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Site-, elemental-, and orbital-resolved partial density of states in KCuF3 single crystal have been obtained
by polarization-dependent x-ray absorption and emission spectroscopy measurements across the F K-edge and
ab initio full-multiple-scattering cluster calculations. The F K x-ray absorption spectroscopy spectra show
well-defined polarization dependence. The measurements reveal strong overlap between Cu 3d and F 2p states
and identify clearly the F 2pz and F 2px,y empty states created at different F sites. The calculations, performed
for the nonequivalent F sites in the structure, confirm the energy overlap, the charge transfer between Cu 3d
and F 2p states, and the different F 2p-Cu 3d overlap for the two nonequivalent F sites of KCuF3. Across the
F K edge, resonant x-ray emission spectroscopy detects a broad peak due to d-d excitations centered at about
1.2–1.6 eV and an intense charge-transfer-like transition around 7 eV.
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I. INTRODUCTION

KCuF3 is an insulator that crystallizes at room tempera-
ture in a pseudocubic perovskite with distorted CuF6 octhae-
dra. The cooperative Jahn-Teller effect causes the fluorine
atoms to move off the midposition between two neighboring
Cu atoms in the �100� plane �ab plane�.1 The crystal structure
contains two nonequivalent fluorine atoms, which will be
denoted as F1 and F2 �Fig. 1�. F2 sites with an asymmetric
Cu-F2-Cu bond form a long and a short Cu-F2 bond in the ab
plane, with Cu-F distances dl=2.253 Å and ds=1.888 Å,
respectively. F1 sites form symmetrical Cu-F1-Cu bonds of
intermediate Cu-F distance dm=1.962 Å along the c axis.2

Two distinct types of polytype structures occur naturally in
KCuF3 and usually coexist. In the type a �twisted�, the di-
rection of the displacement of F ions from the midpoint of
adjacent Cu sites is opposite in neighboring ab planes,
whereas in the type d �untwisted� the displacements are of F
ions always in the same sense in neighboring ab planes.

The system exhibits low-dimensional magnetic properties
equivalent to a nearly one-dimensional �1D� Heisenberg spin
system with strongly anisotropic exchange interactions,
which are much weaker in the ab plane than along the c
axis.3,4 Below 38 K �for type a� and 22 K �for type d�, a
three-dimensional antiferromagnetic �AF� magnetic order de-
velops along the c axis.5 The proposal that magnetic order
can be driven by orbital ordering has stimulated great interest
and many investigations. These investigations have been
mainly based on Cu K-edge resonant x-ray scattering �RXS�
experiments, where, however, it is challenging to disentangle
the influence of the lattice distortion from that of the 3d
orbital order itself.6–9 The divalent copper ion in KCuF3 has
theoretically a d9 configuration, which should be t2g↑3, t2g↓3,
eg↑2, eg↓1 in an octahedral symmetry. However, concomitant
to the orbital ordering, a cooperative Jahn-Teller distortion
takes place10 and lifts the degeneracy of the eg orbitals, lead-
ing to an orbital ordering with an alternate occupation of

3dx2-z2 and 3dy2-z2 hole orbitals along the a and b crystal-
lographic directions. This orbital ordering is set in well
above room temperature.6,7

An interesting issue is the Cu-F bond. The strong elec-
tronegativity of fluorine is believed to give rise to a marked
ionic bond with the eg hole almost entirely localized on the
Cu ion. However, the possible presence of overlap between
Cu magnetic ions and F ligand ions can play an important
role in the magnetism, orbital order phenomena, and Jahn-
Teller distortions of the CuF6 octahedra and cannot be ne-
glected in the theoretical models. In a recent measurement of
Cu L32 x-ray absorption spectroscopy �XAS� �Ref. 11� and
calculations,4 a significant ionic character of the Cu2+-F bond
was suggested, with net atomic charges close to their formal
values. On the other hand, the differential charge-density
maps for KCuF3 calculated by Binggeli and Altarelli8 indi-
cate a significant interaction between Cu 3d eg and F 2p
states and a related non-negligible delocalization of the Cu
hole on the nearest-neighbor F 2p states. Furthermore, an
analysis of the Cu K-edge XAS line shape suggests that in
the ground state, besides the 3d9 configuration with the hole
localized on the Cu ion, there is also a 3d10L� ground state
configuration with a 2p ligand hole in the fluorine atom.12 A
direct experimental probe of F 2p-Cu 3d interaction could
help to clarify this point.

