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The initial thermal reduction of biphase Fe,03(0001) films grown on Pt(111) has been studied with HREELS,
LEED, TDS, and synchrotron-based valence band photoelectron spectroscopy. Ab initio calculations of the elec-
tronic excitation energies of Fe?* and Fe>* ions in different oxidic environments were carried out to support
the experimental studies. Annealing the biphase Fe;03(0001) at 1000 K results in the desorption of oxygen
and a concomitant significant change of the electronic excitation spectra measured with HREELS. On the other
hand, studies employing more surface sensitive methods like LEED, vibrational spectroscopy of adsorbates, and
surface-sensitive valence band photoelectron spectroscopy reveal barely any changes induced by the desorption
of oxygen. Based on these experimental findings we propose that the thermal reduction of biphase Fe,05(0001)
occurs mostly below the surface under the chosen conditions.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The rich phase diagram of iron oxides with the oxide phases FeO,
Fe304, a-Fe;03 and the artificially synthesized y-Fe,03 and &-Fe,03
phases as well as corrosion processes and the applications of iron oxides
in catalysis, photoelectrochemistry, magnetic recording etc. have
attracted considerable scientific interest towards these oxides [1-9].
a-Fe,03 is the thermodynamically most stable phase of the Fe-0O sys-
tem under ambient conditions, and the most common form in nature
[1,10]. Its (0001) surface exhibits a rather complicated T-P(O,) surface
phase diagram [1,8,10-12]: oxygen termination, Fe termination,
mixed oxygen and iron termination [13,14], Fe30,4 termination
[15-17], Fe; _ 4O termination [17], termination by an ordered array of
FeO, _ x and Fe,03 patches [18], termination by an ordered array of
FeO(111), Fe- and O-terminated Fe,03(0001) patches [19], and ferryl
termination [20] were reported. Surface polarity may introduce addi-
tional complexity since it must be compensated by structural/electronic
modifications [21,22].

If the oxide is prepared under not too high oxygen pressures, a
complex LEED pattern with a manifold of hexagonally arranged spots
distributed around the positions of the regular Fe,05(0001) (1 x 1)

* Corresponding author. Tel.: +49 30 8413 4222; fax: +49 30 8413 4307.
E-mail address: kuhlenbeck@fhi-berlin.mpg.de (H. Kuhlenbeck).
1 Present address: Laboratory of Environmental Sciences and Technology, Xinjiang
Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Urumqji,
Xinjiang 830011, China.

http://dx.doi.org/10.1016/j.susc.2015.04.025
0039-6028/© 2015 Elsevier B.V. All rights reserved.

LEED spots may be observed. This was first observed by Lad and Henrich
[17], who attributed the observed LEED pattern to multiple scattering
between a Fe; _ 4O surface layer and regular Fe,05(0001) below this
layer. Later STM studies found an ordered array of patches of two differ-
ent structures which were identified as FeO; _ 4x(111) and Fe,03(0001)
[18]. Hereafter this surface termination was named biphase structure.
In a later investigation Lanier et al. [16] questioned these results, and
instead attributed the biphase structure to a Fe3O4(111)-derived
overlayer on Fe,03(0001). This issue has not yet been settled, but it is
well accepted that the surface termination of Fe;03(0001) depends
closely on environmental parameters such as temperature and gas at-
mosphere [8,9,12,13,23-29].

The main method employed in this study was high resolution elec-
tron energy loss spectroscopy (HREELS) which was used in the regimes
of vibrational and electronic excitations. Especially the electronic excita-
tions within the Fe 3d shell are characteristic for the Fe oxidation state
and therefore their study was expected to give additional hints towards
the nature of the biphase. Having follow-up studies of catalytic proper-
ties in mind, also the modification of the surface electronic and geomet-
ric structure upon annealing was investigated.

