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Valence-band structure of epitaxially grown FgO,(111) films
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It has recently been shown that well-ordered@®g£111) films can be prepared epitaxially on cleaflP1)
surfaces; various technigues have indicated that these multilayer films are chemically identical to bulk single
crystals. We have studied the electronic structure of such an ordeg€(Bé1) film using angle-resolved
photoemission in conjunction with synchrotron radiation. The valence-band structure aldig gyenmetry
line and the resonant emission enhancement across thp-F88 excitation threshold have been examined in
detail both abovéat 300 K) and below(at 90 K) the Verwey transition temperature-(L20K) for magnetite.
The observed band dispersion agrees reasonably well with band-structure calculations for the high-temperature
phase, particularly near the Fermi level, suggesting thaDFeshould 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 photoemissig®,imeRgins a
localized process and is not influenced by the Verwey transifs®163-182@08)01231-4

. INTRODUCTION change from cubic to monoclin®é:?>® From a localized-
electron point of view, the high electrical conductivity of
Single-crystal metal oxide thin films grown epitaxially on magnetite at room temperature is attributed to electron hop-
conducting substrates have recently attracted increased attgsing between the Eé and the F&' ions occupying theB
tion in surface science. The cleanliness, stoichiometry, andite. The Verwey transitidA freezes these electrons and
crystalline order of the surface of these thin oxide films carncauses an ordering of the extra electftoampared to F&)
be well controlled, and yet structurally and chemically theyt the F&* B site at temperatures beloW, , although the
are found to be identical with their bulk counterpai8Fur-  precise ordering is still uncleaf2* The same phenomenon,

thermore, for insulating oxides, the electrostatic charging,,vever, can also be considered from an itinerant-electron
problem associated with the use of ultrahigh-vacutrav) oint of view: The high conductivity is a natural conse-

based spectrqscoplc techniques that involve the .e’.“'ss'op ence of the half-filled @ band of iron atoms located at the

and/or scattering of charged particles can be eliminate . o .
) : ) . o site, and the Verwey transition results from a band split-

These thin oxide films, therefore, provide opportunities for

spectroscopic studies of the electronic structure of metal oxing dug to the increasing |mportance_ of elef:tron-electron
ides, which is a prerequisite for understanding the physica‘fo”e'at'on and/or electron-phonon interactions at low
principles governing their interesting electrical and magnetiéempergtureg. _ o
propertie$ Moreover, they can be used for studying the sur- 1h€ interpretation of the valence-band photoemission
face chemistry of metal oxides, which is in turn important for SPectra from FgO, and the other iron oxides has long been a
addressing the issues in metal-oxide-based catdlyste  Matter of debate. Early studies were mostly interpreted on
present paper reports a photoemission study on such an dhe basis of the ligand-field theof.in which the localized
dered, thin iron oxide film, i.e., R®,(111), grown epitaxi- 3d cation levels, split further by the oxygen ligand field,
ally on a clean Ri11) substraté were found responsible for the photoemission features, rather

Fe;0, (magnetite is a ferrimagnet with the cubic inverse than the bandlike 8 density of state$>?” Further studies
spinel structurd. At room temperature the lattice has fcc found that it was necessary to include configuration interac-
symmetry and consists in a purely ionic model of a closetion (Cl) within the 3d multiplet and charge transfer between
packed face-centered cube of largé Oanions with the the 3d and the ligand orbitals to improve the agreement with
smaller cations, P& and Fé", located in the interstitial experiment and to account for the satellite features observed
sites of the anion lattice. Two kinds of cation sites exist inin photoemissior®?° Resonant photoemission across the
the crystal: One site designated is tetrahedrally coordi- Fe 3p— 3d excitation threshold was also used to identify the
nated to oxygen and is occupied only by3Feions. The nature of the photoemission features near the Fermi level. It
other site designated is octahedrally coordinated to oxygen led to the conclusion that the occupied states near the Fermi
and is occupied by equal numbers ofFeand Fé" ions. level are mainly of 8"L (L represents a ligand holehar-

