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The (100) surface of magnetite FesO4 thin film was studied by a UHV
low-temperature scanning tunneling microscope and by an ion scattering
spectroscopy. The tunneling spectra revealed a widening of the gap with
decreasing temperature, which may be related to the metal-insulator phase
transition in this material. A strong effect of this phase transition on ion
scattering from such a surface was observed. The temperature dependence of
the scattered ion yield, RY(T), revealed two minima at around 100 K and at
125 K under NeT bombardment with the primary energy up to 6 keV. The
disappearance of the high-temperature minimum at a bombarding energy
of 6.5 keV gave a further evidence for the ion velocity dependence of the
character of the RT(T) curve, which has been first observed for a MBE
Fe3O4 (111) film surface.

PACS numbers: 61.16.Ch, 61.18.Bn, 71.30.+h

1. Introduction

Magnetite, FegO4, has a cubic inverse spinel structure with a lattice constant
of 8.3967 A. The valence structure is [Fe3t](Fe3tFe?t)(0%7),, where one half of
the Fe3t ions occupies the tetrahedrally-coordinated sites (A-sites) and the other
half together with the Fe?t ions are located in the octahedrally-coordinated sites
(B-sites). Electron hopping between neighboring Fe?+ and Fe3t on B-sites is the
reason for the good electrical conductivity at room temperature. Upon cooling,
magnetite undergoes a metal-insulator phase transition (MIT), i.e. the Verwey
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transition, at a temperature in the range of 115-125 K| where the electron hopping
is frozen and the crystal becomes insulating [1].

Recently, increasing attention has been focused on the growth and charac-
terizations of epitaxial (MBE) FezO,4 thin films. The surface topology has been
intensively investigated by scanning tunneling microscopy (STM) on a number of
different surfaces of single crystals and MBE thin films of magnetite [2-8]. On the
other hand, low energy ion scattering (LEIS) technique (or ion scattering spec-
troscopy (ISS)) has been proved to be quite a sensitive technique for solid surface
analysis especially for the general phenomena of surface phase transitions [9, 10].
Recently, this technique has been used for investigations of the MIT of several
magnetite surfaces [11-13]. Distinct anomalies around 100-130 K in the temper-
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Fig. 1. (a) The cubic inverse spinel structure of Fe3Oy4. For clarity, the atoms are shown
only in the front half. Oxygen anions are shown as big open spheres, Fe atoms in octa-
hedral sites as small shaded spheres and those in tetrahedral sites as small solid spheres.
(b) The stacking sequence of different (100) layers in magnetite. The crystallographic
directions of magnetite are shown. The surface semi-channel with the channel height of

1 A exists on magnetite surface.
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ature dependence of scattered ion yield, RT(T), have been observed. Moreover,
the character of the Rt (7T') curve obtained for MBE FezO4 (111) film surface was
found to depend on the velocity of bombarding ion [13].

In this paper we present the STM and ion scattering measurements per-
formed on a (100) surface of MBE FegOy4 thin film. In the bulk, there are two
different (100) planes; one built up by the octahedrally-coordinated iron and oxy-
gen atoms and the other one by tetrahedrally-coordinated iron atoms, as shown
in Fig. 1. We notice here also the semi-channel formed by Fe ions on the surface
(Fig. 1b) favorable for the zigzag collisions of ions [13]. We have focused on inves-
tigating the temperature dependence of the tunneling spectra and of the energy
spectra of ions scattered from such a surface. It was expected that some visible
change would be observed around the Verwey transition temperature.

