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Cluster size dependence of X-ray absorption spectra (XAS), X-ray photoemission spectra
(XPS), and resonant X-ray emission spectra (RXES) are theoretically studied with a one-
dimensional d-p model, which describes qualitatively effects of translational symmetry for nom-
inally d° (or f°) compounds such as TiO2 (CeO). It is shown that RXES depends more
sensitively on the cluster size than XAS and XPS, so that RXES is a useful probe in studying
the duality between itinerant and localized characters of 3d or 4f electrons. From results cal-
culated by changing the cluster size and parameter values such as p-d hybridization strength,
d-d Coulomb interaction etc., it is explained why the experimental Ce 4f-3d RXES of CeOs is
well reproduced by calculations with a single-cation impurity Anderson model, but the Ti 3d-2p

RXES of TiO;z is not well reproduced.
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§1. Introduction

It has been accepted that one of key concepts to
understand electronic properties of strongly correlated
systems involving 3d or 4f orbitals is the duality be-
tween localized and itinerant natures of electrons. High-
energy spectroscopies have played vital roles to inves-
tigate these systems. It is reasonable that X-ray photo-
emission spectroscopy (XPS) and X-ray absorption spec-
troscopy (XAS) of these systems are considerably well
described with the Anderson impurity model including a
single cation,?) because a completely localized core elec-
tron is involved in these spectroscopies and the core hole
acts as a localized attractive potential acting on the 3d
or 4f electrons. However, since van Veenendaal et al.
demonstrated importance of nonlocal screening effects
in analyses of metal 2p XPS for NiO? and high T, com-
pounds,®) those phenomena in which the itinerant prop-
erty of 3d electrons plays an essential role have attracted
much attention in this field.

Since the advent of the third generation synchrotron
radiation sources, a number of experimental investiga-
tions on resonant X-ray emission spectroscopy (RXES)
have been performed. RXES is the second order optical
process where a core electron is photoexcited to levels
near the absorption threshold. In intermediate states
of the RXES process, valence electrons feel a localized
core hole potential, but in the final state their Hamil-
tonian restores the translational symmetry. Thus their
itinerant nature as well as localized nature should be
strongly reflected on the spectral shape of RXES, de-
spite of its site-selectivity. Furthermore, RXES is very
sensitive to electron dynamics and relaxation of the inter-
mediate state through the coherent second order optical
process. In this sense RXES is one of the most adequate
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probes to “see” the strongly correlated systems involving
3d or 4f electrons. Our main motivation is to investi-
gate how their itinerancy appears itself in the spectra.
It necessarily needs an extended cluster model beyond
the single-cation impurity limit.

Experimental data of RXES for graphite,® Si® and di-
amond® have shown that the wave vector conservation
rule, which is a mathematical consequence of the itin-
erancy of valence electrons, plays an important role in
RXES spectra. For transition metal compounds such as
Ti0O,") and FeTiO3®) remarkable spectral features have
been observed: in addition to inelastic X-ray scattering
peaks whose emitted photon energy moves in parallel
with the incident photon energy, giant inelastic spectra
are observed at nearly the same energy position for any
incident photon energy, and they are connected smoothly
to the line shape of normal X-ray emission spectroscopy
(NXES) as the incident photon energy increases well
above the absorption threshold. '

We expect that a source of the latter kind of features,
which is hard to understand with the single-cation impu-
rity model, is the itinerancy of 3d electrons. We would
like to study how the translational symmetry of crystals
modifies RXES spectra, and to give a physical picture
of the X-ray emission process. To accomplish this, we
adopt a one-dimensional d-p model without orbital de-
generacies as a minimal model having explicit transla-
tional symmetry.

The structure of this paper is as follows: in §2 we ex-
plain the model used. In §3 we give results of numerical
calculations on XAS, XPS, RXES and NXES for TiO»-
like and CeO,-like parameters. In §4 physical interpre-
tations for these spectra are presented, paying attention
to role of the wave vector conservation rule. In the last
section, we will give a brief summary of the present study.
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§2. Description of the Model

2.1 Hamiltonian
We consider the following one-dimensional (1D) d-p
Hamiltonian as a model of TiO,:

H = Hy+ Hy + Vy. + Vgg + Heore, (2.1)
where
Hy=) [(A +ep) dl,dio + & p}c,ng]] : (2.2a)
l,o
=>>»> [v dl,pjo + v*p}gdw] , (2.2b)

