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Chapter 1

Introduction

1.1 Electron correlations in solids

The variety of phenomena associated with the electronic structure of crystalline matter
has been the subject of theoretical investigation for a long time. Historically, the start-
ing impetus was given by the challenge of accounting for some peculiar properties of the
metallic state, such as the excellent heat and electric conductivity. The quantum theory
of electrons moving in a periodic lattice developed in the 1920’s by Sommerfeld, Bloch,
Wilson and others, for example, was indeed primarily aimed at understanding the elec-
tronic transport properties of metals. This theory led to the band model of the crystalline
solid. It was realized that within the band model the configuration of the valence electrons
can explain the division of perfect crystals at low temperatures into metals and insulators.
If the valence electrons exactly fill one or more energy bands, leaving others empty, the
crystal is an insulator. The difference in energy between the top of the highest occupied
band and the bottom of the lowest empty band is known as the band gap. In the other
case, when partially filled bands exist, the solid has metallic properties.

The band description of solids rests, as the simple orbital theories of atoms and mole-
cules, on the independent electron approximation. Each electron experiences the periodic
field due to the atomic nuclei and an effective field obtained by averaging over the po-
sitions of the remaining electrons. In spite of this approximation band theory has been
very successful in predicting and understanding the properties of real materials, including
elemental metals and many (simple) covalent and ionic compounds. It has been noticed,
however, already in the 1930’s [1, 2], that for some solids the one-electron band theory
is inadequate. These are systems where, due to the competition between delocalization,
band-like, effects and strong (atomic-like) electron – electron interactions, the independent
electron approximation breaks down. Typical examples are the 3d -metal compounds. In
these compounds strong repulsive interactions may result in electron localization and the
opening of a conductivity gap even though the d-”bands”are not completely filled. The
presence of bound, unpaired, 3d electrons further gives rise to local magnetic moments and
very rich magnetic properties. Serious attempts to characterize and understand the elec-
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tronic structure of such materials began in the late 1950’s. The main motivations at the
time came from the issue of the Mott metal – insulator transition, the problem of magnetic
ordering, and the problem of itinerant ferromagnetism. More recently, phenomena like
heavy fermion behavior, high-temperature superconductivity, colossal magnetoresistance,
and spin-Peierls phase transitions have revived interest in these systems. Nevertheless,
although considerable effort has been put into the field, many of the transition metal ma-
terials are poorly understood. The proper treatment of various competing physical effects,
like electron localization as a result of strong electron – electron interactions and band-like
behavior as a result of orbital overlap and translational symmetry, remains one of the most
difficult problems in theoretical solid state physics.

Wave-function based correlated quantum chemical methods have been successfully ap-
plied for calculating molecular electronic structures. A very attractive feature of the quan-
tum chemical approach is the ability to address the electron correlation problem in a
systematic and controlled manner. However, due to the high computational cost of these
methods, inclusion of electron correlation effects in the study of crystalline solids did not
seem feasible for a long time. Algorithms able to treat electron correlation explicitly in
extended periodic systems have been developed only recently, either within the many-body
second-order perturbation theory (MBPT2) [3, 4] or within the configuration interaction
(CI) formalism [5]. Still, calculations have been carried out for rather simple closed-shell
systems only, like crystalline LiH [5] and polymers [3, 4].

Currently the most widely used first-principles method in solid state applications is the
density functional (DF) theory within the local density approximation (LDA) (for a review,
see [6]). In the DF formalism, one avoids construction of the many-body wave-function
and instead computes specific properties of the system from the ground-state electronic
charge density. Recently, the study of the electronic response to external perturbations
made possible calculation of low-energy excitations such as phonon dispersions [7, 8, 9],
optical spectra [10, 11, 12], and magnon dispersions [13, 14, 15, 16]. The DF-based meth-
ods approximately include electron correlation and usually give accurate estimates for a
number of physical properties — calculated crystal structures, lattice parameters, elastic
constants, dielectric functions and phonon frequencies are within a few percent of the ex-
perimental values. Notable exception is the underestimation of the band gap. For strongly
correlated 3d -electron systems like CoO and La2CuO4, DF/LDA calculations fail actually
in predicting the correct insulating ground-state.

A different approach to the problem of strongly interacting electrons in solids is the
model Hamiltonian method, where many-body effects are incorporated in some parame-
terized form. Two of the simplest models are the Hubbard Hamiltonian [17], widely used
in a qualitative or a semi-quantitative way for studying the interplay between electron de-
localization and electron repulsion effects, and the Anderson model of a magnetic impurity
coupled to a conduction band [18]. Model Hamiltonian investigations can often describe
tendencies and reveal the basic mechanisms of various physical phenomena. At the same
time the model Hamiltonian approach is rather limited in its ability to make quantita-
tive predictions, since even the simple Hubbard model can be solved exactly only in the
one-dimensional case. In dealing with the two- and three-dimensional models numerical
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techniques are usually employed, based on quantum Monte Carlo methods or on diagonal-
izing the Hamiltonian for a cluster of atoms. However, the quantum Monte Carlo methods
suffer from the so-called sign problem, while the exact diagonalization is limited by the
exponential growth of the computational effort with the cluster size [19].

Local cluster (or atomic) impurity-like models have been used to describe various elec-
tronic properties of strongly correlated 3d- and 4f -metal systems for a long time, in combi-
nation with model Hamiltonians [20, 21, 22, 23, 24] or with wave-function based quantum
chemical calculations [25, 26, 27, 28, 29, 30, 31, 32]. Within the ab initio wave-function
based approach the cluster is embedded in some effective potential that accounts for the
crystal Madelung field and for short-range Pauli and exchange interactions due to the fi-
nite charge distribution of the nearest neighbors, respectively. The cluster contains one or
more metal ions and the adjacent ligands. Proper treatment of the many-body problem, by
configuration interaction techniques [25, 26, 27, 28, 30, 32] or second-order perturbation
theory [29, 31], gives in several insulating transition metal materials accurate estimates
and predictions for properties like core level spectra [25, 26], d – d excitations [27, 28, 29],
ligand to metal charge transfer effects [26, 27, 28, 29], and Heisenberg spin interactions
[30, 31, 32].

In the study of the local many-body physics in solids a step forward consists in solv-
ing the problem of a (single- or multi-site) quantum impurity embedded in an effective
medium self-consistently. This is the essential idea behind the dynamical mean field theory
(DMFT), developed during the last decade (for a review, see [33]). The DMFT reduces
a lattice model to an Anderson impurity subject to a self-consistently determined ”hy-
bridization”with an electron ”bath”representing the crystalline host. Its structure is that
of a closed set of equations relating the ”correlated”single-site impurity Green function to
the crystal Green function evaluated at the impurity site. The crystal Green function can be
calculated using standard DF/LDA band structure methods. Within such a LDA+DMFT
scheme [34], the DMFT correction to the LDA input results in a change of the electronic
charge density. This updated charge density is used in a new LDA+DMFT loop and the
cycle is repeated until convergence is reached. Results of such calculations were able, for
example, to describe the finite-temperature magnetic properties of iron and nickel [35] and
the phase diagram of plutonium [36]. Efforts to extend the single-site DMFT to include
multi-site, short-range correlations led to the dynamical cluster approximation (DCA) [37]
and the cellular dynamical field theory (CDMFT) [38].

