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Abstract

We present first-principles calculations of ballistic spin injection in Fe/GaAs
and Fe/ZnSe junctions with orientations (001), (111), and (110). We find that
the symmetry mismatch of the Fe minority spin states with the semiconductor
conduction states can lead to extremely high spin polarization of the current
through the (001) interface for hot and thermal injection processes. Such a
symmetry mismatch does not exist for the (111) and (110) interfaces, where
smaller spin injection efficiencies are found. The presence of interface states
at the Fermi energy is found to lower the current spin polarization.

1. Introduction

The idea of exploiting both the charge and the spin of an electron in semiconductor (SC)
devices has led to the growing field of spintronics [1]. Several spintronic devices have already
been proposed [2, 3], but the full potential of spintronics has still to be discovered. At the
moment the essential ingredients of spintronics, e.g., the injection and detection of a spin
polarized current, the spin transport in SC, are only partially achieved in experiments. In this
paper we wish to investigate one of these main challenges: how to create a spin polarized
current in a non-magnetic SC. A very promising approach is via the injection from a common
ferromagnetic metal, such as Fe, into a SC due to the high Curie temperature T¢. In this case
it has been shown [4] that in the diffusive limit the spin polarization of the injected current
is vanishingly small [5, 3, 6], if the contact between the FM and the SC is ohmic. This
‘fundamental obstacle’ is traced back to the conductivity mismatch between the two materials.
It can be overcome by either a ferromagnet with nearly 100% spin polarization at the Fermi
energy, e.g., a half-metal, or by inserting a spin polarized interface resistance at the FM/SC
interface [7, 8], e.g., an extrinsic tunnelling barrier or an intrinsic Schottky barrier. By means
of a Schottky barrier [9-11] or of an Al,O3 barrier [12] spin injection could be achieved in
experiments.
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Here we investigate the spin injection from a ferromagnet (FM) into a SC in the ballistic
regime, i.e., the limit where inelastic and incoherent scattering events are negligible. In this case
there is no scattering in the perfect bulk regions and the whole resistance results only from the
interface region so there is no conductivity mismatch. Therefore other effects emerge that are
not present in the diffusive limit: Kirczenow [13] has shown that some FM/SC interfaces can act
as ideal spin filter. This is the case if for a direct-gap SC the Fermi surface of the FM projected
onto the two-dimensional Brillouin zone has a hole at the T" point for one spin direction. But the
material combinations Fe/ZnSe and Fe/GaAs investigated here do not fulfil this condition. It
has been pointed out that the symmetry of the FM wavefunctions is very important for the spin
injection process [14—17]. Where there is a second FM lead for detecting the spin polarization
of the current, additional effects such as the forming of quantum well states, Fabry—Perot like
resonances and extremely high magnetoresistance ratios have been reported [15].

There are two types of calculation for ballistic spin injection already published: by means
of analytical models using plane waves [18-20] and by ab initio methods [14—17]. While the
model calculations obtain only a few per cent of spin polarization, the inclusion of the full band
structure of the FM and the interface region in ab initio methods can result in spin polarizations
up to 99%. The origin of this high polarization is the difference in symmetry of the Fe d states
at the Fermi energy for the majority and the minority spin.

Here we extend our previous work [14, 15] and show more details of the spin injection
process. In section 2 the details of the calculations and the Fe/SC systems investigated are
given. In section 3 the ballistic spin injection of hot electrons for the Fe/SC(001), (111), and
(110) interfaces is investigated. It emerges that the (111) and (110) orientations do not show a
large symmetry enforced spin polarization as the (001) orientation does. In section 4 we report
on injection of thermal electrons with and without a Schottky barrier, addressing also the effect
of resonant interface states. The paper closes with a summary of the results in section 5.

2. Calculation details

The heterostructures investigated consist of a half-space of ideal bulk Fe and one of the ideal
bulk SC (either ZnSe or GaAs). Their properties are described by the surface Green function
determined by the decimation technique [21]. Between the half-spaces there are several
monolayers (MLs) of the interface region, where the atomic potentials are allowed to deviate
from their bulk values. This interface region consists of four MLs of Fe and two MLs of SC for
the (001) orientation and appropriate numbers of MLs for the (111) and (110) orientations. The
corresponding potentials are obtained self-consistently from a Fe/SC/Fe junction geometry by
the screened Korringa—Kohn—Rostoker (KKR) Green function method [22, 23]. It is assumed
that the SC lattice is matched to the bulk Fe, resulting in an fcc SC lattice constant double the
lattice constant of bee Fe dse = 2dpe = 5.742 A. The experimental lattice constant of Fe is
used. This means that the SC is stretched compared to the bulk lattice constant by 1.3% and
1.6% for ZnSe and GaAs, respectively, resulting in a slightly smaller energy gap. In order to
describe the SC accurately, two empty spheres per unit cell are introduced to account for the
open space in the geometry of the zinc-blende structure. A perfect two-dimensional translation
symmetry in the whole system is assumed and so the in-plane component k| of the k vector
is conserved while crossing the interface. Then k; belongs to the common two-dimensional
Brillouin zone (2DBZ). The 7 axis is always assumed to be the growth direction, i.e., standing
perpendicular on the interface. Also the conductance G is calculated by a two-dimensional
Fourier transformation depending on k.