2. Experimental

HREELS, low energy electron diffraction (LEED), thermal desorption
spectroscopy (TDS), and synchrotron-based valence band spectroscopy
were employed in this study. The UHV apparatus used for HREELS,
LEED, and TDS consists of a preparation chamber and a HREELS analysis
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chamber separated by a gate valve. The preparation chamber is
equipped with an Ar ion sputter gun for sample cleaning, an iron evap-
orator with e-beam heating for film preparation, a LEED/AES module
(SPECS, Germany), and a quadrupole mass spectrometer (Hiden, UK)
for TDS experiments. The iron rod used as evaporant in the evaporator
had a purity of 99.995%, and the deposition rate was calibrated in-situ
by a quartz microbalance mounted on the manipulator at a fixed posi-
tion of about 10 cm above the sample. The HREELS chamber houses a
HREEL spectrometer (Delta 0.5 from VSI) with an ultimate energy reso-
lution better than 1 meV. The primary energy of the electron beam was
set to 40 eV or 8 eV for the study of electronic or vibrational excitations,
respectively. The incident angle for specular detection was set to 55° rel-
ative to the surface normal, while for off-specular electron detection the
energy analyzer was rotated by 10° to a larger detection angle in the
scattering plane. Spectra in off-specular geometry were recorded
without readjustment of the electron optics of the HREELS spectrome-
ter. The base pressure in the preparation chamber was better than
2 x 107 '° mbar, and in the HREELS chamber it was 5 x 10~ ' mbar. A
Pt(111) sample (7 x 8 x 2 mm?>) was mounted on a transferable sample
plate with a K-type thermocouple spot-welded to the side of the sam-
ple. The sample temperature could be varied from 90 K (with liquid ni-
trogen cooling) to 1300 K (with electron bombardment heating).
Throughout the experiments we always used a doser for gas dosing
and film oxidation, which can effectively reduce the background pres-
sure by a factor of about 50. The doser consists of a stainless steel tube
with a diameter of ~1 cm, which during dosing is positioned such that
it ends at a distance of a few mm in front of the sample surface. A
50 um pinhole is mounted at the beginning of the tube. Therefore the
pressure in the gas handling system during dosing is significantly higher
than the pressure at the sample surface which reduces the level of gas
contamination resulting from gases adsorbed on the inner walls of the
gas inlet system. The “monolayer (ML)” unit used in this work is defined
as one atom per 2D surface unit cell of Pt(111) which amounts to an
atomic density of 1.51 x 10" atoms/cm?.

Valence band photoelectron spectra were measured at the UE52-
PGM beam line of the electron storage ring of the Helmholtz Center in
Berlin (formerly called BESSY II), Germany, using the sample and the
manipulator of the HREELS system. The pressure of the background
gas atmosphere was better than 1.0 x 10~° mbar in the preparation
chamber and about 5.0 x 10~ '° mbar in the spectroscopy chamber.
The latter is equipped with a hemispherical electron energy analyzer
(R4000, VG Scienta) for photoelectron spectroscopy. Spectra of the Pt
4f line were recorded in order to calibrate the photon energy. The
spectra presented in this manuscript were all measured with 120 eV
photons at an electron emission angle of 80° with respect to the surface
normal, which results in an vertical electron escape depth of only about
1 A as estimated using a mean free electron path length computed with
the Quases IMFP program [30]. Thus, most of the intensity in these
spectra stems from the topmost layer. Some spectra were also taken
at normal emission to look somewhat deeper in the surface layer.

The Pt(111) substrate was cleaned by repeated cycles of sputtering
(with an ion current of about 10 pA for 30 min) followed by annealing
at 1300 K for 10 min. Surface cleanliness and order were checked with
Auger electron spectroscopy and LEED, respectively.

Well-established preparation procedures are reported for iron oxide
layers on Pt(111) [31]. These procedures were adopted for the prepara-
tion of the samples investigated in this study. Thin layers have a crucial
advantage over single crystals for the case of electrically insulating
materials: experimental methods involving charged particles can be
applied since the layers do not charge if they are not thicker than
(typically) a few nanometers [32].