The valence electronic structure and the Verwey transiacter and that all iron oxide phases (FeO;®g and
tion of magnetite have been intensively studied in the past-F&03;) should be classified as charge-transfer
both theoretically’=*% and experimentally®4~23The Ver- insulators:®?°*%®|n contrast, recent &-edge x-ray absorp-
wey transition is characterized by a sharp decrease in th#on and emission experiments ons;Bg suggested that the
conductivity by two orders of magnitude at a temperature oftates on both sides of the band gap are dfdBigin and
T,~120 K, accompanied by a crystallographic structuralFe;O, should therefore be considered as a Mott-Hubbard
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insulator’®?  Furthermore,  inverse  photoemission [T T I T T e T

experiment$-31-32probing the states above the Fermi level Fe,0,(111)
revealed various degrees of covalency for all the iron oxide mmteoed
phases and found, in the case ofBg that the on-sitel-d
Coulomb interaction energyl) was overestimated by the
Cl theory.

All these interpretations that were based on the localized —_ T
electron point of view did not take into account the anisot- P55 |
ropy and translational symmetry of the crystal, and thereforeg | e u\‘/\ e ]
could not explain itinerant properties of the electronic struc- | ™ '
ture such as band dispersion. So far, there has been only or
study*® in which experimental photoemission spectra were
interpreted with the help of a band-structure calculation for
magnetitet! The study was performed on am situ cleaved bbbt bbbt bbb
Fe;0,(100) single crystal at room temperature. Finite inten- Binding Energy (eV)
sity existed at the Fer”?' level, Wh'Ch indicated thag(Bgls FIG. 1. Ultraviolet photoemission spectroscopy spectra giving
a metal rather than an insulator, in agreement with the bands, ,verview for(a) the clean RiL11) surface hv=150 V), andb)
structure calculation. Although energy-band dispersion ag,q FeO, film (hy=120 eV). Binding energy is relati,ve to the

predicted by the calculation was not clearly observed, it Wagermj edge of the clean @tL1) surface. The inset shows the,Eg
concluded that the itinerant-electron description is more apgajence features on an expanded scale.

propriate than the localized-electron point of view for de-

scribing the electronic structure of f@,.***® sharp hexagonal X1 LEED pattern and photoemission
This is confirmed by the present study on an®g£111)  spectra that show no signs of contamination in the valence-
thin film using angle-resolved photoemission in conjunctionpand regioFig. 1(a)].
with synchrotron radiation. We observe clear dispersion of The FgO, film was prepared following the method de-
several distinct features along thé direction in our spec- scribed in detail elsewhefe®* In summary, it started with
tra, which qualitatively agrees with band-structurethe vapor deposition of submonolayer of iron onto the clean
calculations:*****In addition, the change in the electronic py111) surface at room temperature, followed by heating for
structure across the Verwey transition is examined by taking_3 min in 1x10~® mbar oxygen at temperatures around
spectra both at 300 and 90 K. Subtle differences have beefpoo K. This produced a well-ordered oxide layer with the
observed and may be understood on the basis of changesgfbichiometry and structure of a FEN) bilayer!** The
crystalline structure and/or by the ordering of the cationgatter can be identified by its characteristic LEED pattern,
occupying theB site associated with the transition. The reso-which consists of the main FeO and Pt diffraction spots sur-
nant behavior across the F@-3-3d excitation threshold and  rounded by a rosette of six satellite features with uniform
its temperature dependence is also examined in detail. Theg&ensity. A detailed scanning tunneling microscopy investi-
results are discussed in terms of both the itinerant-electrogation has revealed that the iron oxide grows in a Stranski-
and localized-electron descriptions. Krastanov mode after repeated iron deposition and oxidation
cycles3* It grows layer by layer in the FeO structure up to 2
ML thickness; subsequently, f@,(111) islands begin to
form and finally coalesce to give a thick film. By this time
Experiments were carried out in an UHV chamber on twothe satellite spots have disappeared and a nav2 2EED
different toroidal grating monochromator beamlin@&M3  pattern characteristic of the §@,(111) surface is observed.
and TGM4 at the Berlin synchrotron radiation source X-ray photoelectron and Auger electron spectroscopy
(BESSY). The chamber was equipped with a VG Instru- studies™2 of this oxide film have revealed the @, stoichi-
ments ADES400 spectrometer for angle-resolved photoemismetry, and a dynamic LEED intensity analysigms shown
sion measurements and a Varian LEH@w-energy electron a strongly relaxed, unreconstructed;8g(111) surface. The
diffraction) optics for the determination of surface periodic- final thickness of the film was estimated to be at least 60 A;
ity. The overall energy resolution depends on the settings ofio emission from the Ptf4core level and the Pt valence
the monochromator and of the spectrometer, and was maitpands can be se¢for example, in Fig. (b) (Ref. 35]. The
tained at around 150 meV for all the measurements reportedt substrate thus has only a negligible influence on the pho-
here. The angular resolution was1°. The base pressure toemission spectra discussed in the next section.
after bakeout was 2 10™1° mbar. Angle-resolved photoemission spectra were recorded at
The Pt111) crystal was mounted on a manipulator wherenormal emission both at 90 and 300(kKbom temperatune
it could be heated resistively and cooled with liquid nitrogen.Polarized light was incident on the surface at an angle of 45°
The sample temperature was measured with a Chromelvith the electric vectoE in the plane spanned by th#&11]
Alumel thermocouple spotwelded to the back of the crystalgnd the[110] axes.
The Pfl111) surface was cleaned by repeated cycles of
1-keV Art ion bombardment and subsequent annealing to IIl. RESULTS AND DISCUSSION
T=1350K in 10 "-mbar oxygen atmosphere to remove the '
carbon contaminants on the surface. A final flash to 1350 K A selection of the normal emission spedtesmergy distri-
resulted in a clean and well-ordered surface as judged by bution curve$ taken at room temperatuf800 K) is shown

