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Interface bonding of a ferromagnetic/semiconductor junction: A photoemission study
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We have probed the interface of a ferromagnetic/semiconductor (FM/SC) heterojunction by a combined high
resolution photoemission spectroscopy and x-ray photoelectron diffraction study. Fe/ZnSe(001) is considered
as an example of a very low reactivity interface system and it is expected to constitute large tunnel magne-
toresistance devices. We focus on the interface atomic environment, on the microscopic processes of the
interface formation and on the iron valence band. We show that the Fe contact with ZnSe induces a chemical
conversion of the ZnSe outermost atomic layers. The main driving force that induces this rearrangement is the
requirement for a stable Fe-Se bonding at the interface and a Se monolayer that floats at the Fe growth front.
The released Zn atoms are incorporated in substitution in the Fe lattice position. This formation process is
independent of the ZnSe surface termination (Zn or Se). The Fe valence-band evolution indicates that the
d-states at the Fermi level show up even at submonolayer Fe coverage but that the Fe bulk character is only
recovered above 10 monolayers. Indeed, the Fe A;-band states, theoretically predicted to dominate the tunnel-

ing conductance of Fe/ZnSe/Fe junctions, are strongly modified at the FM/SC interface.
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I. INTRODUCTION

Mixed ferromagnetic/semiconductor (FM/SC) hetero-
structures gain an increasing interest nowadays due to their
potentialities for spintronic applications as spin injectors and
spin analyzers for polarized currents into semiconductors.'?
The electronic and magnetic properties of these heterostruc-
tures depend on the nature of the metal/semiconductor inter-
face and can affect magnetotransport.>> In particular, the
metal/semiconductors interfaces in FM/SC/FM heterostruc-
tures play the role of spin filters and determine the tunnel
magnetoresistance (TMR) efficacy. The symmetry of the
wave functions is the leading parameter for spin polarized
transport: in the case of Fe electrodes, at the Fermi level, the
iron majority A, (C,,) couple efficiently with the slowly de-
caying A; (C,,) state in the semiconductor. In theoretical
calculations, by assuming a perfect interface structure and
two dimensional periodicity perpendicular to the direction of
growth, Fe/SC/Fe heterostructures can exhibit an extremely
high degree of current spin polarization and a magnetoresis-
tance approaching 100%.3-

As a consequence, it is particularly relevant for spintron-
ics applications of FM/SC heterostructures to determine the
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atomic and electronic structures at the interface. After the
pioneer work of Jonker and collaborators,® hybrid systems
like Fe/GaAs and Fe/ZnSe have been extensively
investigated.””! Three important points were experimentally
proven: (i) no reduction of the Fe magnetic moment (no
magnetic dead layer) has been reported for the Fe/ZnSe
interface.®® This interface remains also stable against ther-
mal annealing up to 300 °C.° (ii) ZnSe requires a much
lower substrate temperature for a good crystallization than
GaAs.!! This makes the tailoring of Fe/ZnSe/Fe heterostruc-
tures more comfortable.!>'* (iii) Chemical reactivity is low
(further discussed in this work) and the Schottky barrier is
established after the growth of 2 ML of iron on ZnSe.'?

These encouraging experimental findings hurt dramati-
cally with spin-polarized tunneling magnetoresistance
(TMR) values measured in Fe/ZnSe/Fe junctions: the mea-
sured values of tunneling magnetoresistance (TMR) were of
about ~10% when polycrystalline ZnSe barriers were used!?
and even smaller, of the order of a few percent, in the case of
a ZnSe crystalline epitaxial barrier.'> TMR up to 16% was
obtained by adding a few percent of Co to the Fe based
layer.'*
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In this paper we focus on the slight but measurable devia-
tions of the Fe electrode and of the abrupt interface from the
idealness. Our aim is double:

(i) to define the interface atomic environment where spin
transmission takes place by core-levels x-ray photoemission
spectroscopy (XPS) and photoelectron diffraction (PED). It
turns out that even if the Fe/ZnSe junction presents an
abrupt and stable interface, the ideal vision of a simple bulk-
like Fe layer “softly landed” over the Zn-rich terminated
ZnSe surface can be excluded.

(i1) To detect the electronic states relevant for TMR effi-
ciency at the interface by valence band photoemission. We
show that Fe-A, (C,,) state are appreciably modified by the
interface. This is underestimated by previously reported ab
initio calculations and it can determine the measured TMR
values.

