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Valence-band photoemission spectra have been measured from cleaved stoichiometric iron oxide
single crystals using synchrotron radiation. The total photoelectron yield is observed to increase
dramatically at photon energies above the Fe 3p —3d excitation threshold, and the resonant onset
correlates directly with the oxidation state of the Fe cations. Features in the total yield profiles are
interpreted in terms of atomic multiplets. The phenomenon of resonant photoemission is used to
distinguish the Fe 3d-derived valence states from the overlapping unhybridized O 2p states in each
of the oxides. By use of cleaved single crystals, the subtle differences in the valence-band photo-
emission features associated with ferrous (Fe?t) and ferric (Fe>") cations have been determined.
The measured energy distribution of the photoemission final states in single crystal a-Fe,O; are in
good agreement with recent measurements and configuration-interaction cluster calculations by
Fujimori et al., which take into account ligand-to-metal charge transfer. Constant-initial-state
spectra measured across the 3p— 3d threshold in each oxide indicate that most of the photoemis-
sion intensity near the top of the valence band is derived from hybridized cation-3d-ligand-2p
states, whereas the emission at higher binding energies results from primarily 3d"” ~! final states. On
this basis, each of the iron oxides is classified as a charge-transfer rather than a Mott-Hubbard insu-
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lator.

I. INTRODUCTION

The interpretation of the valence-band photoemission
spectra from iron oxides has been a long-standing chal-
lenge in surface science and has been the subject of many
experimental' "!' and theoretical’> " !® studies. Despite
extensive investigation, an understanding of the electron-
ic structure of these and other transition-metal oxides is
not yet complete. The difficulty in interpreting their pho-
toemission spectra arises from the complexity of mul-
tielectron correlation effects and from the hybridization
between cation and anion valence states.

Early analyses of the valence-band photoemission spec-
tra from iron oxides were based on the assumption of lo-
calized 3d cation levels in a ligand field, and the photo-
emission features were correlated to the calculated multi-
plet and crystal-field-split final states.!'* Better agree-
ment with experiment was attained by including
configuration interactions (CI) within the 3d manifold
and allowing for covalency effects.*'>!®  Fujimori
et al>% have recently reported resonant photoemission
measurements from sintered nonstoichiometric Fe, O and
a-Fe,0; samples that were scraped with a diamond file in
ultrahigh vacuum. Their results show that the Fe 3d-
derived features in the valence band extend to about 16
eV below the Fermi level in both compounds. A compar-
ison of the experimental spectra with a CI calculation for
a (FeOg)° cluster® suggests that the large valence-band
width is due to the presence of both 3d" ! and 3d"L
photoemission final states (where L represents a ligand
hole), with the latter being associated with ligand-to-
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metal charge-transfer screening of the 3d holes created
during photoemission. Zaanen et al.'”'® have formulat-
ed the concept of ligand-to-metal charge transfer into a
generalized theory for the electronic structure of
transition-metal compounds that is based on an Anderson
impurity approximation. ,

In this paper we report the results of resonant photo-
emission measurements of the valence band from cleaved
Fe, O, Fe;0,, and a-Fe,0; single-crystal surfaces across
the Fe 3p—3d photoabsorption threshold using syn-
chrotron radiation. By using single crystals, the energy
distribution of Fe 3d and O 2p states in the valence-band
photoemission spectra is observed in samples with well-
defined and uniform cation environments; this is in con-
trast to the multiple cation valence states usually found in
the nonstoichiometric oxide films grown on metallic iron.
We use the resonant photoemission phenomenon to iden-
tify the 3d-derived states associated with the ferrous
(Fe**t) and ferric (Fe*?) cations in each compound. Our
results are consistent with Fujimori’s charge-transfer in-
terpretation of the valence-band photoemission spectra of
Fe,O and a-Fe,0; and also indicate that similar charge-
transfer mechanisms may exist in Fe;0,.