1 ML thick FeO(111) layers were prepared on Pt(111) by oxidizing 1
ML Fe at 1000 K for 2 min in 1.0 x 10~ % mbar of O,. Fe,05 layers were
grown on such a FeO layer by four cycles of deposition of 8 ML Fe follow-
ed by an oxidation treatment. For biphase Fe,05 the oxidation was per-
formed at 1050 K in 1.0 x 10~° mbar to 5.0 x 10~ > mbar of O,. Regular

Fe,03(0001) (1 x 1) was prepared by oxidation of a layer with biphase
termination at 1050 K in 2 mbar of oxygen for 5 min. To this end the
sample was transferred into a dedicated high-pressure cell which
could be separated from the experimental chamber via a gate valve.
This procedure resulted reproducibly in a slight Mo contamination of
the oxide layer seen in the differentiated AES spectra recorded with
the LEED system. Electronic and vibrational HREELS spectra did not
show any special structures in the band gap nor were indications of
the MoOs3 band gap visible. Therefore the slight contamination was
not taken into account in the data analysis, but should be kept in mind.

For all oxidation processes, the heating rate was 2 K/s, and the oxy-
gen supply was switched on already before the heating step started and
switched off during cool-down when the sample had reached a temper-
ature of 500 K [31]. For studies of reduced biphase Fe,05 the layer was
annealed at 1000 K in vacuum for 5 min. Layers prepared in this way
will be called O-poor in the following, while non-reduced layers will
be called O-rich.

3. Ab initio cluster calculations

A series of quantum chemical embedded cluster calculations for the
low-lying electronic states of the iron oxides was performed in order to
provide additional information for the interpretation of the electronic
HREELS spectra. We have considered Fe>* and Fe?™ ions in two differ-
ent crystal environments, in the cubic rock-salt structure of FeO
(wustite) [33] and in the corundum-type structure of a-Fe;03 [33],
each time both in the bulk and at the surface, to check the influence of
the local environment on the calculated excitation energies. The clusters
and the embedding point charge fields were designed as described be-
fore [34,35].

All clusters consisted of one central Fe atom surrounded by one shell
of adjacent O atoms, six for bulk Fe atoms and five or three for Fe atoms
at the FeO(001) and Fe,03(0001) surface, respectively. These clusters
were embedded in large point charge fields to simulate the correct elec-
trostatic environment. The point charges had ionicities of + 2 (FeO) or
+ 3 (Fe,03) and — 2 and were placed at the lattice points of the respec-
tive ideal crystals. In order to prevent the electrons of the clusters from
floating towards the point charge field, all positive point charges direct-
ly bound to one of the O atoms of the cluster were equipped with repul-
sive pseudo-potentials. The Ni>™ large-core pseudo-potential of the
Stuttgart group [36] was used for this purpose.

All calculations were performed by means of wavefunction based ab
initio methods using the Bochum open-shell programs, in particular the
SCF, CAS-SCF and (I parts of this package [37-39]. Two computational
steps were necessary for each crystal structure and each oxidation state
of the Fe atoms. In the first step molecular orbitals have to be
determined, either by a SCF (more precisely, a restricted open-shell
Hartree-Fock, ROHF) or a CAS-SCF (complete active space SCF)
calculation. These orbitals are then used in the subsequent CAS-CI
(configuration interaction) step for calculating the excitation energies.

In the gas phase, the ground state of a Fe>* ion is a non-degenerate
65 state with the configuration 3d°. The lowest excitation energy to the
first excited state, which is a highly degenerate “G state with the same
3d° configuration, is as large as 3.998 eV [40]. The ground state of a
Fe?™ ion, on the other hand, is a five-fold spatially degenerate °D state
with the configuration 3d°®. Its lowest excited states, >P and >H, belong
to the same 3d°® configuration and are by about 2.5 eV higher in energy.
In a crystal field, the degeneracies of the excited G state of Fe>* and of
the °D ground state of Fe? ™ are partially or fully removed. Since the li-
gand field strength of 0?~ anions is in the order of 1.0 eV, one can expect
that the lowest d-d excitation energy of a Fe*>* cation is reduced in
oxide environments from 4.0 to about 3.0 eV. Similarly, the splitting of
the ®D ground state of Fe> " into a lower T, and a higher °E; state in
octahedral symmetry will also be in the order of 1.0 eV.