II. EXPERIMENTAL DETAILS

This study has been carried out in three distinct experi-
mental setups, two of them in synchrotron facilities. First,
the core-levels and valence-band emission were measured
with a high resolution spectrometer (Scienta 2002) located at
the French synchrotron LURE (SB-7 SUPERACO beam
line). The SUPERACO storage ring provided an intense pho-
ton flux that was selected in energy with a Dragon mono-
chromator delivering photons with energy of 170 eV. The
energy resolution of the whole setup (incoming photons plus
detector) was of about 0.15 eV, deduced from the measured
width of the well-defined Fermi-level cutoff of a thick Fe
film. The linear polarized photons impinge the sample sur-
face with an incident angle of about 45° with respect to its
normal. All spectra were measured by angle-integrated ana-
lyzer (x6°) located at the surface normal emission position
(I'-A-H line).

Valence-band spectra were also collected at photon energy
of 60 eV at APE-INFM surface laboratory and beam line at
the ELETTRA storage ring of Sincrotrone Trieste (Italy).
Sample preparation, energy resolution and measurement ge-
ometry were the same as at LURE. By using a photon energy
of hv=60 eV to minimize the photoelectron escape depth,
optimum surface sensitivity is achieved. This photon energy
also permits a direct comparison with previous work on va-
lence bands of bulk Fe(001) samples.'®

X-ray photoelectron diffraction experiments were per-
formed at PALMS Laboratory in University of Rennes
(France) in a UHV chamber equipped by an Omicron EA125
hemispherical analyzer with adjustable angular resolution.
Mg K, and Al K, anodes (hv=1253.6 and 1486.6 eV, re-
spectively) were used to excite the Zn and Fe core levels.

For all experiments, we have used an identical protocol
with the iron deposition performed in-situ inside the corre-
sponding UHV analysis chamber. ZnSe epilayers were first
prepared in a molecular beam epitaxy (MBE) multichamber
facility equipped with a III-V and a II-VI growth chambers
interconnected. A 10 nm thick of undoped ZnSe epilayer was
grown on a GaAs buffer layer deposited on highly n-doped
GaAs(001) substrate. At the end, the ZnSe epilayer was
capped with an amorphous Se layer, a technique that has
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proved to be very efficient to prevent contamination during
sample transportation.”!>!7 Further details of MBE sample
preparation can be found elsewhere.!"!> Once in the photo-
emission setup, samples were slowly heated up to 350 °C in
order to remove the Se capping layer and stabilize the
¢(2X2) Zn terminated surface. The iron was deposited using
an e-beam evaporator at a growth rate of 0.3 A/min cali-
brated with a quartz microbalance and cross-checked by the
core-levels photoemission decay. The growth temperature
was kept constant at 180 °C. The Fe coverage is expressed
in monolayers (ML) with 1 (ML)=1.21 X 10" atoms/cm?,
corresponding to the atomic density of the bcc-Fe(001)
plane, which is approximately twice the atomic density of
the bulk terminated ZnSe (001) surface (and would produce
a film ~1.4 A thick if deposited uniformly).

We also performed experiments on Fe grown on a (2
X 1):Se ZnSe(001) surface. In the MBE chamber, we care-
fully stabilized the (2 X 1): Se-terminated surface, as attested
by reflection high-energy diffraction (RHEED), by long an-
nealing under Se flux in the MBE chamber. Since it is ex-
tremely difficult to stabilize this surface after decapping
amorphous Se epilayers, the uncapped 2 X1 surface was
transferred in a UHV portable chamber from MBE facilities
to the photoemission beam line (SB-7, LURE). The surface
cleanliness of transferred samples was checked by photo-
emission, showing the absence of carbon and oxygen traces.
After the collection of these photoemission spectra, the sym-
metry of the (2X 1) surface was further controlled by low
energy electron diffraction (LEED).

