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Ab initio computation of d-d excitation energies in low-dimensional Ti and V oxychlorides
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Using a quantum chemical cluster-in-solid computational scheme, we calculate the local d-d excitation
energies for two strongly correlated Mott insulators, the oxychlorides TiOCl and VOCl. TiOCl harbors
quasi-one-dimensional spin chains made out of S =1/2 Ti3+ ions while the electronic structure of VOCl displays
a more two-dimensional character. We find in both cases that the lowest-energy d-d excitations are within the
t2g subshell, starting at 0.34 eV and indicating that orbital degeneracies are significantly lifted. In the vanadium
oxychloride, spin triplet to singlet excitations are calculated to be 1 eV higher in energy. For TiOCl, the computed
d-level electronic structure and the symmetries of the wave functions are in very good agreement with resonant
inelastic x-ray scattering results and optical absorption data. For VOCl, future resonant inelastic x-ray scattering
experiments will constitute a direct test of the symmetry and energy of about a dozen different d-d excitations
that we predict here.
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I. INTRODUCTION

The vast majority of solid-state electronic structure cal-
culations is based nowadays on density functional theory
(DFT). For strongly correlated systems, however, the wave-
function-based ab initio methods certainly provide a viable
alternative. For this class of materials, of which a typical
example are the parent compounds of the high-Tc copper
oxide superconductors, it is essential to properly describe
the multiconfigurational character of the many-electron wave
function. The multiconfiguration and multireference quantum
chemical methods constitute here a natural choice. When
(i) the clusters on which such computational techniques are
applied are large enough and (ii) the embedding potential
describing the crystalline surroundings is judiciously con-
structed, the wave-function-based approach yields results in
excellent agreement with the experimental data. This has been
recently shown for the sequence of spin-state transitions in a
d6 system, LaCoO3,1 and the d-orbital electronic structure
of a number of Cu d9 oxides.2 We used in those studies
a fully ab initio embedding scheme in which the effective
embedding potential is constructed on the basis of prior
periodic Hartree-Fock (HF) calculations for the extended
crystal, in contrast to other quantum chemical investigations
based on simpler point charge embeddings.3 Furthermore,
as a general recipe, the embedded cluster that enters the
post-HF treatment comprises in our approach, in addition
to the “central” MO6 octahedron, the nearest-neighbor (NN)
octahedra, where M is a transition-metal ion. The finite charge
distribution of the NN octahedra and the tails of “central”
Wannier orbitals extending to neighboring sites are thus
described with high accuracy. For the particular case of d-d
excitation energies in Cu d9 oxides,2 excellent agreement was
found with state of the art resonant inelastic x-ray scattering
(RIXS) experiments.4 Yet, as compared to earlier quantum
chemical calculations on smaller single-octahedron [CuO6]
clusters embedded in arrays of point charges,5 differences as
large as 0.5 eV were observed.2

In the present work, we verify the performance of
our cluster-in-solid computational scheme for the case of

low-dimensional Ti d1 and V d2 Mott insulators, in particular,
the TiOCl and VOCl compounds. The d-level electronic
structure of TiOCl has been previously addressed by optical
absorption experiments corroborated with model Hamilto-
nian configuration-interaction (CI) simulations of the optical
spectra,6,7 DFT-based investigations,8–12 ab initio quantum
chemical cluster calculations,13 and RIXS measurements.14

The V oxychloride compound, on the other hand, is much
less investigated. On the experimental side, basic information
concerning its d-level electronic structure is available from
optical absorption data.15 Here, we perform a detailed quantum
chemical investigation to better understand the nature and
symmetry of the different excited states identified by optical
experiments.15

II. STRUCTURAL AND COMPUTATIONAL DETAILS

TiOCl and VOCl display the same highly anisotropic
crystalline structure, with a bilayer network of metal and
oxygen sites well separated along the crystallographic c axis
by double Cl layers (see Fig. 1). Each metal ion lies in the
center of a distorted O4Cl2 octahedron. Adjacent octahedra
share edges along the b axis and corners along a. The unit cell
is orthorhombic, with space group Pmmn (number 59).16,17

