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Resonant inelastic soft-x-ray scattering from valence-band excitations ind® compounds
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Ti and Mn L, ; x-ray fluorescence spectra of Fei@nd KMnO, were measured with monochromatic
photon excitation on selected energies across theabsorption edges. The resulting inelastic x-ray-scattering
structures and their changes with varying excitation energies are interpreted within the framework of a local-
ized, many-body approach based on the Anderson impurity model, where the radiative process is characterized
by transitions to low-energy interionic-charge-transfer excited states. Sweeping the excitation energy through
the metal » threshold enhances the fluorescence transitions to the antibonding states pushed out of the band
of continuous states due to strong metd-8gand 2 hybridization and matching the low-photon-energy
satellites in the spectra. Based on the energy position of these charge-transfer satellites with respect to the
recombination peak the effective metal-digand 2 hybridization strength in the ground state of the system
can be estimated directly from the experimd®0163-182607)04508-4

[. INTRODUCTION enough to dictate the ground-state properties. While for late
TM compounds the character of the band gap and its size
One of the important goals of various spectroscopies is taepends on values & or U, for early TM compounds the
obtain knowledge about the electronic structure in thesize of the gap is rather determined by the valu&/gf.®
ground state of a system. For strongly electron-correlated Although the unique sets of the model parameters for dif-
systems such asd3transition-metal(TM), lanthanide, and ferent TM compounds can be established only by a consis-
actinide compounds, the electronic structure of a systertent description of the whole variety of spectroscopic and
without a core hole is often described in terms of low-energytransport properties, the spectroscopic data are often used for
d-d (or f-f) and charge-transfer excitations. Resonant x-ray? Préliminary estimation of the values of these parameters.
fluorescence spectroscofXFS) with monochromatic pho- >ince CT effects produce so-called CT satellites in x-ray
ton excitation has been shown to be a promising techniqughotoemlssmn, absorption, and bremsstrahlung isochromat
for studies of these types of excitations. Neuttad excita- spectra of TM compounds, the SFT‘t of the mod_el parame_ters
tions in MnO(Ref. 1) and charge-transfé€T) excitations in for the ground state of the system is usually derived by fitting

cerium and uranium compouridéiave been successfully the energy positions and intensities of CT satellites relative

to the main spectral lines. However, based on first-principles

studied in our earlier publications using valence-band RXFSCaIcuIations, it has been pointed buthat the TM

In this paper we discuss the gpp!icatiqn of RXFS to studie d—ligand 2 hybridization strength depends on the 8c-
of ligand 2»—metal 31 CT excitations in strongly covalent cupancy and, furthermore, can be strongly affected by the
3d TM compounds. _ o presence of a core hole. As a resMtmay be renormalized
These CT excitations are usually described within thep, 5 gifferent way in different spectroscopic experiments. In
framework of an Anderson impurity model which provides athjs sjtuation, those spectroscopies are particularly useful
satisfactory description of various properties of many syswhere a set of the final states of the spectroscopic process
tems with localized states. In this model the States of a can be described by the model Hamiltonian which couples
single TM ion with the on-site Coulomb interactidh are  excited states with the ground state itself.
treated as a degenerate impurity level coupled by the hybrid- In a localized many-particle approach, the final states of
ization strengthv to the ligand » band which is separated the TM 3d— 2p fluorescence process at the T threshold
by the CT energyA. The interactions between neighboring are the ground statghe electronic recombination peaind
impurities are neglected. It is clear then that the ground statw-energy excited state@he energy loss structunesThe
as well as the character of the band gap in insulators can hesulting resonant inelastic x-ray-scattering structures have
described in terms of relationships between, U, andV as  constant energy losses with respect to the recombination
parameters included in the model Hamiltonian. According topeak, but exhibit a dispersionlike behavior on the emitted
the 1N expansion theofythe effective value o¥/? is pro- photon energy scale upon sweeping the excitation energy
portional to the number ofdholesN (Vq4~NV). Thisis  across the TM @ absorption edge. Similar information can
the reason for strong hybridization effects in the early TMbe obtained from electron-energy-lo8SELS) and optical
compounds wherdl is large in addition to large bare hybrid- spectroscopies. However, in contrast to all the dipole-
ization strengthv (3d wave functions are more delocalized allowed transitions in the EELS and optical-absorption data,
compared to those in late TM'sIn fact, Vs may be large only the TM 3d states as eigenvalues for the ground state
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TABLE I. The site symmetry and average metal-oxygen dis-cence to the near-threshold excitation spectra complicates the

