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The polarization dependence of 2p — 3d — 2p resonant X-ray emission spectroscopy (RXES) in 34",
3d? and 343 systems (TiF3, VF; and Cr,03, respectively) is measured and analyzed by means of the MXg
(M denotes a transition metal and X denotes a ligand, respectively) cluster model. The results are
compared with a previous one for the 3d° system (TiO,). Generally, with increasing 3d electron number,
the spectral structure of RXES becomes more complicated by the influence of the crystal field and the
multiplet coupling effect. Moreover, we point out that the selection rules on the polarization dependence
of RXES change with the 3d electron number and that a drastic resonance enhancement corresponding to
the excitation to an antibonding state in the 3d° system is almost absent for the 3d" systems with n = 1, 2

and 3.
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1. Introduction

Resonant X-ray emission spectroscopy (RXES) is a useful
tool to analyze the electronic structures of transition metal
compounds'™ due to the recent development of high
brightness synchrotron radiation light sources. In RXES a
core electron is excited near the threshold by an incident
photon, and then the excited state decays by emitting an X-
ray photon. Hence, the whole process of RXES is described
by a coherent second order optical process.*>

The polarization dependence in RXES is a new interesting
topic.®” Recently we studied the 2p — 3d — 2p RXES of
TiO, and ScF; in “polarized” and ‘“‘depolarized” config-
urations, and showed a drastic polarization dependence both
theoretically and experimentally.”® We call TiO, and ScF;
“3d° system”, because tetravalent Ti and trivalent Sc have
nominally no 3d electron. The “polarized” configuration is
the case where the polarization vector of the incident photon
is perpendicular to the scattering plane and the ‘“‘depolar-
ized” configuration is the case where it is parallel to the
scattering plane. In both configurations, the scattering angle
is fixed to 90° and the polarization of the emitted photon is
not detected (see Fig. 1).

The calculated results of the Ti 2p X-ray absorption
spectroscopy (XAS) and 2p — 3d — 2p RXES using a
TiOg cluster model are shown in Fig.2(a) and 2(b),8’
respectively. It is seen that an elastic peak at OeV and an
inelastic peak at 14eV are allowed for the polarized
configuration but forbidden for the depolarized configura-
tion, while weak inelastic structures at 7-9eV are allowed
for both configurations. The intensity of the elastic peak is
enhanced for the incident photon energy tuned at the main
peaks (b, d, etc.) of XAS, while that of the 14 eV inelastic
peak is dramatically enhanced at weak satellite structures (g
and h) of XAS. These features of RXES in TiO, (and similar
behavior in ScF3;) were successfully observed experimen-
tally,7’8) and the mechanism of the resonance behavior and
the characteristic polarization dependence of RXES is

explained well on the basis of the symmetry of bonding,
nonbonding and antibonding states between d’ and d'L
configurations of the 3d° system, where L denotes a ligand
hole.

It is the purpose of the present paper to measure
experimentally and analyze theoretically the polarization-
dependent RXES spectra for 3d', 3d*> and 34> systems, and
compare the results with the 3d° systems. As typical systems
we choose TiF; (3d'), VF; (3d?) and Cr,03 (34°). In §2,
experimental results are shown. In §3 the model and
formulation of theoretical calculations are given, and in §4
the calculated results are shown. Section 5 is devoted to
discussions on the selection rules in the polarization
dependence of RXES in 3d" systems, and the difference in
the RXES features between 3d° and 34" (n =1, 2 and 3)
systems.

2. Experimental Results

The RXES experiments of 3d” systems were performed at
the undulator beamline BL-2C” at Photon Factory, KEK.
Synchrotron radiation was monochromatized using a varied-
line spacing plain grating whose average groove density is
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Fig. 1. Schematic configurations of the experiment. (a) Polarized config-
uration: the polarization vector of the incident photon (@) is
perpendicular to the scattering plane. (b) Depolarized configuration: the
polarization vector of the incident photon is parallel to the scattering
plane. In both configurations, scattering angle is fixed to 90°.
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Fig. 2. Calculated results of (a) Ti 2p XAS and (b) Ti 2p — 3d — 2p
RXES for TiO,. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to h denote the incident photon energies.

