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Fe nanoparticles on ZnSe: Reversible temperature dependence of the surface barrier potential
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The Fe growth on ZnSe(001) takes place via the initial formation of superparamagnetic nano-islands that
subsequently coalesce, giving rise to a continuous film for a nominal thickness of 8 Fe monolayers. For a very
low Fe coverage (2 Fe monolayers), we show that the surface barrier potential (i.e. the barrier potential seen by
electrons incident on the surface), measured by absorbed current spectroscopy, attains very large values (6.9 eV at
room temperature) and dramatically changes as a function of temperature, with an increase of ~1.5 eV from room
temperature down to 130 K, largely exceeding similar changes observed in both thin films and nanoparticles.
This phenomenon disappears as the thickness increases and is fully reversible with temperature. Nonequilibrium
phenomena due to the experimental conditions are present, but are not able to explain the observed data. Inverse
photoemission, core level photoemission, x-ray photoemission diffraction, and scanning tunneling microscopy
are employed in order to find temperature-dependent properties of the Fe islands: while only minor changes as a
function of temperature are present in the electronic band structure, the Fe crystal structure, and the morphology
of the islands, a noticeable temperature dependence of the Se segregation through the Fe islands is found.
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I. INTRODUCTION

During the last decades, the study of ferromagnet-
semiconductor interfaces has attracted more and more interest
due to the possibility of using such structures as injectors or an-
alyzers of spin polarized currents in semiconductors.'> Within
the wide choice of available materials, both for the ferromagnet
(Fe, CoFe, NiFe, . . .) and the semiconductor (GaAs, Ge, ZnSe,
.. .), Fe/ZnSe has been shown to be a promising system.’
In fact, theoretical calculations demonstrate that, in the case
of a perfect two-dimensional symmetry, a very high spin
polarization of the injected current can be achieved (>97 %)
due to the symmetry constraints of the states involved in the
injection from Fe to ZnSe.*> Very recently, electrical spin
injection from ferromagnetic Fe(001) into n-type ZnSe(001)
has been performed using the Schottky barrier that forms at
the Fe/ZnSe interface, achieving an electron spin polarization
(revealed by the radiative recombination in GaAs after crossing
a 0.3-um-thick ZnSe layer) of 54% at 100 K.° In the past few
years, many works have been devoted to the study of ultrathin
Fe films on ZnSe. In particular, some of the authors” 10 inves-
tigated the electronic and magnetic properties of ultrathin Fe
films on ZnSe with thickness ranging from 1 to 30 ML, where
1 ML stands for 1 equivalent monolayer and corresponds to
1.43 A, the layer spacing of bce Fe. The picture arising is far
from simple: while a metallic behavior is established from very
low Fe thickness (1 ML), a ferromagnetic behavior develops
only at larger coverage (7-8 ML). Below 7 ML, instead, Fe
is superparamagnetic, with a blocking temperature lower than
3.5 & 1.5 K.” This behavior should be ascribed to the growth
mode of Fe on ZnSe(001), as revealed by scanning tunnel-

ing microscopy:®!! an Fe film corresponding to a nominal
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thickness of 1 ML is constituted by isolated clusters of several
hundreds of atoms, corresponding to flat discs with an average
diameter of 30 A and a maximum thickness of 2 ML. When the
Fe coverage increases, the islands become larger, thicker, and
more elongated; at 5 ML nominal Fe film thickness, they start
to coalesce. Finally, at 7 ML, coalescence is accomplished,
and the film presents long-range order. Correspondingly, Fe
is superparamagnetic up to 6 ML (each island acts as a
superparamagnetic particle) and turns ferromagnetic as soon as
it becomes continuous (7 ML).”® The latter case is obviously
the most studied, in view of applications in magnetic devices
as spin injectors and spin valves, requiring well-defined and
stable magnetic states of the Fe electrode.®'>!3 However,
during our investigation, some interesting and unexplored
properties of the superparamagnetic case emerged.

