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Theoretical calculations of the Sc 2p — 3d — 2p resonant X-ray emission spectroscopy (RXES) in
ScFs, ScCls and ScBrj are performed with a ScX¢ (X = F, Cl and Br) cluster model. Effects of intra-
atomic multiplet coupling and interatomic hybridization are taken into account. The cluster model
parameters for these materials are determined by analyzing experimental results of X-ray photoemission
spectroscopy (XPS) and RXES. Some of the results are compared with new experimental data for ScCls
and ScBr;. In the RXES results, we pay attention to the intensity ratio of the spectra arising from
nonbonding states, which have mainly two peaks due to the crystal field splitting. From the change of the
spectral intensity in RXES we find that the character of the highest energy structure of the main peaks in
X-ray absorption spectroscopy (XAS) varies from almost pure e, state to the e, and >, mixed state
depending on the strength of the multiplet effect and hybridization effect.
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1. Introduction

Since the advent of high brightness synchrotron light
sources, resonant X-ray emission spectroscopy (RXES) has
been used as one of the useful tools to investigate electronic
structures of transition metal compounds.' The RXES is a
coherent second order optical process, where a core electron
is excited to the threshold by an incident photon, and then
the excited state decays by emitting an X-ray photon.>® The
intermediate state of RXES corresponds to the final state of
X-ray absorption spectroscopy (XAS). Combining RXES
with traditional techniques such as XAS and X-ray photo-
emission spectroscopy (XPS) enables us to study more
detailed electronic states of subject materials.

The polarization dependence in RXES also provides us
with more information about the electronic structure.””!? In
previous papers,>? we studied the 2p — 3d — 2p RXES of
TiO, and ScF; (3d° systems) in “polarized” and “depolar-
ized” configurations, and showed a drastic polarization
dependence both theoretically and experimentally. The
“polarized” configuration is the case where the polarization
vector of the incident photon is perpendicular to the
scattering plane, while the “depolarized” 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. More
recently, we have extended the study to the 3d', 34> and 3d3
systems: TiF3, VF3 and Cr,03.'%

In this paper we analyze, considering the polarization
dependence, the RXES of ScF3, ScCl; and ScBrs3, which are
also classified into the 3d° systems. For Sc compounds few
systematic studies of electronic states with the change of
ligand ions have so far been made. We analyze experimental
results of XPS, XAS and RXES with a ScXg¢ (X = F, Cl and
Br) cluster model and determine the parameter values of the

“Present address: Institut de Physique et Chimie des Matériaux de
Strasbourg, 23 rue du Loess, BP43 F-67034 Strasbourg Cedex 02, France.

711

cluster model almost uniquely. In the 3d° systems the RXES
spectra have strong polarization dependence. The spectra
obtained in the polarized configuration have mainly three
structures: elastic scattering peak, strong inelastic scattering
peak and weak inelastic scattering structure between the
elastic and strong inelastic scattering peaks, whereas the
spectra obtained in the depolarized configuration consist of
only the weak inelastic scattering structure. In previous
papers®!?) we concentrate on the behavior of the elastic peak
and the strong inelastic peak. But here we pay attention to
the weak inelastic structure, which is mainly split into two
peaks due to the crystal field energy, and its behavior of the
relative intensity of these two peaks. From the analysis we
find that the character of the highest energy peak of the main
XAS peaks varies from the almost pure e, state to the e, and
1, mixed state depending on the magnitude of the multiplet
effect and hybridization effect.

In §2 we show the experimental results for ScCl; and
ScBrs, and then the model and formulation of theoretical
calculations are given in §3. In §4 the calculated results are
shown. Section 5 is devoted to the discussion.

2. Experimental Results

In this section we show the experimental results of Sc 2p-
XAS and RXES for ScCl; and ScBrz. The ScCls and ScBrs
samples were prepared as pressed pellets of high purity
(99.9%) powders. During the measurements, the samples
were cooled down to 40K and the base pressure of the
experimental chamber was kept below 3 x 10~° Torr.