In Sec. II details are given concerning the sample
characteristics and the measurement techniques. Section
III presents results for the photoelectron yield at photon
energies across the Fe 3p threshold for each of the iron
oxides. In Secs. IV and V the resonant valence-band pho-
toemission results are presented and discussed in relation
to previously reported photoemission studies of iron ox-
ides.
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II. EXPERIMENT

Each of the iron oxide single crystals used in this study
was grown and annealed under controlled oxygen partial
pressures to yield uniform and nearly ideal
stoichiometries; the Fe, O crystal had a composition of
Fe 9450, which is the highest Fe/O ratio attainable while
remaining in the Fe, O single-phase field.!° Laue x-ray
diffraction patterns were very sharp, indicative of excel-
lent crystal quality. Cleavage samples were made by
aligning and grooving the crystals along the precise crys-
tallographic orientations which yielded the best fracture
surfaces: (100) for Fe, O, (110) for Fe;O,4, and (1012) for
a-Fe,0;. A blade-and-anvil arrangement was used to
cleave the samples in situ at pressures below 2X1071°
Torr. In general, the cleavage faces were not perfectly
smooth after fracture, but they did contain large flat
areas that were used for analysis.

The photoemission experiments were performed on
beamline U14 at the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory. A plane
grating monochromator provided photons over the ener-
gy range 30=<hv=<100 eV, which were directed onto the
samples at an angle of 45° with respect to the surface nor-
mal. Angle-integrated photoemission spectra were ob-
tained with a Physical Electronics 15-255G double-pass
cylindrical-mirror analyzer, operating at 25 eV pass ener-
gy. The energy resolution in the measured spectra was
limited primarily by the monochromator; the resolution
at hv=>50 eV is approximately 0.3 eV. The energy distri-
bution curves (EDC’s) measured from each of the iron
oxide samples are referenced to the Fermi level (E), as
determined from a clean gold foil.

All of the photoemission data were normalized to the
incident photon intensity through the use of a high-
transmission Au-coated grid and electron multiplier flux
monitor assembly?? situated in the path of the beam. To-
tal photoelectron yield (TY) measurements shown in Sec.
III were measured simply by detecting the photoinduced
current to the sample ground. An inelastic background
subtraction procedure was used for some of the spectra
presented in Sec. IV. The integral inelastic background
at each point was assumed to be proportional to the total
integrated intensity at higher kinetic energies. Constant-
initial-state (CIS) spectra measured across the Fe 3p exci-
tation threshold were obtained directly from the EDC’s
by plotting the intensity above the inelastic background
at a given binding versus photon energy. No attempt was
made to correct for the decreasing analyzer transmission
with increasing kinetic energy of the photoelectrons since
that effect is small compared to the resonant behavior of
interest.

III. PHOTOELECTRON YIELD ACROSS THE 3p
EXCITATION THRESHOLD

Recently there has been much interest in the resonant
photoemission effects that are observed when the photon
energy is tuned near the 3p excitation threshold in transi-
tion metals and their compounds.?! Experiments on
atomic Fe and other transition-metal vapors?>~2* have
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shown that excitations of the type 3p®3d"—[3p>3d"*1]*
dominate at the 3p threshold (where the asterisk denotes
an excited state), and that these excitations decay to a
3p%3d"” “!4+e~ state, thereby resonantly enhancing the
direct photoemission process (3p®3d"—3p®3d” "!4+e 7).
In atomic systems, the multiplet splitting of the
[3p°3d" *1]* excited-state configuration successfully ex-
plains the asymmetry, the width, and the rich fine struc-
ture in the photoabsorption measurements. In the ab-
sorption spectra from the solid transition metals, much of
the fine structure is washed out because the itinerant d
electrons screen the 3p-3d interaction, thereby reducing
the magnitude of the multiplet splittings. However, the
main features of the absorption spectra can still be inter-
preted within an atomic model.?> In the transition-metal
oxides, the 3d electrons are more localized than in the
corresponding metals, and hence the 3p absorption spec-
tra from the oxides exhibit more distinct multiplet
features.

