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. creased attention in surface sc1ence studies of catalytic processes and
‘ties of metal oxrdes duetoa number of advantages compared to their bulk counterparts Notably they offer.
well- controlled surface conditions (cleanhncss, stoichiometry and crystalhne order) and, for insulating. -

~ oxides, a solution to the electrostatic chargrng problem associated with the use of analytical techniques i in-
volvmg charged particles (e.g., various electron spectroscopies and scanmng tunnelling microscopy, etc.).
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€ electromc and magnetic proper-

It has recently been shown that well-ordered, thin iron oxide ﬁlms can be prepared epitaxially on clean

. Pt(l11) surfaces. The atomic and electronic structures of these thin oxide films have been studied using vari-
- ous techniques, including scanning tunnelling microscopy, low-energy electron drﬁ"ractlon near-edge x-ray
with synchrotron radiation. The

absorption fine structure and angle—resolvcd hotoelectron pcctro cop

. 'I‘E"‘ff'prcsent status of understandmg of the atomic andielectlomc structurés of these thm -on oxrde films is re-

vrewed

1. Introduction

The surfaces of metal oxides play a crucial role in many of
the applications of these technologically important materi-
als, which range from catalysts to corrosion-resistive coat-
ings to gas sensors. Yet, our understanding of the atomic
and electronic structure of these metal oxide surfaces lags
far behind that of metal and semiconductor surfaces?. The
central problem responsible for this state of affairs lies in the
difficulty in the preparation of well-defined surfaces of metal
oxides for surface science studies. Their brittle nature and
the difficulty in maintaining the oxygen concentration dur-
ing surface cleaning processes of bulk single crystals in ultra-
high vacuum (UHV), often lead to disordered and/or non-
stoichiometric surfaces by conventional means (e.g., cleav-
ing, filing, sputtering and annealing). For insulating oxides,
the surface electrostatic charging effect causes additional
problems when analytical techniques involving the emission
or absorption of charged particles are used. In contrast, the
recent development of growing single-crystal metal-oxide
thin films epitaxially on conducting substrates appears to
have solved these problems?. The cleanliness, stoichiometry
and crystalline order of the surface of these thin oxide films
can be well controlled, and yet structurally and chemically
they are found to be identical with their bulk counterparts?9.

Furthermore, for insulating oxides the electrostatic charges
can be dissipated via the conducting substrate. These thin
oxide films therefore provide new opportunities for spec-
troscopic and microscopic studies of the electronic and atom-
ic structures of metal oxides, which is a prerequisite for un-
derstanding the physical principles governing their rich elec-
trical and magnetic properties!®!)), Moreover, they can be
used for studying the surface chemistry of metal oxides
which is in turn important for addressing the issues in metal-
oxidebased catalysis!?),

Ordered metal oxide thin films can be prepared either by
oxidizing the surface of the corresponding metal single crys-
tals, as has been done for example for Ni and Cr%, or by
growing epitaxial oxide films onto dissimilar substrates via
metal deposition and simultaneous or subsequent
oxidation?®), The former approach may produce films with a
large number of defects if the lattice mismatch between the
metal and the corresponding oxide is large. The latter ap-
proach offers more flexibility as quite often an inner, con-
ducting substrate with a commensurate lattice constant may
be chosen depending on the oxide to be grown. In this
regard, well-ordered, thin (<100 A) ALO; films and several
phases of iron oxide (FeO, Fe;O4 and o-Fe,03) films have
been successfully grown on Ta(110)® and Pt(111), respec-
tively. Ordered Al,O; thin films have also been reported to
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grow on alloy NiAlI(110) surface by oxidation?. It has also
been shown that well-ordered, thicker (> 100 A) Fe;O4 and
a-FeyO; films with different orientations can be grown by
oxygen-plasma-assisted molecular-beam epitaxy on MgO
and o-Al,O3 substrates?.

