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Coherent spin-valve phenomena and electrical spin injection
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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-val{@SV) effect occurs even in thebsencef 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 Schottky tunnel contacts in enhancing the spin-efficiency
rates???

Electrical spin injection of coherent polarized carriers These experiments suggest that combinations of ferro-
from ferromagnetic metals into semiconductors is currentlymagnetic metals and semiconductor materials may be indeed
an issue of fundamental relevance in spintrofiitst was  promising for applications in hybrid semiconductor spin-
suggested in the seminal work of Datta and ttast the use tronic devices. It should also be noted that very high electron
of ferromagnetic metals as source and drain contesgign  (or hole spin-injection efficiencies have been achieved from
injector and detectgrconnected to a semiconductor would magnetic to nonmagnetic semiconductors. However, this has
make feasible a unique transistor that relies on the manipuequired low temperatures and/or strong magnetic fieds.
lation of the electron’s spin instead of its charge. Since then Most of the theoretical modeling of spin dependent trans-
considerable effort has been directed towards practicallport in two-terminal F/S/F systems reported to date has
demonstrating efficient injection of spin-polarized electronsbeen in the semiclassical diffusive regime of transport
through ferromagnetic/semiconductor=/G) solid state  (within the Boltzmann framewoik®~1325-24yjith just a few
interfaces'™® This issue has been one of the central chal-studies in ballistic regim&~3?However, it has been pointed
lenges in the field, as its demonstration have encounteregut that quantum interference phenomena may be exploited
crucial obstacles, such as the large resistivity mismatch aih novel spintronic device®~**Quantum effects on the spin
typical metals and semiconductors, a condition that severelinjection such as quantum coherence and interference have
inhibits spin injection'>! been typically neglected until recently. The interference ef-

Work is in progress to determine whether these obstaclefects in aF/S/F transistor were studied by Saftarset al®
may be overcome through the use of suitable potentiashowing that an enhanced spin signal can be attained when
barriers!~13 or through appropriate epitaxial interfaces thatquantum interference is considered. Also recently, Mat-
obey certain selection rules and band structure symmetrguyama et al®’ have studied ballistic spin transport in
properties* as recently corroborated bgb initio spin-  ferromagnet/2DEG/ferromagnet double junctions taking into
transport calculation 1’ For instance, recently, Hammar account the spin-orbit interaction in the quantum ballistic
and Johnsolf have performed successful spin-dependentegime. In a more recent work we have explored the inter-
transport measurements across ferromagnetic-metgblay between spin injection and quantum coherence in bal-
insulating barrier/two-dimensional electron gd@DEG)  listic F/S/F heterojunctions theoretically within the Land-
junctions, validating the theoretical predictio’s'® Recent auer formalism of transpoff. We showed that quantum
experiments at room temperature on spin injection from fercoherence give rise to guantum spin valvéQSV) effect
romagnetic metal contacts into a semicondud¢tee/GaAs  that, unlike its familiar semiclassical analog, occurs even in
via STM through Schottky tunnel barrié?$° have yielded the absence of a net spin current flowing through the
encouraging results of about 2% injection efficiencies, andeterostructuré®
very recently, Hanbicket al?* have achieved relatively high The purpose of this work is to provide a comprehensive
spin-injection efficiencies of 30% in Fe/GaAs-based lightand detailed study of the QSV effectiS/F junctions, and
emitting diode structures, showing the effectiveness of the Favestigate theoretically to what extent the effects of quan-
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tum interferencé® spin-dependent electron transmission at(spin magnetizationis reduced correspondingly. Assuming
the interface$? interface Schottky barrier$;*’ Rashba spin- weak coupling between spin subbands, this reduced magne-
orbit coupling?®~*?and temperature effects are of relevancetization injection efficiency can be described by the dimen-
for the existence on the predictgdantumspin-valve behav- sionless(phenomenological parameterz),, such thatjy
ior. We establish criteria that are helpful in interpreting and= 7y ugj./€. Explicitly, the spin-injection rate through a
analyzing quantum and classical spin-transport phenomenasingle F/S heterojunction is related to the electric current
It is then verified that the QSV effect is an inherently quan-through the ratit*2®
tum interference process and we find that its distinctive sig- _ o
nature is extremely sensitive to temperature. However, the Im _ )17l M _ M8 &
converse of the QSV, although it is also due to quantum je §iti, e ~ e
interference, is found to be remarkably temperature insensi-
tive. We find that the QSV effect persists even in the pres- The interfacial transport parametefy, in Eq. (1) thus
ence of Schottky barriers at the boundaries and that thegéescribes the degree of spin polarization of the net electron
enhance spin injection in the quantum coherent regime, aflux through the interface. Note thgy|<1. We notice also
though rather weakly. Our results show that, in the ballisticthat generally speaking, as was pointed out by Johnson and
guantum regime of transport care has to be exercised in ord&ilsbee!! the current of nonequilibrium magnetization may
to appropriately interpret the physics of spin-injection ex-pe written asTMz 77(,41,\,I /e)fe. Here TM is a second-rank
periments with spin-valve geometries. tensor which specifies both the direction of flow and the
The paper is organized as follows. In Sec. Il we establisfprientation of the magnetization, such that the component
ar]d _dlscuss t_he semiclassical picture of_ electr_on sping TM)aﬁ describes the transport along tBeaxis of the pro-
injection atF/S interfaces. In Sec. Il the classical spin-valve jection of the magnetization on theaxis 1126 Assuming that

concepts are outlined, their connection with spin injection iny,o charge current is along thexis, normal to the interface,

F/S/F junctions is discussed, and criteria are established f?fhat s, fe=je;<y and the magnetization of the ferromagnet

interpreting both classical and quantum spin-transport beha ! . R
ior. SpeCtiO?l IV is devoted to tr?e descriptFi)on of thg ballistic metal is such that the spin polarization is aligned alongzthe

quantum approach that we use to model the spin-transpofIS, for instance, theny = 7(uw/€)jezx=juzx, therefore

mechanism. The results and our discussion of them are giveny andj, can be treated simply as scalé's.

in Sec. V. Finally in Sec. VI a summary and conclusions are The ratio(1), was originally introduced for ferromagnetic

presented. metal/paramagnetic metal interfaces, but applies equally to

F/S interfaces. Within the linear response regime assuming

that no spin-flip scattering at the interf&€eor spin

precessioft is present, and in terms of the spin conductances
It is instructive to first review the standafdassical defi- G, , we havej.=j;+j,=(G;+G|)V. Therefore

nition of the electron spin-injection rate at a singlés in-

terface. This will help us to establish the fundamental physi- _G=G ©

cal concepts that we will use later to examine the case of spin ™= G +G,’

injection in aF/S/F heterojunction. Afterwards we will de-

scribe how the spin-valve phenomen@change in the re-

sistance when the magnetization of a ferromagnetic electro

is reversefl is related to spin injection in two terminal de- 1

vices in the semiclassical picture.

