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Fe-induced spin-polarized electronic states in a realistic semiconductor tunnel barrier
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Whenever iron is grown on Zn-terminated ZnSe(001) substrates, the most stable configurations of Fe/
ZnSe(001) magnetic tunnel junctions show Fe-Se bonding and include a Fe-Zn intermixed interface layer, as
suggested by spectroscopic measurement and confirmed here by calculations based on the density functional
theory. The presence of the intermixed Fe-Zn layer at the junction strongly reduces the spin polarization of both
the interface and metal-induced gap states within the ZnSe tunnel barrier.
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I. INTRODUCTION

Since a ferromagnetic metal (FM) provides a natural spin-
polarized source, junctions between FMs and semiconduc-
tors (SCs) have been extensively studied as integrated de-
vices for applications in spintronics.' In metal/SC
interfaces, the Bloch electronic states on the metal side, with
energies ranging between the SC valence band top and the
Fermi energy Er, exponentially decay in the semiconductor.
Usually called metal-induced gap states (MIGS),* these
states are usually spin-polarized in FM/SC junctions. The
spatial behavior of spin-polarized MIGS is crucial in spin-
tronics since they drive the tunneling current.”

Moreover, it has been shown that spin accumulation on
the SC side can be obtained by means of a high enough
FM/SC Schottky barrier or a tunnel barrier with a resistance
comparable to that of the semiconductor,>® thus remedying
the resistance mismatch problem.” Recent experiments have
also demonstrated that spin injection into the SC may be
achieved and detected in a single FM/SC/FM device within a
fully electrical scheme through Schottky tunnel barrier
contact.® Furthermore, spin injection into the SC can be en-
hanced depending on the following characteristics of FM/SC
heterojunctions: (i) a very strong spin polarization of the FM
states at the interface® and/or (ii) spin filtering effects, which
may be related to the asymmetric decay of MIGS within the
SC as a function of their spin polarization.

All the previous observations call for a thorough theoret-
ical understanding of the interplay between the atomic and
electronic structures of FM/SC interfaces, which can be
achieved by first-principles (FP) methods.!® However, which
models must be adopted to go beyond the unrealistic case of
sharp and ideal interfaces is still under debate. For instance,
in Fe/MgO interfaces, FP calculations predict the spin-
polarized current to be strongly dependent on the atomic
structure.'"'? Recent FP calculations of Fe/GaAs(001) and
Fe/ZnSe(001) heterojunctions'>'* showed that Fe-Zn or
Fe-Ga intermixed interface-layer configurations are more
stable than the ideal geometry that is usually adopted when
computing spin-polarized electron transport across the
junction.? The outcomes of the previous calculations are cor-
roborated by high resolution transmission electron micros-
copy experiments,!”> by x-ray photoemission spectroscopy
(XPS),'¢ and by photoelectron diffraction.!”

In this work, we consider the Fe/ZnSe(001) heterojunc-
tion, which has been experimentally and theoretically studied
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to such a degree that it can be considered as a prototype of
low reactive FM/SC interfaces. The mismatch between bcc
Fe and ZnSe is quite small (1.1%). The interface is found to
be sharp without any loss of magnetic moment when iron is
grown by molecular-beam epitaxy on a c(2X2) Zn-
terminated ZnSe(001) surface.'® Chemical reactivity was ex-
cluded on the basis of spectroscopic measurements even if
Zn atoms are released in the Fe film and Se atoms are de-
tected on the growth front.!® Here, we show by first-
principles calculations that the formation of an intermixed
Fe-Zn monolayer with Se-Fe bonding at the interface is fa-
vored with respect to ideal heterojunctions consisting of
bulk-truncated Fe and ZnSe crystals. Since the averaged
transmission polarization in the generalized Julliere model’
is indirectly linked to the interface polarization at the Fermi
level and to the decay profile of polarized MIGS,?> we ana-
lyze the influence of the structure of realistic interfacial
phases on the spin polarization and on the electronic struc-
ture of the SC tunnel barrier.

