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The near-edge x-ray absorption fine structiREXAFS) at the F 5 threshold has been studied with
high-energy resolution for a series of binary fluorides, including KF,, Wi, VF3, Cri, CrF,, MnF;, MnF,,
FeR;, Fek, CoF,, NiF,, CuFk, and Znk as well as for Skin the gas phase, and for the J&nd TiFé'
molecular anions of the solid compounds KPa&nhd KTiFgs. Most of these spectra were measured at the
Russian-German beamline at BESSY I, while the spectra of KF and, @ugife 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 seriesddfansition-metalTM) fluorides. The spectra of
these most ionic compounds of thd 3M’s have been analyzed in a comparative way considering also the
F 1s NEXAFS spectrum of the molecular 'I'éFanion in solid KTiFg. In its turn, the latter spectrum has been
interpreted by comparing with the S NEXAFS spectrum of the molecular PEnion in KPR and that of Sk
in the gas phase. In this way, the low-lying empty electronic states of diEMB fluorides are shown to be
formed by covalent mixing of the TM@with the fluorine 2 electronic states. It is further found that the
number of low-lying empty electronic states with TM-3fluorine 2o hybridized character decreases gradually
along the series of 8TM fluorides, and is essentially zero in the case of ZnF
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[. INTRODUCTION and spatial localization of unoccupied electronic statesdin 3
TM compounds, a systematic study of the role of hybridiza-
The great variety of properties observed thtBansition-  tion in the formation of the electronic structure of these com-
metal (TM) compounds is commonly related to the different pounds is still missing.
role of correlation effects between strongly localizeteBec- This work presents FSINEXAFS spectra recorded with
trons, charge fluctuations, and covalent bonding between tHeigh-energy resolution for a series of binary fluorides, in-
3d TM atoms and the neighboring atoms in various com-cluding TiF,, VF,, VF3, CrF;, CrF, Mnk;, MnF,, Fek;,
poundst Until recently, the 8 electron correlation has been FeF,, CoF,, NiF,, CuF,, and Znk. The NEXAFS spectra
considered to be dominant in the electronic structure of mostvere measured with the aim to elucidate the role of covalent
3d TM compounds. At the same time it is apparent that thebonding and its manifestation in NEXAFS spectra as well as
TM 3d electrons can participate in covalent bonding to anto gain information on the electronic structure of the conduc-
extent that will strongly depend on the electronic structure otion band along the whole series ofl 3M compounds. We
the ligands. This covalent mixinghybridizatior) between chose the 8 TM fluorides for this study since they are the
the TM 3 electrons and ligand valence electrons leads tamost ionic and simplest ones among tleT3V compounds.
a delocalization of the @ states, and hence to a decreaselt is expected that the spectra of these TM fluorides together
of the 3 electron density at the TM atoms and—as awith the derived electronic-structure information provide the
consequence—to a weakening of treedectron correlation.  basis for an improved understanding of the electronic prop-
The subtle interplay between hybridization andl &®rrela- erties of more complicated and also more covalent com-
tion in the electronic structure can be accounted for by gounds. Since in most of these compounds that®ms are
systematic comparative investigation of a variety of differentcoordinated octahedrally or almost octahedrally to fluorine
TM compounds using modern x-ray spectroscopic techatoms, a possible covalent bonding between the TM and the
niques, in particular high-resolution x-ray absorption fine-surrounding atoms can be realized within &g structural
structure(NEXAFS) spectroscopy, which has become a pow-group. In the context of a simple ionic model, which has
erful tool for probing empty electronic states. Although been mainly used up to now, it is quite natural to assume that
NEXAFS spectroscopy has been widely used for more thama covalent TM 8—F 2p bonding in the fluorides is virtually
two decades to gain information on the energy distributiorabsent, so that the lower conduction band of the TM fluo-
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rides is formed solely by @states of the positive TM ions. af, \C F 1s NEXAFS
On the basis of a comparative analysis of thessNEXAFS
spectra of TM fluorides and of isostructufalctahedral co- TiIF>
valent system§SF; molecule as well as RFand TiE~ mo-
lecular anionswe shall show that this is not correct. Even in
the case of such strongly ionic compounds of thelr8’s as
fluorides, covalent bonding plays an important role, causing
a mixed TM 3-F 2p character of the empty electronic
states near the bottom of the conduction band.

Il. EXPERIMENT

Total Electron Yield

We studied near-edge x-ray absorption fine-structure
(NEXAFS) spectra at the Fslthreshold of binary fluorides
in the solid phase, including KF, TiFVF,, VF;, CrR;, CrF,, a cr
MnF;, MnF,, Fek;, FeFk, CoF, NiF,, Cuk, and Znk, of e
SF; in the gas phase, and of the P&nd TiFg' molecular b
anions of the solid compounds KpPRnd K, TiFg. The 20 d 8
absorption spectra of titanium for TéF, TiF,, TiO,, and of . . . . .
potassium for KF were investigated additionally in order to 680 700 720 740 760
facilitate the interpretation of the Fslabsorption structures Photon Energy (eV)
in the spectra of titanium and potassium fluorides. Most of ) )
these spectra were recorded at the Russian-German beamlineF!G. 1. F I3 NEXAFS spectra of the @ TM fluorides K;TiFs,
operated at the Berliner Elektronenspeicherring fiir SynchroliFa, VFa4, VF3, CrF;, CrF,, and Mnk,. The spectra were normal-
tronstrahlung(BESSY 11),24 while the spectra of KF and ized to the same continuum jump at 760 eV.
CuF,; were taken under similar experimental conditions at the
D1011 beamline of MAX-lab, Lund, Sweden. All materials are presented in Figs. 1 and 2; the labeled NEXAFS features
were obtained commercially and were studied without fur-are discussed below. For the majority of the studied binary
ther purification. The spectra of the solid materials were obTM fluorides, these high-resolution 5 kpectra were ob-
tained by monitoring the total electron yield from samplestained. Previously, only the spectra of some TM difluoritles,
that were prepared by rubbing powders of solid materialsand of Sck (Ref. 8 had been reported with lower resolution.
into the scratched surface of a clean copper plate. No noticerhe F 1s NEXAFS spectra of the T# and PF anions in
able charging effects were observed in the experiments. Theyig K, TiF s and KPR, respectively, shown in Fig. 3, exhibit
NEXAFS spectra of Sf-and Ne in the gas phase were mea-, fine structure similar to that previously reporfédyut with
sured by detecting the total photoionization yield with the,,ch better resolution. For $Hn the gas phase, the line

