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Valence-band structure of epitaxially grown Fe3O4„111… films

Y. Q. Cai,* M. Ritter, W. Weiss, and A. M. Bradshaw
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin-Dahlem, Germany

~Received 26 January 1998; revised manuscript received 22 April 1998!

It has recently been shown that well-ordered Fe3O4(111) films can be prepared epitaxially on clean Pt~111!
surfaces; various techniques have indicated that these multilayer films are chemically identical to bulk single
crystals. We have studied the electronic structure of such an ordered Fe3O4(111) film using angle-resolved
photoemission in conjunction with synchrotron radiation. The valence-band structure along theGL symmetry
line and the resonant emission enhancement across the Fe 3p→3d excitation threshold have been examined in
detail both above~at 300 K! and below~at 90 K! the Verwey transition temperature (;120K) for magnetite.
The observed band dispersion agrees reasonably well with band-structure calculations for the high-temperature
phase, particularly near the Fermi level, suggesting that Fe3O4 should be treated with band theory. Subtle
differences in the valence-band structure are observed between the two temperatures, which may be attributed
to a structural change and/or a charge ordering associated with the Verwey transition. The resonant behavior
shows, however, no temperature dependence, indicating that resonant photoemission in Fe3O4 remains a
localized process and is not influenced by the Verwey transition.@S0163-1829~98!01231-4#
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I. INTRODUCTION

Single-crystal metal oxide thin films grown epitaxially o
conducting substrates have recently attracted increased a
tion in surface science. The cleanliness, stoichiometry,
crystalline order of the surface of these thin oxide films c
be well controlled, and yet structurally and chemically th
are found to be identical with their bulk counterparts.1–5 Fur-
thermore, for insulating oxides, the electrostatic charg
problem associated with the use of ultrahigh-vacuum~UHV!
based spectroscopic techniques that involve the emis
and/or scattering of charged particles can be elimina
These thin oxide films, therefore, provide opportunities
spectroscopic studies of the electronic structure of metal
ides, which is a prerequisite for understanding the phys
principles governing their interesting electrical and magne
properties.6 Moreover, they can be used for studying the s
face chemistry of metal oxides, which is in turn important f
addressing the issues in metal-oxide-based catalysis.7 The
present paper reports a photoemission study on such a
dered, thin iron oxide film, i.e., Fe3O4(111), grown epitaxi-
ally on a clean Pt~111! substrate.1–3

Fe3O4 ~magnetite! is a ferrimagnet with the cubic invers
spinel structure.6 At room temperature the lattice has fc
symmetry and consists in a purely ionic model of a clo
packed face-centered cube of large O22 anions with the
smaller cations, Fe21 and Fe31, located in the interstitial
sites of the anion lattice. Two kinds of cation sites exist
the crystal: One site designatedA is tetrahedrally coordi-
nated to oxygen and is occupied only by Fe31 ions. The
other site designatedB is octahedrally coordinated to oxyge
and is occupied by equal numbers of Fe21 and Fe31 ions.

The valence electronic structure and the Verwey tran
tion of magnetite have been intensively studied in the p
both theoretically8–13 and experimentally.3,8,14–23The Ver-
wey transition is characterized by a sharp decrease in
conductivity by two orders of magnitude at a temperature
Tv;120 K, accompanied by a crystallographic structu
PRB 580163-1829/98/58~8!/5043~9!/$15.00
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change from cubic to monoclinic.24,25 From a localized-
electron point of view, the high electrical conductivity o
magnetite at room temperature is attributed to electron h
ping between the Fe21 and the Fe31 ions occupying theB
site. The Verwey transition24 freezes these electrons an
causes an ordering of the extra electron~compared to Fe31)
at the Fe21 B site at temperatures belowTv , although the
precise ordering is still unclear.10,13 The same phenomenon
however, can also be considered from an itinerant-elec
point of view: The high conductivity is a natural cons
quence of the half-filled 3d band of iron atoms located at th
B site, and the Verwey transition results from a band sp
ting due to the increasing importance of electron-elect
correlation and/or electron-phonon interactions at l
temperatures.6