The results of our calculations as given in Tables 1 (Fe* ™) and 2a and
2b (Fe?™) confirm these expectations. The lowest excitation energy of
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Table 1
Results of the cluster calculations for the lowest excitation energy (in eV) for a Fe** ion
(d® configuration) in different oxide environments.

Crystal FeO FeO FeO Fe,03
R(Fe-0)/A 2.16 2.08 2.02 2.08/1.96
Bulk 3.58 3.37 3.00 3.42
Surface 3.54 3.29 2.89 3.69

Fe> " (Table 1) is always between about 3.0 and 3.7 eV, both for bulk and
surface environments. This means that it is in all cases larger than the
band gaps of FeO and Fe,03. When the ligand field strength is increased,
e.g., by artificially shortening the Fe-O distance from its value of 2.16 A
in the FeO crystal to 2.02 A, the excitation energy is getting smaller; at
the Fe,05(0001) surface, on the other hand, the Fe** ion is only
three-fold coordinated and therefore the ligand field strength is smaller
and the excitation energy larger than in the bulk. The calculated split-
ting of the °D level of the Fe?* jon (Table 2) is about 1.2 eV for bulk
FeO (2.08 A) and Fe,0s, i.e., for Fe?* ions the lowest excitation energy
lies in the band gap. At the surface the degeneracy of the °D state is fur-
ther reduced. For the Fe,03(0001) surface the transition to the highest
component of °D, at 1.09 eV, is spin allowed and also weakly dipole
allowed whereas all other transitions are either spin or dipole forbidden
or both. It is well known [1,7,12] that the Fe cations at the Fe,03(0001)
surface are pulled slightly inwards towards the first oxygen layer.
Allowing for this relaxation we found that the distance between the
Fe atom and the next O atoms shrinks from 1.96 to about 1.80 A. (The
precise amount of this relaxation depends to some extent on the cluster
setup and further details of the calculations.) The excitation energy of
the allowed transition of the Fe? " cation in this position is increased
from 1.09 to about 1.50 eV.

All calculated excitation energies correspond to local d-d excitations
of the Fe* ™ and Fe? " ions in the respective crystal fields. By extending
the active space in the CAS-CI calculations we checked whether
charge-transfer excitations, in particular ligand-to-metal charge-
transfer, might be important, but none of the excitation energies pre-
sented in the tables is modified substantially and no additional low-
lying charge-transfer states could be detected in the energy range
below 2.0 eV. Of course, band structure effects, e.g., reasonable values
for band gaps cannot be obtained by the present calculations employing
rather small clusters.

4. Results and discussions

Fig. 1A displays HREELS spectra of regular Fe,05(0001)-(1 x 1) on
Pt(111) for an energy range up to 4 eV which is dominated by electronic
excitations. Fe,03 is a semiconductor with experimentally determined
values for the band gap width ranging from 2.0 eV to 2.25 eV [22,41,42].
First principle calculations with the GGA + U approximation gave a
bulk band gap of about 2.0 eV [7]. The value of ~2.15 eV shown in
Fig. 1A agrees with these results. There are no electronic states in the
bulk band gap of Fe,03, neither in the cluster calculations (Table 1) nor
in the band structure calculations with the GGA + U approximation [7].
It is known that the latter method is good for bulk properties while sur-
face properties are described better with the pure GGA approximation.
A theoretical study employing GGA calculations did not give a band gap

Table 2a

Lowest energy levels (in eV) for the Fe?* ion (d® configuration), bulk.
Crystal FeO FeO FeO Fe,053
R(Fe-0)/A 2.16 2.08 2.02 2.08/1.96
Ty (°D)? 0.00 0.00 0.00 0.00
°Eg (°D) 0.99 1.19 1.44 1.15
Ty (P) 2.08 1.93 1.72 1.93

2 The designations of the atomic states are given in parentheses.

Table 2b
Lowest energy levels (in eV) for the Fe?™ ion (d® configuration), surface.
Crystal FeO FeO FeO Fe,03
R(Fe —0)/A 2.16 2.08 2.02 2.08/1.96
5pe 0.00 (2) 0.00 (2) 0.00 (2) 0.00 (1)
022 (1) 021 (1) 022 (1) 041 (1)
039(1) 043 (1) 050 (1) 043 (1)
116 (1) 1.40 (1) 1.61 (1) 1.09 (2)
3p 217 1.98 1.77 2.64

2 The degeneracies of the components of the atomic °D state in the different crystal fields
are given in parentheses. For the >P state only the average value of its three components is
presented.

in the surface region [7], which might indicate that the loss intensity in
the band gap seen in Fig. 1 originates in the surface region. However, de-
fect states in the bulk and at the surface may also contribute.