Figure 1 shows the total photoelectron yield (TY) mea-
sured across the Fe 3p threshold from each of the iron ox-
ide single crystals and from an atomically clean polycrys-
talline Fe foil that was sputter cleaned in situ. The total
yield measurement, which mirrors the photoabsorption
profile, clearly illustrates the resonant behavior around
the 3p threshold. We observe that the onset of the reso-
nance depends on the oxidation state of the cations and
correlates with the Fe 3p binding energies determined by
XPS,%!° which are denoted by the arrows in Fig. 1.

Each of the TY profiles contain features that can be at-
tributed to the different multiplets of the [3p°3d” *!]* in-

Total Electron Yield (arb. units)

47 51 55 59 63
Photon Energy (eV)

FIG. 1. Total photoelectron yield across the Fe 3p excitation
threshold measured from a clean Fe foil and from cleaved iron
oxide single crystals. Fe,O contains primarily Fe?" cations,
a-Fe,0; contains Fe>' cations, and Fe;O, has both Fe*" and
Fe?* cations in a ratio of 2:1. The arrows indicate the location
of the Fe 3p binding energy for each compound as measured by
XPS (Refs. 8 and 10).
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termediate states. In a-Fe,0;, the Fe3™ cations are in a
3p%3d° (5S) ground-state configuration [analogous to
atomic Mn (Ref. 24)]. Of the many possible multiplets
for the [3p°3d°®]* excited state?® resultirig from optical
absorption, only the strongest P and °D states are visible
in the TY spectrum. The main asymmetric resonant
profile is associated with the *P multiplet, while the sym-
metric peak at lower photon energy is due to the °D mul-
tiplet, which is forbidden from decaying into the continua
by an angular momentum selection rule.?! In Fe, O, the
Fe?* cations are in a 3p%d® (°D) ground-state
configuration [analogous to atomic Fe (Ref. 23)]; the TY
spectrum is dominated by features from
3p®3d°®—[3p°3d’]* °D and P excitations. Fe,O, con-
tains both Fe*™ and Fe?" cations in a ratio of 2:1, and
the TY measurement exhibits a profile that is characteris-
tic of both valence states. As noted previously,”’27 the
photoabsorption from metallic iron does not show any
multiplet structure and exhibits only the strong asym-
metric resonance profile.

IV. VALENCE-BAND PHOTOEMISSION

The valence band in each of the iron oxides contains
overlapping and hybridized Fe 3d and O 2p states, which
are difficult to deconvolute in the photoemission spectra.
In this paper we use the resonant photoemission yield
across the Fe3p threshold, illustrated in Sec. III, as a
means of isolating the Fe 3d-derived states from the
unhybridized O 2p states.

In the light transition-metal oxides (Z <24), the onset
for the 3p — 3d resonance is delayed (i.e., occurs at higher
photon energy than the 3p — 3d optical absorption edge),
and it has been suggested that interatomic direct recom-
bination in these materials causes both the cation 3d and
the O2p states to resonate.”® On the contrary, the
3p —3d excitations in the iron oxides and other heavy
transition-metal oxides (Z > 24) are believed to be quite
localized and involve only the 3d-derived states. There-
fore, the difference between valence band EDC’s mea-
sured just above and below the resonance should elimi-
nate the nonresonating O 2p contribution. The resulting
difference spectrum reflects the distribution of 3d-derived
final states, which may be either purely Fe 3d states or
Fe 3d-derived states that are hybridized with neighboring
oxygen ligands. This method of separating the 3d-
derived features in the valence band of transition-metal
compounds was initially suggested by Fujimori et al.>%?%

In the remainder of this section, we present measure-
ments of the energy distribution of the Fe 3d-derived
photoemission final states in each of the cleaved iron ox-
ide single crystals as determined by the difference
method. Constant-initial-state (CIS) spectra are also
presented, which help to distinguish the 3d" ! from the
3d"L photoemission final states.? 30732

A. Fe,0(100)

Fe,O crystallizes in the fcc rock-salt structure with
Fe?" cations located in the octahedral interstices of the
O?™ anion lattice; the small number of Fe3* cations asso-
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ciated with the deviation from FeO stoichiometry are sit-
uated in tetrahedral sites.>> An isolated Fe?™ cation has
a high-spin 3d 6(1“2‘£;eg2) ground-state configuration with
°T,, symmetry.

