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We calculate the polarization dependent spectra of resonant X-ray
emission in Tik, VF3; and CpOs, which have one, two and three

3d electron(s) in the ground state, respectively. We study the de- § @ TiO; TI 2pXAS
tailed mechanism of the spectral structures, comparing with a pre- el b Cf’ f
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1. Introduction 5 ﬂ
Resonant X-ray emission spectroscopy (RXES) is a useful tool to kel AN g
analyze electronic structures of transition metal (TM) compounds § cug) |f
(Kao et al, 1996; Hill et al, 1998; Jingnez-Mieret al, 1999; g 3
Haradaet al,, 2000) due to the recent development of high bright- - - Jikis c
ness synchrotron light sources. In RXES a core electron is excited N JN cws |b
near the threshold by an incident photon, and then the excited state J\_ e Ja
decays by emitting an X-ray photon. Hence, the whole process 20 15 10 5 o 5
of RXES is described by a coherent second order optical process Raman Shift [eV]

(Tanakaet al., 1991; Kotani & Shin, 2000).
The polarization dependence in RXES is a new interesting topic.
Recently we analyzed thep2— 3d — 2p RXES of TiG; and
Scks in “polarized” and “depolarized” configurations (Matsubara Figure 2 Calculated results of (a) Ti2XAS and (b) Ti 20 —
et al, 2000). We call Ti@ and Sck “d° system”, because formally 3d — 2p RXES for TiG,. The spectra in the polarized configura-
tetravalent Ti and trivalent Sc have nd 8lectron. The polarized tion are plotted by solid lines, while those in the depolarized con-
configuration is the case where the polarization vector of the incifiguration by dashed lines. Indices framto h denote the incident
dent photon is perpendicular to the scattering plane and the depghoton energies.
larized configuration is the case where it is parallel. In both cor
figurations the scattering angle is fixed td9@nd the geometrical
configuration is shown in Fig. 1. 2. Model and formulation
The calculated results of (a) XAS and (b) RXES of Fié@re
shown in Fig. 2. The indices fromto h denote the incident photon We describe these compounds as angMM = Ti, V, Cr and X =
energies. We reasonably explained the spectral structures of RXES O) cluster model witlD, symmetry, and also consider the full
by means of group theoretical consideration: the elastic peak at Multiplet structure. We take into account the hybridizatiof)
eV and the inelastic peak at 14 eV are bonding and anti-bondin§€tween M 8 and X 2p orbitals { = ey, tog and for simplicity,
states between thel3and 31'L configurations, wherke denotes a V(&) = —2V (tzg)) and the crystal field splitting energy Q.
ligand hole, respectively. The inelastic structure ranging from 5 eV The charge transfer energy= E(d"** L) —E(d"), whereE (d")
to 10 eV appears in both polarized and depolarized configurationandE(d™* L) denote the configuration averaged energied aind
The bonding and anti-bonding states have the same symigtry d™!L (n = 1 for TiFs, n = 2 for VFz andn = 3 for CrQOs), the
and non-bonding state has various symmetry exagpt Coulomb repulsiotqq between the @electrons, and the attractive
In the present paper we calculate the polarization dependembre-hole potentidlq. acting on the @ electrons are also treated
RXES of TiRs, VF3s and CgOs, which belong to @, 3d? and ai* as adjustable parameters. These parameter values are determined to
systems, respectively, and give a systematic analysis for these earlgproduce experimental results of XAS and RXES (Harada, 2000),
TM compounds. and shown in Table. 1.
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Figure 4 Calculated results of (a) Vi2XAS and (b) V 2o —

3d — 2p RXES for VFRs. The spectra in the polarized configura-
tion are plotted by solid lines, while those in the depolarized con-
figuration by dashed lines. Indices framto j denote the incident
photon energies.

Figure 3 Calculated results of (a) TiR2XAS and (b) Ti 2 —

3d — 2p RXES for Tiks. The spectra in the polarized configura-
tion are plotted by solid lines, while those in the depolarized con,,
figuration by dashed lines. Indices framto g denote the incident
photon energies.

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

F(Q,w)
2
Table 1 (flcg” Im)( m|C 'l9)
Parameter values used in this calculation. = Z Z Z Q+E;—En—ilm
Compound A  Ugg Uge V(e) 10Dq f olag=£1 m
x6(Er+ Eg — Ef) (polarize )
TiFs 85 45 53 36 15 ( 2= E) 9
VF3 80 45 53 3.2 14 F(Q,w)
Cr,03 55 55 65 3.0 13

2
(flcg” Im)(mIC ')
Z Z Q+Eg |rm

x0(Er+ Eg — Ef) (depolarizeg.  (3)