(&.3) @

Vie = —Udc Z (Z d;radu,) (Z clgfc}0/> , (2.2¢)
l o o’

Vaa=Uaa Y dlydind] dyy, (2.2d)
l

and

(2.2e)

Hcore = E Ec C;UCI,,,
l.o

In the above equations, d,’:j (pfﬂ) is a creation operator
of o spin electron on the d (p) site in I-th unit cell, A is
the charge-transfer energy between d and p orbitals, Ugqg
is the on-site d-d Coulomb correlation energy, and Uy, is
the intra-atomic core hole potential. c;ra (c15) is a cre-
ation (annihilation) operator of core electrons. Geometry
of the system is shown in Fig. 1.- We set the number of
valence electrons in the ground state as 2V for djrpy sys-
tem, assuming the z-component of the total spin S, = 0.

The dips cluster with the open boundary condition
(Fig. 1(a)) is used as a reference system representing the
smallest cluster with a single cation (or the Anderson
impurity model), and large cluster effects are studied us-
ing dypn clusters with the periodic boundary condition
(Fig. 1(b)) by comparing the results calculated with dif-
ferent NV (also with the dips system).

H; describes the nearest neighbor d-p hopping process.
Although we do not explicitly consider orbital degenera-
cies and the point group symmetry of crystals, in order
to take into account their effects to some extent, the d-p
hopping energy v is estimated by the equation

= 1\/41/(%)2 + 6V (t,)2,

(2.3)

where V(eg) and V(tag) are hybridization strengths of
TiOg cluster model.”) In Appendix we explain the way
of estimating the parameter v.

Okada and Kotani® used parameter values V(e,) =
3.0 and V (tg4) = —1.5, from which we have v = 3.5 (in
units of €V). Other parameters are chosen to be the same
as their estimation: A = 4.0, Ugy = 4.0 and Uy, = 6.0 (in
eV). These will be referred to as “TiO2-like” parameters.

H_ore describes the core level state. We regard the core
orbital as that of Ti 2p, and d (p) as Ti 3d (O 2p) for
TiO;-like calculations. The spin-orbit coupling is omit-
ted for simplicity. Note that core orbitals of all different
d-sites participate in the RXES process. Therefore we
must not fix the core hole to a single site (see discussions
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(a) "single-cluster" system

(b) multi-cluster dypy system with PBC

Fig. 1. Geometry of the system. Closed circles represent d and
core orbitals, and open circles represent p orbitals. The round
rectangle indicates a unit cluster of the system. (a) dipy cluster
with the open boundary condition used as a reference system
representing the smallest cluster with a single cation. (b) Multi-
cluster system with the periodic boundary condition.

in §2.2 and §4.3).

The Hamiltonian described above can also be used for
Ce 4f-3d RXES spectra of a “CeQ3-like” system by re-
garding d, p and c as Ce 4f, O 2p and Ce 3d orbitals, re-
spectively. Since the Anderson impurity model with local
SO(3) symmetry has well reproduced Ce 3d XAS spec-
tra,'%11) the f-p hybridization strength mapped onto 1D
Hamiltonian should be simply given by v = /14V/2,
where 14 is the degeneracy of 4f state. Considering
the results by Jo and Kotani!?) and Nakazawa et al.,'V)
for “CeOa3-like” calculations we use a parameter set of
A =15, Us; =100, Use = 13.0, and v = 1.5 (in eV).

2.2 Spectral functions

For our 1D model the transition operators of the pho-
ton absorption and emission process in the dipole ap-
proximation are given by

E : 1
e1<11 Z dlo—cla .

(2.4)

and

=> ey "ol dy, b, (2.5)
l o
where ¢; is the wave number of an incident photon and
g2 an emitted photon, b, and b are operators of pho-
ton annihilation and creation, respectlvely 12) With these
operators the transition amplitude of the RXES process
is
Ug—£(2) = (fIT2G(Q +iT',)T1lg)
= Z e (@1-g2)! |Clo-dlch(Q + iPm)d;gclO'lg>a

where |g) is the ground state having a photon of ¢y, | f) is
a final state having a photon of ¢, and G is the resolvent
operator defined by G(z) = (z — Eg — H)™*, E, and Q
being the ground state energy and the 1nc1dent photon
energy, respectively. For 3d- or 4f- systems the damping
I';, mainly comes from the Auger decay process of the
core hole, so that we disregard the phonon relaxation
process in the intermediate state.l®)