Angle-integrated EDC’s measured from cleaved
Fe, O(100) with photon energies between 48 <hv <65 eV
are shown in Fig. 2. In each spectrum, the upper edge of
the valence band is observed to coincide with the Fermi
level. Significant changes are visible in the shape of the
valence-band spectra as the 3d states resonate above the
3p excitation threshold. Most noticeable are the in-
creases in emission at binding energy locations ~1, 4,
and 11 eV. The arrows in Fig. 2 show the constant kinet-
ic energy positions where the M,; M ,sM s super-Coster-
Kronig Auger transition should appear; no discernible in-
tensity is visible. Figure 3 shows the difference between
EDC’s taken at 57 and 54 eV, corresponding to above
and below resonance (see Fig. 1); an integral inelastic
background was removed from each spectrum prior to
taking the difference. The 3d-derived states measured by
the difference spectrum extend to about 16 eV below the
Fermi level, in agreement with Fujimori’s result,? and ex-
hibit maxima at 1.2, 4.1, 6.9, and 11.0 eV.

A simple crystal-field-theory description of the 3d°
final states in the photoemission spectra from Fe, O was
first suggested by Eastman and Freeouf.! The 3d° final
states with allowed symmetry were identified as 6Alg,
44 1g» 4Eg, *T,, and 4ng, and they were all estimated to
occur within 6 eV of the Fermi level. Later, Bagus
et al.'® considered configuration-interaction wave func-
tions and used improved estimates for the crystal-field pa-
rameters to conclude that the width of the Fe 3d final
states should extend to about 10 eV below the Fermi lev-

Fe,O (100)
\:_/\/\hv(ew
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| . 60

n(E) \J
58
\/\57
56
55

L 1 1 I 1 | | 1 1
16 12 8 4  O=E,
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FIG. 2. Angle-integrated EDC’s measured from cleaved
Fe,O(100). The M,3M,sM,s Auger transition should appear at
the constant kinetic energy location indicated by the arrows.
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Fe,O (100) ¥
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FIG. 3. Fe 3d-derived final states in Fe,O(100) determined
by the difference between EDC’s measured at 57 and 54 eV; in-
tegral inelastic backgrounds have been subtracted from the
EDC’s prior to taking differences. The vertical lines show the
3d° final-state positions predicted in Ref. 13.

el. As shown by the relative positions and intensities of
their calculated 3d° final states'® in Fig. 3, the crystal-
field analysis roughly explains some of the main features
near the top of the valence-band spectrum but cannot ac-
count for any of the 3d intensity extending 16 eV below
the Fermi level.

The additional 3d-derived intensity between 9 and 16
eV that is left unaccounted for by crystal-field theory can
be explained by covalency effects between the Fe?™ cat-
ions and the surrounding O?~ ligands. This interpreta-
tion has emerged from recent CI cluster calculations for
an isolated transition-metal cation and surrounding
ligands which allow for the possibility of ligand-to-metal
charge transfer in both the initial and final state.>* The
calculations, first done for NiO,* suggest that the final
states near the Fermi level are primarily 3d"L-like, while
the 3d" ~! states are concentrated at higher binding ener-
gies (at the so-called satellite position). This same assign-
ment has been postulated by Fujimori et al.? to explain
the 16-eV-wide distribution of Fe 3d-derived final states
in Fe,O.

