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Polarization dependence of soft-x-ray Raman scattering at theL edge of TiO2
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Polarization dependence of soft-x-ray Raman scattering was investigated at the Ti 2p absorption edge of
TiO2. 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
3d1L21 and 3d0 states, because they are enhanced when the incident photon energies are tuned at satellite
structures of Ti 2p 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 3d conduction bands, which includes the crystal field splitting inD2h symmetry with
two Ti-O bond lengths.
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I. INTRODUCTION

Soft-x-ray fluorescence spectroscopy of solids has b
established as a powerful tool to elucidate the partial den
of states of the valence band. This process is described
first order optical process where the correlation between
cident and emitted photons is lost. On the other hand, s
x-ray Raman scattering~SXRS! spectroscopy is a second o
der optical process, and it gives useful information about
electronic structure of both occupied and unoccupied sta
A recent brilliant synchrotron radiation source has enab
one to observe SXRS on semiconductors,1–5 transition metal
compounds,6–14 and rare earth compounds.15 The nature of
SXRS is basically considered to follow the Kramer
Heisenberg formula. Because the final state of SXRS c
serves the electron numberN in the system compared wit
the final state of the photoelectron with the electron num
N21, SXRS is not influenced by the core hole effect, so t
it is an extremely powerful tool for exploring the electron
structure in the ground state and the electronic excitatio
The electronic excitations of SXRS have been interprete
different ways according to the models of electronic sta
In a band model that characterizes an itinerant nature of e
trons, electronic excitations are described in terms of
electron-hole pair at a particular symmetric point or a v
lence exciton by the total momentum conservation rule o
system.16 In the case of semiconductors, SXRS has been w
analyzed by the band calculation. In contrast, in a cluste
atomic model that characterizes the localized nature of e
trons, they are described in terms of ad2d or a charge
transfer~CT! excitation. SXRS gives direct information o
parameter values such as thed-d Coulomb interactionUdd ,
the hybridization betweend and ligand statesVeff , or the CT
energyD, which are often extracted from fitting paramete
used in various spectroscopies such as x-ray absorp
PRB 610163-1829/2000/61~19!/12854~6!/$15.00
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~XAS!, x-ray photoemission~XPS!, and so on. SXRS of rare
earth compounds have been well analyzed by the local
electron calculation. This is because of the strong elect
correlation effect. In the case of transition metal compoun
the electronic structures have been interpreted by the b
picture, the localized electron picture, or an intermedi
model such as the multisite cluster model,17 which accounts
for translational symmetry in the localized model. Polariz
tion ~electric field! dependence of incident and emitted ph
tons has not been included in the previous SXRS meas
ments, so that the detailed description of element
excitations in solids is still obscured. For further understa
ing, it is essential to perform polarization dependence
SXRS ~PSXRS! on solids.

Including the polarization vectors of incident and emitt
photons, Nakazawaet al. have analyzed the fluorescenc
yield ~FY! and SXRS of rare earth metals based on
atomic model.18 They have shown that the selection rule f
PSXRS is followed by the total angular momentumJ and its
z componentJz . PSXRS gives direct information about th
symmetry of each elementary excitation. There exists, h
ever, few previous works on solids where practical measu
ments and corresponding analysis are performed
PSXRS.19

TiO2 is a representative of a 3d0 system, and the characte
of the electronic states near the energy gap has long b
discussed in terms of both delocalized20–26and localized27–32

description. Butorinet al. measured Ti 2p SXRS of FeTiO3
and found a broad Raman structure around 3–10 eV an
weak Raman peak at 14 eV below recombination pea6

They have applied a localized picture to interpret the SX
of FeTiO3 by analogy with CeO2,

14 which is a more local-
ized system with 4f 0 configuration. On the other hand
Jiménez-Mier et al. have applied the energy band model
explain the SXRS of various Ti compounds.13 They have
12 854 ©2000 The American Physical Society
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calculated SXRS by assuming constant transition matr
between the occupied and unoccupied electronic states. T
have succeeded in reproducing the general feature of
emission spectra, though complex behavior of Raman s
tering and fluorescence with increasing photon energy ac
the Ti 3d edge are not sufficiently explained. In this pap
we present highly energy-resolved experimental results
PSXRS for TiO2 and discuss whether the band or the lo
model is better in the interpretation of the data.