II. COMPUTATIONAL DETAILS AND INTERFACE
ATOMIC STRUCTURE

The calculations are carried out within the density func-
tional theory (DFT), adopting the generalized gradient
approximation!” to the exchange and correlation energies.
The projected-augmented wave representation of the Kohn—
Sham orbitals is used, in conjunction with ionic pseudopo-
tentials, as implemented in the VASP code.?’?! The computed
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FIG. 1. (Color online) Sketch of a (Fe2),/Zn,,Se,, superlattice
with the corresponding unit cell. Zn/Fe(B)Fe(AB): Zn in yellow, Se
in brown, and both B and AB sites at the interface (I) occupied by
Fe. Se/Fe(B)Fe(AB): as above, interchanging Zn with Se. Inter-
mixed Se/Fe(B)Zn(AB) and Se/Zn(B)Fe(AB) configurations: Zn in
brown and Se in yellow; Zn also sits at AB and B sites, respectively.
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FIG. 2. (Color online) Computed LDOS of ideal interfaces:
Zn/Fe(B)Fe(AB) (left) and Se/Fe(B)Fe(AB) (right). The black and
red curves refer to majority- and minority-spin components, respec-
tively. In the top (a) and (b) panels, the LDOS on the interface (I)
and inner (I+3) Fe layers is drawn. (d) and (f) panels represent the
behavior of MIGS through the semiconductor side, starting from the
surface layer (I-1) inward. For comparison, the LDOS for the bare
Fe(001) surface is given in (a). The LDOS for Zn 3d states is drawn
in (c) and (e) panels.

equilibrium lattice parameters of bcc Fe and ZnSe are ap,
=2.824 A and ay,5.=5.729 A, respectively; the correspond-
ing lattice mismatch (2ap,—dyznse)/ dznse i —1%, thus very
close to +1.1%, as experimentally found. A Fermi surface
smearing corresponding to 0.2 eV is adopted, with a
Monkhorst—Pack sampling of the two-dimensional (2D) Bril-
louin zone,?? which consists of (8,8) or (4,4) grids for the
(1X1) and (2X2) 2D unit cells, respectively.

The lateral lattice parameter is always kept fixed at the
theoretical value corresponding to the ZnSe substrate. Sev-
eral trial configurations were built up and optimized until the
residual atomic forces were less than 2 meV/A. The local
density of states (LDOS) is computed for the relaxed struc-
tures by choosing atomic spheres with radii equal to 1.27,
1.16, and 1.3 A for Zn, Se, and Fe, respectively.

At first, we considered the deposition of n Fe monolayers
on the (2X2) ZnSe(001) surface, exposing either Zn or Se,
with some of them also involving Se atoms above the Fe
adlayer(s). While the optimized configurations showed no
symmetry but the identity at very low Fe coverage (n=1),
the interfaces evolved toward more symmetrical configura-
tions for n>2. Therefore, we adopted (Fe2),/Zn,,Se,, su-
perlattices along the [001] direction, with (1 X 1) 2D unit cell
(see Fig. 1) and n=6, as more effective models for the simu-
lation of the Fe/ZnSe(001) heterojunction. They are slightly
Zn rich (m=35 and m=4), which better represents the experi-
mental conditions.'® The (Fe2),/ZnsSe, superlattices are
symmetric—thus, displaying two similar junctions—and the
lattice parameter along [001] is always optimized.

We find that the interface Fe/Zn monolayer stabilizes the
Fe/ZnSe heterojunction in any case. In order to detail these
findings, in Fig. 1, we report the ZnSe structure continued by
epitaxial bcc Fe. We notice that at the interface, there are two
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TABLE 1. Structural parameters of the optimized interfaces:
Zn/Fe(B)Fe(AB) (a), Se/Fe(B)Fe(AB) (B), Se/Zn(B)Fe(AB) (v),
and Se/Fe(B)Zn(AB) (9). z%X)—z ; is the vertical distance of (X) site
(X=B,AB) from the layer beneath.

(@) (8) () (9)
24—z 1 (A) 1.56 1.68 2.04 1.86
2Bz (A) 1.67 1.61 1.78 1.91
21212 (A) 1.50 1.53 1.55 1.58

nonequivalent Fe sites within the (001) planes: Half of them
coincides with those of the zinc-blende crystal (B sites) and
the other half corresponds to interstitials (AB sites). How-
ever, beyond the ideal case of atomically sharp Fe/ZnSe(001)
junctions, AB or B sites can, in principle, be occupied by Zn
or Se atoms, too. Therefore, several configurations have been
simulated and four of them have been retained according to
their relative stability. The corresponding junctions are
Se/Fe(B)Fe(AB), Zn/Fe(B)Fe(AB), Se/Fe(B)Zn(AB), and
Se/Zn(B)Fe(AB). The former two display ideal interfaces
between Se- or Zn-terminated ZnSe(001) (1< 1) slabs and
bce-Fe, while the latter two contain an intermixed Fe-Zn
buffer layer between Se-terminated ZnSe(001) and bulk iron.