nsity (arb.units)

Fe3d-O2p

Il. EXPERIMENTAL DETAILS
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problem. A thorough examination of the structure in this
region will be reported in Sec. Ill A. Above the Fe3
—3d excitation threshold ahv=56eV, a strong enhance-
ment of the valence bands and of the broad satellite feature
centered at 14 eV is observed. This broad satellite feature is
also visible at higher photon energiese Fig. b) and the
insef. The M, M4 sM 5 super-Coster-Kronig Auger transi-
tions appear with a constant kinetic energy of 45 eV with
respect to the Fermi ed@feand are indicated by the arrows.
These Auger transitions are in general weak and broad, but
are much enhanced within the resonant region. The resonant
photoemission data will be discussed in Sec. Il B.

A. Band dispersion

In order to examine in detail the valence bands of(e
observed in Fig. 2, we will compare our experimental results
with first-principles calculations. The first realistic band-
structure calculation for R®, in the high-temperature phase
was carried out by Yanase and SiratdfiYS) in 1984 using
the self-consistent augmented plane wag&BW) method.
Exchange and correlation energies were considered under the
local spin-density approximatio(LSDA). Later Zhang and
Satpathy!? (ZS) reported another LSDA calculation using
the self-consistent linear muffin-tin orbitals method in the
_ g.‘_‘&lo_ atomic spheres approximation. This calculation agrees in
general with that of YS, particularly with respect to the me-
tallic nature of magnetite and the Fe ®rigin of the states
located up to 1 eV below the Fermi energy. These results

FIG. 2. Normal-emission spectra from the valence bands ofVer€ SUPP‘?“EO' by exp_erimental data from 7spin-polarized
Fe,0, taken at room temperatus@00 K). The binding energy is photoemissiot? and polarized neutron scatterifigMore re-
measured relative to the Fermi edge of the Pt substrate. Arrow§€Ntly, Yanase and Hamadd'H) have performed a full-
indicate the expected positions for tM, M, <M. s Auger emis-  Potential linearized APW calculation within the LSDA for
sion for photon energies above the Fe éxcitation threshold56 ~ Magnetité® in order to obtain the precise shape of the Fermi
eV). surface and the charge density. The resulting band structure

and the partial one-electron density of states are very similar
in Fig. 2; the Fermi level corresponds to that of the platinumto the earlier calculations of YS and ZS, although the exact
substrate. The photon energy was tuned in 1 eV steps ovéwcation and dispersion of various bands differ somewhat in
the range 40—80 eV, which includes the Fe-33d excita-  the three calculations:*>33The charge density obtained in
tion threshold at 56 eV where strong resonant photoemissiothe latest calculation is found to agree well with results from
is observed. The spectra are normalized to the photon flux-ray diffraction studie¥ and therefore supports the local-
recorded by the photoelectric yield of the Au-coated refocusdensity approximation used in the calculatiin.
ing mirror of the beamlinegnot corrected for the quantum A comparison between our normal emission data and the
efficiency®). YH band-structure calculation is shown in Figs. 3 and 4 in

