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Polarization dependence of soft-x-ray Raman scattering was investigated at tjpeabsa@rption edge of
TiO,. Strong Raman scattering feature appears about 14 eV below elastic peaks with strong polarization
dependence. These Raman scattering structures are charge transfer excitations to the antibonding state between
3d'L ! and &° states, because they are enhanced when the incident photon energies are tuned at satellite
structures of Ti ® absorption spectrum. Broad Raman scattering structures are found between 3 eV and 10 eV
below elastic peaks. They are assigned to be nonbonding type charge transfer excitations or interband transition
from O 2p valence to Ti & conduction bands, which includes the crystal field splittin@ i symmetry with
two Ti-O bond lengths.

[. INTRODUCTION (XAS), x-ray photoemissiofXPS), and so on. SXRS of rare
earth compounds have been well analyzed by the localized

Soft-x-ray fluorescence spectroscopy of solids has beealectron calculation. This is because of the strong electron
established as a powerful tool to elucidate the partial densitgorrelation effect. In the case of transition metal compounds,
of states of the valence band. This process is described asttee electronic structures have been interpreted by the band
first order optical process where the correlation between inpicture, the localized electron picture, or an intermediate
cident and emitted photons is lost. On the other hand, softnodel such as the multisite cluster modelhich accounts
x-ray Raman scatteringXRS spectroscopy is a second or- for translational symmetry in the localized model. Polariza-
der optical process, and it gives useful information about théion (electric field dependence of incident and emitted pho-
electronic structure of both occupied and unoccupied statesons has not been included in the previous SXRS measure-
A recent brilliant synchrotron radiation source has enablednents, so that the detailed description of elementary
one to observe SXRS on semiconductordiransition metal  excitations in solids is still obscured. For further understand-
compound$;** and rare earth compoundsThe nature of ing, it is essential to perform polarization dependence of
SXRS is basically considered to follow the Kramers-SXRS(PSXRS on solids.
Heisenberg formula. Because the final state of SXRS con- Including the polarization vectors of incident and emitted
serves the electron numbbkrin the system compared with photons, Nakazawat al. have analyzed the fluorescence
the final state of the photoelectron with the electron numbeyield (FY) and SXRS of rare earth metals based on the
N—1, SXRS is not influenced by the core hole effect, so thagtomic modef® They have shown that the selection rule for
it is an extremely powerful tool for exploring the electronic PSXRS is followed by the total angular momentdrand its
structure in the ground state and the electronic excitationsz component],. PSXRS gives direct information about the
The electronic excitations of SXRS have been interpreted isymmetry of each elementary excitation. There exists, how-
different ways according to the models of electronic statesever, few previous works on solids where practical measure-
In a band model that characterizes an itinerant nature of eleenents and corresponding analysis are performed on
trons, electronic excitations are described in terms of afPSXRSY
electron-hole pair at a particular symmetric point or a va- TiO, is a representative of ad system, and the character
lence exciton by the total momentum conservation rule of af the electronic states near the energy gap has long been
system'® In the case of semiconductors, SXRS has been weliliscussed in terms of both delocaliz&¢®and localized’ =2
analyzed by the band calculation. In contrast, in a cluster odescription. Butoriret al. measured Ti p SXRS of FeTiQ
atomic model that characterizes the localized nature of eleand found a broad Raman structure around 3-10 eV and a
trons, they are described in terms ofda-d or a charge weak Raman peak at 14 eV below recombination péaks.
transfer(CT) excitation. SXRS gives direct information on They have applied a localized picture to interpret the SXRS
parameter values such as tihed Coulomb interactiord 44, of FeTiO; by analogy with Ce@* which is a more local-
the hybridization betweed and ligand state¥, or the CT  ized system with #4° configuration. On the other hand,
energyA, which are often extracted from fitting parametersJimenez-Mier et al. have applied the energy band model to
used in various spectroscopies such as x-ray absorpticgxplain the SXRS of various Ti compountisThey have
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FIG. 2. (a) The local bonding nature of titanium ions with sur-
rounding oxygen ions in rutile Ti© (b) The excitation axis for two
experimental configurations drawn from the same direction as in

(a).

