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Abstract. X-ray-absorption near-edge structures (XANES) at the transition metal (TM) L 3-
edge of TiCls and VOCIs are calculated by the all-electron configuration interaction (CI) method
using fully-relativistic molecular spinors with density functional theory (DFT). The electronic
excitation from molecular spinors mainly composed of ligand p atomic spinors to those of TM-
3d spinors, i.e., the charge transfer, is included by taking additional electronic configurations
in the CI. The effects of the ligand field and the charge transfer on the TM-L2 3 XANES are
investigated by an ab-intio method. The reduction of inter-electron interaction due to the
covalent bonding between TM and ligand atoms has been found. The contribution of charge
transferred configuration is small at the initial state of TM-Lo 3 XANES while the significant
amount of charge transferred configuration is found at the final states. The spectral shapes of
TM-L3 3 XANES of both TiCly and VOCI;3 are strongly modified by the charge transfer effects.

1. Introduction

X-ray absorption spectroscopy (XAS) is a powerful technique for the characterization of
materials and has been widely used in materials science[l; 2]. Fine structures that appear
near the absorption edges (XANES) provide us with information about oxidation states, spin
states, chemical bonding, and atomic coordinates[3} [4]. Recent developments of third generation
synchrotron sources enable XANES measurement of very small concentrations with good energy
resolution. In order to extract the information about the local environment of probe atoms,
reliable theoretical tools which have predictive performance and that are free from adjustable
parameters are indispensable. In this paper, we focus on the 3d transition metal (TM) Lo 3-
edge XANES. At the edge, TM-2p core electrons are excited with the electric dipole transition
into unoccupied 3d and 4s valence states. The transition matrix elements to the 4s states
are negligible and the spectra are dominated by the 2p3d transitions. Because of the strong
interactions among core TM-2p and 3d electrons, the shape of Ly 3 XANES is strongly modified
from the empty 3d density of states: this is known as multiplet effects[5} [6]. In order to treat
the electronic transition from core levels, relativistic effects should also be considered. In many
3d-TM compounds, neighboring ligand atoms contribute to the spectral shapes of Lo 3 XANES.
The charge transfer from ligand ions to the TM ions plays an important role on the spectral
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shapes of Ly 3 XANES of some 3d TM compounds. Thus, the contribution of ligand ions
should be properly included in the calculation of TM-Ly3 XANES. The most prevalent and
conventional theoretical approach for the analysis of TM-Lg3 XANES is the semi-empirical
charge transfer multiplet method, where crystal field effects are incorporated into an atomic
multiplet calculation using the group theoretical formalism[7]. In this approach, the ligand field
effects are considered using the empirical parameters. Hence it has little predictive performance
of the multiplet structures a priori. Recently, the Tanaka group in Kyoto has developed an
ab-intio configuration interaction (CI) program for the x-ray absorption spectra. The molecular
spinors obtained by relativistic density functional theory (DFT) are used as basis function for
the CI calculations. All ligand field effects are included by using molecular spinors instead
of atomic spinors. The spin-orbit coupling at the core 2p levels can be automatically taken
into account by solving Dirac equation. The one-electron and the two-electron integrals, which
determine the multiplet energies are directly evaluated over molecular spinors. Experimental
spectra from many compounds having different d-electron numbers and coordination numbers
have been successfully reproduced without any empirical parameters [8; [0; [10; [I1]. The charge
transfer from ligand to TM spinors can be included by taking additional electronic configuration
in the CI[12]. In the present work, the ab-intio CI method is applied to the calculation for TM-
Lo 3 XANES of TiCly and VOCI3 molecules. The electronic interactions among all electrons are
rigorously calculated. The influences of the ligand field and the charge transfer from ligand to
TM atoms on the multiplet structure and the spectral shapes are discussed.

2. Theoretical method
In this letter, TM-Ly 3 XANES of TiCly and VOCI3 molecules have been calculated by means
of the ab-intio configuration interaction (CI) calculations. Details of our method have been
described in Ref. [12]. In this section, we briefly recall the method.