The XAS results of ScCl; and ScBr; were obtained by the
total photon yield (TPY) and total electron yield (TEY)
methods, respectively. The RXES results were obtained
using a Rowland mount type soft X-ray emission spectrom-
eter system!'! installed at the undulator beamline BL-2C'?
of Photon Factory, KEK. The emission spectrometer has a
laminar holographic grating whose radius and groove
density are Sm and 1200 lines/mm. The polarization vector
of the incident photon is linear and horizontal. The emission
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Fig. 1. Experimental results of (a) Sc2p XAS and (b) Sc2p — 3d — 2p
RXES for ScCl;. The RXES spectra are measured in the depolarized
configuration. Indices a to g denote the incident photon energies.

spectrometer is mounted in a plane normal to the wave
vector of the incident photon, which rotates 90° around the
wave vector for polarization dependence of RXES. The
incident angle of soft X-rays to the sample normal was 70°
to reduce the self-absorption effect.

The energy resolution of the incident photon was about
0.2eV at Sc2p edge excitation. The total energy resolution
of the RXES results was 0.6eV at 400eV using a 20 um-
wide incident slit of the spectrometer. The incident photon
energy was calibrated by the photoemission of the gold 4f
line. The emitted photon energy was calibrated using elastic
scattering lines in the RXES results.

In Figs. 1 and 2 we show the results of (a) XAS and (b)
RXES for ScCl; and ScBrj, respectively. The XAS results
show four main peaks and weak satellite structures similar to
that of ScF3,'® although the energy difference between the
main and satellite structures for ScCl; and ScBr3 are smaller
than that of ScF3. The RXES result was obtained only in the
depolarized configuration and plotted in the Raman shift
representation. Vertical bars in each spectrum correspond to
peak positions of a fluorescence spectrum which is not
shown here.

3. Model and Formulation

In this section we first show the model Hamiltonian and
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Fig. 2. Experimental results of (a) Sc2p XAS and (b) Sc2p — 3d — 2p
RXES for ScBr3. The RXES spectra are measured in the depolarized
configuration. Indices b to g denote the incident photon energies.

spectral functions for XPS, XAS and RXES and then
describe the way to determine the parameter values used in
the present calculation.

3.1 Model and spectral functions

ScX; (X =F, Cl and Br) has slightly distorted octahedral
structures around the Sc site.'*'> We neglect this small
distortion and assume that the local symmetry around the Sc
ion is O;,. So the system under consideration is described by
the ScXg cluster model.

The Hamiltonian consists of the Sc atomic part Hs,, the
crystal field energy Hcp, the p-molecular orbital energy Hx
of ligand X and the mixing between the Sc 3d and X p states
Hmix:

H :HSC +HCF+HX+Hmix’ (1)

where

Hs. = Z dezdl) + Z epp;pu + Uy Z dIdvdIfdv/
v " >

. . )
— Uge Y didy(1 = pl,p) + Huntipier

v,

Hep = ) e()d}d,,

v
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3 :
3(10Dq) if I''=e,,

=17, 3)
-3 (10Dg) if I = tag,

Hyx =) exX[X,, )

Huix = Y V(D)) X, + X} d,). (5)

Here d: d,), p; (p,) and X: (X,) are the electron creation
(annihilation) operators for Sc 3d, Sc 2p core orbitals and X p
molecular orbitals, respectively. The indices v and
represent the spin (o) and orbital (/") states, and I" runs
over f, and e,, which are irreducible representations of O;,.

In eq. (2), ¢4 and ¢, denote the one particle energies for
Sc3d and Sc2p states, respectively, Uy and Uy, describe
the Coulomb interaction between Sc3d electrons and the
attracting core-hole potential acting on the 3d electrons,
respectively, and the last term, Hpyuyipler» consists of the
multipole part of the Coulomb interaction and the spin—orbit
interaction. In eqgs. (3)—(5), 10Dg [= &(e,) — &(t2,)], €x and
V(I') denote the crystal field splitting energy, one particle
energy for X p state and hybridization between Sc 3d and X p
states, respectively.

The charge transfer (CT) energy is defined as A =
E(d'X) — E(d"), where X denotes a hole in the X p orbital
and E(d'X) and E(d") are the configuration averaged
energies of d'X and d° configurations, respectively. We
treat the A, Uga, Uge, V(eg) [= —2V(t2,),'%!7 for simplic-
ity], and 10Dg as adjustable parameters.

The Slater integrals, F' k and G*, and the spin—orbit
coupling constants, {; and ¢, are calculated with an atomic
Hartree—Fock calculation program and then the values of the
Slater integrals are scaled down to those of 85% in order to
empirically include the effect of intra-atomic configuration
interaction from higher basis configurations which are not
included in our calculation.