tance(in units of A) in studied compounds. analysis of the shape of resonant fluorescence.
Despite all these complications, we show that the transi-
Compound Symmetry TM O distance Reference  tion to the antibonding states can be identified in the TM
. L (3d,4s—2p transitiong fluorescence spectra of
a,B ’
FeTiO, Cs 1.981 12 FeTiO; and KMnO, recorded at the excitation energies set
KMnO, D2n 1.629 13 near the TM 2 thresholds, and that in the ground state
of these systems can be estimated from this type of experi-
ment.
Hamiltonian are probed in resonant fluorescence spectra via
creation and/or annihilation of gpzhole. This is especially Il. EXPERIMENTAL DETAILS

useful in the case of multicomponent systems such as
FeTiO; and KMnQ,, which were used in the present study b
) e
as representatives of theBcompounds.
These oxides are expected to be highly covalent syste

so that their ground state can be mainly described as a MYy azing-incidence grating spectroméferwith a  two-
ture of 3%, 3d"L, and JIL® configurations, where stands gimensional detector was utilized to measure x-ray fluores-
for a hole in the ligand @ band. Regardless, the crystal-field cence.

interaction, the multiplet effects, and the contribution of the The FeTiO; (iimenite) sample was a natural crystal ob-
3d?L? configuration, the mechanism of the estimation oftained from the mineralogical collection of the Mineralogical
Vit from resonant TM 8— 2p spectra can be demonstrated Museum at the Uppsala University. The source of the crystal

The measurements were performed at the undulator
amline 7.0 of the Advanced Light Source, Lawrence Ber-
keley Laboratory, with a spherical grating monochrométor

ing an end station described in Ref. 15. A high-resolution

by writing a simplified ground-state Hamiltonian is Fedde, Norway. The KMn@sample was a pressed pellet
prepared from 97% material obtained from Aldrich Chemical
0 Ver co.
H= 1) The Ti and MnL,, x-ray fluorescence spectra of
Vet A | FeTiO; and KMnO, were recorded with a spectrometer

resolution of about 0.8 and 0.5 eV, respectively. The inci-

which at the same time describes the final state of RxFsdeNce angle of the photon beam was about 20° to the sample
The diagonalization of this Hamiltonian gives bondifige surface, and the spectrometer was placed in the horizontal

ground stateand antibonding states betweed®3and 31L plane at an angle of 90° with respect to the incident beam.

configurations which are separated in energy byThe intensity of measured spectra were normalized to the

\/AzTT%f' For early TM oxidesA <2V, and the energy photon flux. For energy calibration, the V, , (3s—2p

- eft i . transitiong and MnL, ; fluorescence lines of the pure met-
separation is mainly determined by the valuevgf, so that : ! .

) i . : als were used as a reference. In order to determine the exci-
the antibonding states will appear in resonant TM-32p

fluorescence spectra at2V.; below the recombination tation energies, absorption spectra at the Ti and Wedges

peak. The spectral weight for transitions to these antibondiné\fre measured at the 90° incidence angle by means of total
a

. . ectron yield and with monochromator resolutions set to
states in fluorescence spectra can be enhanced by setting t

<] ;
excitation energy to the TM 2 absorption CT satellite, out 0.2 and 0.4 eV, respectively. The x-ray fluorescence
which is in turn the antibonding combinations between

and absorption spectra were brought to a common energy
2p®3d! and 2°3d?L configurations. Similar resonances of

scale using the elastic peak in the fluorescence spectra re-
) X = . h itati I h i

antibonding states have been obseffdid the Ce 4—3d corded at the excitation energy set below the absorption

fluorescence spectra of covalent CeO

edge. During x-ray fluorescence measurements, the resolu-
The real situation is, however, more complicated, becaus

tion of the monochromator was about 1.5 eV for KMpO
of the hybridization effects from thed3L? configuration and