II. EXPERIMENTS

Polarized soft-x-ray absorption and emission spectra
rutile TiO2~001! single crystal were measured using a so
x-ray spectrometer33 installed at the undulator beamlin
BL-2C ~in Photon Factory!, at National Laboratory for High
Energy Physics.34 Synchrotron radiation was monochrom
tized using a varied-line spacing plain grating whose aver
groove density is 1000 lines/mm. The energy resolution
the incident photon was about 0.4 eV at 450 eV when
measured SXRS and was about 0.1 eV when we meas
absorption spectra.

Figure 1 shows the illustration of the experimental s
tem. The incidence angle of the soft x ray was about 70
avoid the self-absorption effect. The absorption and emiss
spectra were measured at ‘‘depolarized’’ and ‘‘polarize
configurations. When the SXRS is measured in the depo
ized configuration as shown in Fig. 1~a!, the polarization
vector of the emitted photon rotates by 90° from the pol
ization vector of the incident photon. On the other ha
when the SXRS is measured in the polarized configurat
as shown in Fig. 1~b!, the polarization vector of the emitte
photon contains the same polarization vector as that of
incident photon.

Figure 2~a! displays the local bonding nature of titaniu

FIG. 1. Experimental setup for PSXRS.~a! Depolarized con-
figuration; the spectrometer is located in the direction of the po
ization vector of the incident photon.~b! Polarized configuration;
the spectrometer is located normal to the wave vector and the
larization vector of the incident photon.
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ions with surrounding oxygen ions in rutile TiO2. The
hatched face is in the~001! plane. Rutile has two types o
Ti-O bonds: short Ti-O bonds in the~110! or (11̄0) plane
and long Ti-O bonds toward the@110# or @11̄0# axis. Figure
2~b! shows the polarization vector of the incident photon
the polarized and depolarized configurations. Three axes
chosen so thez axis is parallel to the@001# axis and thexy
plane is in the~001! plane. The sample rotates 90° with th
experimental chamber so that the excitation axes are dif
ent in the polarized and depolarized configurations.
shown in Fig. 2~b!, both types of bonds are excited by th
incident photons in the polarized configuration, whereas o
the short bonds are excited in the depolarized configurat

The spectrometer is of Rowland mount type with a lam
nar grating whose radius and groove density are 5 m and
1200 lines/mm. The energy calibration of the incident pho
was carried out by the photoemission of gold 4f line. For the
accurate energy calibration of the spectrometer, we use t
elastic scattering lines of TiO2 to determine the energy scale
The total energy resolution of the system was 0.6 eV at 4
eV with a 20mm incident slit width of the spectrometer. Th
base pressure of the experimental chamber was kept b
2310210Torr. The measurement time of SXRS was abo
300 s for the excitation at the absorption peak and ab
1000 s for the excitation below the threshold.

III. RESULTS AND DISCUSSION

The absorption spectra were obtained by the total elec
yield method~TEY!. Figure 3 shows TEY spectra of TiO2
excited at Ti 2p threshold for the polarized and depolarize
configurations. The local symmetry of a titanium ion in th
rutile type structure hasD2h crystal symmetry, and the struc
ture of TEY is roughly characterized by sharpt2g peaks and
double-splittingeg peaks due to slight distortion from theOh
symmetry. Theeg peak at the lower energy side originat
from the long Ti-O bonds due to a hybridization effe
weaker than the short Ti-O bonds, so that the intensity ra
of the higher energy to lower energyeg peaks is slightly
increased at the depolarized configuration where the l
Ti-O bonds are not excited.