1000 lines/mm. A Rowland mount type soft X-ray emission
spectrometer'® was used for the RXES measurement. It is
equipped with a 20 um width incident slit and a laminar
holographic grating whose radius and groove density are 5 m
and 1200 lines/mm.

The polarization vector of the incident photon is linear
and horizontal, and the emission spectrometer is mounted in
a plane normal to the Poynting vector of the incident photon,
with 90° rotation along the vector for the polarization
dependence. When the spectrometer is in the horizontal and
in the vertical position, it corresponds to the “‘depolarized”
and the ‘‘polarized” configuration, respectively. The in-
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cident angle of the soft X-ray to the sample normal was
about 70° to avoid the self-absorption effect. The energy
calibration of the incident photon was carried out by the
photoemission of gold 4f line. The excitation energy
resolution of XAS for each sample was about 0.2¢eV full
width at half maximum (FWHM), whereas the total energy
resolutions (including both excitation and emission energy
resolutions) of RXES for TiF;, VF; and Cr,O3; were about
0.6eV, 0.7¢V and 0.8eV (FWHM), respectively. The base
pressure of the experimental chamber was kept below
2 x 107 Torr.

Pressed pellets of TiF3, VF3, and a single crystal of Cr,O3
were prepared for the RXES measurements of 34" systems.
The pellets are regarded as polycrystal, and may include
many incident photon directions in XAS and RXES
measurements. Figures 3(a), 4(a) and 5(a) show XAS spectra
of TiF3, VF; and Cr,0O5 obtained by the total electron yield
method (TEY). They are normalized to the incident photon
flux. Figures 3(b), 4(b) and 5(b) show the RXES spectra
excited at selected energies as denoted by a, b, ¢, ... in the
TEY spectra. The spectra are plotted in the energy-loss from
the elastic peaks as the Raman shift energy. The RXES
intensities were first normalized to the incident photon flux,
and then adjusted to fit the fluorescence structure in the
polarized configuration to that in the depolarized configura-
tion. For the vertical bars shown in Figs. 3(b), 4(b) and 5(b),
see §4.1.

3. Model and Formulation

We describe these compounds by an MXs (M = Ti, V, Cr
and X = F, O) cluster model with O, symmetry. The
Hamiltonian is given by

H = Hyom + Hcr + Hy, + Hpix, 3.1
where
Hyom = Z gddIdV + Z 860,10“
v M
+Usa Y didddy — Us Y did,(1—che,)
>V v,
+ Hmultiplet, (32)
Hep =Y e(Id}d,,
3
10Dy I'=e,
=17 (3.3)
— g (10Dq) I = t2g,
Hy =Y elLiL,, (3.4)
3.5)

Hmix = Z V(V)(dT;Lv + dev)

Here df (d,), ¢, (cu), L (L,) are electron creation
(annihilation) operators for M 3d, core, X 2p orbitals,
respectively. v and p denote the combined indices
representing the spin (o) and orbital (I7) states, and I" runs
over t, and e,, which are irreducible representations of Oy.
The first term Hyom describes the M atomic state including
the M 2p and 3d states. The second term Hcg describes the



J. Phys. Soc. Jpn., Vol. 71, No. 1, January, 2002

T T T

(@) TiFsTi2p TEY

a:453.6 eV
g:4745 eV |

Intensity [arb.units]

454 456 458 460 462 464 466 468 470 472
Excitation Energy [eV]

(b) TiF; Ti 2p RXES
polarized
depolarized

Intensity [arb.units]

20 15 10 5 0 -5

Raman Shift [eV]
Fig. 3. Experimental results of (a) Ti 2p XAS and (b) Ti 2p — 3d — 2p

RXES for TiFs;. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to g denote the incident photon energies.

crystal field splitting. The third and fourth terms, Hy and
Hix, describe the X 2p molecular orbitals and the
hybridization between the M 3d state and the X 2p
molecular orbitals.