In the present paper, we will concentrate on the iron oxide
films grown on Pt(111) and review the present under-
standing of their atomic and electronic structures. The aim is
not to exhaust the literature of related studies, but rather to
give an example of how improved surface conditions may
lead to new information and understanding, particularly
with regard to the electronic structure of metal oxides, from
well established experimental techniques such as angle-
resolved photoemission. The rest of the paper will be or-
ganized as follows: Section II describes the growth of the
iron oxide films; Section III discusses briefly the surface
structure characterized by scanning tunnelling microscopy
(STM) and low-energy electron diffraction (LEED); Section
IV is devoted to the electronic structure, emphasizing that of
the FesO, multilayer, as obtained using angle-resolved pho-
toemission in conjunction with synchrotron radiation. A
summary and outlook are presented in Section V.

2. Thin Film Growth

The growth of the iron oxide thin films has been described
in detail by Weiss!® and by Ritter et al'¥, and may be summa-
rized in Fig. 1. The process begins with the cleaning of the
Pt(111) substrate by repeated cycles of 1-keV Ar+-ion bom-
bardment and subsequent annealing at ~ 1100°C until it dis-
plays a sharp 1 X 1 LEED pattern (Fig. 2(a)) and no signs of
contamination as judged by Auger electron or photoelectron
spectroscopies. A submonolayer of iron is then deposited
onto the clean Pt(111) surface at room temperature. The
iron evaporation is achieved through resistive heating of a
tungsten wire with a pure iron wire wrapped around it. This
submonolayer iron film is then oxidized for 2 mins in a 1 X
10~% mbar oxygen partial pressure with an oxidation temper-
ature depending on the thickness of the oxide film: Up to 1
monolayer coverage (equivalent to one Fe-O bilayer) the oxi-
dation temperature is always at 730°C; above 1 monolayer
the film is oxidized at a temperature between 600-650°C. To
increase the film thickness this deposition and oxidation cy-
cle is repeated.

Throughout the growth process, characteristic LEED pat-
terns are observed which have been found to be a good indi-
cator of the thickness and the phase of the iron oxide
film!319. These LEED patterns are shown in Fig. 2(b)—(d).
Films with a thickness of up to 2 monolayers exhibit a hex-
agonal LEED pattern similar to that shown in Fig. 2(b), in
which every integer-order spot is surrounded by six satellite
spots. The satellite spots are caused by a coincidence struc-
ture between the Pt substrate and the iron oxide layer which
will be discussed further in the next Section. For coverages
of up to 2 monolayers, only the iron oxide phase FeO with
the (111) surface orientation grows layer-by-layer on the
Pt(111) surface. For coverages above 2 monolayers, Fe;O,4
(111) islands begin to form on the FeO layer, and eventually
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Figure 1. Schematic diagram showing the growth process of the
iron oxide films on Pt(111).

LEED Patterns (E = 60 eV)

c). Fes04/Pt(111) d). o~-Fep04/Pt(111)
Figure 2. Low energy electron diffraction (LEED) patterns for the
surface of (a) clean Pt(111), (b) 1 monolayer FeO film on Pt(111),
(c) multilayer Fe;O4(111) film, and (d) multilayer «-Fe,05(0001)
film. From Ref. 13.
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coalesce to give a continuous film with increasing coverage.
By this time the satellite spots have disappeared and a new
2 % 2 LEED pattern, characteristic of the FesO4(111) surface,
is observed (Fig. 2(c)).

The last phase of the iron oxide film, namely «-Fe,Os
(0001), requires oxidation of the Fe;O4 multilayer film in 1-
mbar partial pressure of oxygen at 730°C. Anew v 3 X v 3 -R30°
LEED pattern (Fig. 2(d)) is observed after the oxidation,
which corresponds to a hexagonal surface unit-cell character-
istic of the a-Fe,03(0001) surface.