help of a gas cell with an entrance window made of a thinghanes and energy positions of the spectral structures in the
aluminum foil. The resolving poweE/AE exceeded 6000

for the energy range up to 870 eV, as estimated from the
analysis of the linewidth of the first separatext-13p line in by
the absorption spectrum of gas-phase Ne. This line was fitted b
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 Neslevel and the instru- ' é:eZpt.
mental function of the monochromator, respectives es- ' absorption
timated from these data, the energy resolution of the mono-
chromatorAE in the range of the F<slabsorption threshold
(hr=690 e\) 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 4absorption spectrum was calibrated
using the known positiof683.9 eV of the first narrow peak

in the F Is absorption spectrum of RiFg® which was re-
corded before and after each measurement of a fluoride spec-
trum.

F 1s NEXAFS

Total Electron Yield

680 700 720 740 760
lll. RESULTS AND DISCUSSION Photon Energy (€V)
A. Overview FIG. 2. F I NEXAFS spectra of the 8TM fluorides MnF,
The F Is NEXAFS spectra of the TM fluorides studied in FeF;, FeR, CoR, NiF,, CuR, and Znk. The spectra were normal-
this work over the photon-energy range from 675 to 760 e\ized to the same continuum jump at 760 eV.
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and the surrounding fluorine can take place within the octa-
hedron due to a mixing of the valendé 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 thesF 1

NEXAFS spectra of binary TM fluorides, we first consider

the origin of the absorption features in the spectra of the
covalent molecular Tif anion in solid KTiF.

B. Assignment of absorption features for the covalent molecular
TiF2 anion

Photoabsorption

In Fig. 3 we compare the FSINEXAFS spectra of the
following isostructural covalent molecules: Sk the gas
phase and the solid-state molecular aniong Bid TiF:,
representing isolated regular octahetdhe spectrum of
SF; exhibits a well-developed fine structure with peaks la-
beled A-D that result from the Fslelectron transitions to

d(P-F)=0.158 nm unoccupied molecular orbital$10's) of a,g, ty,, tpg andey
: : , , : : symmetryt0-1419-21The excited molecular states formed in
680 690 700 710 720 730 this case are often considered as molecular shape resonances,
Photon Energy (eV) underlining in this way their fundamental relationship with

guasistationary statgshape resonancgshat prevail in the
resonancegmultiple) scattering of low-energyphotoelec-
trons by a molecular potenti&l-?1 Transitions to unoccupied
MO’s of a,4 andt,, symmetry(formed from the S 8and P
orbitals with an admixture of Fj2orbital9 are responsible
F 1s NEXAFS spectrum, presented also in Fig. 3, correlatdfor the absorption peaks A and B below the §idnization
again well with the spectra that had previously beenthresholdin SE[695.04 eV(Ref. 22]. The features C and D
reportedi®-14 The same is true for the Fskpectrum of KF, ~appear in the continuum significantly above the threshold
presented in Fig. 8, which compares well with spectra refesulting from transitions to the MOtsy ande,. These MO's
ported in the literaturé>16 Some of the spectra presented in @re formed by covalent mixing of the Si3with the F 2
this work had been briefly discussed beféfeFinally, it ~ States, SO that the corresponding peaks can be observed in the
should be emphasized that the spectra presented here are@®sorption spectra of both sulfur and fluorine at almost the
particular interest because they were measured under tif@Me energy positions above the vacuum I€Vef.Since the
same experimental conditions, thus allowing us to discus§ontributions from S 8 orbitals dominate in the MO'$,
changes in x-ray absorption spectra and electronic structu@d€y, the energy positions of bands C and D relative to the
along the entire series ofd3TM fluorides. F 1sionization threshold reflect actually the energies ofds 3
The NEXAFS spectra of the TM fluorides in Figs. 1 and 2 States relative to the vacuum level, which are split intit,3
were normalized to equal absorption edge jumps. The spect@d 3le; components in the anisotropic field of the fluorine
are quite different from that of KIiFs and they show sub- octahedron. This I|gand?f|el<_j splitting of thel 3tates in the
stantial variations along the series af 3M fluorides (with ~ MFe octahedron(10Dq) is given by 10q=5eq(r)sq/ 3R,
increasing number of Belectrons. Nevertheless, one can Whereq is the charge on each ligand atdfiuorine), (r*)sq is
distinguish three spectral regions, where the spectral featurése expectation value of the operatdrfor the TM 3d wave
are similar in all spectra, including that of covalent JiF function, andR is the interatomic distanc&(M-F).2>-2°
The first region contains the narrow resonarges’, b, and  10Dq is equal to 13.3 eV in the Fslabsorption spectrum of
b’, located below the Fsl absorption threshold(at the Sk molecule!®-14
~690 e\). The second region is dominated by the broader It should be noted that unoccupied electronic states
absorption bands, d, ande that are located slightly above (MO'’s) of SF; observed in the Fdabsorption spectrum are
the absorption threshold and overlap significantly with eaclsomewhat disturbed by the 5 Tore hole. This final-state
other. It should be noted that the B NEXAFS spectrum of  effect is well known and quantitatively evaluated for poly-
ScF; reported in Ref. 8, despite a lower energy resolutionatomic molecules like Sfon the basis of comparison be-
contains also two similar regions. The third energy regiortween their x-ray or UV absorption spectrith a core holg
(above ~705 eV) displays rather broad and less intensiveand electron-molecule scattering spectrathout it).19-21
EXAFS-like oscillations. Primarily, the core hole is responsible for certain low-energy
Since for all of the studied fluorides an octahedral orshifts in the energy positions of the localized unoccupied
nearly octahedral coordination of the &toms by fluorine is MO’s. On the other hand, the ordering of low-energy unoc-
typical, these crystals are commonly considered as threesupied electronic states is retained, and relative energy sepa-
dimensional arrays of interlinked distorted lyl6ctahedrd®  rations between them do not change significatftt Evi-
In this case, covalent bonding between tlteT3V atom M dently, such behavior of empty electronic states indicates that