The first and second terms of Hyn, denote the one particle
energies for the M 3d and 2p states, respectively, the third
and fourth terms denote the Coulomb interaction Ugqg
between 3d electrons and the attractive core—hole potential
—Ujc acting on the 3d electrons, respectively. The last term
denotes the intra-atomic multiplet coupling originating from
the multipole components of the Coulomb interaction
between the M 3d states and that between the M 3d and
2p states. The spin-orbit interactions for the M 3d and 2p
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Fig. 4. Experimental results of (a) V 2p XAS and (b) V 2p — 3d — 2p
RXES for VF;. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to j denote the incident photon energies.

states are also included in Hpyiiplet-

The charge transfer (CT) energy A is defined as A =
E(@t'L) — E(d@") with n=1, 2 and 3 for TiF;, VF; and
Cr,03, where L denotes a hole in the X 2p orbital and E(d'L)
and E(d") denote the multiplet averaged energies of the
d"™'L and d" configurations, respectively. In these calcula-
tions, we treat A, Uy, Uqge, V(eg) [= —2V(ty,), for
simplicity], and the crystal field splitting energy 10Dg
[= e(eg) — &(fay)] as adjustable parameters. The Slater
integrals F* and G*, and the spin-orbit coupling constant ¢
are obtained by the atomic Hartree—Fock calculation, and
then the Slater integrals are reduced to 85%.

The initial state of RXES, |g) is denoted by a linear
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Fig. 5. Experimental results of (a) Cr 2p XAS and (b) Cr2p — 3d — 2p
RXES for Cr,03. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to h denote the incident photon energies.

combination of three configurations:

lg) = cold”") + c|d"T'L) + cald"PL?). (3.6)

TiF3, VF; and Cr,03 correspond to the case of n = 1, 2 and
3, respectively. These three configurations are mixed with
one another through the hybridization. The final state is also
given by the same form as eq. (3.6). On the other hand, since
a M 2p core electron is excited to an empty M 3d orbital in
the intermediate state of RXES (the final state of 2p—XAS),
the intermediate state is written as follows:

m) = cled™™') + ¢ led"™ L) + chled™ L), (3.7)
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Here, ¢ denotes a hole in the core (2p) level. The
Hamiltonian (3.1) is diagonalized by these bases. The
XAS spectrum is expressed as

Fxas() =) [(mTi[9)8(2 — En + Ep),  (38)
where 2 denotes the incident photon energy, |g) and |m) are
the ground and final states of XAS with energies E, and E,,,
respectively. The RXES spectrum is expressed as

(fITalm)(m|Tyg) |

x 8(2 — w+ E, — Ey),

(3.9

where |g), |m) and |f) represent the ground, intermediate and
final states of RXES with energies E,, E, and E,
respectively. 77 and T, are the electric dipole transition
operators. The incident and emitted photon energies are
represented by £2 and o, respectively. The Raman shift
energy is defined as the difference between the incident and
emitted photon energies, i.e. £2 — w.

In the calculation of RXES spectra, the direction of the
incident photon propagation is taken parallel to the cubic
axis (i.e. in the M-X direction of the MXg cluster) for
simplicity. This is a good approximation, because the RXES
spectra are unchanged (or almost unchanged, depending on
the symmetry of the final state) with the change of the
incident photon direction in our calculations, where the
symmetry of the system is Oy, and the scattering angle is 90°.
Then, eq. (3.9) is transformed, for the polarized and

depolarized configurations, into the following forms:®

2
F(Q,0) = Z

folag=%1 m

x 8(82 —w+ E; — Ef) (polarized),

rew-Y|Y ¥ 2

f |lg=£1 m

x 8(82 —w+ E; — Ef) (depolarized). (3.11)

(FICPIm) (m|CL|g)
E,—E,— 2 —il,

(3.10)

(F1CD|my (mICVg)
E,—-E,— 2 —il",,

4. Calculated Results

In this section we show the calculated results of XAS and
polarization dependent RXES of TiF;, VF; and Cr,03. The
parameter values used in this calculation are shown in
Table I. For comparison, those for TiO, are also listed in the
table. The parameter values of TiFs; and VF; are based on
those of ScF3'" and adjusted so as to reproduce experi-
mental results, whereas those of Cr,O3 are almost the same
as those given by Uozumi er al.'? and Taguchi'® but

Table I. Adjustable parameter values in eV in the model Hamiltonian eq.
(3.1), and the parameters R, R, for the configuration dependence of
hybridization strength.