The calculations of the ground state properties are performed within the density functional
theory in the local density approximation (LDA) for the exchange and correlation terms. It is
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well known that it underestimates the energy gap in SC by around one half. Otherwise it gives
very accurate FM and SC bands and is well suited for the problem considered. The potentials
are described within the atomic sphere approximation, and the wavefunctions are expanded
in angular momentum up to a cut-off of £,,,x = 2 for self-consistency and £,,x = 3 for the
conductance calculations. Spin—orbit coupling and spin-flip scattering are not included in the
calculations.

The conductance G is calculated using the Landauer formula [24]. G is expressed as a
sum of the transmission probabilities through the scattering region (here the Fe/SC interface)
over all available conducting channels. These channels are enumerated by the spin orientation
o = 1 or |, the bands v, v’ at the Fermi energy of the left and right lead, respectively, and the
k; vector. The spin dependent conductance, normalized to the area of the two-dimensional
unit cell, reads
e 1
G”(Ep) = — > f d*ky 7, (ky: Er) (1)

2DBZ

h Az 4+

with A,ppz the area of the 2DBZ. Here, T]fv, (ky; EF) is the probability of transmission from
an incoming channel (kj, V', o) of one lead (Fe) into the outgoing channel (k;, v, o) of the
other lead (SC) at the Fermi level Er. More generally, we will explore the transmission also
at energies higher than Eg. Since the k; vector and the spin o of the electron are conserved in
our calculation, they are the same for the incoming and the outgoing states. Here the Landauer
formula is evaluated using a Green function formalism introduced by Baranger and Stone [25].
Details of the implementation of the Landauer formula in the KKR Green function formalism
are presented elsewhere [26]. The spin polarization P of the current is defined by the spin
dependent conductances in both spin bands:
G' -G

= — 2
G'+ GV’ @

where G' and G' are the conductances of the majority and the minority spin electrons,
respectively.

3. The hot electron injection process

To investigate the effects of the symmetry of the Fe bands, we make calculations first for the
hot injection of electrons, i.e., of Fe electrons well above the Fermi level E, which falls in the
gap of the SC. For most of the calculations we restrict the discussion to the I' (k; = 0) point
for simplicity, i.e., we consider only electrons with perpendicular incidence on the interface.
This is motivated by the fact that in most spin injection experiments the Fermi energy in the
SC is only some tens of millielectronvolts above the conduction band minimum resulting in
a very small Fermi sphere around the I point. Then, as we shall see, the symmetry of the
wavefunctions can assist an extremely high spin polarization of the current.

However, for hot injection at higher energies, one must take more k; into account. This
procedure is presented in section 3.4. For such cases the restriction to k; = 0 in sections 3.1—
3.3 serves only as a means of understanding the role of the wavefunction symmetry when
considering the thermal injection close to Ef, for which only k; >~ 0 matters.

3.1. The Fe/SC(001) orientation

First we investigate the spin injection in Fe/SC junctions grown in the (001) orientation. The
(001) direction has the highest symmetry and is therefore the best candidate for showing
a symmetry enforced high spin polarization of the injected current [14], i.e., almost total
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Figure 1. The band structure of Fe(001) at the T point of the 2DBZ (the black curves represent
the bulk I'-H bands and the grey curves the backfolded N-P-N bands). The left panel shows
the majority and the right one the minority spin band structure. The Fermi energy is shown by a
horizontal line. The numbers denote the symmetries of the bands along the A direction (I'-H) and
the D direction (N-P-N) [27].

13 ~]
ZnSe &
12

—

—
T

—_
|

Energy [eV]
s

9 L - |- -
8 L - |- -
— |
o 10 1
K [2n/d] K [2m/d]

Figure 2. The band structure at the T point of the 2DBZ for ZnSe(001) (left panel) and GaAs(001)
(right panel). The numbers denote the symmetries of the bands along the A direction [28]. d is the
SC lattice constant.

reflection of the Fe minority electrons occurs due to the symmetry mismatch between the SC
and minority spin Fe bands.

