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Ballistic spin injection and detection in FgsemiconductofFe junctions

Phivos Mavropoulos, Olaf Wunnicke, and Peter H. Dederichs
Institut fir Festkaperforschung, Forschungszentrumlidh, D-52425 Jlich, Germany
(Received 22 March 2002; published 10 July 2002

We presentb initio calculations of the spin-dependent electronic transport in Fe/GaAs/Fe and Fe/ZnSe/Fe
(001 junctions simulating the situation of a spin-injection experiment. We follow a ballistic Landatigkesu
approach for the calculation of the spin-dependent dc conductance in the linear-response regime, in the limit of
zero temperature. We show that the bulk band structure of the leads and of the semiconductor, and even more
the electronic structure of a clean and abrupt interface, are responsible for a current polarization and a mag-
netoresistance ratio of almost the ideal 100%, if the transport is ballistic. In particular, we study the significance
of the transmission resonances caused by the presence of two interfaces.
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. INTRODUCTION tions, there has been the observation of Gruililgrat a
ballistic transistor would allow for a higher current polariza-

The controlled spin-dependent electronic transportion than a diffusive one, and that this should be realizable if
through magnetic/nonmagnetic heterostructures is a central two-dimensional electron gas was used. Already, simple
issue in the rising field of spin electronit4.n some cases, model calculationé®-?’based on a free-electron approach of
such as spin valves or giant magnetoresistance devices, thige electronic structure of the leads, have shown that ballistic
basic-science discoveries have led to technological applicdransport can give spin injection efficiencies of a few percent.
tions within less than a decade. In other cases, however, aluch more is seen, though, when one takes into account the
e.g., spin injection into the conduction band of semiconducfull band structure of the FM material and the self-consistent
tors (SC), much remains yet to be understood and achievecdelectronic structure of the interface. Indeed, as first proposed
experimentally and theoretically. by Kirczenow?® one can have ideal spin filters if the FM

The interest in spin injection from a ferromagnetfM) Fermi surface of only the one spin direction, when projected
material into a semiconductor has been largely motivated bjo the plane of the interface, has no states in the part of the
the proposed, but not yet achieved, spin field-effect transistdwo-dimensional Brillouin zone where the conduction band
of Datta and Das.There have been many tries, with increas-starts, so that there is no propagation into the SC from this
ing success, to demonstrate that such a device is fedsifle. spin channel. This “selection rule” unfortunately does not
It has been already shoftfithat electrons in the conduction apply in certain interesting systems such as Fe/GaAs or Fe/
band of semiconductors can travel long distances withouZnSe. Nevertheless, as shown by Wunniekal.?* in these
losing memory of their spin. In parallel, many attempts tosystems the interface reflectance is so much different for the
achieve spin-polarized currents have been made. The use ©fo spin directions that one gets spin injection ratios as high
magnetic semiconductors as leads of the junéiiBmould  as 99% in amab initio ballistic calculation. Apart from the
be a possibility, but they have the drawback of low Curietheoretical efforts, there are some very encouraging recent
temperature, and thus would not be applicable at roomexperiments giving already a considerable current
temperature. On the other hand, the attempts to use metallolarization**
ferromagnetic contacts were at first nonpromising. Efforts to In the current paper we preseal initio calculations of
use InAs-based contatts'?due to their useful properties of ballistic spin-dependent transport in Fe/GaAs/Fe and Fe/
an abrupt interface and an ohmic transition have resulted iZnSe/Fe trilayer heterostructures grown epitaxially in the
very low current polarization, which might sometimes even{001) direction emulating a spin-valve geometry. In this way
be attributed to stray-field Hall or magnetoresistancewe extend the work of Wunnicket al** to include spin
effects’® Several theoretical approaches based on the spiimjectionanddetection. We show that the presence of the two
diffusion or the Boltzmann equation have shed light on thespin-filtering interfaces increases the current polarization
behavior of such systen&-'°Recently Schmidet al}” re-  even closer to the ideal 100%, and we also calculate the high
vealed a basic obstacle for succesful spin injection, namelgnagnetoresistance ratios of these structures, which is also
the conductivity mismatch between the FM and the SC, reapproaching the ideal 100%. We observe interesting interfer-
sulting in too low current polarization unless the FM contactence effects due to the presence of two interfaces, and give
is almost 100% spin polarized. Their conclusion holds in thean aspect of the whole problem that brings it in close con-
diffusive regime, when one can use a resistor model for th@ection with the theory of magnetic tunnel junctions as it is
FM/SC/FM heterostructure. To overcome this fundamentatlescribed in Refs. 25 and 26. Our results thus stress that
difficulty, Rashba® and Fert and Jaffet® have proposed that epitaxial junctions operating as close as possible to the bal-
the FM and SC parts should be separated by a tunneliniistic regime can form almost ideal spin filters and can ex-
spin-polarizing slab, the high resistance of which would bal-hibit extremely high magnetoresistance ratios.
ance the drawback of the conductivity mismatch of a direct The paper is organized as follows. In Sec. Il we present
contact. In parallel, and independently from these suggedhe basic formulas of ouab initio approach. In Sec. Il we
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describe the junctions to be calculated and the approxima- G(Ri+x, 1R +x,+r")
tions made. The role of the symmetry of the wave functions
in transport through Fe/SC/Fe junctions is explained in Sec. 1 o1 kil —
. . . = —- d klel H(XV Xy')
IV. Sections V and VI contain the results for the current spin 47?Sqp, ) sBZ |

polarization and a discussion of interesting interference reso-
nance effects, while Sec. VIl is devoted to the case of anti-

parallel orientation of the leads and the magnetoresistance
properties. Finally, we discuss the limitations of our ap-
proach and conclude with a summary in Sec. VIILI.