An effective many-body Hamiltonian most commonly used for relativistic calculations for
atoms and molecules is the ‘no-pair’ Hamiltonian[I3; [14], which is described in the second
quantized form as

L
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where ¢, j, k and [ indicate molecular spinors, N is the number of electrons in the system,
and L > N is the number of given molecular spinors. az and a; denote the creation and the
annihilation operators for an electron in the i’th spinor, respectively. (i|h|j) and (ij|g|kl) are
the one-electron and the two-electron integrals over four-component molecular spinors. In the
most general case, the numbers of independent one- and two-electron integrals are L(L + 1)/2

and (L(L 4 1)/2)2, respectively. h is the single-particle Dirac operator
h= co - P+ meB + Vet (2)

with veyt the electrostatic potential from nuclei, and ¢ in () is the Electron-electron interaction
operator. The explicit form of § is given in Sec. Bl
The many-electron wavefunction is expressed as a linear combination of Slater determinants,

Tk) =) ok |By) 3)

where |®,) = ap1 X -a;EN |vac) is a Slater determinant constructed from py, ..., py-th molecular
spinors, and |vac) denotes the vacuum state. The coefficients Cy, in ([B) are determined by the
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standard Rayleigh-Ritz variational method. The equation to be actually solved is the standard
eigenvalue equation

HC) = ECy, (4)
L . 1 L
Hyg = Y (ilhlj){®@plala;|q) + 5 > (iflglkt)(®plafafa,ay|@,). (5)
1,j=1 i3,k 0=1

The Hamiltonian matrix is fully diagonalized to obtain all possible initial and final states
under the restricted electronic configurations. Then, the oscillator strength of the electric dipole

transition is evaluated as
N
<‘1’f Z € Tk \I’l>
k=1

where ¥; and ¥y are many-electron wave functions for the initial and final states, while E; and
Ey are their energies. The absorption cross section were obtained by broadening the oscillator
strengths using Lorentz functions and by multiplying with the constant 272h%a/m. The full
width at half maximum (FWHM) of Lorentz function was set to 0.5 eV over the whole energy
region. In the case of 3d TM-Ly3 XANES, the quadrupole transitions or the higher order
transitions are some hundred times weaker than the dipole transitions and can be neglected.

This CI method is known to overestimate the absolute transition energy systematically. This
can be ascribed to the truncation of Slater determinants. In other words, this is due to the
lack of minor contribution of electronic correlations. In the present study, the transition energy
was corrected by the taking the energy difference between single-electron spinors for the Slater’s
transition state as a reference[g].

2

, (6)

2m
Lip = 55 (Ey = Ei)

3. Computational details

In the present work, we have calculated TM-Ly3 XANES of TiCly and VOCI3 molecules.
Atomic positions were obtained from the experimental data [I5; [16]. A TiCly molecule shows Ty
symmetry with a Ti-Cl bond length of 2.170 A, while a VOCl3 molecule shows C,, symmetry with
V-Cl and V-O bond lengths are 2.142 A and 1.570 A, respectively. The relativistic single particle
calculations were carried out by solving Dirac equations with the local density approximation
(LDA) using RSCAT code[17]. In this code, four-component molecular spinors are described as
linear combination of atomic spinors. The numerically generated four-component atomic spinors
(1s—4p for Ti and V, 1s—2p for O, and 1s—3p for Cl) were used as basis functions for molecular
spinors. .

Once molecular spinors were obtained, the one-electron integrals, (i|h|j), and two-electron
integrals, (ij|g|kl) were directly evaluated over all possible combinations of molecular spinors
by numerical integration. The many-electron Hamiltonian adopted in the present work is the
‘no-pair’ Dirac-Coulomb-Breit Hamiltonian, in which the inter-electron interaction operator §
is described as

. 1 .
Tij
The first term of § describes the instantaneous Coulomb interaction among electrons. The
second term of § is the Breit interaction term, which is the first relativistic correction term for
the inter-electron interaction in the quantum electrodynamics[18} [19]:

Bli.j) = 5 {ai-aﬁ("""”j ;‘”’”]‘)}' ®
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The Breit term contains the magnetic interaction introduced via the orbital and spin motions,
and the retardation effect.