The atomic relaxations are reported in Table I for the four
configurations. The intermixed Se/Fe(B)Zn(AB) and
Se/Zn(B)Fe(AB) configurations are more stable than
Se/Fe(B)Fe(AB) and Zn/Fe(B)Fe(AB) by 0.77 and 0.85 eV
per surface (1 X 1) unit cell, i.e., about 0.2 J/m? for each of
the two interfaces.?® Substitution of Fe atoms with Zn at B or
AB sites in layers that are far from the interface results in an
increase of the total energy, which is consistent with the
metastability of Zn-Fe alloys.?* The formation of a mixed
Zn-Fe buffer layer is thus a genuine consequence of the
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FIG. 3. (Color online) Computed LDOS of interfaces with an
intermixed Zn-Se monolayer: Se/Fe(B)Zn(AB) (left) and
Se/Zn(B)Fe(AB) (right). Same conventions as in Fig. 2.
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(b)

FIG. 4. Ideal Zn/Fe(B)Fe(AB) interface. Charge density plot of
states at the I" point of the minority-spin interfacial state found at
the Fermi level. View along planes containing B (a) and AB (b)
positions of interface Fe atoms. The isolines are drawn for mini-
mum and maximum amplitudes of the squared wave function cor-
responding to 0 and 1, respectively, with interline spacing equal to
0.2 e/unit volume.

constitution of the interface in thermodynamic equilibrium.
Intermixed interfaces have also been obtained in previous
DFT calculations,'* where supercells that contain void space
and stoichiometric ZnSe slabs have been used. In all cases,
the interface Fe magnetic moment is enhanced by about
0.3—-0.5up with respect to the bulk.
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FIG. 5. Intermixed Se/Zn(B)Fe(AB) interface configuration.
Charge density plot of states at the I" point of the interfacial elec-
tronic state at ~—0.5 eV along planes containing B (a) and AB (b)
sites. Same conventions for isolines as in Fig. 4.

III. ELECTRONIC STRUCTURE: RESULTS AND
DISCUSSION

The electronic density of states (DOS) of ideal and inter-
mixed heterojunctions is calculated using a (32X32X4)
k-point grid and a Fermi surface smearing of 0.2 eV. The
results are shown in Figs. 2 and 3. First of all, we point out
two main features: (i) close to the Fermi level, the minority-
spin states dominate at the interface of the ideal heterojunc-
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FIG. 6. Intermixed Se/Zn(B)Fe(AB) interface configuration.
Charge density plot of states at the I' point of the interfacial elec-
tronic state at ~1 eV along planes containing B (a) and AB (b)
sites. Same conventions for isolines as in Fig. 4.

tions, leading to a stronger spin polarization than in the in-
termixed interfaces [compare Figs. 2(a) and 2(b) to Figs. 3(a)
and 3(b)]; and (ii) the amplitude of the MIGS polarization
within the semiconductor strongly depends on the interface
geometry [compare Figs. 3(d) and 3(f) to Figs. 2(d) and 2(f)].
A more detailed report of the characteristics of the electronic
structures for the four models of Fe-ZnSe heterojunctions is
given below.
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Regarding occupied states with Se and Zn character, our
simulations allow recent XPS data'® to be unambiguously
interpreted on the basis of a microscopic model. The analysis
of Se and Zn 3d chemical shifts'® showed structural changes
upon iron deposition: (i) despite the fact that Fe is grown on
a Zn-terminated ZnSe(001) surface, Fe binds to Se; and (ii)
some Zn atoms are reduced with respect to those in the ZnSe
substrate, which has been considered as a signature of the
formation of mixed ZnFe layers at the interface. Both inter-
mixed Se/Fe(B)Zn(AB) and Se/Zn(B)Fe(AB) configurations
are fully consistent with those findings; in particular, the
peak corresponding to shallow Zn 3d core levels is shifted
toward higher energies by about 0.5 eV with respect to ideal
interfaces—compare Figs. 2(c) and 2(e) to Figs. 3(c) and
3(e)—as a result of the partial reduction of Zn atoms in pass-
ing from the substrate to the intermixed layer.

In the ideal Zn/Fe(B)Fe(AB) junction, the absolute spin
polarization close to Ej is reversed with respect to bulk Fe
[see Fig. 2(a)]. The Fermi level lies well above the broad
structure given by a majority spin and crosses a minority-
spin peak. The interface DOS of the ideal Zn/Fe(B)Fe(AB)
junction is most similar to that of the bare Fe(001) surface,
which is also shown in Fig. 2(a). From a comparison of the
charge density plot of the minority-spin interfacial state
found at the Fermi level in Fig. 4 with the surface state of
Fe(001) reported by Stroscio et al.,>® we conclude that the
minority-spin peak at Er is due to the d-like dangling bond
of the Fe surface. The computed interface polarization at Ep
is =80%. In the case of Fe/GaAs (Ref. 27) and Fe/MgO (Ref.
28) junctions, those interface states lead to a significant
minority-spin polarization of the DOS at the Fermi level, and
spill over into the barrier, providing a channel for the tunnel-
ing of minority spins. We notice that in the ideal
7Zn/Fe(B)Fe(AB) junction, MIGS-induced charge density is
found on the semiconductor side, as shown in Fig. 2(d).