1.2 This thesis

This thesis is concerned with the investigation of the electronic structure of a number
of insulating transition metal (TM) crystalline compounds. Quantum chemical, wave-
function based embedded cluster methods are used to study such systems. Quantities
and properties of interest investigated in this work are related to the local ground-state
electronic configuration, elementary, low-energy spin and charge excitations, and to core
level excitation processes.
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The techniques employed for representing the surrounding of the ”quantum-mechanical”
cluster are described in chapter 2. Thereafter, a brief discussion of the different methods
to approximate the N -electron cluster wave-function is given.

In chapter 3 we discuss the metal 3s photoionization spectra of manganese oxide and
nickel oxide. For TM compounds, especially TM oxides, the interpretation of the origin
of features in the 2p, 3s, and 3p level x-ray photoelectron spectroscopy (XPS) is still a
subject of active research. In particular, the relative importance of the contributions of
intra-atomic and inter-atomic effects to these core level XPS spectra is a matter of ongoing
controversy. It is this controversy that provided the main motivation for the present work.

In chapter 4 we study Mn d→ d and Mn 1s excited states in LaMnO3. The results
are used for the interpretation of pre-edge features in the x-ray Mn K-edge absorption
and to investigate the source of anomalous Mn K-edge scattering in this compound. We
confirm a previous assignment made on the basis of density functional band structure
calculations, i. e. the low-energy peaks, labeled A, correspond to 3d states at adjacent Mn
sites. Such 1s → 3d transitions acquire observable intensity through ”indirect”, ligand-
mediated, Mn 3d –(O2p –)Mn4p mixing. In contrast to LaMnO3, preliminary calculations
for MnO indicate that the low-intensity pre-edge feature in this compound originates from
on-site Mn 1s → 3d excitations. We also found that the splitting of the manganese 4p
levels, thought to cause the anomalous x-ray Mn K-edge scattering in LaMnO3, is mainly
due to the Jahn –Teller distortion of the oxygen octahedron. The effect of this distortion
is clearly stronger than that of the 3d – 4p Coulomb repulsion, invoked by other authors
for explaining the anomalous diffraction.

In chapter 5 we investigate the electronic structure and properties of α′-NaV2O5. For
this compound, even the nature of the electronic ground-state is a matter of debate. We
propose here a new model for the ground-state electronic configuration and also a scenario
for the unusual phase transition at 34 K. Our results clearly show in this case that the
cluster approach is of great value as it enables, when combined with advanced wave-function
based calculations, a correct treatment of the local electron correlation effects.
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Chapter 2

Theoretical framework

2.1 The embedded cluster model

Within the quantum chemical approach the cluster method is directed to solving the
Schrödinger equation for a small but relevant part of a larger system. Certain proper-
ties of crystalline solids, e. g. effects connected with the existence of isolated defects and
impurities in an otherwise perfect infinite lattice, molecule – surface interactions, core level
excitations, localized electronic states in transition metal and rare earth materials etc., are
well suited to investigation by cluster methods. The other choice is the periodic approach.
It can be fruitful to use a model system in which a unit cell is defined and repeated period-
ically, so that band structure calculations can be applied to determine specific properties.
However, in describing defects, impurities or adsorbates at low-density, the mutual inter-
action of ”defect”sites in neighboring cells limits the accuracy of the results in a periodic
approach. Enlarging the cell will reduce such artifacts, but the increase in the computa-
tional effort often makes the problem intractable. Also, when combined with advanced
quantum chemical wave-function based calculations, the cluster model enables a system-
atic study of local correlations. An accurate treatment of electron correlation effects is
important in 3d and 4f systems.

To insure the proper connection with the rest of the solid various embedding schemes
have been developed. Formally, embedding should account for the electrostatic interactions
with the surrounding and reflect the fact that the cluster wave-function can extend across
the cluster boundaries [1]. The self-consistent solution of the problem is usually based on
Green function techniques. This allows to represent the system as a perfect host crystal
plus a local perturbation. This ”perturbation”may be, for example, induced by a defect or
an impurity, related to a photoabsorption process etc. The link between the perfect crystal
and the perturbed system is provided by the Dyson equation (for a detailed discussion,
see for example ref. [1]). Under the assumption that the perturbation is confined to a
compact region in space or, equivalently, to a finite subset of the basis states used to
describe the solid, the problem can be reduced to solving the Schrödinger equation within
this subdomain alone with an additional energy-dependent embedding potential deduced
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from perfect-lattice quantities [2, 3, 4]. These perfect-lattice quantities are calculated
using band structure methods. The embedding potential can be regarded as a boundary
condition constraining the cluster wave-function to match onto the bulk [2] or as a matrix
operator acting on states at the edge of the cluster [4]. Different ways of deriving the
working equations are described in ref. [5].

The assumption that the perturbation to the one-electron potential by a defect or
impurity is negligible beyond the cluster region provides a lower bound for the size of
the cluster. Experience shows that for moderately large clusters the approximation above
is reasonable in metals, where screening is strong, and for neutral defects in insulators.
For charged defects in insulators and semiconductors such an approximation is not valid,
because the unscreened Coulomb potential extends deep into the bulk. For this reason,
in insulators, simpler cluster calculations where only the long-range electrostatic field is
included constitute a more practical alternative. For many ionic systems such models can
be quite accurate because the electronic states are reasonably well localized. In cases with
a greater degree of covalency, where the valence electrons are spread more over bonds
between neighboring atoms, so-called termination schemes are used to saturate dangling
bonds at the boundary of the cluster, for example by tying off these bonds with hydrogen
atoms. The advantages of these approaches over formal embedding schemes are conceptual
simplicity and wide applicability. Also, possible artifacts of the cluster model can be tested
for by varying the cluster size.

In studying the electronic properties of various insulating transition metal oxides we
adopt here such an approach. In the applications discussed in the next chapters of the
thesis the embedding consists usually of two regions. The first region includes a number of
neighboring ions, the nearest and sometimes the next-nearest neighbors, modeled by some
”frozen”effective one-electron potentials. These effective operators account for short-range
Pauli and exchange interactions between the cluster electrons and electrons at sites nearby,
plus electrostatic effects. Normally formal valence states are assigned to these neighboring
sites. The second region corresponds to an assembly of point charges extending over few
unit cells: formal charges at the lattice positions plus, at the boundaries of this array,
a number of charges chosen1 to reproduce the crystal Madelung potential in the cluster
region.

In the present work, calculations are performed on clusters containing one or more
transition metal sites plus the adjacent anions. In this case the use of effective potentials is
recommended especially in modeling the positive ions next to the cluster, because a simple
point charge representation results in an artificial polarization of the ligand orbitals towards
these positive charges [7, 8]. For describing the neighboring metal ions we employed either
the ab initio model potential (AIMP) method developed by Barandiarán and Seijo [8, 9, 10]
or so-called nodeless pseudopotentials (PP) as proposed by Durand and Barthelat [46] or
Hay and Wadt [12] (for reviews on effective core and embedding potentials, see for example

1These external point charges can be obtained via a fitting procedure or by using the Evjen method
[6].
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[13, 10]).