&nd about 0.5 eV for FeTiQ
because of existing transitions to ﬁonbondinglg and

Upon irradiation with x rays, KMn@ gradually decom-
) " ... _poses with time to compounds with lower oxidation state of
3d2L? final states™! These transitions may have a specific b b
resonant behavior upon sweeping the excitation energ

%nanganese. This can be seen as a transformation of the
> . ».3 absorption spectrum of MiT into that of Mn**. By
across the TMLp3 (2p—3d.4s transmonS absorption ._measuring x-ray-absorption spectra in the total electron yield
_edges, and may depend on the crystal-field symmetry whic ode, the decomposition rate of KMnQvas studied and
|sd3'ctt.uallyfd|fferelnt _|I[1MFeT|Q and dKMr;hOL; (1S'|$/|e 2Taple)l Ibr']t the appropriate periodicity for changing the beam position on
addition, for early compounds, the p=Spin-oroi the sample was determined. Prior to x-ray fluorescence mea-
sphttmg IS ;maller than or comparable witi'dy, giving rise g, ements the sample surface was scraped, and then the po-
to a S|gn|f|cant overlap of the structure's'of thg andL,  gjion of the beam on the sample was changed every 3 min in
absorption edgésand hence to a mixing of the TM order to avoid its decomposition.

cence, which occurs due to direct exmta’qons of core elec'surface and regarding the geometry of our experiment, the
trons to the continuum or due to relaxation of the syste

Tbbserved intensity is given b
from the core-excited to core-ionized states. The difficulty in yisg y

guantitatively estimating the contribution of normal fluores- I =1o[ 1+ (uou! pin)tan20 1, 2



4244 BUTORIN, GUO, MAGNUSON, AND NORDGREN 55

T NEEEN ST SR AN AN AR FE RN RN R F RS SR ERE R

. ; 2p33d2L
FeTiO, b2 i
Absorption | % %7 2p33d!
Ti L2'3 "L-« .
YO
Fl e ‘
uorescence ~ Exc. energy [eV]:
A, e~/ \ G- D 3diL
-~ M, 490.0 L
,-é' w‘”’” _;"Mx& O ettt apocmnsresi o ionmnes| 3d0 ., r 3 dO
2 _'_k__:/ \,_..‘..4-.,-.,.«‘ 471.7
...g wiw-w.,.—\w,"w~~ N . ,...-‘-'M: - )
= G initial intermediate final
N & e
s e T L. 466.0 ) )
o : R RN FIG. 2. A schematic representation of the resonant TM
= o . 3d—2p x-ray fluorescence process fod3compounds. The en-
._M._\.Nm\.ﬁv,.,..w.-"”" e iffj_‘ ergy levels which are labeled with electronic configurations corre-
o . 4;32 } i spond to the average multiplet energies of these configurations in
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o e gree of covalency of chemical bonds and the significance of
e imins s Y s 02| the O 2—Ti 3d CT in FeTiO;.
R L RS RS RS LR L L) AERRS RARRR RARRE The resonant x-ray fluorescence process for a covalent
430 440 450 460 470 480 3d° compound is shown schematically in Fig. 2, where only
Photon energy [sV] the two lowest electronic configurations for intermediate and

final states are included for simplicity. As a result of strong
TM 3d— 0O 2p hybridization in the ground and intermediate
states of this process, there are radiative transitions to the
final states which are the bondirithe ground stall)e non-
where |y is the unperturbed decay intensity, apg, and bpndmg, and ant|bond|ng_ states betweelf agd "L con-