2. Experimental

The sample discussed in this paper is 200 A thick FesOy film grown on MgO
(001) substrate in a UHV MBE system. The film structure was controlled by a
standard four-grid low-energy electron diffraction — Auger electron spectroscopy
(LEED-AES) spectrometer. Before deposition, the MgO substrate was annealed
for 20 min at 600°C. The FezO, layers were deposited by evaporation of >"Fe
in O, ambient pressure at the rate of 14 A/min and at the substrate tempera-
ture of 250°C. The 37Fe isotope has been used as a probe for conversion electron
Méssbauer spectroscopy (CEMS). The in situ LEED image of this FesO4 (100)
thin film revealed a clean, well-ordered (100) surface [14]. The temperature depen-
dence of CEMS spectra taken in situ reflected a good stoichiometry of the thin film.
Namely, the spectra at room temperature could be fitted with two magnetic com-
ponents of “2.54” and “3+” with the intensity ratio of nearly 1:2, and the drastic
change of the spectra related to the Verwey transition occurred at a temperature
of 130 K. X-ray photoelectron spectroscopy (XPS) measurements were performed
using a spectrometer equipped with Mg K, radiation source (hv = 1253.6 eV).
The XPS spectrum of the MBE (100) film of magnetite showed the Fe 2p lines and
O 1s transition, similar to that of MBE (111) film and for a single crystal sample.
A spin—orbit splitting of the Fe 2p core level into 2p,/, and 2ps/ components was
found. The obtained binding energies were in good agreement with those reported
earlier [15].

STM investigations have been carried out in an Omicron low-temperature
instrument, operating at a base pressure of 1 x 107! mbar. Electrochemically
etched tungsten tips were used. Beside of taking STM images the collection of
local current-versus-voltage I(U) curves (STS) was of special interest. All curves
were measured with the feedback loop off. To allow quantitative comparison of
the spectra, the I(U) curves at different temperatures were recorded at the same
pre-selected tunnel barrier width. The spectral current 1/f noise density was de-
tected with a lock-in amplifier at a frequency of 11 kHz. It was recorded as a
function of tunneling voltage with the same tip position on the sample surface and
at different temperatures.
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The ion-scattering experiments were performed using a standard ISS in the
temperature range of 85-300 K. A small-angle geometry has been developed for
ion-scattering experiments on the thin-film surfaces, as described earlier [13]. There
was less damage caused by the ion beam to the film surface due to the large
footprint at small angles. HeT and NeT ion beams at energies between 5.0 keV and
6.5 keV with an energy step of 0.5 keV were used. We optimized the scattering peak
at grazing angles for the temperature-dependent investigations. Such a peak was
found to be the most suitable since it was strong enough and the bombarding-time
effect on the thin-film surface was weakest for this position [13].

3. Results and discussions

STM image of the MBE FezO4 (100) surface at room temperature showed a
rough surface with the presence of several small features that were supposed to be
contaminations. Our sample had to be exposed to air for some time. Possibly, the
film surface stoichiometry has changed as well [16]. There is always the question
for an ez situ STM experiment whether the obtained STM images represent the
actual surface during growth. However, multiple steps of about 2 A high between
large terraces were observed. This step height is corresponding to 1/4 of the bulk
spinel lattice constant of magnetite. The observed surface step might correspond
to the distance between two adjacent planes of oxygen atoms or equivalently of
iron atoms.

Figure 2 shows the local tunneling spectra (STS) recorded at the same se-
lected tunnel barrier width and at different temperatures. The I(U) curves are sig-
nificantly non-ohmic. The tunneling current IT was close to zero in a voltage range
between —2.1 V to +0.9 V. There was almost no change in the curve shape with
decreasing temperature down to 70 K. Some inner structure in the d7/dU versus
Ur curves, however, was revealed at this temperature (Fig. 2b). A visible widen-
ing of the gap was observed at 55 K. We assumed that for the tunneling current
spectra, a visible gap change related to the energy gap upon the charge-ordering
transition in magnetite can be observed when the electron hopping is completely
frozen out, i.e. when the sample is in a complete insulator state.