For the investigation of the bands that are available in Fe and in the SC at the T point, it is
important to note that the in-plane common two-dimensional unit cell is double in area that of
bulk bcc Fe, and the common 2DBZ has half the area of that of bulk bcc Fe. Thus additional
Fe bands are backfolded into the 2DBZ and the number of bands at T increases. A description
of the backfolding is given in the appendix.

The Fe band structure at the ' point along k. (I'-H, i.e. the A direction), including the
backfolded bands, is shown in figure 1 for both spin orientations. This direction has in bulk Fe
a Cy4y symmetry, just like the Fe(001) surface. In the 2DBZ of the SC no bands are backfolded
to the " point. The ZnSe and GaAs band structures along I'-X (the A direction) are shown in
figure 2. In the SC this direction has a C,, symmetry (a subgroup of C4,), as does the SC(001)
surface. Therefore the Fe/SC(001) interface also has the reduced C,, symmetry. As a result,
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Table 1. Symmetry properties of energy bands in Fe [001] (C4y symmetry group) and their
local orbital analysis. The backfolded bands are indicated by (backf.). The last column shows the
coupling to the SC A; conduction band (Cy, symmetry group) based on symmetry compatibility
relations and the local orbital form (d orbitals are localized and expected to couple poorly; p.
orbitals extend into the SC and are expected to couple well).

Rep. in Fe Orbital analysis Coupling to SC A
Ay S$;pzsd2 Good
Ay dyy Poor
Ao do_ 2 None (orthogonal)
As Px; ;;y; dyz;dy; None (orthogonal)
Dy (backf.)  s;p,;dyz; dxz_),z —dp Poor
D, (backf.) d» 2t d.> Poor
D3 (backf.)  py +pg;dyy +dox Poor

some Fe d bands that are mutually orthogonal in the bulk are able to couple to each other at
the interface.

Now it is important to examine which bands of Fe are allowed to couple to the A,
conduction band of the SC which transforms fully symmetrically under the rotations of Cyy;
this can be found by means of the compatibility relations between the groups Cs, and Cy,.
Note that the symmetry notation that we use for Fe and the SC refers to the different groups,
Cy4y for Fe and C,, for the SC. At Er and above, the available Fe bands along the A direction
(black curves in figure 1) and their symmetry and coupling properties are given in table 1.
Practically, the only ones that are able to couple well are the A bands containing the extended
s and p, orbitals, as well as the d,> orbitals pointing into the SC, while the Ay bands couple
only poorly because they consist of more localized d,, orbitals pointing in-plane. At Ef, and
up to 1.2 eV above, the former bands exist only for majority spin electrons, and this is critical
for spin injection, to the discussion of which we turn now.

In figure 3 the calculated conductance for the hot injection process for Fe/ZnSe(001) and
in figure 4 that for Fe/GaAs(001) are shown. In (a) the Zn and Ga terminated and in (c) the Se
and As terminated interfaces are shown. The intermixed interfaces (b) will be discussed later.
As is discussed above, the coupling of the minority A, band to the A conduction band of the
SC is much weaker than the coupling of the majority spin A; band. Thus the A, states are
nearly totally reflected at the interface. This results for all three terminations in a very high,
symmetry enforced, spin polarization. Around 1.2 eV above the Fermi energy (at 11.3eV)a A
band is also available in the minority channel. At this energy the conductance in the minority
channel rises drastically, showing that the high spin polarization at lower energies originates
precisely from the absence of the A Fe band in the minority channel. Also the flat backfolded
bands of D; and D, symmetries give a small contribution to the conductance in the small
energy window of around 0.3 eV width, centred around 11.4 eV. At these energies in the ZnSe
half-space there is only one conduction band available at the T" point, limiting the maximum
conductance to one conductance quantum, i.e., 1 >/ h (per spin per two-dimensional surface
unit cell). In the case of the GaAs half-space there are three conduction bands for energies
higher than 10.9 eV and so the conductance can rise above 1. The presence of more than one
outgoing channel within the same band, occurring in GaAs above 10.9 eV, results also in the
interference like oscillations seen in figure 4 at these energies.