The XPS spectrum is expressed as

Fxps(Es) = Y || Ti1g)|*8(E + Eg — Ew). (6)

In eq. (6), Eg denotes the binding energy, and |g), which is a
linear combination of d°, d'X and d’X? configurations,
represents the ground state of XPS with energy E,. Also,
|m’), which is a linear combination of 2pd0 Zpd X and
2pd2X2 configurations, represents the final state of XPS with
energy E, . The electric dipole transition operator for an
incident photon is given by 7;.
The XAS spectrum is written as

=Y |mITile)*8(2 + Eg — En). (D)

m

Fxas(£2)

In eq. (7), §2 denotes the incident photon energy, and |m),
which is a linear combination of 2pd", 2pd*X and 2pd*X*
configurations, denotes the final state of XAS with energy
E,.

The RXES spectrum is represented as

_ 3|5 YT niTig ’
|G En—Eg -2 —ily

F(£2,0)
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x 82 —w+ E, — Ef). (8)

In eq. (8), @ denotes the emitted photon energy, and |f),
which is described by a linear combination of d°, dl)_( and
d*X? configurations, represents the final state of RXES with
energy Er. The intermediate state |m) is the same as the final
state of XAS, whose lifetime width is represented by I'r.
The electric dipole transition operator for an emitted photon
is given by T..

In order to consider the incident photon polarization, we
convert eq. (8) into an appropriate form.>! In our
calculation, for simplicity, the direction of the incident
photon propagation is assumed to be parallel to one of the
cube axis, because the spectral shape of RXES is not
practically affected by the incident photon direction under
the O, symmetry and 90° scattering angle situation. We
eventually acquire the following spectral function of RXES
for the polarized and depolarized configurations:

C(l) m) (m|CV ’
F(2.0) = (fIC,|m) (m| q'lg)
= E,—E,— 2 —ilL
x 8([2—w+Eg — Ep)
(polarized configuration), ©)
ICDmy imICVlg) [
F(£2,
(42,0) = q;]ZZE —E,—Q2—ily

X 8(2 — w + E; — Ey)

(depolarized configuration).

The XPS and XAS spectra are convoluted with both
Lorentzian and Gaussian functions, whereas the RXES is
convoluted only with a Gaussian function. The HWHM of
the Lorentzian for XPS and XAS are Iy, = 0.1eV. The
HWHM of the Gaussian for XPS is I'g = 0.7 eV, whereas
the HWHM for XAS and RXES are I'g = 0.5¢eV.

3.2 Parameter values

As mentioned above, the adjustable parameters used in the
present calculation are A, Ugg, Uy, V(ey) and 10Dg. In
addition, we take the scaling factors of configuration
dependent hybridization, R. and R,, into account.'32D Due
to the core-hole creation, the wave function of 3d states is
contracted in the core excited state and the hybridization
strength becomes smaller. The scaling factor of this effect is
denoted by R.. On the other hand, when the electron number
increases, the wave function is spatially extended and the
hybridization strength becomes larger. The factor of this
effect is denoted by R,. The relationship between the
electronic configurations and these factors are illustrated in
Fig. 3.

So far, Sc compounds are hardly dealt with by the cluster
model or impurity Anderson model and their parameter
values are not well established. Therefore we start from
determining those parameter values. For simplicity, we fix
some parameter values as 10Dg = 1.0 eV, R, =0.9 and
R, = 0.9 and also assume the relation U, = 0.7U,.. The
procedure to estimate A, Uy and V(e,) are briefly described
in the following paragraph.

We know the experimental values of the energy difference
(dER) between the 2p3/, main peak and the satellite and the
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Table 1.
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Parameter values used in the calculation, which are given in units of eV except for R, and R,. The energy difference dEg (eV) and the intensity

ratio I;/I, between the 2p3,, main peak and the satellite of Sc2p-XPS, and the energy difference dE,, (eV) between the elastic peak and the center of
gravity of the inelastic structures of Sc2p — 3d — 2p RXES obtained from the calculated (experimental) results are also included.