The phonon spectrum of Fe;03(0001)-(1 x 1) in Fig. 2A shows loss
peaks at 31, 49, 57, 79, 98, 128, 158, 207 and 237 meV. The loss peaks
at 31, 49, 57 and 79 meV are due to single excitations of bulk optical
phonons (Fuchs-Kliewer phonons), and the remaining peaks are multi-
ple excitations of these phonons [43,44].

Fig. 1 shows that the loss feature at 1.4 eV in the band gap is not only
present for regular Fe,035(0001) (1 x 1) but also for the biphase. The
overall intensity in the gap of the biphase is somewhat higher, which
can be attributed to a somewhat lower average oxidation state. In par-
ticular, the lower oxidation state may be responsible for the strong in-
tensity increase above ~1.75 eV in Fig. 1A. Assuming that the states
above ~1.75 eV in Fig. 1A are due to optically allowed transitions one
would get a surface band gap of ~1.75 eV for the biphase as indicated
in the figure.

Transitions of Fe*> ™ ions do not exist in the energy range of the gap
according to the cluster calculations (Table 1). For Fe? " ions, on the
other hand, bulk transitions (Table 2a) as well as surface transitions
(Table 2b) are to be expected. The tables give an overview of the d-d
transitions of the Fe?* jons. The band structure calculations show no
gap in the surface region but a surface termination-dependent density
of states [7] with an average charge of 2.26 on the Fe ions.

The Fuchs-Kliewer phonon spectra in Fig. 2 reveal barely any differ-
ences between the spectra of the O-poor biphase, the O-rich biphase and
(1 x 1) Fe,03(0001), which demonstrates that the structural differences
between these system are small in the bulk, which is compatible with
the common view that the biphase is essentially a surface structure.

—=— O-rich biphase Fe,0,(0001)
—— Fe,0,(0001) (1x1)
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Fig. 1. Electronic excitation spectra of regular Fe;05(0001) (1 x 1) (A) and biphase Fe,03
(B). Both spectra were taken in specular geometry. The spectra are normalized such that
the peaks at ~3.3 eV have equal intensities. Approximate gap energies are indicated.
They are constructed from the intersection of lines representing approximations to the in-
tensity in the gap and the increasing intensity beyond the gap.
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Fig. 2. Vibrational HREELS spectra of O-rich and O-poor biphase Fe,03(0001) and
Fe,03(0001) (1 x 1). The spectra were recorded in specular geometry and normalized
such that the losses at 79 meV have equal intensities.

In order to understand the effect of reduction we have studied the
influence of annealing. Fig. 3 presents electronic excitation spectra of
biphase Fe,0s3 film recorded directly after preparation [curve A, after
annealing at different temperatures [curves B-D], and after oxygen
treatment (5.0 x 10> mbar oxygen at 1050 K for 5 min) [curve E].
The most obvious difference between the spectra is that the intensity
in the band gap regime increases upon annealing and that treatment
with oxygen re-establishes the as-prepared state. Annealing has little
influence on the band gap size - it changes by at most 0.1 eV - but
strongly affects the intensity of the features in the band gap, which get
more intense at about 800 K, accompanied by a shift of the maximum
to lower energies. We attribute the temperature-dependent change of
the spectra to a variation of the oxygen concentration. This is in agree-
ment with the band structure calculations, which show a clear decrease
of the joint density of states in the surface region with increasing oxygen
concentration [7].