The interpretation of the valence-band photoemiss
spectra from Fe3O4 and the other iron oxides has long been
matter of debate. Early studies were mostly interpreted
the basis of the ligand-field theory,26 in which the localized
3d cation levels, split further by the oxygen ligand fiel
were found responsible for the photoemission features, ra
than the bandlike 3d density of states.15,27 Further studies
found that it was necessary to include configuration inter
tion ~CI! within the 3d multiplet and charge transfer betwee
the 3d and the ligand orbitals to improve the agreement w
experiment and to account for the satellite features obse
in photoemission.28,29 Resonant photoemission across t
Fe 3p→3d excitation threshold was also used to identify t
nature of the photoemission features near the Fermi leve
led to the conclusion that the occupied states near the F
level are mainly of 3dnL (L represents a ligand hole! char-
acter and that all iron oxide phases (FeO, Fe3O4, and
a-Fe2O3) should be classified as charge-trans
insulators.19,29,30In contrast, recent OK-edge x-ray absorp-
tion and emission experiments on Fe3O4 suggested that the
states on both sides of the band gap are of 3d origin and
Fe3O4 should therefore be considered as a Mott-Hubb
5043 © 1998 The American Physical Society
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5044 PRB 58Y. Q. CAI, M. RITTER, W. WEISS, AND A. M. BRADSHAW
insulator.20,22 Furthermore, inverse photoemissio
experiments21,31,32 probing the states above the Fermi lev
revealed various degrees of covalency for all the iron ox
phases and found, in the case of Fe2O3, that the on-sited-d
Coulomb interaction energy (U) was overestimated by th
CI theory.

All these interpretations that were based on the localiz
electron point of view did not take into account the anis
ropy and translational symmetry of the crystal, and theref
could not explain itinerant properties of the electronic str
ture such as band dispersion. So far, there has been only
study18 in which experimental photoemission spectra we
interpreted with the help of a band-structure calculation
magnetite.11 The study was performed on anin situ cleaved
Fe3O4(100) single crystal at room temperature. Finite inte
sity existed at the Fermi level, which indicated that Fe3O4 is
a metal rather than an insulator, in agreement with the ba
structure calculation. Although energy-band dispersion
predicted by the calculation was not clearly observed, it w
concluded that the itinerant-electron description is more
propriate than the localized-electron point of view for d
scribing the electronic structure of Fe3O4.11,18

This is confirmed by the present study on an Fe3O4(111)
thin film using angle-resolved photoemission in conjunct
with synchrotron radiation. We observe clear dispersion
several distinct features along theGL direction in our spec-
tra, which qualitatively agrees with band-structu
calculations.11,12,33 In addition, the change in the electron
structure across the Verwey transition is examined by tak
spectra both at 300 and 90 K. Subtle differences have b
observed and may be understood on the basis of chang
crystalline structure and/or by the ordering of the catio
occupying theB site associated with the transition. The res
nant behavior across the Fe 3p→3d excitation threshold and
its temperature dependence is also examined in detail. T
results are discussed in terms of both the itinerant-elec
and localized-electron descriptions.

II. EXPERIMENTAL DETAILS

Experiments were carried out in an UHV chamber on t
different toroidal grating monochromator beamlines~TGM3
and TGM4! at the Berlin synchrotron radiation sourc
~BESSY!. The chamber was equipped with a VG Instr
ments ADES400 spectrometer for angle-resolved photoe
sion measurements and a Varian LEED~low-energy electron
diffraction! optics for the determination of surface periodi
ity. The overall energy resolution depends on the setting
the monochromator and of the spectrometer, and was m
tained at around 150 meV for all the measurements repo
here. The angular resolution was61°. The base pressur
after bakeout was 2310210 mbar.

The Pt~111! crystal was mounted on a manipulator whe
it could be heated resistively and cooled with liquid nitroge
The sample temperature was measured with a Chrom
Alumel thermocouple spotwelded to the back of the crys
The Pt~111! surface was cleaned by repeated cycles
1-keV Ar1 ion bombardment and subsequent annealing
T51350 K in 1027-mbar oxygen atmosphere to remove t
carbon contaminants on the surface. A final flash to 135
resulted in a clean and well-ordered surface as judged b
l
e

-
-
e
-
ne

e
r

-

d-
s
s
-

-

f

g
en

in
s
-

se
n

is-

of
in-
ed

.
l-

l.
f
o

K
a

sharp hexagonal 131 LEED pattern and photoemissio
spectra that show no signs of contamination in the valen
band region@Fig. 1~a!#.