III. GROWTH AND STRUCTURE

First we recall previously reported details about the
growth and the structure of Fe/ZnSe(001). Since the growth
mode of Fe overlayers on ZnSe(001) is an essential informa-
tion to interpret the photoemission results, we summarize
rapidly some previous results. The survey of the RHEED
diagram during the Fe growth shows that the initial C(2
X 2):ZnSe pattern, characteristic of the Zn-rich surface, rap-
idly fades into an increasing background with the persistence
of the (1X1) pattern. Along the [110] direction, one ob-
serves the emergence of characteristic broad spots of Fe ep-
ilayer just after one monolayer thickness. Considering that
the Fe lattice parameter is half of the ZnSe one, these Fe
spots are superimposed with the ZnSe diagram on each two
ZnSe streaks. Another feature of this Fe diagram is a recon-
struction characterized by half-order streaks along this direc-
tion. Considering an indexation of the Fe surface lattice with
respect to the cubic bec lattice, with agll[100] and
bg,lI[010], this reconstruction corresponds to a C(2X2) and
it is known to be induced by the Se that is segregated at the
Fe growth front.'® At higher coverage, the Fe spots become
elongated while keeping the C(2 X 2) Se-floating pattern (see
Fig. 1 of Ref. 15). This epitaxial relation has been confirmed
by transmission electronic microscopy (TEM)'* with (001)
[110]Fe Il (001) [110] ZnSe. The scanning tunnelling micro-
scope (STM) results'”!° have shown that at 1 ML coverage
the film is composed of unconnected metallic clusters with
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an average diameter of ~30 A and a height of about 3 A.
Extended  x-ray-absorption  fine-structure  (EXAFS)
measurements!” have shown that (i) the epitaxy-induced
body-centred-tetragonal (bct) structure is recovered only at
around 2 ML, with a very weak deformation with respect to
the bce bulk unit cell. (ii) The truncated semiconductor is
continued by Fe layers, where one-half of the atoms in the
(001) planes are positioned at crystal sites of the zinc-blende
structure (bonding sites), and one-half of the atoms are lo-
cated in the corresponding voids (antibonding sites).!” Be-
tween 3 and 5 ML the islands lateral size increases leading to
the formation of a continuous film. On the top, islands dis-
play an anisotropic shape, elongated along the [-11 0]
direction.'” At 7 ML the growth front roughness is strongly
reduced.'”1?

IV. INTERFACE ATOMIC ENVIRONMENT

In this section we will focus on the atomic environment
close to the Fe/ZnSe interface by using x-ray photoemission
spectroscopy and x-ray photoelectron diffraction techniques.
By monitoring the Se 3d, Fe 3p, and Zn 3d core levels as a
function of Fe-coverage, XPS permit to detect the evolution
of the interface, surface and bulk contributions (chemical
shift and intensity attenuation). Complementary, PED will
give useful information about the atomic position of Zn at-
oms released on the Fe thin film. The experimental results
reported below show that the ideal vision of a simple bulk-
like Fe layer “softly landed” over the Zn-rich terminated
ZnSe surface can be excluded. A simple consideration can be
useful to anticipate our findings. The Fe epilayers growth is
obtained on a C(2X2):Zn-rich terminated ZnSe
surface.”!>!7 One Se monolayer is always found floating in
the Fe growth front.'® As a consequence, these boundary
conditions concerning the interface formation demand
atomic exchanges on two or three layers, at least.

A. Core levels

Figure 1 shows the evolution of the Se 3d, Fe 3p, and Zn
3d core levels as function of Fe thickness for a deposition on
a c¢(2X2):Zn reconstructed ZnSe(001) surface. Only se-
lected spectra of representative Fe coverage are displayed.
The spectra of the core levels were first normalized to the
photon flux. Next, in order to put into evidence the interface-
induced effects, they have been aligned to their bulk-derived
Zn and Se 3d core level components (within 50 meV) by a
rigid shift to lower kinetic energy to compensate the band
bending due to the Schottky-barrier formation.'> A secondary
electron background was also subtracted. After this standard
procedure, core levels were fitted using a standard nonlinear
least-squares procedure of symmetric Voigt line shapes for
Se 3d and Zn 3d core levels (a Daniach-Sunjic line shape
replaced the Lorentzian in the case of Zn-reacted species in a
metallic environment) and asymmetric line shape for Fe 3p.
The spin-orbit splitting was fixed to 0.85 and to 0.31 eV for
Se 3d and Zn 3d spectra, respectively.”’ The branching ratio
was fixed to 1.5. The remaining parameters, i.e., the peak
positions, the relative intensity (height) and the full width at
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FIG. 1. (Color online) Photoemission spectra of the Se 3d-Fe 3p
and Zn 3d core region recorded as a function of Fe coverage onto
ZnSe(001)-¢(2X2):Zn surface. Reconstructed ¢(2 X 2):Zn-ZnSe
surface (on the bottom) and only representative Fe coverage are
shown. The topmost curve is the spectrum after removal of a few
atomic layers by short sputtering from the Fe surface of a 28 ML
thick Fe layer. The raw photoemission data and the deconvoluted
components are shown by circles and solid lines, respectively. The
assignments of each deconvoluted component are presented and
discussed in the text.

half-maximum (FWHM), were allowed to vary freely.

