
J. Synchrotron Rad. (2001). 8, 393±395 # 2001 International Union of Crystallography � Printed in Great Britain ± all rights reserved 393

related phenomena

J. Synchrotron Rad. (2000). 6, 000–000

Polarization dependence of resonant
X-ray emission spectra in early transition
metal compounds

Masahiko Matsubara, a* Takayuki Uozumi b and
Akio Kotani a

aInstitute for Solid State Physics, The University of Tokyo,
Kashiwanoha, Kashiwa-shi, Chiba 277-8581 Japan, and
bCollege of Engineering, Osaka Prefecture University, Sakai
593-8531. E-mail: matubara@issp.u-tokyo.ac.jp

We calculate the polarization dependent spectra of resonant X-ray
emission in TiF3, VF3 and Cr2O3, which have one, two and three
3d electron(s) in the ground state, respectively. We study the de-
tailed mechanism of the spectral structures, comparing with a pre-
vious result of TiO2. Then we discuss systematically the difference
of spectra with the change of the 3d electron number from group
theoretical consideration.
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1. Introduction
Resonant X-ray emission spectroscopy (RXES) is a useful tool to
analyze electronic structures of transition metal (TM) compounds
(Kao et al., 1996; Hill et al., 1998; Jiménez-Mieret al., 1999;
Haradaet al., 2000) due to the recent development of high bright-
ness synchrotron 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
(Tanakaet al., 1991; Kotani & Shin, 2000).

The polarization dependence in RXES is a new interesting topic.
Recently we analyzed the 2p ! 3d ! 2p RXES of TiO2 and
ScF3 in “polarized” and “depolarized” configurations (Matsubara
et al., 2000). We call TiO2 and ScF3 “d0 system”, because formally
tetravalent Ti and trivalent Sc have no 3d electron. The polarized
configuration is the case where the polarization vector of the inci-
dent photon is perpendicular to the scattering plane and the depo-
larized configuration is the case where it is parallel. In both con-
figurations the scattering angle is fixed to 90Æ, and the geometrical
configuration is shown in Fig. 1.

The calculated results of (a) XAS and (b) RXES of TiO2 are
shown in Fig. 2. The indices froma to h denote the incident photon
energies. We reasonably explained the spectral structures of RXES
by means of group theoretical consideration: the elastic peak at 0
eV and the inelastic peak at 14 eV are bonding and anti-bonding
states between the 3d0 and 3d1L configurations, whereL denotes a
ligand hole, respectively. The inelastic structure ranging from 5 eV
to 10 eV appears in both polarized and depolarized configurations.
The bonding and anti-bonding states have the same symmetryA1g

and non-bonding state has various symmetry exceptA1g.
In the present paper we calculate the polarization dependent

RXES of TiF3, VF3 and Cr2O3, which belong to 3d1, 3d2 and 3d3

systems, respectively, and give a systematic analysis for these early
TM compounds.

Figure 1
Figure 1 Assumed geometrical configuration. In the polarized con-
figuration the polarization vector of the incident photon is taken in
thex direction, while in the depolarized configuration it is in thez
direction.
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Fig. 7. Calculated results of (a) Ti 2p XAS and (b) Ti 2p! 3d! 2p RXES for TiO2.

The spectra in the polarized con�guration are plotted by solid lines, while those

in the depolarized con�guration by dashed lines. Indices from a to h denote the

incident photon energies.

Figure 2

Figure 2 Calculated results of (a) Ti 2p XAS and (b) Ti 2p !
3d ! 2p RXES for TiO2. The spectra in the polarized configura-
tion are plotted by solid lines, while those in the depolarized con-
figuration by dashed lines. Indices froma to h denote the incident
photon energies.

2. Model and formulation

We describe these compounds as an MX6 (M = Ti, V, Cr and X =
F, O) cluster model withOh symmetry, and also consider the full
multiplet structure. We take into account the hybridizationV(Γ)
between M 3d and X 2p orbitals (Γ = eg; t2g and for simplicity,
V(eg) = �2V(t2g)) and the crystal field splitting energy 10Dq.