3. Structural Characterisation

The bulk atomic structure of the three phases of iron
oxides mentioned above is well known!?), FeO (wustite) crys-
tallizes in the cubic sodium-chloride structure, Fe;O4 (mag-
netite) in the cubic inverse-spinel structure and o-Fe,O;
(hematite) in the hexagonal corundum structure. The un-
reconstructed, iron-terminated (111) surface of FeO and Fe;
04 and the (0001) surface of o-Fe,O; are shown in Fig. 3.
Neglecting slight lateral distortions away from a perfect hex-
agonal layer in the case of Fe;O4 and o-Fe,0s, all three
phases consist of hexagonally close-packed oxygen planes
perpendicular to the [111] ([0001] in the case of a-Fe;O3) axis
with iron cations occupying different interstitial sites. Be-
cause of the difference in the iron cation positions, these
ideal (111) ((0001) for a-Fe,03) surfaces have unit cells with
dimensions of 3.04 A for FeO, 5.94 A for Fe;O4 and 5.02 A
for a-Fe,0s, giving rise respectively to 1x1, 2x2 and.v3
x /3 -R30° surface superstructure cells with respect to the
1% 1 cell of the oxygen planes of the three oxides. Hence the
different LEED patterns observed from the three phases of
the iron oxide film in the last section can be explained.

The satellite spots in the LEED pattern for the FeO film
are due to multiple scatterings between the platinum sub-
strate and the oxide overlayer, as there is a 9 X 9 coincidence
structure on the Pt(111) surface!¥. This coincidence struc-
ture arises because of a 13% mismatch between the intera-
tomic distance of the FeO(111) surface (3.11 A) and that of
the Pt(111) surface (2.77 A) as determined from the posi-
tions of the integer-order spots in Fig. 2(b)'4), A better exam-
ple can be seen from Fig. 4 in which a 55 A x 55 A STM im-

FeO(111)

Figure 3.

Fes04(111)
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age with atomic resolution and a structure model for the
monolayer FeO film are shown!4, The STM image exhibits a
hexagonal surface structure with an atomic periodicity of
about 3.1 A representing the surface unit cell of the FeO
film. The atomic features in the image correspond to the
oxygen atom positions according to simulations based on
electron-scattering quantum-chemistry theory!®., An image
height modulation showing a large hexagonal pattern is also
visible. The periodicity of this modulation can be defined by

Figure 4. (a) Scanning tunnelling microscopy (STM) image of a
monolayer FeO(111) film on Pt(111); (b) The corresponding surface
model showing the 9 X 9 coincidence structure between the Pt sub-
strate and the monolayer FeO(111) film. From Ref. 14.

OL~F6203(0001 )

Ideal, bulk-terminated FeO(111), Fe;04(111) and o-Fe,0;(0001) surfaces.
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the brightest atomic features (circled) in the STM image and
is about 25 A. This large hexagonal cell is rotated by about
11° relative to the 1 X 1 surface unit cell of the oxide layer as
the brightest spots of this modulation are not on the same
atomic row.

Consistent with both the STM image and photoelectron
diffraction studies!?, the proposed model (Fig. 4(b)) consists
of a laterally expanded oxygen-terminated FeO(111) bilayer
on top of the Pt(111) surface. The iron atoms are separated
by 3.1 A and form rows that are rotated by 1.3° with respect
to the underlying platinum atom rows along the [011] and
[110] directions, leading to a coincidence structure spanning
9 platinum atoms along the [011] direction and 3 along the
[110] direction. Each coincidence point marks the position
where an iron atom is directly above a platinum atom. The
unit cell of this coincidence structure, as determined from
the model, is 25.4 A in size and is rotated by 12.2° with
respect to the 1 X 1 unit cell of the FeO(111) surface. This is
in good agreement with the STM result.

There are more coincidence structures as the FeO(111)
film grows into the second monolayer, which have been dis-
cussed in detail by Ritter et al'¥). They are all slightly lateral-
ly expanded (lattice constant from 3.09-3.15 A) compared
to bulk FeO (3.04 A), but have the same interlayer distance
as the bulk (2.5 A)>19. Furthermore, the surface is unrecon-
structed and contains few defects. This is surprising because
being a polar surface, the (111) surface has a diverging sur-
face free energy and should be unstable?. This ultrathin FeO
film, as suggested by Ritter et al'¥, must therefore be stabi-
lized by an image dipole in the platinum substrate which
compensates the dipole in the oxide overlayer.