In this paper, we report on the unexpected temperature
dependence of the surface barrier potential ¢ (i.e. the barrier
potential seen by an electron incident on the ZnSe surface),
measured by absorbed current spectroscopy, in ultrathin Fe
films (from 2 to 8§ ML). In particular, we found a very large
variation of ¢ in the thinnest film (2 ML, corresponding to a
nominal thickness of 2.86 A): when the sample temperature
increases by 100 K, ¢ decreases by more than 1 eV. When
Fe becomes thicker, however, this effect is more and more
reduced. The behavior we present is fully reversible with tem-
perature, as demonstrated by several cycles of heating-cooling.
Moreover, the absolute value of ¢ is interesting in itself: in the
2-ML-thick film, the surface barrier potential is 6.9 eV at room
temperature, more than 2 eV larger than the Fe work function
(4.7 eV). In the last section, finite-size effects, thermal shifts
of the work function, nonequilibrium phenomena induced by
the experimental techniques, structural, morphological, and
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chemical properties of the Fe overlayer and of the ZnSe
substrate are considered, as we look for temperature-dependent
effects to be correlated with the observed behavior of ¢.

II. EXPERIMENTAL

The ZnSe samples have been grown in the Laboratoire
de Minéralogie et de Crystallographie de Paris (LMCP)
by molecular beam epitaxy.'* On a highly n-doped GaAs
substrate, an intrinsic GaAs buffer layer (1000 A) was grown,
and then an undoped ZnSe overlayer (100 A) was deposited.
A capping layer of amorphous Se (100 A) was finally added,
in order to prevent contamination during exposure to air.
The measurements have been made in different ultrahigh
vacuum (UHV) systems, with base pressure lower than 3 x
10719 mbar, all of them equipped with Fe deposition cells,
in order to avoid any exposition to air after the Fe growth.
After the insertion in the UHV chamber, the Se capping layer
was removed by heating the substrate at 450 K for 2 h, and
then up to 690 K for 10 min in order to obtain a Zn rich
¢(2 x 2) reconstruction.® The Fe films, with nominal thickness
ranging from 2 to 8 ML as monitored by a calibrated quartz
microbalance, were grown by molecular beam epitaxy (MBE)
at a rate of ~1 A/min. The temperature was kept at 450 K
during the deposition, in order to obtain an epitaxial growth
according to a well-established recipe.®

The absorbed current spectroscopy (ACS) and inverse
photoemission spectroscopy (IPES) experiments have been
performed by employing an integrated system equipped with
a 0-30 eV electron gun and a photon detector.'®!” The
measurements have been done at normal incidence, with an
electron beam current of ~5 A and a spot diameter <1 mm.
Note that the beam spot is largely smaller than the sample
surface (10 x 10 mm?), so that any contribution to the
measured signal due to the sample holder can be excluded.

The angle resolved photoemission spectroscopy (ARPES)
and x-ray photoelectron diffraction (XPD) measurements
have been made at the ALOISA beamline in the ELETTRA
synchrotron radiation laboratory in Trieste, Italy,lg’19 with a
flux of ~5 x 10'! photons-s~! and a spot size of 30 x 200 um?.
The photon energies were 170 and 1100 eV for ARPES and
XPD, respectively.

All the measurements have been performed with the bottom
of the sample grounded, and the thermal contact with the
sample holder was provided by In soldering. The temperature
was measured by a thermocouple positioned close to the
sample, with an uncertainty of 5 K.

The scanning tunneling microscopy (STM) measurements
have been performed using an Omicron Variable Temperature
STM in a UHV chamber connected to the preparation system,
equipped with an e-beam evaporator and a quartz microbalance
for Fe deposition. Scanning tunneling microscopy images have
been acquired at room temperature and at 140 K (using a
liquid N, cooled sample holder) in constant current mode,
with homemade electrochemically etched W tips.

III. RESULTS

In ACS, the incident electrons, having a well-defined energy
(Epeam) With respect to the Fermi level (E ) of the substrate,
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FIG. 1. (Color online) Absorbed current spectroscopy spectra,
taken at room temperature, of (i) Fe/ZnSe(001) films with Fe nominal
thicknesses of 2, 4, 6, and 8 ML, (ii) a clean ZnSe(001) substrate, and
(iii) a bulk Fe(001) single-crystal sample. The ACS signal is defined
as the ratio between the current absorbed by the sample and the total
current at the entrance of the electron gun. In the inset, the energy
scheme for the determination of the surface barrier potential (¢) from
the ACS spectra is reported.

