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A spin-selective and polarization dependent study at the K absorption pre-edge in hematite ��-Fe2O3� was
performed by means of 1s3p resonant x-ray emission spectroscopy on a single crystal. The experimental results
can be modeled using a band structure approach �local density approximation �LDA � U��. The spin-selective
spectra in connection with the calculations firmly establish metal-oxygen and metal-metal orbital hybridiza-
tions. A phase shift in the polarization dependent absorption cross section is observed between the first two
absorption features showing directionality in the orbital hybridization.

DOI: 10.1103/PhysRevB.77.115133 PACS number�s�: 71.70.Ch, 61.05.cj, 71.70.Gm, 87.64.kd

I. INTRODUCTION

The properties of 3d transition metal compounds are be-
ing intensely studied but many aspects concerning the elec-
tronic and magnetic structure remain elusive despite consid-
erable experimental and theoretical advances. Element-
selective techniques such as inner-shell spectroscopies have
been a widely used approach over the past decades. The 3d
shell can be directly probed by measuring the metal 2p-3d
absorption spectrum.1 L-edge absorption spectroscopy is an
established tool to study electronic configurations also be-
cause the strong spin-orbit interaction in the 2p shell renders
the L-edge sensitive to magnetic properties.2,3

In many cases it is, however, experimentally more favor-
able to use a hard x-ray probe at the metal K edge. This gives
more freedom with respect to sample environment for stud-
ies in, e.g., extreme conditions or to monitor chemical reac-
tions. The unpaired spin in the 1s core hole of the excited
state interacts only weakly with the valence electrons and the
absence of an orbital moment in the core hole excludes spin-
orbit coupling in the core hole as well as a core hole induced
anisotropy in contrast to L-edge excited states. This should
considerably facilitate theoretical calculations. Still, the as-
signment of spectral features in the K absorption pre-edges
of transition metals is discussed controversially. The weak
transitions at the onset of the K absorption main edge can
often be calculated using different and sometimes mutually
exclusive theoretical models.4–10

Spectral intensity in the pre-edge arises from dipole and
quadrupole transition matrix elements. Electron-electron in-
teractions in the valence shell can give a rich multiplet
structure7,11 and cause multielectron excitations.12 Crystal
field effects and orbital hybridization furthermore need to be
taken into account in a theoretical analysis. A particularly
interesting aspect is orbital hybridization between metal
atoms that can give rise to spectral intensity in the pre-edge
range and results in an excited state with an electron that is
delocalized over the neighboring metal atoms.4,13–17

There is thus a wealth of possible mechanisms that can be
invoked to explain the pre-edge spectral features. It is there-
fore desirable to apply a more stringent test of the theory
since not all theoretical models put forward to date can be

correct. This can be achieved by accessing additional experi-
mental parameters that are related to the pre-edge as it is
done in resonant x-ray emission and polarization dependent
studies.

The excited states that give rise to the 3d transition metal
K absorption pre-edge decay with a fluorescence yield of
about 80%.18 The emitted X-rays can be analyzed with an
instrumental energy bandwidth similar to that of the incident
beam using a wavelength dispersive spectrometer �resonant
x-ray emission spectroscopy19 �RXES��.20 By scanning inci-
dent and emitted energy, a two-dimensional intensity distri-
bution is obtained.12,21 The RXES plane contains consider-
able more information about the electronic structure and the
excitation process than just the absorption pre-edge. One ap-
plication of this technique is spin-selective 1s3p RXES spec-
troscopy where the final states contain a hole in the 3p shell.