Constant-initial-state (CIS) spectra measured across
the 3p excitation threshold can be used to identify hybri-
dized cation-ligand states in the valence band. In the CIS
spectra, Fano-like resonances are expected from 3d” !
states, whereas antiresonant profiles should be observed
from the 3d"L states associated with ligand-to-metal
charge transfer.’”3 Our CIS measurements from
cleaved Fe, O are shown in Fig. 4 for the binding energy
positions corresponding to the maxima in Fig. 2; they are
in close agreement with previous CIS spectra reported
from reduced sintered Fe,O samples.”? Each of the CIS
spectra exhibit the same multiplet features discussed in
Sec. III, namely the 3P-derived shoulder at 55 eV and the
SD-derived maximum at 57 eV. It is evident that the 1.2
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FIG. 4. CIS spectra from Fe, O(100) across the Fe 3p excita-
tion threshold measured at the binding energies (E,) corre-
sponding to the maxima in the 3d-derived states shown in Fig.
3. The intensities are plotted on the same n (E) scale.

eV feature has an antiresonant profile, and hence the top
of the valence-band spectrum is assigned to 3d°L final
states. Similarly, the 11.0-eV feature resonates with a
Fano-like profile which indicates that 3d° final states
dominate this region of the valence-band spectrum. The
CIS profiles at 4.1 and 6.9 eV show both antiresonant and
resonant behavior, suggesting that 3d° and 3d°L states
overlap in this energy range. However, care must be used
in interpreting CIS profiles for binding energies between 2
and 8 eV since they include intensity from the unhybri-
dized O 2p states, which have a decreasing cross section
with increasing photon energy.

B. a-Fe,0, (1012)

a-Fe,0; has the corundum (trigonal) lattice in which
each Fe’* cation is surrounded by a distorted octahedron
of O®~ ions;* the distortion is small so that the local
structural environment of each cation is essentially the
same as in Fe, O. The ground-state configuration of the
Fe** cation is 3d°(13,e2) with ®4 |, symmetry.

Figure 5 shows EDC’s measured from cleaved a-
Fe,0,(1012) for 48 <hv <65 eV. Due to the insulating
nature of a-Fe,0;, the Fermi level lies in the bulk band
gap about 1.3 eV above the upper edge of the valence
band. At photon energies above the 3p threshold, the
largest change in the EDC’s is observed near the satellite
position (~13 eV), where the resonant enhancement is
much larger than was seen in Fe, O (Fig. 2); there appears
to be no contribution from the M,; M ,sM s Auger emis-
sion, whose location is indicated by the arrows in Fig. 5.
Figure 6 shows the distribution of the 3d-derived final
states determined from the difference between EDC’s at
58 and 55 eV, corresponding to above and below the reso-
nance in Fig. 1. A three-peaked structure extending 18
eV below the Fermi level is observed, with maxima at ap-
proximately 3.1, 6.2, and 12.9 eV. Our results concur
with the EDC’s reported by Fujimori et al.® from re-
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FIG. 5. Angle-integrated EDC’s measured from cleaved
a-Fe,03(1012). The predicted location of M,;M,sM,s Auger
emission is shown by the arrows.

duced sintered a-Fe,0; samples, but the spectral features
measured with higher energy resolution from our cleaved
a-Fe,0; single crystal are more distinct.

The results from Fujimori’s CI calculation for a
(FeOy)°~ cluster® are compared to the experimental dis-
tribution of the 3d-derived final states in Fig. 6. The vert-
ical lines show the calculated positions and relative inten-
sities for both 3d* and 3d°L photoemission final states.
The CI cluster model, which includes covalency in both
the initial (ground) and final states, successfully explains
the origin of the 18-eV-wide spectrum; 3d°L states are
primarily concentrated between 0 and 9 eV, while the 3d*
states comprise the 9-18-eV region. The CIS profiles

a-Fe,0, (1012)
12.9eV
v

5.3eV
v

3.1eV
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g
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3d¢ lI M 1
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16 12 8 4 0=E

Binding Energy (eV)