X 2 RUNG L (K SE)RL(1), )
LL’
wherey, andy, are in-plane lattice vectorg; is the inter-
layer lattice vector, SBZ is the surface Brillouin zone of the
system, andSgg; its area. In this equation each layeris
assumed to have a unique atom type, hence only the index
suffices to characterize the local wave function. In the case
of more inequivalent atoms per layer, an extra index is intro-
Our calculations are based on density-functional theory iffuced to account for the propagation between different kinds
the local spin density approximatichDA). We employ the ©f atoms. Moreover, in the case of ferromagnetism, the
screened  Korringa-Kohn-Rostoker ~ Green's functionGreen’s function is different for each spin directior= 1 or

method’ to calculate the electronic structure of the systems.l' For th lculati f th q i i
In this multiple-scattering approach, the one-electron re- I tr?rF ]? ca CtF' ation % tj(.a con tuptagc_e It?\ wgar re's;;onse
tarded Green’s function at enerdy is written in terms of all the information needed 1S contained In the Lreen s func-

local wave function&'(r) andH'(r) [regular and irregular tion. In the Landauer-Btiker approacli®3!which identifies
Wave IUNCHonss it Ly gu nairregu the ballistic conductancg with the transmission probability
solutions of the single-site Schiimger equation, respec-

. . , of the conducting channels, one has
tively, characterized by the angular momentum index

Il. METHOD OF CALCULATION

=(l,m)], centered at lattice siteR, andR,,, as e? ,
B 9=5— > > T(kj.uu' o), 3
2Th GX| ot
_ | v relating the transmission probability per channel to the
G(Ry+r,Ry+r1")=—i \/E; RL(T<H{ (r=) énne conductancey. Here each channel is characterized by the

band indexu, thek vector, and the spior of the incoming
, , electrons, and similarly by the primed indices for the outgo-
+2 RANDGI(E)R',(r'), (1) ing electrons, both having the same Fermi endgy Con-
L servation of spin due to assumed absence of spin-orbit scat-
tering, and ofk; due to two-dimensiona{2D) periodicity,
, nn’ ) , have allowed us to omit the summation owérandkH’ in the
with G, ,(E) the so-called structural Green's function de- , 145ing electron channels. We follow here the formalism of
scribing the intersite propagatiom.. andr. are, respec- Baranger and Storig,relatingg to the spatial derivative of
tively, the shorter and longer ofandr’, and atomic units the Green’s function connecting a cross-sectional plane in
have been usedeE —+2, =1, m=1/2). The structural the left lead(L) to one in the right leadR). It is assumed
Green's function is related in turn to the known Green'sthat these planes lie in the asymptotic regime, where inter-
function of a reference system via an algebraic Dyson equdace perturbations and evanescent interface states are no
tion. For more details on this we refer the reader to Refs. 28onger present. The formula for tike-projected conductance
and 29. g(k,o) per two-dimensional unit cell surface area and spin
The systems consist of two half-infinitée) leads, as- o reads

sumed to have perfect periodicity otherwise. Sandwiched be-
tween these leads is an “interaction” region where a differ-
ent material(SC) can be placed and where the scattering of
the Bloch waves takes place. The interaction region and the R
two leads have common in-plane Bravais vectors, i.e., in- X 3,0, Go(r,r" ;K ;Ef), (4)
plane §-y) periodicity (perpendicular to the growth direc- ©~
tion). If needed, largefnonprimitive) two-dimensional unit where the symbob, stands for
cells are taken to match the lattice constants of the materials. <
The two-dimensional periodicity of the layered systems al- f(r)a,g(r)="1(r)a,g(r)—[3,f(r)]g(r). )
lows to Fourier transform the Green’s function in thandy  The conductance is evaluated only at the Fermi lewgel
directions, obtaining a two-dimensional Bloch vectky  since we are at the limit of zero temperature. The complex
= (K« ,ky) as a good quantum number, and retaining an indexonjugation in the last term of E¢4) comes from conver-
i to characterize the layer in the direction of growthiThe  sion of the advanced Green'’s function to the retarded one by
Green’s function connecting the layer the left lead and  conjugation and exchange ofandr’. G(r,r';k) is given
i” in the right lead is then written by the two-dimensional Fourier transform of E@). By vir-

1
g(k’a):_FJ dzrf d?r' G (r,r';k;;Ep)
w3 L R
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tue of the Fourier transformation, the integration in E.is  the SC part results only in a slight mismatch of less than 2%,
not performed over the whole lead cross-sectional area, buhe experimental lattice constants being 5.654 A for GaAs
only over a two-dimensional unit cell. The total conductanceand 5.670 A for ZnSe. In all cases, Zn termination of the
per two-dimensional unit cell surface area for each spirZnSe spacer and Ga termination of the GaAs spacer was
channel is then considered. As shown in Ref. 24, the spin polarization of the
current through the single interface for the other terminations
5 (Se and Asis also extremely high, and from the analysis of
95= LBZd kjg(ky, o). (6)  Secs. V-VII it follows that the two-interface junctions for
those terminations will have qualitatively the same properties

Current conservation guarantees that the result is indepe@s the ones studied here. The two plabesdR used for the
dent of the position of the cross-sectional planes of integralnteégration were 6 ML away from the interfaces in the Fe
tion, as long as they are chosen in the asymptotic regiorf€9ion, where the asymptotic regime is assumed to have been
Details about the evaluation of the conductance will be giverféached. Variation of this distance causes insignificant
elsewherés changes in the results.

The formula we use for the conductance has been proven In @ system as the ones we are considering, the Fermi
to be equivalent to the Landauerifiker formula®® The level will be naturally determined by the infinitely long Fe
conductance we calculate is then fully ballistic; diffuse scatlads. But in the spacer material, two or three monolayers
tering is assumed to be absent. Our approach also ignorédter the interface, the potentials and the charge density must
spin-orbit scattering and any spin-flip events. We must alsde almost bulklike. For this reason, the potentials of the inner
note that the semiconductor band gaps are known to be u@ioms of the spacer will be automatically adjusted to the Fe
derestimated in the LDA by a factor of about 50%. This canFermi level by a constant shift that is the result of the inter-
have some quantitative significance, but the trends of ouface dipole layer. The self-consistent calculation of the po-
results are expected to remain unaltered even if we choose gntial close to the interface is then essential. _
enlarge the gap artificially. Since we want to inject electrons into the SC conduction

In the calculations, the atomic sphere approximation foPand, we must emulate in some way a gate voltage, or en-
the potentials is used, i.e., they are assumed to be spherica®f9y shift, acting on the SC potentials in order to lower the
symmetric around each atomic site and to occupy an atomigonduction-band minimum slightly under the Fermi level.
volume; on the other hand, the full charge density, ratheff his artificial shift is different than the one just mentioned
than its spherically symmetric part, is taken into account@bove, and it enters as a parameter in our calculations. We
Moreover, we treat the systems nonrelativistically. An angu-avoid disturbing the interface electronic structure, which is
lar momentum cutoff of .., =2 has been taken for the wave Strongly influenced by the metal-induced gap states, and pro-