The surface structure of the Fe;s04(111) multilayer film has
been studied by dynamic LEED simulation®. The most fa-
vored surface structure of the multilayer Fe;O4(111) film is
found to correspond to a strongly relaxed, unreconstructed
bulk (111) termination, in which the surface contains one
iron atom per 2x2 unit cell. This is illustrated in Fig. 5.
Each of these surface iron atoms is bonded to three oxygen
atoms underneath. The main features of the surface relaxa-
tion include: (1) a 4 =0.420.18 A upward displacement of
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the surface oxygen atom labeled ‘‘A’’ (not bonded to a sur-
face iron) with respect to the oxygen atoms labeled ¢B”
(bonded to a surface iron), and (2) deviations in spacing be-
tween the second iron layer and the two oxygen planes
formed by the ““B”’ oxygen atoms above (d;;=0.83+0.05
A) and the oxygen atoms labeled “C” below (dp=
1.42+£0.04 A) from the bulk value of 1.19 A. The upward
displacement of the ‘“‘A’’ oxygen atoms, in particular, short-
ens the distance between the surface iron atoms and the “A”
oxygen atoms, thereby reduces the electrostatic surface di-
pole of the unreconstructed termination and contributes to
the stability of the surface. Of all the possible, unreconstruct-
ed (111) terminations of Fe;Oy, this termination has the least
number of dangling bonds. Inclusion of vacancies and other
possible bulk terminations in the simulation did not sig-
nificantly improve the agreement with the experimental
results. Nevertheless, preliminary results from recent surface
characterisation using STM!418) show that the surface con-
tains oxygen defects, which is another important mechanism
for lowering the surface free energy and stabilizing the polar
Fe;04(111) surface.

More recently, the surface structure of the o-Fe;O3(0001)
film has been studied by STM and ab-initio calculations us-
ing density functional theory!?. Consistent with the ob-
served six-fold symmetric LEED pattern, two different
domains with iron and oxygen terminations, respectively,
are observed on the surface of a film prepared at a 1073
mbar oxygen partial pressure by STM. The calculations indi-
cate that the surface would be oxygen terminated if it was ox-
idized in a high oxygen pressure, whereas an iron terminated
surface would be produced if oxidation was performed in a
low oxygen pressure environment.

4. Electronic Structure

So far, the electronic structure of the iron oxide films has
been studied by x-ray absorption nearedge structure
(XANES) and by core and valence level photoemission®29,
The former technique probes the unoccupied states, and is
also a useful tool for determining the molecular bond length
and orientation when combined with polarisation-depen-

Figure 5.
From Ref. 4.

Surface structure model for the multilayer Fe;O,(111) film as determined by dynamic LEED simulations.
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dent intensity variations obtained using polarized light from
synchrotron radiation?!). The bond length of the monolayer
FeO film was determined in this way and found to be almost
identical to that of bulk FeO single crystals®. The x-ray ab-
sorption near both the oxygen K edge and the iron L, ; edges
of the iron oxide films on Pt(111) produces spectral features
that compare well with those obtained from bulk single-crys-
tal samples?. This indicates that only single-phased iron
oxide films are grown on the Pt(111) substrate under the con-
ditions described in Section II.

On the other hand, photoemission has proven to be a
powerful technique, especially in combination with tunable,
polarized light produced by synchrotron radiation, for the
study of occupied electronic structures of a wide range of
systems??, In this regard, characteristic core-level photoemis-
sion spectra from the Fe 2p and O Is states have been ob-
tained from the three iron oxide films®, which are essentially
identical with those obtained from bulk single crystals, and
offer further support for the correct chemical and structural
identification of these iron oxide films. Furthermore, the va-
lence electronic structure of the multilayer Fe;O4(111) film
has been studied using angle-resolved photoemission in con-
junction with synchrotron radiation?®, New information is
revealed compared to previous studies of bulk single crys-
tals, which presumably is due to the improved surface quali-
ty of the iron oxide film. In the following, the results of this
study will be discussed in some detail.