A direct measurement of the orbital overlap between
metal 3d with ligand p states can be provided by
polarization-dependent inner-shell measurements, such as
XAS and x-ray emission spectroscopy �XES� at the F K
edge. In principle, these complementary measurements can
give valuable information about the local character and or-
bital distribution in the F 2p conduction and valence bands.

In this paper we report the results of a combined theoret-
ical and experimental investigation on KCuF3 single crystal.
The experiment exploited the polarization dependence of
bulk-sensitive F K fluorescence-yield x-ray absorption and
emission spectroscopy to probe directly the local F 2p unoc-
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cupied and occupied density of states �DOS�, respectively.
Polarized light was used to detect the different overlap of the
nonequivalent F sites in the single crystal. We have also in-
vestigated the resonant behavior of XES at F K edge in order
to detect possible excitations across the band gap. All experi-
mental features can be explained by the comparison with
symmetry-resolved partial DOS calculations, which have
been performed for this system using an ab initio full-
multiple-scattering �FMS� approach.

II. EXPERIMENT

The measurements were performed on a KCuF3 single
crystal of transparent pale-violet color with a surface of
about 5�3 mm2 and thickness of about 1 mm. The crystal
was cut along the �110� surface plane containing the �001�
and the �110� directions.

All the measurements were performed at the BACH
beamline of the Elettra synchrotron facility in Trieste.13,14

The XAS data were acquired in total fluorescence yield �FY�
using a silicon photodiode. The sample was mounted verti-
cally, with the c axis ��001�� in the horizontal plane. The
possibility to select either horizontal or vertical linear polar-
ization of the incident light allows an accurate polarization
study without introducing geometry factors due to different

optical paths in the process. Alternatively, the absorption ge-
ometry could be varied by rotating the sample around the
polar angle from normal to grazing incidence. The mono-
chromator energy resolution was set to 300 meV at the F K
edge. The presence of oxygen in the bulk of the sample was
excluded by FY O K XAS and O K� XES measurements.
The incident photon energies were calibrated by measuring
the Au 4f7/2 photoelectron core level with a VSW 150-mm
electron analyzer during the same experiment.

Normal and resonant XES measurements were acquired
with a grating fluorescence spectrometer15 mounted in the
horizontal plane at 60° from the incident photon beam. For
this set of measurements the combined resolving power of
the beamline and the spectrometer monochromators was
around 800 at the second diffraction order. The scattering
geometry was changed from nearly depolarized to polarized
geometry, i.e., using linear-horizontal and linear-vertical
incident-light polarization, respectively. All the measure-
ments have been performed at room temperature.

III. COMPUTATIONS

The F K XAS and F K� XES data have been modeled
using an ab initio FMS approach implemented in the FEFF 8.4

code �as described in Ref. 16�. The KCuF3 crystal structure

FIG. 1. �Color online� Unit cell of KCuF3 at room temperature representing first nearest neighborhood �atoms K1 and Cu1� of the fluorine
ion �F� located at the nonequivalent site F1 and nearest neighborhood �atoms K2 and Cu2� of the fluorine ion located at the nonequivalent site
F2.
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resolved by means of x-ray diffraction analysis2 was used as
an input to the XAS calculations.

The simulations were performed using two atomic cluster
models centered on the two nonequivalent sites occupied by
the F ions �F1 and F2� in the type-a KCuF3 crystal structure;
the nonequivalence consists of different local atomic sur-
roundings for the two F sites as apparent in Fig. 1. Model
clusters consist of 221 atoms �i.e., seven coordination shells
around the central F�. A self–consistency radius �4.2 Å� was
chosen in order to include all the first and second coordina-
tion shell atoms, while the FMS radius was fixed to 8 Å to
include all atoms in the cluster. The polarization-dependent
calculations were performed along the �110� and �001� �c
axis� crystallographic directions. An overall rigid energy
shift of the calculated data was required to account for the
energy mismatch between the experimental F K XAS and
calculated F K edge position. Calculations have been re-
peated for the polytype-d crystal structure. No significant
differences are found at the energy scale of our experiment in
the electronic structures obtained for the two different poly-
types.

IV. RESULTS AND DISCUSSION

A. F K x-ray absorption spectroscopy

The F K XAS recorded with the light polarization E� ori-
ented along the �001� and �110� crystallographic directions of
KCuF3 are reported in Fig. 2. In order to suppress saturation-

derived effects in the comparison of the spectra, the data
have been collected without changing the absorption geom-
etry, at fixed photon incidence, by changing the direction of
linear light polarization E from horizontal �E �c axis� to ver-
tical �E � �110��. The same qualitative behavior has been ob-
served by changing the incidence polar angle �see inset of
Fig. 2�.