couple with unoccupied states in the conduction band. The
ACS signal is defined as the ratio between the current absorbed
by the sample and the total current at the entrance of the
electron gun. It takes into account both the transmittance of the
electron optics, slowly depending on the beam energy E, and
the probability of filling an empty state above E . For example,
the black dotted curve in Fig. 1(a) is the ACS spectrum of
a bulk Fe(001) single crystal (s.c.).?’ While the features at
E-Er > 5 eV are connected to the electronic band structure,
the initial steep onset around 4.7 eV must be ascribed to the
surface barrier potential of Fe (¢): only the electrons that
possess enough energy to overcome such barrier (E-Ep > ¢)
can couple with the Fe conduction band and produce an ACS
signal. From the black dotted curve in Fig. 1, we deduce ¢ =
4.7 eV for the Fe s.c., taking the surface barrier potential ¢ as
the saddle point in the onset region. The accuracy is £0.05 eV.
This result is in full agreement with the values of the Fe work
function (that, in a metal, is coincident with the surface barrier
potential) reported in literature.’!

In Fig. 1 are also reported the room temperature ACS
spectra of a clean ZnSe(001) substrate and four Fe/ZnSe(001)
samples with different Fe nominal thicknesses (tpe = 2, 4,
6, and 8 ML). We note that, while the Fe/ZnSe(001) spectra
are essentially similar in the region with E-Ef > E);, where
E); is the position of the first maximum, in the region with
E-Ep < E) athickness dependence is evident. As a matter of
fact, when the Fe thickness increases, the onset shifts towards
the Fermi level, and thus ¢ decreases: ¢ result 5.2, 5.1, 5.0,
and 4.7 eV for tg. = 4, 6, 8 ML, and for the bulk Fe s.c.,
respectively (the 2-ML-thick film will be discussed later). The
decrease of ¢ while increasing fp. is also accompanied by
an increase of the onset slope, defined as the first derivative
calculated in the saddle point: as . becomes larger, the onset
becomes steeper, and finally, at tge = 8 ML, it reaches the Fe
s.c. slope. Anyway, despite the latter evidence and even if the
8-ML-thick Fe film is fully coalesced,® some differences are
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present with respect to Fe s.c.: for all thicknesses, ¢ is larger
in Fe/ZnSe than in Fe s.c (@re/znse-@PFes.c. = 0.3 €V), and the
ACS spectrum of Fe/ZnSe is definitely less featured than that
of Fe s.c., indicating a worse quality of the Fe thin film with
respect to Fe s.c. As we discussed in Ref. 8, these findings can
be ascribed to an Se segregation within Fe, to the presence of
a floating Se overlayer, and/or to a poor crystalline quality of
the Fe film and of the interface with ZnSe.

Coming to the 2-ML-thick Fe/ZnSe film, we immediately
note that, at room temperature, the onset region can be clearly
divided into two distinct parts: between 4.4 and 6.8 eV, the
absorbed current increases smoothly with a linear trend (the
slope is around 1/3 of that of the 4-ML film), while, between
6.8 and 7 eV, it is steeper, with the same slope of the bulk Fe
curve at the onset. The value of ¢, estimated as the saddle point
in the latter region, is 6.9 eV. Above 7 eV, the 2-ML-thick film
does not present relevant differences with respect to thicker
films, apart from the presence of two features, at about 8 and
11 eV: these are also present in the spectrum from the clean
ZnSe, so that we can ascribe them to uncovered regions of the
substrate. In the following, we will concentrate on the onset
region (i.e. below the first maximum), where the Fe thickness
dependence is more evident.

Figures 2(a) and 2(b) report the ACS spectra of Fe/ZnSe
films with 2- and 6-ML Fe thicknesses, respectively, as a
function of the temperature (7). We underline the fact that
all the observed temperature-dependent behaviors are fully
reversible with T': several cooling-heating cycles do not change
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FIG. 2. (Color online) Absorbed current spectroscopy spectra of
Fe/ZnSe(001) films with nominal thicknesses of (a) 2 and (b) 6 ML,
measured at different temperatures. In the inset of (b), the surface
barrier potentials (¢) are reported as a function of the temperature
(the red dashed lines are only guides for the eye).
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TABLE 1. Surface barrier potential values for 2- and 6-ML-thick
Fe films on ZnSe(001), at different temperatures, measured by
absorbed current spectroscopy.