Moreover, the conductance can be seen to decrease for small conduction band energies
in the SC. This can be explained qualitatively by the vanishing group velocity, such that no
current can be transported away from the interface.
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Figure 3. Hot injection of electrons in Fe/ZnSe(001) with a Zn terminated (a), an intermixed Zn
terminated (b), and a Se terminated (c) interface. The black curve shows the majority and the grey
curve the minority spin. The conductance is evaluated at the I' point for simplicity.

3.2. The Fe/SC(111) interface

In this section the spin injection for the Fe/SC junctions grown in the (111) orientation is
investigated. In the Fe half-space the [111] direction has a hexagonal symmetry with one atom
per unit cell. But in the SC half-space this direction has only a threefold rotational axis. In
each ML there is either a cation or an anion (or one of the two types of empty sphere). Also
there are a two kinds of possible geometric terminations: one where the terminated SC atom
is singly and one where it is triply coordinated to the Fe atoms.

In the SC(111) 2DBZ no bands are backfolded to the T point and the only available band
corresponds to the bulk band along the 'L high symmetry line. In figure 5 the band structure
of Fe(111) at the T point is shown. The band structure shows important differences compared
to the (001) orientation: at the Fermi energy in both spin channels there are bands with the same
A symmetry and therefore the spin polarization is not enforced by symmetry. All differences
obtained in the conductances for both spin directions are due to the different couplings of the
Fe bands to the SC.

The calculated results for the hot injection process in Fe/ZnSe(111) with a Zn terminated
interface are shown in figure 6 for both the cases of singly and triply coordinated Zn interface
atoms. Also, for this orientation, the conductance is shown at the T’ point as before. For both
the singly and the triply coordinated Zn terminations the spin polarization is much smaller than
for the (001) interface, demonstrating the lack of a symmetry enforced spin filtering. Above
12.0 eV no bands exist in ZnSe at the " point in the [111] direction, and so no propagating
states are available.

3.3. The Fe/SC(110) interface

This section deals with Fe/SC(110) oriented junction. This is the one with the lowest
symmetry considered in this work, and a symmetry enforced spin polarization does not occur.
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Figure 4. As figure 3, but for Fe/GaAs(001) with a Ga terminated (a), an intermixed Ga terminated
(b), and an As terminated interface (c). Black curves refer to majority and grey curves to minority
spin directions.
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Figure 5. The band structure of Fe(111) at the T point of the 2DBZ (corresponding to the bulk
band along the '-P-H symmetry line). The left panel shows the majority and the right panel the
minority spin. The Fermi energy is shown by a horizontal line. The numbers denote the symmetry
of the corresponding A (between I' and P) and F (between P and H) symmetry directions [27].

Furthermore, the surface unit cell in the SC half-space contains all four kinds of atoms (cations,
anions, and both kinds of vacancies) and is larger than the (001) and the (111) unit cells.
Matching the two-dimensional translational symmetry, the Fe surface unit cell also has to
contain four Fe atoms. This results in a very small 2DBZ for this orientation, leading even in
the SC half-space to backfolded bands at the T point. The band structure of Fe(110) at the
T point with the different backfolded bands is shown in figure 7. In the SC(110) half-space
there are two bands available at the T point due to backfolding. Because of this the maximum
conductance per spin direction is 2 %/ h.



4650

O Wunnicke et al

N
~
T

=3
[SS]
T

o
o
1

o
~
T

o
[SS]
T

Conductance [ezlh]
=)

| FeS-Zn

maj.
min.

—
Fe-Zn
min.

maj.

d L L L 1 L

I
10.5 11

Energy [eV]

12

Figure 6. Hot injection of electrons in Fe/ZnSe(111) for a Zn terminated interface, where the Zn
atoms are either triply coordinated (upper plot) or singly coordinated (lower plot) with respect to
the interface Fe atoms. The black curves refer to the majority and the grey curves the minority spin
direction. The conductance is evaluated at the T point for simplicity.
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Figure 7. The band structure of Fe(110) at the T point of the 2DBZ. The backfolded bands are
shown in grey, and those for the I'-N direction in black. The left plot shows the majority and the
right plot the minority spin states. The Fermi energy is shown by a horizontal line. The numbers
give the symmetries of the corresponding bulk bands [27], where possible.

The variety of backfolded bands and the reduced symmetry of the [110] direction do

not allow a simple symmetry-based discussion and the spin polarization is not enforced by
symmetry. This is also shown in figure 8, where the conductance at the I' point for the hot
injection process is presented.