As stated earlier, Fe;Oy, being a ferrimagnet, has the cubic
inverse spinel structure. At room temperature the lattice is
fce and consists in a purely ionic model of a close-packed
face-centered cube of O%~ anions with two kinds of cations,
Fe?* and Fe3*, located in the interstitial sites of the anion lat-
tice. Two cation sites exist in the crystal: One site designated
A is tetrahedrally coordinated to oxygen and is occupied
only by Fe3+ ions. The other site designated B is octahedral-
ly coordinated to oxygen and is occupied by equal numbers
of Fe?* and Fe3* ions. At about 120 K (7,), magnetite under-
goes a phase transition, named after Verwey??, in which the
conductivity drops sharply by two orders of magnitude?
and the crystallographic structure changes from cubic to
monoclinic?®, The high electrical conductivity of magnetite
at room temperature is attributed to electron hopping be-
tween the Fe?* and the Fe?* ions occupying the B site by the-
ories based on the localized-electron point of view. The Ver-
wey transition freezes these electrons and causes an ordering
of the extra electron (compared to Fe?**) at the Fe* B site at
temperatures below T, although the precise ordering is still
unclear?), The same phenomenon, however, can also be ex-
plained from band theory which considers the high conduc-
tivity as a natural consequence of the half-filled 3d band of
iron atoms located at the B site. The Verwey transition is a
result of a band splitting due to the increasing importance of
electron-electron correlation and/or electron-phonon inter-
actions at low temperatures!®,

This controversy is echoed by the debate over the interpre-
tation of the valence-band photoemission spectra from
Fe;04 and the other iron oxides in the past two decades. Ear-
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ly studies are mostly based on the ligand-field theory??
which interpret the photoemission features as localized 34 ca-
tion levels in the oxygen ligand field®8:29), Further studies in-
clude configuration interaction (CI) within the 3d multiplet
as well as charge transfer between the 3d and the ligand or-
bitals, in order to improve the agreement with experiment
and to account for the satellite features observed in
photoemission3®3D), However, these interpretations which
are based on the localized-electron point of view do not take
into account the anisotropy and translational symmetry of
the crystal and therefore can not explain itinerant properties
of the electronic structure such as band dispersion. In this
regard, one earlier angle-resolved photoemission study3? of
Fe;04(001) has found that band theory or the itinerant-elec-
tron description is more appropriate than the localized-elec-
tron point of view for describing the electronic structure of
Fe;04. Indeed, finite photoemission intensity was observed
at the Fermi level which indicates that Fe;Oy4 is a metal, in
agreement with a band structure calculation®®, although
energy band dispersion as predicted by the calculation was
not clearly observed.

This is confirmed by the study on the Fe304(111) thin film
by Cai et al?9. In Fig. 6 the normal emission spectra taken

Auger
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Figure 6. Normal-emission spectra from the valence bands of the
Fe;O4(111) film taken at room temperature (300 K). The binding
energy is measured relative to the Fermi edge of the Pt substrate. Ar-
rows indicate the expected positions for the M, ; M, sM,s Auger
emission for photon energies above the Fe 3p excitation threshold
(56 eV).
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from the valence band region at room temperature (300 K)
are shown. The spectra are collected using p-polarized light
in the photon energy range of 40-80 eV which includes the
Fe 3p—3d excitation threshold at 56 eV where strong
resonant enhancement of photoemission is seen. The Fermi
level corresponds to that of the platinum substrate. The film
thickness is estimated to be about 60 A, in which case the
influence of the platinum substrate on the spectra is diminish-
ingly small??, There is finite photoemission intensity at the
Fermi level in all spectra, which is clearly due to the feature
at the lowest binding energy and is compatible with the high
conductivity of magnetite seen for bulk single crystals?2.34),
A substantial improvement compared to previous studies of
bulk single crystals is the observation of clear dispersion of
several distinct features in Fig. 6. This is attributed to the
higher surface quality of the iron oxide film compared to the
cleaved surfaces where the k-smearing caused by surface
roughness is less of a problem.