The Fe-ZnSe interface formation process can be detected
from the very first coverage (0.2 ML) since extra compo-
nents develop at the higher kinetic energy (lower binding
energy) side of Zn 3d and Se 3d spectra, labeled as “Zn’
released” and “Se-Fe,” respectively. For higher Fe coverage
(=16 ML), a second Se component (labeled as “floating Se”)
becomes dominant. This component reflects the chemical en-
vironment of the Se floating layer on the metal growth front
and a mild Ar* sputtering can completely eliminate this Se
extra component (see top spectrum in Fig. 1).

A line-shape decomposition of the spectrum (Fig. 1) pro-
vides a deeper understanding for the Fe/ZnSe interface for-
mation process. The experimental peaks are described by
ZnSe bulk and surface components (B and S, respectively)
typical of the ¢(2 X 2):Zn-reconstructed ZnSe surface?® plus
the additional Fe-induced components (“Fe-Se,” “floating
Se” and “Zn° released”). No significant improvement was
obtained by adding more components. The origin of the
gradual shift is not evident: an interpretation will be given
after the presentation of PED data. However, we have ob-
served a 20% Gaussian broadening of the Fe-induced com-
ponents when compared with the ZnSe bulk peak. We at-
tribute this effect to the disorder effects induced by the
Fe/ZnSe interface formation.

The intensity evolution for each component of the Zn 3d
and Se 3d peaks can be visualized in Fig. 2, determined after
the integrated area and normalized to the total emission of
the clean ZnSe surface. It is also plotted with dashed lines
the behavior expected for an ideal layer-by-layer growth,
without any interdiffusion or dissolution. We can notice the
following:
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FIG. 2. (Color online) Attenuation curves of the total emission
for Se 3d, Zn 3d (filled circles), of the bulk component (open
squares) and the surface component (diamond). The Fe-induced
components are labelled as in Fig. 1: Se-Fe (triangles up) and Se
“floating” (triangles down) for Se 3d spectra and Zn° released (tri-
angles up) for Zn 3d. The Fe 3p core level (asymmetric line shape)
is developed at lower kinetic energy than Se 3d. The solid line is a
guide to the eyes. The attenuation of the bulk substrate core levels
expected for ideal Fe layer-by-layer (without substrate dissolution
and interdiffusion) is shown for comparison as the dashed line (in
the inset for Fe 3p), calculated for an electron mean free path of 5.8
and 6.2 A, for Se 3d (same for Fe 3p) and Zn 3d emission,
respectively.

(i) The general behavior significantly runs off the ideal
layer-by-layer growth curve.

(ii) The intensity of the ZnSe surface component di-
minishes rapidly due to the rapid disruption of the ZnSe
reconstructed surface.

(iii) Up to 2 ML, the peaks corresponding to the ZnSe
substrate are attenuated faster than the ideal case, in agree-
ment with the proposed disruption of the topmost substrate
layers.

(iv) The intensity of the Fe-induced components
crosses a maximum at about 2 ML and then decays exponen-
tially, except for the “floating Se” component.

(v) The intensity of the “Se-Fe” component does not
exceed ~30% of the total Se core-level intensity and after 8
ML Fe coverage its signal asymptotically overlaps the sub-
strate decay. The evolution of this component is compatible
with one atomic Se terminating layer (the topmost ZnSe sub-
strate) that bonds to the growing Fe epilayer.

(vi) The intensity of the Zn-reacted component (“Zn°
released”) grows up to ~2 ML Fe nominal coverage and
then decays more slowly than the substrate attenuation. This
behavior agrees with released Zn atoms that are gradually
incorporated into the Fe layer.

(vii) The exponential dependence of the Fe 3p peak is
consistent with the formation of a continuous and uniform
ultrathin Fe film (see, for example, cross-section TEM image
in Fig. 3 of Ref. 14 and STM images of Ref. 17).
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Another interesting result was obtained for identical Fe
growth procedure but performed over a (2X1):Se-
reconstructed ZnSe surface. Surprisingly, no dependence of
the substrate surface termination was detected. The thin film
is still characterized by Se-Fe bond at the interface, Zn atoms
diluted in Fe overlayer and one monolayer of Se atoms float-
ing on the top surface of the metallic Fe film. These findings
confirm that, irrespective of the initial ZnSe surface recon-
struction, two atomic layers (Se-Zn) at the topmost of ZnSe
substrate have been chemically converted during the
Fe/ZnSe interface formation process.

B. Photoelectron diffraction: Detection of Zn atoms released
in the Fe thin film

If the phenomenological process for the Fe-ZnSe interface
formation is quite clear in the light of photoemission results,
it remains an open question concerning the released Zn
atomic location inside the iron matrix. In order to get a
deeper understanding on this process, we have employed the
x-ray photoelectron diffraction technique for both Zn 3d and
Fe 3p core levels. It is fair to note that the mean free path for
a classical photoemission experiment (XPS where the exci-
tation source is hv=1253.6 eV with Mg anode) is three times
larger than the adopted synchrotron source energy (hv
=170 eV) and the experimental resolution is worse. As a
consequence, the study of the Zn reacted component be-
comes much more difficult.