Under the periodic boundary condition, because of
translational invariance of the Hamiltonian and the re-
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solvent operator, both the initial and final states are ir-
reducible representations of the translation group, and
the wave vector is conserved between these two states,
regardless of existence of Uyy or Uy.. Then the amplitude
is written as

Ug—1(2) = No(q1 + Kg — g2 — Ky)
x> {flchodos G(Q + il ) db, coslg). (2.6)

The factor before the summation indicates total wave
vector conservation rule.'®) If the core hole is fixed on a
single site, we do not have the conservation rule. In con-
trast to the first-order optical process, spatial coherence
in this sense is essential to understand RXES spectra.!5)

As van Veenendaal and Carra pointed out within the
independent quasi-particle limit,'®) the amplitude of the
elastic scattering is proportional to IV, which is the num-
ber of unit clusters, and therefore the intensity is of the
order N2 if the Bragg condition is satisfied.!”) In the
present paper, however, we concentrate our attention to
only inelastic lines from now on.

After all, RXES spectral function is calculated by

Z |Ug—>f

f#g

FRXESQW |6w Q+Ef—E)

(2.7)
where w is the emitted photon energy and we introduce
the normalization factor 1/N in order to compare sys-
tems of different cluster size. The photon wave numbers
g1 and g2 in Uy ¢ are taken approximately as zero.

In the X-ray absorption process, the transition ampli-
tude is (m|T1|g) as usual, |m) denoting a photo-excited
state with a core hole. Note that for XAS to fix the
core hole site is exactly justified. The proof is as follows:
for periodic systems a real number K, exists such that
T, (1)|g) = eKa!|g), where T}.(I) is a translation operator
of the whole electronic system. Since the core hole site is
a good quantum number in the final state of XAS, |m)
can be written as |p;!’), I’ indicating the core hole site,
and therefore

(01T, ()T - T ()" g)

= (1; 0|} ,coslg)e

( )dOUCOU
—iKgl
)

</Ja lldlaclalg>

leading the XAS spectral function to

Fxas(92) = Z (s 0|d$0600|g)|25(3’2 + E, — Eg). (2.8)
17

Normal X-ray emission spectroscopy (NXES) is the
second-order optical process where a core electron is ex-
cited by the incident photon to high-energy continuum
well above the absorption edge. Intermediate states of
NXES are the same as final states of XPS, whose spectral
function is given by

FXPS(EB) = Z l(ﬂ;0|000|g>|25(EB — B+ Eg), (2.9)

Ep being the binding energy. The energy interval of
the continuum levels is so close that the momentum in-
formation of the system is hardly maintained through
the NXES process. Therefore final states with any wave
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number are allowed. This situation is mathematically re-
alized by fixing the core hole site. The spectral function
of NXES is then given by

Frxes(@) = [ deD(e) S (F1ch, dos G (B )coo o)
N e

X 0(w+ Ef+e—Q—Ey), (2.10)

where D(e) is the density of states of the continuum level
g, which will be assumed to be a constant, and F' =
QN+ Ey — e +il'y,. Because of the integration over €, the
spectral shape of NXES does not depend on 2.

For nurperical calculations of the spectra we use the
Lanczos method.® Operation of the resolvent is directly
calculated by so-called bi-CG algorithm.®)

§3. Calculated Results

8.1 XPS spectra

We show XPS spectra for various cluster sizes with the
TiOs-like and the CeQOs-like parameters in Fig. 2. The
calculated line spectra are convoluted with a Loréntzian
function of width 1.0 eV (HWHM) corresponding to the
lifetime broadening of the core hole, as well as the ex-
perimental resolution.

The XPS spectra for the TiOz-like parameters shown
in Fig. 2(a) have roughly two-peak structure with a
strong main peak and a weak satellite, while a few very
weak peaks come arise between them for larger cluster
sizes. In the single cluster limit (d;p2), they correspond,
respectively, to the bonding and anti-bonding final states
between ¢d® and cd! L configurations, as shown by Okada
and Kotani,® where ¢ represents a core hole. Also for
larger cluster sizes, their characters would be essentially
the same.

On the other hand, in XPS spectra for the CeO,-like
parameters (Fig. 2(b)), clear three peaks are observed,
as a result of smaller value of v/Uss (and also v/Us.).%
As the cluster size increases, we have slightly broader
and more asymmetric shapes for the peaks in the lowest
and the second-lowest binding energies. But the global
structure is considerably well reproduced with the single-
cation cluster fips.