The Fe3O4 film was prepared following the method de
scribed in detail elsewhere.1,34 In summary, it started with
the vapor deposition of submonolayer of iron onto the cle
Pt~111! surface at room temperature, followed by heating
2–3 min in 131026 mbar oxygen at temperatures arou
1000 K. This produced a well-ordered oxide layer with t
stoichiometry and structure of a FeO~111! bilayer.1,34 The
latter can be identified by its characteristic LEED patte
which consists of the main FeO and Pt diffraction spots s
rounded by a rosette of six satellite features with unifo
intensity. A detailed scanning tunneling microscopy inves
gation has revealed that the iron oxide grows in a Stran
Krastanov mode after repeated iron deposition and oxida
cycles.34 It grows layer by layer in the FeO structure up to
ML thickness; subsequently, Fe3O4(111) islands begin to
form and finally coalesce to give a thick film. By this tim
the satellite spots have disappeared and a new 232 LEED
pattern characteristic of the Fe3O4(111) surface is observed
X-ray photoelectron and Auger electron spectrosco
studies1–3 of this oxide film have revealed the Fe3O4 stoichi-
ometry, and a dynamic LEED intensity analysis1 has shown
a strongly relaxed, unreconstructed Fe3O4(111) surface. The
final thickness of the film was estimated to be at least 60
no emission from the Pt 4f core level and the Pt valenc
bands can be seen@for example, in Fig. 1~b! ~Ref. 35!#. The
Pt substrate thus has only a negligible influence on the p
toemission spectra discussed in the next section.

Angle-resolved photoemission spectra were recorded
normal emission both at 90 and 300 K~room temperature!.
Polarized light was incident on the surface at an angle of
with the electric vectorE in the plane spanned by the@111#
and the@ 1̄10# axes.

III. RESULTS AND DISCUSSION

A selection of the normal emission spectra@energy distri-
bution curves# taken at room temperature~300 K! is shown

FIG. 1. Ultraviolet photoemission spectroscopy spectra giv
an overview for~a! the clean Pt~111! surface (hn5150 eV), and~b!
the Fe3O4 film (hn5120 eV). Binding energy is relative to th
Fermi edge of the clean Pt~111! surface. The inset shows the Fe3O4

valence features on an expanded scale.
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PRB 58 5045VALENCE-BAND STRUCTURE OF EPITAXIALLY GROWN . . .
in Fig. 2; the Fermi level corresponds to that of the platinu
substrate. The photon energy was tuned in 1 eV steps
the range 40–80 eV, which includes the Fe 3p→3d excita-
tion threshold at 56 eV where strong resonant photoemis
is observed. The spectra are normalized to the photon
recorded by the photoelectric yield of the Au-coated refoc
ing mirror of the beamlines~not corrected for the quantum
efficiency36!.

There is finite photoemission intensity at the Fermi le
in all spectra, which is clearly due to the feature at the low
binding energy and is compatible with the high conductiv
of magnetite seen for bulk single crystals.18,19 The defect
concentration is not known, which may also play a role
contributing to the intensity at the Fermi level through im
purity scattering of the photoelectrons in the present ca
Within the binding energy range shown, several features
visible. The valence bands derived from the Fe 3d and O 2p
orbitals between 0 and 10 eV binding energy show con
erable variation both in intensity and spectral line shape a
function of photon energy. Some peaks disperse~see below!
and are better resolved than spectra taken from clea
single-crystal surfaces in earlier studies.18,19 A possible rea-
son is that the thin-film surface prepared in the present st
is of much higher quality compared to the cleaved surfa
and k smearing caused by surface roughness is less

FIG. 2. Normal-emission spectra from the valence bands
Fe3O4 taken at room temperature~300 K!. The binding energy is
measured relative to the Fermi edge of the Pt substrate. Arr
indicate the expected positions for theM2,3M4,5M4,5 Auger emis-
sion for photon energies above the Fe 3p excitation threshold~56
eV!.
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problem. A thorough examination of the structure in th
region will be reported in Sec. III A. Above the Fe 3p
→3d excitation threshold athn556eV, a strong enhance
ment of the valence bands and of the broad satellite fea
centered at 14 eV is observed. This broad satellite featur
also visible at higher photon energies@see Fig. 1~b! and the
inset#. The M 2,3M4,5M4,5 super-Coster-Kronig Auger trans
tions appear with a constant kinetic energy of 45 eV w
respect to the Fermi edge29 and are indicated by the arrows
These Auger transitions are in general weak and broad,
are much enhanced within the resonant region. The reso
photoemission data will be discussed in Sec. III B.

