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The near-edge x-ray absorption fine structuresNEXAFSd at the F 1s threshold has been studied with
high-energy resolution for a series of binary fluorides, including KF, TiF4, VF4, VF3, CrF3, CrF2, MnF3, MnF2,
FeF3, FeF2, CoF2, NiF2, CuF2, and ZnF2 as well as for SF6 in the gas phase, and for the PF6

− and TiF6
2−

molecular anions of the solid compounds KPF6 and K2TiF6. Most of these spectra were measured at the
Russian-German beamline at BESSY II, while the spectra of KF and CuF2 were taken under comparable
experimental conditions at the D1011 beamline at MAX-lab. The spectra of the solid samples were recorded
via the total electron yield. The NEXAFS spectra were taken with the aim to elucidate the role of covalent
bonding and its manifestation in x-ray absorption spectra as well as to gain information on the electronic
structure of the conduction band along the whole series of 3d transition-metalsTMd fluorides. The spectra of
these most ionic compounds of the 3d TM’s have been analyzed in a comparative way considering also the
F 1s NEXAFS spectrum of the molecular TiF6

2− anion in solid K2TiF6. In its turn, the latter spectrum has been
interpreted by comparing with the F 1s NEXAFS spectrum of the molecular PF6

− anion in KPF6 and that of SF6
in the gas phase. In this way, the low-lying empty electronic states of the 3d TM fluorides are shown to be
formed by covalent mixing of the TM 3d with the fluorine 2p electronic states. It is further found that the
number of low-lying empty electronic states with TM 3d2fluorine 2p hybridized character decreases gradually
along the series of 3d TM fluorides, and is essentially zero in the case of ZnF2.

DOI: 10.1103/PhysRevB.71.045127 PACS numberssd: 71.20.2b, 71.70.Ch, 78.70.Dm

I. INTRODUCTION

The great variety of properties observed in 3d transition-
metalsTMd compounds is commonly related to the different
role of correlation effects between strongly localized 3d elec-
trons, charge fluctuations, and covalent bonding between the
3d TM atoms and the neighboring atoms in various com-
pounds.1 Until recently, the 3d electron correlation has been
considered to be dominant in the electronic structure of most
3d TM compounds. At the same time it is apparent that the
TM 3d electrons can participate in covalent bonding to an
extent that will strongly depend on the electronic structure of
the ligands. This covalent mixingshybridizationd between
the TM 3d electrons and ligand valence electrons leads to
a delocalization of the 3d states, and hence to a decrease
of the 3d electron density at the TM atoms and—as a
consequence—to a weakening of the 3d electron correlation.
The subtle interplay between hybridization and 3d correla-
tion in the electronic structure can be accounted for by a
systematic comparative investigation of a variety of different
TM compounds using modern x-ray spectroscopic tech-
niques, in particular high-resolution x-ray absorption fine-
structuresNEXAFSd spectroscopy, which has become a pow-
erful tool for probing empty electronic states. Although
NEXAFS spectroscopy has been widely used for more than
two decades to gain information on the energy distribution

and spatial localization of unoccupied electronic states in 3d
TM compounds, a systematic study of the role of hybridiza-
tion in the formation of the electronic structure of these com-
pounds is still missing.

This work presents F 1s NEXAFS spectra recorded with
high-energy resolution for a series of binary fluorides, in-
cluding TiF4, VF4, VF3, CrF3, CrF2, MnF3, MnF2, FeF3,
FeF2, CoF2, NiF2, CuF2, and ZnF2. The NEXAFS spectra
were measured with the aim to elucidate the role of covalent
bonding and its manifestation in NEXAFS spectra as well as
to gain information on the electronic structure of the conduc-
tion band along the whole series of 3d TM compounds. We
chose the 3d TM fluorides for this study since they are the
most ionic and simplest ones among the 3d TM compounds.
It is expected that the spectra of these TM fluorides together
with the derived electronic-structure information provide the
basis for an improved understanding of the electronic prop-
erties of more complicated and also more covalent com-
pounds. Since in most of these compounds the 3d atoms are
coordinated octahedrally or almost octahedrally to fluorine
atoms, a possible covalent bonding between the TM and the
surrounding atoms can be realized within theMF6 structural
group. In the context of a simple ionic model, which has
been mainly used up to now, it is quite natural to assume that
a covalent TM 3d−F 2p bonding in the fluorides is virtually
absent, so that the lower conduction band of the TM fluo-
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rides is formed solely by 3d states of the positive TM ions.
On the basis of a comparative analysis of the F 1s NEXAFS
spectra of TM fluorides and of isostructuralsoctahedrald co-
valent systemssSF6 molecule as well as PF6

− and TiF6
2− mo-

lecular anionsd we shall show that this is not correct. Even in
the case of such strongly ionic compounds of the 3d TM’s as
fluorides, covalent bonding plays an important role, causing
a mixed TM 3d−F 2p character of the empty electronic
states near the bottom of the conduction band.

II. EXPERIMENT

We studied near-edge x-ray absorption fine-structure
sNEXAFSd spectra at the F 1s threshold of binary fluorides
in the solid phase, including KF, TiF4, VF4, VF3, CrF3, CrF2,
MnF3, MnF2, FeF3, FeF2, CoF2, NiF2, CuF2, and ZnF2, of
SF6 in the gas phase, and of the PF6

− and TiF6
2− molecular

anions of the solid compounds KPF6 and K2TiF6. The 2p
absorption spectra of titanium for TiF6