Our computational investigation implies a sequence of
several steps. Periodic restricted HF calculations are first
performed with the CRYSTAL package.18 We used the experi-
mental lattice parameters and all-electron Gaussian-type basis
sets.19 Further post-HF correlation calculations are carried
out on finite embedded clusters. The same type of cluster
is employed for both TiOCl and VOCl. It consists of nine
MO4Cl2 octahedra, that is, one reference octahedron plus eight
neighboring octahedra, where M is either Ti or V. The reference
octahedron in the center of this cluster C defines the active
region CA where local d-d excitations are explicitly computed.
The adjacent eight octahedra constitute a buffer region CB .
The role of the sites in CB is to provide support for the tails of
Wannier orbitals (WO’s) in the CA region.
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FIG. 1. (Color online) Layered crystal structure of TiOCl and
VOCl. A distorted O4Cl2 octahedron is highlighted on the right-hand
side. The coordinate framework is chosen such that the y and z axes
are not along the metal–ligand bonds.

The orbital basis for the correlation calculations is a set
of projected HF Wannier functions. Localized HF WO’s are
obtained with the Wannier-Boys localization module20 of the
CRYSTAL package and subsequently projected onto the set
of Gaussian basis functions associated with the atomic sites
of the cluster C. For our choice of CB , the norms of the
projected WO’s centered within the active region CA are not
lower than 99.8% of the original HF WO’s. Additionally, the
HF data is used to generate an effective embedding potential
for the nine-octahedra fragment C. This potential is obtained
from the Fock operator in the restricted HF calculation and
models the surroundings of the finite cluster (i.e., the remaining
of the crystalline lattice).

While the doubly occupied WO’s in the buffer region CB are
kept frozen, all valence orbitals centered at ligand and metal
sites in CA (and their tails in CB) are further reoptimized in
multiconfiguration complete-active-space self-consistent-field
(CASSCF) calculations.19 In the latter, the ground-state wave
function and the crystal-field excited states at the central Ti/V
site are computed in state-averaged multiroot calculations. The
d-level splittings are finally obtained by additional single and
double multireference CI (MRCI) calculations.19

The CASSCF and MRCI investigations are carried out
with the MOLPRO package.21 The effective embedding po-
tential is added to the one-electron Hamiltonian in the
CASSCF/MRCI computations with the help of the CRYSTAL-
MOLPRO interface.22

We used O and Cl basis sets of triple-zeta quality as
designed by Towler et al.23 and Prencipe et al.24 For the Ti3+
and V3+ species, we employed the triple-zeta s and p basis
sets of Mackrodt et al.25 and Dovesi et al.,26 respectively, plus
triple-zeta d basis functions as designed by Ahlrichs et al.27

III. RESULTS AND DISCUSSION

A. TiOCl

The magnetic properties of TiOCl have been the topic of
extensive investigations over the last decade. The largest in-
tersite interactions are antiferromagnetic (AF), occur between

NN Ti3+ S =1/2 sites along the b axis, and give rise to AF
spin chains along that direction. The interchain couplings are
also sizable and responsible for geometrical frustration.

The doubling of the unit cell in the low-temperature
nonmagnetic phase28,29 suggests a spin-Peierls dimerized
ground state at low temperatures. The observed deviations
from conventional spin-Peierls behavior, for example, the
existence of two distinct phase transitions at 91 and 67 K, were
attributed to the above mentioned frustration of the interchain
interactions.6

As concerns the electronic structure of TiOCl, DFT
calculations within the local density approximation (LDA)
indicate sizable occupation numbers for each of the Ti
t2g levels.8–11 Early interpretations of the unusual physical
properties of this material thus invoked the presence of strong
orbital fluctuations.8,9,30 Inclusion of local Mott-Hubbard-type
correlations within dynamical mean-field theory (DMFT) and
LDA + DMFT calculations effectively pulls one of the t2g

levels below the other two components and reduces the
occupation of the latter to nearly 0.10,11 On the theoretical
side, this is confirmed by earlier quantum chemical cluster
calculations13 as well as by our present results.