FIG. 3. F I NEXAFS spectra of the covalent anions ¥ifand
PF; in solid K,TiFgs and KPR as well as of Skin the gas phase.
The vertical arrow indicates the energy of the ¢ ibnization
threshold for the molecul695.04 eV(Ref. 22].
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the changes caused by a core hole in the atomic-orbital com-
position of unoccupied MQO'’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 theviFg quasimolecules in@8TM fluo-
rides. Thus, considering below covalent bonding effects in
the F 1s NEXAFS spectra of these fluorides, we will assume
that the F % 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 théd 3d—F 2p hybridization is

not large.

Figure 3 provides evidence for a strong similarity between
the F Is NEXAFS spectrum of the SFmolecule and that of
the PR molecular anion in solid KP§ which is actually not
surprising. Indeed, the RRanion 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 gFmolecule. These facts, along
with the rather similar interatomic distances in these poly-
atomic systemgR(S-F=0.156 nm andR(P-F)=0.158 nm
(Ref. 18], explain the similarity between the fine structures
observed in the spectra of the molecule and of the solid mo- FIG. 4. Ti 21232 (@ and F B (b) NEXAFS spectra of the
lecular anion, including the very similard3splitting in  molecular anion Tif in solid K,TiFs. The Ti2p,,, structures
SFs(13.3 eV} and PRK(13.6 eV). Indeed, the above expres- were labeled by letters with asterisks. The spectra are aligned in
sion for the crystal-field splitting gives closely related energyenergy using the measured energy separa@22.9 e\f between
separations between thelt3; and 3le, components for these the F Is and Ti 25/, core levels of KTiFe.

olyatomic molecules, since their interatomic distances . . . .
II%(I\%—F) are essentially equal antt%),, decreases only spectrum in KTiFg (see Fig. 4 This spectrum should reflect

h i f the f in th i
slightly when going from the P to the S atom. It is thust e energies of the freed3states in the most direct way,

X . because it is dominated by th@2-3d dipole transitions in
possible to relate bands C and D in the &spectrum of PE  ihe Ti atom<627 The absorption Ti @ spectrum was mea-

(as in the case of SfFto the 3 states of the central atom g;red with an energy resolution &f75 meV (FWHM), and
(phosphorusand to use their energies relative to the &= 1 reflects clearly the spin-orbit splitting of the Tp2evel. The
ionization threshold for estimating the energy positions ofenergy separation between thp;2 and 2,,, components
these states relative to the vacuum letggle further belo\v  (the latter marked by an asterisk in Fig.ig close to 5.2 eV,

In the spectra of unoccupied electronic states in thge. equal to the spin-orbit splitting of the Tp2evel in
hexafluorides of phosphorus and sulfur, tlies3ates of the  TiF,.28|n Fig. 4, the Ti 2 spectrum was aligned in energy to
central atom appear only in the continuum. These states cafe F s spectrum using the energy difference of 222.9 eV
be probed by x-ray absorption on both théSPand F sites.  petween the Fd.and Ti 2, levels of K,TiFg. This split-

It is of interest to find out whether the Fs Absorption spec- ting was obtained with an Escalab 220iXL spectrometer at
tra can also be used to probe States in the first-row TM  the Wilhelm-Ostwald-Institute, Leipzig, using monochroma-
fluorides, where the@shell is only partly filled. We antici- tized Al K« radiation; it coincides with that reported in Ref.
pate that this will only be possible if the covalent bonding6. The narrow and intense peaksand b in the Ti 2p3,
between the @ TM atom and the fluorine atoms is suffi- spectrum stem from dipole-allowed transitions of P2
ciently strong. With this in mind, we first consider the B 1 electrons to unoccupiedd3states. Similar to the case of PF
NEXAFS spectrum of the covalent molecular anionsiTiF and Sk, these states are split intalB, (peaka) and 3

in crystalline K;TiFg (see Fig. 3, using the spectra of F (peakb) components by the octahedral crystal field created
and PF as references. While the 5 NEXAFS spectra of by the fluorine ions. These peaks in the T Spectrum cor-