FIG. 6. Fe 3d-derived final states in a-Fe,0;(1012) deter-
mined by the difference between EDC’s measured at 58 and 55
eV; integral inelastic backgrounds have been subtracted. The
3d* and 3d°L final state positions and relative intensities pre-
dicted in Ref. 6 are indicated by vertical lines.
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shown in Fig. 7 test the validity of these final-state assign-
ments. The 12.9-eV feature shows only a resonance,
while the profiles for binding energies of 7.8, 5.3, and 3.1
eV exhibit an antiresonant dip preceeding the resonance
which becomes more pronounced with decreasing bind-
ing energy. These results are consistent with the predict-
ed assignments of 3d* and 3d°L final states. However,
we observe that our CIS spectra measured from cleaved
single crystal a-Fe,0; at binding energies near Ej, still ex-
hibit a resonant component, suggesting that the energy
separation between the 3d* and 3d°L final states in a a-
Fe,O; is somewhat smaller than that reported by
Fujimori et al.’

C. Fe304(110)

Fe;0, is a mixed-valence compound with the cubic in-
verse spinel structure containing Fe>™ and Fe?"' cations
in a ratio of 2:1. The structure is composed of an fcc lat-
tice of 02~ anions with the Fe?™ and half of the Fe’*
cations located in octahedral interstitial sites and the
remaining Fe*" cations situated in tetrahedral sites;>* a
convenient notation is [Fe’*],[Fe’tFe?t] 0%, At
room temperature, the Fe>* and Fe?" cations randomly
occupy the octahedral sites with a hopping frequency on
the order of 107! sec.3* Since the time scale in the pho-
toemission experiment is on the order of 10715 sec, which
is much faster than the hopping frequency, the ground-
state cation configurations can be viewed as

3dS(13,e})°T,, for Fe**

3d5(tgge;)6A1g for Fe’t ., ,

3d(elt3;)°A4,, for Fe’*, .

The final-state symmetries and intensities for the multi-
plet and crystal-field-split Fe** cations are the same for
both the octahedral and tetrahedral coordination,'* but
their relative energies are different.

a-Fe,0,(1072)

n(E)

Photon Energy (eV)

FIG. 7. CIS spectra from a-Fe,05(1012) across the Fe 3p ex-
citation threshold measured at the binding energy locations
shown in Fig. 6. )
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Figure 8 shows angle-integrated EDC’s measured from
Fe;0,4(110) over the same photon energy range as shown
in Figs. 2 and 5 for Fe,O and a-Fe,O;. Many of the
same features above the 3p excitation threshold that were
associated with Fe?" cations in Fe, O and Fe** cations in
a-Fe,0; are visible in the Fe;O, spectra. The most obvi-
ous feature is the 1.2-eV peak characteristic of the Fe?*
valence state. The origin of the broad satellite emission
centered at 12 eV can be understood by recognizing that
the 3d" ! final states are centered around 11 eV in Fe,O
(Fig. 2) and around 12.9 eV in a-Fe,O; (Fig. 5); since
Fe;0, contains both Fe’* and Fe’' cations, satellite
emission occurs at both positions. :

The energy location of the satellite emission in Fig. 8
appears to shift for photon energies between 56 <hv <60
eV. This shift appears similar to that predicted for an
M, M, sM s Auger emission peak,” which is expected to
disperse at the constant kinetic energy shown by the ar-
rows. However, there is an alternative explanation for
the apparent shift which we believe is more probable,
since the Auger emission peak is not seen for either Fe, O
or a-Fe,0;. Referring to the CIS spectra measured from

Fe,O and a-Fe,0; at binding energies of 11.0 eV (Fig. 4) -

and 12.9 eV (Fig. 7), it is evident that the resonant
profiles for the satellite emission associated with either
Fe’* and Fe’' valence states are quite different.
Specifically, the resonant threshold occurs at a lower
photon energy for Fe?" cations than for Fe** cations.
As a result, the satellite in Fig. 8 is concentrated near 11
eV for photon energies below the Fe3™ threshold (hv <57
eV), and its maximum shifts towards 12.9 eV with in-

Fe;0, (110)

n(E)

1 | | 1 | ] | | |
16 12 8 4  O=E,
Binding Energy (eV)

FIG. 8. Angle-integrated EDC’s measured from cleaved
Fe;04(110). The predicted location of the M,3;M,sM,s Auger
emission is shown by the arrows.
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creasing photon energy as the Fe3"-derived emission be-
comes dominant. For Av=60 eV, very little intensity is
observable at the predicted M,; M sM ,s location, which
supports this satellite interpretation.