In Table I, CASSCF and MRCI results for TiOCl are listed.
The active orbital set contains all five 3d functions at the
central Ti3+ site and the singly occupied 3dy2−z2 orbitals
at the eight Ti NN sites. We considered high-spin intersite
couplings, that is, a ferromagnetic (FM) configuration of Ti d

spins. Although the WO’s at the atomic sites of C are derived
from periodic restricted HF calculations for the Ti3+ 3d1

electron configuration, the embedding potential is obtained by
replacing the Ti3+ 3d1 ions by closed-shell V3+ 3d2 species.
This is a good approximation for the farther 3d-metal sites, as
the comparison between our results and RIXS data shows. An
extension of our embedding scheme toward the construction
of open-shell embeddings is planned for the near future. In
addition to the active Ti 3d functions in CA and CB , all O 2p

and Cl 3p orbitals at the central octahedron are included in
the MRCI calculations. Localized Ti 3d orbitals as obtained
for each Ti 3d1 electron configuration in the state-averaged
CASSCF calculation are plotted in Fig. 2. The “tails” at the
NN ligand sites are also visible in the plots. The asymmetric
shape of the 3d functions reflects the distortion of the ligand
octahedron and the presence of two distinct ligand species.

As expected for a d1 system, the MRCI treatment brings
minor corrections to the d-d CASSCF excitation energies.

TABLE I. Ti3+ d-level splittings in TiOCl. A nonstandard local
reference system is chosen for the octahedrally coordinated Ti ion
(see Fig. 1) with a rotation of 45◦ around x. The ground-state d1

y2−z2

configuration is taken as reference. All energies are given in eV.

Orbital occupation CASSCF/MRCI CASSCF/CASPT2a

d1
y2−z2 0/0 0/0

d1
xy 0.36/0.34 0.29/0.29

d1
xz 0.65/0.63 0.66/0.68

d1
yz 1.51/1.55 1.59/1.68

d1
x2 2.35/2.36 2.30/2.37

aReference 13.
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FIG. 2. (Color online) Plots of the singly occupied Ti 3d orbitals
for the Ti3+ ground state (on top) and for each of the crystal-field
excited states, as obtained in the five-root CASSCF calculation. All
sites of the cluster C are shown on top of the figure. The different
colors (grayscale values) indicating Ti, O, and Cl atoms are the same
as in Fig. 1.

Our results are compared in Table I with earlier CASSCF and
CASPT2 (complete-active-space second-order perturbation
theory) data from Ref. 13. A major difference between the
present and earlier quantum chemical calculations is the
size of the embedded clusters (i.e., nine octahedra here and
one octahedron in Ref. 13). In contrast to other systems,
for example, layered Cu d9 oxides such as La2CuO4 and
Sr2CuO2Cl2 where differences of about 0.5 eV were found as
a function of the cluster size (see the discussion in Ref. 2), the
agreement between the two sets of results is good for TiOCl.

Good agreement is also found with RIXS and optical
absorption experimental data, with deviations not larger than
0.1 eV. The only exception is the dy2−z2 to dx2 excitation,
which is predicted to occur at 2.36 eV in the quantum chemical
calculations and observed at 2.01 eV in RIXS (see Table II).
In the optical absorption measurements,6,7 this particular

TABLE II. Ti3+ d-d excitation energies in TiOCl, quantum
chemical vs. experimental results. A Jb ln 2=0.04 term was here
subtracted from each of the RIXS values reported in Ref. 14, see text.
All energies are given in eV.

Orbital occupation MRCI RIXSa Opticsb

d1
y2−z2 0 0 0

d1
xy 0.34 0.32 −

d1
xz 0.63 0.55 0.65

d1
yz 1.55 1.41 1.50

d1
x2 2.36 2.01 −

aReference 14.
bReference 7.

transition as well as the dy2−z2 to dxy excitation were not
identified, which is related to the different selection rules for
RIXS and optical absorption.

As concerns the comparison with other theoretical ap-
proaches, model-Hamiltonian cluster CI calculations7 put the
lowest d-d excitation at 0.25 eV, somewhat lower than our data
and the RIXS results listed in Table I. A value of about 0.25
eV has also been predicted for the splitting between the dy2−z2

and dxy levels by DFT calculations.12,31 DFT understimates
somewhat the size of the dy2−z2 -dxz splitting, 0.46 in Ref. 12
versus 0.55 eV in RIXS,14 while the model-Hamiltonian CI
results underestimate the dy2−z2 -dyz splitting, 1.24 in Ref. 7
versus 1.41 eV in RIXS.14 Each of those theoretical approaches
provides very good estimates for the relative energy of the dx2

level. DFT, nevertheless, predicts a metallic ground state for
TiOCl. An on-site Coulomb repulsion U of about 2 eV can
turn the metal into an insulator.12 However, the dependence
of the d-d splittings on U is not discussed in Ref. 12. The
model-Hamiltonian CI calculations7 are obviously even more
sensitive to the choice of the input parameters because not only
the Coulomb repulsion U but also the Slater integrals, p-d
hoppings, and p-d charge-transfer energies enter as adjustable
quantities in that methodology. In contrast, all interactions are
computed from scratch, fully ab initio, in the present quantum
chemical scheme.