II. SPIN-INJECTION RATE

This relationship clearly shows that there is a net flux of
in-polarized electrons through the'S interface for all

Equation(2) can be extended t6/S/F double interface
Following Johnson and Silsb&®, consider an ideal heterojunctions. Then, in terms of the total spin conductances

Stoner-Wohlfarth model for a ferromagnetic metal with just©f the entire devicdassuming that the ferromagnetic con-
one parabolic spin-subband at the Fermi surface, and in eqtﬁ?CtS h_ave_ parallel magnetizatjothe spin injection effi-
librium with a semiconductor material, whosevofold de- ~ CI€NCY is given by
generatg spin subband structure is assumed to be free-

electron-like. By applying a potential biag across the

interface it is expected that electrons of that spin subband

will be driven into the semiconductor. Neglecting spin relax-

ation at the interface, the magnetization current transfered In the semiclassical regime of transport where all quan-
through the interface into the semiconductor would be protum phase information is assumed to be lost dufbailistic)
portional to the total electronic current. Since each carrieelectron transit between interfacéhbat is, by neglecting all
transports a spin-magnetic moment with magnitygg| Phase information in the calculation of net transmission
= ug, ug=ehi/2mc being the Bohr magneton. The net in- through two scatterers in serjethe elastic multiple scatter-
jected magnetization currefy related to the driven electric INg at the interfaces results in the following spin-
currentj, will be jy=pugje/e. In practice the Fermi sur- transmission probabilitie%:

faces of most ferromagnetic metals have both spin-subbands

occupied, although with a significant imbalance in the den- To=Tp, =2
sity of states at the Fermi energy. Therefore the spin injection 7 7 2-T,'

tot__ ~tot
G -G

= - (3)
tot tot
Gf+Gf

!
™

4
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where T, are the independent single-interface transmission (TT_TL)Z @
robabilities, with spirc=(T,]), andP denotes the parallel n= .
gonﬁguration of thep ferro(rrT1alg)nets. Hen(semiclass?cally T%JrGTTTl_4T%Tl_4TTTf+2T%Tf+Tf
from Eq. (4) with G''= (e?/h) T within the ballistic Land- , , , ,
auer picture®® the spin-injection efficiency in Eq3) for the Thus semiclassically, as fopy , 7 is not zero when,
F/S/F structure can be written as #T, . Thus(in geometries that exclude extrinsic signals due
to local Hall fields and the likd the observation of a spin-
T,-T, valve effect (p#0) in the semiclassical ballistic regime im-

plies that spin injection is taking place and vice versa. Simi-
larly, it is generally believedwith the same cave3tthat

Sgbservation of a spin-valve effect in the semiclassical diffu-
Sive regime indicates that spin injection is taking place and

A particularly important spintronic phenomenon some-thitnir;?ez??el |se;cqrge frc])r al(la-rgﬁgﬁl ig?i@fc{ that the above
what related to the injection of spin-polarized currents is the ngly ugh, w w v

magnetoconductangenagnetoresistangealso dubbed spin- tsem|clta:?5|cal% t"’r‘]nd some\:vhat L;]tu[[nve arguments for the in-
valve behavior. In the following section we shall discuss the erpretation of the magnetoconductance rai@s a measure

relationship between the widely accepted definition of mag—Of a spin-injection rate, does not necessarily hold in the bal-

netoconductance and spin injection of polarized electrons iHSt:C qugntutm gotftlerent dregltme dOIhtranSpg_rft@ Hor th
two terminal structures in the semiclassical picture. We will n order 1o betler understand the condigior the oc-
then examine to what extent this relationship may be expurrence(or absenciof an overall spin injection in &/sp/F

tended to the case of a coherent quantum regime of transpoﬂ?te.rojuncuon’ we will rewrlte_ the gxpress@ﬁ) for the
rélative magnetoconductance in a slightly different way and

in terms of the net spin-currents flowing through the hetero-
1. SPIN VALVE PHENOMENA junction. This will allow us to have a clearer physical insight
do the issue of the correctness of the interpretation sfor

The absence of a complete theory of spin injection in th ; . . . s .
ballistic quantum regime of transport, has led in part, to bor_When trying to elucidate its physical significance in the bal-

rowing criteria for the efficiency of spin injection from the listic quantum regime of transport, where quantum coher-

semiclassical ballistic and diffusive approaches of spin transE"c€ and interference can play a fundamental role.

port. Thus a well known, although indirect way to electri- e start by noticing that, sinca jA"=7"—j¥=0 as _
cally detect spin-injection experimentally is based on thd®nd the right and left ferromagnets are of the same material,
spin-valve effect, a phenomenon known to be yielded byand no external magnetic fields are present, thenghi-
multiple spin-dependent electron scattering events at the in/@ve magnetoconductance coefficient

terfaces of ferromagnetic/nonmagnetic junctions. It is a mea- 6 AP P AP

sure of the change in conductan@e resistancewhen the _ G -G _1 7] ©)
magnetizations of the ferromagnetic contacts ifr/ap/F 7 2G,y 2

switch between the paralléP) and antiparallelAP) con-

figurations. Here sp stands for a spacer which can be a nowhere the subscripav) denotes the average value between

mal metal, a semiconductor or superconductor. This changée parallel and antiparallel conductan@ currenj, can
is normally represented by the ratitg:37:43 without loss of generality, conveniently be rewritten as

T ®

which in turns suggests that a net spin current flows acro
the F/S/IF heterojunction whenever, # T .