SFs; and PF are quite similar, they differ considerably from respond(with respect to lineshape and energy posititm

the spectrum of Tif, where the resonances C and D arethe low-energy peaka andb in the F s NEXAFS spec-
missing, while two rather narrow and intense absorptiortrum. It is reasonable to assume that these peaks are of the
peaksa andb show up in the low-energy spectral region; in same nature reflecting transitions of core electrons of Ti and
addition, the onset of the Fslabsorption is shifted to lower F to the molecular states, ande, of the TiF;~ anion, with
energies by several eV. It is remarkable that the widthsstrong covalent Ti 8-F 2p mixing in both cases. The small
(FWHM, full width at half maximum of peaksa andb in  differences(less than 2 eYin the energy positions of these
the spectrum of solid KIiFs(FWHM=~1 eV) are signifi- states observed in the spectra of Ti and F may naturally be
cantly smaller than the width of the lowest-energy péak  attributed to a different impact of the Sand Ti 2o, core

the spectrum of gas phase SFWHM=2.3 eV\). holes on the states under consideration. This final-state effect

In order to obtain further insight in the origin of these occurs mainly due to Coulomb and exchange interaction be-
narrow peaks, we studied additionally the T absorption tween an inner-shell vacancy and an electron excited to an

Ti2p NEXAFS

455 460 465 470 475 480 485
© a c

Total Electron Yield

675 680 685 690 695 700 705 710
Photon Energy (eV)

045127-4



LOW-LYING UNOCCUPIED ELECTRONIC STATES IN. PHYSICAL REVIEW B 71, 045127(2005

empty state. It leads to different energies of the excitatiorPF;, and TiFé‘. Indeed, when going from SFand PF to
with respect to the vacuum level in different spedtlae to  TiFZ~ one can clearly observ@ a large shift of the absorp-
different vacancigs?® At the same time, we should empha- tion bands to lower energigby ~15 €V) related to the 8
size that the energy separation betweeandb (crystal-field  states of the central atofbands C and D for SFand PE
splitting of the Ti 3 states intot,q andey) remains almost and peaks andb for TiF2") and(ii) a considerable decrease
unchanged in the spectra of fluorine and titanium: 2.37 eMp their energy widthsgsee Fig. 3. These spectral changes
(F 1s spectrum, 2.58 eV(Ti 2ps;, spectrum, and 2.63 8V are the result of a collapse and subsequent increase in local-
(Ti 2py, spectrum. _ o ization of the @ states of the central atom when going from
The small widths of peaks andb in both spectra indicate 54,5 ¢lose to the end of the second row to atoms of the first
strong spatial localization of thig, ande, excitations. From ;o jes3t This collapse of the @ states manifests itself
general principles and by analogy with thec3fd Pl sys- also in a strong decrease in the energy splitting of these

tems, it is natural to assume that these excitations are essesr}—a tes intot,, and e, components caused by the F octahe
tially locali t th tra(Ti) at imaril 29 v )
y localized at the centralTi) atom and are primarily dron: 13.6 eMPF;), 13.3 eV(SF), and 2.37 e\,(T|F§ ). As

determined by the &, and lg, states, which can be ob- , : .
served in the F 4 absorption spectrum of the T§F anion noted above, in the framework of the crystal-field theory, this

due to covalent bonding between the Ti and F atoms. I8Plitting is proportional to the quantitie®)sy and R™(M
should be noted here that the widfWHM) of peaksa and  -F).2"2°As a result of an increase in the interatomic distance
b is different in the spectra compared: 0.37 & and 0.48 R(M-F) when going from PE(0.158 nm and

eV (b) in the Ti 2pg, spectrum; 0.99 eVa) and 1.33 eMb)  SF;(0.156 nm (Ref. 18 to TiF3~ (0.192 nm,3 the crystal-

in the F Is spectrum. We are not comparing with the T;2  field splitting in the case of Ti@z should be reduced by a
spectra, since there a strong Coster-Kronig decay of theactor of 0.354, i.e., to a value of 4.71 eV as compared to
Ti 2py, hole contributes to the widths. Note that the ratios 0f13.3 eV for Sk. The splitting observed in the Tig, 3

the widths of peaks andb are the samé3:4) in the spectra  spectra of TiE™ (2.63 and 2.58 eVis about two times less
compared. These changes in the widths cannot be explainefan the expected one. Evidently, such an additional decrease
by differences in the energy resolution or in the core-holgn the 3ty,—3de, splitting can only result from a strong
lifetimes, since both spectra were taken with rather similatcontraction of the 8 wave functions due to the described
energy resolutiongl15 meV for F &; 75 meV for Ti 20);in collapse3! Finally, we would like to note that the collapse of
addition, for both the Fdand Ti 25, holes the lifetime  the 3 wave function is observed even more evidently in the
widths are 0.2-0.3 e¥We therefore associate these findings2p NEXAFS spectra of the central atoms when going from
with a smaller lifetime of the 8g; and 3ty excitations in  SF; to TiFé‘.6

the F s NEXAFS spectrum due to hopping of the excited  We turn again to Fig. 3 now in order to analyze one fur-
electrons from the core-excited fluorine atom to neighboringher interesting observation. As mentioned above, the intense
fluorine atoms with no involvement of the core holes. Theabsorption bands A and B in the spectra of; Sfd PR are
lifetime 7 of these quasibound electronic states is determinedaused by the Fslelectron transitions to the lowest unoccu-
by that of the core hole;, and that of the excited electron at pjed electronic states af,y andt;, symmetry. These states
the parent core-excited atom:1/7=1/m+1/7. The life-  are described by MO’s that, for these polyatomic systems,
time of the core hole is an intrinsic atomic property, which isare made up of hybridized (B) 3s+F 2p and SP) 3p

only weakly affected by the surroundings in the solids, while+F 2p character, respectively. Within the framework of our
7 Is strongly influenced by the degree of localization of thequasimolecular approach we assume that the corresponding
excited electron. In the framework of a quasimolecular apapsorption structures-e in the second spectral region of the
proach to the electronic structure of TM fluorides, the differ-g 15 spectrum of Ti%‘ reflect empty electronic states that

ent values of 7. for low-energy excitations result from the Ti 4, 4p—F 2p covalent bondinghybridiza-
(3dtyy and ey at the Ti Dy, and F B thresholds are tjgn).