The influences of Breit interaction on the multiplet structures on the 3d TM-Lg 3 XANES
have been systematically investigated in the previous work|20]. The main contribution of the
Breit interactions is the reduction of the energy separation between L3 and Lo edges.

Because of the limitation of computational power, we restrict the number of Slater
determinants expanding many-electron wave functions. The most preliminary condition for
TM-Ly 3 XANES of TiCly and VOCI; is just taking the electronic transition from (¢a,)%(ps3q4)°
configuration to (¢9,)°(¢3q)! configuration, where ¢, and ¢34 denote the molecular spinors
mainly composed of TM-2p and 3d atomic spinors. Other core and valence spinors, i.e., molecular
spinors mainly composed of TM 1s, 2s, 3s, 3p, Cl 1s-3p and O 1s—2p (only for VOCl3) were
assumed to be always occupied. The configurations having two or more holes on ¢, were
not considered, because the many-electron energies of such configurations are much higher and
they do not significantly interact with these two configurations. Thus, the number of Slater
determinants for initial state is gCg X 10Cy = 1 while that for final states is ¢C'5 x 10C1 = 60.
Hereafter we refer this approach as the ligand field (LF) multiplet approach.

The charge transfer (CT) between ligand to TM atoms plays an important role on the spectral
shapes of the TM-Lo 3 XANES of some 3d TM compounds. In the case of TiCly and VOClI3,
the most important charge transfer channel is the electronic transition from ligand p (Cl-3p
and O-2p) to TM-3d levels. In the ab-intio CI method based on the molecular spinors, a
part of charge transfer through the covalent bonding between TM-3d and ligand p levels are
automatically included in the LF multiplet calculations by using molecular spinors instead of
atomic ones. The other part of charge transfer effects can be included by taking the additional
configurations (Slater determinants) in the CI. In order to investigate the latter contribution,
we also performed charge transfer multiplet calculations by the ab-intio CI method. In this
calculation, the charge transferred configuration (¢2,)%(¢n)%3(d3q)! and (¢ap)°(¢r)?(P3a)>
were added to describe the initial and the final states, respectively, where ¢; denotes the
molecular spinors mainly composed of ligand p (Cl-3p and O-2p) spinors. The inclusion of
these configurations into CI significantly increases the number of Slater determinants and hence
the dimension of the Hamiltonian matrix. The number of Slater determinants for initial and final
states are gCg X 10Co 4+ ¢Cg X 24C23 X 10C1 = 241 and ¢C'5 X 19Co + 6C5 X 24Ca3 X 19Cs = 6540,
respectively. The configurations with two or more excitation from ligand to TM-3d were not
considered because of the limitation of computational resources. Molecular spinors mainly
composed of TM 1s, 2s, 3s, 3p, Cl 1s-3s, O 1s and 2s (only for VOCl3) were set to be fully
occupied. We refer the latter approach as the LF+CT multiplet approach.

It should be noted that the relativistic spinors optimized for the initial states were used to
construct the Slater determinants. Both the initial and the final states of TM-Lg3 XANES
were described using the same spinor set. The core-hole effects were not included in the
spinors themselves, but they were included by taking the core-excited configurations into the CI
calculations. It should also be noted that in our previous calculations for TM-Ls 3 XANES,
the Slater determinants were constructed only from the particularly important molecular
spinors, i.e., the spinors mainly composed of TM 2p, 3d and ligand p atomic spinors. The
electronic exchange and correlations among other electrons were approximately treated within
the framework of DFT. In the present work, all spinors were considered explicitly to construct
Slater determinants. In other words, all-electron CI calculations were performed.

4. Results and Discussions

At the first step of CI calculations for TM-Ly 3 XANES, we made relativistic density functional
calculations for TiCly and VOCI3 molecules within LDA. The spin-orbit coupling in TM-2p
levels were automatically included by solving Dirac equation. In the TiCly; molecule with Ty
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Table 1. Molecular spinor energy relative to the highest occupied spinor (€), Mulliken
population of ligand p atomic spinors (Qci.3p and Qo-2p), and averaged values of the Coulomb
integrals for the ¢34 molecular spinors. The values inside parentheses on the last column indicate
the reduction factors of the Coulomb integrals from the corresponding atomic values.