2−, TiF4, TiO2, and of
potassium for KF were investigated additionally in order to
facilitate the interpretation of the F 1s absorption structures
in the spectra of titanium and potassium fluorides. Most of
these spectra were recorded at the Russian-German beamline
operated at the Berliner Elektronenspeicherring für Synchro-
tronstrahlungsBESSY IId,2–4 while the spectra of KF and
CuF2 were taken under similar experimental conditions at the
D1011 beamline of MAX-lab, Lund, Sweden. All materials
were obtained commercially and were studied without fur-
ther purification. The spectra of the solid materials were ob-
tained by monitoring the total electron yield from samples
that were prepared by rubbing powders of solid materials
into the scratched surface of a clean copper plate. No notice-
able charging effects were observed in the experiments. The
NEXAFS spectra of SF6 and Ne in the gas phase were mea-
sured by detecting the total photoionization yield with the
help of a gas cell with an entrance window made of a thin
aluminum foil. The resolving powerE/DE exceeded 6000
for the energy range up to 870 eV, as estimated from the
analysis of the linewidth of the first separated 1s→3p line in
the absorption spectrum of gas-phase Ne. This line was fitted
by a combination of Lorentzian and Gaussian line shapes
with half widths of 305 and 144 meV, respectively. The
Lorentzian and Gaussian half widths simulate the line shape
due to the natural width of the Ne 1s level and the instru-
mental function of the monochromator, respectively.5 As es-
timated from these data, the energy resolution of the mono-
chromatorDE in the range of the F 1s absorption threshold
shn>690 eVd was approximately 115 meV. The absorption
spectra were normalized to the incident photon flux, which
was monitored by detecting the photocurrent from a gold
mesh placed at the outlet of the beamline. The photon energy
in the region of the F 1s absorption spectrum was calibrated
using the known positions683.9 eVd of the first narrow peak
in the F 1s absorption spectrum of K2TiF6,

6 which was re-
corded before and after each measurement of a fluoride spec-
trum.

III. RESULTS AND DISCUSSION

A. Overview

The F 1s NEXAFS spectra of the TM fluorides studied in
this work over the photon-energy range from 675 to 760 eV

are presented in Figs. 1 and 2; the labeled NEXAFS features
are discussed below. For the majority of the studied binary
TM fluorides, these high-resolution F 1s spectra were ob-
tained. Previously, only the spectra of some TM difluorides,7

and of ScF3 sRef. 8d had been reported with lower resolution.
The F 1s NEXAFS spectra of the TiF6

2− and PF6
− anions in

solid K2TiF6 and KPF6, respectively, shown in Fig. 3, exhibit
a fine structure similar to that previously reported,6,9 but with
much better resolution. For SF6 in the gas phase, the line
shapes and energy positions of the spectral structures in the

FIG. 1. F 1s NEXAFS spectra of the 3d TM fluorides K2TiF6,
TiF4, VF4, VF3, CrF3, CrF2, and MnF3. The spectra were normal-
ized to the same continuum jump at 760 eV.

FIG. 2. F 1s NEXAFS spectra of the 3d TM fluorides MnF2,
FeF3, FeF2, CoF2, NiF2, CuF2, and ZnF2. The spectra were normal-
ized to the same continuum jump at 760 eV.
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F 1s NEXAFS spectrum, presented also in Fig. 3, correlate
again well with the spectra that had previously been
reported.10–14The same is true for the F 1s spectrum of KF,
presented in Fig. 8, which compares well with spectra re-
ported in the literature.15,16 Some of the spectra presented in
this work had been briefly discussed before.17 Finally, it
should be emphasized that the spectra presented here are of
particular interest because they were measured under the
same experimental conditions, thus allowing us to discuss
changes in x-ray absorption spectra and electronic structure
along the entire series of 3d TM fluorides.

The NEXAFS spectra of the TM fluorides in Figs. 1 and 2
were normalized to equal absorption edge jumps. The spectra
are quite different from that of K2TiF6 and they show sub-
stantial variations along the series of 3d TM fluorides swith
increasing number of 3d electronsd. Nevertheless, one can
distinguish three spectral regions, where the spectral features
are similar in all spectra, including that of covalent TiF6

2−.
The first region contains the narrow resonancesa, a8, b, and
b8, located below the F 1s absorption thresholdsat
,690 eVd. The second region is dominated by the broader
absorption bandsc, d, ande that are located slightly above
the absorption threshold and overlap significantly with each
other. It should be noted that the F 1s NEXAFS spectrum of
ScF3 reported in Ref. 8, despite a lower energy resolution,
contains also two similar regions. The third energy region
sabove,705 eVd displays rather broad and less intensive
EXAFS-like oscillations.

Since for all of the studied fluorides an octahedral or
nearly octahedral coordination of the 3d atoms by fluorine is
typical, these crystals are commonly considered as three-
dimensional arrays of interlinked distorted MF6 octahedra.18

In this case, covalent bonding between the 3d TM atom M

and the surrounding fluorine can take place within the octa-
hedron due to a mixing of the valenceM 3d, 4s, 4p, and
F 2p electronic states. In order to learn how such a hybrid-
ization of the valence states can manifest itself in the F 1s
NEXAFS spectra of binary TM fluorides, we first consider
the origin of the absorption features in the spectra of the
covalent molecular TiF6

2− anion in solid K2TiF6.

B. Assignment of absorption features for the covalent molecular
TiF 6

2− anion

In Fig. 3 we compare the F 1s NEXAFS spectra of the
following isostructural covalent molecules: SF6 in the gas
phase and the solid-state molecular anions PF6

− and TiF6
2−,

representing isolated regular octahedra.18 The spectrum of
SF6 exhibits a well-developed fine structure with peaks la-
beled A–D that result from the F 1s electron transitions to
unoccupied molecular orbitalssMO’sd of a1g, t1u, t2g, andeg
symmetry.10–14,19–21The excited molecular states formed in
this case are often considered as molecular shape resonances,
underlining in this way their fundamental relationship with
quasistationary statessshape resonancesd, that prevail in the
resonancesmultipled scattering of low-energysphotodelec-
trons by a molecular potential.19–21Transitions to unoccupied
MO’s of a1g andt1u symmetrysformed from the S 3s and 3p
orbitals with an admixture of F 2p orbitalsd are responsible
for the absorption peaks A and B below the F 1s ionization
threshold in SF6 f695.04 eVsRef. 22dg. The features C and D
appear in the continuum significantly above the threshold
resulting from transitions to the MO’st2g andeg. These MO’s
are formed by covalent mixing of the S 3d with the F 2p
states, so that the corresponding peaks can be observed in the
absorption spectra of both sulfur and fluorine at almost the
same energy positions above the vacuum level.10–14Since the
contributions from S 3d orbitals dominate in the MO’st2g
andeg, the energy positions of bands C and D relative to the
F 1s ionization threshold reflect actually the energies of S 3d
states relative to the vacuum level, which are split into 3dt2g
and 3deg components in the anisotropic field of the fluorine
octahedron. This ligand-field splitting of the 3d states in the
MF6 octahedrons10Dqd is given by 10Dq=5eqkr4l3d/3R5,
whereq is the charge on each ligand atomsfluorined, kr4l3d is
the expectation value of the operatorr4 for the TM 3d wave
function, and R is the interatomic distanceRsM-Fd.23–25