Moyt @re the absorption coefficients for the incident and Out_ﬂgurauons. The nonbonding states %re of th LScharapper,
going radiation. We derive the values of these coefficients a?nd are not directly coupled to thef3state, but transitions

s : to these states become possible through the intermediate
the TM 2p threshold by normalizing the TN, ; absorption . . :
spectra to known valuésbelow and above the correspond- State- The split-off antibonding state pushed outafi3con-

ing absorption edges. Based on this procedure the Sel];i_nuous states by larg¥ creates a low-photon-energy CT

absorption losses are estimated to be less than 15% for all tl'?@tle”'te dm rtesp dnant’F flutﬂrescenfe lspte ctrta. di
measured spectra. n order to identify the spectral structures corresponding

to different final states, we plotted the Ti, ; spectra of
FeTiOs in Fig. 3 as energy-loss spectra relative to the energy
of the recombination peak. Despite the overlap between the
A. FeTiO4 resonant x-ray inelastic scattering structures and a nonreso-
nant normal fluorescence line which moves toward low en-
ergies upon increasing the excitation energy, some tentative
The Ti L, g x-ray fluorescence spectra of FeTjQe-  assignments for the loss structures can be made. The struc-
corded at different excitation energies near the fitBresh-  tures appearing in the energy range betwedd and—4 eV
old are displayed in Fig. 1. The resonant part of the Tican be attributed to the transitions to nonbondirgfL3
3d—2p fluorescencéhereafter we disregard a contribution states. The split-off antibonding satellite, schematically
of weak —4s transitions in both x-ray-absorption and fluo- shown in Fig. 2, is found to be located at abeut4.5 eV.
rescence spectraexhibits dispersionlike behavior upon The loss structures at lower energies can be assigned to tran-
sweeping the excitation energy across théJi absorption  sitions to nonbonding&L? states.
edges, while nonresonant normal fluorescence appears at The transition rates to different final states, and conse-
constant energy of emitted photons. For an excitation energguently, the intensities of different energy-loss features, de-
of 458.2 eV, where a contribution of nonresonant normalpend on the character of the intermediate states which are
fluorescence is expected to be small, one can see that thepresented by the Ti, 3 absorption spectrum. Within the
spectral structures extend to more than 22 eV below the rdigand-field model the main four absorption peaks were as-
combination peak. Different structures resonate in a differentribed to the p®3d°— 2p°3d? transitions of the Ti* ion to
way with varying excitation energies. These spectra are iithe states of, (peaks at 458.2 and 463.7 pénde, (460.5
contrast to what one could expect for purely tetravaler®Ti and 466.0 ey symmetry'® regardless of some distortion of

FIG. 1. The TiL, 3 x-ray absorption and resonant 0j, ; x-ray
fluorescence spectra of FeTjOlhe arrows on the absorption spec-
trum indicate excitation energies used for fluorescence spectra.

Ill. RESULTS AND DISCUSSION

1. Resonant fluorescence
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Fig. 2), and in turn indicates the O2-Ti 3d CT character
FIG. 3. The resonant TL, ; x-ray fluorescence spectra of of the absorption satellite. In light of this, the other proposed

FeTiO; (dots, plotted as energy-loss spectra, relative to the energynechanisms to explain the existence of the absorption satel-
of the recombination peak which is set at 0 eV, and the diffusgjte such as intraligand 2—3s excitationg®?° or O
reflectance spectrum of FeTidsolid line) taken from Ref. 27. 2p—Ti 4s shake-uﬁl appear to be less probable. The en-

ergy loss of 14.5 eV for the CT satellites in fluorescence
the octachedral crystal-field symmetry in FeTi& In order  spectra of FeTiQ indicates that the value 0f. in the
to describe the TL, ; spectra of this compound, however, ground state of this oxide is more than 7 eV.
high covalency of the chemical bonds and CT effects should When the excitation energy is set to thg ande, peaks
be taken into account in the description of theLJi; absorp-  in the TiL3; edge, the most intense structures in the energy-
tion spectrum. Using configuration interaction cluster calcudoss spectra of FeTiQ(Fig. 3 appear at-7.5 and—10 eV,
lations, Okada and Kotahreproduced both the main struc- respectively, so that the 2.5-eV energy difference between
tures and high-energy satellites in [T} ; absorption for the them matches the ligand-field splitting in this compound es-
local O;, symmetry around the Ti ion. They assigned weaktimated from the O & x-ray-absorption spectf&.This sug-
absorption satellites at about 471.5 and 477 eV to the CTests that the transitions to nonbondirg/'3 final states of
satellites, which are the antibonding combinations betweethe resonant fluorescence process depend on the symmetry of
2p°3d! and 2p°3d°L configurations. The large broadening the core-excited states, unless the observed intense structures
of mainL, peaks compared to those lof was shown to be are strongly affected by the nonresonant normal fluorescence
due to a contribution of transitions to thepsBdZE states. contribution. For an excitation energy of 466.0 eV, the shape