Compounds A Ugq Uqe Vieg) 10Dg R, R,
TiO, 2.98 4.0 6.0 34 1.7 0.8 0.9
TiF; 8.5 6.4 8.0 3.0 1.5 0.8 0.9
VE; 8.0 6.0 7.5 29 1.4 0.8 0.9

Cr, 03 5.5 5.5 6.5 3.0 1.3 0.8 0.9
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slightly changed in order to consider the configuration
dependence of hybridization strength.'

In order to take into account the configuration dependence
of hybridization strength we introduce two factors R. and
R,:" Since the M 3d wave function is contracted when a 2p
hole is created, the hybridization strength V(I") between 3d°
and 3d'L configurations is reduced to R.V(I") between ¢3d°
and c3d'L configurations. Meanwhile, the hybridization
between 3d'L and 3d?L? is enhanced to V(I")/R, because
the 3d wave function is more extended with increasing 3d
electron number (R. and R, being both less than unity).

XAS spectra are convoluted with the Lorentzian and
Gaussian functions with the half width at half maximum
(HWHM) of I'y, = 0.1eV (for TiF3) and 0.2 eV (for VF;3 and
Cr,03), and I'g = 0.5 eV, respectively, while RXES spectra
with only the Gaussian functions with the same HWHM
value (0.5eV) as XAS.

4.1 TiF;3

In Fig. 6(a), we show the calculated result of Ti 2p—XAS
for TiF5. On the low energy side of Ti 2p—XAS, the result is
not in good agreement with the experimental one [Fig. 3(a)].
In particular, we can see very intense peak at b in the
experiment, but in the calculation, although the structure is
seen, we cannot see such an intense peak. The reason for the
difference is not clear at present.

In Fig. 6(b), the calculated result of Ti 2p — 3d — 2p
RXES for TiFs, in which the spectra obtained for the
polarized configuration (solid line) and the depolarized
configuration (dashed line), are plotted as a function of
Raman shift energy. Indices from a to g indicate incident
photon energies and correspond to those in XAS [Fig. 6(a)].
An inelastic peak, which is not seen in the 3d” system is seen
at about 2eV, in agreement with the experimental result
[Fig. 3(b)]. This structure originates from the crystal field
excitation from 75, to E, state, i.e. so-called d—d excitation.
When the incident photon energies are set to the range from
b to f where the XAS spectrum has large intensity, the
elastic peaks have considerably large intensities in both the
polarized and depolarized configurations. This is in contrast
with the case of the 3d° system, where the elastic peaks are
enhanced only in the polarized configuration. This behavior
of the elastic peak intensity is in fair agreement with the
experimental result.

There are weak structures between about 10eV and 14 eV
in addition to the structures mentioned above, but there
occurs no strong resonance corresponding to the 14eV
inelastic peak (i.e. excitation to the antibonding state) in
TiO,.

The structures between 10eV and 14eV are not in good
agreement with experimental results. The main experimental
structures with Raman shifts above 5eV are shown with
vertical bars in Fig. 3(b). These vertical bars represent a
series of spectra whose emitted photon energy is almost
constant, and in this sense these spectra are similar to those
of the normal X-ray emission spectroscopy (NXES), which
usually occur for the incident photon energy well above the
XAS threshold. These NXES-like spectra near the XAS
threshold cannot be reproduced theoretically with our cluster
model including a single M atom. Idé and Kotani'® studied
the origin of the NXES-like spectra, and attributed it to the
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Fig. 6. Calculated results of (a) Ti 2p XAS and (b) Ti 2p — 3d — 2p
RXES for TiF;. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to g denote the incident photon energies.

effect of multi M atoms (i.e., effect of large cluster). The
NXES-like spectra (vertical bars) are also observed in VF;
[Fig. 4(b)] and Cr,O3 [Fig. 5(b)], but we will not compare
them with our calculated results, because their occurrence is
beyond the scope of the present paper.