2ML 6 ML
T (K) ¢ (eV) T (K) ¢ (V)
130 8.40 130 5.40
210 7.60 200 5.20
290 6.90 300 5.10
350 5.95
430 4.95

both the temperature dependence of the ACS spectra and the
measured ¢ values. For both thicknesses reported in Fig. 2, an
increase of T is accompanied by a decrease of ¢, as shown in
Table I and in the inset of Fig. 2(b).

We start considering the 2-ML-thick Fe/ZnSe film reported
in Fig. 2(a). The curves measured from 77 = 130 K (low
temperature, LT) to 7 = 290 K (room temperature, RT) show
a double onset, i.e. the onset region can be divided into two
distinct parts as discussed above. At higher temperatures (up
to 430 K), instead, a single onset is present. From Fig. 2(a)
and Table I, two relevant facts come out. (i) The value of ¢,
estimated on the stepped part of the onset, is far higher than
expected: at RT, it exceeds the Fe work function (4.7 eV?!) by
2.2 eV, and the ZnSe electron affinity (3.5 eV??) by 3.4 eV.
(ii) The range of variation of ¢ is particularly large: ¢ decreases
by A¢ = 1.5 eV when the sample is heated from 130 to 290 K,
and by 3.4 eV from 130 to 430 K. The derivative d¢/dT
(evaluated on ACS spectra spaced by 20 K from 130 to 430 K,
not reported) is — 11 £ 0.7 meV/K, almost constant in the
considered temperature range.

We now move to the 6-ML-thick film reported in Fig. 2(b).
The Fe films with nominal thickness of 4 and 8 ML (not
shown) present the same temperature-dependent behavior as
the 6-ML-thick film, so we take the latter as representative of
the 4-8-ML thickness range. At variance with the 2-ML-thick
film, here, the ACS curve presents a single onset. Moreover,
A¢ is considerably smaller than in the 2-ML-thick film case:
it is 0.3 eV (corresponding to 1/5 of the 2-ML-thick film
value) when the sample is heated from 130 to 300 K, and
d¢/dT is —1.8 = 0.4 meV /K (about 1/6 of the same quantity
in the 2-ML-thick film).

Summarizing this section, we showed that, for very thin
Fe films (2 ML), the surface barrier potential ¢ attains
very large values (¢ = 6.9 eV at room temperature) and
presents a dramatic temperature dependence, with an in-
crease of A¢ ~ 1.5 eV from room temperature down
to 130 K. When the Fe thickness increases, both ¢ and

A¢ decrease, approaching the values of a bulk Fe film;
by the contrary, the Fe work function (4.7 eV) is not
attained even when the full coalescence is accomplished
(¢ =5 eV for a 8 ML thick Fe film).

IV. DISCUSSION

As reported in Refs. 8 and 23, a Fe/ZnSe film with a
nominal thickness of 2 ML is constituted by isolated clusters of
several hundreds of atoms, leaving part of the ZnSe substrate
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uncovered by Fe. As a consequence, both Fe and ZnSe regions
are exposed to the electron beam and contribute to the ACS
and IPES spectra discussed in Sec. III. The double onset in
the 2-ML-thick film reported in Fig. 1 is characteristic of
the presence of these two regions. From the hierarchy of the
work functions, the smooth initial part of the onset might be
associated with the uncovered ZnSe, while the steep slope
might be due to the Fe islands. However, the interpretation
of the measured ¢ value as an average between the Fe work
function and the ZnSe electron affinity is not appropriate: as
a matter of fact, ¢ is 6.9 eV on the 2-ML-thick film at RT,
that is larger than both the Fe work function (4.7 eV) and
the ZnSe electron affinity (3.5 eV). Additional explanations
for the observed behaviors must thus be looked for. In
the next sections, different mechanisms will be considered:
thermal effects in the Fe overlayer, nonequilibrium phenomena
(reverse bias Schottky diode and surface electron-in voltage
effects), modifications of the Fe crystal structure and of
the islands’ morphology, finite-size effects, and chemical
intermixing or segregation.