There is finite photoemission intensity at the Fermi levelthe form of structure plots for data taken at 300 and 9% K,
in all spectra, which is clearly due to the feature at the lowestespectively. Experimental points are peak or shoulder posi-
binding energy and is compatible with the high conductivitytions in the EDC’s determined from the local minima posi-
of magnetite seen for bulk single crystats® The defect tions in the second derivative of the smoothed cufJes.
concentration is not known, which may also play a role inpotential shortcoming of this data analysis method is that
contributing to the intensity at the Fermi level through im- some finer details may be lost due to the smoothing prior to
purity scattering of the photoelectrons in the present caseaking the derivatives, and that in a spectral region where
Within the binding energy range shown, several features armany closely spaced bands may contribute, the resulting
visible. The valence bands derived from the Feahd O 2 points may not necessarily reflect the true situation. We are
orbitals between 0 and 10 eV binding energy show considaware of these problems but, nevertheless, believe that the
erable variation both in intensity and spectral line shape as present analysis yields the dominant information accessible
function of photon energy. Some peaks dispése® below  under our energy and angular resolution in the experiment.
and are better resolved than spectra taken from cleaved The resulting peaks and shoulders are divided further into
single-crystal surfaces in earlier studf$® A possible rea- strong and weak transitions based on the absolute intensity of
son is that the thin-film surface prepared in the present studthe minima of the second derivative curves. The calculated
is of much higher quality compared to the cleaved surfacesransitions (solid lineg represent direct transitions
and k smearing caused by surface roughness is less of satisfyindg™*

Intensity (arb.units)

Normal Emission EDC \_44.0
Fe,O,/Pt(111), 300 K

16 12 8 4 0
Binding Energy (eV)
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|Fe304/Pt(111), 300K: @ Stong, ® Weak (Exp.) Transitionsl |Fe304/Pt(111), 90K: @ Stong, ® Weak (Exp.) Transitionsl

Binding Energy (eV)
Binding Energy (eV)

o £ E

40 50 60 70 80 40 50 60 70 80 40 50 60 70 80 40 50 60 70 80
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)
FIG. 3. Structure plot for normal emission ddpmints taken at FIG. 4. Same as Fig. 3 but for the normal emission data taken at

300 K. Experimental data shown in the left and right panels are th@0 K.
same but theoretical direct transitiofsolid lineg are calculated
using the band structure of the majority spieft pane) and of the
minority spin(right pane) by YH and free-electron final states. The
circled region is for comparison with Fig. 4. See text for details.