. < na . 4 : -
functions and Green’s funcions in the self-consistency proceed as follows? The first two SC monolayers adjacent to
cedure. the interface are kept as calculated by a self-consistent cal-

culation d a 9 ML thick SC slab sandwiched between infi-
nite Fe leads. The same applies also for the first neighboring
lll. THE SYSTEMS UNDER STUDY Fe MLs. Having saved the interface in this way, we take for

We study the spin-dependent transport through Fefhe rest of the SC spacéhird up to last-but-two ML the
GaAs/Fe and Fe/ZnSe/Fe junctions. The junctions are sugulklike potential that we find for the atoms in the middle of
posed to have grown epitaxially 4801 interfaces, and in this Fe/9 ML SC/Fe junction. This is justified, since it is
an ideal way so that the transition from one material to anknown that the potential stabilizes quickly as mentioned pre-
other is abrupt. Absence of interdiffusion and of disorder ar¢/iously. The emulation of the gate voltage is achieved by
assumed; in this way, we are dealing with a system grown i®PPlying to this potential an extra shift such that the
thez direction and being translationally invariant in thand ~ ¢onduction-band minimur, of this bulklike structure falls
y directions. The Fe leads are supposed to be infinite, whil§lightly under the Fermi levete of the whole structure,
the semiconductor thickness is varied from 41 to 97 mono-
layers (ML). In such thicknesses, the evanescent interface Er=Ec+Eo. v
states in the semiconductor are expected to have decayed tOThe arameteE. characterizing the assumed aate volt-
insignificance compared to the Bloch wave functions, so the € par di 0r lculati 9 h | g.
transport will be mediated through propagating states. age, is varied in our calculations over three values: 20 mRy,

Throughout the system, the experimental Fe lattice con-10 mRy, and 5 mRy272 meV, 136 meV, and 68 meV, re-

stant ofap,=2.871 A is used. Thus, all atoms sit on ideal spectively. In this way we are able to view the approach to

ositions of an underlying bcc lattice. In particular, in the SCsmaII values as a limiting procedure; as we shall see, these
P ying - NP ’ values are already in the limit of large spin polarization of

part, the z_mc—blt_ande structure can'be easHy_seen to fit o e current and magnetoresistance. Viewing the semiconduc-
such a lattice, with half of the bcc sites occupied by Zn an .
; .~ _tor part, the small values &, mean that the energy disper-
Se(or Ga and Ay atoms and the rest occupied by vacancies. . L .
) R . o ~sion relation is nearly parabolic,
Viewed in this way the consecutive positions of the atoms in
the cubic diagonal of the bcc lattice afén, Se, vacancy,
vacancy. The zinc-blende lattice constant is then twice the E(k)—E,= K2=

one of the bce. One can see that using&:,=5.742 Ain 2m* 2m*

(kf+K2), (8)
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wherem* = (9°E/9k?) 1 is the effective mass, and that the ZnSe GaAs

Fermi wave numbekr is very small, fe

9

Er—E.=Eqo= ! kzzi(k"#kz) 9 1
I - | TKz)- 0.
These relations are relevant in the semiconductors consid- Z 4
ered here because of their direct band gap atlthgoint. ;u. 0 #
Because is very small, we have a very small Fermi sphere 4

in the semiconductor. For this reason, very few chankels
will be able to conduct, namely, those close to the center of 01 -
the Brillouin zone with|kj|<kg. For the restk, becomes

imaginary and represents decaying wave functions. These
can give rise to a tunneling current, but for the larger spacer 55 ! 1
thicknesses they are small compared to the contribution from r A HT A Xr A X

the central part of the Brillouin zone. In any case they are FIG. 1. Energy bands of bulk Réeft) together with bulk ZnSe

always included in the calculation. (centej and bulk GaAs(right) along theA direction (,), corre-
sponding tol'-H in bcc (Fe) and tol'-X in fcc (zinc blendé. For
IV. THE IMPORTANCE OF SYMMETRY Fe, the black lines represent majority-spin states, and the gray lines

A ti din th di fi fi minority-spin states. The potentials of GaAs and ZnSe have been
S mentioned In the preceding Section, we are expec Ingppropriately shifted so that the Fermi level falls slightly in the

contributions to the current only frEm the central part of theconduction band. Each band is named by the corresponding irreduc-
(001 SBZ, i.e., fromk| close to thd” point. In view of this, ible representation of the point group; e.g., 1 meansiAtheepre-
we will examine the expected behavior for states exactly agentation, 2 the A,,, etc. For the notation see, e.g., Ref. 34. Note
k=0, and argue, and show in fact in the calculations, that byhat thek, axes at the semiconductor plots should actually be half
continuity the close-by states will behave similarly. the size shown, since the lattice constant is assumed double the one
To begin with, we must clarify that the two-dimensional of Fe. Backfolded bands due to the doubling of the Fe two-
unit cell and the SBZ are determined by the SC part, sincéimensional unit cell are unimportant and not shown.
one SC lattice constant is assumed to match exactly two Fe
lattice constants in our case. The states vtk 0 can be Each of them is named by the irreducible representation to
examined in a great extent through their symmetry properwhich it belongs* for rotations around thé axis (i.e., k,).
ties, since thez axis remains invariant under many point- For example, the state labeled “1” corresponds to thg
group operations. The single F801) surface is character- Which means that the states are invariant under all group
ized by the symmetry grou@,, , having eight operations: a operationgrotations around the axis); the label 2 refers to
fourfold rotation axis(here thez axi9) plus reflections over theA,: representation, being invariant under reflections from
the planes containing theaxis and thexy diagonal or an- the planes containing theaxis and either they diagonal or
tidiagonal. But the zinc-blend@®01) surface has the symme- antidiagonal. But we must note that for Fe the nomenclature
try group C,,, having four operationga twofold rotation  refers to theC,, group, while the symmetry group of the
axis plus the reflections over the diagonal and antidiago- Whole system as well as of the bulk semiconducto€js .
nal), and being a subgroup of the former. As a result, theTherefore we must use the compatibility relations between
combined Fe/SC interface is characterized by the g@oyp  the two groups, that show us which representation€ of
The idea now, in view the Landauer approach and(By. have nonzero projection in each representationCof .
is to investigate the incoming states at the Fermi level deeghese can be found, for instance, in Ref. 34. In our case we
in the Fe lead, as incoming channels, in order to see if theigee that, at the Fermi level, only one band exists in the semi-
symmetry properties allow them to couple to SC propagatingonductor(both for GaAs and ZnSeand it belongs to the
bulk states, and then see if these in turn are alloWmd representation;(C,,) (in parentheses we specify the point
symmetry to couple to the outgoing states that propagategroup to which the representation belopg#/ith this repre-
deep in the other Fe lead. The different character of the Fgentation, only the\;(C,,) andA,/(C,,) states of bulk Fe
states for majority and minority spin will give us in this way are compatible. This means that incident states of only these
hints about the spin polarization of the current. This procesymmetries can couple to the semiconductor conduction
dure can be used to propose theoretically ideal spin filtestates(or even to each other, near the interfaaad propa-
systems. But note that in this way we can only find whichgate into the SC spacer, while the regt,(C,,) and
channels are excluded from transmission by symmetry. Ads5(C,,), are totally reflected at the interface.
we shall see, some channels can be almost blocked for other Now, the energy bands of Fe are quite different for ma-
reasons, contributinfpy their absence from transmissjdn  jority vs minority electrons near the Fermi level, due to the
the spin injection effect. exchange splitting. AtEx the majority electrons have a
We can now turn our attention to Fig. 1, where the energy\,(C,,) state that can couple to the semiconductor, while
bands of Fe, ZnSe, and GaAs are drawnkipr k, =0 in the  this is absent for the minority-spin carriers. For these, on the
k, direction, which is the one of interest as discussed earlieother hand, a\,/(C,,) band exists that can do the job. We