A. Thermal work function shift

The thermal work function shift of metal surfaces (poly-
crystalline and continuous), reported in Ref. 24, is a possible
explanation for the temperature dependence of ¢. Neglecting
for simplicity any crystal structure and finite-size effect, the
work function of Fe (¢) can be expressed as:

@ = constant — 0.6 x 1077 — 7.4 x 107872 (N

where ¢ and T arein eV and K, respectively. The determination
of the constant is nonessential because we are interested
in Ap = ¢ (130 K) — ¢ (RT). From Eq. (1), we obtain
Ag = 5.9 meV, more than two orders of magnitude smaller
than the value measured on the 2-ML-thick film, A¢ = 1.5eV.
Then, apart from an almost negligible contribution, the thermal
dependence of ¢ cannot explain the behavior of ¢ as a function
of temperature.

B. Nonequilibrium phenomena

In nonequilibrium phenomena, schematized in Fig. 3(a),
the Fermi level of the substrate (EIZF“SS) and of the Fe film
(E%®) can be misaligned. The surface barrier potential of Fe
(¢ke) is defined as the difference between the vacuum level
(VL) and the Fermi energy (Er) of Fe, while the surface
barrier potential measured by ACS (¢acs) is the difference
between the vacuum level of Fe and Ef of the substrate.
From Fig. 3(a), the misalignments of the Fermi levels can
be calculated as AEp = EF® — EZ0S¢ = ¢pc5 — ¢pe. In the
2-ML-thick Fe/ZnSe film, they result AEr =3.7eV at 130 K,
AEp = 2.2 eV at room temperature, and AEy = 0.3 eV at
430 K (see Table I).

We individuated two possible nonequilibrium mechanisms
that can act in the Fe/ZnSe sample: (i) the band bending due
to the Schottky barrier between Fe and ZnSe and (ii) the
surface electron-in voltage effect due to the electron-hole pairs
generated in ZnSe by the incident beam.

A Schottky barrier naturally develops at the interface
between Fe and ZnSe, producing a band bending as in
Fig. 3(c).? In equilibrium (the ZnSe bands are represented with
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FIG. 3. Mechanisms in play for explaining the surface barrier
potential data: (a) nonequilibrium phenomena, giving rise to a
misalignment of the Fe and ZnSe Fermi levels, and (b) surface barrier
potential modification. Among the nonequilibrium phenomena, two
mechanisms are considered: (c) reverse biased Schottky diode
behavior and (d) surface electron-in voltage in ZnSe.

dashed lines), without external perturbations (e.g. the incident
electron beam), the Fermi levels of Fe and ZnSe are coincident,
so that AEr = 0 and ¢acs = ¢pre. During ACS and IPES
measurements, instead, the electrons absorbed by the Fe layer
will move towards the ZnSe, thus creating a negative current
from Fe to ZnSe, so that the sample will behave as a Schottky
diode in reverse bias. In this situation, the band bending will
increase (the ZnSe bands are represented with continuous
lines), the Fermi level of the substrate will drop with respect to
that of Fe (E£"S¢ < E¢), AE will be positive, and ¢acs will
be larger than ¢r.. When the temperature is reduced, a further
increase of the band bending is expected, according to the
Schottky model:> AEp and ¢acs will increase, in agreement
with the trend of Table I. At the same time, the whole band
structure of Fe will shift by AEr because the band structure
of ZnSe is fixed by the condition EZ"¢ = 0 (the substrate is
grounded).

In order to quantitatively determine this shift, we con-
sider the inverse photoemission spectroscopy (IPES) spectra
reported in Fig. 4 for the 2-ML-thick Fe film at 130 and
290 K. Inverse photoemission spectroscopy is an electron-in,
photon-out technique, employed for mapping the conduction
band of the sample. The IPES experiments reported in this
paper are made at normal incidence, so that the probed states
are along the I'H and I'X lines of the Brillouin zones of
ZnSe(001) and Fe(001), respectively. In Fig. 4, two main
features are evident above Ep: a shoulder at 1.5 eV (B )
and a peak at 6.5 eV (B). Here, B  is the superposition of the
peaks B1 and B2 of Fe, corresponding to transitions towards
final states (majority- and minority-spin states, respectively)
close to the H'»s point of the Fe bulk band structure.’
B, instead, is attributed to transitions between unoccupied
bulk A bands along the I'X line in the first Brillouin zone of
ZnSe.?® When the temperature is reduced from 290 to 130 K,

155456-4



Fe NANOPARTICLES ON ZnSe: REVERSIBLE . ..
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FIG. 4. (Color online) Inverse photoemission spectroscopy spec-
tra of an Fe/ZnSe(001) film with a nominal thickness of 2 ML,
measured at 130 K (full dots) and 290 K (empty dots).