We recall at this point that in a first approximation the
total energy of a given state within the dn manifold is a sum
of a crystal-field contribution, that is, an on-site crystal-field
splitting, and a magnetic term (see also the discussion in
Refs. 2 and 4). For the ground-state configuration of TiOCl,
the NN spin interactions along Ti chains parallel to the b

axis are quite large, Jb ≈57 meV,8 and AF. From the exact
Bethe-ansatz solution of the one-dimensional Heisenberg
Hamiltonian,32 the AF ground-state stabilization energy is
J ln 2. On the other hand, from overlap considerations, the
(super)exchange with the NN Ti dy2−z2 spins is either zero
or much weaker for the crystal-field excited states. Since the
quantum chemical calculations were performed for an FM
cluster,33 for a meaningful comparison between the MRCI
and RIXS data, we subtracted in Table II from the relative
RIXS energies reported in Ref. 14 a term Jb ln 2≈0.04 eV
representing the energy stabilization of the AF ground state
with respect to the crystal-field excited states.
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B. VOCl

In the family of correlated transition-metal oxide materials,
the vanadium compounds display an impressive variety of
vanadium valence states, crystalline structures, and physical
properties. The valence configuration, for example, may vary
from V2+ d3 in VO1−x

34,35 to V4+ d1 in CaV2O5
36 and

NaV2O5.37 While the latter vanadates display a layered lattice
with ladders of O-bridged V sites, VO1−x has a rocksalt
crystalline structure. At the level of ab initio wave-function
calculations, the V oxides are rather unexplored. To our
knowledge, only the ladder vanadates have been investigated
by advanced quantum chemical calculations.36–38

Besides having two electrons instead of one within the t2g

set of orbitals, VOCl also displays in comparison to TiOCl a
more pronounced two-dimensional character as concerns the
electronic structure and magnetic properties.39 In Table III,
V d-d excitation energies for the VOCl compound are given.
Two different sets of CASSCF calculations were carried out,
for two different electron configurations at each of the V NN’s.
Preliminary CASSCF calculations were first performed with
18 orbitals in the active space (i.e., two t2g orbitals at each of
the V sites in the nine-octahedra cluster). As for TiOCl, we
considered high-spin intersite couplings (i.e., a FM cluster).
It turns out that the dominant ground-state configuration at a
given V site is d1

y2−z2d
1
xy . The corresponding orbitals are shown

in Fig. 3. The crystal-field excited states for the central V3+ ion
are then obtained in state-averaged multiroot computations19

where a group of three additional orbitals was added to the
active space. To be sure that the three additional orbitals are
localized at the central V site and to allow only for on-site d-d

TABLE III. V3+ d-d excitation energies in VOCl. A nonstandard
local reference system is chosen (see Fig. 1) with a rotation of 45◦

around x. The dominant ground-state configuration is d1
y2−z2d

1
xy , with

a weight of 81%. For each of the excited states, the weight of the
dominant configuration is not smaller than 64%. All energies are
given in eV.

Dominant
configuration CASSCFa CASSCFb MRCIb Opticsc

t2
2g , S =1 d1

y2−z2d
1
xy 0 0 0 0

d1
y2−z2d

1
xz 0.36 0.36 0.34 0.3

d1
xyd

1
xz 0.43 0.44 0.46 0.4

t1
2ge

1
g , S = 1 d1

xyd
1
yz 1.61 1.60 1.73 1.5–1.9

d1
y2−z2d

1
x2 1.74 1.71 1.82 1.5–1.9

d1
xzd

1
yz 1.75 1.73 1.88 1.5–1.9

d1
y2−z2d

1
yz 2.85 2.82 2.55

d1
xzd

1
x2 3.53 3.52 3.17

d1
xyd

1
x2 3.53 3.53 3.19

t2
2g , S =0 d2

y2−z2 1.27 1.47 1.1–1.4
d1

y2−z2d
1
xy 1.28 1.47 1.1–1.4

d1
y2−z2d

1
xz 1.56 1.75 1.5–1.9

d2
xz 1.79 1.97 1.5–1.9

d1
xyd

1
xz 1.81 2.00 1.5–1.9

aHigh-spin V3+ d1
y2−z2d

1
xy NN’s (see text).

bClosed-shell V3+ d2
y2−z2 NN’s.

cReference 15.