Figure 4 shows the emission spectra excited at sele

r-

o-

FIG. 2. ~a! The local bonding nature of titanium ions with su
rounding oxygen ions in rutile TiO2. ~b! The excitation axis for two
experimental configurations drawn from the same direction as
~a!.
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12 856 PRB 61Y. HARADA et al.
energies as shown by lowercase letters in the TEY spectr
The spectra are plotted as a function of the emitted pho
energy and their intensities are normalized to the incid
photon flux. The intensities of polarized and depolariz
configurations are normalized so that they coincide in
fluorescence spectra. The highest energy peak in each s
trum is an elastic scattering structure, where the final sta
the same as the initial state. From the Kramers-Heisenb
formula, the elastic scattering should be forbidden if the
larization vectors of the incident and emitted photons
perpendicular, as shown later. Then the elastic peaks
served in the spectra in the depolarized configuration ma
accompanied by small-energy excitations, such as phon

When the Ti 2p core electron is excited enough above t

FIG. 3. Total electron yield~TEY! spectrum of TiO2 at the edge
of Ti 2p. Letters indicate excitation energies for the emission m
surement. The continuous and dotted lines show the polarized
depolarized configurations, respectively.

FIG. 4. Polarized soft-x-ray emission spectra of TiO2. The ab-
scissa is the emitted photon energy. The letters correspond to
excitation energies shown in Fig. 3. The spectrum labeled a is m
tiplied by 5. Two solid lines at 451 eV and 457.6 eV indicate t
peak position of the spectrum labeled n~fluorescence!.
m.
n
t

d
e
ec-
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rg
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e
s.continuum state and the excited electron spreads out of
excited core site, one obtains a Ti 3d→2p fluorescence
spectrum. The multiple-peak structure of the fluorescenc
shown in the spectrum labeledn ~excited enough above th
threshold!. The Ti 2p fluorescence corresponds to the tra
sition from the Ti 2p core hole state to the valence hole sta
each of which corresponds to the final state of Ti 2p and
valence-band photoemission, respectively. Therefore i
useful to relate the fluorescence spectra with Ti 2p core29

and valence30 photoemission spectra as shown in Fig. 5.
Fig. 5~a!, for example,c3/2

21 denotes a Ti 2p3/2 core hole and
3d1L21 a Ti 3d electron and a hole in the ligand state~O 2p
molecular orbit!. The satellite structures in Ti 2p photoemis-
sion spectra are located at 472.5 eV and 477.8 eV and h
been assigned to the charge transfer type satellites. On
other hand, the valence-band photoemission spectra h
been well analyzed by the band structure. However, eve
the valence-band photoemission spectra, the charge tra
type satellitesS1 andS2 are found. The energy of the peak
A andB in the fluorescence spectrum just equals the ene
difference between the Ti 2p core and valence-band photo
emission peaks. Thus, the main structuresA, A8, B, andB8
are elucidated by the valence-band structures. On the o
hand, several structures in the fluorescence spectra c
spond to the energy positions between the structures
volved in the charge transfer satellites. Fluorescence is o
described as a first order optical process. Jime´nez-Mieret al.
have explained the fluorescence structure by the calcul
projected density of states.13 They assigned the main pea
around 451 eV to the transition from the peak of valen
density of states to the Ti 2p3/2 core state; they also assigne
two shoulder structures at the higher energy side to
Coster-Kronig process that transfers the hole from Ti 2p1/2 to

-
nd

he
l-

FIG. 5. Assignment of~c! the fluorescence spectrum by com
paring the emission energy with the energy difference between
structures of~a! the valence and~b! the Ti 2p core photoemission
spectra. Corresponding transitions are indicated by the same
bols. Features designated asS1 ,S2 are charge transfer satellites.



n-

w
e
o

re
E
p
1

lin
al
e
to
to

i
se

e

d

n-
te.

nd

r

the

the
by

oth
uc-
re

nd-

e

to
sat-
een
tes.
n-

-

s
e

e
s
ed
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Ti 2p3/2 and to a multiple electron excitation, which is co
sistent with our analysis of peaksB andC.

In Fig. 4, there are several features that linearly follo
with the elastic peaks. Figure 6 shows Raman spectra r
tive to the energy loss from the elastic peaks. Short bars
each spectrum indicate the energy position of the fluo
cence peaks. When the excitation energy is set to the T
satellite region, dramatic enhancement occurs only at the
larized configuration, that is, the giant enhancement of the
eV energy-loss structure as shown by the vertical dotted
in the spectra labeled l and m. Small enhancement is
observed in the spectrum labeled d with a slightly larg
Raman shift. This structure has an energy loss that is
large to be associated with valence-band structure but
small to be associated with O 2s structure, so that it is dif-
ficult to be analyzed using a band calculation. We give,
the following, an interpretation of the observed spectra ba
on a cluster model.