4.2 VF;

The calculated result of V 2p—XAS for VF; is shown in
Fig. 7(a). This is generally in accordance with the
experimental one. Structure d and its lower energy shoulder,
and structures h and i correspond to four main peaks
originating from the spin—orbit splitting and the crystal field



352 J. Phys. Soc. Jpn., Vol. 71, No. 1, January, 2002
—| (@ VF;V 2p XAS
£ d
5 |
2
=
3
K=
-5 0 5 10 15
Relative Energy [eV]
(b) VF; V 2p—3d—2p RXES
—— polarized
————————————— depolarized
— h
£
=
Kal
5|
2
=
Q
=
/- \_x10) |b
. . . ‘ (x10) |Q
20 15 10 5 0 -5

Raman Shift [eV]

Fig. 7. Calculated results of (a) V 2p XAS and (b) V 2p — 3d — 2p
RXES for VF;. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to j denote the incident photon energies.

splitting.

In Fig. 7(b), we show the calculated result of V 2p —
3d — 2p RXES for VFs, and the spectra obtained for the
polarized configuration (solid line) and the depolarized
configuration (dashed line) are plotted as a function of
Raman shift energy. Indices from a to j indicate incident
photon energies corresponding to those in XAS [Fig. 7(a)].
We can also see structures arising from d—d excitation but
they are more complicated than those of TiF; due to the
effect of multiplet coupling between 3d -electrons, in
addition to the crystal field excitation. When the incident
photon energies are set to positions d, g, h and i, where XAS
structures are considerably strong, the elastic peaks are also
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enhanced both in the polarized and depolarized configura-
tions. There are weak structures between about 8eV and
12 eV, in addition to the structures mentioned above. There
is no strong resonance corresponding to excitation to the
antibonding state.

4.3 Ci’203

In Fig. 8(a), the calculated result of Cr 2p—XAS for Cr,03
is given and this is in good agreement with the experimental
one. In Fig. 8(b), the calculated result of Cr 2p — 3d — 2p
RXES for Cr,03 is given and spectra obtained both in the
polarized and depolarized configurations (solid and dashed
line, respectively) are plotted as a function of Raman shift.

(a) Cr,0; Cr 2p XAS
= c
g i d
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Fig. 8. Calculated results of (a) Cr 2p XAS and (b) Cr 2p — 3d — 2p

RXES for Cr,03. The RXES spectra in the polarized configuration are
plotted by solid lines, while those in the depolarized configuration by
dashed lines. Indices from a to h denote the incident photon energies.
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Indices from a to h denote the incident photon energies
corresponding to those in XAS [Fig. 8(a)]. We can see
structures at about 2eV arising from d—d excitation. In the
depolarized configuration, the elastic peaks are absent or
very weak. There is no strong resonance corresponding to
the antibonding state excitation. These features are in good
agreement with the experimental ones [Fig. 5(b)].

5. Discussion

We first discuss the effects of charge transfer in RXES of
3d" compounds. In Fig. 9, we show the total energy level
scheme of the 3d" compounds (n =0, 1, 2 and 3), where
only the two lowest energy configurations are included and
the spin-orbit splitting of the 2p states and the crystal field
splitting of the 3d states are neglected for simplicity.

We can realize that the initial and final states consist of
bonding and antibonding states which is formed by strongly
hybridized 3d" and 34"*'L configurations, and nonbonding
states with the 3d”+1L configuration. On the other hand, the
intermediate state consists of bonding and antibonding states
formed by strongly hybridized ¢3d"*! and ¢3d"*L config-
urations, and nonbonding c3d" 2L states. Therefore, the
elastic and inelastic peaks in RXES correspond, respectively,
to the bonding final state and the nonbonding and
antibonding final states. This situation is common to all of
TiO,, TiF3, VF3 and Cr,0Os3, but the behavior of RXES is
different in each material. We have already shown in the last
section that the crystal field excitation is absent in TiO,,
clearly seen as a single peak in TiF3;, and modified by
multiplet coupling effect in VF3; and Cr,Os, due to the
difference in the 3d electron number.