The line shape of these spectra is clearly different from
those of the alkali-metal fluorides without localized d elec-
trons such as KF.17 The most striking difference is the pres-
ence in KCuF3 of a pre-threshold peak around 684 eV. A
similar prepeak was detected in other copper fluorides such
as in K2CuF4 �Ref. 18� and CuF2,19 where transition 3d
states are mixed with the ligand 2p states in the conduction
band.

These qualitative observations indicate that the pre-
threshold peak in KCuF3 is directly related to an admixture
of Cu 3d and F 2p orbitals in the ground state. This empiri-
cal assignment is supported by the partial-density-of-states
calculations reported in Fig. 3, which find an overlap of F 2p
and Cu 3d-eg empty states at the onset of x-ray absorption.

In a pure ionic picture the fluorine 2p shell should be full.
However, both the F K XAS and the calculations indicate
that empty F 2p holes are likely created favored by the
ground-state overlap between Cu 3d and F 2p orbitals. The
orbital occupation numbers derived from the calculations and
reported in Table I are in agreement with this picture. Al-
though some precautions have to be taken in the interpreta-
tion of these data since the calculated occupation numbers
depend to some extent on the choice of the atomic radii of
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FIG. 2. �Color online� Main panel: F K XES and XAS spectra
from KCuF3 measured at room temperature, at normal incidence
��=90°� for the E � �001� �c axis� and E � �110�, using horizontal
polarization �HP� and vertical polarization �VP�, respectively. The
F K XES spectra have been acquired with excitation energy of
684.3 eV. Inset: enlarged view of the F K XAS prepeak. The top
curves are measured without changing the absorption geometry, at
fixed photon incidence ��=90°�, as a function of the direction of
linear light polarization E from HP �E �c axis� to VP �E � �110��; the
bottom curves are a different set of measurements obtained using
fixed light polarization �HP�, as a function of the incidence angle
���. �=90° corresponds to E �c axis, �=15° corresponds to E al-
most parallel to �110� crystallographic direction.

700680
Energy (eV)

700680
Energy (eV)

In
te
ns
ity
(a
rb
.u
ni
ts
) (a)

(c)

(e)

(g)

(i)

(b)

(d)

(f)

(h)

(l)

[001] [110]

p-DOS F site 1 p-DOS F site 2

d-DOS Cu

s-DOS Cu

s-DOS K

d-DOS Cu

s-DOS Cu

s-DOS K

FIG. 3. �Color online� Experimental polarization-dependent F K
XAS spectra for the E � �001� �c axis� and E � �110� �panels �a� and
�b�� compared to the polarization-dependent partial-density-of-
states calculations performed along the �001� and �110� �c axis�
crystallographic directions for the �panels �c� to �l�� F1 and F2 fluo-
rine sites, respectively.
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the muffin-tin spheres, the results show that the F 2p shell,
with �5.7 electrons per atom, is not full and the extra charge
is localized on the K 4s and Cu 3d states, with �9.7 elec-
trons per Cu atom, in contrast with a pure ionic picture
Cu 3d9 F 2p6.

Due to the dipole selection rules, the absorption coeffi-
cients for the E �c and E � �110� geometries reflect the F 2pz
�out-of-plane� and F 2px,y �in-plane� character hole states,
respectively. Owing to the site selectivity of polarized x-ray
absorption and the crystal structure of KCuF3, these two ex-
perimental configurations, E �c and E � �110�, selectively
probe F-Cu bonds of the two different F sites. In particular,
the configuration with E �c detects the F 2pz orbitals of the
F1 site hybridized with the Cu 3d�z2-x2�/�z2-y2� unoccupied or-
bitals, while the configuration with E � �110� corresponds to
the F 2px,y holes of the F2 site overlapped with
Cu 3d�z2-x2�/�z2-y2� holes. Experimentally, the F K XAS spec-
tra show a well-defined polarization and geometry depen-
dence. The prepeak shifts in energy and appears at 0.5 eV
lower absorption energy when the linear polarization orien-
tation is changed from the c axis to the �110� direction.
Therefore, according the previous arguments, the lower-
energy prepeak in the experimental F K XAS obtained when
E � �110� should correspond to F2 2px,y states, while the
higher-energy prepeak obtained when E �c should correspond
to F1 2pz holes.

This is precisely what is obtained from our calculations,
which therefore confirm this assignment. Indeed, calcula-
tions find the F p DOS of two nonequivalent F1 and F2 sites
of KCuF3 at different energies, with the F2 prepeak at lower
energy with respect to the F1 prepeak.