In the polarized and depolarized configurations, the sp
tra of SXRS are expressed as

FIG. 6. PSXRS of TiO2 plotted relative to the elastic peak
located at zero. Five vertical dotted lines between 5 eV and 10
indicate Raman scattering to the multiple splitting 3d1L21 non-
bonding states, whereas a higher energy shift line around 14
indicates Raman scattering to the antibonding state. Solid bar
each spectrum indicate peak positions of the spectrum label
~fluorescence!.
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3d~Eg1V2Ej2v!, ~1!

where V and v are, respectively, the incident and emitte
photon energies,ug&, ui&, and uj& are initial, intermediate, and
final states of the material system, respectively,Eg , Ei , and
Ej are their energies, andG represents the spectral broade
ing due to the core-hole lifetime in the intermediate sta
The dipole transition operatorT1 is proportional tox, which
is taken in the direction of incident photon polarization, a
the summation of the dipole transition operatorT2 is taken
over x andy for the polarized configuration, while it is ove
y andz for the depolarized configuration~see Fig. 1!.

The energy level diagram in the SXRS of TiO2 is shown
schematically in Fig. 7 with a TiO6 cluster model. TiO2 is
nominally in the 3d0 state, but actually the 3d0 configuration
is strongly mixed with a charge transferred 3d1L21 configu-
ration by the covalency hybridization. The ground state is
bonding state between the 3d0 and 3d1L21 configurations,
and the antibonding state is located about 14 eV above
ground state with the cluster model parameters used
Okada and Kotani.35 If we assume, for simplicity, theOh
symmetry for the cluster as done by Okada and Kotani, b
bonding and antibonding states are specified by an irred
ible representationA1g . In addition to these states, there a
nonbonding 3d1L21 states withA2g ,T1g ,T2g ,Eg ,... sym-
metries located near the middle of the bonding and antibo
ing energy levels. When a Ti 2p electron is excited to the 3d
state by the incident photon, we havec213d1 and
c213d2L21 configurations that are mixed strongly by th
covalency hybridization. The main peak of the Ti 2p XAS
corresponds to the bonding state between thec213d1 and
c213d2L21 configurations, while the satellite corresponds
the antibonding state between them. The intensity of the
ellite is very weak because of the phase cancellation betw
the wave functions of the ground and photoexcited sta
Also, the x-ray absorption is almost forbidden to the no
bondingc213d2L21 states. In Fig. 7, for simplicity, we dis
regard the effects of the spin-orbit splitting of the 2p states

V

V
on
n

FIG. 7. Schematic energy level diagram for SXRS of TiO2.
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and the crystal field splitting of the 3d states. If we take into
account these effects, the main peak~and also the satellite!
splits into four peaks.

The resonantly excited intermediate states, which co
spond to the main peak and the satellite of the XAS, de
radiatively to each of the final states, i.e., the bonding, n
bonding, and antibonding states. It is easily shown from
~1! and group theoretical consideration that the final sta
with A1g , T1g , T2g , andEg irreducible representations ar
allowed for the polarized configuration, whereas those w
only T1g andT2g irreducible representations are allowed f
the depolarized configuration. Therefore, the elastic p
~bonding state! and the 14 eV inelastic peak~antibonding
state! are allowed for the polarized configuration, but th
are forbidden for the depolarized configuration. The no
bonding states are allowed both for the polarized and de
larized configurations. This result is essentially the sa
even if we take a cluster withD2h symmetry.

The strong enhancement of the 14 eV peak is qualitativ
explained as follows.15 When the excitation energy is tune
to the TEY satellite structure, the intermediate state is do
nated by the antibonding state betweenc213d1 and
c213d2L21 configurations. The antibonding intermedia
state is likely to decay to another antibonding final state c
sidering the phase matching between wave functions of
ground and photoexcited states, which results in the str
enhancement of the antibonding structure. This is also c
sistent with the depression of the elastic peak as show
Fig. 4. The remarkable change of the polarization dep
dence supports the cluster model with configuration inter
tion for TiO2. We have also observed the same enhancem
of the antibonding peak in PSXRS of ScF3.