3.2 XAS, RXES and NXES spectra for TiO;-like pa-
rameters

Figures 3(a)-3(c) show XAS, NXES and RXES spectra
for the Ti0O2-like parameters in dipa, dsps and dgps clus-
ters, respectively. The value of I, for NXES and RXES
is taken as 0.4 eV, and the Lorentzian convolution with
width 1.0 eV (HWHM) is made for all the spectra, as in
the case of XPS.

In the case of the dips system, inelastic RXES peaks
are caused by local charge transfer excitations, and the
emitted photon energy w moves in parallel with the inci-
dent photon energy 2, which is shown with the arrows.
The first inelastic RXES peak corresponds to a single-
electron charge transfer excitation (anti-bonding state
between d° and d'L configurations), while the second
one mainly to a two-electrons charge transfer state with
the d2L? configuration. In going from the dip, to dsps
clusters, we find some inelastic scattering peaks which do
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Fig. 2. XPS spectra calculated with various cluster sizes for (a)
TiO2-like and (b) CeO2-like parameters.

not follow the change of the incident photon energy (.
For the dgpg cluster, the energy w of main RXES peaks
does not follow 2 but is rather constant, and it oscil-
lates around the constant energy with the change of Q.
We denote these spectra as “nonlocal ezcitation (NLE)
spectra” hereafter.

The line shape of NXES also shows, in Fig. 3, consid-
erable dependence on the cluster size: A single peak is
observed for the NXES of the djpy cluster, but it splits

udc-e
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Fig. 3. Calculated XAS and RXES spectra for TiO2-like parame-
ters with (a) dip2, (b) daps and (c) deps clusters. NXES spectra
are also shown on the top of the RXES curves. Energy positions

of the incident photon are indicated by arrows. The magnifica-
tion rates are also shown as “ x 10”.
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into two peaks for the dsps cluster, and the relative in- — 1 T T L 10
tensity of the two peaks changes for the dgpg cluster. NXES f1 p2
3.3 Results for CeOs-like parameters %)
Figures 4(a)-4(c) show XAS, RXES and NXES spec- RXES -
tra with the CeOs-like parameters for various sizes of - 0 %
the cluster. We see that the XAS spectra have two-peak JL c
structure. The main and satellite peaks correspond, re- x15 ‘ { 3 uCJ
spectively, to the bonding and anti-bonding states be- J\i £
tween ¢f! and cf?L configurations. The cluster size de- x1 l 4 2
pendence of XAS is very small, and we only recognize, %
with increasing cluster size, a slight increase of the spec- x15 A_L 3 -10_;
tral intensity in the region between the main peak and %
the satellite. X 30 v 2 o

The cluster size dependence of RXES for fhe Ce0s-
like system is much smaller than that of the TiOs-like x10 “ 1

system, and the energy of the main inelastic scattering PR RS T R B 220
feature follows the change of © even with large clusters. -40 -30 -20 -10 0 10

In the case of the single cluster system fips, the RXES Emitted Photon Energy [eV] @
spectra exhibit a main inelastic scattering peak (corre- 10

sponding to a single charge transfer excitation), except

— T T T T T S
for the incident photon energy 1, and the peak energy N—)LE—S— /\ f3p3
w shifts in parallel with Q. With increasing cluster size, | A=1.5