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 In the preceding section we showed that the x-ray absorp-
ligand atom(fluorine) of the molecular anion T@: stronger tion spectra in the vicinity of core-electron thresholds reflect
than that of the central atoftitanium). We have previously the quasimolecular character of the 3'|Fanion in solid
observed a similar effect comparing NEXAFS and resonanK,TiFg. This means that NEXAFS excitations at the T 2
photoemission spectra of the molecular anion,;N@solid and F & thresholds of this crystalline compound occur
NaNO, at the N & and O X thresholds? Finally, it should — mainly within the octahedron of fluorine atoms that is only
be also noted that the observed difference in the width of thecarcely affected by the rest of the solid. This allows us to
Ti 2p and F & resonances can be partly caused by theigive a unified interpretation of the Tip2zand F 5 NEXAFS
different broadening due to the vibrational excitation of thespectra of TiE", i.e., to associate the observed spectral fea-
TiFZ~ quasimolecule in the process of x-ray absorption.  tures with the transitions of Ti2and F X electrons to the
Thus the Ti 8 states in Ti%‘ can be probed by Fsl low-lying empty MO’s of the covalent molecular anion. In
NEXAFS. This conclusion is additionally supported by athe following, we shall show that the primary role of the
comparative analysis of the F5spectra for octahedral F fluorine octahedra for the NEXAFS spectra is also preserved

C. Comparison of the spectra of Til%‘ with those of TiO,
and KF
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in ionic 3d TM fluorides, since in these compounds the TM (a) b*,, b*
atoms are also coordinated octahedrally or nearly octahe-
drally by fluorine atoms. Along with this similarity, however,
there are important structural distinctions betweesTiRg

and 3 TM fluorides. First, the octahedral anions FiFn
K,TiFg are quasi-isolated from each other, whereas in the
ionic TM fluorides similar polyatomi®/1Fg groups are linked
together via their edges and corners forming a network of
octahedrd® Thus, in ionic TM fluorides, the x-ray absorp-
tion spectra oMMFg are affected stronger by the crystal than
in case of the quasi-isolated molecular anionTiFSecond,

the octahedra in @ TM fluorides are usually considerably
distorted causing changes in the § 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 Tﬁzin solid K, TiFg with the spec-
tra of rutile TiO, and KF. In rutile, the TiQ 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 §ifin K,TiFq

with TiOg in TiO,* because these octahedral polyatomic £ 5 Tj 2p,,,4,(a) and O & (b) NEXAFS spectra of rutile
groups(quasimoleculgsare almost isostructural. Indeed, the Tio,, The Ti 20,, structures were marked by asterisks. The spectra
oxygen octahedron around a given titanium atom is onlyyere aligned in energy by using the energy separafih2 e\j
slightly distorted in rutile, two Ti-O distance®.199 nm  petween the O dand Ti 2ps, core levels in rutile(Ref. 46.

being slightly larger than the other fo(0.194 nm.'8 These

distances are very close to the interatomic distaRCE-F) TiFg‘. Figure 6 displays the Ti2 absorption spectra of
=0.192 nm in KTiFg.32 Furthermore, absorption structures TiFg~ and TiO, recorded under identical experimental con-
in molecular spectra result from multipleesonancescatter-  ditions. For the sake of convenience, the spectrum of rutile
ing of low-energy photoelectrons in the molecular fi#¢dd, was shifted by=0.8 eV to higher photon energies in order to
and the differences in scattering properties of oxygen andlign the peaks in the two spectra. The compared spectra
fluorine atoms are small owing to their very similar elec- have the same number of intense absorption béads, a’,
tronegativities; they will therefore not contribute substan-andb’) and the weak peaksy, 8, v, 8, v, andé’) and have
tially to differences in the NEXAFS spectra of '@ﬂ:and
TiO,. We suppose therefore that it is the octahedron linkage
that is responsible for the main changes in absorption struc-
tures when going from Ti@: to TiO,. 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 wddee Fig. % are better
resolved[AE=90 meV (FWHM) in the case of the Osl
spectrum and 75 meV in the case of the pispectruni 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 2 and O k spectra were aligned in energy
using the known energy separatién2.2 e\j between the
Ti 2ps;, and O & core levels in rutilé® It is clear from Fig.

5 that peaks andb have about the same energy positions in
the two spectra. As in the case of 1ETFthey therefore reflect
core-electron transitions in the oxygen and titanium atoms to
the lowest unoccupied Tidd,, and 3le, electronic states 455 460 465 470 475 480
that are hybridized with the@states of the ligan¢oxygen
atoms. The bands d, andein the O Is spectrum are known
to be related to the empty electronic states with mixeds[i 4  FIG. 6. Comparison between the Tp:, 3o NEXAFS spectra
4p+0 2p charactep>37:39:41 of the molecular anion TE in solid K,TiF and in the rutile TiQ.