Recent measurements on Ce®efs. 2 and Brevealed a  of the TiL, z spectrum(Fig. 3) in the energy range between

resonant enhancement of the CT sateli@atibonding state —11 and—4 eV resembles that of the valence band in isos-
between 4° and 4f'L configuration$ in the resonant Ce tructural MgTiO;.%
4f—3d x-ray fluorescence spectra when the excitation en- From optical-absorption measurements the band gap in
ergy was set to the Ced3absorption satellitéantibonding MgTiO ; was estimated to be 3.7 éwhile the first energy-
combination betweend®4f! and 3°4f2L configurations  loss structure in the resonant [, 5 spectra of FeTiQ (Fig.
Therefore, one can expect similar resonant behavior for th8) is already observed at about 2.5 eV below recombination
CT satellite in the resonant Tid3-2p fluorescence of peak. A comparison of these spectra with those of rutile
FeTiOs. Indeed, for the excitation energy set to thelLi;  TiO, (Ref. 25 (Fig. 4) clearly indicates the existence of
absorption satellite at 471.7 eV, there is an enhancement iadditional states in the & —Ti** CT gap of FeTiQ. For
the fluorescence weight at about 14.5 eV below the recom¥iO,, this gap, determined as an energy difference between
bination peak, as one can see from the comparison betweé¢he recombination peak and the onset of the intense struc-
the 471.7 and 490.0-eV-excited [, ; spectraFig. 1). This  tures at low energies, is about 3.0 eV, which is in agreement
resonance helps to determine the energy of the split-off anwith optical data for this oxidé® In order to show the origin
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of the in-0?"—Ti*" CT-gap states in FeTi§) we plotted the excitation energy is set below th@,2— 3d multiplet'®
the diffuse reflectance spectréfof this compound in Fig. 3. and, hence, na ; normal fluorescence can be observed as a
The spectrum exhibits two strong optical-absorption peaks atsult of the relaxation process mentioned above. Further-
about—1.2 and—2.4 eV, which were attributed in Ref. 27 to more, this structure can hardly be attributed to so-called Ra-
the t,y— ey transition of Fé* and to the Fé"—Ti** CT,  man scattering below the Ti, absorption edge, because
respectively. The molecular-orbital calculations performedsuch Raman-scattering spectra are usually quite broad. On
for the (FeTiO, ) 1~ clustef® (a pair of edge-sharing octa- the other hand, @°3d?L states have been sholmo contrib-
hedra containing Fe" and Ti** ions, respectivelysupport  ute to the region between tleg line of L5 and thet,, line of
these assignments, thus indicating some Fe-Ti bondind., so that the high-energy part of the 462.5-eV-excited Ti
Since the Fé" —Ti** CT excitations can be as well probed L.,z spectrum most likely belongs to resonant fluorescence
in the resonant TL, ; spectra, the structure at about 2.5 eV as a result of the decay of these states.
below the recombination peak in these spectra can, therefore, At an excitation energy of 490.0 eV, nonresonant normal
have Fé" —Ti4" CT character. Alternatively, this structure fluorescence dominates in Ti, z spectra of FeTiQ. The
may be interpreted in terms af-d and CT excitations of main maximum at about 450.5 eV can be assigned mainly to
Ti3" as a result of possible oxygen vacancies. 2p53dlL—2p®3d°L transitions. The energies of the most
intense transitions can be estimated from simple energetical
considerations. The strongest peak of i @hotoemission
The existence of nonresonant normal fluorescence at exvhich has mainly 2)53d1£ charactet® is located at 459.0
citation energies set to the TMp2absorption edge is usually eV.3° Assuming the binding energy of th&l® maximum to
considered to be due to direct core-electron excitations to thee about 8 eV, which is similar to what was found for
continuum or due to the Coster-Kronig process. In this caseliO, from resonant valence-band photoemission dt3,
the intermediate state is a core-ionized state for the systenwe obtain 459.0-8:6451.0 eV as the emission energy for
The energy for the onset of continuum states in FgliO the intense 353d1£—>2p63d0£ transitions. In addition, it