this peak is broadened because the corresponding line RXES i
spectrum shows a fine spectral splitting into some line - >
spectra. Comparing the results for fips and feps clus- x10 J\M - %
ters, we see that the single-cation cluster model is a good A uCJ
approximation for describing the RXES except for the in- x1 l ] ' 5 S
cident photon energy 1. On the case 1, some discussion i =
will be given in the next section. x1.5 Jl\M 4 D-ch
The NXES spectrum with fips cluster has two peaks, o
corresponding to the bonding and anti-bonding states x3 JM 3r 2
between f°L and f 172 configurations in the final state. ' %
With increasing cluster size, the lower energy peak is x3 JI"/M 2| (4
more broadened, but we observe much smaller depen-
dence on the cluster size compared with the TiO»-like X M 1_
system. PR P P T
40 -30 -20 -10 O 10
§4. Discussion Emitted Photon Energy [eV] (b)
4.1 Applicability of the sigle-cation-site model e — 10
According to Fig. 2, it is found that the cluster size de-
pendence is extremely small for the calculated XPS spec- —N—)—(—E—S / \ f6p6 XAS
tra of both the TiOs-like and CeQOs-like systems. The | A=1.5 { =
XAS spectra shown in Figs. 3 and 4 depend on the clus- RXES v=1.5 2,
ter size slightly more than XPS, but still the dependence ;56——_ 6| Ug=10 =
is very small. These suggest that the single-cation-site _ by U =13, HO &
model can well describe XPS and XAS, which are typical J\ 5 I=1.0 T
examples of the first-order optical process. So we justify x1 | { 66— c
previous theoretical analyses of Ti 2pXPS and 2pXAS of x3 J\L 4 ] 5 T "g
'Ti0,% and Ce 3dXPS and 3dXAS of Ce0,1% 1) with a N 4 2==(~ £
small cluster model or the impurity Anderson model. X3 JL | 23—> _ 102
For RXES and NXES, on the other hand, it is shown AN 3 —__1Y2
that the cluster size dependence is very important for 1 %
the TiO,-like system, while the single-cation-site cluster X3 JM 2| ]
model works as a fairly good model for the CeOs-like
system. According to the Ti 3d-2p RX)ES spectra mea- X 5 MI\L 1
sured experimentally by Tezuka et al.”) and Butorin et PR P S N - -
al.,®) strf))ng inelastiz sc};ttering spectra whose energy w -40 -30 -20 -10 0 = 10 20
Emitted Photon Energy [eV] ©

do not follow the change of the incident photon energy €2
were observed. These spectra cannot be explained with  Fig. 4. XAS and RXES spectra for CeO2-like parameters with

the single-cation-site model, but are qualitatively consis- ;‘?) fgf’?’ (b) faps and (c) feps clusters. See the caption for
ig. 3.
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Fig. 5. One electron energy dispersion in the absence of Ugzg and

U,4.. Parameters used are indicated in the panel.

tent with the NLE spectra calculated here with larger
clusters. The mechanism of the cluster size dependence
of RXES, especially the NLE spectra in TiO,, will be
discussed in the following subsections.

4.2 NLE spectra in large cluster models

In order to understand the cluster size effect in the
TiOs-like system, it is instructive to study the situation
in the limit of Uyy = Uge. = 0. In this case, the initial
and final states of RXES are described exactly by one-
electron Bloch states with the energy dispersion (Fig. 5):

e+(k) :£p+%[1i\/1+(4v/A)2 cos? k]. (4.1)

RXES spectra for dgpe system in the limit of Ugy =
Uq4e = 0 (other parameters are taken as the same as those
of the TiO,-like parameters) are shown in Fig. 6. The
number of k-points in the first Brillouin zone of the dgpg
system is six, i.e. {0,£7/6,+27/6,37/6}, and the num-
ber of the excited electron energies is four. In the XAS
spectrum of Fig. 6, four peaks are observed in accordance
with these four points.

The RXES spectral shape (solid curves) depends on
the incident photon energy € (but it does not shift in
parallel with ). This is a result of the k-conservation
rule, as Carlisle et al. observed and interpreted in
graphite.*) Close inspections show that the inelastic
spectra for any excitation energy consists of three lines.
These correspond to states with an electron-hole pair in
{0, £7/6,+27/6}, from lower to higher energy. When 2
resonates with the XAS energies 4, 3 and 2, the excited
conduction electron in the intermediate state has mainly
the wave numbers 0,+7/6 and +27/6, respectively, so
that the final states of these RXES have an electron-hole
pair, where both of the electron and the hole are at k = 0,
+7/6 and £27/6, due to the k-conservation rule. The
valence (conduction) band of k = 37/6 is pure p-state
(d-state) as suggested by eq. (4.1), thus the final state
with an electron-hole pair in 37/6 has no contribution
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Fig. 6. RXES spectra in the free electron limit Ugq = Uge = 0
(solid line). Parameters other than Ugq and Uy, are the same as
TiOs-like ones. Core-fixed RXES spectra are also shown with
dashed line. See the caption for Fig. 3.

to the RXES spectra within the limit of the intra-atomic
transition model (as shown in eq. (2.5)), and the inelas-
tic scattering process is necessarily virtual one for the
incident photon energy 1.

If we fix a core hole site in the intermediate state,
the k-conservation rule breaks down. RXES spectra cal-
culated with a fixed core hole site are shown in Fig. 6
with dashed curves. In this case the spectral shape of
RXES is the same as that of NXES. This is because the
excited conduction electron has no contribution to the
RXES spectral shape, so that the situation is the same
as NXES.