A. Band dispersion

In order to examine in detail the valence bands of Fe3O4
observed in Fig. 2, we will compare our experimental resu
with first-principles calculations. The first realistic ban
structure calculation for Fe3O4 in the high-temperature phas
was carried out by Yanase and Siratori11 ~YS! in 1984 using
the self-consistent augmented plane waves~APW! method.
Exchange and correlation energies were considered unde
local spin-density approximation~LSDA!. Later Zhang and
Satpathy12 ~ZS! reported another LSDA calculation usin
the self-consistent linear muffin-tin orbitals method in t
atomic spheres approximation. This calculation agrees
general with that of YS, particularly with respect to the m
tallic nature of magnetite and the Fe 3d origin of the states
located up to 1 eV below the Fermi energy. These res
were supported by experimental data from spin-polariz
photoemission15 and polarized neutron scattering.37 More re-
cently, Yanase and Hamada~YH! have performed a full-
potential linearized APW calculation within the LSDA fo
magnetite33 in order to obtain the precise shape of the Fer
surface and the charge density. The resulting band struc
and the partial one-electron density of states are very sim
to the earlier calculations of YS and ZS, although the ex
location and dispersion of various bands differ somewha
the three calculations.11,12,33The charge density obtained i
the latest calculation is found to agree well with results fro
x-ray diffraction studies33 and therefore supports the loca
density approximation used in the calculation.38

A comparison between our normal emission data and
YH band-structure calculation is shown in Figs. 3 and 4
the form of structure plots for data taken at 300 and 90 K39

respectively. Experimental points are peak or shoulder p
tions in the EDC’s determined from the local minima po
tions in the second derivative of the smoothed curves.40 A
potential shortcoming of this data analysis method is t
some finer details may be lost due to the smoothing prio
taking the derivatives, and that in a spectral region wh
many closely spaced bands may contribute, the resul
points may not necessarily reflect the true situation. We
aware of these problems but, nevertheless, believe that
present analysis yields the dominant information access
under our energy and angular resolution in the experime

The resulting peaks and shoulders are divided further
strong and weak transitions based on the absolute intensi
the minima of the second derivative curves. The calcula
transitions ~solid lines! represent direct transition
satisfying41
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5046 PRB 58Y. Q. CAI, M. RITTER, W. WEISS, AND A. M. BRADSHAW
hn5Ef~ki,k'!2Ei~ki,k'!. ~1!

The initial state energiesEi are given by the band structur
calculated by YH, and the final state energiesEf are free-
electron final states of the form

Ef~ki,k'!5
\2

2m
~k'1ki1G!22E0 , ~2!

where (ki,k') is the wave vector of the electron, the paral
componentki50 for normal emission, and the perpendicu
component 0<k'<A3p/a for G-L, a being the lattice
constant;E0 is the inner potential with respect to the Ferm
level; G@5(2p/a)( l ,m,n)# is a bulk reciprocal lattice vec
tor. Only the primary cone with (l ,m,n)5(I ,I ,I ), where I
50,61,62, . . . , isused here. For clarity and for identifyin
the spin character of the observed experimental features,
culated transition lines using the initial majority- an
minority-spin bands are shown separately in the left and r
panels of Figs. 3 and 4, respectively.

As can be seen, data taken at 300 and 90 K are q
similar, but with subtle differences that will be discuss
later. We consider first the agreement between the b
structure and the room-temperature data. The best fit
tween experiment and theory as shown in Fig. 3 is obtai
with E0513.0 eV. A rigid shift of the initial state bands b
0.2 eV to higher binding energies is also required in orde
match the data as a whole, especially the experimental
ture at <0.9 eV binding energy with the minority~spin-
down! transitions at photon energies between 40–53
This is in fact the only possible fit for the latter feature, if

FIG. 3. Structure plot for normal emission data~points! taken at
300 K. Experimental data shown in the left and right panels are
same but 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 YH and free-electron final states. Th
circled region is for comparison with Fig. 4. See text for details
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is recalled that the spin polarization is negative from t
Fermi level down to approximately 1.7 eV at 200 K.15 Its
dispersion shows a clear maximum in binding energy
around 46 eV photon energy and therefore it is identified
emission from theG point. Once theG point is identified, the
other critical pointL in the symmetry line is fixed by Eq.~1!,
both of which are indicated by the dash-dotted lines in Fi
3 and 4.