€ (QV) QC1—3p QO—2p <ij|T;21|ij>ave (GV)

TiCly
e 434 0157  — 15.03 (0.687)
ty 521 0192 @ — 14.12 (0.648)
VOCl,

e(l) 372 0192 0035 1512 (0.611)
e(2) 499 0130 0.166  14.89 (0.602)
a1 594 0109 0203  14.27 (0.577)

symmetry, Ti-3d levels split into two levels, namely, e and t2 because of the ligand field. In the
VOCI3 molecule, to levels further split into e and a; levels due to the reduction of symmetry
from Ty to Cs,. The eigenvalues of molecular spinors relative to the highest occupied spinor
are shown in Table [l Strictly speaking, to levels with T; symmetry further split because of
the spin-orbit coupling at TM-3d levels. The expressions such as e and t2 are not rigorously
right within the relativistic theory. Instead, the representations of the double group, such as 7
and g, should be employed. However, the relativistic effects on TM-3d levels are small and the
familiar expression, e and ts, is used for simplicity.

In the case of both TiCly and VOCIs, there is strong covalent bonding between TM-3d and
ligand atomic spinors. The Mulliken population[21] of ligand p (Cl-3p and O-2p) atomic spinors
is summarized in Table [l One can find that the population of Cl-3p atomic spinors is 15.7%
in e levels for TiCly. The Cl-3p population is greater in to than e. In the case of VOCls, the
Cl-3p (O-2p) populations decrease (increase) with increase of molecular spinor energies. The
total contribution of ligand spinors becomes larger for e(1), e(2) and aj, in that order.

The multiplet energies are obtained as eigenvalues of Hamiltonian matrix (B). Therefore,
the multiplet energies depend on the one-electron integrals, <’L|iL| j), and two-electron integrals,
(ij]g|kl). <’L|iL| j) describes the ligand field splitting and the hopping integrals among molecular
spinors, while (ij]j|kl) denotes the inter-electron interaction energies. Since (i|h|j) and (ij]§|kl)
are directly evaluated over molecular spinors, they are affected by the covalency and the crystal
field effects.

In Table [ the averaged value of Coulomb integrals in each molecular spinors is also shown.
The values inside the parentheses indicate the reduction factors from Coulomb integrals among
TM-3d atomic spinors. One can find that Coulomb integrals among ¢35 molecular spinors are
significantly reduced from the atomic value. It should be noted that the reduction factors differ
in each level. In the case of TiCly, for instance, the Coulomb integral among ¢y levels is more
reduced than that among e levels. The reduction of Coulomb integrals becomes larger when the
covalency between TM-3d and ligand p spinors is large.

We note that the reduction factors of Coulomb integrals among ¢34 levels for TiCly are much
smaller than those for SrTiO3 which we have reported in the previous work[12], though Ti ions
in SrTiO3 and TiCly are both 4+ (3d°) at the ground state. The reduction factors for to, and
eg spinors are only 0.845 and 0.816, respectively. The reduction factor of the Coulomb integrals
strongly depends on the covalency and the crystal fields.

The multiplet structures corresponding to TM-Lg 3 XANES of TiCly and VOCI3 have been
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Figure 1. Theoretical Ti-Ly 3 XANES Energy (eV)

for TiCly obtained by the LF multi-

plet approach (middle) and the LF+CT Figure 2. Theoretical V-Ly3 XANES
multiplet approach by the ab-intio CI for VOCl3 obtained by the LF multi-

method (bottom). They are compared plet approach (second upper) and the
with experimental spectrum taken from LF+CT multiplet approach by the ab-
ref. [22]. Solid bars drawn with theoret- intio CI method (second lower). The ori-
ical spectra are the oscillator strengths entation dependence of theoretical spec-
for the many-electron eigenstates. tra is also shown (bottom). They are

compared with experimental spectrum
taken from ref. [23]. Solid bars drawn
with theoretical spectra are the oscillator
strengths for the many-electron eigen-
states.