Figure 1 shows the principle for hematite ��-Fe2O3�.
Three absorption features �intermediate states A, B, and C�
have been identified in the pre-edge region �vide infra�. The
final states are reached via a 3p to 1s transition. The 3p core
hole in the final state strongly interacts with the unpaired
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FIG. 1. Energy level diagram for 1s3p RXES in hematite. Or-
bital notations are used in SO3 symmetry for core levels and Oh

symmetry for Fe 3d levels. The peak assignments A, B, and C refer
to Figs. 3 and 4.
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spin in the metal 3d shell via the �3p ,3d� exchange interac-
tion, which leads to a line splitting of approximately 15 eV
for Fe. The non-resonant K� lines in Fe compounds have
been studied in detail.20,22–24

The K�1,3 and K�� fluorescence lines correspond to final
states with the unpaired spin in the 3p shell either parallel or
antiparallel to the unpaired spin in the 3d shell. This align-
ment is conserved upon the K� 3p to 1s transition following
the selection rule �s=0 if spin-orbit interactions can be ne-
glected. The final states thus select the spin orientation of the
1s hole and, as a direct consequence, the spin orientation of
the photoexcited electron.25,26 Within this interpretation, the
K� spectra are not sensitive to the magnetic ordering of a
system. They merely reflect the local spin state as confirmed
by 3p photoemission experiments on free metal atoms.28 The
spin-selective absorption, however, may show a dependence
on the magnetic ordering.

A detailed theoretical study of the spin selectivity has
been presented by Wang et al.27 Non-diagonal Coulomb ma-
trix elements as well as spin-orbit interaction can mix elec-
tronic states with different spin in the valence shell and the
spin-selectivity is only approximately valid. For the present
work, it is important that the 3p spin-down �K��� final state
�cf. Fig. 1� provides very high spin-selectivity.27 A 1s3p
RXES investigation on Fe2O3 has been performed by
Yamaoka et al.29 We extend their study by discussing Fe-Fe
orbital hybridization supported by local density approxima-
tion �LDA+U� calculations.

Another experimental parameter that can be varied in a
XAS experiment on single crystals using synchrotron radia-
tion is the orientation of the crystal axes with respect to the
polarization direction of the incident x-ray beam with linear
polarization. The intensity variation of the absorption cross
section with the angular orientation depends on the nature of
the transition �dipole or quadrupole� as well as the electronic
configuration in the final state.30 Polarization dependent stud-
ies combined with RXES �and resonant elastic scattering�
have been shown to be a powerful tool to establish the nature
of electronic transitions and to identify spectral fea-
tures.14,31–34

The symmetry of the unit cell in �-Fe2O3 is D3d.35 The
magnetic order exhibits antiparallel alignment of the Fe spins
along the c-axis and an in-plane parallel alignment. Iron is
six coordinated in �-Fe2O3 in a distorted octahedra �Fig. 2�
and the local symmetry of one FeO6 cluster is C3 neglecting
the electron spins. Due to the absence of parity as a good
quantum number, the unoccupied density of states �DOS�
with respect to the Fe center does not separate into distinct
gerade and ungerade states. The DOS with p symmetry �un-
gerade� with respect to the Fe center thus occurs at the same
energies as the d-DOS �gerade� just above the Fermi level.
As a result, dipole transitions are expected to strongly con-
tribute to the K absorption pre-edge spectral intensity.

The origin of the three pre-edge absorption features in
hematite has not yet been resolved. Two features can be
readily accounted for as transitions to crystal field split or-
bitals. The third peak C �cf. Figs. 1 and 3� has been tenta-
tively assigned to unoccupied states that are formed by Fe-Fe
orbital hybridization.16,36 This is a central point in the discus-
sion of pre-edges since electron sharing between metal cen-

ters in non-metallic systems can be an important aspect to
explain electronic and magnetic properties. This paper there-
fore presents a detailed experimental study of the hematite
pre-edge supported by LDA+U calculations.

II. EXPERIMENT

The experiment was performed at beamline ID26 of the
European Synchrotron Radiation Facility �ESRF�. The inci-
dent energy was selected by means of a pair of cooled Si
crystals in �220� reflection with an energy bandwidth of
0.5 eV at 7.1 keV. The incident flux on the sample was 5
�1012 photons /s using the fundamental undulator peak. The
beam size on the sample was 0.35 mm horizontal by 1.0 mm
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FIG. 2. �Color online� Structure and unit cell of hematite; the
geometry for the polarization dependent studies is shown.