FIG. 3. (Color online) Plots of the singly occupied 3d orbitals
for the V3+ d2 CASSCF ground state in VOCl. The different colors
(grayscale values) indicating V, O, and Cl atoms are the same as in
Fig. 1.

excitations, the occupation of the NN dy2−z2 and dxy functions
was restricted to 1. Crystal-field splittings obtained from such
SCF calculations are listed in the third column of Table III.
To avoid complications related to states that display low-spin
intersite couplings, only the high-spin on-site excitations were
computed in this case.

We note that the ground-state electron configuration in the
CASSCF calculation is d1

y2−z2d
1
xy but in the construction of the

HF embedding potential we imposed a closed-shell V3+ d2
y2−z2

configuration for the remaining part of the lattice. In a second
set of CASSCF calculations, we imposed a closed-shell d2

y2−z2

electron configuration for the V NN’s in the CB region of the
cluster as well. Minor variations were found as compared to
the CASSCF d-d excitation energies with high-spin d1

y2−z2d
1
xy

NN’s (i.e., less than 0.01 eV for the lowest three roots and
less than 0.03 eV for the higher roots). The CASSCF V
crystal-field splittings for closed-shell V NN’s are given in
the fourth column of Table III. The latter CASSCF wave
functions were used as reference wave functions in further
MRCI calculations. Those MRCI results are listed in the
fifth column of Table III. Only the V 3d, O 2p, and Cl 3p

orbitals at the central octahedron were correlated in the MRCI
treatment.

The agreement between our quantum chemical data and
optical absorption results reported in Ref. 15 is very good,
especially for the lowest two excitations (see Table III). The
small difference between those excitation energies indicates
that the splitting between the dy2−z2 and dxy levels, singly
occupied in the ground-state configuration, is also small, about
0.1 eV. The DFT calculations predict a value of 0.02–0.03 eV
for that splitting.12 On the other hand, the energy separation
between the dxy and dxz levels is substantially larger, about
0.3 eV (see Table III), and indicates that orbital fluctuations
are unlikely to be important in VOCl. A splitting of about
0.3 eV between the dxy and dxz levels has also been predicted
by earlier DFT calculations.12 For the t2

2g → t1
2ge

1
g transitions,

we find that each excited state acquires sizable multiconfig-
urational character. The CASSCF/MRCI results are therefore
not directly comparable to a one-electron description as that
provided by DFT.12 As concerns the S =0 singlet excitations,
they acquire very low intensity in the optical spectra. On the
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experimental side, a better characterization of those states call
for high-resolution RIXS measurements.

IV. CONCLUSIONS

With a quantum chemical cluster-in-solid computational
scheme, we have determined the d-d excitation energies of
TiOCl and VOCl. The ground-state electron configuration is
t1
2g for Ti and high-spin t2

2g for V. The lowest-energy d-d
excitations are for both materials within the t2g subshell,
starting at 0.34 eV. We conclude that therefore orbital
degeneracies are lifted to a similar and significant extent in
the two systems, which excludes the presence of strong orbital
fluctuations in the ground state. In the vanadium oxychloride,
spin triplet to singlet excitations start at an excitation energy
of 1.47 eV and above. The computed d-level electronic
structure and the symmetries of the wave functions are in
very good agreement with RIXS results and optical absorption
data for TiOCl. For VOCl, future RIXS experiments will

constitute a direct and stringent test of the symmetry and
energy of about a dozen of different d-d excitations that we
predict here. Our computational scheme and present results
indicate a promising route for the ab initio modeling of
RIXS spectra in correlated 3d-metal compounds. A next step
along this path is the computation of transition probabilities
and intensities, which requires the explicit calculation of the
intermediate metal 3p core-hole wave functions. First attempts
are being made for the simpler case of small molecular
systems.40,41
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