The F p-projected density of states, Cu d- and s-projected
DOS, and K s-projected DOSs calculated using atomic clus-
ter models centered on the two nonequivalent F1 and F2 sites
are reported in Fig. 3 and compared with the experimental
XAS F K-edge data acquired with E � �001� and E � �110�. By
associating the projected DOSs of each photoelectron scat-
tering site that contribute to individual features in the calcu-
lated spectrum �Fig. 3�, a detailed understanding of the K
edge XAS is obtained. The predicted F p DOS agrees with
the experiment, reproducing well all the main features of the
measured spectra on the overall energy range considered.
The overall line shapes of the p-DOSs calculated for the F1

and F2 sites appear to be slightly different because of the
nonequivalent F ion sites.

The experimental F K XAS is reported in Fig. 4�a� in
comparison with the calculated F K XAS for the F1 and F2
sites for the E � �001� and E � �110� light polarizations, respec-
tively. Interestingly, the relative positions of the pre-edge re-
gion of the simulated p-DOSs display an energy shift like the
experiment. The calculated XAS spectra in Fig. 4 find that a
pre-edge peak for the F1 ion site is present when light polar-
ization E is parallel to the c axis, while no pre-edge peak is
present when E is perpendicular to the c axis. The exact
opposite situation occurs in the case of the F2 site �see Fig.
4�a��. The experimental energy positions of the XAS pre-
edge peak upon the two different polarization directions are
well reproduced by the calculation. These findings provide
strong evidence that the pre-edge peak energy position is
sensitive to the nonequivalence of the F ion sites scanned
through the polarization orbital selection rules.

TABLE I. Calculated orbital occupation numbers for the differ-
ent shells of the elements located at different sites of KCuF3 �the
sites are described in Fig. 1�. Some precautions have to be taken in
the interpretation of these data since the calculated occupation num-
bers depend to some extent on the choice of the atomic radii of the
muffin-tin spheres.

s p d

F1 1.983 5.693

F2 1.980 5.706

Cu1 0.415 0.491 9.751

Cu2 0.392 0.478 9.786

K1 0.660

K2 0.664
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FIG. 4. �Color online� �a� Polarization-dependent XAS spectra
calculated for the polarization vector along the �001� and �110�
crystallographic directions for the F1 and F2 fluorine sites compared
to the experimental polarization-dependent F K XAS spectra. The
same energy shift observed in the experimental F K XAS prepeak is
also obtained in the calculations. �b� Polarization-dependent XES
spectra compared to the partial DOS calculated for the F1 and F2

sites. The same shift has been applied to the partial F 2p DOS in
order to align them on the experimental data.
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B. F K x-ray emission and resonant x-ray emission
spectroscopy

F K XES measurements have been performed for excita-
tion energies ranging from 681.7 eV �which is just below the
F K XAS prepeak� to 945 eV �which is �260 eV above the
threshold�. For excitation energies below the F K XAS pre-
peak we have found a resonant regime, where it was possible
to observe spectral features at constant energy loss from the
elastic peak. For excitation energies equal to and above the
F K XAS prepeak, but still close to the F K threshold, we
have found a normal fluorescencelike regime with the spec-
tral features appearing at constant emission energy. For en-
ergies well above the F K threshold, two well-defined high-
energy emission satellites appear in the F K XES spectra.

Due to dipole selection rules, the F K x-ray emission is
produced during the transition of 2p electrons of the valence
band to the 1s core hole. In the normal fluorescence regime,
observed for excitation energies between 682.3 and 700 eV,
the F K emission is found at constant emission energy and it
can be then regarded as an experimental probe of fluorine p
partial density of states as discussed in detail by Anisimov et
al.20 Using the elastic peak as a reference for energy calibra-
tion, the F K XES spectra can be plotted together with the
F K XAS, obtaining an experimental determination of partial
�F 2p� empty and occupied DOS, respectively. This peak ap-
pears to be sensitive to the orientation of the electrical polar-
ization with respect to the crystallographic directions. It
shows a broadening when the orientation is changed from the
c axis to the �110� axis �Fig. 2�. This broadening can be
explained by the different energy extension of F 2p density
of states of the two nonequivalent F1 and F2 sites as shown
by the calculations reported in Fig. 4�b�.