AG AR GP-GAP

) _AjP-2(57-D)
2Gav 2Rav_ GP+GAP

jP+jAP ! (10)

7. (6)

Hencex can be seen as the normalized change in condué’—"hereAJ,P:J?_JT represents the net electron spin current
tance between the parallel and antiparallel configurations dfagnetization flowing through the device in the parallel
the magnetic moments of the two ferromagnetic electrodedP) configuration. The term 3"~ j7) does not have an
Now, in the semiclassical picture, where the interfaces ar@pparent physical meaning since it depends on independent
simply regarded as elastic phase-incoherent scatt@esis- condl_Jctanc_:e$curren) measurements, at least in the semi-
tors) in series, the transmission probabilities per spin orienclassical picture. However, we will show below that it can

tation for the antiparallel configuration are given by play an important role in the quantum regime.
Clearly from Eq.(10) a null result in the magnetoconduc-
T, tance (p=0) will imply either of the following conditions
Tapi=Tpp| =, (7)  (omitting the obvious cas¢’"P=j"AP=0): (al) AjP=0
1 T+ T T T AP P T o o P
[ and 2(%°=j7)=0 or (@2 AjP=2(j?"~j)#0. On the

Hence it follows that the relative conductance or magneto# 0, should always OCCU/{PWhgneVéll) AJP¢2_(J' F=ih
conductance ratio can be written also in terms of the single#0, (b2) AjP#0 and 2({"—j])=0, or (b3) Aj*=0 and
interface spin probabilities 2(j?°=j7)#0. We emphasize that E410) and the crite-
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Ferromagnet Semiconductor Ferromagnet

FIG. 1. Schematic diagram of
|’]‘> |J/> |’]‘> |\L> |’]‘> |\L> the split bands in &/S/F hetero-
junction. The ferromagnet magne-
tization is chosen to be along tke
axis, parallel to the interface. The
E splitting energy of the spin sub-
F

bands of the ferromagnetic metals
is defined byA, while SE; de-

scribes the band structure mis-
match between the ferromagnetic
and semiconductor materials at

7 éE. the Fermi energy. A finite Rashba
A P — spin orbit coupling is assumed in
A LA the semiconductor region which
] 2 splits the spin-subbands as is
schematically shown.
k* kS k®

ria (ad), (a2, (b1, (b2), and(b3) that follow from it are quite  have zero spin current, which would appear to contradict the
general and apply to both classical and quantum systems. criterion thatn+ 0 implies finite spin injection. However in
Let us now examine in detail the consequences of thesthe semiclassical regime the situation§”=0 and 24

conditions. In the ballistic semiclassical regime,Aif°=0 _11)9&0 are never both satisfied at the same t[s@e Eqs
then from Eq.(4) T;=T, sinceTp;=Tp|, and therefore it  (4) and(7)], and consequentl$h3) never occurs in this re-
follows from Eqgs. (4) and(7) thatTap;=Tp;=Tap;=Tp;,  gime. Similarly, it can be shown that conditigh2) never

and hence 2¢"—j)=0. Thus, semiclassically the condi- holds in this regime, despitdj® being nonzero. In other
tion (al) is clearly fulfilled wheneverAjP=0. Therefore, words, in the semiclassical picture, for aj=0, only the
semiclassically theabsenceof a net spin injection 4j" condition (bY) is fulfilled, and there is no possibility that a
=0) implies that the magnetoconductange 0. The condi- physically counterintuitive situation will occur. Therefore,
tion (a2 can give rise to a rather misleading interpretation ifthe observation of a nonzero magnetoconductameed) by

it is not analyzed appropriately. It implies that the magneto-tself consititutes unequivocal evidence of a net spin-current
conductancey can in fact be zero, but with a nonzero spin injection in the semiclassical regime. However, the possibil-
current AjP+#0) flowing through the device. There is an ity of having a nonvanishingy without having any spin cur-
apparent inconsistency here, since it would appear to contraent at all(b3) is in principle conceivable and in that case the
dict the intuitive standard criteria for the existence of spinclassical interpretation of the criteria for spin-injection break
injection, i.e.,y=0—Aj"=0 (or Tp;=Tp,). However, this  down. Indeed this situation is realized in the quantum regime
condition(a2 never occurs in the semiclassical regime as thejiving rise to a quantum spin-valve effect, that we shall de-
only way to SatISfijP—Z(jAP—j ) in that regime is to scribe below. Therefore special care has to be exercised in
haveAjP=0, (T,=T) WhICh brmgs us back to condition the ballistic quantum regime of transport for the appropriate
(al). Hence the measurement of a zero magnetoconductandeterpretation of spin-injection experiments. We now turn to
will ensure that spin injection is not taking place, at least inthe description of the quantum coherent spin-transport model
the ballistic semiclassical regime of transport. Neverthelesdn a F/S/F heterostructure that we will use to make a sys-
it is clear that the occurrence af=0 may, in principle, be tematic study the behavior of the spin injection in this regime
allowed for a nonvanishing jP. We will see below that this in spin-valve systems.

can in fact occur in the coherent quantum regime of trans-
port, leading thus to counterintuitive results if one tries to
interpret them within the framework of the semiclassical cri-
teria of spin injection. We consider ballistic spin transport throughF&S/F hy-

On the other hand, a measurementrgf O likewise has  brid heterojunction. In theidentica) ferromagnetic elec-
interesting consequences as we seek again to interpret itiodes a Stoner-Wohlfarth-like model of the magnetization is
significance in relation to spin injection. Note, for instance,assumed such that the spin-up and spin-down band energies
that AjP+#0 in both conditiongb1) and(b2), which in turn  offset is set by an exchange splittidg (Fig. 1). The elec-
physically implies a finite spin current. Therefore it becomestrode magnetization is chosen along thdirection, parallel
evident that the interpretation of the conditiop0 as a  to the interface. We assume the semiconductor region to have
criterion indicative of the presence of a net spin injection isa quasi-one-dimensional wave guide shape which laterally
always valid, except in the cage3). In the caseb3) we  confines the electrons in the direction transverse to transport,