The charge transfer energy∆ = E(dn+1 L)�E(dn), whereE(dn)
andE(dn+1 L) denote the configuration averaged energies ofdn and
dn+1 L (n = 1 for TiF3, n = 2 for VF3 andn = 3 for Cr2O3), the
Coulomb repulsionUdd between the 3d electrons, and the attractive
core-hole potentialUdc acting on the 3d electrons are also treated
as adjustable parameters. These parameter values are determined to
reproduce experimental results of XAS and RXES (Harada, 2000),
and shown in Table. 1.
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Fig. 8. Calculated results of (a) Ti 2p XAS and (b) Ti 2p! 3d! 2p RXES for TiF3.

The spectra in the polarized con�guration are plotted by solid lines, while those

in the depolarized con�guration by dashed lines. Indices from a to g denote the

incident photon energies.

Figure 3

Figure 3 Calculated results of (a) Ti 2p XAS and (b) Ti 2p !
3d ! 2p RXES for TiF3. The spectra in the polarized configura-
tion are plotted by solid lines, while those in the depolarized con-
figuration by dashed lines. Indices froma to g denote the incident
photon energies.

Table 1
Parameter values used in this calculation.

Compound ∆ Udd Udc V(eg) 10Dq

TiF3 8.5 4.5 5.3 3.6 1.5
VF3 8.0 4.5 5.3 3.2 1.4
Cr2O3 5.5 5.5 6.5 3.0 1.3

In the calculation of RXES, we use the following formula of the
coherent second order optical process:

F(Ω;!) =
X

f

�����
X

m

h f jTejmihmjTi jgi
Ω + Eg � Em � iΓm

�����

2

Æ(ER + Eg � Ef ); (1)

wherejgi, jmi andj f i represent the ground, intermediate and final
states of RXES with energiesEg, Em andEf , respectively.Ti andTe

are the electric dipole transition operators. The incident and emit-
ted photon energies are represented byΩ and!, respectively.ER is
the Raman shift energy, which is defined as the difference between
incident and emitted photon energies, i.e.Ω � !.
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Fig. 9. Calculated results of (a) V 2p XAS and (b) V 2p ! 3d ! 2p RXES for VF3.

The spectra in the polarized con�guration are plotted by solid lines, while those

in the depolarized con�guration by dashed lines. Indices from a to j denote the

incident photon energies.

Figure 4

Figure 4 Calculated results of (a) V 2p XAS and (b) V 2p !
3d ! 2p RXES for VF3. The spectra in the polarized configura-
tion are plotted by solid lines, while those in the depolarized con-
figuration by dashed lines. Indices froma to j denote the incident
photon energies.

For the polarized and depolarized configurations eq. (1) is trans-
formed into the following form (Matsubaraet al., 2000):

F(Ω;!)

=
X

f

�����
X

q;q0=�1

X

m

h f jC(1)
q jmihmjC(1)

q0 jgi

Ω + Eg � Em� iΓm

�����

2

�Æ(ER+ Eg � Ef ) (polarized); (2)

F(Ω;!)

=
X

f

�����
X

q=�1

X

m

h f jC(1)
q jmihmjC(1)

0 jgi

Ω + Eg � Em � iΓm

�����

2

�Æ(ER+ Eg � Ef ) (depolarized): (3)

3. Calculated results and discussion
In Figs. 3, 4 and 5, we show the calculated results of (a) Ti, V and
Cr 2p XAS and (b) Ti, V and Cr 2p ! 3d ! 2p RXES of TiF3,
VF3 and Cr2O3, respectively. The indicesa, b, : : : indicate the in-
cident photon energies. The spectra of both polarized (solid line)
and depolarized (dashed line) configurations are plotted as a func-
tion of Raman shift, i.e. 0 eV corresponds to the elastic scattering
(Rayleigh line). In addition to the elastic peak, two sets of inelastic
peaks are seen in all RXES spectra: one ranges from about 1 eV to
5 eV, and the other from about 7 eV to 14 eV. The former results
from so-calledd-d excitation, and the latter from the charge trans-
fer excitation. In thed3 system the elastic peak is seen only in the
polarized configuration as in the case of thed0 system, while ind1

andd2 systems it has considerable intensity in both configurations.