The intensity of the 1/ f current noise measured as a function of the tunneling
voltage is shown in Fig. 3. At room temperature, i.e. in the metallic phase, no tun-
neling voltage dependence was observed. At low temperature, i.e. in the insulator
phase, the noise exhibited a much lower background. Moreover, it was increased
with increasing tunneling voltage. Until now there are only two factors taken into
account for explaining the origin of the STM 1/f spectra: (1) the fluctuation of
the tunneling barrier height affected by physical conditions of the surface, and
(2) the fluctuation of the phonon density [17]. However, for magnetite the fluctu-
ations of the density of carriers in a critical network of conduction can play an
important role [18]. Namely, when the number of carriers involved in the hopping
conduction decreases, the conductivity becomes more sensitive to the fluctuation
of the number of charges in the network; it provokes an increase in the 1/ f noise
level.
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Fig. 2. Tunneling spectra (a) and local conductivity spectra (b) of MBE FesO4 (100)
film at low temperatures. A widening of the gap was observed at 55 K.

The Verwey transition of the MBE FezO4 (100) film surface has been thor-
oughly investigated by ion scattering experiments. In this paper we focus on the
ion scattering data under Net bombardments. The energy spectra of ions scat-
tered from such a surface under 5.0, 5.5, 6.0, and 6.5 keV NeT bombardments at
87 K, plotted in a relative energy scale of E1/FEy (where Fy is the energy of the
scattered ions and Fy — the primary energy), are shown in Fig. 4. Two max-
ima were observed, which became more visible with increase in the bombarding
energy. For energies higher than 5.0 keV, the maximum at the low-energy side
(the low-energy maximum) increases enormously with increasing primary ener-
gies, while no change in the intensity of the maximum at the high-energy side was
observed. The minimum between two maxima was found to locate at the same
relative energy loss ratio, E'1/Ey, of 0.865, as shown by the vertical line in Fig. 4.
In the case of ion scattering from the cleaved surface and (111) film surface, only
broad scattering peaks have been observed [12, 13]. The broad scattering peak is
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Fig. 3. Sample bias dependence of the noise intensity for MBE FezO4 (100) film mea-
sured at room temperature (i.e. in the metal phase) and at 55 K (i.e. in the insulator
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Fig. 4. Energy spectra of 5.0 keV, (m), 5.5 keV (full triangle), 6.0 keV (o), and 6.5 keV
(A) Net ions scattered from MBE FesOs (100) film surface at grazing angles and at
the target temperature of 87 K. The vertical line shows the position of the minimum
between two maxima, which is at the same relative energy loss ratio, E1/Fo, of 0.865

for different bombarding energies.
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always considered as a superposition of many scattering peaks in which each one
is with different scattering configuration (sub-scattering peak), i.e. each at differ-
ent scattering angles. We assumed that due to the effect of neutralization some of
the sub-scattering peaks at certain scattering angles may disappear resulting in
the minimum observed in the scattering peak of the (100) film surface. Moreover,
this minimum became more visible with increase in the primary energy. Since the
shadow cone 1s decreased at larger bombarding energies, probably the ions can go
deeper into the semi-channel and reach the bottom. As a consequence, the neutral-
ization by the surface semi-channel became more distinct with increasing primary
energies. Although beyond the scope of this article, it would be interesting to per-
form the measurements of the energy spectra of neutrals, by a time of flight (TOF)
spectrometer for instance. The comparison of energy spectra of neutral scattered
particles with 1on scattering spectra would provide information on neutralization.

Energy losses up to 1 keV were found, similar to that for the single crystal
surface and MBE (111) film surface of magnetite. Such a large energy loss for small
angle symmetry has been well explained in the framework of the zigzag collisions
of ions from the semi-channel surface (see e.g. Ref. [12]). The channel height in
this case, i.e. for the (100) magnetite surface, is 1 A.

7e0 160 cature Q)

Fig. 5. Temperature dependence of the energy spectra of 5.0 keV Ne' ions scattered
from MBE Fes;O4 (100) film surface at grazing angles. For clarification of the minima
and maximum, results were shown by smoothed curves through the data points.