10Dq is equal to 13.3 eV in the F 1s absorption spectrum of
the SF6 molecule.10–14

It should be noted that unoccupied electronic states
sMO’sd of SF6 observed in the F 1s absorption spectrum are
somewhat disturbed by the F 1s core hole. This final-state
effect is well known and quantitatively evaluated for poly-
atomic molecules like SF6 on the basis of comparison be-
tween their x-ray or UV absorption spectraswith a core holed
and electron-molecule scattering spectraswithout itd.19–21

Primarily, the core hole is responsible for certain low-energy
shifts in the energy positions of the localized unoccupied
MO’s. On the other hand, the ordering of low-energy unoc-
cupied electronic states is retained, and relative energy sepa-
rations between them do not change significantly.19–21 Evi-
dently, such behavior of empty electronic states indicates that

FIG. 3. F 1s NEXAFS spectra of the covalent anions TiF6
2− and

PF6
− in solid K2TiF6 and KPF6 as well as of SF6 in the gas phase.

The vertical arrow indicates the energy of the F 1s ionization
threshold for the moleculef695.04 eVsRef. 22dg.
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the changes caused by a core hole in the atomic-orbital com-
position of unoccupied MO’s are rather small. We assume
that the same is qualitatively valid not only for molecules,
but also for quasimolecular groups in solids. In particular, it
should be valid for theMF6 quasimolecules in 3d TM fluo-
rides. Thus, considering below covalent bonding effects in
the F 1s NEXAFS spectra of these fluorides, we will assume
that the F 1s hole shifts the positions of all unoccupied MO’s
to lower energies by more or less the same value, and its
influence on the degree of theM 3d−F 2p hybridization is
not large.

Figure 3 provides evidence for a strong similarity between
the F 1s NEXAFS spectrum of the SF6 molecule and that of
the PF6

− molecular anion in solid KPF6, which is actually not
surprising. Indeed, the PF6

− anion is a separate structural unit
of the crystal with essentially covalent bonds between the
phosphorus and fluorine atoms; it is an isostructural and iso-
electronic analog of the SF6 molecule. These facts, along
with the rather similar interatomic distances in these poly-
atomic systemsfRsS-Fd=0.156 nm andRsP-Fd=0.158 nm
sRef. 18dg, explain the similarity between the fine structures
observed in the spectra of the molecule and of the solid mo-
lecular anion, including the very similar 3d splitting in
SF6s13.3 eVd and PF6

−s13.6 eVd. Indeed, the above expres-
sion for the crystal-field splitting gives closely related energy
separations between the 3dt2g and 3deg components for these
polyatomic molecules, since their interatomic distances
RsM −Fd are essentially equal andkr4l3d decreases only
slightly when going from the P to the S atom. It is thus
possible to relate bands C and D in the F 1s spectrum of PF6

−

sas in the case of SF6d to the 3d states of the central atom
sphosphorusd and to use their energies relative to the F 1s
ionization threshold for estimating the energy positions of
these states relative to the vacuum levelssee further belowd.

In the spectra of unoccupied electronic states in the
hexafluorides of phosphorus and sulfur, the 3d states of the
central atom appear only in the continuum. These states can
be probed by x-ray absorption on both the PsSd and F sites.
It is of interest to find out whether the F 1s absorption spec-
tra can also be used to probe 3d states in the first-row TM
fluorides, where the 3d shell is only partly filled. We antici-
pate that this will only be possible if the covalent bonding
between the 3d TM atom and the fluorine atoms is suffi-
ciently strong. With this in mind, we first consider the F 1s
NEXAFS spectrum of the covalent molecular anions TiF6

2−

in crystalline K2TiF6 ssee Fig. 3d, using the spectra of SF6
and PF6

− as references. While the F 1s NEXAFS spectra of
SF6 and PF6

− are quite similar, they differ considerably from
the spectrum of TiF6

2−, where the resonances C and D are
missing, while two rather narrow and intense absorption
peaksa andb show up in the low-energy spectral region; in
addition, the onset of the F 1s absorption is shifted to lower
energies by several eV. It is remarkable that the widths
sFWHM, full width at half maximumd of peaksa and b in
the spectrum of solid K2TiF6sFWHM<1 eVd are signifi-
cantly smaller than the width of the lowest-energy peakA in
the spectrum of gas phase SF6 sFWHM<2.3 eVd.

In order to obtain further insight in the origin of these
narrow peaks, we studied additionally the Ti 2p absorption

spectrum in K2TiF6 ssee Fig. 4d. This spectrum should reflect
the energies of the free 3d states in the most direct way,
because it is dominated by the 2p→3d dipole transitions in
the Ti atoms.26,27 The absorption Ti 2p spectrum was mea-
sured with an energy resolution of<75 meVsFWHMd, and
reflects clearly the spin-orbit splitting of the Ti 2p level. The
energy separation between the 2p3/2 and 2p1/2 components
sthe latter marked by an asterisk in Fig. 4d is close to 5.2 eV,
i.e., equal to the spin-orbit splitting of the Ti 2p level in
TiF4.

28 In Fig. 4, the Ti 2p spectrum was aligned in energy to
the F 1s spectrum using the energy difference of 222.9 eV
between the F 1s and Ti 2p3/2 levels of K2TiF6. This split-
ting was obtained with an Escalab 220iXL spectrometer at
the Wilhelm-Ostwald-Institute, Leipzig, using monochroma-
tized Al Ka radiation; it coincides with that reported in Ref.
6. The narrow and intense peaksa and b in the Ti 2p3/2
spectrum stem from dipole-allowed transitions of Ti 2p3/2
electrons to unoccupied 3d states. Similar to the case of PF6

−

and SF6, these states are split into 3dt2g speakad and 3deg
speakbd components by the octahedral crystal field created
by the fluorine ions. These peaks in the Ti 2p spectrum cor-
respondswith respect to lineshape and energy positiond to
the low-energy peaksa and b in the F 1s NEXAFS spec-
trum. It is reasonable to assume that these peaks are of the
same nature reflecting transitions of core electrons of Ti and
F to the molecular statest2g andeg of the TiF6