5(3+4) | 5 (3+4)
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Fe/ZnSe/Fe periodicity of the whole system; henceforth these units will
Majority Minority (magnified) be implied but omitted for simplicity. The calculated values
;9OML 65ML 81 ML 97ML 49ML 65ML 81ML 97 ML of kg are given in the caption of Fig. 2.
10° ) 1102 DMo® 0® The first evident observation is that the conductance prac-
A J\'\ /\’\ AN A 20mRy tically vanishes fork|>kg, as expected. This effect shows

N§1 ' ' ' ' 02l L 10°l 10° up clearer for the thicker spacers. Thus we can see th&t, as
30/\ LA I\, A ) \ 10mRy rises and the Fermi sphere in the SC becomes larger, the
O — . - . T cutoff in conductance moves to higher valuespf exactly

1071 107107y 10 askg. As mentioned earlier, for larger values only evanes-
S G 555 T oo a5 00 o s o oo oY cent states can exist, giving rise to a very small tunneling
k, along T'-M (2/a) current that dies out as the spacer gets thicker. Nevertheless,
our calculations show that these states dominate the behavior
Fe/GaAs/Fe in the small thickness region.
Majority Minority (magnified) One can clearly see that the minority-spin conductance is
MOML 65ML BIML O7ML 49ML 65ML 81ML 97 ML lower by orders of magnitude than the majority counterpart.
\ J\ M N ys\ 1i3 Jm“ Jm" This is clearly the effect of the Fe minority, state not
R . . . . : 20mRy being able to couple well with the S&, state at the inter-

S 0% ot 1o Ly1o* face. The reason for this is that the, state consists locally
S AN \ /\ et k 10mRy of d,,-like site-centered orbitals. These point in plane and
P ' : ' P e are quite localized, so they cannot overlap very well with the

"\ 10 " SCA4(C,,) orbitals. Moreover, the S@,(C,,) band con-

\l 1 ! 1 1 ! . . .
% 0.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05 sists ofs-, p,-, andd,,-like states. The latter are in fact the

k, along T-M (2r/a) ones that do couple to th&,, minority band of Fe. But we
must note that suct,,-like SC states are not inherent to the
FIG. 2. Spin-dependent conductance for Fe/ZnS¢té® and  SC atoms, but rather induced as a distortion to the inherent
Fe/GaAs/Febottom junctions, as a function df, , for the parallel  sp SC orbitals by the neighboring atoms sitting in the tetra-
magnetic configuration of the leads. The majority-spin conductancgedral positions and giving a directional preference; in this
is illustrated in the left panels and the minority in the right. Severalgapnge they appear just as a correction when we use an

SC spacer thicknesses are considéd&iML to 97 ML), and gate . =
P \ ) ¢ angular-momentum basis. As we depart from theoint,

energy shifts oEy=5, 10, and 20 mRy. For the minority-spin case L . . :
a magnification from 19to 1¢f (see inset number$ias been used other Fe minority orbitalgthe continuations of thés and

to bring the graphs to the same scale. Kaevalues for ZnSe are A2 bands begin to couple slowly, so the transmission

0.038, 0.056, and 0.083, and for GaAs 0.021, 0.031, and 0.050 fdPcreases. _ o _
Eo=5, 10, and 20 mRy, respectively. In contrast, the\ ;(C,,) band present in the majority-spin

states consists locally af,2, as well ass- andp,-like atomic
orbitals; these, pointing partly into the SC and being more
extended, favor a better overlap and bonding with the SC
states. Thus the reflectance of the interface is by far stronger
for the minority-spin electrons, and a strongly polarized cur-
rent results.

The arguments presented here show that one needs a clean
and abrupt interface, so thiatis conserved. In the case lof
r)J{{olation due to diffuse scattering the effect of spin selection
will be reduced. Indeed, the totéle., k| integrated density
of states of Fe aEg is higher for the minority spin than for
éhe majority spin. On these grounds one would expect even a
negative current polarization, in similarity with Julliere’s
modef® for spin-dependent tunneling; this might be the case
if strong diffusive scattering intermixes the scattering

V. RESULTS FOR THE SPIN-DEPENDENT kj-channels in a completely random way. Thus it is the spe-
CONDUCTANCE cific selection rule imposed by the interface in the ballistic
. . regime that causes the strong positive current polarization.

The spin-dependent conductance as a functiokjdbr  \ve may also note that for other interfaces, suctild®) or
several spacer thicknesses is shown in Fig. 2 for GaAs and 1) the symmetry of the various incident states is different
ZnSe spacers, and for several energy sftis The wave  than in(001), and the selection rule might not be as strong;
vector k| has been taken along thie-X cubic direction,  an ap initio calculation is necessary in order to judge this.
which in the two-dimensional geometry correspondE M. Note that the same effect appears when one looks at tun-
It is most convenient to expreds; in units of 2m/agc  neling, rather than spin injection, in these structures. This is
=2m/(2age), since this corresponds to the two-dimensionaldemonstrated in Ref. 25, where the tunneling through the

note in passing that this absence 0f(C,,) is due to the
so-calleds-d hybridization gap that splits this band in two
and which happens to fall arourik for the minority-spin
states.