A detailed study of the spectral features observed in Fig. 6
has been carried out in the form of structure plots as shown
in Fig. 7. Experimental points are peak or shoulder positions
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in the spectra determined from the local minima positions in
the second derivative of the smoothed spectra. Solid lines
represent direct transitions?? between calculated valence
bands and free-electron final states with an inner potential
of 13.0 eV. The valence band structure used was recently cal-
culated by Yanase and Hamada3’® who employed the full-
potential linearized augmented plane wave (FLAPW)
method in order to obtain the precise shape of the Fermi sur-
face and the charge density for magnetite. Exchange and cor-
relation energies were treated under the local spin-density ap-
proximation (LSDA) within the density functional formal-
ism. The resulting band structure and the partial one-elec-
tron density of states agree well with two previous
calculations®:39), particularly with regard to the metallic na-
ture of magnetite and the Fe 3d origin of the states located
up to 1 eV below the Fermi level. In Fig. 7, the transition
lines calculated using the majority and minority spin bands
are shown separately for clarity in the left and right panels,
respectively. The calculated valence bands have been shifted
to higher binding energies by 0.2 ¢V to produce the match
shown in Fig. 7. For the feature at <0.9 eV binding energy,

|Fe50,/Pi(111), 300 K:
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Structure plot for normal emission data (points) taken at 300 K. Theoretical direct transitions (solid lines) are

calculated using the band structure of the majority spin (left panel) and of the minority spin (right panel) by Yanase and

Hamada®? and free-electron final states.
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good agreement is found with the minority (spin-down) tran-
sitions at photon energies between 40-53 eV. In fact, this is
the only possible fit since the spin polarization is found to be
negative from the Fermi level down to approximately 1.7 eV
at 200K by spin-polarized photoemission?®). Its dispersion
shows a clear maximum in binding energy at around 46 eV

photon energy and therefore it is identified as emission from

the I" point. The other critical point L in the symmetry line is
then fixed by the calculation. Both critical points are indicat-
ed by the dash-dotted lines in Fig. 7. A more detailed exami-
nation of the spectra in this region, as shown in Fig. 8, rev-
eals that two bands, derived from a peak and a shoulder, are
present in the spectra. The two bands thus appear to cor-
respond to the first two occupied minority-spin bands in the
calculation, both of which disperse upward towards the
zone boundary. Although in absolute energy terms there is
still up to 0.4 eV difference between the experiment and the
calculation in the critical-point energies?®, the observation
of these lowest binding energy features, together with the
finite intensity at the Fermi level, firmly establishes the metal-
lic nature of magnetite and indicates that magnetite should
be treated with band theory.

Agreement for the rest of the data in Fig. 7 is less obvious.
While the weak transitions are found to be associated equal-
ly well with both the majority-spin and the minority-spin
bands, the strong features appear to agree better with the
minority-spin transitions. This is particularly true for the
strong feature around 4.0 eV for Av<56 ¢V and that around
5.5eV for Av>70 eV These two features appear to be parts
of the same calculated band which disperses downward
from 3.5eV at T" to about 5.0 €V at the zone boundary L
where a small gap opens. This band extends into the next
zone and disperses to 5.5 eV at Ahv=280eV. The gap is not
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Figure 8. Normal emission spectra taken at 300 K showing the dis-
persion of the lowest binding energy features (indicated by the verti-
cal bars). The turning point in the dispersion corresponds to the '
point.
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visible in the experimental data, but the band folding at the
zone boundary (circled in Fig. 7) can be seen. Alternatively,
a nearby majority-spin band with similar dispersion may
also be assigned to these strong transitions. The energies,
however, differ substantially more from those in the experi-
ments. The comparison therefore favors the minority-spin
band assignment. Since the thin film was not magnetized
throughout its preparation, it is unlikely that this apparently
better agreement is due to a preferential domain orientation.
The problem may simply be due to some inaccuracy in the
calculated band energies as indicated by the difference in the
critical-point energies?®. The actual situation may be that
they contain contributions from both the majority- and
minority-spin bands; a precise identification can only be
achieved with spin- and angle-resolved photoemission experi-
ments.