In order to examine in more detail the observed dispers
of the lowest binding energy feature at photon energies
tween 40–53 eV, the corresponding EDC’s obtained at 3
K are shown in Fig. 5 on an expanded scale. Two ban
derived from a peak and a shoulder, instead of only one a
Fig. 3, are now observed in the spectra. The band in Fig.
therefore the intensity-weighted average of the two ba
resulting from the smoothing applied to the EDC’s in t
second-derivative method. The two bands thus appear to
respond to the first two occupied minority-spin bands in
calculation, both of which disperse upward towards the zo
boundary. The energies at theG point of the two bands es
timated from Fig. 5 are listed in Table I and are compar
with results from all the calculations. The calculation of Z
gives the best agreement with experiment in terms of
position and separation of these two features. Furtherm
YH predict two occupied majority-spin bands above the fi
minority-spin band around theG point, which was not the
case in the earlier calculations.11,12 Features that might be
due to emission from these majority-spin bands near thG
point are either not present or might be too weak to be s
in the spectra.

On cooling to 90 K, no appreciable changes are obser
in this region of the spectra near the Fermi edge within
range of photon energies used~see Fig. 4!. Chainaniet al.23

have, however, reported photoemission experiments

e
FIG. 4. Same as Fig. 3 but for the normal emission data take

90 K.
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PRB 58 5047VALENCE-BAND STRUCTURE OF EPITAXIALLY GROWN . . .
cleaved Fe3O4(110) surfaces and found a downwards sh
of about 70 meV of the Fermi edge when their sample w
cooled from 300 to 100 K, consistent with the characteris
of the Verwey transition. The energy resolution in t
present experiments was probably not sufficient to obse
such a small change. Nevertheless, one would expect
opening up of a band gap at the point where the fi
minority-spin band in the high-temperature phase is expe
to cross the Fermi level in order to explain the Verwey tra
sition from the band structure point of view. Following th
dispersion observed in Fig. 5, a crossing should occur
photon energy,40 or .54 eV. Because of the lack of dat
at photon energies,40 eV and of the interference of reso
nant photoemission at photon energies.54 eV ~see below!,
we are unable to confirm the above possibility in the pres
study.

For the rest of the data in Fig. 3, the weak transitions
be assigned equally well to either the majority-spin bands
the minority-spin bands, but the strong features agree be
with the calculated transition lines for the minority-sp
bands. This is particularly true for the strong feature arou
4.0 eV for hn,56 eV and that around 5.5 eV forhn
.70 eV. These two features appear to be parts of the s
calculated band, which disperses downward from 3.5 eV aG
to about 5.0 eV at the zone boundaryL where a small gap
opens. It then extends into the next zone and disperses t
eV at hn580 eV. The gap is not visible in the experiment
data, but the band folding at the zone boundary~circled in
Fig. 3! can be seen. On the other hand, there is a majo

FIG. 5. A selection of normal emission spectra taken at 300
showing the dispersion of the lowest binding energy features~indi-
cated by the vertical bars!. The turning point in the dispersion cor
responds to theG point.
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spin band with similar dispersion which might also be a
signed to these strong transitions. The energies, howe
differ substantially from those in the experiments. T
present comparison therefore suggests that they ar
minority-spin band. Since the thin film was not magnetiz
throughout its preparation, it is unlikely that this apparen
better agreement is due to a preferential domain orientat
The problem may simply be due to some inaccuracy in
calculated band energies. This is possible since the fit sh
in the structure plots has been obtained by shifting the en
calculated band structure by 0.2 eV towards higher bind
energy. The critical point energies listed in Table I also sh
differences compared to the experimental values of up to
eV. These differences are sufficient to suggest an alterna
assignment of these strong features. The actual situation
be that they contain contributions from both the majori
and minority-spin bands; a precise identification can only
achieved with spin- and angle-resolved photoemission
periments.