can be determined as the energy difference between the Tias been showr that the Ti 2 photoemission spectrum
2p level and the bottom of the conduction band, and can be&ontains a significant amount oprSdZE2 component,
estimated from a combination of Tip2 photoemission, which may in principle decay radiatively. Therefore, one can
valence-band photoemission, and optical spectroscopies. kxpect some contribution of @3d?L2—2p®3d*L? transi-
order to disregard a contribution of the Fe 3tates in the tions to the normal fluorescence spectrum.
valence and conduction bands, one can use valence-band The normal fluorescence structures also originate from so-
photoemissiorithe top of the valence band at3.5 eV) (Ref.  called shake-up, shake-off, angh2p3,3d Coster-Kronig
29) and optical datdthe band gap is 3.7 eMRef. 29 for  processes. At high excitation energies a contribution of these
isostructural MgTiQ. Taking the Ti 25, binding energy in  processes to normal fluorescence is mainly determined by
FeTiO; to be 459.0 eV(Ref. 30, one then finds that the the admixture of the 8>L2 configuration in the ground state
onset of the continuum is at 459:®.5+3.7=459.2 eV, i.e., of the system, giving rise to®3d'L?—2p®3d°L? transi-
about 1 eV above thgy peak in the TiL; absorption edge. tions. At excitation energies set to th@y threshold, the
The existence of the prominent 451-eV structure in the2p,,2p3,3d Coster-Kronig process also leads to
458.2-eV-excited TL, 4 spectrum(as well as in the 460.5- 2p°3d*'L—2p°3d°L and 2°3d°L*—2p®3d'L? transitions
eV-excited spectrum; see Fig) 4t the emitted photon en- due to the 8'L and 3?L? components in the ground state.
ergy close to that for nonresonant normal fluorescence sughn enhancement of normadl, fluorescence due to this
gests that there might be a relaxation of the system into &oster-Kronig decay upon sweeping the excitation energy
core-ionized state in the intermediate state of the fluoresacross thd_, edge is, however, not significant, as one can
cence process, thus resulting in normal fluorescence decasee in Fig. 1.
One of the relaxation mechanisms which can occur at the
excitation energies set below the onset of the continuum B. KMnO ,
states was discussed by de Groot, Ruus, and Efamgthe
framework of CT. In particular, it has been shown that, when
the 2p°3d'— 2p°®3d°¢ (€, corresponds to an electron inthe  For KMnO,, the Mn 2p spin-orbit splitting is comparable
continuum relaxation is impossible, the p3d’L  with 2V.. Therefore, it is difficult to identify charge-
—2p®3d*L €, channel can be energetically allowed. Consid-transfer satellites in the Mh; absorption edgé®* because
ering a significant admixture of thel3L configuration in the  of the overlap of these satellites with My structures. In
ground state of the systefthe 3I'L contribution was esti- this case, the sensitivity of the radiative decay and the shape
mated to be about 48% from the analysis of different high-of resonant MrL,, ; spectra to the character of core-excited,
energy spectroscopic datathe assumption about the relax- intermediate states is especially useful. Theselyn spec-
ation origin of the 451-eV structure in the 458.2-eV-excitedtra of KMnO, recorded at various excitation energies across
Ti L, s spectrum would be reasonable. However, we believeéhe Mn 2p threshold are displayed in Fig. 5. At excitation
that this structure is to a large extent due to resonant fluoregenergies set to the Mh; edge (640.5 and 644.9 eNVan
cence. The main argument that this is not a relaxation is theverall shape of the Mk, spectra, consisting of the recom-
shape of the fluorescence spectrdfig. 1) recorded at the bination peak, prominent structure a few eV below it, and
excitation energy of 462.5 e{In a dip betweerlL; andL, low-energy tail is similar to that of resonant [}, spectra of
absorption lines The spectrum exhibits a similar intense FeTiO;, despite differences in the crystal structure of these
structure at about 7 eV below the recombination peak, whileompounds?*® For the tetrahedral symmetry of the crystal