If the A,,(C,,) band were absent, or if it could not couple
to the A(C,,) band of the semiconductor, we would be
facing an ideal spin filter: only majority spin would be able
to propagate. Even in our case, however, we shall see th
almost ideal spin filtering will occur, because the two kinds
of states A;(C,,) andA,.(C,,), have very different trans-
mission probabilities through the interfaces such that th
A,/ (Cy4,) channels are nearly blocked.
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semiconductor is also confined to the states cIosIT‘a there, ¢1+ Ppo+2k,D=2n, (12

the majority Fe state of symmetty, couples much better at . :
. T . with n an integer.

the interface than the minority state of symmelry,, while For a given thicknesB, variation ofk; will cause varia-

both propagate with equal difficulty afterwards in the SC, as. 9 ' L

. ion of k,, and this will lead to these resonance
evident by the equal decay rate. In that case, of course, o enenomené? This is realized by combining Eq¢9) and

must consider the complex band structure of Znse in the gaCElZ), so that the multipeaked structure in Fig. 2 is explained.

region as the analytical continuation of the conduction ban o see what one expects qualitatively, we combine Béjs
of the same symmetry for the interpretation of the efféct, and(12) to get P q Y '

rather than the real conduction-band structure, but both tun-

ne!lng and spin injection can be viewed in this respect in a ZWD=2WH—(¢1+¢2) (13
unified way. [
as a resonance condition. For zinc-blende structures, vkhere
VI. INTERFACE REFLECTANCE varies between 0 and 1 in units ofn2agc, and agc
AND QUANTUM WELL STATES =4 ML in the (00]) direction, the condition relatds to the

. ) ] ] number of monolayersl,,_ ,
Another interesting feature is the multipeaked structure of

g(ky). This is an interference effect to the discussion of 2 _ 12 —on—
whigh we turn now. We start with the observation that the Ke~kiNu =20~ (da+ &2 (19
presence of two Fe/SC interfaces can give rise to interferenddaturally, ¢, and ¢, depend onk;. This formula can be
effects due to the coherent multiple reflection of the electronseen to give three resonances already Ngj, =100 and
between them. So, one expects resonances in the transmig-= 0.05(2r/agc).
sion, similarly to the case of a square barrier of finite length  Between the maxima there are minima Bf,=T2/(2
met by free electrons of energy higher than the baffier. —T)2. For low values off; the halfwidth of the resonance
More concretely, let us assume that the transmission throughecomes very small; this is reflected at the minority-spin
each Fe/SC interfacél or 2) has an amplitude; , and the  conductance where the resonances are much more narrow
reflectionr, ,. These contain the phase shitts ,, that the and peaked, with extremely low valued valleys between
wave function obtains for each reflection, plus a phase factothem, and thus thek) integrated contribution remains insig-
of €' for the wave propagation from side to side of the SCnificant compared to the majority one. These arguments also
slab of thicknes® leading to a phase ofk2D for a come demonstrate that the interference effects are in practice un-
and go. A resonance in transmission will be formed when-able to invert the injected current polarization, in contrast to
ever there is constructive interference after a number ofvhat has been predicted by recent model calculatidiige
comes and goes of the wave; i.e., one has to sum up thglso note that, foEr—Ec, T <k,* VEr—Ec.*? Then for a
series given spacer thicknes$,, goes to zero linearly a3y
«Er—E¢, while the first resonance appears for a thickness
Lot =Tatpttar ol g to+tyroryrofyto+ - - - D, increasing to infinity as 4Ef—Ec. In the model de-
1 scribed here, one can readily substitute the valued of
=t; . ) (10) from a single-interface calculatidff,and get the correct
1—[ry||rp|e'PePT #2742 trend?® Nevertheless, in the calculations we cannot observe a
) . . . o . perfect resonance of transmission one, because perfect coher-
in order to find the maxima in transmlsspn. If the two inter- ence is destroyed by a very small but nonzero imaginary part
faces are the same, as in Fe/SC/Fe with parallel magnetig e energy, numerically necessary for the calculation of
orientation of the leads, the single-interface probabiliigs e retarded Green's functidf.

of fransmission an®s =1-Ty; of reflection are equal for  Anqther aspect of the matter is this: at the resonance val-
the two interfacesthe Fe/SC interface is equally hard t0 65 ofk D we have also a formation of quantum well-like
cross in either directionand by squaring the previous equa- giates in the spacer. They are not bound, since the reflection

tion one finds the total transmission probability to be is not total: the “interactive” change in the integrated density
5 of states for each because of them, compared to the bulk
Tiot = [tiot] Fe, ig®°
- T 1 :
1+(1-Tg)2—2(1—T)cog 2K, D+ b1+ by) AN(E)= = —ImIn(1—|ry[[rp|€'®PT 91702 (15)
(11)

per spin direction. Whenever such a quantum well state is
where we have used the fact tHR§ =|t;t,| is valid in this  met, a resonance in the transmission probability is expected;
case; Eq.(11) is equivalent to the formula of Airy for a the largerr,||r,| is, the more peaked and localized in energy
Fabry-Perot interferometer. This function is clearly oscilla-is the change of the density of statd30S) and the trans-
tory in k,D, and it exhibits a maximum of,,,=1, i.e., a mission resonanc®.
resonance, whenever the condition for constructive interfer- Dual to the oscillations ofj in k space are oscillations in
ence is met, real space, when the spacer thicknBsis varied whilek| is
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Fe/ZnSe/Fe Fe / 97ML GaAs / Fe Majority
majority minority 1.07
0.8 E=E_+20mRy] 10_2, E=E +20mRyj
0-4‘\/\/\/\3‘ 107 i
0 1 1 1 1 1 10_6 1 1 1 1 1
= og} E=E_ +10mRy, 02t E=Ec+10mRy: -
N; L i -4f 1 o~
L 04 10 1 [
@ —of 1 o
| P A 10 AR 3
0.8t E=E_+5mRy 2 g
0.4r 1 10_4 g
(&)

()L S d o 407°
0 20 40 60 80100 0 20 40 60 80100

Semiconductor thickness (ML)