In the following, we shall compare the spectra of the cen-The spectrum of Ti@was aligned in energy with that of TiF at
tral atom(Ti) and the ligand atom& and B for TiO, and  the position of the first absorption peak

Total Electron Yield

55 530 535 540 545 550 555
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Ti 2p NEXAFS
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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 ;Tad
TiF2™ 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 Tif, i.e., within a quasimolecular approach. To
this end, we assign these structures to core-electron transi-
tions to the lowest unoccupied MQO's of the octahedral gTiO
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 finalexcited 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 TiQ 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 TiOoctahedra with different

680 690 700 710 720 orientationsi® which are joined together via two opposite
Photon Energy (eV) edges to form a chain. The chains are linked by common
corners and form an octahedral network. Thiggorbitals

FIG. 7. Comparison of the OSINEXAFS spectrum of rutile are directed towards the corners of the octahddrygen
TiO, (a) with the F s spectrum of the molecular anion §Fin aniong, which means that they should be more sensitive to
solid K,TiFg (b). The spectrum of TiQwas aligned in energy with  changes in the chemical state of the oxygen atoms as com-
that of TiFy~ at the position of the first absorption peak pared to the 8ty orbitals that are oriented towards the edges

of the octahedra. On this basis we suppose that the presence
similar line shapes. The biggest differences between thegef two orientations of the TiQoctahedra in rutile is respon-
spectra are given by in the widths of the absorption bands sible for the observed doubling of thel€ spectral features
a’, andb’ that are essentially broader in the spectrum ofin the Ti 20 NEXAFS spectrum, whereas the octahedra link-
rutile. On the other hand, the increase of the width of pak age is expected to cause only a broadening of the absorption
is insignificant. For bandb andb’, the shape changes are structures. Besides that, some broadening of the absorption
particularly strong: these bands split into two babgd and  bands in the spectra of Ti®riginates from small distortions
b;-b" in the spectrum of Ti@ This doubling of the Ti g-  of the TiG; octahedron. Because of the Td-30 2p hybrid-
3de, transitions in case of TiQis well known and has been ization, one could expect that the splitting of thee3states
discussed repeatedly in the p&stl-*>As a result, there are should also be reflected in the G dbsorption spectrum as a
three different explanations for the origin of this effe@i:a  splitting of peakb. However, this splitting is hidden due to
transformation of the; MO's of the MG groups into are;  the large broadening of the low-energy absorption bamds
band in the crystal® (i) a splitting of the 8le, component andb that is comparable to the full width of the doubl
due to the dynamic Jahn-Teller effet(iii) a reduction of component in the Ti @ spectrum(see Fig. 3. It should be
the real site symmetry of Ti in rutile fro®,, to D4, or D, *t  noted here that a similar doubling of thde§ component has
On the other hand, a theoretical analysis claims that the digiot been observed in the Tp2-ray absorption spectra of
tortions of theO,, symmetry cannot explain this doubling of FeTiO; (Ref. 41) and SrTiQ (Ref. 47 that contain TiQ
the Ti 20— 3de, transitions in case of Tig*®> which would  octahedra with the same orientation. A more detailed com-
mean that the above explanations might be incorrect. parative analysis of the absorption spectra of Jé@d TiF2~,

The ligand & absorption spectréoxygen and fluorineof  including consideration of the low-intensity structuresg,
TiF2~ and TiO, are presented in Fig. 7; they are aligned iny, 6, will be given elsewhere.
energy at the position of peak It is very striking that the Thus, by comparing KliFg with TiO,, we have shown
ligand spectra show a closer similarity than the spectra of théhat the fluorine(oxygen octahedron around the central Ti
central(Ti) atom. We observe only a broadening of peaks atom plays a decisive role in the formation of the spectral
and b that are associated with the TdB, and 3lg, elec-  features at low energies in the(B) 1s NEXAFS spectra of
tronic states, furthermore, small shifts of barmandd to  these compounds, while the interoctahedral interaction is of
higher energies, and differences in the relative intensity ofess importance. In order to demonstrate that this rule is more
bandsc, d, ande. The latter bands reflect core-electron tran-general and can be applied to compounds with different
sitions to the unoccupiedsé,; and 4ty electronic states of types of interoctahedral linkage, we now compare the fluo-
the Ti atom hybridized with the2states of the ligand atoms rine spectra of the quasimolecular anion ’éﬁl%md of the
(oxygen or fluoring These changes cannot be related to d'classical” ionic crystal KF(see Fig. 8 The latter can be
difference in energy resolution, since the ® dnd F Xk  considered to be composed of a network of nondistortegl KF
NEXAFS spectra were recorded with quite similar energyoctahedra joined by all sharing edgésThe spectra consid-
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FIG. 8. F s NEXAFS spectra of the ionic crystal KF and of the
molecular anion Tif in solid K,TiF.

ered are clearly similar in line shape and are characterized
two low-energy peaka andb (unresolved in case of KFas
well as by well-defined structures d, and e close to the
F 1s absorption thresholdat =690 eV). In Fig. 9, the
K 2p x-ray absorption spectrum, recorded with 50-meV en
ergy resolution, is aligned in energy with the B dpectrum

of KF making use of the known energy separation betwee

(@) by b
a a* KF
K 2p NEXAFS
°
[}
e
fd T T T T T T
%290 205 300 305 310 315
3 [®  ay, ¢
g F 1s NEXAFS
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FIG. 9. K 2py 32 (@) and F B (b) NEXAFS spectra of ionic
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the F Is and K 25, core levels(390.55 eV 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 thepds 2
x-ray absorption spectrum, i.e., stemming from transition to
the unoccupied @&, and 3lg; states. This allows us to as-
sume a common origin of the lower-energy absorption peaks
in the two spectra of KF, i.e., thedgy and g, states of the
central K atom, split by the field of the fluorine octahedron
that must have a mixed Kd3F 2p character in order to
contribute to both NEXAFS spectra.