2− anion, with
strong covalent Ti 3d–F 2p mixing in both cases. The small
differencessless than 2 eVd in the energy positions of these
states observed in the spectra of Ti and F may naturally be
attributed to a different impact of the F 1s and Ti 2p3/2 core
holes on the states under consideration. This final-state effect
occurs mainly due to Coulomb and exchange interaction be-
tween an inner-shell vacancy and an electron excited to an

FIG. 4. Ti 2p1/2,3/2 sad and F 1s sbd NEXAFS spectra of the
molecular anion TiF6

2− in solid K2TiF6. The Ti 2p1/2 structures
were labeled by letters with asterisks. The spectra are aligned in
energy using the measured energy separations222.9 eVd between
the F 1s and Ti 2p3/2 core levels of K2TiF6.
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empty state. It leads to different energies of the excitation
with respect to the vacuum level in different spectrasdue to
different vacanciesd.29 At the same time, we should empha-
size that the energy separation betweena andb scrystal-field
splitting of the Ti 3d states intot2g and egd remains almost
unchanged in the spectra of fluorine and titanium: 2.37 eV
sF 1s spectrumd, 2.58 eVsTi 2p3/2 spectrumd, and 2.63 eV
sTi 2p1/2 spectrumd.

The small widths of peaksa andb in both spectra indicate
strong spatial localization of thet2g andeg excitations. From
general principles and by analogy with the SF6 and PF6

− sys-
tems, it is natural to assume that these excitations are essen-
tially localized at the centralsTid atom and are primarily
determined by the 3dt2g and 3deg states, which can be ob-
served in the F 1s absorption spectrum of the TiF6

2− anion
due to covalent bonding between the Ti and F atoms. It
should be noted here that the widthsFWHMd of peaksa and
b is different in the spectra compared: 0.37 eVsad and 0.48
eV sbd in the Ti 2p3/2 spectrum; 0.99 eVsad and 1.33 eVsbd
in the F 1s spectrum. We are not comparing with the Ti 2p1/2
spectra, since there a strong Coster-Kronig decay of the
Ti 2p1/2 hole contributes to the widths. Note that the ratios of
the widths of peaksa andb are the sames3:4d in the spectra
compared. These changes in the widths cannot be explained
by differences in the energy resolution or in the core-hole
lifetimes, since both spectra were taken with rather similar
energy resolutionss115 meV for F 1s; 75 meV for Ti 2pd; in
addition, for both the F 1s and Ti 2p3/2 holes the lifetime
widths are 0.2–0.3 eV.5 We therefore associate these findings
with a smaller lifetime of the 3deg and 3dt2g excitations in
the F 1s NEXAFS spectrum due to hopping of the excited
electrons from the core-excited fluorine atom to neighboring
fluorine atoms with no involvement of the core holes. The
lifetime t of these quasibound electronic states is determined
by that of the core holeth and that of the excited electron at
the parent core-excited atomte:1 /t=1/th+1/te. The life-
time of the core hole is an intrinsic atomic property, which is
only weakly affected by the surroundings in the solids, while
te is strongly influenced by the degree of localization of the
excited electron. In the framework of a quasimolecular ap-
proach to the electronic structure of TM fluorides, the differ-
ent values of te for low-energy excitations
s3dt2g and 3degd at the Ti 2p3/2 and F 1s thresholds are
caused by the different localization regions of the corre-
sponding Ti and F excitations, which are primarily defined
by the sizes of the Ti atom and the F octahedron, respec-
tively. In other words, we assume that the solid-state envi-
ronment will influence the x-ray absorption spectrum of the
ligand atomsfluorined of the molecular anion TiF6

2− stronger
than that of the central atomstitaniumd. We have previously
observed a similar effect comparing NEXAFS and resonant
photoemission spectra of the molecular anion NO2

− in solid
NaNO2 at the N 1s and O 1s thresholds.30 Finally, it should
be also noted that the observed difference in the width of the
Ti 2p and F 1s resonances can be partly caused by their
different broadening due to the vibrational excitation of the
TiF6

2− quasimolecule in the process of x-ray absorption.
Thus the Ti 3d states in TiF6

2− can be probed by F 1s
NEXAFS. This conclusion is additionally supported by a
comparative analysis of the F 1s spectra for octahedral SF6,

PF6
−, and TiF6

2−. Indeed, when going from SF6 and PF6
− to

TiF6
2− one can clearly observesid a large shift of the absorp-

tion bands to lower energiessby <15 eVd related to the 3d
states of the central atomsbands C and D for SF6 and PF6

−

and peaksa andb for TiF6
2−d andsii d a considerable decrease

in their energy widthsssee Fig. 3d. These spectral changes
are the result of a collapse and subsequent increase in local-
ization of the 3d states of the central atom when going from
atoms close to the end of the second row to atoms of the first
TM series.31 This collapse of the 3d states manifests itself
also in a strong decrease in the energy splitting of these
states intot2g and eg components caused by the F octahe-
dron: 13.6 eVsPF6

−d, 13.3 eVsSF6d, and 2.37 eVsTiF6
2−d. As

noted above, in the framework of the crystal-field theory, this
splitting is proportional to the quantitieskr4l3d and R−5sM
-Fd.23–25As a result of an increase in the interatomic distance
RsM-Fd when going from PF6

− s0.158 nmd and
SF6 s0.156 nmd sRef. 18d to TiF6

2− s0.192 nmd,32 the crystal-
field splitting in the case of TiF6

2− should be reduced by a
factor of 0.354, i.e., to a value of 4.71 eV as compared to
13.3 eV for SF6. The splitting observed in the Ti 2p1/2,3/2
spectra of TiF6

2− s2.63 and 2.58 eVd is about two times less
than the expected one. Evidently, such an additional decrease
in the 3dt2g−3deg splitting can only result from a strong
contraction of the 3d wave functions due to the described
collapse.31 Finally, we would like to note that the collapse of
the 3d wave function is observed even more evidently in the
2p NEXAFS spectra of the central atoms when going from
SF6 to TiF6

2−.6

We turn again to Fig. 3 now in order to analyze one fur-
ther interesting observation. As mentioned above, the intense
absorption bands A and B in the spectra of SF6 and PF6

− are
caused by the F 1s electron transitions to the lowest unoccu-
pied electronic states ofa1g and t1u symmetry. These states
are described by MO’s that, for these polyatomic systems,
are made up of hybridized SsPd 3s+F 2p and SsPd 3p
+F 2p character, respectively. Within the framework of our
quasimolecular approach we assume that the corresponding
absorption structuresc−e in the second spectral region of the
F 1s spectrum of TiF6

2− reflect empty electronic states that
result from the Ti 4s, 4p–F 2p covalent bondingshybridiza-
tiond.