From the above we conclude that the only candidate for showing a symmetry enforced

high current spin polarization is the (001) interface. Thus, in what follows, we restrict our
study to this orientation.
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Figure 8. Hot injection of electrons in Fe/ZnSe(110). The black curve shows the majority and
the grey curve the minority spin conductance. Since all four different atoms (Zn, Se, and two
vacancies) are located in each ML, there is only one possible termination. The conductance is
evaluated at the T point for simplicity.

3.4. The hot injection process, K| resolved

In the hot injection process the restriction to the I" point is motivated by the fact that in most
applications the Fermi level is positioned only slightly above the conduction band minimum
resulting in a very small Fermi sphere around the I point. More correctly the conductance
should be integrated over the whole 2DBZ, because states slightly away from the T point
are also populated for higher injection energies. Therefore in figure 10 the k; resolved
conductances are shown for the majority and minority spin electrons for the Zn terminated
Fe/ZnSe(001) interface. The energy of the injected electrons is 500 meV above the conduction
band minimum Ec. In this case the polarization at the T point is Pr = 99.7%. If the
conductance is integrated over the 2DBZ the polarization is reduced to Pipegraea = 39.5%.
The reason is a higher conductance in the minority band for states away from the I" point. The
symmetry arguments discussed above are valid only at this high symmetry point. For states
k| # 0 other Fe minority states are also allowed to couple to the SC A conduction band and
so the minority conductance rises continuously as we depart from the centre of the 2DBZ. In
comparison, for electrons injected at Ec + 100 meV, we obtain Pr = 98.4%, and a high value
of Pintegracd = 97.5%. As can be seen from figure 9, Piyegraied drops rapidly with increasing
injection energy, while Pr remains close to 100% and drops (even reversing its sign) only at
high energies (Ec+ 1000 meV), when the minority spin A band of Fe is reached. We conclude
that the high, symmetry enforced, spin polarization can be realized only for energies up to a
few tens of millielectronvolts above the conduction band edge.

In the conductance plot (figure 10) for the minority electrons the reduced C,, symmetry
of the Fe/SC(001) interface can be seen directly. The majority spin conductance behaves like
free electrons travelling across a potential step and is practically unaffected by the reduced
symmetry. The circularly symmetric form of G'(k;) and the twofold-symmetric form of
G'(k|) can be understood in terms of the form of the Bloch functions for small deviations
from k; = 0 in the same manner as described in [15] for the Fe/SC/Fe(001) junctions.

3.5. The intermixed interface

By means of an ab initio study [29] it has been found that the interface of Fe/GaAs(001) with
a Ga terminated interface is energetically more stable, if Fe atoms diffuse into the vacancy
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(dashed line) for several energies of hot injection for the Fe/ZnSe(001) case, Zn terminated.
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Figure 10. The conductance in the hot injection process in Fe/ZnSe(001) (Zn termination), resolved
in k. The left plot shows the conductance of the majority and the right one of the minority spins.
Only one tenth of the 2DBZ around the T point is shown. The Fermi energy lies 500 meV above
the conduction band minimum in the semiconductor half-space. The reciprocal vectors are in units
of 2 /dsc.

sites of the first Ga ML. In the case of an As terminated interface the abrupt interface is found
to be more stable than the intermixed one. The former case is accompanied by rather large
lattice distortions which are not taken into account in our calculations. Although we do not
know of analogous studies for Fe/ZnSe(001) interfaces, we have also calculated the intermixed
interface in the case of a Zn termination. This is done by replacing the empty spheres in the first
Ga (or Zn) layer by Fe atoms, so that we obtain a 50%—50% intermixed monolayer. The results
are shown in figures 3(b) and 4(b) for the hot injection process with an intermixed Zn and Ga
interface, respectively. The still high spin injection polarization can be explained by the fact
that the intermixed Fe atoms do not change or reduce the C,, symmetry of the interface and so
the symmetry arguments are still valid. This is a different effect to the interface roughness that
reduces the spin polarization drastically [16, 30]. Solely the couplings of the Fe states to the
SC are changed. In both cases the coupling in the minority band is enhanced in comparison
to that for the atomically abrupt interfaces shown in figures 3(a) and 4(a).