High-energy excitations, as occur for example in core level x-ray spectroscopies, and
inter-atomic valence charge transfer excitations involve charge redistribution in the cluster
region. The polarization of the surrounding crystal modifies the potential seen by the clus-
ter, and in principle a self-consistent treatment is required. In ionic solids one can adopt a
discrete representation of the polarizable environment and embed the quantum-mechanical
cluster in a set of polarizable entities. One possible approach is the direct reaction field
(DRF) method [14, 15, 16], which solves the self-consistency problem for a finite num-
ber of polarizabilities. The DRF model was applied mainly to modeling solute – solvent
interactions. It was used also to estimate long-range polarization effects for ionization
and electron addition processes in nickel oxide [17, 18]. By combining quantum chemical
calculations on [NiO6] clusters and the DRF model for describing bulk polarization, the
correction to the 3d ionization energy at a Ni2+ site was found to be 3 – 4 eV. In this work
ionic polarizabilities were used deduced from the Clausius – Mosotti relation for a rock-salt
type lattice.

A second class of methods uses the shell model for treating the long-range lattice po-
larization. In the shell model each ion in the embedding medium is represented as a point
charge core to which an outer spherical shell of n electrons is coupled via a harmonic restor-
ing force with spring constant k [19]. In an electric field the shell retains its spherical charge
distribution but moves bodily with respect to the core. The (static) ionic polarizability is
then given by α = (ne)2/k, where the n and k parameters are obtained by fitting calculated
macroscopic crystal constants to the experimental values. The shell model is implemented
for example in the ICECAP (ionic crystal with electronic cluster, automatic program) code
[20], which in addition to long-range Coulomb and polarization effects accounts also for the
short-range repulsion, via an empirical Buckingham-type potential, and, in defect and im-
purity problems, for structural readjustments within and around the quantum-mechanical
cluster. The ICECAP methodology was intensively applied for studying the electronic
structure of transition metal impurities in ionic crystals, F centers, excitons etc., see [21]
and references therein.

2.2 Wave-function based electronic structure calcula-

tions

In this thesis we investigate the local electronic structure of transition metal ions in a
number of complex (insulating) oxides, by wave-function based embedded cluster calcula-
tions. This implies identifying the electronic ground-state2, analysis of covalency effects,
interpretation of various physical properties, e. g. magnetic couplings, optical spectra, core
level excitations etc. The d open-shell structure requires in most of the cases the use of
a multiconfigurational approach. The multiconfigurational treatment should consider two

2In chapter 5, we propose a new model for the ground-state of the ladder material NaV2O5 .
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aspects: first, the presence of several configuration state functions within the dn mani-
fold and second, the non-negligible contribution from electronic configurations that involve
ligand p to metal d charge transfer (CT).

In quantum chemistry, correlation effects are commonly divided into static and dynamic
electron correlation3. Dynamic correlation is due to the interaction between two electrons
at short inter-electronic distance. Static, or near-degeneracy, correlation is related to the
appearance and strong mixing of two or more electronic configurations having the same, or
nearly the same, energy. The multiconfiguration approach mentioned above deals primarily
with such near-degeneracy effects. Methods used for recovering dynamic correlation include
large scale configuration interaction (CI), perturbation theory (PT), and coupled cluster
(CC) theory (for a detailed treatise, see [22] or [23]). The methods employed in this thesis
for incorporating static (near-degeneracy) and dynamic correlation effects are discussed in
the following subsections.

2.2.1 CASSCF / RASSCF

The electronic wave-function must often comprise several electronic configurations in order
to be even qualitatively correct. The natural extension of the single-configuration Hartree –
Fock method [24, 25, 26] to systems where strong configurational mixing occurs is the
multiconfiguration self-consistent field (MCSCF) model [27]. The most common approach
currently is the complete active space SCF (CASSCF) scheme [28], where the user selects
a set of chemically important ”active”orbitals and the MCSCF configurations are obtained
by a full CI within that active space.

In MCSCF theory, the wave-function is written as a linear combination of Slater deter-
minants |i〉 or configuration state functions |m〉:

|C〉 =
∑

i

Ci |i〉 =
∑
m

Cm |m〉 .

The configuration state functions (CSFs) |m〉 are spin- (and symmetry-) adapted combina-
tions of Slater determinants, i. e. eigenfunctions of the operators for the projected and total
spins [29]. The Slater determinants are constructed from a set of real and orthonormal
spin orbitals {φp(r, σ)}, where r and σ are the spatial and spin coordinates, respectively.

In determining the MCSCF wave-function |C〉, the orbitals are variationally optimized
simultaneously with the coefficients of the configuration state functions. The orbitals
employed for expressing the wave-function are thus the optimal orbitals for the state at
hand and do not introduce a bias towards a particular configuration. The variations of
the orbitals and of the CI coefficients can be considered as rotations in an orthonormalized
vector space. For example, variations of the orbitals correspond to a unitary transformation
of the original orbitals into a new set

φ̃p =
∑
q

φq Uqp .

3There is, however, no clear-cut partitioning of static and dynamical correlation effects.
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The unitary matrix U (i. e. U†U = 1, where U† is the adjoint of U, obtained by trans-
position followed by complex conjugation) may be written in terms of an anti-Hermitian
matrix κ as [22]:

U = exp(−κ) , κ† = −κ ,

where the minus sign in the exponential is conventional. When the orthonormal orbitals
from which the MCSCF state |C〉 is constructed are transformed into a different set of
orthonormal orbitals, then we obtain a new state, |C̃〉. Using the language of second
quantization and the notations from ref. [22], the new state generated by the unitary
trabsformation U can be expressed in terms of the untransformed, initial state as:

|C̃〉 = exp(−κ̂) |C〉 .

We have introduced here the anti-Hermitian one-electron operator

κ̂ =
∑
p,q

κpq a†p aq , κ̂† = −κ̂ ,

where the summation is over all pairs of creation and annihilation operators (a†p aq) and the
parameters κpq are the elements of the anti-Hermitian matrix κ. So far we have considered
an arbitrary unitary transformation of the spin orbitals. In practice we are concerned only
with real rotations that preserve spin. We may then write κ̂ in the form

κ̂ =
∑
p>q

κpq E−
pq ,

where the operators E−
pq are antisymmetric combinations of excitation operators

E−
pq = Epq − Eqp , Epq = a†pα aqα + a†pβ aqβ .

The elements κpq (p>q) constitute a set of real parameters that can be considered as the
elements of a vector k.

The optimization of the CSF expansion coefficients can be performed by using as vari-
ational space the orthogonal complement of a MCSCF initial, reference state |0〉. This is
carried out by means of a configuration vector orthogonal to |0〉:

|C〉 = exp(−κ̂)
|0〉+ P̂ |c〉√
1 + 〈c|P̂ |c〉

.

The reference state

|0〉 =
∑
m

C(0)
m |m〉
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represents our current approximation to the electronic state and is normalized to unity.
The state |c〉 is expanded in terms of the same set of basis states |m〉 as |0〉 and contains
the free parameters {cm}

|c〉 =
∑
m

cm |m〉 .

P̂ is the projection operator: P̂ = 1 − Ô = 1 − |0〉〈0| . The parameter set {cm} is
considered as a vector c. The MCSCF wave-function |C(c, k)〉 is obtained by minimizing
the expectation value of the energy with respect to the variatonal parameters c and k :

E = min
(c,k)

〈C | Ĥ |C〉
〈C |C〉 .