For excitation energies well above the F 1s ionization
threshold, for instance for h�=731 eV or h�=930 eV which

are �50 and �250 eV above the threshold, respectively, the
F K� XES spectra show strong high-emission energy satel-
lites as can be observed in Fig. 5. These satellites are absent
for excitation energies set on or just above the F K absorp-
tion edge, e.g., at 702.5 eV and below this energy. Figure 5
shows that at 731 eV a first structure appears at emission
energy of �679 eV, at �3 eV above the main emission
line. At 930 eV, a further satellite at �684.6 eV, which is
�9 eV above the main emission line, is also visible. These
satellites have been already observed in many fluorides, such
as in NaF, MgF2, PbF2, CuF2, Na3AlF6,21 LiF,22 K2TiF6,
FeF3, FeF2,23 and CuF2,24 and they have been explained as to
be originated from ionized states in the F L shell, i.e., inter-
atomic electronic transitions occurring prior to K� emission
in the presence of one or two further spectator holes in the L
shell.25–27 The first satellite with an energy shift �3 eV from
the main F K� line is originated from one spectator hole in
the 2p shell and it has a complex energy dependence.26,27

The higher-energy satellite is originated from an initial con-
figuration with a single K shell vacancy and a double L shell
vacancy and starts to be visible above 750 eV26 due to the
higher onset of this triple-vacancy excitation.

In the resonant regime, the excitation energy dependence
of the RXES spectra allows the identification of two resonant
inelastic x-ray-scattering �RIXS� structures, i.e., emission
peaks, which do not appear at constant emission energy, but
at constant energy loss from the elastic peak. This Raman-
type linear dispersion of x-ray emission peak is observed in
the subthreshold region for excitation energies set below the
copper-fluorine prepeak of the F K XAS. The energy loss can
be qualitatively interpreted as energy lost by the system dur-
ing the resonant RXES process for low-energy excitations.
Figure 6�a� shows the F K XES spectra measured at different
orientations of the light polarization with respect to the crys-
tal axis. In these spectra the electrical vector has been
changed from along the c axis �0°� toward the �110� orien-
tation in steps of 30°. The spectra show a clear RIXS peak
�labeled A in Fig. 6� with energy loss in a range between 1.2
and 1.6 eV. This RIXS peak is detected at constant energy
loss from the elastic peak �labeled E in Fig. 6� for each
orientation of the incident polarization for excitation energies
below the F K prepeak. For higher excitation energies this
component disappears. A second peak is also detected, in a
very narrow energy range of excitation energies below F K
prepeak, at �7.3 eV constant energy loss from the elastic
peak E for each orientation of the incident polarization for
excitation energies well below the F K prepeak. For higher
excitation energies this peak is converted in a normal fluo-
rescence line at constant emission energy, which can be as-
sociated to F 2p partial density of states as discussed previ-
ously.

The resonant behavior of these peaks and the comparison
with the semiempirical LDA+U calculations8 provide a pos-
sible interpretation of the observed transitions. The observed
RIXS peaks can be interpreted as electronic excitations be-
tween the occupied and the empty states. In particular, the
broad low-energy peak at 1.2÷1.6 eV may correspond to dd
transitions which are likely to be an overlap of several
crystal-field peaks, unresolved in the present experiment.
This interpretation is supported by recent optical
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measurements.28 For excitation energies on the leading edge
of the F K prepeak the peak detected at �7 eV constant
energy loss from the elastic peak can be interpreted as a
charge-transfer transition from the F 2p-Cu 3d admixed
states to the empty Cu 3d states. The interpretation is sup-
ported by the fact that these RIXS peaks are only observed
for excitation energies set on the F K XAS prepeak, which is
mainly originated by Cu 3d states overlapped with F 2p or-
bitals.

V. CONCLUSIONS

Elemental- and orbital-resolved KCuF3 valence and con-
duction bands have been measured by x-ray absorption and
emission spectroscopy and calculated by ab initio multiple-
scattering cluster formalism. F K-edge XAS displays a clear
absorption pre-threshold peak, arising from Cu 3d-F 2p
overlapped orbitals, whose position shifts by about 0.5 eV to

higher energy when the light linear polarization is rotated
from the �110� to the �001� crystallographic directions. The
marked polarization dependence of F 2p XAS prepeak is due
to the different energy overlap of Cu 3d states and F 2p or-
bitals at the different fluorine sites. The results support the
presence of a partial covalent admixture of Cu 3d and F 2p
states, in contrast with a picture of a significant ionic Cu2+-F
bond.

This covalent Cu 3d-F 2p admixture allows the observa-
tion of Cu-related low-energy RIXS excitations at F K edge
�in particular for selective energy excitation on the F K XAS
prepeak�. These excitations detected on the leading edge of
the F K XAS prepeak can be interpreted as Cu d-d and
F 2p-Cu 3d charge-transfer transitions.
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