Estimates of the Fe 3d-derived final states in Fe;O, are
shown in Fig. 9 in terms of three difference spectra. The
58-54-eV spectrum corresponds to the difference be-
tween EDC’s measured just above and below the reso-
nance in Fe;O, shown in Fig. 1. Consequently, it reflects
the energy distribution of the 3d-derived states from both
the Fe’™ and Fe*' cations. By taking a 57-54-eV
difference spectrum, the final states from the Fe*" cations
tend to be emphasized since most of the resonance from
Fe' cations occurs within this energy range (as shown
for Fe,O in Fig. 1). Likewise, a 58-55-eV difference
spectrum highlights the Fe**-related features, although
some intensity from the Fe?™ cations is of course includ-
ed. The arrows shown in Fig. 9 correspond to the maxi-
ma in the Fe’* and Fe*' 3d-derived photoemission
features measured from Fe, O (Fig. 3) and a-Fe,0; (Fig.
6), respectively. The same Fe?t- and Fe?*-derived
features are visible in the difference spectra measured
from Fe;0,.

The CIS spectra in Fig. 10 corresponding to various
binding energies throughout the valence band of Fe;O,
are remarkably similar to those from Fe, O (Fig. 4) and
a-Fe,0, (Fig. 7); final states between O and 10 eV exhibit
antiresonant 3d "L-like profiles, and states between 10 and
18 eV show 3d" ! resonances.

Fe;0, (110)

11.0ev 6.9¢
v v

An(E)

57-54eV

58-55eV

i | Il | | | 1 L 1

16 12 8 4
Binding Energy (eV)

1
0=E,

FIG. 9. Fe 3d-derived final states in Fe;0,(110) determined
by differences between EDC’s measured at 58 and 54 eV, at 57
and 54 eV (emphasizing Fe?* features), and at 58 and 55 eV
(emphasizing Fe* features). Integral inelastic backgrounds
were subtracted from each spectrum prior to taking differences.
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FIG. 10. CIS spectra from Fe;O,(110) across the Fe 3p exci-
tation threshold measured at the binding energy locations corre-
sponding to both the Fe?* and the Fe’" derived features shown
in Fig. 9.

V. DISCUSSION

In many previous photoemission studies of iron oxides,
measurements of the complex valence band were further
confounded by nonstoichiometric and highly defective
samples. We have performed resonant photoemission
measurements on cleaved stoichiometric single crytals of
Fe,O, Fe;0,, and a-Fe,0; using the same spectrometer,
and thus we have been able to identify the subtle
differences that exist in the valence-band features associ-
ated with each cation valence state. We conclude that
the main characteristics that distinguish Fe?’* from Fe**
emission are (i) the presence of a Fe?" 3d-derived peak
within 1.5 eV of the Fermi level and (ii) a satellite max-
imum for Fe?* located at a binding energy (11.0 eV)
about 2 eV lower than for Fe*t (12.9 eV).

The valence-band region in each oxide extends about
18 eV below the Fermi level; this observation is most
prominent at photon energies above the 3p —3d excita-
tion threshold. A plausible explanation for the large
spectral width is offered by the results of Fujimori’s CI
cluster calculations.®3° Within the cluster model, the 3d
electrons are assumed to be localized at the cation sites
but are allowed to have covalent interactions with neigh-
boring O?” ligands. The cation-ligand hybridization
leads to the existence of both 3d" ! and 3d"L final-state
features which are spread over an 18-eV-wide energy
range. The shapes of the resonant profiles in our CIS
data give credence to this interpretation as discussed in
the previous section. Since primarily 3d "L final states are
located near the Fermi level in the photoemission spectra
- from each of the iron oxides, we classify them as charge-
transfer rather than Mott-Hubbard insulators.