In the Born – Oppenheimer approximation and in the absence of external fields, the second-
quantization nonrelativistic and spin-free electronic Hamiltonian is given by

Ĥ =
∑
pq

hpq Epq +
1

2

∑
pqrs

gpqrs epqrs + hnuc .

The one- and two-electron matrix elements hpq and gpqrs are in the orbital basis {φp(r)},

hpq =
∫

φ∗p(r)

(
−1

2
∇2 −∑

I

ZI

rI

)
φq(r) dr

gpqrs =
∫ ∫ φ∗p(r1)φ

∗
r(r2)φq(r1)φs(r2)

r12

dr1dr2

and the scalar term hnuc represents the nuclear repulsion energy

hnuc =
1

2

∑

I 6=J

ZIZJ

RIJ

.

Here the ZI are the nuclear charges, rI the electron – nuclear separations, r12 the electron –
electron separation, and RIJ the inter-nuclear distances. The summations are over all
nuclei. epqrs is the two-electron excitation operator:

epqrs = EpqErs − δqrEps =
∑
σ,τ

a†pσa
†
rτasτaqσ .

Most of the methods employed for the optimization of the multiconfigurational wave-
function are based on or can be treated as modifications of the second-order Newton –
Raphson approach [22, 23]. Another approach is the super-CI method [28, 23], but this
will not be discussed here. In the Newton –Raphson scheme, the energy is expanded as a
Taylor series to second order in the variational parameters. We arrange the CSF expansion
parameters c and the orbital parameters k as a column vector
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λ =

(
c
k

)

and in terms of these parameters the second-order MCSCF energy is given by:

E(λ) = E(0) + E(1)T

λ +
1

2
λT E(2) λ .

Here E(0) is the MCSCF energy at the expansion point E(0) = 〈0 | Ĥ | 0〉 ; E(1) and E(2) are
the electronic gradient vector and the Hessian matrix, respectively, at this point, with

E
(1)
i =

(
∂E

∂λi

)

λ=0

and E
(2)
ij =

(
∂2E

∂λi ∂λj

)

λ=0

.

The stationary points on the energy surface are determined as solutions to the equations
∂E/∂λi = 0. Setting the derivatives of E(λ) equal to zero leads to the system of linear
equations:

E(2) λ = −E(1) .

A sequence of Newton – Raphson iterations is obtained by solving these equations, redefin-
ing the solution as the new zero point, recalculating E(1) and E(2), and returning to the
equations above. A detailed discussion of the practical aspects of the optimization of the
MCSCF wave-function can be found in refs. [22, 23].

As already mentioned, the most widely used MCSCF method is the CASSCF method
[28]. The CASSCF approach involves a partitioning of the occupied orbitals into two sets:
inactive, orbitals that are doubly occupied, and active, with occupation numbers between
0 and 2. The remaining orbitals, the secondary or virtual orbitals, are always unoccupied
in the wave-function. The CAS space consists of all configurations that can be constructed
by distributing the active electrons, i. e. those that are not in the doubly occupied, inactive
orbital set, among the active orbitals.

An extension of the CAS model is the restricted active space (RAS) concept [30, 31].
As for CAS wave-functions, the orbitals are divided into three classes: inactive, active and
secondary. In addition, there is a further subdivision of the active orbitals: the RAS1,
RAS2, and RAS3 categories. In the construction of the RAS wave-function, restrictions
are imposed on the number of electrons or holes in the RAS1 and RAS3 subspaces, i. e. a
maximum number of holes may be created in RAS1 and a maximum number of electrons
is allowed in RAS3; no constraints are placed on the orbital occupations in RAS2. This
has the advantage over the CASSCF method that in general more active orbitals can be
considered. A variety of wave-functions can be actually created within the RAS framework.
For example, a multireference singles and doubles CI (MR-SDCI) wave-function with a CAS
reference space may be obtained when RAS1 has at most two holes and RAS3 at most
two electrons. The RAS concept combines thus the features of the CAS wave-functions
with those of more advanced CI wave-functions where dynamical correlation effects are
included.
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2.2.2 CASPT2

The treatment of dynamical electron correlation with the multiconfigurational reference
function is made by using either the multireference CI (MRCI) method or many-body
perturbation theory (MBPT); for reviews, see [22, 23]. Within the MRCI approach, the
wave-function is approximated as an expansion in all excited configurations, up to a given
level, with respect to a set of reference configurations. Commonly, all single and double
excitations from the reference space are included; this is denoted as multireference singles
and doubles CI (MR-SDCI). (MR)CI calculations provide a systematic method for treating
electron correlation effects. It allows one to approach the exact solution following an order-
by-order expansion of the wave-function, i. e. singly excited, doubly excited, triply excited,
and so on. Perturbation theory provides an alternative systematic approach to recover the
correlation energy. Its advantage over (MR)CI, it is computationally less expensive.

Second-order MBPT is the simplest possible treatment of dynamical electron corre-
lation. A second-order perturbation approach to dynamical correlation, with a reference
state given by a multiconfiguration CASSCF-type wave-function has been proposed by
Andersson et al. [32, 33] and is referred to as complete active space second-order per-
turbation theory (CASPT2). In this formulation, the zero-order Hamiltonian is a sum of
Fock-type one-electron operators, such that it has |0〉, the multiconfigurational CASSCF
wave-function, as an eigenfunction:

Ĥ0 = P̂0f̂ P̂0 + P̂ f̂ P̂ ,

where P̂0 = |0〉〈0| is a projection operator onto the reference function, P̂ is a corresponding
projection operator for the rest of the configuration space, and f̂ is the CASSCF Fock
operator:

f̂ =
∑
p,q

fpq Epq =
1

2

∑
p,q

∑
σ

〈0| [a†qσ , [apσ , Ĥ]]+|0〉Epq .

The CI space is partitioned into four subspaces: 0 – the reference function, K – the rest of
the CASCI space, SD – all singly and doubly excited configuration state functions with
respect to the CAS reference, and X – the rest of the CI space. This is accomplished
by introducing the orthogonal projectors P̂K + P̂SD + P̂X = P̂ , with P̂0 + P̂ = 1. The
block diagonal structure imposed by the projectors insures that the corrections to the
wave-function truncate at a finite level of excitation.

The perturbation part of the Hamiltonian is the difference between the full Hamiltonian
and Ĥ0. Using the so-called internally contracted scheme, we write the first-order wave-
function correction as a linear combination of all single and double excitations from |0〉:

|0(1)〉 =
∑
p,q

C(1)
pq Epq |0〉+

∑

p,q≥r,s

C(1)
pqrsepqrs |0〉 .

In the summations, q and s are occupied, inactive or active, p and r are noninactive, i. e.
active or secondary. All single and double excitations with respect to |0〉 are included in
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the wave-function, except those which have all four indices in the active space. Such terms
belong to the space K and do not interact with |0〉. The internally contracted formalism
[34] reduces considerably the number of terms in the perturbation series, at the cost of
greater complexity in the individual terms.

The first- and second-order CASPT energy corrections are calculated as [32, 33]:

E(1) = C(0)T

UC(0) and E(2) = C(1)T

UC(0) ,

where C(0) defines the zero-order state and we used the partitioning of the Hamiltonian
matrix H = H0 +U. The first-order wave-function C(1) is obtained as an iterative solution
[32, 33] to a set of linear equations of the type [22]:

C(1) = −P (H0 − E(0) S)−1PUC(0) ,

where P = 1−C(0)C(0)T
, Sij = 〈i | j〉 , and |i〉 refers to one of the contracted configurations

Epq |0〉 or epqrs |0〉.