ions with surrounding oxygen ions in rutile TjO The
FIG. 1. Experimental setup for PSXR&) Depolarized con- hatched face is in theD01) plane. Rutile has two types of

figuration; the spectrometer is located in the direction of the polar-11-O bonds: short Ti-O bonds in th@10 or (110) plane
ization vector of the incident photorib) Polarized configuration; and long Ti-O bonds toward tHd10] or [ 110] axis. Figure
the spectrometer is located normal to the wave vector and the p&(b) shows the polarization vector of the incident photon in
larization vector of the incident photon. the polarized and depolarized configurations. Three axes are
chosen so the axis is parallel to th¢001] axis and thexy
calculated SXRS by assuming constant transition matriceplane is in the(001) plane. The sample rotates 90° with the
between the occupied and unoccupied electronic states. Thexperimental chamber so that the excitation axes are differ-
have succeeded in reproducing the general feature of thent in the polarized and depolarized configurations. As
emission spectra, though complex behavior of Raman scashown in Fig. 2b), both types of bonds are excited by the
tering and fluorescence with increasing photon energy acrodgcident photons in the polarized configuration, whereas only
the Ti 3d edge are not sufficiently explained. In this paper,the short bonds are excited in the depolarized configuration.
we present highly energy-resolved experimental results of The spectrometer is of Rowland mount type with a lami-
PSXRS for TiQ and discuss whether the band or the localnar grating whose radius and groove density &rm and
model is better in the interpretation of the data. 1200 lines/mm. The energy calibration of the incident photon
was carried out by the photoemission of goldlge. For the
accurate energy calibration of the spectrometer, we use three
elastic scattering lines of TiKJo determine the energy scale.
Polarized soft-x-ray absorption and emission spectra of d he total energy resolution of the system was 0.6 eV at 400
rutile TiO,(001) single crystal were measured using a soft-€V with a 20um incident slit width of the spectrometer. The
x-ray spectrometét installed at the undulator beamline base pressure of the experimental chamber was kept below
BL-2C (in Photon Factory at National Laboratory for High 2% 10" *°Torr. The measurement time of SXRS was about
Energy Physicd* Synchrotron radiation was monochroma- 300 s for the excitation at the absorption peak and about
tized using a varied-line spacing plain grating whose averag&000 s for the excitation below the threshold.
groove density is 1000 lines/mm. The energy resolution of

Il. EXPERIMENTS

the incident photon was about 0.4 eV at 450 eV when we IIl. RESULTS AND DISCUSSION
measured SXRS and was about 0.1 eV when we measured
absorption spectra. The absorption spectra were obtained by the total electron

Figure 1 shows the illustration of the experimental sys-yield method(TEY). Figure 3 shows TEY spectra of T3}O
tem. The incidence angle of the soft x ray was about 70° texcited at Ti 2 threshold for the polarized and depolarized
avoid the self-absorption effect. The absorption and emissiononfigurations. The local symmetry of a titanium ion in the
spectra were measured at “depolarized” and “polarized” rutile type structure hab,,, crystal symmetry, and the struc-
configurations. When the SXRS is measured in the depolature of TEY is roughly characterized by shagg peaks and
ized configuration as shown in Fig(d, the polarization double-splittingey peaks due to slight distortion from ti@,
vector of the emitted photon rotates by 90° from the polarsymmetry. Theey peak at the lower energy side originates
ization vector of the incident photon. On the other handfrom the long Ti-O bonds due to a hybridization effect
when the SXRS is measured in the polarized configurationweaker than the short Ti-O bonds, so that the intensity ratio
as shown in Fig. (), the polarization vector of the emitted of the higher energy to lower energy, peaks is slightly
photon contains the same polarization vector as that of thacreased at the depolarized configuration where the long
incident photon. Ti-O bonds are not excited.