These results suggest the origin of the cluster size effect
in the TiOs-like system. If the cluster size is small, an
excited conduction electron is necessarily localized and
makes an active contribution to the X-ray emission pro-
cess. In this case, the emitted photon energy shifts in
parallel with the incident photon energy. But when the
cluster size is large, we have some intermediate states in
which the excited conduction electron state is extended
in space as in the case of Uyy = Uy, = 0, then the NLE
spectra come arise. The dependence of the NLE spectra
on the incident photon energy is expected to come from
the k-conservation rule (see §4.3).

Effects of finite values of Uyy and Uy, are also im-
portant in the TiOs-like system. In order to see the
effect of Uy, calculated RXES spectra with Uyy = 0 but
Uge = 6.0 eV are shown in Fig. 7. A strong main peak 1is
observed in XAS, which corresponds to a bound state be-
tween the core hole and an electron excited from the core
level, i.e. the core exiton.??) Comparison of Fig. 6 and
Fig. 7 shows that the RXES spectra are more broadened
and exhibit new fine structures as a result of Uy, which
causes excitations of more than one electron-hole pairs in
the final state, although the final state Hamiltonian is in-
dependent of Uy.. However, the RXES spectra of 2, 3 and
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Fig. 7. Role of the core hole potential Uy, in RXES spectra. Pa-
rameters other than Ugy are the same as TiOa-like ones. See the
caption for Fig. 3.

30

20

Relative Photon Energy [eV]

-10

4 in Fig. 7 are found to resemble those in Fig. 6, and this
suggests that these intermediate states have somewhat
common characters with spatially extended conduction
electron states.

It appears that a weak peak located at the highest
energy w shifts in parallel with €2, but this occurs as a
result of the finite size IV.

When we introduce a finite value of Uyy, occurrence
of doubly occupied orbital states is considerably sup-
pressed, and then the RXES in Fig. 7 is changed to that
in Fig. 3(c). The RXES spectral broadening in Fig. 7
is somewhat suppressed in Fig. 3(c), because of the sup-
pression of more than one electron hole pairs in the final
state. However, the effect of Uyq is not very strong ex-
cept for the case of 1, because the occupation number
of d electrons is small in most states of the TiO;-like
system.

Compared with the TiOs-like system, the cluster
size dependence of RXES in CeOs-like system is much
smaller because of the smaller value of the hybridization
v.

4.8 Role of the k-conservation rule

To study effects of the k-conservation rule in TiO,-like
and CeOas-like systems, we calculate RXES spectra by
fixing the core orbital on a single site and compare them
with those including the translational symmetry of core
orbitals (denoted as “coherent spectra”). The results are
shown in Fig. 8. The TiO,-like spectra in Fig. 8(a) show
clear difference between the fixed core-site and coher-
ent spectra. The fixed core-site spectra are considerably
broader than the coherent ones for the incident photon
energy of 2, 3 and 4. This is clearly attributed to the k-
nonconserving nature of the fixed core-site model. Thus,
the role of k-conservation is (1) to narrow the inelas-
tic peak width, and (2) to fluctuate their peak position
around that of NXES spectra.
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Note that the RXES spectral shape depends on the
incident photon energy even with the core-fixed k-
nonconserving model. This is in strong contrast to the
case of Ugg = Uy, = 0 (Fig. 6). Because of finite val-
ues of Uy and Uy, the photo-excited conduction elec-
tron in the intermediate state cannot be a single Bloch
state, and some rearrangement between the conduction
and valence electron states occurs in going from the in-
termediate to the final states. Therefore, the origin of
the dependence of the NLE spectra on the incident pho-
ton energy is partly the effect of the k-conservation rule
and partly the effect of Uyy and Uge.

According to Fig. 8(b), there is little difference be-
tween the fixed core-site and coherent RXES spectra
for the CeQ»-like parameters, although close inspections
show that we have slightly broader spectral shapes with
the fixed core-site model. For the CeOj-like system, -
the quasi-particle bandwidth is of the same order as the
lifetime in the final state. Furthermore the small value
of v/Uf. makes the intermediate state almost localized.
Then clear cluster size effects are not observed. The fact
that the fixed core-site and coherent spectra are almost
the same demonstrates the reason why the analyses of
Ce 4f-3d RXES with the impurity Anderson model have
successfully reproduced the experimental result.!?)