Within the embedded cluster approach, CASSCF/CASPT2 calculations have been suc-
cessfully employed for the interpretation of optical absorption spectra in several transition
metal oxides [36, 37] and for the investigation of magnetic interactions, see section 2. 3 of
the thesis.

The extensive analysis by de Graaf et al. [36, 37] demonstrates that CASSCF/CASPT2
is an efficient method for studying low-energy electronic excitations in insulating (3d)
transition metal oxides, metal d→ d as well as ligand p to metal d CT excitations. de
Graaf et al. [36, 37] showed that three effects are important in order to obtain an accurate
description of such dn and dn+1L states (L represents a ligand p hole). In the first place,
there is the mixing of the different dn CSFs in the wave-function, for which an active space
containing the transition metal d orbitals is sufficient. Secondly, important correlation
effects, both static and dynamic, occur among the metal 3d and ligand 2p valence electrons.
To include these correlation effects, the active space should contain the metal 3d and
ligand 2p orbitals, plus a set of correlating orbitals of the same type, usually referred to
as ”prime”orbitals — metal d′ [38, 39, 40, 41, 36, 37] and ligand p′ [37]. Such an active
space, CAS – p d d′p′, treats a large part of the valence electron correlation in a variational
manner, and hence avoids both the overestimation of the d – d correlation energy that was
observed in the CAS – d PT2 treatment [40, 41, 37] and the occurrence of intruder states
[23, 35] connected to charge transfer excitations [36, 37]. However, due to the limitations
of the current computer resources, in most of the cases only a small number of ligand
p, p′ orbitals can be included in the CAS [36, 37]. In the third place, we need to include
the (semi)core – valence correlation effects due to the metal 3s, 3p, 3d and ligand 2s, 2p
electrons. Second-order perturbation theory is able to provide a quite accurate treatment
of these last effects, see for example [40, 41, 36, 37].
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2.2.3 Non-orthogonal CI / State Interaction

Usually several electronic states, ground-state and excited states, are of interest. In many
cases different states of interest may not be described compactly with one common orbital
basis. Different electronic states have often very differently shaped orbitals. The error
introduced by applying a common set of orbitals can then be recovered only by using
extended CI, or MRCI, expansions.

However, if separate SCF calculations are performed for different states of the same spin
and symmetry, the resulting wave-functions will not be orthogonal to each other. To arrive
at a more convenient description, we may define new wave-functions as optimized linear
combinations of the non-orthogonal, interacting wave-functions. The optimization of the
coefficients Cm of a wave-function |C〉 expanded in mutually non-orthogonal many-electron
functions |m〉,

|C〉 =
∑
m

Cm |m〉 ,

leads to secular equations with the non-orthogonal wave-functions as a many-electron basis.
In cases where |m〉 are single CSFs, this approach is called non-orthogonal CI (NOCI) [42,
43, 44, 45, 46]. In other cases, for example when each of a number of states is approximated
with a MCSCF wave-function, the many-electron basis functions |m〉 may consist of more
than one CSF. If this is the case, it is more appropriate to denote the approach state
interaction (SI). The term state interaction has been used mainly for solving the secular
equations in terms of individually optimized CASSCF or RASSCF wave-functions [47, 48].

In both NOCI and SI, the wave-functions are thus expanded in terms of ”relaxed”many-
electron functions that are each expressed in terms of their ”own”optimized orbital set.
Such an approach can yield more transparent wave-functions with a much shorter expan-
sion length. Also, individually optimized wave-functions are important for the accurate
calculation of transition properties like transition moments and oscillator strengths, see
for example [42, 48] and [23], sections 34. 3 – 34. 4 . As shown in [49] for molecular systems,
the separate optimization of the orbitals is more important for obtaining accurate values
of the transition moments than extensive inclusion of dynamical correlation.

The computation of Hamilton matrix elements between mutually non-orthogonal (MC)
SCF wave-functions is not trivial. However, efficient schemes have been developed, to
calculate such matrix elements between both non-orthogonal individual CSFs [43, 45] and
non-orthogonal multiconfigurational RASSCF wave-functions [47, 48].

The NOCI/RASSI approach is well suited to study systems for which large (differential)
energetic effects are obtained with a broken-symmetry (MC)SCF wave-function. Symmetry
breaking can occur in the SCF description of hole states in symmetrical systems, see for
example [43, 44, 45, 46]. The energy lowering caused by symmetry breaking of SCF hole-
state wave-functions is due to the relaxation energy. The main effect is an atomic effect:
if an electron hole is delocalized over n symmetry-equivalent sites only about 1/n of the
atomic relaxation energy is obtained. Only if a hole is created on one site the full relaxation
energy is obtained [50]. An example of this situation is discussed in the third chapter of
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the thesis, in connection with the investigation of metal 3s x-ray photoelectron excited
states in nickel oxide and manganese oxide.

2.3 Magnetic interactions

Interactions between localized spin moments in transition metal materials are the source of
remarkable phenomena. Examples are the large diversity of magnetically ordered structures
in these compounds, the spin-gap formation in some low-dimensional copper and vanadium
oxides (SrCu2O3 [18], CaV2O5 [10], and NaV2O5 [53]), the spin-Peierls dimerization in
CuGeO3 [54] etc.

Most of the (undoped) transition metal oxides, including the ones mentioned above,
exhibit insulating properties and antiferromagnetic (AFM) order. Ferromagnetic (FM)
interactions occur only in a few oxides, e. g. LaMnO3, Fe3O4, or CrO2, and are often
coupled with metallic-like behavior. The nature of magnetic interactions is best under-
stood in insulators, where the spins are well localized, though the theory is still complex.
Especially in insulators, many of the magnetic properties can be described in terms of
effective Heisenberg Hamiltonian models [55] with predominant nearest-neighbor < i, j >
interactions :

Ĥ = −∑

<i,j>

Jij Si · Sj .

This expression is the generalization of the spin Hamiltonian for a two-site system. For
only one spin at each site (S1 =S2 =1/2), the derivation of the relation that connects the
Heisenberg coupling parameter J to the singlet – triplet splitting ES−ET was given in ref.
[56]. Since in this case the operator

S1 · S2 = 1/2 (S2 − S2
1 − S2

2) ,

where S = S1 +S2 , has eigenvalues −3/4 in the singlet (S =0) state and 1/4 in the triplet
(S =1) state, one can define an operator

Ĥ = 1/4 (ES + 3 ET )− (ES − ET ) S1 · S2

that has eigenvalue ES in the singlet state and ET in the triplet state. The first term is of
no interest to us, and we may write the spin Hamiltonian as

Ĥ = −J S1 · S2 , J = ES − ET .

This implies that for ”parallel”(ferromagnetic) spin alignment J is positive (ET < ES),
whereas for ”antiparallel”(antiferromagnetic) spins J is negative (ES <ET ).