No change in the position of the scattering peaks with temperature was
observed. However, a strong temperature-dependence of the peak intensity was
found. Figure 5 shows the temperature dependence of the energy spectra of ions
scattered from MBE Fe3O4 (100) film surface under 5.0 keV Ne't ion bombard-
ment. A decrease in the peak intensity around 100 K and then again around 125 K
was found. Above these temperatures, it increases and reaches a maximum around
135 K and then gradually decreases with increasing temperature. Such a temper-
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Fig. 6. Temperature dependence of the scattered ion yield, R (T, for 5.0 keV (m),
5.5 keV (full triangle), 6.0 keV (o), and 6.5 keV (A) Ne' ions scattered from MBE
Fes Oy (100) film surface. Solid curves serve to guide the eyes.

ature effect on the scattered ions in this temperature can be seen clearly in the
R*T(T) curves, as shown in Fig. 6. Two minima, one located around 100 K and
the other one at around 125 K, were observed for the R(T') curves obtained at the
bombarding energy of 5.0, 5.5, and 6.0 keV. The scattered ion yields decrease by
about 20% of magnitude at the minimum. Above 150 K, they were almost constant
with temperature. For the 6.5 keV Net ion bombardment, only one deep minimum
existed at around 100 K. Moreover, a bigger decrease in the scattered ion yield, by
twice of magnitude at the minimum, at the transition point was observed. Those
anomalies were certainly related to the Verwey transition of MBE FezO4 (100)
film surface. The strong effect of MIT on the ion scattering from such a surface,
similarly to other investigated surfaces of magnetite, have been considered as the
results of:

1) the change of the neutralization probability of incoming and outgoing
ions,

2) the change of the crystal transparency, and

3) the existence of the so-called ionizing trajectories, i.e. trajectories along
which the particles become re-ionized (in other words, ion trajectories containing
ionizing collision).

The last one was found to play an important role in the phase transition
region. A very narrow choice of ionizing trajectories was found in case of the small
angle geometry. Any small influence on such a narrow group of ion trajectories can
cause a large change in the scattered ion yield [12].
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The character of the temperature-dependent scattered ion yield curve of the
Fe304 (100) film surface at the same bombarding energy differs from that of the
(111) one. For both surfaces, however, we have observed the change of the character
of the R*(T) curve at higher primary energies. Namely, for the (111) film surface,
only one broad minimum in the R(T) curves around 125 K was observed at low
energies. Under the 6.5 keV Net bombardment this minimum has disappeared and
only a very fast decrease in the scattered ion yield around 100 K was observed. For
the latter one (i.e. for the (100) film surface) two minima were found. Under 6.5 keV
Net ion bombardment only the minimum around 100 K was left. Thus the change
of the character of the ion scattering variation with temperature was indicated
by the disappearance of the minimum around 125 K. Detailed analysis of ion
scattering from the (111) film surface has shown that the character of the scattered
ion yield curve is dependent on the velocity of the incoming ions, indicating that
the neutralization from the resonant and Auger processes plays an important role
[13]. The existence of the minimum in the energy spectra and the disappearance
of the high-temperature minimum in case of 6.5 keV Net ion scattering from the
(100) film surface has given a further proof for such a neutralization effect. For basic
neutralization mechanisms the probability of remaining as an ion is [19] Poy, =
exp(—A/aVy), where V| is the component of the ions velocity perpendicular to
the surface. A and a are parameters depending on the specific process. Thus the
loss of ions from the ultimate scattered signal is proportional exponentially to the
reciprocal of V). In case of the small-angle geometry, where the perpendicular
component of the velocity, V), , is small, the remaining-ion probability should be
very sensitive to the change of such a component. An increase in the ion velocity
implies an increase in the remaining-ion probability. Such an increase can cause
the disappearance of the minimum at 125 K for both two thin film surfaces.

4. Summary

The primary temperature dependence investigations of the tunneling spectra
of the MBE FezO4 (100) thin film have revealed a widening of the gap at 55 K,
i.e. at temperature lower than the Verwey temperature defined from other experi-
ments. The 1on scattering experiment on such a surface has revealed a large effect
from the Verwey transition. Namely, two minima respectively at around 100 K and
at 125 K were observed in the temperature dependence of the scattered ion yield,
R*(T). The disappearance of the high-temperature minimum under 6.5 keV Ne*
ion bombardment was an evidence of the character change of the RT(T) curve,
which can be explained in the framework of the resonant and the Auger neutral-
ization.
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