Nevertheless, we have succeeded to detect and to measure
the “Zn® released” component by growing iron at room tem-
perature. The room temperature growth probably quenches
Zn atoms in off-equilibrium metallic configuration in the film
leading to a less dispersed “Zn° released” peak than at
180 °C. The “Zn" released” component is found at the lower
binding energies side of the Zn 3d substrate line (see inset in
Fig. 3), shifted by ~1 eV relatively to substrate component.
In order to determine the location of the Zn atoms expelled
from the substrate after the Fe/ZnSe interface formation we
have compared the Fe 3p and Zn 3d core-levels PED polar
scans along the [100] substrate direction. For the kinetic en-
ergies higher than 500 eV, due to forward scattering effects,
strong intensity enhancements occur in the PED patterns
along the denser atomic chains.?! Here the kinetic energies
for the Fe 3p and Zn 3d core levels are, respectively,
1.20 keV and 1.24 keV. For 12 ML Fe/ZnSe(001) we can
see in Fig. 3 that the Fe 3p polar scan presents large peaks at
0° and 45°. These structures correspond, respectively, to for-
ward scattering peaks along the [001] and [101] crystallo-
graphic direction of the Fe bcc lattice, in agreement with the
observed a-Fe structure by EXAFS, even 2 ML iron.!” The
modulation of the Zn-reacted component show strong resem-
blances with that of the Fe 3p. The same behavior is ob-
served for 6 ML Fe deposited on ZnSe at RT. This result
indicates that the Zn atoms liberated by the substrate are in
the same crystallographic environment as the Fe atoms.

The picture which emerges from these PED results is that
the Fe/ZnSe interface forms a well-ordered Fe bcc phase
with a solid solution of diffused Zn atoms gradually dis-
solved in substitution sites of the metallic matrix (~1.5 ML
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FIG. 3. (Color online) X-ray photoelectron diffraction curves
from 12 ML Fe film on ZnSe(001) susbtrate. The intensity of Fe 3p
and Zn 3d component of Zn® released has been recorded by scan-
ning the polar angle with a fixed azimuth in the [100] substrate
direction. The inset shows the Zn 3d emission for clean ZnSe(001)
surface and for 6 ML and 12 ML thick Fe film.

Zn are dissolved in the 12 ML Fe film). Therefore, we can
rule out the formation intermetallic clusters like Zn-Fe in the
Fe matrix (not observed in the cross-section TEM image in
Fig. 3 of Ref. 14). The anomalous broadening of the “Zn’
released” contribution to the Zn 3d spectra reported in the
core-levels section can be interpreted as in the following: the
substitutional Zn sites are not equivalent in this ultrathin bct
Fe epilayer. Some Zn atoms are located at the interface, and
feel a Se bonding in one side and Fe bonding in the other
side. A few of them are located in the second layer and can
still suffer of the interface influence, while others are embed-
ded in the Fe film, far from the interface (Fig. 4). This cre-
ates local environments that are different but all metallic: As
a consequence, Zn-reacted components are found in the low
binding energy side (the “Zn° released” peak). In this con-
text, the gradual energy shift of this reactivity-induced peak
observed in Fig. 1, can be interpreted as the iron-induced
onset of fully bcc metallic components, i.e., more and more
zinc atoms in bcc sites, far from the interface.

V. DISCUSSION

A schematic picture of the Fe/ZnSe interface formation is
reported in Fig. 4. This process can be summarized as fol-
lows: during the first iron deposition (around 2 ML), the two
ZnSe topmost atomic layers (Zn and Se), plus the half Zn
layer responsible for the Zn-rich ¢(2X2) ZnSe surface
reconstruction,?’ are disrupted and form a thin bct-Fe film
with two most important characteristics: a stable Fe-Se bond-
ing at the interface and a Se layer floating on the Fe film
surface. The interface is then formed by a bulk truncated
ZnSe terminated by Se that bonds to the Fe atoms. Fe atoms
occupy crystal bonding and antibonding sites of the zinc-
blende structure.!” This Se-Fe bonding leads to the “Se-Fe”
signature detected by photoemission that is shifted by about
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FIG. 4. (Color online) Schematic picture of the atomic environ-
ment close to the Fe/ZnSe interface. Open circles, gray filled
circles, and black filled small circles denote Zn, Se, and Fe atoms,
respectively. The Fe atoms positioned near the zinc-blende sites in
the bonding and antibonding positions are represented by open and
filled small circles, respectively.