FIG. 3. Majority- (left) and minority-(right) spin conductance at
kj=0 as a function of the ZnSe spacer thickness. The oscillations of
period 2m/(2kg) are evident; the values ofi2 (2kg) are 24.1 ML,
35.7 ML, and 52.6 ML forEy=20, 10, and 5 mRYy, respectively.
The peaks are much more violent for the minority-spin caexte
the logarithmic scale therdecause of the greater confinement due

to stronger interface reflection. o . .
FIG. 5. Conductancek( resolved of majority-spin electrons, in

the case of a Fe/ 97 ML GaAs /Fe junction. ToRs=E,
+20 mRy, ke=0.050; middle, Er=E.+10 mRy, kg=0.031;
_bottom, Ep=E.+5 mRy, ke=0.021. Thek; axes are along the
I'-M directions.

kept constant. As can be read out from ER), one expects
a thickness period of 2/(2k,), which for k;=0 becomes
27/ (2kg). Indeed, in Figs. 3 and 4 we can see this oscilla
tory effect on the majority-spin conductangeft panels for

both ZnSe and GaAs spacers, with exactly the predicted pe- , o ,
riod. The period gets longer for lower energy shifts, sincet® Same period as seen in Figs. 3 andight panels, but
they correspond to loweks. On the other hand, largds for the reasons mentioned before, the peaks are much more

will result in larger periods, until the limit value df= Kk ; pronounced; note that in this case a logarithmic scale was

after thatk, becomes imaginary, and one has attenuatiorﬂjsed for the intensities. It should be noted that there is, in
zZ L]

rather than propagation of the wave, described by the Comc_)articular for GaAs, an initial_ exponential decrease in the
plex band structure, as in a tunnel junction. conductance, before the oscillations start, as can be seen

Similarly, the minority-spin conductance oscillates with from the characteristic linear behavior in the logarithmic
’ scale. This originates from decaying states with complex
Bloch vectors, which contribute to the conductance by tun-

Fe/GaAs/Fe . L . -
neling. Indeed, minority-spin states incident from FeEat

majority

0.8r

minority

having theAs(C,,) andA,(C,,) symmetry(see Fig. 1can-
not couple to the S@,(C,,) conduction band, but they can
couple to decaying SC states that have the correct symmetry.

04y In this way, if the thickness of the spacer is moderate, they
| can have an important contribution to the current through
= osf \E~E _+10mAy tunneling? For larger thicknesses they become unimportant,
-~ and the asymptotic oscillatory behavior appears. This situa-
2 0.4-/\/\- tion of coexistence of tunneling current with “normal” cur-
@ b 1 rent is much stronger in GaAs, because it has a smaller band
T gap than ZnSe, and thus the decay length of such evanescent
0.87 S E=E+5mRy, states is much longer.
0.4k | In Figs. 5 and 6, the majority-spig(k) is demonstrated
for 97 ML thick spacers of GaAs and ZnSe, for gate voltage
0520206080100 '© 0 204060 80100 shifts of Eo=5 mRy, 10 mRy, and 20 mRy. The conduc-

Semiconductor thickness (ML)

tance resonances form rings arouger 0, up tokg; they are
what one expects by rotating the graphs of Fig. 2 around the

FIG. 4. Same as in Fig. 3, but for GaAs spacers. Here, thédrigin. It is remarkable that the majority-spin conductance is

values of 27/(2kg) are 40 ML, 64.5 ML, and 95.2 ML foig,

=20, 10, and 5 mRy, respectively.

quite isotropic in all cases. In contrast, we find the minority-
spin conductance rings to reflect more the quadruplicate
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iori Fe/GaAs/Fe Antiparallel
Fe /97ML ZnSe / Fe Majonty .01 A ML 49ML 57ML 65ML_73ML 81ML 89 ML 97 ML
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I A T L Ty
—~  0.005— . T T . T T T
<
o=
2 0 10mRy
 0.00125
o L L L L SmRy
— 00.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05 0 0.05
-E k, along I'-M (2n/a)
o
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[0} 0ot ML 49ML_67ML 65ML 73 ML S1ML 89 ML_ 97 ML
O A _l__l_I_l__F_\ T
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k, along T-M (2n/a)

FIG. 8. Fe/GaAs/Fétop) and Fe/ZnSe/Féottom conductance
per spin channel along-M (k,), for the antiparallel magnetic con-
figuration of the leads, and for several spacer thicknesses. The val-
ues are much lower than the majority-spin conductance and much
higher than the minority-spin conductance in the parallel case. The
ke values are 0.021, 0.031, and 0.050 Ey=5, 10, and 20 mRy,
respectively.

FIG. 6. Conductancek( resolved of majority-spin electrons, in
the case of a Fe/97 ML ZnSe /Fe junction. Togs=E,

+20 mRy, ke=0.083; middle, Er=E.+10 mRy, kg=0.056;
bottom: Eg=E.+5 mRy, ke=0.038. Thek; axes are along the ~ VII. ANTIPARALLEL MOMENT IN THE LEADS—

T-M directions. MAGNETORESISTANCE

From the analysis presented in Secs. IV and V one should
structure of the surface Brillouin zone, but seem actuddly  expect a strong reduction of the conductance if the magnetic
inspection to obey one extra symmetry operation and to bemoments of the leads have an antiparallel orientation. If the
octuple, as if the group wer€,,. This is observed in all moment of, say, the second lead is reversed, then the major-
cases, and is mostly evident in the case of ZnSe &gh ity and minority bands will be interchanged there. So, the
=20 mRy, wherekg is largest; this is shown in Fig. 7. We incoming minority-spin electrons will be nearly blocked at
shall give the explanation of these observations together witthe first interface, while the incoming majority-spin electrons
the analysis of similar data for the antiparallel magnetic conwill propagate up to the second interface but suffer almost
figuration of the leads, at the end of the following section.total reflection there, since they will encounter the states of
Evidently, the majority-spin conductance retains its domi-the A,,(C,,) type to which they do not couple well. Again
nance over its minority counterpart; the integrated con- the situation is analogous to the one encountered in the case
ductance is presented in Table I. of tunneling barrier$®

Indeed, in Fig. 8 we see the that the conductance in the
antiparallel configuration is calculated to be orders of mag-
nitude lower than the majority-spin conductan@nd the

Fe / 97ML ZnSe / Fe Minority total ong of the parallel configuration, but still orders of
magnitude higher than the minority-spin conductance of the
parallel configuration. The effect can be understood in terms
of the reflectance and transmittance at the interfacdg, i
the (high) single-interface transmision probability involving
majority Fe states and@l}; is the (low) one involving minor-
ity Fe states, witiT [>T , then in the case of parallel align-
ment the majority electrons will have a total transmission
probability from both interfaces of the order ofy