C. Comparison of the spectra of TiF6
2− with those of TiO2

and KF

In the preceding section we showed that the x-ray absorp-
tion spectra in the vicinity of core-electron thresholds reflect
the quasimolecular character of the TiF6

2− anion in solid
K2TiF6. This means that NEXAFS excitations at the Ti 2p
and F 1s thresholds of this crystalline compound occur
mainly within the octahedron of fluorine atoms that is only
scarcely affected by the rest of the solid. This allows us to
give a unified interpretation of the Ti 2p and F 1s NEXAFS
spectra of TiF6

2−, i.e., to associate the observed spectral fea-
tures with the transitions of Ti 2p and F 1s electrons to the
low-lying empty MO’s of the covalent molecular anion. In
the following, we shall show that the primary role of the
fluorine octahedra for the NEXAFS spectra is also preserved
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in ionic 3d TM fluorides, since in these compounds the TM
atoms are also coordinated octahedrally or nearly octahe-
drally by fluorine atoms. Along with this similarity, however,
there are important structural distinctions between K2TiF6
and 3d TM fluorides. First, the octahedral anions TiF6

2− in
K2TiF6 are quasi-isolated from each other, whereas in the
ionic TM fluorides similar polyatomicMF6 groups are linked
together via their edges and corners forming a network of
octahedra.18 Thus, in ionic TM fluorides, the x-ray absorp-
tion spectra ofMF6 are affected stronger by the crystal than
in case of the quasi-isolated molecular anion TiF6

2−. Second,
the octahedra in 3d TM fluorides are usually considerably
distorted causing changes in the F 1s NEXAFS spectra.

In order to clarify the effects of a linkage of the octahedra
on the NEXAFS spectra of the central as well as the ligand
atoms, we shall compare the absorption spectra of the quasi-
isolated molecular anion TiF6

2− in solid K2TiF6 with the spec-
tra of rutile TiO2 and KF. In rutile, the TiO6 octahedra are
linked in a three-dimensional network. We think that the
electronic structure of rutile relevant to the NEXAFS spectra
is mainly caused by the nearest-neighbor environment of the
Ti atom, i.e., it is reasonable to compare TiF6

2− in K2TiF6
with TiO6 in TiO2,

33 because these octahedral polyatomic
groupssquasimoleculesd are almost isostructural. Indeed, the
oxygen octahedron around a given titanium atom is only
slightly distorted in rutile, two Ti-O distancess0.199 nmd
being slightly larger than the other fours0.194 nmd.18 These
distances are very close to the interatomic distanceRsTi-Fd
=0.192 nm in K2TiF6.

32 Furthermore, absorption structures
in molecular spectra result from multiplesresonanced scatter-
ing of low-energy photoelectrons in the molecular field,34

and the differences in scattering properties of oxygen and
fluorine atoms are small owing to their very similar elec-
tronegativities; they will therefore not contribute substan-
tially to differences in the NEXAFS spectra of TiF6

2− and
TiO2. We suppose therefore that it is the octahedron linkage
that is responsible for the main changes in absorption struc-
tures when going from TiF6

2− to TiO2. In this case it appears
natural that the greatest changes should be observed in the
absorption spectra of the ligand atoms.

The x-ray absorption spectra of rutile have been measured
repeatedly and have been discussed in Refs. 35–45. The
spectra obtained in the present workssee Fig. 5d are better
resolved fDE=90 meV sFWHMd in the case of the O 1s
spectrum and 75 meV in the case of the Ti 2p spectrumg than
most of the previously measured ones, but the overall spec-
tral shape is in good agreement with the earlier studies. In
Fig. 5, the Ti 2p and O 1s spectra were aligned in energy
using the known energy separations72.2 eVd between the
Ti 2p3/2 and O 1s core levels in rutile.46 It is clear from Fig.
5 that peaksa andb have about the same energy positions in
the two spectra. As in the case of TiF6

2−, they therefore reflect
core-electron transitions in the oxygen and titanium atoms to
the lowest unoccupied Ti 3dt2g and 3deg electronic states
that are hybridized with the 2p states of the ligandsoxygend
atoms. The bandsc, d, ande in the O 1s spectrum are known
to be related to the empty electronic states with mixed Ti 4s,
4p+O 2p character.35,37,39,41

In the following, we shall compare the spectra of the cen-
tral atomsTid and the ligand atomssO and Fd for TiO2 and

TiF6
2−. Figure 6 displays the Ti 2p absorption spectra of

TiF6
2− and TiO2 recorded under identical experimental con-

ditions. For the sake of convenience, the spectrum of rutile
was shifted by<0.8 eV to higher photon energies in order to
align the peaksa in the two spectra. The compared spectra
have the same number of intense absorption bandssa, b, a* ,
andb*d and the weak peakssa, b, g, d, g* , andd*d and have

FIG. 5. Ti 2p1/2,3/2 sad and O 1s sbd NEXAFS spectra of rutile
TiO2. The Ti 2p1/2 structures were marked by asterisks. The spectra
were aligned in energy by using the energy separations72.2 eVd
between the O 1s and Ti 2p3/2 core levels in rutilesRef. 46d.

FIG. 6. Comparison between the Ti 2p1/2,3/2 NEXAFS spectra
of the molecular anion TiF6

2− in solid K2TiF6 and in the rutile TiO2.
The spectrum of TiO2 was aligned in energy with that of TiF6

2− at
the position of the first absorption peaka.
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similar line shapes. The biggest differences between these
spectra are given by in the widths of the absorption bandsb,
a* , and b* that are essentially broader in the spectrum of
rutile. On the other hand, the increase of the width of peaka
is insignificant. For bandsb and b* , the shape changes are
particularly strong: these bands split into two bandsb1-b and
b1

*-b* in the spectrum of TiO2. This doubling of the Ti 2p-
3deg transitions in case of TiO2 is well known and has been
discussed repeatedly in the past.39,41,45As a result, there are
three different explanations for the origin of this effect:sid a
transformation of theeg MO’s of the MO6 groups into aneg
band in the crystal;39 sii d a splitting of the 3deg component
due to the dynamic Jahn-Teller effect;39 siii d a reduction of
the real site symmetry of Ti in rutile fromOh to D4h or D2h.