4. The thermal injection process; the role of resonant interface states

In this section the injection of thermal electrons is investigated. This is achieved by lowering
the potentials in the SC half-space by means of a rigid shift, so that the Fermi energy falls
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Figure 11. Thermal injection of electrons in Fe/ZnSe (upper plot) and Fe/GaAs(001) (lower plot)
with an intermixed Zn and Ga interface, respectively. The black curve shows the majority and the
grey curve the minority spin. The conductance is evaluated at the T point. Note that the minority
conductance is enlarged by a factor of 10 in the case of the Zn termination.

some tens of millielectronvolts above the conduction band minimum. All other atomic sphere
potentials are kept in their ground state position—in particular, also the potentials of the two SC
monolayers in the interface region. This shifting simulates the effect of n doping or an applied
gate voltage in a field-effect-transistor device. The electrons are injected at the Ep of the Fe
half-space directly into the conduction band. Since the Fermi energy is only slightly above
the conduction band minimum and since the effective masses of ZnSe and GaAs are small, the
resulting Fermi wavevector in the SC half-space is very small (around one hundredth of the
distance to the boundary of the 2DBZ). Therefore we present here only the conductance for the
T point. The polarization evaluated changes only slightly if the conductances are integrated
over the whole 2DBZ.

4.1. Thermal injection without a Schottky barrier

The results for Fe/ZnSe and Fe/GaAs(001) are discussed in [14] and show a very high spin
polarization of more than 97% for ZnSe and practically 100% for GaAs(001). Similar results
are found in Fe/SC/Fe(001) junctions [15]. Here we add thermal injection with an intermixed
Zn and Ga terminated interface (figure 11). In the case of an intermixed Zn interface nearly the
same conductances are obtained as for the abrupt one (figure 3 in [14]). But a drastic increase
of the minority conductance can be seen for the intermixed Ga interface, resulting in a much
smaller spin polarization. The reason for this increase is an interface resonance localized at the
intermixed Fe atoms. This can be seen in the density of states (DOS) for this heterojunction
shown in figure 12 for the intermixed Zn and Ga interfaces. The arrows indicate the position of
the Fe resonance. In the case of the intermixed Zn interface this resonance lies slightly above
EFr and gives rise to the small maximum in the minority conductance at Er — Ec = 15 meV
seen in figure 11. In the DOS for the intermixed Ga interface this resonance lies nearly on
the Fermi energy, so it has a strong influence on the minority conductance. Since the energy
position of this resonance is believed to depend strongly on the interface properties, e.g., lattice
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Figure 12. The density of states (DOS) for the thermal injection process in Fe/ZnSe(001) (upper
plot) and Fe/GaAs(001) (lower plot) with an intermixed Zn or Ga interface. Arrows indicate the
resonance at the intermixed Fe atom. Negative numbers on the DOS axis correspond to minority
spin.

relaxations, further investigations are needed for the exact energy position. If the injection
process is evaluated at only 0.3 eV higher energies, the influence of this resonance is negligible
and the normal high spin polarization is restored in both terminations.

We note that this particular interface state is characteristic for Fe(001). It arises from
the breaking of translational symmetry at the (001) interface, leading to a dangling bond state
in the s—d hybridization gap of the bulk. Since this state is usually partially occupied, it is
pinned at Ep. It then couples to the bulk Bloch functions due to the reduced point group
symmetry of the Fe/SC interface (C,y instead of C4y). In analogy, a surface state occurs at the
(001) Fe surface [31], but does not couple to the bulk states since the point group symmetry
is not reduced. In other interfaces ((111) and (110)) this mechanism does not occur, since no
hybridization gap exists at Er. In this respect, one observes that the mechanism which causes
the symmetry enforced spin polarization of the current is also responsible for the interface
states: i.e., the A; gap.

4.2. Thermal injection through a Schottky barrier

In theoretical studies for diffusive transport based on spin accumulation [7, 8] it is shown that
the negligible spin polarization due to the conductivity mismatch between the ferromagnetic
metal and the semiconductor [4] can be overcome by means of a spin dependent tunnelling
barrier at the interface. Such a barrier could be the Schottky barrier created at the interface.
Although the approaches in [7, 8, 4] assume diffusive transport, tunnelling barriers can be
described in ballistic regime.

Therefore in this section the thermal injection process is extended to the case where a
Schottky barrier at the interface is included. The potentials used for these junctions are the
same as in the thermal injection process, but with an inserted tunnelling barrier at the interface.
The barrier is modelled by a rigid shift of each SC atom potential, constant within each
monolayer; the band diagram is shown schematically in figure 13. It starts at the third SC layer
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Figure 13. A schematic representation of the bands near the Fe/Semiconductor interface in the
presence of a Schottky tunnelling barrier. The electrons are injected at Ef.
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Figure 14. The influence of a smooth Schottky barrier on the spin dependent conductance (lower
plots) and the spin polarization (upper plots) for Fe/ZnSe(001) (left panel) and Fe/GaAs(001)
(right panel). Circles show the conductance for the Zn or Ga and triangles for the Se or As
termination. The conductance is evaluated at the T point. Arrows indicate the influence of the
resonant interface state causing a non-exponential decay of the conductance for moderate barrier
thickness. In Fe/ZnSe(001) the lines for the majority conductances lie on top of each other.

from the interface, and increases linearly in magnitude with distance from the interface. In
this way the SC bands are gradually shifted downward. Finally, at the end of the barrier, Er
lies 10 meV above the conduction band edge (and the shift is not changed from then on), while
at the interface EF lies in the middle of the gap. Several barrier thicknesses are considered,
varying between 0 and 140 MLs.