We now discuss the subtle differences between the d
taken at 300 K and at 90 K, as well as some general effe
caused by the resonant photoemission. The most interes
difference can be seen within the circled regions in Figs
and 4. In the data taken at 300 K, as stated above, fol
transitions from the zone boundaryL are present, whereas a
90 K no such band folding is observed. The absence
folded transitions at the lower temperature is consistent w
the change of the crystallographic symmetry associated w
the Verwey transition:25 the L point is no longer a Brillouin
zone boundary of the monoclinic structure at low tempe
ture. Temperature-dependent changes to the highest bin
energy feature may also be due to the altered symmetry
300 K, this band shows a large energy dispersion with p
ton energy conforming roughly with the periodicity of th
cubic phase; at 90 K it becomes much flatter.

As for the effects of resonant photoemission, we note t
the dispersion of the features discussed above is stro
affected as the photon energy is scanned across the thre
energy ~56 eV! for the Fe 3p→3d excitation. There is a
discontinuity in the behavior of the lowest binding ener
feature athn554 eV, i.e., 2 eV below the threshold energ
This is related to its resonant behavior~see Sec. III B!. For
hn.54 eV, this feature appears to be associated more w
the occupied majority-spin bands nearEF . Moreover, a
strong feature around 3.5 eV binding energy appears
above the threshold energy~56 eV! and does not seem t
correspond to any of the calculated transitions. Its dispers
shows also a slight temperature dependence. All these
tures with binding energies above 4 eV are mainly of Fed
origin according to band-structure calculations.11,12,33 Fi-
nally, resonant photoemission appears not to produce
discontinuities in the dispersion of the weak transitions
TABLE I. Critical energies at theG point of the first two occupied minority-spin bands.

Symmetry YS~Ref. 11! ~eV! ZS ~Ref. 12! ~eV! YH ~Ref. 33! ~eV! Expt. ~eV!

G1 20.26 20.44 20.52 20.7060.08
G12 20.65 20.65 20.54 20.9560.08
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5048 PRB 58Y. Q. CAI, M. RITTER, W. WEISS, AND A. M. BRADSHAW
binding energies around 5.5 and 8 eV. The density of th
states contains both contributions from Fe 3d and O 2p
electrons, although the O 2p character increases with in
creasing binding energy.11,12,33The effect of resonant photo
emission, which involves mainly Fe 3d electrons,19,29 may
therefore be weaker.

To summarize the effect of the Verwey transition on t
valence-band photoemission spectra, we note that there
pear to be two types of changes in the valence-band spe
Weak features from the lower-lying O 2p-dominated va-
lence bands show differences that are likely to be relate
the changes in the crystallographic symmetry, whereas
behavior seen for the strong features of the higher-ly
Fe 3d-derived bands does not appear to be correlated to
structural changes. Because of their 3d origin, the differ-
ences are possibly caused by the charge ordering at theB site
below the transition temperature.

B. Resonant photoemission

We now discuss the resonant enhancement of photoe
sion observed in Fig. 2 at the Fe 3p→3d excitation thresh-
old at 56 eV. The mechanism of resonant photoemissio
3d transition metals and their compounds is well known42

From the localized-electron point of view, it is caused by t
final-state interference between direct photoemission fr
the 3d levels (3dn→3dn211e) and Auger electron emis
sion (3p63dn→3p53dn11→3p63dn211e) following the
3p→3d core excitation. For iron oxides and other la
transition-metal oxides, it is generally believed that thep
→3d excitations are quite localized and involve on
3d-derived states. Therefore, an approach has b
used18,19,29in which the difference between the valence-ba
EDC’s measured just above~on! and below~off! the reso-
nance is used to remove the nonresonant O 2p contributions.
The resulting features reflect the 3d-derived final states. By
performing constant-initial-state~CIS! measurements thes
3d states can be further identified as eitherdn21 or dnL final
states, becausedn21 final states usually show a typical Fan
type resonance line shape, whereas fordnL final states an
antiresonance behavior is expected with a dip on the lo
photon energy side of the Fano peak.43,44