Thermal desorption spectroscopy was employed in order to verify
this assumption. Fig. 4 shows spectra of 1 ML FeO(111) and a freshly
prepared biphase Fe,05 film. Several masses were monitored, but only
0, desorption at m/e = 32 was detected. The FeO(111) spectrum is

E: re-oxidation

D: 1000 K

C: 800 K

» B:600 K

A: after preparation

Intensity

2 3 4
Energy Loss (eV)

Fig. 3. Electronic excitation spectra recorded in specular geometry of (A) an as-prepared
Fe,05 film and spectra obtained after a subsequent short flash to 600 K (B), 800 K (C),
1000 K (D) and a final re-oxidation step (E). The spectra are normalized such that the
state at ~3.3 eV has the same intensity in all spectra. For clarity the curves are plotted
with a constant y offset between successive graphs; the zero lines are shown and labeled
with the label of the respective spectrum.
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Fig. 4. TDS spectra (m/e = 32, 0,) of 1 ML FeO(111) on Pt(111) and freshly prepared
Fe,03 with biphase termination. The heating rate was 1.5 K/s. The upper panel displays
the spectra on an expanded (5x) ordinate scale; the zero intensity line is shown below
the curves.

very similar to the one published by Sun et al. [45], but with the desorp-
tion peak maximum shifted by 115 K to lower temperature. We tenta-
tively attribute this to differences in the temperature measurement
setup.

The oxygen desorption is related to an oxygen loss in the samples
which leads to the strong intensity increase in the band gap in Fig. 3
for the biphase-terminated Fe,0s. Especially at high temperature also
desorption of oxygen from the sample holder which warms up during
sample heating may contribute to the intensities shown in Fig. 4. We as-
sume that this contribution is rather limited, since the pumped housing
of the QMS with the small entrance opening positioned directly in front
of the sample surface significantly reduces the probability that mole-
cules desorbing from the sample holder reach the QMS ionizer. Below
1000 K only a weak and broad oxygen desorption peak at 790 K on
the steadily rising background can be seen for biphase-terminated
Fe,05 in Fig. 4. This desorption signal correlates well with the significant
intensity increase of the feature in the band gap in Fig. 3 after annealing
at 800 K.

LEED patterns of O-rich and O-poor Fe,03 surfaces are displayed in
Fig. 5. The floret-like satellites superimposed on the hexagonal structure
are typical for biphase Fe,03(0001) [18,23]. Inspection of the two LEED
patterns does not reveal any clear differences regarding the background
intensity, the sharpness, and the relative intensities of the diffraction
spots, which means that both surfaces have very similar surface struc-
tures. However, the different intensities of the band gap states (see
Fig. 3) and the oxygen desorption peak (see Fig. 4) clearly demonstrate

O-rich O-poor

Fig. 5. LEED patterns of O-rich and O-poor biphase Fe,05 films, respectively. The electron
energy used in the LEED experiments was 66 eV.
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that annealing modifies the oxide layer. Thus, the LEED and the HREELS/
TDS data are seemingly at variance, which is a consequence of the differ-
ent surface sensitivities of these methods as will be discussed below.

In HREELS experiments, the interaction of electrons with a solid sur-
face involves two kinds of mechanisms, dipole scattering and impact
scattering [43]. The electrons scattered by the dipole scattering mecha-
nism are confined in a narrow spatial angle near to the specular direc-
tion while electrons scattered by the impact scattering mechanism
usually have a wide angular distribution [43]. Therefore loss spectra col-
lected in specular geometry are usually dominated by dipole-scattered
electrons while electrons which have undergone impact scattering are
usually dominant at off-specular geometry. Another difference between
the impact and the dipole scattering mechanisms is that the surface
sensitivities are usually different. The impact scattering mechanism
requires direct interaction of the incoming electrons with the target
such that the surface sensitivity is governed by the inelastic mean free
electron path (IMFP) while for dipole scattering the penetration depth
of the electric field is the relevant length and this is usually much larger
than the IMFP for low energy electrons, especially for excitations in the
band gap of semiconductors and insulators. Thus dipole-scattering loss
peaks in an HREEL spectrum recorded in specular geometry contain in-
formation mainly from deeper layers and less from the sample surface.
On the other hand, spectra recorded in off-specular geometry, where
the dipole scattering cross section is small, contain more information
from the surface and surface-near layers since they are usually dominat-
ed by impact-scattered electrons.