The energy spacingds,y-3dg, is the same1.18 eV in
the K 2pg, and 24, spectra within the experimental accu-
racy. The shape of the low-energy absorption baflin 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 8t,,- 3de, splitting, which is
about two times smaller than that in FiF(2.37 eV in the
F 1s spectrum, should be associated with the increase of the
interatomic distance between central and ligand atoms when
going from the TiE~ (0.192 nm to the KRy octahedron
[0.266 nm (Ref. 18]. However, according to the above-
mentioned expression D@=5eqr*);q/3R® for the crystal-
field splitting23-2° this large change in the octahedron size

ust cause a stronger decrease of tdesplitting, namely
from 2.37 to 0.46 eV, if the average radiis4 of the K and
Ti 3d wave functions in KF and T§ are equal to each
other. The discrepancy between this predicted splitting and
the value observed experimentally1.2 eV) results prob-
bly from a larger radius of thed3wave function of the K
cation due to an incomplete collapse in comparison with the
titanium catiore>#8 It should also be noted that the empty
cation 3l states have different energy positions with respect
to the onset of the Fslcontinuum(at ~688 eV in the fluo-
rine spectra of KF and T@: indicating an incomplete col-
lapse of the @ wave function for K. Finally, we should
emphasize that we have observed and discussed the collapse
of the 3 electronic states along the-S-K-Tiseries in PE;,
SFK, KF, and TiFé‘ indirectly via the F ¥ absorption spectra.
Contrary to the observation of a collapse in the cation x-ray
absorption spectr® 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 considerati6hEvidently, the present obser-
vation of a 3l collapse in the F 4 NEXAFS spectra is the
result of strong covalent mixing between the catiahahd
fluorine 2o electronic states in BFSF;, KF, and TiFé'.

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

We now discuss the role of covalent bonding in the for-

KF. The K 2p, structures were marked by asterisks. The spectranation of the unoccupied electronic states in going from

were aligned in energy using the energy separat@80.55 eV
between the F4 and K 2p3, core levels in KF, measured by
photoemission.

purely covalent reference systems to rather ionic binary fluo-
rides. Note that all 8 TM fluorides studied possess an octa-
hedral or nearly octahedral fluorine environment of thie 3
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Photon Energy (V.
oy (V) FIG. 11. High-resolution F 4 NEXAFS spectra of the BTM

fluorides Mnbk, Fek;, FeFR,, CoR,, NiF,, CuF, and Znk recorded
in the photon-energy range from 678 to 710 eV. The form&l 3
electron configuration of the TM atoms is given in parentheses.

FIG. 10. High-resolution F 4 NEXAFS spectra of the 8TM
fluorides K;TiFg, TiF,, VF,4, VF3, Cri;, CrF,, and Mnk recorded
in the photon-energy range from 678 to 710 eV. The formdl 3

electron configuration of the TM atoms is given in parentheses. o . . .
and 11 exhibit substantial changes in the number and relative

TM atoms?® The TM difluorides studied possess the rutile intensities of the resonances, as well as in their energy posi-
structure, whereas the crystal structure of the trifluorides igions with respect to each other and to the onset of the F 1
similar to that of Re@, where oxygen(fluorine) octahedra continuum, which is found in all spectra to be close to 687—
are linked via their corners. The crystal structure of the tet688 eV. These changes are likely caused(bythe decreas-
rafluorides of the 8 TM atoms, TiF; and VF,, can be de- ing number of the unoccupiedd3states of the TM atom
scribed by arrays of layers dflFg octahedra with a consid- accompanied by an increasing localization of these states
erable tetragonalC,,) distortion linked by four shared along the seriegji) different exchange interactions between
equatorial corner® Based on the localized and oriented the 3 electrons in partially filled shellsii) variations in
character of covalent bonds and taking into account the renagnitude and character of the distortion of the fluorine oc-
sults of the preceding discussion, we assume that one cdahedron; andiv) different influences of the remaining parts
consider the octahedral quasimoleculdgg formed by the  of the solid on the quasimolecuMFs. The latter, in particu-
3d TM atom and the surrounding fluorine atoms as the mairar, will lead to a different coupling between these quasimo-
building blocks of the crystalline material not only in rather lecular units in the crystal. Therefore a complete understand-
covalent @ systems, but also in ionic TM fluorides. This ing of all these changes might only be possible on the basis
quasimolecular approach is an elegant way to gain deepf detailed calculations of the FSINEXAFS spectra of the
qualitative insight into the nature of chemical bonding inbinary fluorides, which have not been reported in the litera-
these classical solids. In particular, it implies that the abovéure so far.
results obtained for the covalent molecular Fifnion, the Despite this, we can make some assumptions about the
covalent TiQ crystal, and the classical ionic KF crystal can origin of the observed low-energy structures in the NEXAFS
be quite useful for the analysis of spectra of binary ionicspectra. Taking into account the results of our comparative
fluorides. quasimolecular analysis of the NEXAFS spectra of 2TiF
We now consider in more detail the low-energy structuresTiO,, and KF, we can first suppose that the linkage between
in the F Is x-ray absorption spectréFigs. 10 and 11 The the MFg octahedra in the TM fluorides has only a minor
similarity of overall line shapes and energy positionsinfluence on the shapes of the absorption features in the
for these structures in the spectra of the ionic fluorides andf 1s spectra. Calculations of the electronic structures @f 3
the covalent molecular anion T§Fallows us to assign them TM oxides show that consideration of the exchange inter-
in both cases to unoccupied electronic states with mixedction between thedBelectrons leads to an additional split-
TM 3d-F 2p character that results from a significant cova-ting of the 3it,; and 3lg, electronic states df1Og into ty4T,
lent bonding between the valence electrons of the central TNy, tgl, andeygl components related to two possible spin
atom and the surrounding fluorine atoms. However, whemrientations: spin ug) or spin down(]), respectively. Evi-
going from the TiE~ anion to the binary fluorides and fur- dently, a similar situation must hold fovFg in the 3 T™M
ther along the series TiF ---ZnF,, the spectra in Figs. 10 fluorides. It is also clear that the ordering of these split 3
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components depends on the ratio between the magnitudes odn be associated with the large distortion of the (Gréta-
the crystal-field and exchange splittings. The following dis-hedron caused by a strong Jahn-Teller efféct.
cussion will allow us to suppose that the crystal-field split-  Thet,,| state gets gradually occupied when going from
ting is larger than the exchange splitting, which—in turn—CrF,(3d®) to CrF,, MnF5(3d*), MnF, and FeR(3d®). As a
leads to an ordering of thed®omponentsyyT, tyl, €57, and  result, the intensity of the first absorption structuaé, de-
€l . creases gradually. Similarly, only two transitions to #é
~Based on thg formal valence, one may assume that t'taéndegl states are observed in the spectra of Fad Cob,
nium (with a 30?4s* val_ence-e_lectro_n atomic fo_nﬂgurat)on since thegy state in these compounds is filled. For Mend
has the same electronic configuration of thé"Ton in the CuF,, where solely one unoccupied electronic staje re-
molecular anion Tig and in solid Tif, with no I elec- mains, only one absorption peak is observed in the low-