is recalled that the spin polarization is negative from the
Fermi level down to approximately 1.7 eV at 200*Klts
dispersion shows a clear maximum in binding energy at
around 46 eV photon energy and therefore it is identified as
hw=Eq(Kl.k") —Ei(kl k"). @ emission from thd" point. Once thd" point is identified, the
The initial state energieg; are given by the band structure Other critical point in the symmetry line is fixed by Eq1),
calculated by YH, and the final state energigsare free- both of which are indicated by the dash-dotted lines in Figs.
electron final states of the form 3 and 4.
In order to examine in more detail the observed dispersion
I oo h? Lo ) of the lowest binding energy feature at photon energies be-
Ei(kl,k") =5~ (k> +ki+G)"~Ey, (2)  tween 40-53 eV, the corresponding EDC’s obtained at 300
K are shown in Fig. 5 on an expanded scale. Two bands,
where k“,kik is the wave vector of the electron, the parallel derived from a peak and a shoulder, instead of only one as in
componenk| =0 for normal emission, and the perpendicular Fig. 3, are now observed in the spectra. The band in Fig. 3 is
component &k'<.3mx/a for I'-L, a being the lattice therefore the intensity-weighted average of the two bands
constant,E, is the inner potential with respect to the Fermi resulting from the smoothing applied to the EDC'’s in the
level; G[ =(2#/a)(I,m,n)] is a bulk reciprocal lattice vec- second-derivative method. The two bands thus appear to cor-
tor. Only the primary cone withl(m,n)=(l,l,1), wherel respond to the first two occupied minority-spin bands in the
=0,£1,+2,...,isused here. For clarity and for identifying calculation, both of which disperse upward towards the zone
the spin character of the observed experimental features, cdboundary. The energies at tlhepoint of the two bands es-
culated transition lines using the initial majority- and timated from Fig. 5 are listed in Table | and are compared
minority-spin bands are shown separately in the left and righwith results from all the calculations. The calculation of ZS
panels of Figs. 3 and 4, respectively. gives the best agreement with experiment in terms of the
As can be seen, data taken at 300 and 90 K are quitposition and separation of these two features. Furthermore,
similar, but with subtle differences that will be discussedYH predict two occupied majority-spin bands above the first
later. We consider first the agreement between the banahinority-spin band around thE point, which was not the
structure and the room-temperature data. The best fit besase in the earlier calculatiohs'? Features that might be
tween experiment and theory as shown in Fig. 3 is obtainedue to emission from these majority-spin bands nearlthe
with Eq=13.0 eV. A rigid shift of the initial state bands by point are either not present or might be too weak to be seen
0.2 eV to higher binding energies is also required in order tan the spectra.
match the data as a whole, especially the experimental fea- On cooling to 90 K, no appreciable changes are observed
ture at<0.9 eV binding energy with the minorityspin-  in this region of the spectra near the Fermi edge within the
down) transitions at photon energies between 40-53 eVrange of photon energies uséske Fig. 4 Chainaniet al>
This is in fact the only possible fit for the latter feature, if it have, however, reported photoemission experiments on
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L DL B IR spin band with similar dispersion which might also be as-
signed to these strong transitions. The energies, however,
differ substantially from those in the experiments. The
present comparison therefore suggests that they are a
minority-spin band. Since the thin film was not magnetized
throughout its preparation, it is unlikely that this apparently

2 hv (eV) better agreement is due to a preferential domain orientation.
3 w . The problem may simply be due to some inaccuracy in the
8 ~| calculated band energies. This is possible since the fit shown
2 500 in the structure plots has been obtained by shifting the entire
§ w calculated band structure by 0.2 eV towards higher binding
£ N 460 energy. The critical point energies listed in Table | also show
wo_: r differences cpmpared to the e>_<p_erimenta| values of up to Q.4
,;,:,ga/,P Emission EDC w eV..These differences are sufficient to suggest an altgrnatlve
50,/PH(111), 300 K assignment of these strong features. The actual situation may
i \%o_' be that they contain contributions from both the majority-
M B T | and minority-spin bands; a precise identification can only be
1.5 1.0 05 0.0 05 achieved with spin- and angle-resolved photoemission ex-
Binding Energy (eV) periments.

FIG. 5. A selection of normal emission spectra taken at 300 Kk V€ now discuss the subtle differences between the data
showing the dispersion of the lowest binding energy feat(rei-  taken at 300 K and at 90 K, as well as some general effects
cated by the vertical baxsThe turning point in the dispersion cor- caused by the resonant photoemission. The most interesting
responds to th& point. difference can be seen within the circled regions in Figs. 3

and 4. In the data taken at 300 K, as stated above, folded
cleaved FgO,(110) surfaces and found a downwards shifttransitions from the zone boundaryare present, whereas at
of about 70 meV of the Fermi edge when their sample wa®90 K no such band folding is observed. The absence of
cooled from 300 to 100 K, consistent with the characteristicgolded transitions at the lower temperature is consistent with
of the Verwey transition. The energy resolution in thethe change of the crystallographic symmetry associated with
present experiments was probably not sufficient to observghe Verwey transitiof® the L point is no longer a Brillouin
such a small change. Nevertheless, one would expect thgne boundary of the monoclinic structure at low tempera-
opening up of a band gap at the point where the first e Temperature-dependent changes to the highest binding
minority-spin band in the high-temperature phase is expectegnergy feature may also be due to the altered symmetry: at
to cross the Fermi level in order to explain the Verwey tran-g, K, this band shows a large energy dispersion with pho-