IV. SPIN-TRANSPORT MODEL: QUANTUM REGIME

214415-4



COHERENT SPIN-VALVE PHENOMENA AND . . . PHYSICAL REVIEW B56, 214415 (2002

which is assumed to be normal to the interface and along theherea=1, | labels the spin state of the split band structure,

x axis. In the semiconductor channel a Rashba spin-orbivith \; |==*1, and direction of the spin quantization along

coupling® widely believed to be of importance in narrow thez axis. In the semiconductor there is a Rashba splitting of

gap semiconductors, will be also considef&tf In order to  the dispersion which is linear ik thus

incorporate the tunnel Schottky barriers usually present at

F/S interfaces®3"*3 simple &-type interface potentials are 2

also included in our model. ES(KS)=
The total one-electron effective mass Hamiltonian for par-

allel (P) magnetization of the ferromagnets is given by the

—(K3)?+ N ok + SE.. (17
2mg

Now, given the spin-diagonal nature of Hamiltonidri),

sum
we consider eigenstates of the whéleS/F structure of the
A=HRo+ Aot A,+V(x), (17  form |\I’T>=[¢T_(?<),O] and|\lfl>=[0,¢l(x_)]. The matching
boundary conditions for the wave functions at the interfaces
with at x,=0 and x,=I are obtained by integratingi|¥,)
=E|¥,) from Xo—€ t0 Xg+ € in the limit e—~0. This
~ 1.1 ields*®44
Flo=5Px———Pu. 1 7
m* (X) P P
f N s
~ 1 . . (Iu’&—i_ EO’(X)) l//(T(X)|X=XO_ ax +I)\U'kR) IIBU(X)|X=XO1
Hso= 57 2 Pxar(X) + ar(X) Pyl (13 (18)
g ( 1 ) Wh(Xe) = 15(Xo) (19)
H,==Ao,+| 0E.— =Ao,]| 8(X)6(l s—X), 14
L2 o™ g80z| 6x) (17 %) 9 with the definitionsu=m3/m¥ , €,(x=0)=2m*U%, € (x
and =lg=-2mfUR, and ky=m? ag/#?, the Rashba spin-

orbit wave vector. The largest experimental value reported to
V(%) 0 date for agr in InAs-based heterojunctions igxg=3
). (15  x10 '2eVm, which corresponds to a Rashba wave vector
0 V(¥ of kg=1.5x10° cm~1.%° In the ferromagnetic regions the
eigenstates have the general plane-wave form

V(x)=(

ClearlyH, is due to the free-electron paHgg introduces
the Rashba spin-orbit interactioag(x) being the position-

dependent spin-orbifRashba parametef’*344 H,, de-
scribes the exchange interaction in the ferromagnetic metalsvith »=L,R denoting the left and right ferromagnet elec-
as well as the band offset between the semiconductor aﬂfﬂodes.kﬁg is the Fermi wave vector for the band with spin
ferromagnet band structure at the interface, vy model-  states in the ferromagnet. In the semiconductor the gen-
ing the F/S conduction band structure mismatch. The lasteral solutions will be of the form

term V(x) defines Schottky barrier potentials at the inter-

faces which are modeled by V(x) s _ ikE, x —ik3, x

=UL5(x) +URs(x—1g).%8%7 Although the strength of thé Yia00=Cr 8Dy e e @)
potentialsU 'R, have been set spin dependent for completewherek  is the Fermi wave vector in the semiconductor for
ness, in the actual calculations concerned here they will beéhe spin-orbit-split band with spier. For the parallel(P)
assumed spin independent. Singfx) defines a Heaviside magnetic configuration, i.e., when the orientations of the
step function, theF/S and S/F interfaces are located at  magnetic moments of the left) and right(R) ferromagnets
=0 and x=ls, respectively. Accordingly, the position- are paralle[m, =mgz=(0,0,1)], the spin-transmission coef-
dependent conduction effective mass is given hy(x) ficientst” are determined by using the boundary conditions
=my +(mg —my) 6(x) 6(Is—x), with f ands indicating the  (18) and(19) and applying the transfer matrix technique. The
ferromagnet and semiconductor regions, respectively. Noticgrobability of an incoming electron from the left ferromagnet
that we use the one-dimensional symmetrized version of thgt the Fermi energig in spin stater, and being transmitted
Rashba Hamiltoniaf¥**“**and neglect intersubband mixing to the right ferromagnet with paralléP) magnetization is

which is permissible ifW<<#% agm?, where W is the  thus determined by

width of the transverse confining potential that defines the

‘//fr Y(X) :A;eikEUX_F Bs_efiké(rx, (20)

channeft4’ R
Spin-transport propertiedn the ferromagnetic metal con- Tl'j:ﬁ —_— (22
tacts the energy spectrum is given by U'ﬁa M7y
52 1 wherevE =#k:, andvR =#kB , are the Fermi velocities
Ef(k)=—k)2+ 2\ A, (16)  of an incoming/outgoing electron with spin, respectively.
2m¢ 2 Explicitly the transfer matrix elemeri 7, reads

214415-5
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ikR | 0.10

Mo=— " e (23) 1@
11 S 11»
21k (K +KE)) 0.08 -
where foro=1, & 0'06‘-
. 0.04
My =[Ket+ ukp; +i & (0) Kot ki —ié,(1)]e s 002 SE =206V
. T T T T T T T T T T
—[Ks— ki, =i &(0)[Ks— ki, +i&,(15)]erls 1o
@49 2 o8
R 1
with the definition Ks=ki, +\,kg, and with &,(0) g 0.6
=(—2m¥/r?) UL, and&, (1) =(—2mZ/A2)UR. The trans- € 0.4
mission probablhty for the spin state= |, i.e. Tl , IS ob— E 024
tamed from Egs.(22)—(24) through the replacement
Fl '§T(Xo)—>§t(xo) ki;=kg,, andkg— —kg, respec—
t|vely Notice that energy conservation at Fermi energy re- . .04
quires that E, )
5 -0.2-
2m} 1 ut 0.4
kS, +\ gkp= \/két—,u(k'gg)z— : (5EC— —)\UA>. £
h? 2 D .0.6-
(25) 1 1 1 1 1
0 1 2 3 4 5 6
For the antiparalle(AP) magnetization, i.e. rﬁRz —rﬁL kR/ko