In the following, we discuss the reason for the difference
in the polarization dependence and the antibonding reso-
nance behavior in these materials, on the basis of the
difference of the symmetry in the electronic states and the
difference in the hybridization and multiplet coupling
strengths. In Table II, we show the symmetry of the ground
state, the charge transfer energy A, the effective hybridiza-
tion strength of the initial (and also final) state V¢, the ratio
of A to Ve and the average 3d electron number in the
ground state. Ve is the effective hybridization in which we
take into account the effect of empty 3d states. Vg for the
3d" systems (n < 6) is given by

Intermediate state
(2p-XAS final state)

3d L anti-bonding state w.Jd L
EER B non-bonding state ~~ N& e
n ) > . n

3d 18 bonding state 3d

Initial state Final state

Fig. 9. Total energy level scheme for 2p — 3d — 2p RXES of 3d"
compounds (n =0, 1, 2 and 3).
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Table II. Symmetry of the ground state, the charge transfer energy A and
the effective hybridization Vg for TiF3, VF3; and Cr,03. nq is the average
electron number of the ground state. The values for TiO, are also given.

Compounds Symmetry A (eV) Veir (€V) Vete/ A nq
TiO, A 2.98 7.97 2.68 0.84
TiF; T, 8.5 6.87 0.81 1.34
VE; T, 8.0 6.48 0.81 2.37

Cr 03 Agg 5.5 6.54 1.19 3.50

Verr = /(6 — V(120 +4V(ep)?,

when n =0, 1, 2 and 3 for TiO,, TiF;, VF; and Cr,03,
respectively.

Let us discuss the polarization dependence of RXES
spectra by group theoretical consideration. Here we neglect
spin—orbit interaction for simplicity although it is included in
the calculation in §4. The ground state symmetry (/") of the
3d°, 3d', 3d* and 3d° systems are Ajg, To,, Tig and Ajg,
respectively. According to the Wigner—Eckart theorem,'” an
optical transition matrix element is described as the Clebsch-
Gordan (CG) coefficient:

(@YD) T'Y) o A\TyITY'TY).

5.1

(5.2)

Here, I'(I"", T) denotes an irreducible representation of the
group, y(y', ) the basis of the irreducible representation and
a(a’) a quantum number other than I, y(I"', ). Since only
the electric dipole transition is considered here, I is Ty,. A
transition occurs only when the CG coefficient is non-zero.
In the polarized and depolarized configurations, we take the
polarization of the incident photon in the y and z directions,
respectively, where the y direction is normal to the scattering
plane (zx plane), so the possible basis of Ty, is y and g,
respectively. The transition from the ground state to the
intermediate states is allowed only when (I"y|Ty(T1,)| Iy’
(polarized configuration) and (I"y|T,(T1,)|I"zy’) (depolar-
ized configuration) are non-zero. In the transition from the
intermediate to final states, which is also the dipole
transition, the polarization of the emitted photon is both in
the x and y directions, i.e. the possible basis of 7, is x and y.
Analogous to the absorption process, the emission process
(transition from the intermediate to final states) is allowed
only when the matrix elements are non-zero. After all, the
irreducible representations allowed in the final state of the
3d°, 3d', 3d*> and 3d® systems, respectively, are given by
egs. (5.3), (5.4), (5.5) and (5.6):

Z Alg ® Tlu,y ® Tlu,y’ = Alngga Tlg, ng
y'=xy
olarized
(p ) 53)
Z Alg & Tlu,z ® Tlu,y’ = Tlg, ng
y'=xy
(depolarized),
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Z T2g b Tlu,y Q Tlu,y’ = A1g5A2gsEga Tlgs T2g
Y'=xy
olarized
® ) s
Z T2g ® Tlu,z (24 Tlu,y’ = AlgsA2gs Egs Tlg» T2g
y'=xy
(depolarized),
Z Tlg ® Tlu,z ® Tlu,y/ = Alg’ Eg’ T1g7 T2g
y'=xy
olarized
(p ) 5.5)
Z Tlg ® Tlu,z ® Tlu,y/ = AlgaAZg’ Eg’ Tlg, T2g
y'=xy
(depolarized),
Z A2g ® Tlu,z by Tlu,y’ = A2g7 Eg» Tlg7 T2g
o
olarized
(p ) 5.6)
Z A2g & Tlu,z by Tlu,y’ = Tlgs TZg
y'=xy
(depolarized).

This result is summarized in Table III.