Compounds A Uug Uye Vieg) 10Dgq R, R, dEg I/ dE,,
ScFs 11.5 7.7 11.0 32 1.0 0.9 0.9 12.2 (12.3) 0.28 (0.25) 13.6 (13.6)
ScCls 6.0 4.6 6.5 2.5 1.0 0.9 0.9 9.6 (9.6) 0.21 (0.2) 8.4 (8.4)
ScBr; 5.5 35 5.0 2.3 1.0 0.9 0.9 8.5 (8.6) 0.15 (0.15) 7.7 (1.7)
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Fig. 3. Relationship between the scaling factors R. and R, and the
hybridization strength V in the 3d° system.

intensity ratio (/;/I,,) of the satellite (/) to main peak ()
from the XPS results. Also, we know the experimental value
of the energy difference (dEy,) between the elastic peak and
the center of gravity of the inelastic structures from the
RXES results obtained in the depolarized configuration. By
our cluster model calculation we plot the Uy /Vey as a
function of A/Vs, where Ve denotes the effective hybrid-
ization defined by

Vear = \/6V(12)? + 4V,

11
= \/;V(eg)’

with keeping the dEg, I;/I, and dE,;, as the experimental
values. The case for ScBrj is shown, as an example, in Fig. 4.
When three curves of dEg, I;/1I, and dEy;, cross at one point,
the three conditions to reproduce the three experimental
values are fulfilled, and thus the parameter values are

(10)

Fig. 4. Theoretical curves for ScBrs which keep dEg, /I, and dE.,
constant. The parameter values Uy, and A are in units of Ve which are
4.64, 4.85 and 5.07.

determined uniquely. In the ScBr; case, when V. = 4.85,
the three curves almost cross at one point. Therefore, we find
that the parameter values of A, Uy and V(e,) for ScBrj are
5.5eV, 5.0eV and 2.3 eV, respectively.

The same procedures are performed for ScF; and ScCls
and we obtain the parameter values shown in Table 1. The
parameter values for ScCl; and ScBrj are newly determined
in this paper, whereas those for ScF3 are somewhat different
from those in ref. 9. This is because with old parameter
values of ScF; the experimental results of XAS and RXES
are reproduced well, but we find that those of XPS cannot be
reproduced (the calculated satellite intensity is much smaller
than the experimental one). As shown in the next section, we
can successfully reproduce all the experimental results of
XPS, XAS and RXES with new ones shown in Table 1.

4. Calculated Results of XPS, XAS and RXES

In this section we show the calculated results of Sc2p-
XPS, 2p-XAS and 2p — 3d — 2p RXES for ScX3 (X = F,
Cl and Br). The parameter values, which are estimated by
the procedure described in the preceding section, are used in
the calculation.

4.1 Sc2p-XPS

First of all we show the calculated results of Sc 2p-XPS
for ScX3 (X = F, CI and Br) in Fig. 5(b), which are in good
agreement with the experimental results by de Boer et al.??
shown in Fig. 5(a). All the spectra consist of four peaks and
they are assigned to 2p3,, main, 2p;,, main, 2p3,, satellite
and 2p;,, satellite peaks from low to high energies,
respectively. We can see that the energy difference between
the main peak and the satellite, dEg, becomes smaller and
the intensity ratio, I;/I,, also becomes smaller as the ligand
changes from F to Br. These values are also summarized in
Table I.

4.2 Sc2p-XAS and Sc 2p — 3d — 2p RXES

Here we show the calculated results of Sc 2p-XAS and Sc
2p — 3d — 2p RXES for ScX; (X = F, Cl and Br).