In the calculation of RXES, we use the following formula of the
coherent second order optical process:
3. Calculated results and discussion
In Figs. 3, 4 and 5, we show the calculated results of (a) Ti, V and
2 Cr 2p XAS and (b) Ti, Vand Cr  — 3d — 2p RXES of TiR;,
(f|Te|m)( mITlg) VF3 and CgOs, respectively. The indices, b, . .. indicate the in-
F(Q, Z Z Q+ Ey— —ilm I(EBr+B—B) (D) 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
where|g), |m) and|f) represent the ground, intermediate and finalpeaks are seen in all RXES spectra: one ranges from about 1 eV to
states of RXES with energids;, En andEs, respectivelyTi andTe 5 eV, and the other from about 7 eV to 14 eV. The former results
are the electric dipole transition operators. The incident and emitfrom so-calledd-d excitation, and the latter from the charge trans-
ted photon energies are represented@®ndw, respectivelyEr is fer excitation. In thel® system the elastic peak is seen only in the
the Raman shift energy, which is defined as the difference betweepplarized configuration as in the case of tesystem, while ird*
incident and emitted photon energies, e~ w. andd? systems it has considerable intensity in both configurations.
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Furthermore, remarkable enhancement of the intensity of the antelastic peaks iml* andd? systems are allowed in both polarized
bonding state, which is seen in ti&system when incident photon and depolarized configurations.
energies are set at satellite structures of XAS is hardly seen in the

d*, d? andd?® systems. Table 2
The ground state symmetries and the allowed final state symmetries of
each compound.

Compound ground final(polarized) final (depolarized)

(To) (Trp) (Mt.a)
Z[ (@) Cr,05 Cy 2 XAS TiFs (db) T AL ALET, T, ALALE T, T
> “d VF3 (d?) T AL AL E T, T ALE T, T2
5 b\ f | Cr,03 (d3) Az A, E Ty, T T, T
>
‘D
E In thed® system, however, the ground state can be reached only
5 RoelaﬂveSEnergﬁeV] 15 20 |r:)the final state of the polarlzeq conflggratlon asin .the case of.the
d” system. Therefore, the elastic peak is only seen in the polarized
(b) Crz03Cr 2p-3d-. 2p RXES configuration. Note that the elastic peak intensity in the depolar-
polarized . ) . . . . . . .
rrrrrrrrrrr deploarized ized configuration is slightly seen in Fig. 5 due to the spin-orbit

" interaction, which is not taken into account in this group theoret-
9 ical consideration. Also, the inelastic peak corresponding to the
f anti-bonding final state, which appeared in tesystem, is hardly

e seen ind*, d® andd® systems due to the effects of the multiplet
d coupling and relatively weak hybridization.
Cc
b
a

Intensity [arb.units]

The present results are in fair agreement with recent experimen-

Y A tal data by Harada (2000).
(x10)| .
25 20 15 10 5 o =5 4. Conclusion
Raman Shift [eV] In conclusion, we have calculated and made a systematic analy-

sis for the polarization dependent RXES of JiWFz and CgOsg,

which have one, two and threel &lectron(s), respectively, by us-
Figure 5 Calculated results of (a) Cr2XAS and (b) Cr 2 — ing the MXs cluster model. The calculated results show that the
3d — 2p RXES for CpOs. The spectra in the polarized config- behavior of the spectral intensity, especially the elastic peak inten-
uration are plotted by solid lines, while those in the depolarizedsity, in thed* system resembles that in tkié system, while that

configuration by dashed lines. Indices frano h denote the inci-  in thed® system resembles ti system. This result is reasonably
dent photon energies. explained by the selection rule using group theoretical considera-

tion.
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the differencee of the@electron number, we use group theoretical search from the Ministry of Education, Science, Sports and Culture
consideration. According to the Wigner-Eckart theorem, the optijn japan.

cal transition matrix element is described as the Clebsch-Gordan
(CG) coefficient. The transition occurs only when the CG coeffi-References
cient is nonzero. The ground state symmétgyof thed?, d? and Harada, Y. (2000)Thesis, Univ. of Toky
3 : H ) arada, Y. esis, Univ. or 10kyo
d SYStemS ardizg, Tig and Ay states, respectlyely. By ”3'”9 this, Harada, Y., Kinugasa, T., Eguchi, R., Shin, S., Matsubara, M. & Kotani, A.
the final state symmetrly¢, (I't,q) of the polarized (depolarized) (2000).Phys. RevB61, 12854—12859.

configuration is obtained as follows: Hill, J. P., Kao, C.-C., Caliebe, W. A. L., Matsubara, M., Kotani, A., Peng,
S JL& Greene, R. L. (1998Phys. Rev. LetB0, 4967-4970. ]
r _ r T T olarize 4 Jiménez-Mier, J., van Ek, J., Ederer, J. D., Callcott, T. A, Jia, J. J., Carlisle,
f.p Z 9@ Tux ® Tauyr (P J, ) J., Terminello, L., Asfaw, A. & Perera, R. C. (199%hys. RevB59,
7' =xy _
K 26é9c2688l" be. W. A. L., Hasti J. B. & Gillet J.-M. (199Bh
. . ao, C.-C., Caliebe. W. A. L., Hastings, J. B. illet J.-M. ys.
Mg = Y Tg®Tu®@ Ty, (depolarized  (5) Rev.B54, 16361-16364.
o =Xy Kotani, A. & Shin, S. (2000) to be published ev. Mod. Phys
Matsubara, M., Uozumi, T., Kotani, A., Harada, Y. & Shin, S. (20QD).
The result is shown in Table. 2. ot andd?® systems, the ground Phys. Soc. Jpré9, 1558-1565.

Tanaka, S., Okada, K. & Kotani, A. (1991). Phys. Soc. Jpré0, 3893—

state symmetryJ; for d* and T for d?, is found in the final state 3903

of both polarized and depolarized configurations. This is why the

J. Synchrotron Rad. (2001). 8, 393-395 Received 31 July 2000 - Accepted 7 November 2000 395