The resonant-photoemission-difference method utilized
in Sec. IV emphasizes the Fe 3d-derived valence states;
these include unhybridized cation 3d states as well as
states created by cation-ligand hybridization. The distri-
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bution of the unhybridized O 2p states is removed from
the difference spectra and hence the question still remains
as to the exact location of the O2p region. Figure 11
shows EDC’s from each of the iron oxides measured at a
photon energy of 30 eV, where the Fe 3d ionization cross
section is small relative to that for O 2p emission. Based
on the spectral shapes, we conclude that the O 2p emis-
sion exhibits a single broad maximum centered between
about 2 and 8 eV; the peak shape is essentially identical
in each of the iron oxide phases. These results are in
agreement with previous studies.»>%6 1213

The resonant-photoemission phenomenon can be
viewed as a localized probe of the 3d-derived valence
states because the 3p — 3d excitations are intra-atomic in
nature. Accordingly, the onset of the resonance is ob-
served to depend on the oxidation state of the Fe cations.
This fact enables one to interpret the photoemission spec-
tra from the mixed-valence compound Fe;O,. An Fe;0,
difference spectrum taken between EDC’s at photon ener-
gies above and below resonance (i.e., 58—54 eV) will con-
tain three separate contributions: the 3d-derived states
associated with Fe?* ., Fe’* ., and Fe’",, cations. By
taking appropriate difference spectra (see Fig. 9), either
the Fe’' or Fe’' contributions can be accentuated.
Comparing Fig. 9 with Figs. 3 and 6, it is evident that
most of the same 3d-derived features associated with
Fe’* cations in Fe,O and Fe’' cations in a-Fe,0; are
also visible in the Fe;O, spectra. This result lends
credence to an interpretation of the 3d-derived features in
terms of covalent interactions between each isolated Fe
cation and its neighboring 0%~ ligands in octahedral or
tetrahedral environments. A complete theoretical deter-
mination of the valence states in Fe;O, which includes
hybridization between the cation 3d and ligand 2p orbit-
als would be very complex and has not yet been per-
formed. However, the CIS measurements indicate that

hv=30eV
a—Fezoa
n(E)
FezO,
Fe,O
P T TN DU R N N N B N
10 8 6 4 2 0=EF
Binding Energy (eV)
FIG. 11. EDC’s measured from cleaved iron oxides at

hv=30 eV, which emphasizes the O 2p emission. An inelastic
background has been removed from each spectrum.



Fe;O0, can be regarded as a charge-transfer insulator,
similar to Fe, O and a-Fe,0;.

VI. SUMMARY

Results of resonant photoemission measurements of
the Fe 3d-derived valence states in cleaved single crystals
of Fe, O, Fe;0,, and a-Fe,0; have been reported. Due to
the localized nature of the Fe 3p excitations involved in
the resonant-photoemission mechanism, the origin of the
valence-band features has been interpreted in terms of an
isolated iron cation situated in either an octahedral or
tetrahedral environment of O~ ligands. This same clus-
ter model is the basis for the recent configuration-
interaction calculations for a-Fe,O; by Fujimori et al.
The experimental results from cleaved a-Fe,O; agree
directly with the cluster calculations of photoemission
final states, and they confirm the need to consider ligand-
to-metal charge-transfer effects in order to understand
valence-band photoemission spectra. The more complex
calculations required for Fe, O and Fe;O, have yet to be
performed, so we have nothing with which to compare
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our measurements. But the CIS spectra presented in Sec.
IV reveal that hybridization between cation 3d and ligand
2p orbitals must be an essential feature of their electronic
structures as well.
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