Figure Za) displays the local bonding nature of titanium  Figure 4 shows the emission spectra excited at selected
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FIG. 3. Total electron yieldTEY) spectrum of TiQ at the edge Binding energy (¢V)

of Ti 2p. Letters indicate excitation energies for the emission mea-
surement. The continuous and dotted lines show the polarized and
depolarized configurations, respectively.

energies as shown by lowercase letters in the TEY spectrum.
The spectra are plotted as a function of the emitted photon
energy and their intensities are normalized to the incident
photon flux. The intensities of polarized and depolarized
configurations are normalized so that they coincide in the
fluorescence spectra. The highest energy peak in each spec-
trum is an elastic scattering structure, where the final state is

(c)Ti3d — 2p fluorescence
A

L L 1 1
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the same as the initial state. From the Kramers-Heisenberg FIG. 5. Assignment ofc) the fluorescence spectrum by com-
formula, the elastic scattering should be forbidden if the po-paring the emission energy with the energy difference between the
larization vectors of the incident and emitted photons arestructures ofa) the valence andb) the Ti 2p core photoemission
perpendicular, as shown later. Then the elastic peaks olspectra. Corresponding transitions are indicated by the same sym-
served in the spectra in the depolarized configuration may b@ols. Features designated s S, are charge transfer satellites.

accompanied by small-energy excitations, such as phonon
When the Ti 2 core electron is excited enough above the

TiO, Ti2p SXRS
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Tontinuum state and the excited electron spreads out of the
excited core site, one obtains a Td-3:2p fluorescence
spectrum. The multiple-peak structure of the fluorescence is
shown in the spectrum labeled(excited enough above the
threshold. The Ti 2p fluorescence corresponds to the tran-
sition from the Ti 2 core hole state to the valence hole state,
each of which corresponds to the final state of i @nd
valence-band photoemission, respectively. Therefore it is
useful to relate the fluorescence spectra with Pi Gore?®

and valenc® photoemission spectra as shown in Fig. 5. In
Fig. 5a), for example,c;,% denotes a Ti P5/, core hole and
3d*L "t aTi 3d electron and a hole in the ligand sta@ 2p
molecular orbit. The satellite structures in Ti2photoemis-

sion spectra are located at 472.5 eV and 477.8 eV and have
been assigned to the charge transfer type satellites. On the
other hand, the valence-band photoemission spectra have
been well analyzed by the band structure. However, even in
the valence-band photoemission spectra, the charge transfer
type satellitesS; andS, are found. The energy of the peaks

A andB in the fluorescence spectrum just equals the energy
difference between the Tif2core and valence-band photo-
emission peaks. Thus, the main structuted\’, B, andB'’

are elucidated by the valence-band structures. On the other
hand, several structures in the fluorescence spectra corre-
spond to the energy positions between the structures in-
volved in the charge transfer satellites. Fluorescence is often
described as a first order optical process. diezeMieret al.

have explained the fluorescence structure by the calculated

FIG. 4. Polarized soft-x-ray emission spectra of JiGhe ab-  Projected density of statés.They assigned the main peak
scissa is the emitted photon energy. The letters correspond to tifound 451 eV to the transition from the peak of valence
excitation energies shown in Fig. 3. The spectrum labeled a is muldensity of states to the Tid,, core state; they also assigned
tiplied by 5. Two solid lines at 451 eV and 457.6 eV indicate thetwo shoulder structures at the higher energy side to the
peak position of the spectrum labeledfluorescence

Coster-Kronig process that transfers the hole from j,2to
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J where () and w are, respectively, the incident and emitted
s i photon energiesg), |i), and|j) are initial, intermediate, and
SR final states of the material system, respectively, E;, and
_ ) M \L x 0.2 E; are their energies, anid represents the spectral broaden-
*20' — '15' = '1'0 = ; = 0 = 5 T==ia ing due to the core-hole lifetime in the intermediate state.
. ) The dipole transition operatdr, is proportional tox, which
Raman shift (eV is taken in the direction of incident photon polarization, and

the summation of the dipole transition operaloris taken
over x andy for the polarized configuration, while it is over
e\{/ andz for the depolarized configuratiaisee Fig. L

FIG. 6. PSXRS of TiQ plotted relative to the elastic peaks
located at zero. Five vertical dotted lines between 5 eV and 10

indicate Raman scattering to the multiple splitting*8~* non- - . ;
bonding states, whereas a higher energy shift line around 14 eV The energy level diagram in the SXRS of Hi@ shown

indicates Raman scattering to the antibonding state. Solid bars o chematically in Fig. 7 with a Tipcluster model. TiQ is