An estimate for the probing depth of impact scattering may easily be
obtained from the IMFP of electrons in Fe,03. The IMFP universal curve
[46] indicates (in agreement with the Quases IMFP program [30]) that
the IMFP is between about 4 and 10 A for a kinetic energy of 40 eV.
Path lengths between 4 and 10 A in the solid corresponds to probing
depths between 1.1 and 2.9 A for specular scattering with an incidence
angle of 55° with respect to the surface normal. Thus, for impact scatter-
ing in specular geometry about 63% of the intensity stem from a surface
layer with such a thickness. The impact-scattering probing depth for the
off-specular geometry is similar since the detection angle was varied by
only 10°.

In contrast, the probing depth of dipole scattering is significantly
larger than that of impact scattering. This is illustrated by experiments
performed by Swiderek and coworkers [47]. These authors have inves-
tigated the probing depth of dipole scattering by recording HREELS
spectra in specular geometry of an ethylene layer covered by argon
layers of different thickness. They found that 34 A of argon damped
the intensity of a dipole-allowed loss of ethylene to approximately
1/3. These numbers may serve as an indication that the probing depth
of dipole scattering is indeed significantly larger than that of impact
scattering.

To exploit the different surface sensitivities and selection rules at
specular and off-specular detection angles, we have performed off-
specular HREELS measurements. Fig. 6 compares spectra of O-poor
biphase Fe;03(0001) recorded in specular and off-specular geometry.
The off-specular spectrum contains little information from the bulk,
since impact-scattering is the dominating loss mechanism in this

geometry with most of the intensity coming from the first few layers.
The loss peak at 1.26 eV in the Fe,03 band gap is therefore attributed
to an excitation occurring in the near-surface region.

The peak at 1.10 eV has a pronounced intensity maximum in specu-
lar scattering direction, which is a clear indication that the correspond-
ing transition is dipole-allowed. The specular intensity maximum is
even more pronounced than that of the dipole-allowed transitions
above the band gap energy, which may be attributed to the energy de-
pendence of the angular distribution of inelastically scattered electrons
in dipole scattering, which gives a more pronounced near-specular
intensity maximum for smaller loss energies [48,49].

For the energy range of the experimentally observed losses in the
band gap, Tables 2a and 2b list transitions at 1.15 and 1.09 eV for Fe?*

—e— specular
—e— off-specular
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Fig. 6. Electronic excitation spectra of O-poor biphase Fe,03 recorded in specular
(curve A) and 10° off-specular (curve B) geometry. The two spectra were normalized
such that the loss peak at 3.30 eV has equal intensity in both spectra.

in the Fe,03 bulk and at the regular Fe,03(0001) surface, respectively.
The only dipole-allowed transition among the computed ones is the sur-
face transition at 1.09 eV, which might be related to the dipole-allowed
loss at 1.10 eV in Fig. 6. The biphase surface structure is expected to differ
somewhat from the structure of the regular Fe,03(0001) surface, and
therefore different Fe-O nearest-neighbor distances will probably exist
in the biphase. As discussed before, the energy of the surface transition
at 1.09 eV depends on the Fe-O nearest-neighbor distance. Its energy in-
creases to 1.50 eV for a reduction of the Fe-O nearest-neighbor distance
from 1.96 to about 1.80 A. Considering this, also the peak at 1.26 eV in
Fig. 6 falls into the range of energies covered by this transition. However,
we note that Fe? "-related charge-transfer transitions, which were not
considered in this discussion, may be also expected in the gap.