B and B, shift by AE = — 0.2 and + 0.4 eV, respectively.
We consider the behavior of Bj,, which is associated to
Fe and is thus representative of the shift of the Fe band
structure. The behavior of B, ;, moving away from the Fermi
level when T decreases, is in agreement with the Schottky
theory: a rigid shift of the Fe band structure can therefore
be deduced. Anyway, IPES measures a shift of 0.4 eV only
from RT to LT, more than four times smaller than expected
from ACS data (A¢ = 1.5 eV), so that this nonequilib-
rium mechanism cannot completely explain the experimental
results.

The second mechanism we consider is the surface electron-
in voltage effect, schematized in Fig. 3(d).?” The electron beam
incident on the sample will excite electron-hole pairs in the
depletion region of the ZnSe, close to the interface with Fe.
The electric field in this region will separate the pairs, so that
the holes will flow towards Fe and the electrons towards ZnSe.
This effect will partially compensate the charges accumulated
in the depletion region, so that the band bending will decrease.
Such a mechanism, flattening the bands as in Fig. 3(d), will
raise the Fermi level of the substrate with respect to that of
Fe (E%S¢ > ET), giving a negative AEp, in contrast with
our experimental results. Moreover, because the ability of the
sample to discharge the electrons in excess will be reduced
at lower temperature, the band flattening will increase, AE g
will become more negative, and the measured surface barrier
potential (pacs = ¢re + AEp) will decrease, instead of
increasing as in Table I. We then conclude that the surface
electron-in voltage effect is not responsible for any rigid shift
of the Fe band structure.

On the other hand, we note that the surface electron-in
voltage effect can be put in relation with the shift of the B
peak, associated with the ZnSe band structure,?’ reported in
Fig. 4. Moving towards the Fermi level when T decreases,
this shift is compatible with the surface electron-in voltage
mechanism that we previously demonstrated (see Ref. 27) to
be mainly responsible for nonequilibrium band bending in a
ZnSe substrate (in this case, the part of the ZnSe substrate not
covered by the Fe islands).

To summarize this section, the surface electron-in voltage
effect completely disagrees with the observed temperature
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dependence of ¢, while the Schottky model of the Fe/ZnSe
interface under reverse bias predicts the right trend, but it is
quantitatively not enough for fitting the measured A¢.

As a matter of fact, if A¢ was completely due to surface
barrier potential modifications [¢pacs = ¢r. as in Fig. 3(b),
and thus A¢ = ¢p.(LT)-¢pr(RT)] and not to nonequilibrium
phenomena induced by the experimental conditions, then the
band structure would be unaffected, and no shifts of the Fe
peaks in IPES would be expected. Since, on the contrary, a
shift is observed (the shoulder B; >, moves by 0.4 eV), we
can conclude that the observed A¢ (1.5 eV) is the sum of
two contributions: (1) a nonequilibrium band bending as in
a reverse-biased Schottky diode (A¢; = 0.4 eV) and (2)
a variation of ¢p. with respect to the bulk value (A¢, =
1.1 eV). In the following sections, different mechanisms will
be considered for explaining this second contribution.

C. Fe structure

The surface barrier potential of a metal is dependent on the
surface structure, e.g. different surface orientations produce
different surface potentials,28 and an increase of the surface
lattice constant at the surface is predicted to reduce the
total surface dipole.”” Any temperature-dependent structural
variation of the Fe structure as a function of the temperature has
been looked for by x-ray photoelectron diffraction. In Fig. 5,
the XPD anisotropy is shown for films with different nominal
thicknesses (2, 4, and 6 ML) at two different temperatures,
150 K (empty dots) and 300 K (full dots). The intensities of
the Fe 2p3/, peak, excited by photons with ~zv = 1100 eV,
were recorded at different polar angles of emission from the
surface, with the sample oriented along the [110] azimuth.