On the other hand, it has been observed that the ph
energies corresponding to on and off resonance dep
slightly on the valency of the Fe ions in the oxides. F
a-Fe2O3 with only Fe31 ions, they are found to be at 58 an
55 eV for on and off resonance, respectively.19,29 For FeO,
which contains only Fe21 ions, Fujimori et al.29 reported
values of 57 and 53 eV, whereas Lad and Henrich19 found
the off-resonance energy to be 54 eV. The disagreeme
due to the observation of a shoulder at 54 eV in the C
spectra taken by Fujimoriet al. for FeO, which is not presen
in the data of Lad and Henrich. For Fe3O4, which contains
both Fe21 and Fe31 ions, Lad and Henrich19 measured spec
tra on and off resonance at 58 and 54 eV, respectively.
the epitaxial Fe3O4(111) film investigated here the corre
sponding photon energies depend slightly on the binding
ergy of the resonating states and are found mostly at 58
53 eV~see below and Fig. 7!. At 54 eV, a weak bump can b
seen from our CIS spectra for binding energies of 3.5, 5
and 8.0 eV.
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It may therefore be possible, as suggested by Lad
Henrich,19 to partially separate the contributions to the res
nant photoemission in Fe3O4 from Fe21 and Fe31 ions by
taking difference curves from EDC’s taken at the on- a
off-resonance photon energies of the corresponding iron
lencies. Due to the proximity of these energies, however,
often finds overlapping contributions from both ions, and
separation may not always be possible or even meaning
as will be seen in the following.

The difference curves from the normal emission d
taken at 300 K are presented in Fig. 6 for 58253 eV, 58
255 eV, and 57253 eV. Some distinct features can b
identified readily and are marked by vertical dashed lin
They include a small peak at 0.9 eV, a shoulder at 2.7
and peaks centered around 3.5, 5.6, and 8 eV. The b
satellite centered at 14 eV in Fig. 2, which also resona
strongly, is not shown in this figure. The CIS spectra for t
corresponding binding energies~including that of the 14-eV
satellite! are presented in Fig. 7. Based on their behavior
Figs. 6 and 7, some conclusions can be drawn as to the o
of these features. First, the 0.9-eV peak appears only in
difference curves for 58253 eV and 57253 eV, but appar-
ently not in that for 58255 eV corresponding to the
Fe31-related on- and off-resonance energies. It is theref
related only to final states of the Fe21 ions. In fact, this
feature has been assigned in earlier studies to a state o
d6L final-state multiplet involving charge transfer betwe
the cation 3d and the ligand 2p orbitals.28,29 Experimentally
it appears only when there are Fe21 ions in the oxides~FeO
and Fe3O4).19,27–29Its resonant behavior shows a Fano li
shape with an antiresonance dip~see Fig. 7! at 53 eV and a
maximum around 55 eV, which is also in agreement with
assignment to ad6L final state.

For the other features observed, the situation is not
simple. Compared to the peak at 3.5 eV, for example,
shoulder at 2.7 eV becomes more prominent in the
253 eV difference curve than in the others. This would su
gest that it is dominated by final states of the Fe21 ions. Its

FIG. 6. Difference curves for normal emission spectra taken
300 K just above and below the Fe 3p→3d resonant photoemis
sion. Vertical dashed lines indicate the Fe 3d-derived final states
involved in the resonance.
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resonance behavior as shown in Fig. 7, however, has an
resonance photon energy of 58 eV and an off-resonance
ton energy of 55 eV, typical for final states originating fro
Fe31 ions. The same analysis can be applied to the feat
seen at 3.5 and 5.6 eV and leads to similar conflicting c
clusions. The small shoulder seen at 6.0 eV, not mentio
so far, is an exception. It has a resonance profile alm
identical to that of the 5.6-eV feature~not shown for this
reason!. The above analysis would indicate that it is a fin
state of the Fe21 ions. We therefore conclude that in mo
cases the characteristics of resonant photoemission obse
in FeO anda-Fe2O3 cannot be used straightforwardly t
separate contributions from the Fe21 and Fe31 ions in
Fe3O4.