In Fig. 6, the experimental [(a) and (b)] and calculated [(c)
and (d)] results of Sc 2p-XAS and Sc 2p — 3d — 2p RXES
for ScF; are shown. The experimental result of Sc2p-XAS
was obtained by Umeda et al.'® and that of Sc2p — 3d —
2p RXES is reproduced from ref. 9. In Figs. 7 and 8, the
calculated results of (a) Sc2p-XAS and (b) Sc2p — 3d —
2p RXES for ScCl; and ScBrs, respectively, are shown. All
the Sc2p-XAS spectra mainly consist of four peaks due to
the crystal field (for 3d states) and the spin—orbit splitting
(for 2p states). Furthermore, the weak satellite structure is
seen on the higher energy side of the main peaks. We also
show a 20 times magnified spectrum around the satellite
structure. Indices a, b, ..., etc. in Figs. 6-8 denote the
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Fig. 5. (a) Experimental®® and (b) calculated results of Sc 2p-XPS for ScX3 (X = F, Cl and Br). All the spectra consist mainly of four peaks and the main
peaks of 2p3,, are set to OeV. Satellite peaks are indicated by arrows.
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Fig. 6. Experimental results of (a) Sc 2p-XAS and (b) Sc2p — 3d — 2p RXES'® and the calculated results of (c) Sc 2p-XAS and (d) Sc2p — 3d — 2p
RXES for ScF;. The RXES spectra in the polarized configuration are plotted with solid lines, while those in the depolarized configuration with dashed
lines. Indices from a to g denote the incident photon energies. In XAS the satellite region is magnified by a factor of 20. In RXES the spectra from e to g
are enlarged by a factor of 5. In the experimental result of RXES, the elastic peak is suppressed by a factor of 1/20.
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Fig. 7. Calculated results of (a) Sc2p XAS and (b) Sc2p — 3d — 2p
RXES for ScCls. In XAS the satellite regions is magnified by a factor of
20. In RXES, spectra in the polarized configuration are plotted with solid
lines, while those in the depolarized configuration with dashed lines.
Indices from a to g denote the incident photon energies. In RXES spectra
from e to g are enlarged by a factor of 5.

incident photon energies of RXES.

In the experimental results of ScCl; [Fig. 1(b)] and ScBrj
[Fig. 2(b)], the spectra shifting to the lower energy side
whose energy shift is proportional to the incident photon
energy are seen. This means that the emitted photon energy
is nearly independent of the incident photon energy as in the
case of normal XES (NXES). These so-called “NXES-like
spectra” are not seen in the calculated results. Since this
kind of spectra results from multi-transition-metal-site
effect,” we cannot reproduce such structures within the
model used in this paper. Except for these NXES-like
spectra, however, agreement between the calculated and
experimental results is fairly good.

All the Sc 2p — 3d — 2p RXES spectra are plotted as
functions of Raman shift energy. The indices denote the
incident photon energies, which correspond to those written
in the XAS results. All the calculated results are obtained
both in the polarized and depolarized configurations,
although the experimental results for ScCl; and ScBr; are
obtained only in the depolarized configuration.

The spectra obtained in the polarized configuration are
plotted with solid lines, where an elastic peak at 0eV is
enhanced when the incident photon energy is set to the main
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Fig. 8. Calculated results of (a) Sc2p-XAS and (b) Sc2p — 3d — 2p
RXES for ScBrs. In XAS the satellite region is magnified by a factor of
20. In RXES, spectra in the polarized configuration are plotted with solid
lines, while those in the depolarized configuration with dashed lines.
Indices from b to g denote the incident photon energies. In RXES spectra
from e to g are enlarged by a factor of 5.

peak energy of XAS, and an inelastic peak, which appears at
the highest Raman shift energy, is enhanced when the
incident photon energy is set to the satellite energy of XAS.
On the other hand, the spectra obtained in the depolarized
configurations are plotted with dashed lines, where we have
no enhancement for both the elastic and highest energy
inelastic peaks. The other inelastic features than the highest
energy inelastic peak appear both in the polarized and
depolarized configurations and are split into two peaks due
to the crystal-field splitting. In the following, we call the
higher energy peak /(e,) and the lower one I(ty,).

In ScF3, I(t,) is enhanced when the incident photon
energy is set to the f,, peaks of XAS (a and ¢), while I(e,) is
enhanced when the incident photon energy is set to the e,
peaks of XAS (b and d). These spectral features are in good
agreement with experimental result [Fig. 6(b)]. In the
meantime, in ScCl; and ScBr; when the incident photon
energy is set to the f,, peaks of XAS (a, only for ScCls, and
¢), I(t,) is enhanced. When the incident photon energy is set
to b, I(ey) is enhanced, in the same manner as ScFs3, but
when the incident photon energy is set to d, I(ty) is
enhanced contrary to the case of ScFs. This spectral
behavior is also seen in the experimental results for ScCl;
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and ScBrs.

We find here, both from the experimental and theoretical
studies, quite interesting facts: (1) the e, excitation leads to
the 1, enhancement, (2) this occurs only in 2p;,, branch,
and (3) this is not seen in ScF3 but seen in ScCl; and ScBrj.
In the next section we will discuss what causes these strange
spectral behaviors in detail.