7110 7115 7120 7125
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Incident Energy [eV]

N
or

m
al

iz
ed

In
te

ns
ity

[a
rb

.u
ni

ts
]

A B

C

FIG. 3. PearsonVII functions �dotted lines; solid line: sum� fit-
ted to the K pre-edge spectral features for the spin-up spectrum with
experimental rotation angle at 60° �circles�.
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vertical. Higher harmonics were suppressed by two Si mir-
rors operating in total reflection. Total fluorescence yield ab-
sorption spectra were recorded using a Si photodiode.

The resonantly scattered x-rays were analyzed using the
�531� reflection of a spherically bent Si wafer and an ava-
lanche photodiode arranged with the sample in a horizontal,
point-to-point �scanning� Rowland geometry �R=1 m�. The
combined instrumental energy bandwidth was 1.3 eV and the
scattering angle was 90°. The hematite single crystal is a
natural sample collected on Elba Island. It was cut and pol-
ished along the �110� plane.

The geometry for the polarization dependent studies is
shown in Fig. 2. We show in all figures the experimental
rotation angle where 0° corresponds to the polarization � in
the �a ,b� plane and 90° experimental angle implies 45° be-
tween � and the crystal c axis.

All spectra—total fluorescence yield as well as spin
selective—are normalized to the K edge jump. The pre-edge
spectral features were fitted together with the rising edge
using a PearsonVII parametrization of Voigt profiles �Fig. 3�.
Two peaks were used to fit each feature A and B. This is
motivated by considering a symmetry that is lower than Oh
around the Fe atoms with additional orbital splitting. Fitting
of the remaining spectral intensity is arbitrary. The broad
feature C introduces a large uncertainty for the fitting of
feature B. Furthermore, the spectra were not corrected for
self-absorption effects, i.e., the pre-edge intensities relative
to the edge jump are not correct. The angles that determine
the self-absorption were not changed during the experiment,
i.e., the spectral distortions due to self-absorption do not
change. Therefore, the conclusions drawn in this work are
not influenced by self-absorption effects.

III. CALCULATIONS

The absorption coefficient can be related to the density of
empty states projected on symmetries with orbital angular
momentum l=1 �p-DOS, dipole transitions� or l=2 �d-DOS,
quadrupole transitions� with respect to the absorbing atom. It
is necessary to consider the core hole in the theoretical
model. Band-structure calculations were performed using the
WIEN2K code with local density approximation and local cor-
relations �LDA+U�d+p�� including exchange interactions �J�.
We use U−J=6 eV both for iron and oxygen.37,38 In order to
determine the effect of the core hole, we removed one 1s
electron on one of the four Fe atoms in the unit cell �the
photoexcited or absorber Fe*�. We then ran a self-consistent
field �SCF� calculation with a frozen absorber 3d shell. The
WIEN2K code uses a linearized augmented plane wave basis
and the freezing is achieved by choosing a high value for the
energy around which the d atomic orbitals are linearized.39

For sufficiently high linearization energies, the occupied va-
lence orbitals have a vanishing d-partial density of state
�d-DOS� at the frozen site. This density of states is reintro-
duced in the calculation adding a 3d entry to the file from
which WIEN2K reads the list of core orbitals. The occupancy
of the 3d shell and its spin polarization are first fixed by hand
and the SCF calculation is performed. In the WIEN2K code,
the core orbitals are also calculated self-consistently. Once

the calculation has converged, the potential is stored, and
another unfrozen non-SCF calculation is run. We recover, in
particular, the partial density of states for the 3d band at the
previously frozen site.

The 3d occupation value for the frozen system is chosen
to match the resulting d-DOS to the one for an unfrozen SCF
calculation. The match was done for a fractional hole and
then extrapolated to one charge unit hole. It is not possible to
use a non-frozen SCF calculation for one full charge hole
because the 3d occupancy versus hole charge has a discon-
tinuity between 0 and 1 which corresponds to an electronic
transition and not to electronic relaxation.