trons. In this case, thed33d exchange interaction is absent energy part of the FSNEXAFS spectra. In the spectrum of

and the peaka andb in the spectrum of TiE can be related . .
to electronic transitions to thed8,, and 3lg, states that are ZnF23 the_low-_energy structure is absent since all3ates
are filled in this compound.

not split by exchange interaction. Therefore the variation ! > h its of sis of the |
of the low-energy absorption structures when going from N summarizing the results of our analysis of the low-
TiF2" to TiF, result from a considerable tetragon@,,)  €Ne'9y structures in the FSNEXAFS spectra, we note that

distortion of the Tif octahedra in the titanium fluorides. The the conclusion concerning covalent contributions to chemical
latter causesti) splittings of the absorption bands (3dty, bonding in the TM fluorides can already be obtained on the
component and b (3de, component into two subbands basis of the mere observation of the & dpectra. Indeed,
a-a’ (3de and 3ib, componentsand b-b’ (3da; and 3ib, within a simple ionic description, the lowest conduction band
components respectivel\?3-25 (i) a merging of the two Of these compounds should successively be formed from the
low-energy absorption bands and b into one broad band empty 3, 4s, and 4 states of the TM cation, whereas the
a-a’-b-b’. fully occupied F D states should constitute the top of the
In contrast to the situation in other binary fluoridesf ~ valence band. The absence of unoccupiecpitates would
vanadium, chromium, etg.these states are additionally split then prevent any strongs- 2p dipole transitions, in con-
due to exchange interaction between tdesBctrons. The@  trast to our observations. Allowed dipole transitions ofd= 1
electrons occupy successively thgl, ty,], €57, andey|  electrons to the delocalizech3tates are located in the con-
states according to their statistical weights that are 3 and tinuum far above the ionization threshold and should have
for t,4 andey components, respectively. very low intensities. Therefore they cannot noticeably con-
In VF, one available 8 electron of the V* cation partly ~ tribute to the F 8 NEXAFS spectra. As a result, we con-
fills the lowest 3It,41 band that can be additionally split into clude that the F 4 NEXAFS spectra in the region between
two components by a considerable distortion of the690 and 700 eV reflect electron transitions to unoccupied
Fe-derived octahedron, as observed in the case of. FiE a  States formed mainly by covalent mixing of the and 4
consequence, one broad baad’'-b-b’ is observed in the states of the TM atom with thep2states of the F atom.
low-energy part of the FINEXAFS spectrum of VE. It is In conclusion, we emphasize that the basic results of this
clearly seen that the exchange interaction between the 3work provide strong experimental evidence for the important
electron and the excited electron does not contribute substarele of covalent mixing in the formation of the unoccupied
tially to an additional broadening of the low-energy absorp-€lectronic states in crystallined3rM fluorides. The F &
tion banda-a’-b-b’. NEXAFS spectra are found to be well suited for probing the
The formal valence configuratiori3of the vanadium ion  unoccupied @ states of th¢TM) atoms in these compounds.
V3*in VF3, with a nearly perfect Vfoctahedron, indicates The present results are in good agreement with the conclu-
that the corresponding FSINEXAFS spectrum might ex- sions of similar studies of TM compounds with less ionic
hibit all four exchange-split @ components, since the lowest character, as, e.g., thel M oxides?>-37:4051.52
tyy] state will not remain fully occupied. Due to the almost
perfect octahedral shape of ¥Rhe absorption spectrum of
VF; reveals sharper features than the spectra of ®ikd

TiF,. The overall shape of its low-energy structaa’-b’ ACKNOWLEDGMENTS
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