XPD intensity (arbitrary units)

0 20 40 60 80
Polar angle (deg)

FIG. 5. (Color online) X-ray photoelectron diffraction polar scans
measured on Fe/ZnSe(001) films with nominal thicknesses of 2 (top),
4 (center), and 6 ML (bottom) at two different temperatures, 150 K
(empty dots) and 300 K (full dots). The intensities of the Fe 2p3,,
peak, excited by photons with hv = 1100 eV, were recorded at
different polar angles of emission from the surface, with the sample
oriented along the [110] azimuth. In the inset, the main forward
scattering directions are indicated.
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In a forward-scattering picture (see the inset of Fig. 5), the
peaks at 0° and ~55° are ascribed to scattering along the [001]
and [111] crystallographic directions. While two layers of Fe
are enough for producing forward scattering along the [111]
direction, at least three layers are needed for having a peak
along the [001] orientation. This indicates that, in the film
with nominal thickness of 2 ML, local regions with thickness
of at least three layers must be present. The peak at ~30°,
instead, is produced by the superposition of the peaks at 25.2°
and 35.3° polar angles that are due to scattering along the
[113] and [112] directions, respectively. As shown in the inset
of Fig. 5, these peaks require local thicknesses larger or equal
to four and five layers, respectively. The more the nominal
thickness of the film increases, the more the peak at ~30°
emerges, as reasonably expected; anyway, we note that it is
already present in the 2-ML-thick film, thus confirming that
the Fe film is made by island, with height up to five layers, and
not by a layer of constant thickness.”%!!

Coming to the temperature dependence, we considered the
possibility of a temperature dependent reaggregation of the
Fe atoms into islands of different dimensions, as reported, for
instance, in Fe/Cus Au.’® However, from Fig. 5, we note that the
LT and RT cases are rather equivalent, within the accuracy of
the XPD technique: we can thus rule out any relevant structural
modification induced by temperature variations.

D. Fe morphology and finite-size effects

The Fe morphology has been investigated by STM as a
function of temperature. Figure 6 reports the images of the
2-ML-thick Fe film measured at 300 K (a) and 140 K (b).
In agreement with the literature,®!! STM shows that the film
is made of islands with circular or elliptical shapes and area
ranging from 20 to 40 nm?, and the average number of atoms
in each island is about 500-1000. The coverage of the Fe
islands is larger than 70% of the substrate area. Looking at the
temperature dependence, we considered the possibility of a
temperature-driven change of morphology of the Fe islands, as
reported, for example, in Fe/GaAs.’! However, the comparison
between (a) and (b) of Fig. 6 did not reveal any evident
morphological difference, nor in the size or in the shape, so
that even this effect can be ruled out.

1.15 nm

-1.33 nm

FIG. 6. (Color online) Scanning tunneling microscopy images
(50 x 50 nm?) of an Fe/ZnSe(001) film with a nominal thickness of
2 ML, measured in constant current mode at (a) 300 K (I = 1 nA;
V=1V)and (b) 140K (/ = 1nA; V =0.05V).
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It is known that the finite dimensionality modifies the work
function of a metal with respect to the bulk. By using the model
reported in Ref. 32, we estimated the work function of a cluster
made by 500-1000 atoms. We made two approximations:
(i) the islands were considered equivalent to spherical clusters,
and (ii) the electron removal energy of the Fe clusters,
estimated by the model, was identified with the surface barrier
potential. The Fe work function (W = 4.7 eV)?! and the
values reported in Ref. 32 for the atomic polarizability and
the cutoff parameter of Fe were employed for the calculations.
The resulting ¢ was ~5.1 eV, 1.8 eV smaller than the observed
value of 6.9 eV at RT. In order to obtain the latter value,
instead, we would need clusters made by only 67 atoms, far
below the experimental value of several hundreds of atoms.
We then conclude that finite-size effects alone can not justify
the observed values of the surface barrier potential.