calculated by both the LF multiplet approach and the LF+CT multiplet approach. The
many-electron Hamiltonian have been diagonalized in the space spanned by the restricted
configurations as described in Sec. Bl The oscillator strengths of electric dipole transitions from
the initial state to the all possible final states have been evaluated using ([@). They were convolved
with Lorentz functions to obtain photo-absorption cross section (PACS). The results are shown in
figures[Iland 2l They are compared with the experimental spectra taken from literature[22; 23].
One can find large discrepancies between the theoretical spectrum calculated by the LF multiplet
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Figure 3. Theoretical Ti-Ly3 XANES for TiCly (left) and V-Ly 3 XANES for VOCly (right)
obtained by the LF+CT multiplet approach by ab-intio CI method. Lower panels show the
composition of four different final configurations for many-electron eigenstates.

approach and the experimental spectrum for both TiCly and VOCl3 molecules. In the LF
multiplet results, the L3 and the Lo spectra have similar shapes, while the L3 and the Lo shapes
are markedly different in the experimental results. In addition, the relative peak positions are not
reproduced by the LF multiplet approach. The main peaks appear in the L3 region split further
compared to the experimental results. The results show that further electronic correlations must
be taken into account to interpret those spectra.

One can clearly see from Fig. [[land 2] that, in both molecules, the spectral shapes drastically
change when the charge transfer (CT) from ¢, to ¢sq levels is taken into account. The splitting
between main peaks is much reduced by including the CT. Each peak in Lo region is much
broadened from that obtained in the LF multiplet approach. In addition, the CT creates
widely spread satellite peaks above the Lo main peaks. The theoretical spectra obtained by
the LF+CT multiplet approach show much better agreement with the experimental ones than
the LF multiplet results. The major features of TM-Ly 3 XANES are well reproduced in both
TiCly and VOCiIs.

In order to investigate the CT effects in detail, configuration analysis of many-electron
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wavefunctions have been carried out. Considering the orthonormality of the Slater determinants,
the composition of the p-th Slater determinant in the k-th eigenstate is simply given by |Cp|?.
In both TiCly and VOCI3 molecules, the initial state obtained by the LF multiplet approach
is completely composed of (¢34)° configuration. In the LF+CT multiplet approach, the initial
state is still dominated by (¢34)° configuration, whose composition at initial state is 97.0% and
97.8% for TiCly and VOCI3, respectively. The contribution of charge transferred configuration
(1) 1 (¢34)! is small at the initial state, where (¢r)~! indicates the hole on ¢; molecular
spinors.

Figure [3] shows the compositions of four final electronic configurations, (@2, /2)*1(¢3d)1,
(D2p,,5) " (@30) "5 (D2py )~ (D1) " (B3a)%, and (¢2p,,,) " (¢r) " (h34)* at the final states of
TM-Lo3 XANES for TiCly and VOCI3. The number of final states for TM-Ly3 XANES
in the LF+CT multiplet approach is 6540 for both molecules. Almost semi-continuous
multiplet levels can be found in Fig. Bl  Since the initial state of TM-Ly3 XANES is
dominated by (¢34)° configuration, the electric dipole transition to (¢2p3/2)71(¢3d)1 and
(d2p,,5) Y(¢34)! configurations contribute to the oscillator strengths. One can clearly see in
Fig. @]that these conﬁguratlon strongly interacts with the charge transferred configurations,
(P2p3/5)~ Y(¢r) ' (¢34), and (D2p,,5)” Yor) " (#34)?. In the case of TiCly, the eigenstates
below 454 eV, which are responsible for the first main peak at Ls-edge and the small
shoulder peaks located below are dominated by (¢2p3/2)_1(¢3d)1 configuration. However,

the (¢2p3/2)_1(¢L)_1(¢3d)2 configuration mixes with those eigenstates about 20%. The
eigenstates which are responsible for the most significant peak at Ti Ls-edge (455-456
eV) are predominantly composed by (¢2p,,,) " (¢1) " (¢34)* configuration. The composition
of (¢pap, /2)_1(¢3d)1 configuration at those eigenstates is only up to 15%. Reflecting the
small (¢2p, /2)_1(¢3d)1 contribution, the oscillator strength at each eigenstate in this energy
region becomes much smaller than that in the case of the LF multiplet approach. At the
eigenstates responsible for the Ti-Lo peaks, (¢2p, /2)_1(¢3d)1 configuration strongly interact with