=(0,0-1), the transmission probab|I|t|e'§A are also FG. 2 7 . . . ductangd@ )
. 2. Zero temperature magnetoconductangea), spin-
glven by Egs. (22)-(24) with the repIacementhT ! transmission probabilityb), and normalized spin currents), as a

AP_ TAP
_’kFl I respectively. Itis clear thdt T by symmetry ction of the Rashba spin-orbit wave veciqgy/k, for a F/S/IF
as no external magnetic fields are conS|dered For the case &{]ucture withl ;= 1.0 um. For the ferromagnets the Fermi wave

£,(0)=£,(1)=0, that is, with nod Schottky barriers, \actors were chosenkg, =1.05¢1CF cm ! and kg, =0.44

ULR=0, the transmission probabilities reducé®to x 108 cm™ L. The effective masses were set itgf =m, and m*
=0.036n, for InAs. The exchange splitting energy in the ferromag-
. ApPKE KB (K2 K2 )2 nets has been set fo=(#2/2mf ) (k? —k2,), with a band structure
T,=— S (26)  mismatch of E.=2.0 eV. Note that akg=1.5, there is maxi-
Kg, + K -2k, Ko COS{(k T+ k|:¢)' s] mum in % (&) while a zero electron spin-injection is attained at this

value ofkg, see(b) and(c). This behavior is exactly the opposite of
with the definitionsc, = (K= wkE,)(Ks* ukE,), whereas  what is expected ify is interpreted semiclassically. Due to quantum

TAp is similarly obtained as we have argued above for thénterference a quantum spin-valve effect appears, in contradiction

case ofu5'R+#0. The spin conductances at zero temperature Jith the classical intuition.

are then calculated within the Landauer formalism of ballis- V. RESULTS AND DISCUSSION

tic transport® whereGPAP= (e?/h)= , TY/AP . From this, the

magnetoconductance is then determined using E¢G).
We remark that because we assumed that transport is oc- We first present the ballistic quantum-mechanical results

curing in the ballistic linear response regime, calculatyjg  of the spin-transport properties in the absence of Schaitky

is exactly equivalent to evaluatinyT for the two magneti-  barriers at the interfaces of & S/F structure at zero tem-

zations P,AP). We can thus, in a independent way deter-perature in the next subsection the case with finite tempera-

A. Results at zero-temperature and without Schottky barriers

mine the spin currents from the continuity equatféfi’*®  ture and Schottky barriers will be considered. Figute) 2
which leads to shows the normalized change in conductajroegnetocon-
ductance %, as defined in Eq.(6)], plotted against

_ e [ LoV ¥t LBaR kr/Ko (ko=1X10° cm 1) for a F/S/F structure with a
J(XaaR):ﬁ X Tax 7 - YoV, semiconductor channel lengith=1.0 um (separation be-

27) tween the ferromagnetic contactst zero temperature. The
effective masses were set ngf =m, for the ferromagnetic
for the current density at the semiconductor region of ametals, andn} =0.036n, for the InAs-based semiconductor.
F/S/F heterojunction including the spin-orbit coupling. We For the ferromagnets the Fermi wave vectors were set to
proceed now to discuss the numerical results for the spink =1.05<10° cm™* and kg;=0.44x10° cm™* appropri-
transport properties in B/S/F heterojunction. ate for Fe. Note that the same values for the effective masses

214415-6
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as well as for the Fermi wave vectors at the ferromagnetic

SE, =2.35eV
[(=1.0um

contacts are maintained throughout the paper. The conduc 010 .
tion band structure mismatch between the ferromagnet anc ~ 0-051
semiconductor materials was set hereste.=2.0 eV. An = 0.00 4
oscillating behavior iny is seen as the Rashba spin-orbit ]
coupling strengthkg is varied. If we were to interprey '0'05'_
“semiclassically,” i.e., as an indicator of spin injection, the -0.10
maximum in » at kg=1.5, would signal that the largest

amount of electron spin injection is occurring at this paricu- ~ 1.0
lar value ofkg, Fig. 2@). However, Fig. Zo) shows exactly .% 0.9
the opposite, since at resonandg € 1.5<,) an equilibrium 0 1
condition of the spin transmissions is reaché’@’#Tf and % 08
TAP=T7"), henceno net spin current is expected to flow § 77
through the structure, despite the pronounced spin valve ef = 0.6 -
fect seen in Fig. @) at kgy=1.5%,. This is more clearly

shown in Fig. Zc) where we plot the normalized spin current 0.1
for the parallel and antiparallel orientations of the magnetic € 0.0 ]
moments of the ferromagnets. A null result is obtained for f'é 0.1 4
AjP'AP at kg=1.5k,, which is an equivalent way of saying 3 .gs.]
that no electron spin-injection is taking place. We call this £ 3]
phenomenon the quantum spin-vak@SV) effect® since, (% 1

unlike its familiar classical analog, a nonzefcignal can be
picked up in a spin-valve geometry whereas a zero net spir

-0.4

current is flowing through the heterostructure. Its origin is
inherently due to the coherent quantum interference nature o,

the spin transport. Observe that althougjf’AP=0, in Fig.
2(c) the quantity 27— ) #0 atkg=1.5, that is, condi-
tion (b3) of Sec. Il is clearly satisfied. Therefore this situa-
tion is consistent with Eq(10) which tells us that a finite
value for % should be expectedis seen in Fig.(@)], despite

FIG. 3. Magnetoconductance (a), spin-transmission probabil-
ity (b), and normalized spin-curreftt) at T=0, against the Rashba
spin-orbit wave vectokg/k, for a F/S/F structure with a band
structure mismatch ofE.=2.0 eV, the rest of the parameters are
as those in Fig. 2. The dashed horizontal linddnis to guide the

having no net spin current. We note in passing that conditiofgye- Notice thaty can change sign de:/k, is increased. A QSV

(bl) is always fulfilled in thekg range shown in Fig. 2 with
the sole exception diz= 1.5, where condition(b) is satis-
fied instead.