. . 0 . .
each spectrum indicate peak positions of the spectrum labeled ﬂomlnally n t.he 3 .state, but actually the‘ﬁ)lc‘lf}f'gum_“o”
(fluorescence is strongly mixed with a charge transferred*® ~* configu-

ration by the covalency hybridization. The ground state is the
_ , o o bonding state between thel3and 3L ! configurations,
Ti 2pg;; and to a multiple electron excitation, which is con- ang the antibonding state is located about 14 eV above the
sistent with our analysis of peaksand C. ground state with the cluster model parameters used by
In Fig. 4, there are several features that linearly followQkada and Kotari® If we assume, for simplicity, th©,
with the elastic peaks. Figure 6 shows Raman spectra relagymmetry for the cluster as done by Okada and Kotani, both
tive to the energy loss from the elastic peaks. Short bars oBonding and antibonding states are specified by an irreduc-
each spectrum indicate the energy position of the fluoresible representatiod,,. In addition to these states, there are
cence peaks. When the excitation energy is set to the TEYionbonding 8L ! states WithAyq, T1g,T2g,Eg,... Sym-
satellite region, dramatic enhancement occurs only at the panetries located near the middle of the bonding and antibond-
larized configuration, that is, the giant enhancement of the 1#hg energy levels. When a Tifelectron is excited to thed3
eV energy-loss structure as shown by the vertical dotted linstate by the incident photon, we have !3d* and
in the spectra labeled | and m. Small enhancement is also *3d°L ! configurations that are mixed strongly by the
observed in the spectrum labeled d with a slightly largercovalency hybridization. The main peak of the Tp XAS
Raman shift. This structure has an energy loss that is tooorresponds to the bonding state between dhé3d* and
large to be associated with valence-band structure but too™*3d?L ~! configurations, while the satellite corresponds to
small to be associated with Gs&tructure, so that it is dif- the antibonding state between them. The intensity of the sat-
ficult to be analyzed using a band calculation. We give, irellite is very weak because of the phase cancellation between
the following, an interpretation of the observed spectra basethe wave functions of the ground and photoexcited states.
on a cluster model. Also, the x-ray absorption is almost forbidden to the non-
In the polarized and depolarized configurations, the spedsondingc™*3d2L ~?* states. In Fig. 7, for simplicity, we dis-
tra of SXRS are expressed as regard the effects of the spin-orbit splitting of the 8tates
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and the crystal field splitting of thed3states. If we take into R RRAREEEIRR R
account these effects, the main pdakd also the satellije [ TiO, SXRS & Optical conductivity
splits into four peaks. | — polarized

The resonantly excited intermediate states, which corre- -+ depolarized . ]

spond to the main peak and the satellite of the XAS, decay
radiatively to each of the final states, i.e., the bonding, non-
bonding, and antibonding states. It is easily shown from Eq.
(1) and group theoretical consideration that the final states
with Ay, T1g, Tog, andEg irreducible representations are
allowed for the polarized configuration, whereas those with
only T4 andT,g irreducible representations are allowed for
the depolarized configuration. Therefore, the elastic peak
(bonding state and the 14 eV inelastic pealantibonding
statg are allowed for the polarized configuration, but they
are forbidden for the depolarized configuration. The non-
bonding states are allowed both for the polarized and depo-
larized configurations. This result is essentially the same,
even if we take a cluster witB,, symmetry.

Intensity (arb.units)

B/ 001]

The strong enhancement of the 14 eV peak is qualitatively L ™
) 5 o : . VA
explained as follows$®> When the excitation energy is tuned [t oy }
to the TEY satellite structure, the intermediate state is domi- WW E 1 [001]
nated by the antibonding state between!3d! and [Optical conductivity | ]
¢ 13d2L~! configurations. The antibonding intermediate 15 10 s 0
state is likely to decay to another antibonding final state con- Raman shift (eV)

Siderir:jg thg prf:ase mgtc;ing betweﬁ_nhwave lfun_ctiohns of the FIG. 8. Energy comparison between nonbonding Raman struc-

g;]%lj;]c:rgen[: ;‘t?ﬁgcétriibsgﬁﬁ% ;\{rl:(c::tu:gsl'jl'asislrilsta(lasc?t(r:%rr]]g-”es and optical conductivity spectra at two configurations. The
. . - . .spectrum labeled a corresponds to below threshold excitation, and

sistent with the depression of the elastic peak as shown e spectra labeled d and f correspond to the B2, and e