41

On the other hand, a theoretical analysis claims that the dis-
tortions of theOh symmetry cannot explain this doubling of
the Ti 2p→3deg transitions in case of TiO2,

45 which would
mean that the above explanations might be incorrect.

The ligand 1s absorption spectrasoxygen and fluorined of
TiF6

2− and TiO2 are presented in Fig. 7; they are aligned in
energy at the position of peaka. It is very striking that the
ligand spectra show a closer similarity than the spectra of the
centralsTid atom. We observe only a broadening of peaksa
and b that are associated with the Ti 3dt2g and 3deg elec-
tronic states, furthermore, small shifts of bandsc and d to
higher energies, and differences in the relative intensity of
bandsc, d, ande. The latter bands reflect core-electron tran-
sitions to the unoccupied 4sa1g and 4pt1u electronic states of
the Ti atom hybridized with the 2p states of the ligand atoms
soxygen or fluorined. These changes cannot be related to a
difference in energy resolution, since the O 1s and F 1s
NEXAFS spectra were recorded with quite similar energy

resolutions of 90 and 115 meV, respectively. Apart from the
above spectral differences, a certain similarity between the
low-energy absorption structures in the spectra of TiO2 and
TiF6

2− is obvious.
This allows us to consider the absorption structures in the

two spectra of rutile in a similar way, as discussed above for
the case of TiF6

2−, i.e., within a quasimolecular approach. To
this end, we assign these structures to core-electron transi-
tions to the lowest unoccupied MO’s of the octahedral TiO6
quasimolecule, despite the linkage of these octahedra in
rutile. In this case, the octahedron linkage should be treated
as only a weak perturbation that causes mainly an additional
delocalization of the finalsexcitedd states and, as a conse-
quence, a broadening of the corresponding spectral features.
This perturbation will not change the character of the final
states, i.e., it will preserve their quasimolecular nature that is
formed by the TiO6 quasimolecule.

A more detailed consideration of the rutile structure al-
lows us to make one further suggestion: In the rutile struc-
ture there are two types of TiO6 octahedra with different
orientations,18 which are joined together via two opposite
edges to form a chain. The chains are linked by common
corners and form an octahedral network. The 3deg orbitals
are directed towards the corners of the octahedrasoxygen
anionsd, which means that they should be more sensitive to
changes in the chemical state of the oxygen atoms as com-
pared to the 3dt2g orbitals that are oriented towards the edges
of the octahedra. On this basis we suppose that the presence
of two orientations of the TiO6 octahedra in rutile is respon-
sible for the observed doubling of the 3deg spectral features
in the Ti 2p NEXAFS spectrum, whereas the octahedra link-
age is expected to cause only a broadening of the absorption
structures. Besides that, some broadening of the absorption
bands in the spectra of TiO2 originates from small distortions
of the TiO6 octahedron. Because of the Ti 3d−O 2p hybrid-
ization, one could expect that the splitting of the 3deg states
should also be reflected in the O 1s absorption spectrum as a
splitting of peakb. However, this splitting is hidden due to
the large broadening of the low-energy absorption bandsa
andb that is comparable to the full width of the doubled 3deg
component in the Ti 2p spectrumssee Fig. 5d. It should be
noted here that a similar doubling of the 3deg component has
not been observed in the Ti 2p x-ray absorption spectra of
FeTiO3 sRef. 41d and SrTiO3 sRef. 47d that contain TiO6
octahedra with the same orientation. A more detailed com-
parative analysis of the absorption spectra of TiO2 and TiF6

2−,
including consideration of the low-intensity structuresa, b,
g, d, will be given elsewhere.

Thus, by comparing K2TiF6 with TiO2, we have shown
that the fluorinesoxygend octahedron around the central Ti
atom plays a decisive role in the formation of the spectral
features at low energies in the FsOd 1s NEXAFS spectra of
these compounds, while the interoctahedral interaction is of
less importance. In order to demonstrate that this rule is more
general and can be applied to compounds with different
types of interoctahedral linkage, we now compare the fluo-
rine spectra of the quasimolecular anion TiF6

2− and of the
“classical” ionic crystal KFssee Fig. 8d. The latter can be
considered to be composed of a network of nondistorted KF6
octahedra joined by all sharing edges.18 The spectra consid-

FIG. 7. Comparison of the O 1s NEXAFS spectrum of rutile
TiO2 sad with the F 1s spectrum of the molecular anion TiF6

2− in
solid K2TiF6 sbd. The spectrum of TiO2 was aligned in energy with
that of TiF6

2− at the position of the first absorption peaka.
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ered are clearly similar in line shape and are characterized by
two low-energy peaksa andb sunresolved in case of KFd as
well as by well-defined structuresc, d, and e close to the
F 1s absorption thresholdsat <690 eVd. In Fig. 9, the
K 2p x-ray absorption spectrum, recorded with 50-meV en-
ergy resolution, is aligned in energy with the F 1s spectrum
of KF making use of the known energy separation between

the F 1s and K 2p3/2 core levelss390.55 eVd measured by
photoemission. It is clearly seen that the low-energy struc-
tures in the fluorine spectrum of KF have very similar energy
positions as the analogous spectral features in the K 2p3/2
x-ray absorption spectrum, i.e., stemming from transition to
the unoccupied 3dt2g and 3deg states. This allows us to as-
sume a common origin of the lower-energy absorption peaks
in the two spectra of KF, i.e., the 3dt2g and 3deg states of the
central K atom, split by the field of the fluorine octahedron
that must have a mixed K 3d+F 2p character in order to
contribute to both NEXAFS spectra.