The converse effect can also arise, that is, hawjrg0
with a finite electron spin-current flowing in the structure,

effect is seen atg=1.8K,, similar to that observed in Fig. 2. How-
ever, here the converse effect also occurs. That is, whengver
=0, we haveAj"#0 (c), which physically means that a finite
spin-injection is occurring, contrary again to the semiclassical
theory of spin-valve behavior.

see Fig. 3. Here we have set the conduction band mismatch |, Fig. 4 we plot the zero-temperature spin-transmission
6E;=2.35 eV, while the rest of the parameters are the samggpapilities as a function of the spin-orbit strendg/k,

as in Fig. 2. Apart from the occurrence of a QSV effect aty, wvo different semiconductor channel

kr=1.8Kg, notice that the sign ofy changes repeatedly &g
is varied. For instance, &k=2.9%, the magnetoconductance
7 vanishes, Fig. @&). Therefore, a null spin injection would

lengthks;

=0.1 um and 1.0um in aF/S/F structure. A wide range of

the Rashba spin-orbit strength has been chosen here to better
show the strong oscillatory behavior induced by quantum

be expected, in the standard semiclassical picture. Howeveperference akq/k, is tuned. For comparison, the semiclas-

at the same value df in Fig. 3(b), there is an imbalance of
the spin-transmission probabilities sind& # T{ although
due to symmetryTt"=T}" always applies. In other words,
AjP+#0 at that value of Rashba spin-orbit strength, as
seen in Fig. &), which physically means that a net spin

sical ballistic results for the spin-transmission probabilities
[Egs.(4) and(7)] have been plotted as welliotted curves
Notice that the semiclassical curves describe the envelopes
of the coherent quantum case very well. Clearly the former
do not ever cross, in contrast with the behavior shown in the

current is in fact flowing when the ferromagnets have paralcoherent quantum regime case. From these plots it is clear

lel magnetization. Notice that the curves fdj” and 2(%°
—jf) cross each other at this precise valukgfFig. 3(c)],
which in turns yields the vanishing af for such a spin-orbit
strength, fully consistent with Eq10) and condition(a2) of

that a QSV effect appears each time a maximal vaIuTéf’of
(resonancgis reached akg/k, is swept.

It should be emphasized that the prediction that quantum
coherent spin-valve systems may exhibit an unexpected

Sec. Ill. Thus we find that in the coherent quantum regimegquantum spin-valve effect doesot rely at all on the
finite spin-injection can occur for the parallel configuration semiconductor-specific Rashba spin-orbit coupling that we

of ferromagnetic electrodes despigebeing zero, contrary to
semiclassical intuition.

include in our model Hamiltonian, but is a general conse-
quence of quantum interference. This is demonstrated in Fig.

214415-7
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FIG. 5. Length dependence of the magnetoconductanc¢a),
) o » . spin-transmission probabilitgh), and normalized spin-curreiic),
FIG. 4. Spin-transmission probability versus the Rashba sping, 5 F/5/F double junction with a band structure mismatch of
orbit wave vectokg for two different separation length of the fer- se _5 35 o and zero Rashba couplingsE0) in the semicon-
C . 1
romagnet electrodel=0.1.m (a) andls=1.0 um (b), at zero g ,ctor region at zero temperature. The dashed horizontal line drawn
temperature. The rest of the simulation parameters are as in Fig. i, (a) at =0 is to guide the eye. These plots show that the origin

The full quantum treatment for the spin-transport properties givegy the sV effect does not rely on the Rashba spin-orbit coupling
strong oscillatory features, induced by both the multiple scatterlnq:hosen‘ but it is due to the coherent quantum interference in the
at the boundaries and the tuningkip. The semiclassical results for £,g/F structure.

each spin-transmission probability have been plotted for compari-
son(dotted lines.

Rashba spin-orbit couplingkg=0), as shown in Fig. 6.
5 where the length dependences of the relevant spinHere we consider a semiconductor channel of length
transport parameters are depicted kark,=0. The overall 1 wm. To study this dependence we parametkizaccord-
behavior of 7, the spin-transmission probabilities, and for jng 1o the two-dimensional2D) expressiomn,= K2/27 for

the normalized spin-current resemble those studied in Fig. 3,4 alectron density in the absence of Rashba spin-orbit cou-
for a fixed channel length. For instance, in Figa)sat each s

given maximum iny, there is a pronounced spin-valve fea- pling, whereks=k., is the degenerate Fermi wave vector in

ture, not because of an imbalan@s would be nedeed semi- the s_em|conduct0r region. N(_)tlce that increasing the carrier
. . p p density at the Fermi energy is equivalent to decreasing the
classically betweenj; andj, but because the full coherent . . )
. . p magnitude of conduction band mismatéE., see Eq(24).
guantum treatment of spin-transport a||0Wij(*jL)¢0 . . -

. . The quantum interference that tunesis exhibited clearly
[Fig. Sc)] at the relevant values 6{. This phenomenon, as here which produces a strongly oscillatory pattern. Observe
before, is inherently a quantum spin-valve efféotit now h I b 01 for th ng | y pd o
length dependejsince it is maximal where the spin injec- that avr\l/ays|77|< 1 for the \a" € egtl:troq Iensn)ll range
tion vanishes, whereas semi-classical reasoning predicts thiifoWn here. For comparison the semiclassical r¢galt(8)]
there should be no spin-valve effect whenever no spin injec'S @S0 plotted, showing a rather smooth but not monotonic
tion is taking place. We also observe that a finite spin-Pe€havior.
injection can occur at certain valueslgiwhenever a change
of sign of the magnetoconductangeoccurs[Fig. 5a)], i.e.,

even thoughy can be identically equal to zero at those val- B. Finite-temperature re_sults with Schottky barriers
ues, which coincide withAj?=2(j#"—j)#0 as stated in at the interfaces
condition (a2 of Sec. Ill. The QSV effect described above is predicted to occur at

We have also studied the zero-temperature carrier densitgero temperature and in the absence of potential barriers at
dependence of the magnetoconductande the absence of the interfaces of &/S/F heterojunction. We shall now focus

214415-8
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3E, (eV) 2

GP/AP(T Kk )_ i
2.45 240 235 2.30 225 220 2.15 o ' BR) T h

of
P/IAP _7b
J To <Eg>< &Ea)dEa.