As shown in [14] a tunnelling barrier at the Fe/SC(001) interface also gives a high
spin polarization. Only in the case of a resonant interface state near Ep, especially seen in
Fe/ZnSe(001) with a Zn terminated interface, is the polarization reduced. Here we will discuss
the effect in more detail. In figure 14 the conductance and the polarization depending on the
barrier thickness are shown for Fe/ZnSe and Fe/GaAs(001), respectively. Due to the small
Fermi wavevector, the conductance is again analysed only at the T" point. The polarizations
agree with the ones correctly integrated over the 2DBZ within 5%.
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Figure 15. The DOS at the T point for Fe/ZnSe(001) with a Zn (upper plot) and a Se terminated
interface (lower plot). Grey lines show the DOS of the Fe interface ML and black lines the DOS
of the Zn or Se interface ML. The vertical lines indicate the position of the Fermi energy. All
potentials are in the ground state position. Arrows indicate the peak in the DOS due to the resonant
interface state.

Except for the Se terminated Fe/ZnSe(001) interface, all terminations show the influence
of a resonant interface state in the minority band, resulting in a slightly higher conductance for
the minority spins with thicker barriers. This leads to a slight reduction of the spin polarization.
For Fe/GaAs(001) this effect is also visible in the conductance but is negligible for the spin
polarization due to the much larger difference of the conductances of the spins than in Fe/ZnSe.
To facilitate discussing this effect in more detail, in figure 15 the DOS at the T point is shown
for Fe/ZnSe(001). The DOS for Fe/GaAs(001) is qualitatively comparable for this purpose.
In the DOS an interface state is visible near the Fermi energy in the minority spin channel.
This state has A; symmetry and lies in the energy region of the A hybridization gap of the Fe
minority band structure. It can penetrate well a Schottky barrier of moderate thickness since
the evanescent wave with the longest decay length is of the same A symmetry [32]. In the Fe
half-space this interface state is normally also evanescent since there are no propagating states
that it can couple to. But due to the reduced symmetry of the interface the A; interface state
couples weakly to the Fe Ay band and becomes resonant. In the case of the Se terminated
Fe/ZnSe(001) interface the interface state lies further away from Er and does not contribute
to the conductance.

The potentials used for the DOS in figure 15 are the ground state potentials, i.e., Ef is
in the middle of the gap in the SC half-space and no Schottky barrier is inserted. If now a
Schottky barrier is introduced into the junction, the system and the resonant interface state are
slightly distorted, because the A; interface state interacts with the A; conduction band of the
semiconductor. This results in a slight downshift in energy of the resonant interface state away
from Ef for smaller Schottky barriers. The reduction of the spin polarization with thicker
Schottky barriers can thus be explained by a shift of the resonant interface state towards EF.

Furthermore one can estimate the interface resistance under the assumption of diffusive
transport in the bulk, using Schep’s formula [33, 34]. Although this has been derived for
metallic multilayers, we have applied it to this case. Our results are summarized in table 2.
More details can be found in [35].
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Table 2. The interface resistance Ry and spin polarization P for two Schottky barrier thicknesses
and all four terminations in Fe/SC(001). Results are obtained by integration over the whole 2DBZ.
A thickness of 80 ML corresponds to 115 A.

P (Zn) P (Se) P (Ga) P (As)
Ry (Qm?) (8ML) 1x10710  8x 107" 2x10710 2x 10710
P (8ML)  96% 96% 99.8% 99.8%
Ri(Qm?) (BOML) 5x105 7x1075 2x107% 4x107?
P (8OML) 77% 97% 99.2% 98.0%

5. Summary and conclusions

We have reported first-principles calculations on spin injection from Fe into GaAs and ZnSe
through ideal (001), (111), and (110) interfaces. The electronic transport has been assumed
to be in the ballistic regime, and the interfaces have been assumed to have two-dimensional
periodicity, so that k; is conserved during scattering at the interface. Then, in a Landauer—
Biittiker approach, the conductance is determined from the transmission probability summed
over all k. Under these assumptions, we have considered hot and thermal injection—the latter
also in the presence of a Schottky barrier. We have reached the following conclusions.