(¢2p3/2)*1(¢L)*1(q§3d)2 and (¢2p1/2)*1(¢L)*1(¢3d)2 configurations. Though the contribution
of (¢2p, /2)_1(¢3d)1 configuration is minor in the Lo region, the eigenstates which potentially
contribute to oscillator strengths are distributed in wide energy range. That is the reason why
the Lo peaks are much broadened compared with those calculated by LF multiplet approach.
The small but non-negligible contribution (¢ap, /2)_1(¢3d)1 configuration at the final state above
461 eV contribute to the formation of satellite peaks. Similar trends can be observed in the case
of VOCl3 (see Fig. B).

In the case of Ti-Lg3 XANES for TiCly, the broad satellite peaks centered at around 464
eV and 469 eV have been observed in the experimental spectrum. Fronzoni et al. have
investigated the Ti-Lo3 XANES for TiCly by the relativistic two-component zeroth-order
regular approximation and the time-dependent DFT (relativistic ZORA TDDFT)[24]. They
have claimed that these satellite peaks can be ascribed to the transition to the Rydberg
states (essentially, 4s, 4p and 4d). The main features as well as the satellite peaks of Ti-
Ly 3 XANES were well reproduced by taking the basis set augmented with diffused functions
for Ti atom. The relativistic ZORA TDDFT method has also been applied to the TM-Lo 3
XANES for VOCl3 and other molecules[23; 25]. In the present work, we found that the
satellite peaks just above the Ti-Lo main peak of TiCly were created by including the charge
transfer from ¢ to ¢34 levels, though their intensities are smaller than those observed in the
experimental spectrum. It is very interesting that the satellites can be explained either by
the charge transfer ((¢2,) " (¢3a)" + (d2p) "' (¢3a)*(¢£) ") or by the Rydberg states, for example
((p2p) "L (d30)  +(P2p) L (#34)° (daq)!). The satellites can be related to 3d% (CT) or 3d° (Rydberg)
final states, respectively. Further analysis for the assignment of these satellite peaks should be
performed in the future.
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5. Conclusions

All electron relativistic configuration interaction (CI) calculations were performed for TM-Ly 3
XANES of TiCly and VOCI3 molecules. All ligand field effects including the crystal field and the
covalent bonding between TM and ligand atoms were automatically included by using molecular
spinors. The Coulomb integrals among ¢3; molecular spinors were significantly reduced from the
corresponding atomic values because of the strong covalent bonding between TM-3d and ligand
p (Cl-3p and O-2p) atomic spinors. The reduction factor of the Coulomb integrals strongly
depends on the covalency and the crystal field.

The charge transfer from ¢, to ¢34 levels was included in the CI by adding (¢1) (¢34)" and
(¢2p) "1 (dr) " H(¢34)? configurations for the initial and the final states, respectively. The main
features of experimental spectra were well reproduced by including the charge transfer effects.
At the initial state of TM-Lo 3 XANES, the contribution of (¢1,) ™! (¢34)! configuration is small.
In contrast, strong configuration interaction between (¢a,) " (¢34) and (¢2p) (L) H(¢3a)?
configurations was observed at the final states of TM-Ly3 XANES for TiCly; and VOCI;3
molecules. In the Lo region, the final states with small composition of (¢gp, /2)_1(¢3d)1
configuration, which is dipole allowed configuration from (¢34)° configuration, are formulated in
the wide energy range. This results in the broadening of the Ly main peaks and the formation
of widely spread satellite peaks.
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