0.15
] coherent quantum regime with fp={exdE,—Ep)/kgT]+1} ! the equilibrium Fermi-
0.10- / Dirac function distribution at the temperatule with the
Fermi energyeg= Eg(k'gg), such that the splitting energy of
the spin subbands at the ferromagnetic metals is set to

= (h%2mf) (kg —k#;). We proceed now to discuss the nu-
merical results for the spin-transport properties if/&/F
heterojunction at finite temperatures.

In Fig. 7(a) we plot the thermally averaged spin-
semi-classical regime transmission probabilities inB/S/F double interface versus
kr/kq for both magnetization configurations of the ferromag-
netic layers(parallel and antiparallglat the temperature of
— T=2.5 K. The rest of the parameters are the same as in Fig.

0 10 20 30 40 50 2. We observe that even at such low temperatures, the effect
n, (10%cm?) on the spin-transmission probabilities is quite significant.
The feature found akgr~ 1.5, whenT=0 K (see Fig. 2

FIG. 6. Magnetoconductancgas a function of the carrier den- changes qualitatively at such temperaturés-@.5 K) since
sity ng at the semiconductor layer fog=0.1 um in the absence of TqutTf, so thatAjP#0 for all kg/kg, that is, spin injection
Rashba spin-orbit coupling, and at zero temperature. A rather stronghat was prevented by quantum interference at zero tempera-
oscillatory characteristic is developedragsis varied. Clearly inthe  ture is now allowed. Therefore the QSV effect evolves to-
quantum regime, the magnetoconductamcean change of sign at \ards the standard semiclassical spin-valve behavior as tem-
very low carrier densities, in contrast with in the semiclassical  perature is turned on. Plots of the normalized spin current for
regime, which for comparison has been plotted as veellid thick  seyeral temperatures show this very sensitive dependence of
line). Notice that decreasing the electron density is equivalent ofyq signature of the QSV effect on the temperature, Rig). 7
increasing the magnitude of the band structure mismatch energy is clear that the minimum dejP| smears out very rapidly
O with temperature; thus the distinctive signature of the quan-

tum spin-valve phenomenon is suppressed already at very
on the temperature and Schottlésbarrier dependence of low temperatures. Similar features are observed if we in-
such QSV phenomena. We begin by discussing the effects affease the conduction band mismatchdE.=2.35 eV, as is

0.05

0.00 4

-0.05

-0.10

temperature. shown in Figs. {c) and 7d). We have also plotted the de-
We obtain the finite temperature spin conductances in thpendence on the relevant spin-transport properties against the
Landauer linear response regime through the formula semiconductor lengtliFig. 8 at a higher temperatureT(
1.0 L1.0
c
o 08 L0.8
7]
1) FIG. 7. Spin-transmission and
g 0.6 | =1um 0.6 spin-current plots again&k /k, at
c $ finite temperature for two band
S 044 0 =235V 0.4 structure mismatch energies 2.0
= T=25K : .'
and 2.35 eV, respectively. The dis-
0.2 (e) 0.2 tinctive signature of the quantum
' ' ' ' ' ' ' ' ' ' spin-valve(QSV) effect observed
at T=0 (Fig. 1) is clearly de-
e 0.0 graded at the temperatures consid-
T -0.14 ered hereT=2.5 K [(a) and (c)]
= 02 since T and T¥ are pushed apart
S 7] by thermal smearing, vyielding
E -0.3- AjP#0. In plots (b) and (d) the
3 0.4 temperature smearing effect on
c ) the spin current is shown for dif-
;Q-) -0.54 ferent temperatures.

-0.6
0
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FIG. 8. Finite-temperature length dependence of the magneto-
conductancey (a), spin-transmission probabilitgh), and normal- FIG. 9. Semiconductor Fermi energy behavior of the magneto-
ized spin currentc) for aF/S/F double junction with a band struc- conductance(@) and spin-transmission probabilities for F/S/F
ture mismatch ofSE.=2.35 eV, and zero Rashba couplingg( junction with als=0.1 um without Rashba couplingkg=0) at
=0). The dashed horizontal line i@ at =0 is for guiding the ~ Z€ro temperature. Ite) the semiclassical result has been also plot-
eye. As observed in Fig. 7, the QSV effect is suppressed by temf€d for comparison with the quantum reginie) Notice that the
perature. However, the quantum coherent phenomenon of havin@ergy spacing between resonanddés>KgT at T=25 K.

Z;eo for nonvanishing spin current it is not affected by tempera’however, that at this high temperature it is very likely that

' the presence of effects such the inelastic scattering and phase

breaking will destroy the coherent quantum interference, and

=25 K), where for clarity we have séz/ko=0. Notice  hence the quantum spin-valve effect.
that, although the temperature smearing suppresses the dis-In Fig. 10 we show the carrier density dependence of the
tinctive QSV behavior, Sincéjpio at the maximal values spin-transport parameters for &/S/F junction of I
of 7, remarkably, however, the converse effect is not de-=0.1 um, in the absence of Schottky barriers for two dif-
graded at all. We find that in the oscillatory behavior of theferent temperature§=0 K andT=25 K, respectively. The
magnetoconductancg with I, a vanishing value ofy is  Rashba spin-orbit strength has been set to zero here. The
reached always that corresponds 49”=2(j1"—jF) [see  Fabry-Perot-like interference pattern of the spin transmission
spin-current plots in Fig. @)], despite the relatively high probabilities caused by the multiple scattering at the inter-
temperature. That is, even though we have a net spin polafaces is shown clearly here for a wide carrier density inter-
ized current injected into the structure, it is still possible toval. The strong oscillations of the spin-transmission are
have(measurga zero signal in the magnetoconductance manifested in a modulation of the magnetoconductance.
We notice that in fact, the latter effect persists regardless oEven though the curves foj look qualitatively very similar
what the temperature of the system is. We observe also thathen we compare the case with=0 and case witif =25
the amplitudes of all of the oscillations in the plots of Fig. 8 K, the smearing effect results |m(T=25)|<|»(T=0)|, in
(T=25 K) are very similar to those in Fig. 5 far=0 K. general. Notice that the sharp peaks in the transmission prob-
The physical reason for this is that the energy spadiiy  abilities are affected the most by temperature, Figéa)ldnd
between resonances of the spin-transmission probabilitg0(c). We point out that the signature of the QSV effect is
plots against Fermi enerdgee Fig. 9, are much greater than strongly suppressed here by the temperafacenpare Figs.
KgT at T=25 K. The energy spacin§E ranges from 0.01 10(a),10(b) with Figs. 1dc),10(d)]. However, the quantum
to 0.04 eV for the relevant Fermi energy interval shown herenterference effect of having a vanishimgwith a finite spin-
at zero temperature. Therefore it is expected that even at thiurrent polarization is not affected at all by the temperature,
relatively high temperaturel(=25 K) the thermal smearing as is seen also in Fig. 8.
will be rather weak, as observed in Fig. 8. It should be noted, Finally, we consider the case with-potential Schottky
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1.0+
c .
S 0.8 g
8 08 £
E 04 3
& 02 £
= %) FIG. 10. Carrier density de-
0.0 pendence of the magnetoconduc-
02 tance », spin transmission prob-
ability, and normalized spin-
1.0 current aff=0 andT=25 K for a
c L F/S/IF junction of 1;=0.1 um
o 084 = andkr=0. The effect of suppres-
% 0.6 o sion of the QSV signature by the
= = temperature is clearly shown here.
£ 04 3
2 ]
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. r T v r T r T r r r r T -0.6
5 10 15 20 256 30 35 40 5 10 15 20 25 30 35 40
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barriers at the interfaces of &/ S/F double junction struc- the finite Uy causesy to oscillate in its magnitudé¢Figs.