The question of when the nearest-neighbor Heisenberg Hamiltonian model is justified
is a complex matter. The validity of this approximation has been discussed in refs. [57, 58,
59]. There are studies indicating that higher order terms, e. g. biquadratic contributions
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∼ (Si · Sj)
2, and/or next-nearest-neighbor couplings are actually needed for explaining

the magnetic properties of certain materials. However, even starting from the simple
Heisenberg model with couplings only between nearest neighbors, the problems encountered
in trying to deduce the behavior of various magnetically ordered systems are quite difficult
[60].

The antiferromagnetic couplings in transition metal insulating compounds are qualita-
tively explained by the Anderson ”delocalization”or ”kinetic”(super)exchange mechanism
[61]. The term superexchange was originally introduced by Kramers [62] in 1934, in an
early attempt to explain the magnetic interaction taking place between spin moments that
are fairly well separated by diamagnetic groups. However, it is the subsequent work of
Anderson which provides the basic ingredients for understanding antiferromagnetism. Ne-
glecting some smaller terms, the superexchange interaction can be viewed as the result of
two effects: direct exchange, due to the usual Coulomb interaction, and kinetic exchange,
arising from electron transfer from one magnetic center to the other [61]. The first term
is always ferromagnetic. The second contribution is of opposite sign and usually more
important than the direct exchange, favoring AFM order. Exceptions occur in systems
with orbital ordering, as in LaMnO3, where virtual inter-site excitations may result in a
FM alignment.

Over the last years ab initio quantum chemical calculations applied to embedded clus-
ter models proved to be valuable tools not only to accurately predict the magnitude of
the exchange coupling parameters, but also to elucidate the underlying microscopic mech-
anisms. Within such an approach, the coupling constants are derived from the energies
of the states arising from different spin configurations. Expressions similar to the relation
given above for a model system with two magnetic centers and one spin moment at each
site can be obtained for systems with more than one unpaired electron per magnetic center
and/or more than two centers, by establishing a correspondence between the energy expec-
tation values of the N -electron cluster Hamiltonian and the eigenvalues of the Heisenberg
Hamiltonian. For example, for a Ni2+–O2−–Ni2+ unit in nickel oxide, with two unpaired
electrons at each Ni site (S1 =S2 =1), the eigenvalues of the Heisenberg Hamiltoninan

Ĥ = −J S1 · S2 = −J [ (s11 + s12) · (s21 + s22) ]

for the quintet, triplet, and singlet spin functions of highest Ms value,

|Q,Ms=2 〉 = αααα ,

|T, Ms=1 〉 =
1

2
( βααα + αβαα− ααβα− αααβ ) ,

|S,Ms=0 〉 =
1

2
√

3
( 2 ββαα + 2 ααββ − βαβα− βααβ − αββα− αβαβ ) ,

are −J , J , and 2J , respectively. The one-to-one mapping between these quantities and
the energy expectation values EQ, ET , and ES of the full Hamiltonian provides a way
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to estimate the strength of the magnetic interaction: EQ − ET = −2J , ET − ES = −J
[63, 37]. If J may be considered as describing a genuine two-center interaction, it may
be extracted from calculations of the electronic states of material models containing two
magnetic centers only. From the explicit investigations of Illas et al. [63] and de Graaf
et al. [64], where the nearest-neighbor J value obtained from two-center clusters was the
same as obtained when more magnetic centers were included in the model, it appears that
this is often the case, at least in compounds like KNiF3, K2NiF4, NiO, La2CuO4, and
Li2CuO2 .

In a wave-function based embedded cluster approach, the Anderson kinetic exchange
can be accounted for by complete active space configuration interaction (CASCI) schemes
where the active space includes the open-shell orbitals of the transition metal ions, the
”magnetic”orbitals. Such an active space contains the leading ground-state configuration,
dn−L−dn, and all metal to metal symmetry-allowed charge transfer configurations of the
type dn−i−L−dn+i, where L represents the bridging ligand(s). Calculations at this level of
accuracy usually reproduce the sign of the interaction, but the magnitude of the coupling
parameter is severely underestimated. Several methods have been developed in order to
include effects that go beyond the CASCI approximation. By gradually improving the
description of the cluster wave-function, detailed information can be obtained about the
physical mechanisms determining J .

A procedure successfully applied for the study of magnetic interactions is the difference
dedicated configuration interaction (DDCI) [65, 66]. The states defining J are expressed
in terms of CI expansions including single and double excitations from a CAS formed by
the open-shell orbitals. The CI list is, however, restricted by eliminating all the double
excitations from inactive to virtual orbitals, i. e. those that do not involve any of the
open-shell orbitals. For a common set of orbitals, up to second order, these determinants
only cause a shift in the diagonal matrix elements of the CI-matrix and hence do not
contribute to the energy difference of the states of interest [66, 67]. Using the labels from
ref. [66], (p, q, ...) for the inactive orbitals, (a, b, ...) for the active orbitals, and (i, j,
...) for the virtuals, such excitations are denoted as pq→ ij. By excluding these doubly
excited determinants from the CI list, the size of the problem is reduced considerably. It
has been shown that this computational scheme predicts spin coupling parameters in very
good agreement with the experimental data in several solid state ionic insulators [68, 69]
and molecular complexes [70, 71].

DDCI calculations may become computationally too expensive for systems where large
clusters and/or large reference active spaces are needed. In such cases, one has to restrict
oneself to the so-called DDCI2 scheme [65], where pa → ij and pq → cj excitations are
also excluded from the CI expansion. Physical effects taken into account by this procedure
beyond direct and kinetic exchange are the so-called spin polarization and the dynamical
polarization of the ligands under the effect of dn−i−dn+i charge fluctuations, and have
been discussed for S = 1/2 systems in ref. [71]. Although DDCI2 yields normally only
50–80% of the experimental J , see [68, 69] and references therein, calculations at this level
can be used in a semi-quantitative way for predicting trends when structural distortions
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or changes in the chemical composition are introduced in the system.
The analysis of Calzado et al. [71] indicates that the difference between DDCI2 and

DDCI is due to a more effective relaxation of the metal to metal and ligand to metal
charge transfer configurations. The importance of orbital relaxation in the CT component
of the wave-function was originally investigated by van Oosten et al. [72, 73] in several
copper oxide systems by means of non-orthogonal CI. These calculations were based on
small CI expansions including only O→Cu excitations, where both the reference and the
CT excited configurations were expressed in terms of fully optimized orbitals. It has been
found that the AFM exchange is strongly enhanced by admixing relaxed charge transfer
states, with estimates of the coupling constants in close agreement with the experimental
values, although somewhat smaller than the DDCI results.