The energy spacing 3dt2g-3deg is the sames1.18 eVd in
the K 2p3/2 and 2p1/2 spectra within the experimental accu-
racy. The shape of the low-energy absorption banda-b in the
F 1s spectrum agrees also well with the assumption that it
consists of two unresolved components separated by an en-
ergy spacing of<1.2 eV. This 3dt2g-3deg splitting, which is
about two times smaller than that in TiF6

2− s2.37 eV in the
F 1s spectrumd, should be associated with the increase of the
interatomic distance between central and ligand atoms when
going from the TiF6

2− s0.192 nmd to the KF6 octahedron
f0.266 nm sRef. 18dg. However, according to the above-
mentioned expression 10Dq=5eqkr4l3d/3R5 for the crystal-
field splitting,23–25 this large change in the octahedron size
must cause a stronger decrease of the 3d splitting, namely
from 2.37 to 0.46 eV, if the average radiikrl3d of the K and
Ti 3d wave functions in KF and TiF6

2− are equal to each
other. The discrepancy between this predicted splitting and
the value observed experimentallys<1.2 eVd results prob-
ably from a larger radius of the 3d wave function of the K+

cation due to an incomplete collapse in comparison with the
titanium cation.31,48 It should also be noted that the empty
cation 3d states have different energy positions with respect
to the onset of the F 1s continuumsat ,688 eVd in the fluo-
rine spectra of KF and TiF6

2− indicating an incomplete col-
lapse of the 3d wave function for K+. Finally, we should
emphasize that we have observed and discussed the collapse
of the 3d electronic states along theP-S-K-Ti series in PF6

−,
SF6, KF, and TiF6

2− indirectly via the F 1s absorption spectra.
Contrary to the observation of a collapse in the cation x-ray
absorption spectra,48 our present findings demonstrate a
“pure” 3d collapse for the electronic configurations without
2p core holes on the cation sites. In this regard our measure-
ments are similar to a study by inverse photoemission that
probes empty atomiclike electronic states without the cre-
ation of a deep core hole that will perturb the ground state of
the atom under consideration.49 Evidently, the present obser-
vation of a 3d collapse in the F 1s NEXAFS spectra is the
result of strong covalent mixing between the cation 3d and
fluorine 2p electronic states in PF6

−, SF6, KF, and TiF6
2−.

D. Consideration of the F 1s absorption spectra
for 3d TM fluorides

We now discuss the role of covalent bonding in the for-
mation of the unoccupied electronic states in going from
purely covalent reference systems to rather ionic binary fluo-
rides. Note that all 3d TM fluorides studied possess an octa-
hedral or nearly octahedral fluorine environment of the 3d

FIG. 8. F 1s NEXAFS spectra of the ionic crystal KF and of the
molecular anion TiF6

2− in solid K2TiF6.

FIG. 9. K 2p1/2,3/2 sad and F 1s sbd NEXAFS spectra of ionic
KF. The K 2p1/2 structures were marked by asterisks. The spectra
were aligned in energy using the energy separations390.55 eVd
between the F 1s and K 2p3/2 core levels in KF, measured by
photoemission.
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TM atoms.18 The TM difluorides studied possess the rutile
structure, whereas the crystal structure of the trifluorides is
similar to that of ReO3, where oxygensfluorined octahedra
are linked via their corners. The crystal structure of the tet-
rafluorides of the 3d TM atoms, TiF4 and VF4, can be de-
scribed by arrays of layers ofMF6 octahedra with a consid-
erable tetragonalsC4vd distortion linked by four shared
equatorial corners.18 Based on the localized and oriented
character of covalent bonds and taking into account the re-
sults of the preceding discussion, we assume that one can
consider the octahedral quasimoleculesMF6 formed by the
3d TM atom and the surrounding fluorine atoms as the main
building blocks of the crystalline material not only in rather
covalent 3d systems, but also in ionic TM fluorides. This
quasimolecular approach is an elegant way to gain deep
qualitative insight into the nature of chemical bonding in
these classical solids. In particular, it implies that the above
results obtained for the covalent molecular TiF6

2− anion, the
covalent TiO2 crystal, and the classical ionic KF crystal can
be quite useful for the analysis of spectra of binary ionic
fluorides.

We now consider in more detail the low-energy structures
in the F 1s x-ray absorption spectrasFigs. 10 and 11d. The
similarity of overall line shapes and energy positions
for these structures in the spectra of the ionic fluorides and
the covalent molecular anion TiF6

2− allows us to assign them
in both cases to unoccupied electronic states with mixed
TM 3d−F 2p character that results from a significant cova-
lent bonding between the valence electrons of the central TM
atom and the surrounding fluorine atoms. However, when
going from the TiF6

2− anion to the binary fluorides and fur-
ther along the series TiF4-¯-ZnF2, the spectra in Figs. 10

and 11 exhibit substantial changes in the number and relative
intensities of the resonances, as well as in their energy posi-
tions with respect to each other and to the onset of the F 1s
continuum, which is found in all spectra to be close to 687–
688 eV. These changes are likely caused by:sid the decreas-
ing number of the unoccupied 3d states of the TM atom
accompanied by an increasing localization of these states
along the series;sii d different exchange interactions between
the 3d electrons in partially filled shells;siii d variations in
magnitude and character of the distortion of the fluorine oc-
tahedron; andsivd different influences of the remaining parts
of the solid on the quasimoleculeMF6. The latter, in particu-
lar, will lead to a different coupling between these quasimo-
lecular units in the crystal. Therefore a complete understand-
ing of all these changes might only be possible on the basis
of detailed calculations of the F 1s NEXAFS spectra of the
binary fluorides, which have not been reported in the litera-
ture so far.

Despite this, we can make some assumptions about the
origin of the observed low-energy structures in the NEXAFS
spectra. Taking into account the results of our comparative
quasimolecular analysis of the NEXAFS spectra of TiF6

2−,
TiO2, and KF, we can first suppose that the linkage between
the MF6 octahedra in the TM fluorides has only a minor
influence on the shapes of the absorption features in the
F 1s spectra. Calculations of the electronic structures of 3d
TM oxides50 show that consideration of the exchange inter-
action between the 3d electrons leads to an additional split-
ting of the 3dt2g and 3deg electronic states ofMO6 into t2g↑,
eg↑, t2g↓, and eg↓ components related to two possible spin
orientations: spin ups↑d or spin downs↓d, respectively. Evi-
dently, a similar situation must hold forMF6 in the 3d TM
fluorides. It is also clear that the ordering of these split 3d

FIG. 10. High-resolution F 1s NEXAFS spectra of the 3d TM
fluorides K2TiF6, TiF4, VF4, VF3, CrF3, CrF2, and MnF3 recorded
in the photon-energy range from 678 to 710 eV. The formal 3d
electron configuration of the TM atoms is given in parentheses.