5. Discussion

The mechanism of RXES is well described by the
schematic total energy-level diagram shown in Fig. 9. The
RXES spectra obtained in the polarized configuration mainly
consist of three parts. They correspond to the bonding,
nonbonding and antibonding states, respectively. The bond-
ing and antibonding states originate from strongly hybri-
dized 3d° and 3d'X states, while the nonbonding state
originates from other unhybridized states. In the case of
ScF;, for example, the elastic peak corresponds to the
bonding state, the ~13 eV and ~15eV inelastic peaks to the
nonbonding states and the ~16eV inelastic peak to the
antibonding state.

In the 3d° system, whose ground state symmetry is Ajq,
only the inelastic structure arising from nonbonding state
appears in the depolarized configuration due to the selection
rule.”

In Table II, we display the energy difference between
these inelastic peaks and the elastic peak both in the
experimental and calculated results of Sc2p — 3d — 2p
RXES. The values obtained from calculations are in good
agreement with those from experiments. Moreover, as
shown in Table I, we almost reproduce the energy difference
and intensity ratio between the main peak and the satellite in
Sc 2p-XPS. The parameter values used in this calculation are
selected to reproduce the Sc2p-XPS, 2p-XAS and 2p —

Intermediate state
(2p-XAS final state)

1 . ] I
3d X, antibonding state "mjd X
- nonbonding state N\ ==
34° |g>  bonding state 34°

Initial state Final state

Fig. 9. Schematic total energy-level diagram of 2p — 3d — 2p RXES for

3d° system.” Only the lowest two configurations are considered and the
crystal field and spin—orbit splittings are neglected for simplicity.

Table II.
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3d — 2p RXES simultaneously, so that we can expect they
reflect the electronic structure of each compound very well.

From Table I we notice that the parameter values for the
CT energy A and the core-hole potential U, largely change
on going from F to Br. As for the CT energy, it is well
known that the change of the ligand leads to the change of
the electro-negativity of ligand X and thereby the value of
the CT energy varies. The magnitude of the electro-
negativity decreases from F to Br: F > Cl > Br. The larger
the electro-negativity is, the more difficult the CT from
ligand p to Sc3d states is, so that A becomes larger.

On the other hand, as for the d—d Coulomb interaction,
Ujis, and the core-hole potential, U,., the values are
considered to be almost independent of ligand ions as long
as the metal ion is unchanged. In fact, in the analyses of the
various core level spectroscopy of late transition-metal
compounds, U,y and Uy have almost the same values if the
metal ion is the same.?*>® In the case of Sc compounds,
however, it is difficult to reproduce the experimental results
if we keep the value of U, constant. According to de Boer et
al.?*? the core-hole potential is written as follows:

Uge = Qo — 2E, 1D

where Oy denotes the Coulomb interaction between the core-
hole and the 3d electron and E|, denote the polarization
energy. This inconsistency on Uy, between the early and late
transition metal compounds may suggest that the influence
of E, on Uy in the former is different from that in the latter.
However, the detailed microscopic mechanism is still
unclear, and remains as a future problem.

The reason why I(fp,) is enhanced when the incident
photon energy is set to the ,, peaks of XAS, whereas I(e,) is
enhanced when the incident photon energy is set to the e,
peaks of XAS for ScF; is explained by the simple one-
electron picture. When the 2p electron is excited to the 3d
states, whose symmetry is t,4, the electronic configuration in
the intermediate state of RXES (the final state of XAS) is
written as 2p3d1(t2g), where 2p denotes a 2p core-hole. This
is mixed with the ligand orbitals through the hybridization,
SO 2p3d2(tzgeg))_((eg) and 2p3d2(t2gt2g)X(tzg) can exist. In the
decay process, a 3d electron fills the core-hole. From
2p3d2(t2gt2g)§(tzg) only 3d1(t2g))£(t2g) can be reached,
whereas from 2p3d>(ty.e,)X(e,) either 3d'(t2,)X(e,) or
3d'(e,)X(e,) can be reached. In the 3d'(t)X(t2,) and
3d1(eg))_((eg) configurations, the Sc3d electron and the
ligand hole have the same symmetry, so that they are
strongly hybridized and assigned to the bonding and
antibonding states, while in the 3d1(tzg)X(eg) configuration
the Sc3d and X states do not have the same symmetry, so
that they are not hybridized at all and are assigned to the
nonbonding state and the symmetry of 3d electron is f,g,

Energy difference between the I(f2,) [I(e,)] and the the elastic peak of RXES, which are denoted as dEy,(1) [dEw(2)], and that between the

inelastic spectrum arising from the antibonding state and the elastic peak of RXES, which is denoted as dE,,. Both experimental and calculated results are

shown. Unknown values are displayed by horizontal bars.

