double junction struc-
ture. In Fig. 11 the magnetoconductanceh and the spin
transmission are depicted versus the Rashba spin-
strengthkR /k0 for T50, and T52.5 K with symmetrical
d-potential~Schottky! barriers of heightU0. In the absence
of Rashba coupling (kR50) we notice that as a result of th
introduction of thed barriers at the interfaces,h suffers a
modest enhancement as the height ofU0 is increased and
U0.D. For finite values of the Rashba spin-orbit streng
21441
bit

the finite U0 causesh to oscillate in its magnitude@Figs.
11~a! and 11~c!#. It is noteworthy that the QSV effect is als
found here atT50 K. Notice thatT↑

P5T↓
P at kR.3.8k0 and

kR.4.1k0 @Fig. 11~b!#, whereash.0 at those values ofkR .
However temperature suppresses the QSV effect since
curves forT↑

P and T↓
P do not cross each other in thekR /k0

interval shown here whenT52.5 K, Fig. 11~d!. Notice also
that the Schottky barriers have a rather strong effect on
spin-transmission probabilities but not onh, Figs. 11~b! and
e
a

y
e
s

-

FIG. 11. Magnetoconductanc
and spin-transmission plots as
function of kR /k0 at T50 K and
T52.5 K for F/S/F double junc-
tion with d-Schottky barriers at
the interfaces. Here we setl s

51 mm anddEc52.0 eV. At kR

50 a small but significant en-
hancement inh is observed to oc-
cur as the tunneld-Schottky barri-
ers (U0.D) are increased in
height~a! and~b!. At finite kR , h
is modulated forkR.2k0. In con-
strast, the effect of the Schottk
barriers at the interfaces on th
spin-transmission probabilities i
rather strong~b! and ~d!. Notice
that the QSV effect is also de
stroyed here by temperature~d!.
5-11
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11~d!. Narrowed peaks in the spin-transmission plots are
tained when the potential barriers at the interfaces are
cluded.

VI. SUMMARY AND CONCLUSIONS

We have presented a systematic study of the ballistic e
tron spin-transport properties and of the spin-valve phen
ena in ferromagnetic metal/semiconductor/ferromagn
metal structures in the coherent quantum regime of transp
We have investigated in detail the correlation between e
tron spin-injection and spin-valve behaviors. We demo
strated that in the coherent quantum regime the relation
between spin transport and conductance measuremen
qualitatively different than in the semiclassical regime th
has been studied experimentally to date. We have shown
transparent way that quantum coherence can give rise
quantum spin-valve~QSV! effect that occurs even in the ab
sence of a net spin current flowing through the heterost
ture. We also demonstrated that in the coherent quantum
gime, the converse QSV effect can arise, that is, finite s
injection is indeed possible for the parallel configuration
ferromagnetic contacts, despite having a zero signal of
magnetoconductanceh, contrary to semiclassical intuition
The effects of Rashba spin-orbit coupling, interface Schot
barriers and temperature on the QSV and its converse e
were investigated systematically. We found that the disti
tive signature of the QSV effect is extremely sensitive
temperature, as it is suppressed already at very low temp
tures. However, the converse of the QSV effect persists
spite of the thermal smearing of the Fermi function, howev
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it still requires quantum interference and so will be destroy
by inelastic phonon scattering at higher temperatures.
presence of tunneld Schottky barriers at the interfaces wa
found to enhance the spin injection efficiencies only sligh
contrary to the case of diffusive conductors where tun
barriers can enhance spin-injection more dramatically.12,18

Moreover, the QSV effect remains in the presence of
tential barriers at the interfaces at zero temperature, sinc
origin is due to the multiple scattering at the boundaries. T
effect disappears, however, as the temperature is increa

In conclusion, we have shown that in the quantum regi
of transport a comparison of the conductances of a het
structure with parallel and antiparallel magnetizations
magnetic contacts can no longer be regarded as an uneq
cal indicator as to whether or not spin injection is taki
place; it should be supplemented by other probes in stu
of coherent spin injection. These surprising conclusions
not rely on the semiconductor-specific Rashba spin-o
coupling that we include in our model Hamiltonian, but a
general consequences of quantum interference, altho
temperature can degrade the effect. These effects shou
taken into consideration in interpreting spin-injection expe
ments with spin-valve geometries in the quantum regime
transport.
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