IV. RESULTS AND DISCUSSION

A. Spin-dependent absorption

Figure 4 shows the absorption pre-edge decomposed into
spin components using 1s3p RXES spectroscopy as well as
the full 1s3p RXES plane as a contour plot. The three ab-
sorption pre-edge features A, B, and C are separated in the
spin-selective spectra where peaks A and B are absent in the
spin-up direction and C shows intensity for both spin direc-
tions of the photoexcited electron. The RXES plane conveys
the same information and confirms the presence of three ab-
sorption and four emission features. Structure C is broad and
not as distinct as features A and B which can indicate a
strongly delocalized electron distribution.

For simplicity, we assign the first two peaks A and B to t2g
and eg orbitals, respectively, neglecting for the moment the
additional, smaller splitting of the orbitals due to the reduc-
tion of the symmetry from Oh to C3. Fe3+ in Fe2O3 has a
high-spin 3d5 configuration and we expect that only the spin-
down intermediate states show intensity for the t2g and eg
lines �cf. Fig. 1�. However, the argument is only valid if
spin-orbit interactions can be neglected such that spin re-
mains a good quantum number and electronic states with
different spin states do not mix. The pre-edge excited state of
an isolated Fe3+ ion is 1s3d6 with a 5D4 configuration for the
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FIG. 4. �Color online� Left: total and spin-selective absorption
in Fe2O3 for ��c. Right: 1s3p RXES plane for polycrystalline
Fe2O3. The spin-up and spin-down excitations occur around 7045
and 7059 eV emitted energies, respectively.
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3d shell in the LS coupling scheme,40 i.e., a non-zero orbital
angular momentum and thus non-negligible spin-orbit inter-
action. The 1s3p RXES experimental results on hematite,
however, show pure spin selectivity within the experimental
accuracy. The orbital angular momentum in the pre-edge ex-
cited states up to 7116 eV excitation energy is therefore neg-
ligible due to the reduced symmetry of the Fe ion in the solid
�“quenching” of the orbital moment�.41 Spin mixing could
occur in systems with higher symmetry and thus non-zero
orbital angular momentum such that 1s3p RXES spectros-
copy in, for example, octahedral Mn�II� complexes �also
high-spin 3d5� might exhibit a reduced spin sensitivity.

The third peak C at 7118 eV incident energy in Fig. 4
shows intensity for both spin directions indicating excitations
into a delocalized band that provides unoccupied spin-up and
spin-down densities. It is possible to identify localized and
delocalized states by analyzing the dispersion of the peak
intensity �Raman shift�. This approach is based on theoretical
work as reviewed by Kotani and Shin42 as well as
Gel’mukhanov and Ågren.43 An illustrative discussion of the
Raman shift in the RXES plane is presented in Ref. 12. How-
ever, the analysis can lead to ambiguous results since the
dispersion can be strongly influenced by the instrumental
energy broadening. Also, if the core hole lifetime broadening
is larger than the splitting of energy levels, a band cannot
necessarily be distinguished from discrete, i.e., possibly lo-
calized, energy levels �as pointed out by Gel’mukhanov and
Ågren43�. Furthermore, a sharp feature that exhibits a Raman
shift, i.e., a resonant excitation into a final state with discrete
energy, can still arise from a delocalized orbital, e.g., in mo-
lecular complexes. Finally, the analysis of the peak disper-
sion requires unambiguous identification of the peak position
for all incident energies. This is not always possible �cf. Fig.
4, RXES plane�. We thus refrain from this approach and
interpret the spectra theoretically based on an LDA+U ap-
proach.