2. Nonresonant normal fluorescence

1. Resonant fluorescence
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FIG. 5. The MnL,3 x-ray absorption and resonant Mn, 4 Energy [eV]

x-ray fluorescence spectra of KMpOThe arrows on the absorption

spectrum indicate excitation energies used for fluorescence spectra, F/G- 6. The resonant M., ; x-ray fluorescence spectra of
KMnO, plotted as energy-loss spectra, relative to the energy of the

recombination peak which is set at 0 eV, and the electron-energy-
loss spectrum of KMnQ (Ref. 35 recorded at the primary electron
energy of 25 eV. The optical-absorption spectrum of an aqueous
solution of KMnQ; is taken from Ref. 36.

field the e;-derived states of the®3d* multiplet split to-
ward low energies, so that the main Mg andL , absorption
peaks in KMnQ, have mostlyt,-like charactef® As in the
case of FeTiQ, the shape of resonant Mn, ; spectra of
KMnO 4 indicates a strong covalency of the Mn-O chemicalexcited fluorescence spectra and between the 649.0- and
bonds in the latter compound. 655.6-eV-excited spectra is similar to the value of the ligand-
In order to see similarities and differences between opticafield splitting (~1.5 eV) in KMnQO,, as determined from O
absorption, electron-energy-loss, and resonantlylp spec-  1s x-ray-absorption spectrd:*
tra of KMnO,, we placed all of them on the same energy We find the CT satellitéan antibonding combination be-
scale in Fig. 6. The shape of the resonant part of the Mnween 31° and 'L configurationyin resonant x-ray scat-
L, fluorescence within 10 eV below the recombination peakering of KMnO, (Fig. 6) to be located at about13 eV,
is somewhat similar to that of optical absorption, althoughbased on resonances which are observed at this energy in the
fine structures in x-ray fluorescence spectra are smeared og49.0- and 655.6-eV-excited spectra. Although, for the
due to a significant spread of the excitation energy and due tfarmer spectrum, this resonance appears at an energy close to
experimental broadening from the spectrometer. It is knownhat of normal fluorescencesee also Fig. % it cannot en-
that the shape of resonant fluorescence spectra is sensitivetiely originate from the normal fluorescence transitions. The
the width of the excitation energy.For KMnO,, this width  contribution of these transitions to the 649.0-eV-excited
(1.5 eV in x-ray fluorescence measurements was three timespectrum is expected to be small based on the analysis of the
larger than that0.5 e\) for FeTiO;. As a result, the insu- nonradiative decay for the same excitation energy. The nor-
lating gap of KMnQy, which was estimated to be only about mal Auger line, a counterpart of the normal fluorescence
1.6 eV based on transpdtiand EELS(Refs. 35 and 30data  decay, is fairly weak in the corresponding resonant photo-
is completely smeared out in resonant Mp ; spectra in  emission spectrum of KMn@3®*
Fig. 6. The enhancement of the spectral weight at aboli8 eV
Referring to the discussion for FeTiO the spectral in the 655.6-eV-excited M., 5 spectrum of KMnQ (Fig.
weight of resonant M., ; fluorescence of KMnQ within 6) cannot be caused by th@2,2p;,3d Coster-Kronig pro-
~10 eV below the recombination peak can be associatedess, which becomes possible at excitation energies set to the
with transitions to nonbondingd3L states. The difference in L, edge. As for FeTiQ this process can give rise only to
energy of the prominent structures at 5.5-7 eV below the2p®3diL—2p®3d°L and 2p°3d2L2—2p®3d L? transitions
recombination peak between the 640.5- and 644.9-eVand, thus, is expected to enhance the nonresonantlike,
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normalL , line. Since the 8*L* configuration is likely to be  Mn 2p threshold are, however, hampered due to an overlap
dominant in the ground state of KMnQthe 2p;;2p3,3d  of structures belonging to normal fluorescence with resonant
Coster-Kronig decay with excitation at the Mpg, thresh-  inelastic x-ray-scattering structures.