Keeping these selection rules in mind, we first pay
attention to the elastic peak, the final state of which is the
same as the ground state. In the 3d° and 34> systems, we see
that the transition to the ground state is allowed only in the
polarized configuration, and forbidden in the depolarized
one. On the other hand, in the 3d' and 3d? systems,
transitions are allowed both in the polarized and depolarized
configurations. This is consistent with the results of
numerical calculations as well as with the experimental
results. For TiO, (3d°), the elastic peak is allowed only for
the polarized configuration. In the case of TiF; (3d') and
VF; (3d%), the elastic peak is enhanced both in the polarized
and depolarized configurations. For Cr,03 (3d?), the elastic
peak intensity in the polarized configuration is much larger
than that in the depolarized configuration, but a weak elastic
peak is observed even in the depolarized configuration. This
apparent breaking of the selection rules in the depolarized
configuration of Cr,O3 is caused by the spin—orbit interac-
tion, by which the dipole allowed excited states can mix with
the ground state and the transition becomes weakly allowed.
The calculated result neglecting spin—orbit interaction shows
the disappearance of elastic peak in the depolarized
configuration. Thus the polarization dependence of the
elastic peak intensity in these four compounds are fully
understood within the selection rules arising from the
symmetry of the system. It should also be mentioned that
the nonbonding final states (with Ty, and 75, symmetries, for
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instance) are always allowed for both polarized and
depolarized configurations and for all the 3d° to 3d°
systems.

The symmetry of the antibonding final state is the same as
the bonding final state, so that the selection rule for that is
the same as the elastic peak. However, the resonance
enhancement of the inelastic peak corresponding to the
antibonding final state occurs strongly in TiO,”® when the
incident photon energy is tuned to the XAS satellite, but it
cannot be seen in the other three compounds. This difference
in the behavior of the antibonding state resonance for TiO,
and the other three compounds can be explained by the
difference in the hybridization strength and the multiplet
coupling strength.

It is to be noted that in order to observe the structure due
to the antibonding state in RXES the hybridization effect is
essential both in the intermediate and final states. If the
hybridization is weak, the intensity of the antibonding state
should be small both in XAS and RXES. One of the
measures of the hybridization effect is given by the ratio of
the effective hybridization to the charge transfer energy
Veir/A. From Table 11, it is found that the value of Vg /A is
2.68 for TiO, (3d°), whereas it is 0.81, 0.81, 1.19 (much
smaller than TiO,) for TiF;, VF; and Cr,03, respectively. In
order to see the effect of hybridization explicitly, we have
made the calculations of XAS and RXES for Cr,O3 by
changing artificially the value of V.¢/A so as to make it the
same as that of TiO,. The result is shown in Fig. 10(a) and
10(b), where we can see the resonance enhancement due to
the antibonding state excitation (at about 14 eV Raman shift)
for RXES of e, f, g and h, which was almost absent in
Fig. 8(b). However, the resonance enhancement factor is
much smaller than that of TiO,.

We would like to point out that the enhancement factor of
the antibonding resonance in Cr,O3 (and also in TiF3 and
VF;) are reduced by the effect of multiplet coupling,
compared with that in TiO,. Since the satellite of XAS is the
intermediate state of the antibonding resonance of RXES,
the stronger the XAS satellite intensity is, the stronger the
RXES resonance is induced. In the 2p—XAS process, the 3d
electron number in the intermediate state increases by one.
This means that if the 3d electron number of the ground state
is more than one, two or more 3d electrons exist in the
intermediate state (final state of the XAS) the whole
structure of the XAS spectrum are broadened by the
multiplet coupling between the 3d electrons as well as
between the 2p and 3d electrons. We can see this situation
by comparing the line spectra of 2p—XAS for TiO, [Fig.
2(a)] with those for TiF3;, VF; and Cr,O3 [Figs. 6(a), 7(a)
and 8(a), respectively]. Because of this broadening effect,
the satellite structures in XAS cannot be seen in the 3d', 3d>

Table III. Ground state symmetry and the allowed final state symmetries for each compound.
Compounds Ground state Final states (polarized) Final states (depolarized)
(I'y) (I'r) (I'r)
TiO, (3d°) Ay ALE T, T ., T,
TiF; (3d") T, AlLALE T, T, AL AL E T, T,
VF; (3d%) T AL ALE T, T, ALE T, T
Cr,03 (3d°) As A E, Ti, T) Ty, T
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@ b CnOsCr2p XAS

Intensity [arb. units]