FIG. 7. Conductancek( resolved of minority-spin electrons, in N(Tli)z (n.eglectlng rgsonance effe):tSh_e minority ones_
the case of a Fe/97 ML ZnSe/Fe junction 6g=E.+20 mRy, (Téi)z, while the antiparallel-configuration electrons will
ke=0.083; an octuple symmetry is evident. Theaxes are along have T;i Tii for each spin channel. Evidently,TL)2
the [-M directions. >TLTL>(TL)? g.e.d. We observe, by the way, that this

Conductance (e’ /h)
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TABLE |. Calculated current polarization and magnetoresistghMiR) ratio in the case of 97 ML-thick spacers of ZnSe and GaAs for
several gate voltage shifis-— E, ; both are close to the ideal 100%. The spin-dependent condudantgrated over the surface Brillouin
zone is also shown for both cases of magnetic orientation of the leads: paraierity and minority and antiparallel per spifthe same
for the two spin channels

Material Er—E. g(e?/h) (per unit-cell surface ar¢a Polarization MR ratio
Majority Minority Antiparallel/spin

5 mRy (68 meV) 1.6x10°7 1.0x10 12 2.6x10° 10 99.999% 99.678%

GaAs 10 mRy(136 me\} ~ 7.1x10° 7 2.1x10 1 2.7x10°° 99.994% 99.229%
20 mRy(272 meVj  1.9x10 © 5.3x10 1t 7.8x10°° 99.994% 99.196%

5 mRy (68 meV) 1.7x10°7 2.4x10 12 2.0x10°° 99.972% 97.746%

ZnSe 10 mRy(136 meyj  8.2x10° 7 3.0x10° 10 1.4x10°8 99.926% 96.553%
20 mRy (272 me\y}  2.8x10°°© 2.4x10°° 6.7x10°8 99.823% 95.128%

line of thought suggests that in the antiparallel configuratiorthick spacers, together with the spin current polarizaffon
the conductance;| (per spin channglis the geometrical =(g;;—g,,)/(9;;+9,;) and the magnetoresistan¢®R)
average of the conductances of the two spin channels in theitio defined as *(g,;+9;,)/(g9;;+9,;) (the so-called
parallel caseg; =g;;g,, (to be valid but for backscatter- “pessimistic definition”). Evidently the calculated device
ing effecty. This is true fork in certain directions of the acts as an almost ideal spin filter and switch with extremely
surface Brillouin zone, i.e., alonig, andk, (the cubic axes  high MR ratio. For lower energy shifts the spin filtering and
including of coursek; = 0. At suchk points, the ransmission \1p ratig increase, because the allowgctlose up tol” and
:Erough thgsﬂ(r:s'y |rt1te2‘;cﬁz e into qu IS tt?]e Eame_ 6;3 ‘t?]?o‘.’gh the states have more and maxg(C,,) character. Because
e secon INI0 176, howevet, Tor oTnekK; PoInts tis 15 Of the Ay, minority-spin state, however, the ideal 100% can-

not true, so spin-up and spin-down electrons have differe . S . .
. . .~ not be reached even in the limiting case; in contrast, it would
g(k;) and only equak integratedg as shall be explained in be reached. e in the case of an MaO spacer because it
the end of the section. Our numerical results verify this. So, hibits C €9, | Ve g% sp uset
for an arbitraryk point, the geometric average relation can ®XNPISCa, Symmetry. _ _
As promised at the end of the preceding section, we now

hold at most for the order of magnitude. We note in passin% ’ - -
that, if we had a spacer material wi@y, interface symme- tUrn our attention to the explanation of the circularly sym-

try, as, e.g., MgO, the geometric average rule would not holdnétric form of g(k)) for the majority electrons in the
at all, because the minority F&,,(C,,) state would be or- Parallel-alignment case, vs the octuple symmetry seen for the
thogonal to the spacek,;(C,,) conduction band; then the Minority electrons, and all this vs the quadruplicate symme-
minority electrons would reach the second interface onlytry in the antiparallel-alignment case. &g departs froml’,
through a complex band with exponentially damped probthe Fe and SC states do not belong exclusively to a single
ability and the assumptions of the two-reflectance-argumerrepresentation anymore, but are rather admixtures of the
would not hold. various representations; but they still retain mostly the char-

For a large spacer thickness of 97 MLs we see in Fig. Sgter they had . In the language of localized orbitals, the
the kj-resolved conductance for the transmission from in-majority-spin states are formed mostly by the circularly sym-
coming majority spin to outgoing minority-spin channels. In metrics+ p,+ d,2 orbitals(plus small admixtures away from
Table I, we see the integratédver the SBZ conductance T'); the minority-spin states consist 6, from theA ,/(C,)
for several gate voltage parameté&gin the case of 97 ML band,py+ py+ dy,+ dy, from the Ag(Cy,) band, andiyz

from the A,(C,,) band; finally the SC conduction band

Fe / 97ML GaAs / Fe Antiparallel states consist o$+p,+d,, from the A;(C,,) band. Away
from I, new orbitals start to contribute to each band, but in
amounts negligible for our discussion, since we remain close

tol.

First, we concentrate on the coupling of the minority-spin
states. At exactly’, the only combination that gives nonzero
inner product isd,, orbitals of Fe withd,,-like states of the
SC; the rest of the combinations are inner products of sym-
metric with antisymmetric wave functions, resulting to zero.

FIG. 9. Conductancek( resolved of incoming majority elec- ~As k| departs fromI', the py, py, dy;, dy;, andd,z_y2
trons, in the case of a Fe/97 ML GaAs/Fe junction watitiparallel ~ minority states of Fe atoms neighboring a particular SC atom
magnetic orientation of the two Fe leads, fleB,=E.+5 mRy, at the interface obtain slightly position-dependent phases as
ke=0.021; a quadruplicate symmetry is evident. TKjeaxes are ekI": then the wave functions formed by combining them
along thel'-M directions. obtain a small part symmetric around the SC atom, and this

Conductance (e”/h)
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gives nonzero inner product with the $3-p,+d,,. This  and one can reasonably hope that the quality of the interfaces
overlap integral, in first approximation proportionalkp, is  will increase a lot in the future.