The DOS on the photoexcited Fe as obtained from the
LDA+U calculations is shown in Fig. 5 separated into
spin-up and spin-down contributions. The Fermi energy is at
0 eV. In the d-DOS, the fist two peaks in the unoccupied
states show the statistical intensity ratio for t2g and eg assign-
ments. The p-DOS, however, shows the experimentally ob-
served intensity ratio. Orbital hybridization changes the
spectral intensity ratio of I�t2g� : I�eg�=3:2 according to the
statistical weight for ionic orbitals. Thus, spectral intensity
cannot arise from quadrupole transition matrix elements
only. The p-DOS furthermore shows structures for both spin
directions at about 5 eV above the Fermi level. This corre-
sponds to the experimental observation for the third absorp-
tion prepeak structure C. The calculations thus confirm the
dominant dipole character in all pre-edge features of hema-
tite. The first peak in the DOS above 0 eV shows a double
structure which reflects the distortion and deviation from Oh
symmetry. The splitting is not observed in the experiment
due to insufficient spectral resolution even though we con-
sidered the splitting in the pre-edge fitting procedure �vide
supra�.

The d-DOS for the equatorial and axial Fe �Fig. 5� con-
firm that the structures around 5 eV in the calculated p-DOS
for the photoexcited Fe �Fe*� arise from the d-DOS on the

neighboring Fe atoms. The spin-down DOS can be assigned
to the coplanar, spin-aligned Fe, and the spin-up DOS origins
from the out-of-plane Fe atoms along the crystal c axis with
antiparallel spin orientation.

The orbitals that give rise to the pre-edge are thus orbitals
containing p contribution with respect to the central, photo-
excited Fe atom. Peaks A and B are assigned to orbitals that
are localized on the excited Fe atom with mainly 3d charac-
ter. They obtain some p character from hybridization with O
ligand 2p orbitals. The p character gives rise to most of the
spectral intensity. We find that the DOS at higher energies
shows contributions from neighboring Fe 3d orbitals that
have p character with respect to the photoexcited Fe. Thus,
the transitions forming peak C arise from excitations be-
tween two Fe atoms �metal-metal excitation�.

B. Polarization-dependent absorption

The validity of the theoretical model can be further tested
by angular dependent studies on a single crystal. The inten-
sity variation is governed by the crystal symmetry and not
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FIG. 5. Top: density of states �DOS� decomposed into p and d
symmetries with respect to the excited Fe �Fe*� atom. The p-DOS
is scaled by a factor of 500. Bottom: d-DOS with respect to the
neighboring �equatorial and axial� Fe atoms. For each symmetry,
the spin-up �dotted� and spin-down �solid� densities are shown.
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the local symmetry around the metal atom.30 Dräger et al.
performed angular dependent studies in hematite and found
only weak quadrupole contributions in agreement with our
findings.44

The crystal symmetry in hematite is rhombohedral and the
angular dependence of the absorption cross section has the
form �3 cos2�−1� for dipole transitions with � being the
angle between the crystal c axis and the polarization vector.30

Figure 6 shows the spin-down absorption edges with varying
angles between � and the crystal c axis. The calculated
p-DOS for the two experimental polarizations, i.e., the spin-
down pc-DOS corresponding to � �c and pc+ pa �or pb� DOS
for angle�� ,c�=45° reproduces the experimentally observed
change in intensity for peaks A and B. However, the calcu-
lated DOS does not yield the correct ratio between peaks A
and B for angle�� ,c�=45° pointing to shortcomings of our
theoretical model that are most likely to be found in the
approximative treatment of electron-electron interactions and
the core hole effect. A fit assuming a dipolar angular depen-
dence matches the experimental data �Fig. 6, inset�. The error
bar mainly arises from the ambiguity of assigning spectral
intensity to either feature A or B in the fitting procedure. The
experimental error is too large for a quantitative analysis of
the amount of quadrupole contribution. For that purpose, the
measurements performed by Dräger et al. are more
suitable.44

The experimentally observed inverse change in intensity
for peaks A and B is nicely reproduced in the calculations.
This corresponds to a phase shift of 90° in the � angular
dependence between the two spectral features as would be
expected for quadrupole excitations into t2g and eg orbitals.30