Fig. 4. The remarkable change of the polarization depeng, cizions respectively 2729 9

dence supports the cluster model with configuration interac- ’ '

tion for TiO,. We have also observed the same enhancement L i
of the antibonding peak in PSXRS of Sc¥ beled . The polarization dependence of nonbonding struc-
; yiures in solids is an interesting study in SXRS. Figure 8

below the elastic peaks and are marked with dotted linesS"OWS @ comparison between SXRS and optical conductivity

They can be attributed to the Raman scattering structure Ognpectré at two expenmental qo_nﬂguratlonEll[OOl] and
3d'L ! nonbonding states. Nonbonding Raman structure5--[001] in the optical conductivity correspond to depolar-
were observed previou$y®%in 3d° compounds, but more ized and polarized configuration in SXRS, respectively. An

structures are resolved in our spectra and exhibit the comple'i?'tense peak at 4_eV in the optical conductivity data is inter-
nature of Raman scattering. The spectral shape of thel;areted as the exciton peak, and other broad structures below

changes considerably as the excitation energy increases? €V SPlitinto two regions: those below 6 eV are the tran-

Since the crystal field has th@,-like symmetry, 3 states sitignhfrom 8 P nonbondinr? band tho tgg TidBtq states
consist oft,y and double-splitting, states, and correspond- and t 0se above 6 ey are those to the dieg sta_te_s. Apart

ing Raman peaks may appear in SXRS. The situation is gom _the intense exciton peak, the energy positions of non-
little more complex if we consider the spatially extended Ti orydmg Raman .structure_s_correspond well to t.hose of t_he
3d states and the delocalized @ 2tates. As shown in the optlcal conductivity. Thusiitis expe_cted t_hat the difference in
valence photoemission spectra in Fig. 5, a shoulder appearsF -6 corr?s_lf)é)$d§rgo :I;e excitation-axis degen\(}enc&e gs \'?
eV below the main peak. In SXRS we found Raman peak§ € case o d. f] aman _strU(f:tures at 7 evan ) €
around 7 eV and 9 eV, which may correspond to the splittin ay correspond to the excitation rom Cp&jates to i

of these bands. This means that nonbonding Raman strugd € State originated from short Ti-O bonding. Also, the
tures may be elucidated by the band calculation. Very reraman structure at 8 ,eV may correqund o the excitation
cently, Finkelsteinet al. have analyzed these nonbonding oM O 2p states to Ti 8 g, states originating from long
Raman structures by the full band appro¥and explained T'|-O. bonding. In this way, polarlzatlon dependence and ex-
the excitation-energy dependence of them by the restricte§tation energy dependence of highly resolved SXRS will
joint density of statesRIDOS. It is essentially the same 91V€ fruitful information for the valence-band transitions that

approach as SXRS of semiconductors, where the momentuﬂf"e been obtained by the optical conductivity in vacuum

conservation plays an important role. ultraviolet region.
The nonbonding Raman structures show clear polarization
dependence at the spectra Iabe]ed a, d, and f. Raman struc- IV. CONCLUSIONS
tures at 7 eV and 9 eV are dominant in the depolarized con-
figuration, whereas the Raman structure at 8 eV is dominant We have measured and analyzed the polarization depen-
in the polarized configuratiotespecially in the spectrum la- dence of the soft-x-ray Raman scattering at the @ebsorp-
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tion edge of TiQ. Two types of Raman scattering structurestures and the optical conductivity; thus detailed excitation
are found, which correspond to the Raman scattering witiprocesses of nonbonding Raman structures are determined.
charge transfer excitations to nonbonding and antibonding/sing highly resolved measurements on SXRS with polar-
states betweend® and 3L ! configurations. The Raman ization dependence, it is possible to give evidence to prove
scattering to the antibonding state is clearly enhanced wheloth delocalized and localized natures in the ground state of
the incident photon energies are tuned at the TEY satellitessemilocalized electronic systems.

This behavior cannot be explained with band description,

whereas it is well reproduced by the configuration interaction

cluster calculation of Ti@Q The Raman scattering to the non- ACKNOWLEDGMENTS
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