E. Chemical intermixing and segregation

Finally, temperature-dependent chemical effects have been
investigated. In Ref. 8, we showed by x-ray photoemission
spectroscopy (XPS) that an Se segregation towards the Fe
surface takes place in Fe/ZnSe samples grown with the same
procedure employed in this paper. This phenomenon has
already been observed in other systems, like FePd/ZnSe
and Fe/CdSe.** In order to evidence a temperature depen-
dence of this Se segregation, we measured by photoemission
spectroscopy (PES), with a photon energy hv = 170 eV, the
Se3d and Zn3d core levels of the 2-ML-thick Fe/ZnSe film at
150 K (LT) and 300 K (RT), as shown in Fig. 7(a). While the
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FIG. 7. (Color online) X-ray photoemission spectroscopy spec-
tra, measured with a photon energy v = 170 eV, of a Fe/ZnSe(001)
film with a nominal thickness of 2 ML: (a) Se3d and Zn3d at
RT (300 K) and LT (150 K); Se3d peak at (b) RT and (c) LT
fitted by a substrate component, a residual component, and the
Fe3p contribution. An integral background due to the secondary
electrons has been previously subtracted. The form of each of the Se
contributions has been taken from the Se3d spectrum measured on a
clean ZnSe(001) substrate [see the inset of (¢)].
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intensity of the Zn3d level is independent from temperature,
the intensity of the Se3d level is not. As a matter of fact,
the measured Zn3d/Se3d intensity ratios, normalized to the
respective photoemission cross sections, are 1 (in agreement
with Ref. 8) and 0.8 at RT and LT, respectively: when the
temperature is reduced, the intensity of the Se peak decreases.
We found that the same behavior takes place in thicker films
(data not shown).

A fitting procedure has been applied to the Se3d peaks
reported in Fig. 7(a): the results are shown in Figs. 7(b) and
7(c) for the RT and LT situations, respectively. An integral
background due to the secondary electrons has been subtracted
from both the spectra. In order to improve the reliability
of the fitting procedure, we measured the Se3d feature on
a clean ZnSe substrate, as shown in the inset of Fig. 7(c),
and we fitted it by two identical line shapes, corresponding
to the Se3ds;, and Se3ds,, components, each one being the
convolution of a Doniach-Sunjic function®> and a Gaussian
curve. Then, we employed the so-obtained curves for fitting
the Se3d peak in the Fe/ZnSe film. The Se signal was taken
as the sum of two distinct contributions, one placed in the
nominal position and ascribed to the contribution from the
substrate, and the second attributed to the residual Se, i.e. not
incorporated into the substrate. The Fe3 p peak, being partially
superimposed to Se3d, has been introduced by taking its shape
from literature data®® and by fixing its position at the nominal
value with respect to the Zn3d peak. From the fit, the residual
Se component resulted shifted by A E = 0.44 eV towards lower
binding energies with respect to the substrate component. The
direction of this shift is compatible with the existence of an
Fe,Se, alloy, even if the precise stoichiometry can not be
assessed from the observed data.’” When the temperature
was reduced from RT to LT, the ratio between the residual
and the substrate Se components decreased from 0.7 to 0.6,
while the Fe signal remained essentially unchanged. This
result agrees with Fig. 7(a): the Se segregation increases with
temperature. Being the only relevant temperature-dependent
property we found, Se segregation is likely to be the candidate
for explaining the results of Sec. III. Anyway, this is definitely
beyond the scope of this paper because it would require a
more complex analysis of the Fe,Se, alloy properties, as the
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stoichiometry and the local distribution (uniform or by clusters,
embedded into or floating over the Fe islands), not accessible
by the present data.

V. CONCLUSIONS

In this paper, we studied the surface barrier potential
¢ in ultrathin Fe films grows on ZnSe(001) by molecular
beam epitaxy. We found that, for a very low Fe coverage
(2 Fe monolayers), the surface barrier potential, measured
by absorbed current spectroscopy, attains very large values
(¢ = 6.9 eV at room temperature) and dramatically changes
as a function of temperature, with an increase of A¢ ~ 1.5eV
from room temperature down to 130 K. These films are made
by Fe islands with area ranging from 20 to 40 nm? and
containing about 500-1000 Fe atoms. Only above 70% of the
substrate is covered by Fe. When the Fe thickness increases,
both ¢ and A¢ decrease, approaching the values of a bulk
Fe film, even if the Fe work function (4.7 eV) is not attained
when the full coalescence is accomplished (¢ = 5 eV for an
8-ML-thick Fe film).

We showed that neither the temperature dependence of the
Fe work function, nor the nonequilibrium phenomena induced
by the experimental techniques, nor the finite-size effect of Fe
islands can account for the observed behavior of ¢. Inverse
photoemission, x-ray photoemission diffraction, and scanning
tunneling microscopy show minor changes in the electronic
band structure, Fe crystal structure, and islands’ morphology
as a function of temperature, while core level photoemission
reveals that an Fe, Se, alloy is formed, and its intensity, relative
to Se, shows a noticeable temperature dependence.
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