Nevertheless, the resonance profiles in Fig. 7 show
apart from the broad satellite centered at 14 eV, all the o
features show a Fano-type resonance line shape with an
tiresonance dip to a certain degree, whereby the dip for
feature at 3.5 eV is the strongest. This indicates that all th
features are final states with a ligand holeL. On the other
hand, the satellite feature at 14 eV does not have an antir
nance dip in its resonance profile and is therefore a final s
of dn21 type. Given the above discussion, however, it
unclear whether this is associated with the Fe21 or the Fe31

ions, although the on-resonance photon energy is moved
wards 57 eV supporting the assignment to Fe21.

Our assignments of the above 3d-derived final states are
in essential agreement with previous resonant photoemis
studies of Fe3O4(110) by Lad and Henrich.19 The binding
energies of the resonating states were found, howeve
around 1.2, 4, 7, and 12 eV, somewhat different from
values obtained in Fig. 6 for the present Fe3O4(111) film.
Our difference curves shown in Fig. 6 also reveal more f
tures than previously observed.19 These differences may b
understood on the basis of crystal anisotropy and band s
ture effects. This is because the resonant photoemissio

FIG. 7. Normal emission constant-initial-state spectra taken
300 K for initial-state energies shown in Fig. 6. Vertical dash
lines mark the on- and off-resonance position. The background
tributions have not been removed. For clarity, some spectra
shifted up by the amount indicated in brackets in the legend.
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volves direct photoemission from the 3d levels, which is
determined by the initial- and final-state band structures,
despite the Coulomb interaction in the Auger decay the w
vector remains a good quantum number. Valence-band
persion of a sharp resonance in photoemission from L
has been reported and is interpreted in the same way.45 In our
case, the on- and off-resonant photon energies differ subs
tially, as do the corresponding wave vectors perpendicula
the surface. A variation in the matrix element may also
responsible for some of the features observed in the dif
ence curves.

The main features observed in Fig. 6 are also observe
the data taken at 90 K. The spectral shapes are very sim
with the main peaks around 3.5 and 5.6 eV being somew
broader and the centers of gravity moving towards low
binding energies. These changes are likely to be cause
changes in the initial states associated with the Verwey tr
sition, as discussed in Sec. III A. The corresponding re
nance profiles reveal virtually the same behavior for
same feature observed in the difference curves, indica
that the Verwey transition does not change the nature of
final states involved in the resonant photoemission. T
demonstrates that resonant photoemission is indeed a lo
ized process on which neither a charge ordering at the ca
B site nor crystallographic symmetry variations would ha
any noticeable effect.

IV. SUMMARY

In summary, the valence-band structure of Fe3O4(111)
along theGL symmetry line and the resonant enhancem
of photoemission across the Fe 3p→3d excitation threshold
have been examined in detail both at 90 and 300 K. T
experimentally derived band dispersions agree reason
well with band-structure calculations for the high
temperature phase. In particular, dispersions of the minor
spin bands near the Fermi level predicted by the calculati
are clearly observed. Together with the observation of fin
intensity at the Fermi level this confirms the metallic natu
of Fe3O4 magnetite. At 90 K, which is below the Verwe
transition temperature, there are subtle differences in
valence-band spectra that may be attributed to the chang
crystallographic symmetry and/or the charge ordering at
B site associated with the transition. Changes that may
related to the altered crystallographic symmetry are m
pronounced in the lower-lying O 2p-dominated bands
whereas changes observed for the strong features in
higher-lying Fe 3d-derived bands are more likely caused
the charge ordering at theB site.

Resonant photoemission behavior is not changed at t
peratures above and below the Verwey transition temp
ture, demonstrating the local character of this process th
not influenced by either a crystallographic symmetry chan
or a long-range order of the cations at theB site. This local
character is also indicated by the observation of band disc
tinuities at the Fe 3p→3d resonance photon energy for th
high-lying Fe 3d-derived bands, whereas the low-lyin
O 2p-dominated bands are not affected. The present res
further indicate that, except for the resonant feature at 0.9
binding energy, most of the other resonant features in Fe3O4

at
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cannot be separated into contributions from the Fe21 or Fe31

ions by comparing measured on- and off-resonance ene
with those in FeO and Fe2O3, because Fe3O4 has its own
characteristic band-structure and is not a simple superp
tion of FeO and Fe2O3. Furthermore, it is found that crysta
anisotropy and band-structure effects may influence the
ergies of the resonant features observed in the differe
curves, in further support of the itinerant-electron point
view for the interpretation of the electronic structure of ma
netite.
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