With respect to the Zn/Fe(B)Fe(AB) model in the ideal
Se/Fe(B)Fe(AB) junction, the majority-spin peak close to Ep
is broadened and its tail crosses the Fermi level. As a conse-
quence, the overall interface spin polarization is slightly di-
minished (=70%). Those effects are mainly due to the Fe 3d
state hybridization with Se valence orbitals. As originally
pointed out by Freyss et al.,”® Fe-Se bonding also affects the
net spin polarization of MIGS inside the ZnSe barrier, as can
be observed by comparing Fig. 2(d) to Fig. 2(f).

The presence of a Zn-Fe layer in the intermixed
Se/Zn(B)Fe(AB) and Se/Fe(B)Zn(AB) interfaces induces
significant modifications on the electronic structure: Ep lies
in a minority-spin pseudogap [see Figs. 3(a) and 3(b)] and
the interface spin polarization decreases to about —25%. In
order to understand the influence of the intermixed Zn-Fe
interface layer on the electronic structure, we carried out a
careful analysis of the MIGS for Fe-ZnSe intermixed hetero-
junctions, which is partially reported below. On the basis of
the spatial dispersion of the electronic states close to the
Fermi level, two minority-spin states at ~—0.5 and ~1.0 eV
with respect to Ey present a clear interfacial character. The
corresponding charge densities are plotted in Figs. 5 and 6.
Even if those states are mainly localized around interface Fe
atoms, they present a resonant character with electronic bulk
states. Consequently, they can play an important role in mag-
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FIG. 7. (Color online) Local density of states at the Fermi energy within the ZnSe substrate as a function of the distance from the
interface. Ideal (Fe2);/ZnySeg (left) and intermixed (Fe2)s/ZnoSeg (right) interfaces. The semilogarithmic scale evidences the exponential
decay of the spin-up (full symbols) and spin-down (open symbols) MIGS within the semiconductor.

netotransport, as reported in Ref. 30. Strong modifications
with respect to the ideal Fe/Zn interface (Fig. 4) can also be
noticed: (i) the localization of the MIGS at —0.5 eV for the
Se/Zn(B)Fe(AB) junction on the SC side (Fig. 5) is much
weaker than that of the MIGS of the ideal Zn/Fe(B)Fe(AB)
interface (Fig. 4), and (ii) Zn atoms essentially do not par-
ticipate in the interface electronic charge redistribution
around the Fermi level (Figs. 5 and 6), which is consistent
with the fact that the deeper 3d bands of Zn are filled.

Consequently, the more realistic Fe-Zn intermixed inter-
face structure sensitively affects the decay behavior and the
polarization of metal-induced gap states within the ZnSe bar-
rier, as summarized in Fig. 7. Indeed, in the ideal Zn/Fe
interface (Fig. 7, left), the minority-spin polarization that
dominates around E at the interface is preserved well inside
the semiconductor. At variance, the intermixed configura-
tions (Fig. 7, right) are characterized by a lower net spin
polarization, whose sign is dependent on the applied bias
voltage, which is both close to the interface and more deeply
into the semiconductor. Bias-dependent transmission proper-
ties through the tunnel barrier, as recently reported for CoFe/
MgO tunnel junctions,® might thus be conceived for the
intermixed Fe-ZnSe interfaces.

IV. CONCLUSIONS

In conclusion, a Fe-Zn intermixed buffer monolayer at the
Fe/ZnSe(001) interface, which is predicted here to be ener-

getically favored, dramatically affects the interface electronic
structure. Both Se/Fe(B)Zn(AB) and Se/Zn(B)Fe(AB)
model junctions have little negative polarization at Er with
respect to ideal Fe/ZnSe(001) interfaces. As far as spintron-
ics is concerned, one important consequence is the strong
reduction of the MIGS spin polarization inside the SC barrier
since spin injection depends on the competition between the
majority and minority channels. However, since in the inter-
mixed configurations the MIGS polarization around the
Fermi level is energy dependent, a majority- to minority-spin
switch of the injected electrons in Fe/ZnSe/SC heterojunc-
tions might be conceived. Nevertheless, the most favored
architectures for spintronics applications are the ideal Zn/Fe
or Se/Fe junctions;3! we are currently exploring the possibil-
ity that similar interfaces could be stabilized by low-
temperature growth in Zn-rich environments.
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