0.8 eV towards the lower binding energies with respect to
the bulk component. The chemical shift toward the lower
binding energies is induced by the higher electronic density
around Se atoms at interface as respect to the ZnSe bulk. As
predicted by Continenza et al.,* charge flow tends to satu-
rate the Se bonds by charge transfer from the Fe side into the
7ZnSe side. Moreover, the metallic character of the iron envi-
ronment leads to a more effective core-hole screening. On
the other hand, the binding energy of the “floating Se” com-
ponent is very close to that of the ZnSe component. The
distinct energy position observed for these two additional Se
components reflects the difference of the charge readjustment
of the Se atoms in two different environments: the first Se
located at the interface is bonded to Zn down below and to
Fe, up above. The second Se, located over the growth front
of a metallic Fe layer (Fig. 4), is weakly bonded to the Fe
overlayer. At larger coverage (=16 ML), Se 3d core levels
are still detected, even if the nominal Fe coverage is by far
larger than the penetration depth. A short (5 min) and mild
sputtering succeeded to remove a few topmost layers of the
28 ML thick Fe film leading to a complete suppression of the
Se signal. Only the signature of the metallic Fe 3p is con-
served. A detailed analysis helped us to assign an equivalent
thickness for this segregating Se of approximately 1 ML of
Se (in terms of ZnSe matrix). This sputtering experiment
confirms that the remaining Se signal comes from the surface
Fe film but also, within the detection limits of photoemission
(=0.1%), attests also that selenium is not being incorporated
inside the Fe overlayer.

A comparison with recent fully relaxed ab initio calcula-
tions is fruitful. These calculations were performed for
Fe/GaAs (Ref. 23) and for Fe/ZnSe(001).2* It was shown
that the interface of the Fe layer/semiconductor is abrupt and
that at very low coverage the iron-anion bonding is energeti-
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cally favored with iron in a substitutional sites. The follow-
ing iron layers are found in the bcc stacking configuration.
Furthermore, by an atomic exchange mechanism (not thermi-
cally activated), energy is minimized if an anionic layer
floats on the Fe surface film (surfactant effect'®) and inter-
face iron atoms, bond to anions, occupy a substitutional site.
Cations are predicted to be diluted in the Fe thin film. Our
experiments confirm this theoretical scenario.

VI. ELECTRONIC PROPERTIES AT THE INTERFACE

The atomic environment of the interface has been ob-
tained by photoemission core-level measurements. In this
section we present the valence-band evolution as a function
of iron coverage. These measurements permit to detect inter-
face electronic states that play an important role in TMR
efficiency.

Valence band: In Figs. 5(a) and 5(b) we present the
valence-band evolution as a function of iron coverage mea-
sured with two selected photon energies, 60 eV at
ELETTRA and 170 eV at LURE. The raw data at submono-
layer coverage are slightly shifted in order to take into ac-
count a residual ZnSe photovoltage effect.!?

We can notice that at the very first iron deposition, the
density of states (DOS) near the Fermi level (Ep) is entirely
dominated by the Fe 3d bands since the ZnSe contributions
(4s,4p) are located at higher binding energies, between 1.9
and 7 eV below Ep. The Fe 3d contribution is enhanced due
to its photoionization cross section that is two orders of mag-
nitude larger than those of ZnSe(4s,4p) and Fe(4s,4p).> As
a consequence, the overall signal is very sensitive to Fe 3d
states from the very beginning of the Fe growth. We can
clearly see this effect in the 0.2 ML coverage spectrum (the
lowest examined coverage) where the metallic character of
the iron thin film is already visible. This very early metallic
behavior is in agreement with the scanning tunneling spec-
troscopy (STS/STM) measurements done for coverage of 1
ML-Fe.!” We observe also that the ZnSe valence-band emis-
sion is rapidly attenuated as a function of the Fe thickness,
coherently with the core-level photoemission reported above.