FIG. 11. High-resolution F 1s NEXAFS spectra of the 3d TM
fluorides MnF2, FeF3, FeF2, CoF2, NiF2, CuF2, and ZnF2 recorded
in the photon-energy range from 678 to 710 eV. The formal 3d
electron configuration of the TM atoms is given in parentheses.
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components depends on the ratio between the magnitudes of
the crystal-field and exchange splittings. The following dis-
cussion will allow us to suppose that the crystal-field split-
ting is larger than the exchange splitting, which—in turn—
leads to an ordering of the 3d componentst2g↑, t2g↓, eg↑, and
eg↓.

Based on the formal valence, one may assume that tita-
nium swith a 3d24s2 valence-electron atomic configurationd
has the same electronic configuration of the Ti4+ ion in the
molecular anion TiF6

2− and in solid TiF4, with no 3d elec-
trons. In this case, the 3d-3d exchange interaction is absent
and the peaksa andb in the spectrum of TiF6

2− can be related
to electronic transitions to the 3dt2g and 3deg states that are
not split by exchange interaction. Therefore the variations
of the low-energy absorption structures when going from
TiF6

2− to TiF4 result from a considerable tetragonalsC4vd
distortion of the TiF6 octahedra in the titanium fluorides. The
latter causes:sid splittings of the absorption bandsa s3dt2g
componentd and b s3deg componentd into two subbands
a-a8 s3de and 3db2 componentsd and b-b8 s3da1 and 3db1
componentsd, respectively;23–25 sii d a merging of the two
low-energy absorption bandsa and b into one broad band
a-a8-b-b8.

In contrast to the situation in other binary fluoridessof
vanadium, chromium, etc.d, these states are additionally split
due to exchange interaction between the 3d electrons. The 3d
electrons occupy successively thet2g↑, t2g↓, eg↑, and eg↓
states according to their statistical weights that are 3 and 2
for t2g andeg components, respectively.

In VF4 one available 3d electron of the V4+ cation partly
fills the lowest 3dt2g↑ band that can be additionally split into
two components by a considerable distortion of the
F6-derived octahedron, as observed in the case of TiF4. As a
consequence, one broad banda-a8-b-b8 is observed in the
low-energy part of the F 1s NEXAFS spectrum of VF4. It is
clearly seen that the exchange interaction between the 3d
electron and the excited electron does not contribute substan-
tially to an additional broadening of the low-energy absorp-
tion banda-a8-b-b8.

The formal valence configuration 3d2 of the vanadium ion
V3+ in VF3, with a nearly perfect VF6 octahedron, indicates
that the corresponding F 1s NEXAFS spectrum might ex-
hibit all four exchange-split 3d components, since the lowest
t2g↑ state will not remain fully occupied. Due to the almost
perfect octahedral shape of VF6, the absorption spectrum of
VF3 reveals sharper features than the spectra of VF4 and
TiF4. The overall shape of its low-energy structurea-a8-b8
does not rule out the existence of an additional unresolved
componentb in the region of the broad peaka8. Note that the
crystal-field splitting of VF3, with an interatomic distance of
RsV−Fd=0.195 nm,18 is probably not much different from
thats2.37 eVd of TiF6

2−, with RsTi−Fd=0.192 nm. As seen in
Fig. 10, this estimate is in agreement with the line shape of
the low-energy absorption structures.

In case of the chromium fluorides, CrF3 and CrF2, the
lowest t2g↑ state is already completely filled. Therefore only
three low-energy featuresa8, b, andb8 srelated to a transition
to the t2g↓, eg↑, andeg↓ states, respectivelyd are observed in
the spectra. The dramatic changes in the relative intensities
of these absorption structures in CrF2 as compared to CrF3

can be associated with the large distortion of the CrF6 octa-
hedron caused by a strong Jahn-Teller effect.18

The t2g↓ state gets gradually occupied when going from
CrF3s3d3d to CrF2, MnF3s3d4d, MnF2 and FeF3s3d5d. As a
result, the intensity of the first absorption structure,a8, de-
creases gradually. Similarly, only two transitions to theeg↑
andeg↓ states are observed in the spectra of FeF2 and CoF2,
since theeg↑ state in these compounds is filled. For NiF2 and
CuF2, where solely one unoccupied electronic stateeg↓ re-
mains, only one absorption peakb8 is observed in the low-
energy part of the F 1s NEXAFS spectra. In the spectrum of
ZnF2, the low-energy structure is absent since all 3d states
are filled in this compound.

In summarizing the results of our analysis of the low-
energy structures in the F 1s NEXAFS spectra, we note that
the conclusion concerning covalent contributions to chemical
bonding in the TM fluorides can already be obtained on the
basis of the mere observation of the F 1s spectra. Indeed,
within a simple ionic description, the lowest conduction band
of these compounds should successively be formed from the
empty 3d, 4s, and 4p states of the TM cation, whereas the
fully occupied F 2p states should constitute the top of the
valence band. The absence of unoccupied F 2p states would
then prevent any strong 1s→2p dipole transitions, in con-
trast to our observations. Allowed dipole transitions of F 1s
electrons to the delocalized 3p states are located in the con-
tinuum far above the ionization threshold and should have
very low intensities. Therefore they cannot noticeably con-
tribute to the F 1s NEXAFS spectra. As a result, we con-
clude that the F 1s NEXAFS spectra in the region between
690 and 700 eV reflect electron transitions to unoccupied
states formed mainly by covalent mixing of the 4s and 4p
states of the TM atom with the 2p states of the F atom.

In conclusion, we emphasize that the basic results of this
work provide strong experimental evidence for the important
role of covalent mixing in the formation of the unoccupied
electronic states in crystalline 3d TM fluorides. The F 1s
NEXAFS spectra are found to be well suited for probing the
unoccupied 3d states of thesTMd atoms in these compounds.
The present results are in good agreement with the conclu-
sions of similar studies of TM compounds with less ionic
character, as, e.g., the 3d TM oxides.35–37,40,51,52
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