The NOCI expansion is much shorter than for a conventional CI and offers an insightful
physical picture of such CT effects. However, since it has not received numerous appli-
cations, further research is needed to check whether its good performance in cuprates is
not fortuitous. Also, the optimization of the excited state orbitals is often rather tedious.
An approach which avoids both the optimization problems encountered in non-orthogonal
CI and the relatively high computational demand of DDCI is the CASPT2 method, al-
ready mentioned in a previous section. It has been found that, when based on a minimal
CAS including only the open-shell orbitals, CASPT2 usually underestimates the strength
of the magnetic interaction [37, 74, 75]. However, rather accurate exchange couplings are
obtained when the minimal CAS is extended with those ligand p orbitals that mediate
the superexchange plus the correlating d′ and p′ counterparts. For several transition metal
compounds, more than 80% of the experimental estimate is reproduced by such CAS–
p d d′p′ calculations, see [37, 74, 75] and also the fifth chapter of this thesis work. This
indicates once more that in order to obtain high-quality results, it is essential to properly
account for the relaxation of the ligand to metal charge transfer configurations [72, 73].
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[31] P.-Å. Malmqvist, A. Rendell, and B. O. Roos, J. Phys. Chem. 94, 5477 (1990).
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Chapter 3

Core level x-ray photoelectron
spectra in MnO and NiO: importance
of inter-atomic hole screening

3.1 Introduction

The structure of the valence (and conduction) electronic levels of the insulating, antifer-
romagnetic (AFM), rocksalt transition metal (TM) oxides MnO, CoO, and NiO has been
a subject of investigation for many years. Of these compounds, NiO has received by far
the greatest amount of attention, see [1, 2, 3, 4, 5, 6, 7, 8, 9] and references therein. The
preeminence of NiO dates back to Mott [2, 3], who selected it as a prototype system for
defining the problems that arise in the band concept if large electron – electron interac-
tions are present. Mott’s ideas were later put into a mathematical form by Hubbard [10].
The Mott – Hubbard model, see for example ref. [11], has been proposed for a qualitative
description of the insulating state and the occurrence of metal – insulator transitions in
strongly correlated 3d electron systems.

As discussed in ref. [4], there is an objective reason for focusing particular attention on
compounds like MnO, CoO, and NiO: they all have the rocksalt crystal structure, in which
each cation is surrounded by an octahedron of oxygen anions. Rocksalt is the simplest
crystal structure encountered among the transition metal compounds, and this simplifies
the theoretical analysis of their electronic structure.

Much of the progress on the understanding of the electronic structure of transition
metal compounds has been obtained by photoemission and inverse photoemission experi-
ments, see for example [5, 6, 7, 9]. By such techniques one is able in principle to measure
directly the binding energy of electrons in atoms, molecules, and solids. However, a full
understanding of the spectra requires the solution of the many electron problem. The
valence electron removal and electron addition spectra in transition metal compounds are
governed by two main effects: d – d correlations and metal 3d – ligand 2p interactions. In
the case of core level photoexcitation, the core – valence interactions and relaxation effects
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following the core ionization play also an important role. Due to these electron – electron
interactions, the spectral weight is distributed over several features and a straightforward
interpretation is often not possible.

In this chapter we present a theoretical study of the metal 3s photoionization spectra
of NiO and MnO. For ionic TM compounds, especially TM oxides, the interpretation of
the origin of features in the 2p, 3s, and 3p level x-ray photoelectron spectroscopy (XPS)
is still a subject of active research, see for example [12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25, 26, 27, 28] and references therein. In particular, the relative importance of
the contributions of intra-atomic and inter-atomic effects to these core level XPS spectra
is a matter of ongoing controversy.

It was recognized long time ago [29] that the spin and spatial angular momentum
coupling of the open core and the open d shell of the TM atom must be taken into account
in order to explain the XPS spectra of TM materials. This coupling, often referred to as
an exchange splitting (XS) gives rise to final state multiplets of different energies, each of
which are reflected in the XPS spectra. The XS is particularly simple for 3s holes since
the open 3s1 shell couples with the open d shell, which is Russell – Saunders coupled to
the high-spin multiplet 2S+1Γ, to give only a 2SΓ and a 2S+2Γ final, ionic, state multiplet.
In addition to the XS, there is a second intra-atomic effect which often makes important
contributions to the 3s hole XPS spectra [30, 31]. This is an electron correlation effect
which involves configurational mixing or configuration interaction (CI) of the configurations
formed by distributing the M shell electrons in all spin and spatial symmetry allowed
ways over the 3s, 3p, and 3d sub-shells. For manganese and nickel, the near-degeneracy
between the 3s13p63dn and 3s23p43dn+1 configurations leads to substantial mixing of these
configurations in the 3s hole state wave-functions [30, 31, 19]. In particular for Mn2+, it
is this mixing which is the dominant mechanism responsible for the observed complex 3s
level XPS satellite structure [13, 30, 31, 32, 33, 34, 35]. This near-degeneracy effect is
only important for the low-spin coupling of the 3s1 and 3dn open shells to a total ionic
state which has 2SΓ multiplicity; it does not occur for the states where the coupling of the
open shells is to the high-spin, 2S+2Γ, multiplicity. Intra-atomic near degeneracy effects
are general and contribute to the s -hole XPS spectra of several other TM atoms [31, 36]
as well as to their p -hole spectra [18, 36, 37].

In addition to these intra-atomic mechanisms, there may also be an inter-atomic mech-
anism related to charge transfer (CT) in TM oxides and other ionic compounds, where the
CT is between the ligands and the core-ionized TM [38, 39, 40, 41, 42, 43, 12]. It is usual
to describe this inter-atomic mechanism within a framework that neglects the outermost s
and p orbitals of the TM atom and which also assumes an (orthogonal) basis of pure TM
d and pure oxygen, or other ligand, 2p atomic orbitals. Here, the CT is from O 2p to TM
3d and the resulting 3s hole CT configuration is commonly denoted 3s13dn+1L. For the
3s2 occupation, the 3dn+1L configuration has in simple rocksalt transition metal oxides a
much higher diagonal energy than the 3dn ground-state and therefore these configurations
will not contribute significantly to the ground-state wave-function. For the 3s1 occupa-
tion, on the other hand, the energy difference between the 3dn+1L and 3dn configurations
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is much smaller and the 3dn+1L configuration may even lie lower in energy than 3dn. For
this occupation, the 3dn+1L configuration may make substantial contributions to the XPS
spectra. Furthermore, it has been suggested that configurations which involve transfer of
two ligand p electrons to the metal d shell [14, 15, 43] and inter-TM-site charge transfer
[25, 26, 27] may also be important.

Bagus and collaborators [23, 24, 17] have given evidence that the extent and the charac-
ter of CT contributions to the XPS spectra of TM oxides depend strongly on the particular
transition metal. There is a simple explanation for the greater importance of these CT
configurations when there is a core hole at the TM cation than when the TM core shells
are filled. The effective nuclear charge, Zeff(3d), seen by the 3d electrons increases by
nearly one when an electron is removed from one of the metal ions core shells. The energy
of an electron in the 3d shell depends on a term involving Zeff(3d) 2 plus additional d – d
Coulomb and exchange terms which represent the interaction of the d electrons with each
other. Thus, the energy of the CT configurations, 3s13dn+1L and 3s13dn+2L2, will be lower
with respect to the energy of the normal, non-charge-transfer (NCT), configuration 3s13dn

than is the case when the 3s occupation is 3s2. The changes in the value of the electron
affinity of a TM ion for different TMs, especially when a core hole is present, also have
consequences for the character of the final ionic, core hole, states. Bagus et al. [24] and
de Vries et al. [17] used the changes in the TM electron affinity to explain the differences
of the relative energies of the CT and normal configurations for MnO and NiO. In our
comparison of the 3s XPS spectra for MnO and NiO, we will use for MnO the data and
the analysis already published in ref. [17]. The study in ref. [17] was limited to the high-
spin final states. This allows to focus on properties related to CT screening and to neglect
atomic correlation effects arising from redistribution of the 3s, 3p, and 3d electrons among
these shells. For nickel oxide, however, we extend a previous investigation of the high-spin
3s hole states by de Graaf, Bagus et al. [20, 21, 22] to low-spin couplings.