different for the various directions &, following the pat- About point (ii), Schottky barriers are known to extend
tern ofd,,. Clearly then the bonding and the conductanceover mesoscopic lengths, especially when the doping is low.
must have a quadruplicate symmetrykinspace, as does,,  However, techniques to use quantum well structures have
in real space. By inspection of Fig. 7 we see an octuplgesulted in lowering the conduction band under the Fermi
symmetry. The explanation for the extra symmetry lies in thgevel without direct impurity doping; such a situation would
zinc-blende geometry and the directionality of the bondingpe modeled by our “gate voltage” parametgg in addition
Indeed, as we enter the $€.9., ZnSgfrom the one lead, we 5 5 real gate voltage. Then the Schottky barrier would be
encounter 'Zn and then Se on the tgtrahedral positions along,ch shorter, in fact being determined by the Fermi level
the (x,y) diagonal; but as we leave it, we encounter Se and,inning due to the metal-induced gap states. On the other
then Zn on the tetrahedral positions along the{y) diag-  hang in the single-interface calculations for spin injection by
onal. Thus, the directionality of the S@-like states and Wunnicke et al? the effect of a Schottky barrier has been

consequently the bonding and transmission properties of thgtudied by emulating it with a long region near the interface

two interfaces are equwalent. bl.Jt rotated by 90° to eaCr\‘/vhere the SC potentials were kept to their physical unshifted
other, so the combined transmission obeys one extra symme-_ " . :

. : positions, and the electrons had to really tunnel into the con-
try operation and is octuple.

Second, we focus on the coupling of the majority-spindUCtion band. The result was quite encouraging, giving still

states. There the situation is simpler: Fe has asyp, 2&n extremely high current spin polarization.

+d,» circularly symmetric orbitals that can couple only to 10 Summarize, we have performedb initio calculations
the SCs+p,, but not tod,,. Thus no directionality is in- of the spin-dependent transport through Fe/GaAs/Fe and Fe/

duced by the latter; even as we depart frémthe small _ZnSe/Fe(OOl) jl_mctions, with a gate voItage parar.neter' act-
difference in phase'obtained by neighboring Fe sites give?g on the semlconductor so that the Fermi level lies slightly
only an antisymmetric part to the combined wave functionn the conduction band. The electron transport was supposed
and this has still zero inner product with the 3G p to be completely ballistic, assuming a perfect interface struc-
+d,,. The result is that the bonding and transmission propIure and two-dimensional periodicity perpendicular to the di-
ertieé for maiority are isotropic arrourld rection of growth. Under these assumptions we have shown
. jorty P . . ._that such systems can exhibit an extremely high degree of
Finally, we look at the antiparallel magnetic configuration ; o : .
of the leads. There, one either enters with circularly symmet9urrent spin polar!zatlon and also a magnetoresistance ratio
fic transmission via majority and exits with the quadruplicate@PProaching the ideal 100%. We have been able to trace
symmetry via minority with a quadruplicate net result, asdown these useful properties to the difference in the bulk
seen in Fig. 9, or, for the opposite spin, enters with quadruba”d structure for the two spin directions of Fe, and also to
plicate symmetry via minority and exits with circularly sym- the difference in the bonding of majority- and minority-spin
metric transmission via majority, again with a quadruplicateStates at the mterfac_e with the_ semlconductor_. In the same
net result. For the two last cases, by the way, dlle) are terms we have explained the high magnetoresistance values.
rotated to each other by 90°, again due to the aforementione€ have_also exammeq interesting interference effects that
direction difference in the bonding; thus only aldagandk, show up in §uch a junction du'e to the presence of' two, rather
is g(k;) the same for the two spin directions in the antipar-than one, interfaces, and discussed the question whether
allel case. these effects can invert the detected current polarization.
The same symmetry af(k;) as here is seen in results for We have seen that .the gnderstandmg of Fhese systems
tunneling Fe/ZnSe/Fe junctioR®so once more we see the stands in close connection with the understanding of ballistic

formal connection between spin injection and tunneling. ~ Magnetic tunnel junctions, if one formally replaces the band
structure near the center of the conduction band of the semi-

conductor with the complex band structure in the gap region.
VI, LIMITATIONS AND SUMMARY In both cases, it is important that very few states perform the
conduction, namely, the ones near the center of the surface
Before summarizing, we shall briefly discuss the limita- Brillouin zone; to know the properties of these states means
tions of our approach and the relevance to realistic experito have control over the conductance.
mental situations. Two main points must be addressed here: We have concluded that the control over the desired prop-
(i) the influence of diffusek|-violating scattering andi) the  erties of such systems is best when one deals with ballistic
possible effect of a Schottky barrier. As for poii itis true  transport. Diffuse scattering, particularly at the interface,
that the formation of terraces or steps and interdiffusion leadvould intermix the various conducting channels and cause
to diffuse scattering. To what extent this reduces the contrathe injection efficiency and magnetoresistance to drop; on
over the conductance must be examined seperately in eathe other hand, clean and abrupt interfaces presenand
case and is a huge but challenging task. In the case of thect as spin-selective transmitters and detectors.
Fe/GaAs interface it is known that in growing of Fe on GaAs Note added in proofAfter the acceptance of this paper,
the As atoms act like surfactants forming always an Aswe became aware of three recent articles relevant to our re-
monolayer on Fe. This is of course an indication that thesults. Ab initio spin injection calculations in Fe/InA€021)
interface structure is not perfect. But progress has been madgstems, examining also the effect of interface disorder,
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are presented in Ref. 50. Model calculations for
FM/InAs(2DES/FM systems showing also Fabry-Perot type

interferences are given in Ref. 51. Finally, Kreuzer and col-
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“2The situation is analogous to the one-dimensional case of a free

electron of wave numbek;, = VE encountering an infinitely
long step barrier of heigh?, where the wave number s,
=yJE—Vy. The transmition probability there isTg;
=4Kouikin / (Kou + kin)? going to zero asyE—V, for small
kout - The point is that the group velocity in the barrier region
goes to zero, although the transmission amplitudemains fi-

nite, so current conservation forc&s = |t| %k, /kin also go to
zero. The same point is true in our case when we approach the
conduction-band edg@Ref. 24 and thus the analogy is valid.

“3This applies also for thi& dependence of: one sees the multi-
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resonant form of Fig. 2 if one substitutes the value Tor(k as pointed out in Ref. 47. However, such a shift is not expected

=0) taken from the single interface calculation into E), in the present case if we follow the analysis of Ref. 47, since

and takes for the otherkj's Tg(k))=Tg(0)k,/ke there are no zeros of the transmission.
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viewed as imposing an attenuation exp(eD) on the waves larization and MR ratio do not reach 100% for Zn&ef. 25,

crossing a spacer of thickne8s lIts effect can be studied by but they do reach it for Mg@Refs. 38,49.
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