formed into
For the
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Furthermore, remarkable enhancement of the intensity of the anti-
bonding state, which is seen in thed0 system when incident photon
energies are set at satellite structures of XAS is hardly seen in the
d1, d2 andd3 systems.
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Fig. 10. Calculated results of (a) Cr 2p XAS and (b) Cr 2p ! 3d ! 2p RXES for

Cr2O3. The spectra in the polarized con�guration are plotted by solid lines, while

those in the depolarized con�guration by dashed lines. Indices from a to h denote

the incident photon energies.

Figure 5

Figure 5 Calculated results of (a) Cr 2p XAS and (b) Cr 2p !
3d ! 2p RXES for Cr2O3. The spectra in the polarized config-
uration are plotted by solid lines, while those in the depolarized
configuration by dashed lines. Indices froma to h denote the inci-
dent photon energies.

In order to explain this behavior of spectral structures due to
the difference of the 3d electron number, we use group theoretical
consideration. According to the Wigner-Eckart theorem, the opti-
cal transition matrix element is described as the Clebsch-Gordan
(CG) coefficient. The transition occurs only when the CG coeffi-
cient is nonzero. The ground state symmetryΓg of thed1, d2 and
d3 systems areT2g, T1g andA2g states, respectively. By using this,
the final state symmetryΓ f ;p (Γ f ;d) of the polarized (depolarized)
configuration is obtained as follows:

Γ f ;p =
X

0
=x;y

Γg 
 T1u;x 
 T1u;0 (polarized); (4)

Γ f ;d =
X

0
=x;y

Γg 
 T1u;z
 T1u;0 (depolarized): (5)

The result is shown in Table. 2. Ind1 andd2 systems, the ground
state symmetry,T2 for d1 andT1 for d2, is found in the final state
of both polarized and depolarized configurations. This is why the

elastic peaks ind1 andd2 systems are allowed in both polarized
and depolarized configurations.

Table 2
The ground state symmetries and the allowed final state symmetries of
each compound.

Compound ground final(polarized) final (depolarized)
(Γg) (Γ f ;p) (Γ f ;d)

TiF3 (d1) T2 A1, A2, E, T1, T2 A1, A2, E, T1, T2

VF3 (d2) T1 A1, A2, E, T1, T2 A1, E, T1, T2

Cr2O3 (d3) A2 A2, E, T1, T2 T1, T2

In thed3 system, however, the ground state can be reached only
in the final state of the polarized configuration as in the case of the
d0 system. Therefore, the elastic peak is only seen in the polarized
configuration. Note that the elastic peak intensity in the depolar-
ized configuration is slightly seen in Fig. 5 due to the spin-orbit
interaction, which is not taken into account in this group theoret-
ical consideration. Also, the inelastic peak corresponding to the
anti-bonding final state, which appeared in thed0 system, is hardly
seen ind1, d2 andd3 systems due to the effects of the multiplet
coupling and relatively weak hybridization.

The present results are in fair agreement with recent experimen-
tal data by Harada (2000).

4. Conclusion
In conclusion, we have calculated and made a systematic analy-
sis for the polarization dependent RXES of TiF3, VF3 and Cr2O3,
which have one, two and three 3d electron(s), respectively, by us-
ing the MX6 cluster model. The calculated results show that the
behavior of the spectral intensity, especially the elastic peak inten-
sity, in thed1 system resembles that in thed2 system, while that
in thed3 system resembles thed0 system. This result is reasonably
explained by the selection rule using group theoretical considera-
tion.

This work is partly supported by a Grant-in-Aid Scientific Re-
search from the Ministry of Education, Science, Sports and Culture
in Japan.
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