old should lead to a spectral weight enhancement in the For an excitation energy of 716.5 eV, normal fluorescence
photon-energy range of the main nonresonantlikepeak  dominates in the MrL, ; spectrum of KMnQ. The spec-
(~637.6 eV on the photon-energy scakehich corresponds trum is similar to those obtained earfi&f! on samples
mainly to 2p°3d!L*—2p®3d°L? transitions(see below. A cooled with liquid nitrogen using x-ray tubes as a source of
further argument against the Coster-Kronig origin of thethe radiation. Expecting the main Mnp3g, photoemission
structure at-13 eV in the 655.6-eV-excited Mh,, ; spec- line to have largely 253d1£ character, and based on the
trum (Fig. 6) comes from the analysis of the shape of thisenergy difference between this peak §45.5 eV} and the
spectrum between-10 and 0 eV. If the p°3d’L and 3d°L maximum (~7.5 €e\) in resonant Mn @
2p®3d3L? components of the intermediate state decayeghotoemissiorf? one can assign the main peak §47.6 eV
mostly through the Coster-Kronig process then the intensityn  the normal Mn L, fluorescence spectra to
of the 3d™L structure at-7 eV would be strongly suppressed 2p°3d'L'—2p®3d°L? transitions. This peak is accompa-
with respect to that of the recombination peak. The correnied by a high-energy shoulder which is more pronounced
sponding MnL, 5 spectrum, however, shows the oppositethan that in the normal fluorescence spectra of FgTEince
behavior: the 8L structure is intense, and the recombina-the 3d?L? and 2p°3d?L? admixtures in the ground and in-
tion peak is weak. Thus, taking into account the argumenttermediate states of the fluorescence process should be larger
discussed above, the resonaneeks3 eV in the 649.0-eV- in KMnO, compared to those in FeTiQ this may be the
and 655.6-eV-excited specttkig. 6) can be regarded as a reason for the increase in the intensity of the shoulder as a
manifestation of the CT satellite, which is an antibondingresult, for example, of @°3d2L?—2p®3d*L? transitions.
combination betweend® and 3*L configurations.

For KMnOy, this satellite, as well as the one correspond-
ing to transitions to the nonbondingd®.? states, have
smaller energy losses with respect to the recombination peak To summarize, the TM.,, ; x-ray fluorescence spectra of

- ! B
than those for FeTiQ (13 eV versus 14.5 eV for the former FeTiO, and KMnO, recorded at excitation energies set in
satellite, and 18 eV versus 22 eV for the latter priEhe  the vicinity of the TM 2 threshold exhibit features which
observed energy differences can be tentatively explained byuggest the validity of the localized, many-body description
a difference in the value ok between these compounds.  of the resonant TM 8—2p fluorescence process in these
is expected to be smaller in KMndue to the higher oxi- compounds. In particular, specific spectral changes with
dation state for TM and, hence, higher covalency of TM-Ovarying excitation energies can be explained based on the
chemical bonds than those in FeTjCFor oxides of tetrava-  Anderson impurity model, so that resulting inelastic x-ray-
lent Ti such as TiQ and SrTiG;, the values ofA andU,  scattering spectra are associated with transitions to the low-
estimated from the analysis of various high-energy spectroenergy interionic CT-excited states. The corresponding
scopic data'® are 4.0 and 4.5 eV, respectively. Assuming analysis of these spectra gives the estimates for the value of
U to be the same in KMn@and takingVeq=7.0 €V, one  TM 3d-O 2p hybridization strength used in a set of model

can roughly estimate the value df in this compound by parameters to describe the ground state of the studied sys-
diagonalizing a simplified Hamiltonian so that its eigenval-tems.

ues match the energies of the resonant fluorescence struc- At the same time, the existence of the large spectral
tures associated with transitions to both nonbonding and arweight in all the recorded fluorescence spectra at the photon
tibonding states between different electronic configurationgnergies close to that of norma), s fluorescence may be an
with respect to the recombination peak. This gives about Zndication of partial relaxation to the core-ionized state in the

IV. CONCLUSIONS

eV for the value ofA in KMnO . intermediate state of the resonant fluorescence process as a
result of a significant degree of thel 3lelocalization in the
2. Nonresonant normal fluorescence 3d° compounds.

In KMnO, the chemical potential is located close to the
bottom of the conduction barid.Therefore, the onset of the
continuum states in the MnRabsorption spectrum of this
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