The symmetries in the dipole transition matrix elements for
1s absorption in D3d symmetry are, assuming A1g symmetry
for the 1s shell, �A1g�A2u�A2u� for � �c and �A1g�Eu�Eu� for
��c. The angular dependence �cf. Fig. 6� thus shows that
peak A contains more A2u contribution, while peak B has
stronger Eu contribution. We now consider one approxi-
mately octahedral �FeO6� cluster where the xy, yz, and zx
orbitals are between and the x2−y2 and 3z2−r2 orbitals along
the Fe-O bonds. The xy, yz, and zx orbitals are located at
lower energies than the x2−y2 and 3z2−r2 orbitals according
to crystal field theory. The Fe xy, yz, and zx orbitals thus
hybridize with the ligand orbitals to form electronic states
with mainly A2u symmetry �peak A� with the p-DOS oriented
along the crystal c axis, while the x2−y2 and 3z2−r2 orbitals
form states with Eu symmetry �peak B� with the p-DOS per-
pendicular to the c axis. With respect to the magnetic order-
ing in hematite where alternate Fe layers are polarized in
opposite direction along the c axis, this means that the Fe xy,
yz, and zx orbitals strongly hybridize in the direction of an-
tiferromagnetic ordering. Note that we use the local symme-
try C3 of a FeO6 cluster to explain p-d hybridization and the
crystal symmetry D3d to interpret the polarization dependent
results.

We do not observe any spin or angular dependence for the
third structure C within the experimental error while this is
predicted by the calculations. The spectral intensity between
the first two peaks and the main edge is not fully accounted
for in the theoretical DOS. Multielectron transitions �such as
shake transitions� upon core hole creation are not included in

the theoretical model. These are expected to occur shifted
toward higher energies relative to peaks A and B since addi-
tional energy is required to excite the second electron. Thus,
the unaccounted additional spectral features probably mask
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the angular effect predicted by our LDA+U calculations for
feature C of the hematite pre-edge.

A study of the linear dichroism by Prince et al. at the
oxygen K edge45 reports a change of the crystal field splitting
from 1.3 with � parallel to 1.5 eV with � perpendicular to
the crystal c axis. While the splitting between the maxima of
peaks A and B of 1.35 eV in our measurements nicely agrees
with the results by Prince et al., we do not observe any
polarization dependent change in the peak splitting.

Furthermore, we do not observe any temperature depen-
dence in the pre-edge spectral shape �spectra not shown� in
contrast to the L edge study by Kuiper et al.3 While small
changes in the electron orbital configuration when going be-
low the Morin temperature accompany the reorientation of
the electron spins,46 we do not expect to be sensitive to such
changes at the K edge. Due to the absence of core hole spin-
orbit interaction as well as final state multiplet splittings, the
K pre-edge of hematite is not directly sensitive to magnetic
effects as opposed to the L edge. We note, however, that van
Aken and Lauterbach did observe a temperature induced
change in the O K edge of hematite by electron energy loss
spectroscopy measurements.47 Like the Fe K pre-edge, the O
K edge is also not directly sensitive to magnetic effects and
the changes should therefore reflect the change in electron
orbital configuration. We do not have an explanation why the
changes are visible at the O K edge and not at the Fe K
pre-edge other than smaller instrumental broadening at the O
K edge.

V. CONCLUSIONS

We give a comprehensive account for the K absorption
pre-edge of Fe in hematite by taking advantage of the infor-
mation contained in spin-selective and angular dependent ab-
sorption spectroscopy in connection with LDA+U calcula-
tions. The use of a variety of experimental parameters firmly
establishes the theoretical interpretation. The considerable
influence of orbital hybridization of metal-ligand and metal-
metal type on the spectral shape points to the importance of
electron delocalization for the understanding of electronic
and magnetic properties.

We note that a Fe�III� system with a dominantly 3d5 con-
figuration is a favorable case with respect to electronic struc-
ture calculations due to the half-filled 3d shell. We think that
the procedure presented here is a promising approach for the
investigation of electronic structure in 3d transition metals.
However, an extension to more complex systems such as Mn
in manganites requires more sophisticated theoretical models
that properly take electron-electron interactions and the core
hole effect into account. To our knowledge, such a theory is
not available to date.
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