Changes in the photoemission spectra associated with the
Verwey transition have also been investigated by taking data
at 90 K; they are found to be quite subtle. The data has been
analyzed in the same way as that at 300 K. The results are
shown in Fig. 9. No appreciable changes are observed in the
spectral region near the Fermi edge within the range of pho-
ton energies used. Chainani et al*”) have, however, reported
photoemission experiments on cleaved Fe;O4(110) surfaces
and found a downwards shift of about 70 meV of the Fermi
edge when their sample was cooled from 300 K to 100 K, con-
sistent with the characteristics of the Verwey transition. In
principle, one would expect the opening up of a band gap at
the point where the first minority-spin band in the high tem-
perature phase is expected to cross the Fermi level in order to
explain the Verwey transition from the band structure point
of view. Following the dispersion observed in Fig. 8, a cross-
ing should occur at a photon energy <40 or >54¢eV.
However, due to the lack of data at photon energies <40 eV
and to the interference of resonant photoemission at photon
energies >54 eV (see below), the above possibility was not
confirmed. Nevertheless, an interesting difference can be
seen within the circled regions in Fig. 7 and 9. In the data
taken at 300 K, as stated above, folded transitions from the
zone boundary L are present, whereas at 90 K no such band
folding is observed. The absence of folded transitions at the
lower temperature is consistent with the change of the crys-
tallographic symmetry associated with the Verwey
transition??: the L point is no longer a Brillouin zone bound-
ary of the monoclinic structure at low temperature.

The band dispersion discussed above is strongly interrupt-
ed by the resonant photoemission across the Fe 3p—3d exci-
tation threshold at 56 eV, particularly of those Fe 3d-derived
bands above 4eV binding energies. The mechanism of
resonant photoemission in 3d transition metals and their
compounds is well-known?®). For iron oxides and other late
transition-metal oxides, it is generally believed that the
3p—3d excitations are quite localized and involve only 3d-der-
ived states. This may therefore explain the above observa-
tion that mainly the dispersion of Fe 3d-derived bands is
affected by the resonant photoemission. Based on the same
consideration, an approach has been used? 3234 to remove
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Figure 9. Same as Fig. 7 but for the normal emission data taken at 90 K.

the non-resonant O 2p contributions by subtracting the va-
lence-band spectrum measured just below (off) the
resonance from that just above (on) the resonance. The fea-
tures of the resulting spectrum hence reflects the 3d-derived
final states. One can investigate these final states further by
measuring their resonant profiles (i.e., constant-initial-state
(CIS) measurements). States of d”~! type usually show a
typical Fano-type resonance line shape, whereas for those of
d" L (L represents a ligand hole) type an antiresonance be-
haviour is expected with a dip on the lower photon energy
side of the Fano peak340,

The difference curves and the associated CIS spectra for
the Fe;O4(111) film taken at 300 K are shown in Fig. 10 and
Fig. 11, respectively. Three difference curves of 58 eV-53
eV, 58 eV-55¢eV and 57 eV-53 eV have been constructed fol-
lowing the suggestions by Lad and Henrich?¥ to partially
separate the contributions from the Fe?+ and Fe3+ ions. In
earlier studies®!:39 it had been observed that the on and off
resonance energies depend slightly on the valency of the Fe
ions in the oxides: the 58 eV-55 eV difference curve would
then emphasize the contribution from the Fe3*t ions,
whereas that of 57 eV-53 eV would represent the contribu-

— 58eV-53eV |
N\ ----58eV-55eV
27 -.~ B57eV-53eV _|

| Difference Curves
Fe,O,/Pt(111), 300 K

o
o

A T

rmmm———
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Binding Energy (eV)