Close to the Fermi level, the valence-band contribution is
characterized by two overlapping structures: the first one is
located just below E (0.3 V) and the second one at 0.8 eV
[noted P, and P, respectively, in Figs. 5(a) and 5(b)]. An
additional peak labeled P, and located at 2.6 eV, is also
clearly detected above 2 ML. We notice that the overall
shape of spectra is strongly modified at low coverage and
that the Fe-bulk valence band is recovered only between 8
and 16 ML. In particular, the P; peak intensity development
is frustrated at low coverage if compared with P, and P,. Up
to 4 ML Fe coverage the relative intensity of these three
peaks is roughly constant. We point also that d-band peaks
are wider for the very low initial coverage and that they
become narrower and more structured approaching the thick-
ness at which the bulk iron character shows up. However,
their energy position remains practically unchanged except
for submonolayer iron coverage where the residual ZnSe
photovoltage and band bending induce a small low-energy
shift.!>
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FIG. 5. Valence-band photoemission spectra for Fe/ZnSe (001)
interface as a function of Fe coverage at the photon energies of (a)
60 eV and (b) 170 eV. The assignments of each peak is discussed in
the text. (¢) P;/Py and P,/ P, intensity ratios are plotted as a func-
tion of the Fe coverage after clean ZnSe spectra substraction.

In order to better visualize the electronic structure evolu-
tion as a function of the Fe thickness, we have plotted in Fig.
5(c) the intensity ratio for P,/P, and P,/ P, as a function of
the Fe coverage, after subtracting the clean ZnSe contribu-
tion and without considering the important background
above 3 eV. We observe that these ratios quickly evolve to
the bulk values approaching 10 ML. This evaluation can be
only qualitative because of the arbitrary shift of the ZnSe
valence band (residual photovoltage). A sputtering treatment
(not shown) of a thicker Fe epilayer (28 ML) to remove the
floating Se did not modify the valence-band spectra. This
corroborates the lack of surface states contribution in our
spectra close to the Fermi level, as reported by other
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authors.2® Indeed, surfaces states are expected to lie 0.2 eV
and 2 eV above and below the Fermi level, respectively.

VII. DISCUSSION

First, we summarize previous photoemission spectroscopy
studies'®?” performed on the Fe bulk valence bands. It is
well known that the band spectral weight is strongly depen-
dent on the angular integration, on the excitation energy and
on the photon incidence angle with respect to the surface
normal. The d-band features derived from relatively flat bulk
bands near I' in the I'-A-H direction of the Brillouin zone
(normal emission) are constituted of two types of signatures:
the first has a single band structure at about 0.3 eV below E
and the second display two structures located at 0.7 and
2.3 eV. Previous studies have assigned these peaks to minor-
ity and majority spin Fe d-bands states, Asy,., at 0.3 eV,
Ay at 0.7 eV and Ag, at 2.3 eV, respectively. It is straight-
forward to correlate these signatures with the peaks P, Py,
and P, that have been discussed in the preceding section. At
normal emission, selection rules only allow initial states of
A, and A5 symmetry; A; when the electric vector lies per-
pendicular to the surface, A5 when it is parallel. At high
incidence angle (>70°), the A, majority peak
(~0.7 eV) is relatively intense compared to the A5 exchange
split bands (0.3 and 2.3 eV). On the contrary, the As peaks
were expected to be stronger at small angles of incidence.?’
For the intermediary incidence angle, the valence-bands
spectra are still dominated by the A, peak at around 0.7 eV
for both photon energies used in our experiments [60 eV
(Ref. 16) and 170 eV (Ref. 28)]. Moreover, 60 eV photons
permit to monitor the well-defined nondispersive d-bands
near the I" point.'®

At 45° incidence angle, the valence-bands spectra of the
thickest Fe film (28 ML) at the two photon energy (60 and
170 eV in Fig. 5) closely look like Fe bulk spectra!®?8 except
for small changes in relative peak intensity and background.

The first consideration that we can do is that a simple
visual inspection of the spectra indicates that no dramatic
reduction of As band exchange splitting occurs for film
thickness between 2 and 28 ML. This is in full agreement
with the XMCD experiments® that have shown bulklike mag-
netic properties for films thicker than 2 ML. No extra peaks
related to the reduction of the exchange splitting were ob-
served. It is worthwhile to recall that a recent spin-resolved
inverse photoemission experiment indicated the reduction of
the spin splitting of the Fe A5 bands near H; for iron thick-
ness below 30 ML.!° The exchange splitting in Fe films is
claimed to decrease from the expected 1.5 eV value for bulk
iron to 1.2 eV at 15 ML, and to less than 1.1 eV for a thick-
ness of 8§ ML. It is not the first time that contradiction be-
tween photoemission and inverse photoemission has been
encountered. A similar case has been reported for the
Fe/Ag(100) system, where the large reduction of the ex-
change splitting in Fe films was pointed out by inverse pho-
toemission spectroscopy?’ and not confirmed by photoemis-
sion spectroscopy for a 6 ML thick film.** It is a common
thought that empty states are more sensitive to defects of the
crystalline structure than occupied states. This assumption
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remains however with no conclusive experimental or theo-
retical evidence to our knowledge.