si_tion fr_om the band structure point of _view. Following the energy conforming roughly with the periodicity of the
dispersion observed in Fig. 5, a crossing should occur at Qbic phase; at 90 K it becomes much flatter

photon energy=<40 or >54 eV. Because of the lack of data As for the effects of resonant photoemission, we note that

at photon energiesc40 eV and of the interference of reso- he di : f the f ) . I
nant photoemission at photon energies4 eV (see below, the dispersion of the eatureg discussed above is strongly
' iiffected as the photon energy is scanned across the threshold

ble t firm the ab ibility in th g .
\;\ﬁ(j‘;e Hnabie fo contirm e above possbily i fhe Ioresenenergy(56 eV) for the Fe $—3d excitation. There is a

For the rest of the data in Fig. 3, the weak transitions caffiScontinuity in the behavior of the lowest binding energy
be assigned equally well to either the majority-spin bands oféature ahr=54eV, i.e., 2 eV below the threshold energy.
the minority-spin bands, but the strong features agree bettdis is related to its resonant behavisee Sec. Ill B. For

with the calculated transition lines for the minority-spin hv>54 eV, this feature appears to be associated more with
bands. This is particularly true for the strong feature aroundhe occupied majority-spin bands neBg. Moreover, a

4.0 eV for hv<56 eV and that around 5.5 eV fdny  strong feature around 3.5 eV binding energy appears just
>70eV. These two features appear to be parts of the sanabove the threshold enerd$6 eV) and does not seem to
calculated band, which disperses downward from 3.5 elV at correspond to any of the calculated transitions. Its dispersion
to about 5.0 eV at the zone bounddrywhere a small gap shows also a slight temperature dependence. All these fea-
opens. It then extends into the next zone and disperses to 5téres with binding energies above 4 eV are mainly of e 3
eV athr=80 eV. The gap is not visible in the experimental origin according to band-structure calculatidh$>>? Fi-
data, but the band folding at the zone boundaiycled in  nally, resonant photoemission appears not to produce any
Fig. 3 can be seen. On the other hand, there is a majoritydiscontinuities in the dispersion of the weak transitions at

TABLE I. Critical energies at thé" point of the first two occupied minority-spin bands.

Symmetry YS(Ref. 11) (eV) ZS (Ref. 12 (eV) YH (Ref. 33 (eV) Expt. (eV)

r, —0.26 —0.44 —0.52 —0.70+0.08
Iy —0.65 —0.65 —0.54 —0.95+0.08
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binding energies around 5.5 and 8 eV. The density of these AR AR AN LR AR RN AL RN A AR AN
states contains both contributions from Fa& and O % 41" Difference Curves ;
electrons, although the Op2character increases with in- Fe;0/PI(111), 800 K
creasing binding energy:}>*3The effect of resonant photo-
emission, which involves mainly Fed3electrons>?* may
therefore be weaker. 2
To summarize the effect of the Verwey transition on the 3
valence-band photoemission spectra, we note that there a8
pear to be two types of changes in the valence-band spectr&
Weak features from the lower-lying Op2dominated va- §
lence bands show differences that are likely to be related tc
the changes in the crystallographic symmetry, whereas thi
behavior seen for the strong features of the higher-lying
Fe 3d-derived bands does not appear to be correlated to thi
structural changes. Because of theit 8rigin, the differ-
ences are possibly caused by the charge ordering & #ite e A
below the transition temperature.

Binding Energy (eV)

FIG. 6. Difference curves for normal emission spectra taken at
300 K just above and below the Fg3-3d resonant photoemis-