Compounds Experiment Calculation

dEn (1) dEq(2) dEg, dEn(1) dEn,(2) dEy
ScF; 12.6 14.6 15.7 12.8 14.4 15.6
ScCl3 7.5 9.3 — 7.6 9.0 10.5
ScBr;3 6.9 8.5 — 6.8 8.2 9.6
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which leads to the enhancement of /(t5).

In the case of e,, the same process occurs. In the
intermediate state 2p3d l(eg), its charge transfer states from
the ligand to the metal ion, 2p3d2(egt2g)g(t2g) and
2p3d2(egeg)g(eg) exist. After the d&ay process, the non-
Ending state has the 34" (eg)X(t24) configuration and /(e,) is
enhanced.

As mentioned in the preceding section, in ScF; when the
incident photon energy is set to the XAS peaks of
symmetry (a and ¢), /(t2;) is enhanced, and when the
incident photon energy is set to the XAS peaks of e, (b and
d), I(e,) is enhanced. This is consistent with the above
mentioned simple one-electron picture. In the cases of ScBr;
and ScCl;, however, the situation is somewhat different.
When the incident photon energy is set to a, b and c, the
enhancement behavior is the same as in the case of ScFjs.
However, when the incident photon energy is set to d, the
enhanced peak is not I(e,) but I(,).

The reversal of intensity in ScCl; and ScBrj; is caused by
the deviation from the above-mentioned one-electron picture
due to the strong multiplet coupling and strong hybridization
effects. In order to show this, we have calculated the
intensity ratio I(ey)/I(t,) at the resonance d with the
parameters for ScCls but by changing the scaling factor for
the Slater integrals (denoted as multiplet scaling factor). The
result is shown in Fig. 10 with the solid curve. It is seen that
if the multiplet coupling is weak enough we have the normal
result I(eg)/I(t2g) > 1.0. When the multiplet scaling factor is
larger than 0.5, the reversal of intensity occurs, so that for
ScClsz (scaling factor of 0.85) we have I(ey)/I(f2,) < 1.0.
This is because the simple one electron picture breaks down,
and the e, and 1,, electronic states are mixed strongly, by the
strong multiplet coupling effect. This multiplet effect has
strong influence on XAS spectra around d but it becomes
weaker in going to lower energy as seen from the line
spectra in Figs. 7(a) and 8(a); the line spectra are split into
many lines for d, but it is not the case for a, b and ¢. This is
why the reversal does not occur at resonance a, b and ¢ but
occur at d.

We have made a similar calculation with A =12.0eV
(instead of 6.0eV), and obtained the result shown with the
dashed curve in Fig. 10. Now we find that the reversal of

3 ‘
A=6.0
25 | y A=12.0 - |
leg)=I(12)
/Eo 2 L AN 0.85 i
=
~
X0 repitay)
-
~ 1
Iep<lty N\ 7
0.5 ) ) /\,\/7
0 ‘ ‘ ‘ ‘ ‘ ‘ s
0O 02 04 06 08 1 12 14
Multiplet Scaling Factor
Fig. 10. I(eg)/I(t2,) when the multiplet coupling of the intermediate state

is scaled from O to 1.5.
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intensity occurs for the multiplet scaling factor larger than
1.2. This is because the deviation from the one-electron
picture is suppressed due to the weaker hybridization effect
(i.e. the effect of the larger A), and explains why the reversal
of intensity disappears for ScF;. Note that the line spectra of
Fig. 6(c) do not split into many lines even for d.

We can directly observe the breakdown of the one-
electron picture from the RXES results and these results also
suggest that the peak d of XAS for ScCl; and ScBrj is not
almost pure e, state, but t,, and e, mixed state.
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