-5 0 5
Relative Energy [eV]

(b) Cr,05 Cr 2p RXES
—— polarized
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Intensity [arb.units]
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Raman Shift [eV]
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© b Cr0;Cr2pXAS

Intensity [arb. units]

-5 0 5 10 15 20
Relative Energy [eV]

(d) Cr,05 Cr 2p RXES
—— polarized
deploarized

<20 h

o (x20)| g

10| f

(x l())~ (4]

Intensity [arb.units]

25 20 15 10 5 0
Raman Shift [eV]

Fig. 10. Calculated results of (a), (¢c) Cr 2p XAS and (b), (d) Cr 2p — 3d — 2p RXES for Cr,03. In (a) and (b) the value of the
hybridization effect is the same as that of TiO», i.e. A =2.98¢eV, Ve = 7.97eV and Vegr/A = 2.68. In (c) and (d) multiplet effect of

the intermediate state is neglected.

and 34 systems, while they are weakly observed in the 34°
system.

In order to see this effect explicitly, we have calculated
the XAS and RXES spectra for Cr,O; using the same
parameter values as those in the calculation of Fig. 10(a) and
10(b), but neglecting the multiplet coupling in the
intermediate state. The result is shown in Fig. 10(c) and
10(d), where the broadening in the XAS spectrum is
suppressed and we recognize a stronger antibonding
resonance in RXES of e, f, g and h.

From the above consideration, the main reason that
resonance enhancement of the antibonding peak, which is
very strong in the RXES spectra of TiO, (3d° system), is
almost absent in the 3d" (n = 1, 2 and 3) systems is that (i)
the smaller hybridization effect, and (ii) the spectral
broadening of XAS due to the multiplet coupling effect.

6. Summary

We measured 2p — 3d — 2p RXES in 3d', 3d*> and 34>
systems (TiF;, VF; and Cr,0s3, respectively) and analyzed
them using MXg cluster model with O;, symmetry. We took
the polarization dependence (i.e. the polarized and depolar-
ized configurations) into account both in the experiment and
calculation, and the results were compared with a previous
one for the 3d° system (TiO,).

Using the schematic total energy level diagram, we
explained the charge transfer effect in RXES of all 34"
(n=0, 1, 2 and 3) compounds. The elastic peak in RXES
corresponds to the bonding state and the inelastic peaks to
the nonbonding and antibonding states. The behavior of
RXES, however, is different in each material, because the
influence of the crystal field and multiplet coupling effect
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change with the 3d electron number. In TiF;, for example,
the spectrum corresponding to the crystal field excitation is
clearly seen as a single peak, which is absent in TiO,, and
the spectra, which are modified by the multiplet coupling
effect, are also seen in VF5 and Cr,0s.

The polarization dependence in RXES was investigated
by group theoretical consideration. In the 34° and 3d°
systems, the transition to the ground state is allowed in the
polarized configuration, but forbidden in the depolarized
one, whereas in the 3d' and 3d> systems, it is allowed both
in the polarized and depolarized configurations. This means
that in the 3d° and 3d° systems, the elastic peak appears only
for the polarized configuration, but in the 3d! and 3d?
systems the elastic peak appears both in the polarized and
depolarized configurations. This is consistent with the
numerical calculations and experimental results.

A drastic resonance enhancement corresponding to the
excitation to the antibonding state in the 34° system is
almost absent in the 3d" (n = 1, 2 and 3) systems. This is
due to the following two reasons. Firstly, the spectral
intensity of the antibonding state depends on the hybridiza-
tion strength, because weak hybridization suppresses the
intensity of the antibonding state. In our parameter values,
the hybridization effect in TiO, is much larger than that in
TiFs;, VF; and Cr,0;. Secondly, the multiplet coupling
effect in the intermediate state is also important, because the
strong XAS satellite intensity induces the strong excitation
to the antibonding state. If there are more than two electrons
in the intermediate state, which corresponds to the 3d"
(n=1, 2 and 3) systems, this effect broadens the whole
structure of XAS spectrum and weakens the resonance
enhancement. These two reasons were justified by numerical
calculations for Cr,Os;, where the parameter values were
changed artificially and the multiplet coupling effect in the
intermediate state was neglected.
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