Figure 10. Difference curves for normal emission spectra taken at
300 X just above and below the Fe 3p—3d resonant photoemission.

tion from the Fe2* ions. For the epitaxial Fe;0,4(111) film the
corresponding photon energies depend slightly on the bind-
ing energy of the resonating states and are found mostly at
58 and 53 eV20,
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Figure 11. Normal emission constant-initial-state spectra taken at

300 K for the resonating features shown in Fig. 10 and the satellite
feature at 14 eV. Vertical dashed lines mark the on- and off-
resonance position.

Due to the proximity of these energies, however, Cai et
al?® has shown that in most cases the characteristics of
resonant photoemission observed in FeO and o-Fe,0; can-
not be used straightforwardly to separate contributions
from the Fe2* and Fe3* ions in Fe;04. The feature at 0.9 eV
binding energy is the only exception. This feature appears in
the difference curves for 58 eV-53 eV and 57 eV-53 eV, but
apparently not in that for 58 eV-55 eV corresponding to the
Fe3*-related on and off resonance energies. It is therefore
related only to final states of the Fe2* ions. This feature has
been assigned in earlier studies to a state of the d¢ L final-
state multiplet involving charge transfer between the cation
3d and the ligand 2p orbitals?®31, Its resonant behavior
shows a Fano line shape with an antiresonance dip (see Fig.
11) at 53 eV and a maximum around 55 eV. For the other
resonating features in Fig. 10, the resonance profiles in Fig.
11 all show a Fano-type resonance line shape with an an-
tiresonance dip to a certain degree. This indicates that all
these features are final states with a ligand hole L. The satel-

lite feature at 14eV (see Fig. 7) does not have an an-
tiresonance dip in its resonance profile and is therefore a
final state of d"~! type. -

The assignments of the above 3d-derived final states are in
essential agreement with previous resonant photoemission
studies of Fe304(110) by Lad and Henrich3¥. It should,
however, be pointed out that the binding energies of the
resonating states are somewhat different from the values ob-
tained for the Fe;O4(111) film. These differences have been
attributed to crystal anisotropy and band structure effects2®.
This is because the resonant photoemission involves direct
photoemission from the 34 levels, which is determined by
the initial- and final-state band structures, and despite the
Coulomb interaction in the Auger decay the wave vector
remains a good quantum number.

Finally, the main features observed in Fig. 10 are also ob-
served in the data taken at 90 K. The spectral shapes are very
similar with the main peaks around 3.5 and 5.6 eV being
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somewhat broader and the centers of gravity moving
towards lower binding energies. These changes are likely to
be caused by changes in the initial states associated with the
Verwey transition. The corresponding resonance profiles rev-
eal virtually the same behaviour for the same feature ob-
served in the difference curves, indicating that the Verwey
transition does not change the nature of the final states in-
volved in the resonant photoemission. This demonstrates
that resonant photoemission is indeed a localized process on
which neither a charge ordering at the cation B site nor crys-
tallographic symmetry variations would have any noticeable
effect.

5. Summary and OQutlook

In summary, we have reviewed the current understanding
of the atomic and electronic structure of the three iron oxide
films, namely FeO(111), Fe3O4(111) and o-Fe,03(0001)
epitaxially grown on a Pt(111) substrate as obtained by
STM, LEED, XANES and photoemission. While the atomic
surface structure of the FeO(111) film is probably well under-
stood based on the latest STM results!4), the surface struc-
ture of the other two iron oxide films needs to be studied fur-
ther. Electronically the Fe;04(111) film is more fully under-
stood compared to the other two oxide films. It also gives
one of the examples of the role these epitaxially grown metal
oxide films will likely play in the near future in contributing
to our understanding of the surface and bulk electronic prop-
erties of metal oxides in general. This is in addition to the ac-
tive role they will play in surface chemistry research of metal
oxides which is important, for example, for understanding
the principles of metal-oxide based catalysis.
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