We now discuss the resonant enhancement of photoemision. Vertical dashed lines indicate the Fe-@erived final states
sion observed in Fig. 2 at the Fg@3-3d excitation thresh- involved in the resonance.
old at 56 eV. The mechanism of resonant photoemission in
3d transition metals and their compounds is well kndt#n. It may therefore be possible, as suggested by Lad and
From the localized-electron point of view, it is caused by theHenrich! to partially separate the contributions to the reso-
final-state interference between direct photoemission fronant photoemission in E©, from F&* and Fé* ions by
the 3 levels (3"—3d" 1+e) and Auger electron emis- taking difference curves from EDC's taken at the on- and
sion (3p®3d"—3p®3d""1-3p®3d""1+e) following the off-resonance photon energies of the corresponding iron va-
3p—3d core excitation. For iron oxides and other late lencies. Due to the proximity of these energies, however, one
transition-metal oxides, it is generally believed that the 3 often finds overlapping contributions from both ions, and a
—3d excitations are quite localized and involve only separation may not always be possible or even meaningful,
3d-derived states. Therefore, an approach has beeas Will be seen in the following.
used®1°2%n which the difference between the valence-band The difference curves from the normal emission data
EDC’s measured just aboven) and below(off) the reso- taken at 300 K are presented in Fig. 6 for-583 eV, 58
nance is used to remove the nonresonantX@ntributions. —55 €V, and 5753 eV. Some distinct features can be
The resulting features reflect thel-@lerived final states. By identified readily and are marked by vertical dashed lines.
performing constant-initial-statéClS) measurements these They include a small peak at 0.9 eV, a shoulder at 2.7 eV,
3d states can be further identified as eitb®r ! or d"L final ~ and peaks centered around 3.5, 5.6, and 8 eV. The broad
states, becaust" ! final states usually show a typical Fano- satellite centered at 14 eV in Fig. 2, which also resonates
type resonance line Shape, whereas dbc final states an Strongly, is not shown in this figure. The CIS SpeCtra for the
antiresonance behavior is expected with a dip on the loweforresponding binding energiéscluding that of the 14-eV
photon energy side of the Fano p&ak? satellite are presented in Fig. 7. Based on their behavior in

On the other hand, it has been observed that the photolﬁigs. 6 and 7, some conclusions can be drawn as to the origin
energies corresponding to on and off resonance deperRf these features. First, the 0.9-eV peak appears only in the
slightly on the valency of the Fe ions in the oxides. Fordifference curves for 5853 eV and 5753 eV, but appar-
a-Fe,05 with only FE* ions, they are found to be at 58 and ently not in that for 58 55eV corresponding to the
55 eV for on and off resonance, respectivEly® For FeO, Fe**-related on- and off-resonance energies. It is therefore
which contains only Fe ions, Fujimoriet al?® reported related only to final states of the Feions. In fact, this
values of 57 and 53 eV, whereas Lad and Herfichund feature has been assigned in earlier studies to a state of the
the off-resonance energy to be 54 eV. The disagreement @SL final-state multiplet involving charge transfer between
due to the observation of a shoulder at 54 eV in the CIShe cation @ and the ligand P orbitals?®?° Experimentally
spectra taken by Fujimost al. for FeO, which is not present it appears only when there are’feions in the oxidegFeO
in the data of Lad and Henrich. For §&,, which contains and FgO,).1**~?Its resonant behavior shows a Fano line
both Fé* and Fé" ions, Lad and Henricll measured spec- shape with an antiresonance diee Fig. 7 at 53 eV and a
tra on and off resonance at 58 and 54 eV, respectively. Fomaximum around 55 eV, which is also in agreement with the
the epitaxial FgO,(111) film investigated here the corre- assignment to a°L final state.
sponding photon energies depend slightly on the binding en- For the other features observed, the situation is not as
ergy of the resonating states and are found mostly at 58 arglmple. Compared to the peak at 3.5 eV, for example, the
53 eV (see below and Fig.)7At 54 eV, a weak bump can be shoulder at 2.7 eV becomes more prominent in the 57
seen from our CIS spectra for binding energies of 3.5, 5.6;-53 eV difference curve than in the others. This would sug-
and 8.0 eV. gest that it is dominated by final states of theé Féons. Its

B. Resonant photoemission
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T
Normal Emission CIS —X— BE=140eV (I +18)
Fe,O,/Pt(111), 300 K ——BE= 80eV(l+12)
—¥—BE= 56eV(I+5)
—— BE= 35eV
—-BE= 27eV(I+1)
—O—BE= 09eV

volves direct photoemission from thed3evels, 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. Valence-band dis-
persion of a sharp resonance in photoemission from LaShb
has been reported and is interpreted in the same* ur
case, the on- and off-resonant photon energies differ substan-
tially, as do the corresponding wave vectors perpendicular to
the surface. A variation in the matrix element may also be
responsible for some of the features observed in the differ-
ence curves.