4.4 Limitation of the present model

We have discussed qualitatively the cluster size effect
of RXES in TiO; and CeO;. In order to make more
quantitative study, it is necessary to improve the model.
Firstly, the atomic arrangement should be improved from
the 1D model to more realistic 3D models of TiO, and
CeO,. Secondly, the orbital degeneracies of d (or f)
and p states should be taken into account. As shown
in the Appendix, we have introduced the effective hy-
bridization v, in which effects of orbital degeneracies on
the hybridization between d° and d'L are taken into ac-
count. With this effective hybridization, however, effects
of orbital degeneracies on the hybridization between cd?
and cd?>L configurations in the intermediate state can-
not be well described. Furthermore, the effects of orbital
degeneracies are essential in the calculation of RXES for
the incident photon energy tuned to the main XAS peak
1. As shown by Nakazawa et al.,*V) the main inelastic
RXES spectra in the resonance with the XAS main peak
of CeO, originate from the nonbonding d'L final states,
instead of the antibonding state between d° and d* L con-
figurations. The nonbonding final states occur only by
taking explicitly into account the orbital degeneracies.
The situation is also the same for TiOz. In this sense,
the present calculation of RXES for the case 1 is not
realistic. More realistic calculations with an improved
model is left for future investigations.

§85. Conclusions

We have numerically studied multi-cluster effects on

- XPS, XAS, NXES and RXES spectra. The model we

have used is that which describes qualitatively these
spectra for TiO; and CeO,. Following results have been
obtained.

Firstly, we showed that the cluster size dependence is
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extremely suppressed for the first order optical process,
XPS and XAS. It suggests that the impurity model is
applicable to the analysis of these spectra, in contrast to
the second-order optical process, RXES and NXES.

Secondly, for the TiOs-like parameters, we numerically
demonstrated the occurrence of NLE spectra as a result
of the multi-cluster effect. The behavior of NLE spectra
is qualitatively consistent with the Ti 3d-2p RXES exper-
iment of TiO5. The origin of NLE spectra is the occur-
rence of spatially extended conduction electron states in
the intermediate state of large clusters. The dependence
of NLE spectra on the incident photon energy originates
from the k-conservation rule, as well as from the effects
of Udd and Udc-

Thirdly, for the CeOs-like system we have shown that
‘the multi-cluster effects in RXES spectra are fairly sup-
pressed, compared with the TiO,-like system, because of
the smaller hybridization strength v. The effect of large
clusters is the broadening of inelastic peaks.

Finally we should take into account the effect of orbital
degeneracies for more quantitative study of cluster size
effect of RXES in TiO5 and CeOs,.
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Appendix: Effective Hybridization

In the TiOg cluster model with the local Oy, symmetry

and with full orbital degeneracies, the Hamiltonian of
hybridization between Ti 3d orbitals and O 2p ligand
molecular orbitals is given by

> [V(I‘) df,.,Prmo + H,c.} ,

I'm,o

" = (A1)
where I" runs over two irreducible representations of Op,
ie. e, and tpy, and m distinguishes the 2- or 3-fold
degeneracies of them. On the other hand, in the sin-
gle cluster limit (Fig. 1(a)), the hopping energy of our
model satisfies 2v = (d°|H|d"L), where |d°) = p}pllO)
and |d'L) = % >, dips|d®) with the ligand state p, =
ﬁ(pm-l- P20 )- |0) denotes the state which has no valence
electrons but has filled core levels.

Now we map the hybridization strength of TiOg cluster
onto 1D d-p model. It is quite natural to define our v as

2v = max {(d°|H;|d* L)}, (A-2)
where |d*L) is a linear combination such as
|d'LY = Y armedfpoprmsld®),  (A3)

I''m,o

and the coefficients {arm,} are chosen to maxi-
mize (d°|H}|d'L) under the normalization condition
ZF,m,a a%‘ma =L

It is easy to solve the extremum problem and show
that the effective hybridization defined by eq. (A-2) is
given by

v= %\/41/(%)2 + 6V (t29) (A-4)

for
V()
Armo = =
V6V (t2g)? + 4V (eg)?

(A5)



1998)

In the case of the CeOs-like system, we can take

Hy =V [ fopmo +Hel]

m,o

(A-6)

with SO(3) symmetry and 7-fold degeneracy of | = 3
orbital. Therefore, the effective hybridization v is given

by
14
v="""y (A7)
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