The second consideration, and maybe the most striking
result of this photoemission valence-bands study, is the de-
pression of the majority A states below 10 ML.

As shown above, core-level photoemission results indi-
cated that at 2 ML a stable Fe/ZnSe interface is established
since no change of the line-shape spectra of Se and Zn 3d
core levels was detected (see Figs. 1 and 2). The overall
picture that stands out consists of (i) a buried Fe-Se interface,
of (ii) 1.5 ML of Zn atoms lost in the bec Fe film and (iii)
one Se layer floating on the growth front (see Fig. 4). As a
consequence, the strong reduction of the A;,,-derived P1
peak intensity can be attributed to the electronic influence of
the buried Fe/ZnSe interface. This interfacial electronic in-
fluence washes out beyond 10 ML and the bulklike character
is retrieved.

This unexpected P, reduction can be understood from the
spatial orientation and extent of the A, states. The A, states
have s, p,, and dﬁ wave function symmetry. The d? and p,
orbitals point towards the semiconductor so that a large elec-
tronic interaction with the substrate through A, states is pos-
sible. As a consequence, interface Fe-Se hybridization leads
to a depression of the Fe A, state throughout the first Fe
monolayers. On the other hand, the As states are character-
ized by in-plane extended p, , and d,. ,. orbitals and weakly
interact with the ZnSe substrate. We rule out any major in-
fluence of zinc atoms released in the Fe film on the A; state,
for reasons linked to symmetry and energy levels arguments:
Zn 3d and Zn 4s cannot strongly modify the Fe states close
to the Fermi level.

Indeed, ab initio calculations performed by different
groups point that modifications of the local DOS are ex-
pected close to the FM/SC interface, mainly due to the dipole
layer created by electrons transferred from Fe to the
ZnSe.>*31:32 This seems independent of the anionic’*3! or
cationic termination**? of the semiconductor. Surprisingly,
also the nature of the semiconductor seems not so important
once the same theoretical conclusions could be given for
Fe/GaAs, Fe/ZnSe, and Fe/Ge interfaces. A major interface
modification is that majority A, states are depressed in the
iron lead, close to the interface.*3'32 The extent of these
interface induced modifications can take few layers.

By associating these ab initio calculations with our results
we conclude that even if the trend of the strong depression of
A, states is described by calculation, its spatial extent seems
experimentally wider than expected. Indeed, calculations lo-
calize this effect at the very first Fe layer, the second being
much closer to bulk Fe. Only a larger extent of this effect, up
to around 3-4 ML, can explain the strong A, band depres-
sion observed at 8 ML. This could be possible if the screen-
ing of interface were less efficient than expected from the
calculations. In this sense, we recall that calculations per-
formed by de Jonge et al.3? gave significant deviations of the
local density of states up to three layers from the Fe/ZnSe
interface. As a general result, we state that the interface elec-
tronic structure presents features that deviate from the ideal-
ness.
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VIII. CONCLUSION

We have studied the atomic environment of Fe/ZnSe in-
terface and electronic properties of ultrathin Fe films, a well
known “quasi-ideal” metal/SC junction invoked as a good
candidate for spintronics applications. By combining x-ray
photoemission and photoelectron diffraction it was possible
to draw a clear picture of the interface formation. The Fe
bonding process starts with a disruption of two atomic ZnSe
layers. In fact, two major statements must be fulfilled: the Fe
bonds to a Se terminated ZnSe surface and one monolayer of
Se floats in the growth front, independently of the ZnSe ini-
tial surface termination. The bcc Fe film accommodates
around 1.5 ML of Zn atoms in bcc substitutional sites. These
rearrangements are still very weak when compared with
other FM/SC interfaces.

Close to the interface, Fe-electronic states are found
strongly modified by the Fe-Se hybridization. In particular,
the A, band, because of the s, p., and d.2 admixtures char-
acter, points towards the semiconductor and is strongly de-
pressed if compared with the other d-bands features. We find
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that this band is more affected by the interface Fe-Se bond-
ing than expected by calculations, since at 8§ ML thick Fe
film this effect is still clearly detected. The role of the inter-
face bonding can be very important. Recent calculations
have shown that in the case of Fe/MgO tunnel barrier, the
presence of a Fe-O bonding can reduce the coupling between
A, states and the barrier and consequently the TMR.3* The
low TMR experimental values found in Fe/ZnSe/Fe junc-
tions could be related to the nature of the interface Fe-Se
bonding. Also in the case of Fe/ZnSe/Fe heterojunctions,
interface engineering is probably the good approach to im-
prove TMR.
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