ture. In Fig. 11 the magnetoconductangeand the spin 11(@ and 11c)]. It is noteworthy that the QSV effect is also
transmission are depicted versus the Rashba spin-orbiound here af=0 K. Notice thatT?’leP atkg=3.8y and
strengthkr/k, for T=0, and T=2.5 K with symmetrical kr=4.1k, [Fig. 11(b)], whereasy>0 at those values dfy.
S-potential (Schottky barriers of heightJ,. In the absence However temperature suppresses the QSV effect since the
of Rashba couplingkz=0) we notice that as a result of the curves forT? and TT do not cross each other in thkg/kq
introduction of thes barriers at the interfaces; suffers a interval shown here wheli=2.5 K, Fig. 11d). Notice also
modest enhancement as the heightlgf is increased and that the Schottky barriers have a rather strong effect on the
Uo>A. For finite values of the Rashba spin-orbit strengthspin-transmission probabilities but not en Figs. 11b) and

....... U =0eV
0.14]T=0K —U-2ev 1.0
A=3.46eV —u,-3eV c
0.124 —U =4eV L0.8 & FIG. 11. Magnetoconductance
0.10 5 g and spin-transmission plots as a
= 0.08—<_ ; 06 = function of ke /k at T=0 K and
0.06. 0.4 n T=2.5 K for F/S/F double junc-
' * e tion with &-Schottky barriers at
: ©
0.04 R _0_2|‘_‘ the interfaces. Here we sdfi
0.024 @ SE'.: '2'3‘;’\‘,‘ ©) TF =1 um andSE,=2.0 eV. Atkg
0.00 e T 0.0 =0 a small but significant en-
0.16 hancement iny is observed to oc-
0'14 T=25K = U,=0eV 1.0 cur as the tunneb-Schottky barri-
"Tla=346¢eV :3T§Z¥ c ers Uy>A) are increased in
o 0.8 -2 height(a) and (b). At finite kg, 7
A 0 is modulated fokg>2k,. In con-
o 0.6 g strast, the effect of the Schottky
04 S barriers at the interfaces on the
’ IC—E spin-transmission probabilities is
0.2 rather strong(b) and (d). Notice
that the QSV effect is also de-
0.0 stroyed here by temperatutd).
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11(d). Narrowed peaks in the spin-transmission plots are obt still requires quantum interference and so will be destroyed
tained when the potential barriers at the interfaces are inby inelastic phonon scattering at higher temperatures. The
cluded. presence of tunned Schottky barriers at the interfaces was
found to enhance the spin injection efficiencies only slightly
VI. SUMMARY AND CONCLUSIONS contrary to the case of diffusive conductors where tunnel
_ o barriers can enhance spin-injection more dramaticaft.

We have presented a systematic study of the ballistic elec- Moreover, the QSV effect remains in the presence of po-
tron spin-transport properties and of the spin-valve phenoMganiial barriers at the interfaces at zero temperature, since its
ena in ferromagnetic metal/semiconductor/ferromagnetigyigin is due to the multiple scattering at the boundaries. The
metal structures in the coherent quantum regime of transporgsfect disappears, however, as the temperature is increased.
We have investigated in detail the correlation between elec- |, conclusion, we have shown that in the quantum regime
tron spin-injection and spin-valve behaviors. We demon-u transport a comparison of the conductances of a hetero-
strated that in the coherent quantum regime the r9|at'°”5h'§_tructure with parallel and antiparallel magnetizations of
between spin transport and conductance measurements i gnetic contacts can no longer be regarded as an unequivo-
qualitatively dlf_“ferent th:_:m in the semiclassical regime thqtca| indicator as to whether or not spin injection is taking
has been studied experimentally to date. We havg shqwn iN&ace: it should be supplemented by other probes in studies
transparent way that quantum coherence can give rise t0 & coherent spin injection. These surprising conclusions do
quantum spin-valveQSV) effect that occurs even in the ab- ot rely on the semiconductor-specific Rashba spin-orbit
sence of a net spin current flowing through the heterostruceoypling that we include in our model Hamiltonian, but are
ture. We also demonstrated that in the coherent quantum reraneral consequences of quantum interference, although
gime, the converse QSV effect can arise, that is, finite spifemperature can degrade the effect. These effects should be
injection is indeed possible for the parallel configuration ofizken into consideration in interpreting spin-injection experi-

ferromagnetic contacts, despite having a zero signal of thg,ents with spin-valve geometries in the quantum regime of
magnetoconductancg, contrary to semiclassical intuition. trangport.

The effects of Rashba spin-orbit coupling, interface Schottky

barriers and temperature on the QSV and its converse effect

were investigated systematically. We found that the distinc- ACKNOWLEDGMENTS
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