In order to check the assumption that the reduced iron ions prefer a
location below the surface, we have carried out synchrotron-based
valence band photoemission measurements. Fig. 7 presents highly
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Fig. 7. Valence band spectra of O-rich (curve A) and O-poor biphase Fe,03 (curve B). The
spectra were recorded at a detection angle of 80° relative to the surface normal. The inci-
dent photon energy was 120 eV. Curve B has been shifted upwards along the ordinate axis;
the intensities at around the abscissa's origin correspond to zero intensity of the respective
spectra.
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Fig. 8. HREELS spectra of 1 L H,0 adsorbed on O-rich (curve A) and O-poor (curve B)
biphase Fe,03 surfaces. Both spectra were taken in specular geometry.

surface-sensitive spectra of O-rich and O-poor Fe,03 surfaces which
were recorded with 120 eV photons at a grazing electron exit angle of
80°. The two spectra in Fig. 7 exhibit very similar features, both compris-
ing emission from the hybridized Fe 3d and O 2p levels with binding en-
ergies between 0 and 10 eV, and a broad feature at 13.4 eV. The peak at
13.4 eV was observed in a previous study and attributed to an un-
screened final state (3d*) [50,51], although other researchers claimed
that it could also be an artifact of the chosen calculation method [52].

The small peak located at 1.12 eV below the Fermi level in spectrum
B (0-poor Fe,05) is obviously due to the presence of Fe? ™. This is consis-
tent with a study where a similar peak at 0.9 eV was observed for a
Fe,03(0001) surface exposed to an Ar ion beam, which led the authors
to conclude that this was a defect state [53]. The weak intensity of this
peak in Fig. 7 suggests that only a very small amount of oxygen is lost
in the topmost layer, which is the source of most of the intensity in
Fig. 7. This conclusion is in line with the finding that the LEED patterns
of O-rich and O-poor surfaces are nearly indistinguishable (see Fig. 4).

Adsorption experiments provide additional evidence for oxygen loss
below the very surface. If oxygen from the very surface layer is lost then
this will create an oxygen vacancy. At pressures below ~10 mbar H,0
dissociates only at oxygen vacancies [9-11], where it forms two surface
hydroxyls. Fig. 8 compares HREEL spectra of an O-poor and an O-rich
surface which were exposed to 50 L H,O at room temperature. The
v(OH) positions and intensities are essentially identical in both spectra,
demonstrating that the hydroxyl concentrations and thus the density of
vacancies giving rise to their formation were identical on both surfaces.
This again leads to the conclusion that the annealing-induced oxygen
loss does not occur at the very surface but below it.

We have quantified the oxygen loss using the TDS data shown in
Fig. 4 and find, that the oxygen desorption signal of the O-rich biphase
integrated up to 1000 K corresponds to roughly 30% of the oxygen in a
FeO(111) monolayer. This value is the ratio of the integrated oxygen de-
sorption signals of the O-rich biphase (integration up to 1000 K) and the
FeO(111) monolayer (integration up to 1100 K). The determined per-
centage refers to the amount of oxygen missing in O-poor layers relative
to O-rich layers. There may be some error in this value since the role of
oxygen uptake by the Pt(111) substrate in the FeO(111) decomposition
experiment is not known. If the oxygen loss in the biphase films was
confined to the first layer, then this should lead to significant changes
in the surface-sensitive data, i.e., the LEED images (Fig. 5), the valence
band photoelectron spectra (Fig. 7), and the hydroxyl HREELS spectra
(Fig. 8), which is not the case. This semi-quantitative argument strongly

supports the above discussion by providing additional evidence that
most of the oxygen loss must occur below that surface layer.

5. Summary

We have studied the initial reduction process of O-rich biphase Fe,03
upon annealing. Experimental techniques with different degrees of
surface sensitivity were employed and supported by ab initio cluster
calculations of excitation energies. Experimental methods with low sur-
face sensitivity such as thermal desorption of oxygen and electronic
HREELS in specular geometry reveal remarkable changes following
reduction by annealing, while more surface sensitive techniques such
as LEED, grazing angle valence band photoelectron spectroscopy, and
vibrational spectroscopy of surface hydroxyls show only negligible
differences between O-poor and O-rich surfaces, indicating that the
electronic and geometric structures of the two surfaces are essentially
not affected by the oxygen loss. We propose that the loss of oxygen oc-
curs mostly in the subsurface region, at least for the degrees of reduction
investigated in this study.
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