The main features observed in Fig. 6 are also observed 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 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 tran-

FIG. 7. Normal emission constant-initial-state spectra taken afition, as discussed in Sec. lll A. The corresponding reso-
300 K for initial-state energies shown in Fig. 6. Vertical dashednance profiles reveal virtually the same behavior for the
lines mark the on- and off-resonance position. The background corfame feature observed in the difference curves, indicating
tributions have not been removed. For clarity, some spectra arthat the Verwey transition does not change the nature of the
shifted up by the amount indicated in brackets in the legend. final states involved in the resonant photoemission. This
demonstrates that resonant photoemission is indeed a local-
ized process on which neither a charge ordering at the cation
B site nor crystallographic symmetry variations would have

resonance behavior as shown in Fig. 7, however, has an oRNY noticeable effect.
resonance photon energy of 58 eV and an off-resonance pho-
ton energy of 55 eV, typical for final states originating from
Fe’* ions. The same analysis can be a_lpplied to t_he_ features V. SUMMARY
seen at 3.5 and 5.6 eV and leads to similar conflicting con-
clusions. The small shoulder seen at 6.0 eV, not mentioned In summary, the valence-band structure ok®Gg111)
so far, is an exception. It has a resonance profile almostlong thel'’L symmetry line and the resonant enhancement
identical to that of the 5.6-eV featur@ot shown for this of photoemission across the F@-3-3d excitation threshold
reason. The above analysis would indicate that it is a finalhave been examined in detail both at 90 and 300 K. The
state of the F&" ions. We therefore conclude that in most experimentally derived band dispersions agree reasonably
cases the characteristics of resonant photoemission observegll with band-structure calculations for the high-
in FeO anda-Fe,0; cannot be used straightforwardly to temperature phase. In particular, dispersions of the minority-
separate contributions from the e and Fé' ions in  spin bands near the Fermi level predicted by the calculations
Fe&0,. are clearly observed. Together with the observation of finite
Nevertheless, the resonance profiles in Fig. 7 show thdntensity at the Fermi level this confirms the metallic nature
apart from the broad satellite centered at 14 eV, all the otheof F&;0, magnetite. At 90 K, which is below the Verwey
features show a Fano-type resonance line shape with an afansition temperature, there are subtle differences in the
tiresonance dip to a certain degree, whereby the dip for thgalence-band spectra that may be attributed to the change in
feature at 3.5 eV is the strongest. This indicates that all theserystallographic symmetry and/or the charge ordering at the
features are final states with a ligand haleOn the other B site associated with the transition. Changes that may be
hand, the satellite feature at 14 eV does not have an antirestelated to the altered crystallographic symmetry are more
nance dip in its resonance profile and is therefore a final stateronounced in the lower-lying Opfdominated bands,
of d""! type. Given the above discussion, however, it iswhereas changes observed for the strong features in the
unclear whether this is associated with thé Fer the Fé™* higher-lying Fe @-derived bands are more likely caused by
ions, although the on-resonance photon energy is moved téhe charge ordering at tHe site.
wards 57 eV supporting the assignment t6'Fe Resonant photoemission behavior is not changed at tem-
Our assignments of the abovel-8lerived final states are peratures above and below the Verwey transition tempera-
in essential agreement with previous resonant photoemissidtre, demonstrating the local character of this process that is
studies of FgO,(110) by Lad and Henricl’ The binding  not influenced by either a crystallographic symmetry change
energies of the resonating states were found, however, ar a long-range order of the cations at Besite. This local
around 1.2, 4, 7, and 12 eV, somewhat different from thecharacter is also indicated by the observation of band discon-
values obtained in Fig. 6 for the present;€g(111) film.  tinuities at the Fe B—3d resonance photon energy for the
Our difference curves shown in Fig. 6 also reveal more feahigh-lying Fe 3l-derived bands, whereas the low-lying
tures than previously observéliThese differences may be O 2p-dominated bands are not affected. The present results
understood on the basis of crystal anisotropy and band struddrther indicate that, except for the resonant feature at 0.9 eV
ture effects. This is because the resonant photoemission itvinding energy, most of the other resonant features yOfe
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