(i) The spin polarization of the current is highest when most incoming Fe Bloch states of
one spin direction are totally reflected due to symmetry mismatch with the SC conduction
band states—we call this effect ‘symmetry enforced spin polarization’. This is the case
for the (001) interface, where minority spin electrons for k; = 0 practically cannot be
transmitted. The lower symmetry of the (111) and (110) interface does not lead to such a
selection rule. Even for the (001) interface, in the case of hot injection, above an energy
threshold where the Fe minority A band starts, the minority spin current increases rapidly
even at k = 0, being symmetry allowed.

(ii) For the symmetry enforced spin polarization to be realized, the injection must take place
close to the conduction band edge, so only states near k; = 0 are relevant; these have
well defined and suitable symmetry properties. Also, the interface should be well ordered;
otherwise k| is not conserved and incoming minority spin Fe states from all kj can scatter
into the SC conduction band, leading to a decrease of the spin polarization [16].

(iii) The case of thermal injection (i.e. exactly at E), has been considered for the (001) interface
with and without a Schottky barrier. The symmetry concepts still hold, since the least-
decaying complex band of the tunnelling barrier has the same symmetry properties as the
conduction band (both are of A; character). We have seen that resonant interface states
existing in the vicinity Eg for minority spin can be important for the spin polarization
of the current. In the case of a Schottky barrier they can provide a resonant tunnelling
channel for the minority spin electrons decreasing the spin injection effect. For the cases
considered this effect is, however, small.

It can be argued that a well ordered interface, necessary for our symmetry selection rule, is
difficult to realize experimentally. However, successful attempts at increasing the spin injection
efficiency have been recently reported for Fe/GaAs(001). The increase of the spin polarization
to 32% has been attributed to an improvement of the quality of the interface [11]. Therefore,
we are optimistic that our work will motivate further research in this direction.
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Figure A.1. The 2DBZ for Fe(001) adapted to the Fe/SC(001) interface (thick line). Forcomparison
the 2DBZ for a free Fe(001) surface (thin solid line) and the (001) cut through the bulk Brillouin
zone (thin dashed line) are also shown. The k. vector along the [001] direction varies between
+2r / dre.
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Appendix. Geometry of the reduced 2DBZ

Here we discuss briefly the geometry of the 2DBZ and the available bands at the T" point for
the (001), (111), and (110) orientation in the Fe and the SC half-space. More details can be
found elsewhere [17].

First we investigate the backfolded bands for the Fe(001) half-space. In figure A.1 the
2DBZ and the cut perpendicular to the [001] direction of the bulk Brillouin zone (BZ) are shown.
At the T point two bands are available. One is a band that is not backfolded, corresponding to
the bulk band along '-H, i.e., the A direction. Also, there is one band that is backfolded, by
applying, once, the reciprocal surface lattice vectors by or by, corresponding to the bulk band
along N-P-N, i.e., the D direction. In the SC half-space no additional bands are backfolded
to the " point and the only available band corresponds to the bulk band along '-X, i.e., the A
direction.

Next we discuss the (111) case briefly. As for the (001) orientation, additional bands are
obtained by backfolding to the " point due to the large lattice constant in the Fe half-space.
The band at the I point that is not backfolded corresponds to the bulk band along the '-P—-H
high symmetry line, because in the 2DBZ the k. vector extends from —+/3 to +/3 in units of
271 /dg.. Also one additional band is backfolded to the T" point corresponding to the bands of
the same I'-P—H high symmetry line as the band that is not backfolded. In the SC half-space
only the band available at the T point corresponds to the bulk band along I'-L, i.e., the A
direction.

Due to the much larger surface unit cell of Fe(110) compared to the Fe bulk BZ, four
bands are available at the T point. The non-backfolded band corresponds to the I'-N bulk
band (X direction). One backfolded band corresponds to the bulk band between N and H, i.e.,
in the ¥ direction. In addition two bands are backfolded to the T point that are not along a
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high symmetry direction in the Fe bulk BZ. Because of these bands, a symmetry enforced spin
polarization cannot be expected for the (110) orientation.

In the (110) orientation, even in the SC 2DBZ, one band is backfolded. The two bands

available at the T" point correspond to the same bulk band between I" and K (in the X direction).
Thus, the maximum possible conductance in the (110) orientation is 2 >/ & per spin channel.
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