36

In Fig. 6, broad structures are observed from 3 to 10
below the elastic peaks and are marked with dotted lin
They can be attributed to the Raman scattering structur
3d1L21 nonbonding states. Nonbonding Raman structu
were observed previously6,10,13in 3d0 compounds, but more
structures are resolved in our spectra and exhibit the com
nature of Raman scattering. The spectral shape of th
changes considerably as the excitation energy increa
Since the crystal field has theOh-like symmetry, 3d states
consist oft2g and double-splittingeg states, and correspond
ing Raman peaks may appear in SXRS. The situation
little more complex if we consider the spatially extended
3d states and the delocalized O 2p states. As shown in the
valence photoemission spectra in Fig. 5, a shoulder appe
eV below the main peak. In SXRS we found Raman pe
around 7 eV and 9 eV, which may correspond to the splitt
of these bands. This means that nonbonding Raman s
tures may be elucidated by the band calculation. Very
cently, Finkelsteinet al. have analyzed these nonbondin
Raman structures by the full band approach37 and explained
the excitation-energy dependence of them by the restri
joint density of states~RJDOS!. It is essentially the same
approach as SXRS of semiconductors, where the momen
conservation plays an important role.

The nonbonding Raman structures show clear polariza
dependence at the spectra labeled a, d, and f. Raman s
tures at 7 eV and 9 eV are dominant in the depolarized c
figuration, whereas the Raman structure at 8 eV is domin
in the polarized configuration~especially in the spectrum la
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beled f!. The polarization dependence of nonbonding str
tures in solids is an interesting study in SXRS. Figure
shows a comparison between SXRS and optical conducti
spectra38 at two experimental configurations.Ei@001# and
E'@001# in the optical conductivity correspond to depola
ized and polarized configuration in SXRS, respectively.
intense peak at 4 eV in the optical conductivity data is int
preted as the exciton peak, and other broad structures b
10 eV split into two regions: those below 6 eV are the tra
sition from O 2p nonbonding band to the Ti 3d t2g states
and those above 6 eV are those to the Ti 3d eg states. Apart
from the intense exciton peak, the energy positions of n
bonding Raman structures correspond well to those of
optical conductivity. Thus it is expected that the difference
Fig. 6 corresponds to the excitation-axis dependence a
the case of TEY. The Raman structures at 7 eV and 9
may correspond to the excitation from O 2p states to Ti
3d eg state originated from short Ti-O bonding. Also, th
Raman structure at 8 eV may correspond to the excita
from O 2p states to Ti 3d eg states originating from long
Ti-O bonding. In this way, polarization dependence and
citation energy dependence of highly resolved SXRS w
give fruitful information for the valence-band transitions th
have been obtained by the optical conductivity in vacu
ultraviolet region.

IV. CONCLUSIONS

We have measured and analyzed the polarization de
dence of the soft-x-ray Raman scattering at the Ti 2p absorp-

FIG. 8. Energy comparison between nonbonding Raman st
tures and optical conductivity spectra at two configurations. T
spectrum labeled a corresponds to below threshold excitation,
the spectra labeled d and f correspond to the Ti 2p3/2 t2g and eg

excitations, respectively.
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tion edge of TiO2. Two types of Raman scattering structur
are found, which correspond to the Raman scattering w
charge transfer excitations to nonbonding and antibond
states between 3d0 and 3d1L21 configurations. The Rama
scattering to the antibonding state is clearly enhanced w
the incident photon energies are tuned at the TEY satel
This behavior cannot be explained with band descripti
whereas it is well reproduced by the configuration interact
cluster calculation of TiO2. The Raman scattering to the no
bonding states exhibits multiple splitting structures that
flect crystal field splitting of Ti 3d electrons and the splitting
due to the hybridization effect between the spatially e
tended Ti 3d and nonbonding O 2p states. A similar polar-
ization dependence is found in the nonbonding Raman st
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tures and the optical conductivity; thus detailed excitat
processes of nonbonding Raman structures are determ
Using highly resolved measurements on SXRS with po
ization dependence, it is possible to give evidence to pr
both delocalized and localized natures in the ground stat
semilocalized electronic systems.
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