3.2 Mn 3s hole states in MnO

There have been extensive theoretical and experimental studies related to the importance
of CT effects in the core level XPS spectra of Mn ionic materials and this work continues
to the present, see for example [44, 45]. The Mn 3s XPS spectrum of MnO [13, 33, 34, 35]
extends over 50 eV. The first, lowest binding energy (BE) peak has the largest intensity and
is followed by an intense second peak at about 6 eV higher BE. Parmigiani and Sangaletti
[35] report a very weak satellite at ∼10 eV. A broad satellite is also observed at 15 – 30
eV [13, 33, 34, 35]. For the Mn 3s spectrum in MnF2, Kowalszyk et al. [32] report a weak
satellite at ∼50 eV. The XPS spectra of Kowalszyk et al. are consistent, for both energies
and intensities, with the theoretical results obtained in ref. [30]. This theoretical analysis
was based on a many electron theoretical treatment, including near-degeneracy electron
correlation effects, for the ionization of an isolated Mn2+ ion. Based on this work, it is now
generally agreed that the first and second peak correspond to high- and low-spin coupled
final states. Indeed, Hermsmeier et al. [33] used the different spin polarization of the first,
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Figure 3.1: Mn 3s and Ni 3s XP spectra of MnO and NiO, respectively. Taken from reference
[35].

high-spin peak and of the second, low-spin peak as an internal source of spin polarized
electrons which they used to probe the antiferromagnetic properties of MnO. The body of
early experimental and theoretical work for Mn ionic complexes [29, 30] was contradicted
in the mid 1980’s by Veal and Paulikas [12], who made an empirical analysis of CT effects
in MnF2. They assigned the first peak as arising from a state which was dominantly a CT
configuration while the second peak arose from a state which was dominantly the normal,
3s13dn configuration.

Hermsmeier et al. [13] measured the photoemission spectra for the 3s and 3p levels of
gas phase atomic manganese. They found that the atomic spectra were very similar to the
XPS spectra for MnF2 and MnO solids. Their observation suggests that the XPS spectra
for condensed phase Mn compounds arises primarily from intra-atomic effects, rather than
from inter-atomic CT. Sangaletti et al. [23] and Parmigiani and Sangaletti [35] reported
comparative studies of the XPS spectra of the cubic oxides from MnO through NiO. The
Mn 3s and Ni 3s photoelectron spectra reported in ref. [35] are given in Fig. 3. 1 . A
principal conclusion of these authors is that the contribution of CT effects to the core level
XPS depends strongly on the particular TM ion, with CT being much more important for
NiO than for MnO. Bagus et al. [24] reached a similar conclusion from a model Hamiltonian
study of the 3s XPS of MnO and NiO. In more recent work, the metal 2p and 3p XPS
spectra of MnO were studied with a fully relativistic, non-empirical treatment of the XPS
energies and intensities of an isolated Mn2+ ion [18]. This work treated the atomic angular
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momentum coupling of the open shell electrons and the relativistic spin – orbit splittings on
an equal footing. The results of this study showed that these atomic effects in Mn2+ account
for the main features observed in the 2p and 3p XPS of MnO. Overall, the theoretical and
experimental work cited above lead to the conclusion that intra-atomic effects dominate
the Mn core XPS spectra and that the contribution of CT effects in ionic Mn compounds
is quite small. On the other hand, Veal and Paulikas [12] interpret the main 3s hole XPS
peak in MnF2 as being due to a final state that is dominated by the 3s13d6L configuration.
Okada and Kotani [14], on the basis of a parameterized empirical model Hamiltonian study,
concluded also that in the core level XPS spectra of Mn compounds the solid state CT
contributions are appreciable, especially for the satellite structure. Gweon et al. [16] made
a systematic analysis of their 3s photoemission spectra of Mn and Fe dihalides and mono-
oxides, using again a parameterized cluster model. They concluded that the importance
of CT depends on the electronegativity of the ligands. In fluorides they found very little
effect of CT in the lower two peaks, whereas in chlorides these peaks have strongly mixed
NCT–CT character. In mono-oxides, they found the character of the first two peaks to
be between fluorides and chlorides, although somewhat closer to chlorides.

There is strong theoretical and experimental evidence to support the fact that core hole
screening through electron transfer is important for the Ni XPS spectra of NiO, whereas
it is much less important for the Mn spectra of MnO. However, the theoretical models
which have been used up to now to treat the Mn XPS spectra have either been for atomic
models [18, 30] or have used a model Hamiltonian [14, 15, 23, 24]. Thus, it is important
to treat the Mn 3s XPS spectrum of MnO by using a computational model that allows for
a proper variational study of CT effects in order to check the previous assignments. It is
especially interesting to compare the importance of CT from the nearest ligands with that
found for the Ni 3s XPS hole states in NiO. This comparison allows also for a rigorous
test of the findings of Bagus et al. [24] who concluded from a model Hamiltonian study
that the relative importance of ligand to metal CT decreases strongly in going from NiO
to MnO because of a decrease of the electron affinity of the embedded TM cation.

In the present section we reproduce the analysis of the Mn 3s XPS spectrum of MnO
by de Vries et al. [17]. This study was limited to the high-spin final states. This allows
to focus on properties related to CT screening and to neglect atomic correlation effects
arising from redistribution of the 3s, 3p, and 3d electrons among these shells. The latter
correlation effects are important for the low-spin coupled 3s hole states, but not for the
high-spin coupling. The same non-orthogonal configuration interaction (NOCI) method
[46, 47] was used in ref. [17], as previously employed by de Graaf, Bagus et al. [20, 21, 22]
for the interpretation of the Ni 3s XPS high-spin states in NiO. This method ensures a
balanced treatment of the relative energies of configurations that involve different degrees of
CT from O 2p to metal 3d. The NOCI wave-functions were obtained for an [MnO6] cluster
model of the crystal. Orbital sets were optimized separately for each configuration state
function (CSF) used in the NOCI expansion. Orbital symmetry breaking, or localization,
was allowed. This localization is important for configurations with open shells that have
considerable ligand 2p character [20, 21, 22]. Both Mn 3s hole states and states with a 3s2
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occupation were considered in ref. [17]. The 3s2 ground-state is needed to compute the
XPS intensities of the 3s hole states. To check the sensitivity of the results on the cluster
size, calculations were also performed for a larger [MnO6Mg18] cluster, in which the outer
Mn2+ ions are represented by simpler Mg2+ ions. The imbalance in the treatment of the
cation nearest neighbors of the O ligands in the [MnO6] cluster may introduce artifacts
[48, 49, 50, 51, 52, 53], especially for the absolute values of the core level BEs. It is expected
that any such artifacts will be avoided with the [MnO6Mg18] cluster which has an improved,
more balanced, representation of the local environment of the O2− anions.

3.2.1 Method

The Mn2+ ground-state valence configuration is t32ge
2
g. In the Oh point group, these d

electrons are coupled high-spin to 6A1g symmetry. If a 3s electron is ionized, the open shell
configuration is a1

1gt
3
2ge

2
g. The XPS dipole allowed final states have 7A1g or 5A1g symmetries.

As noted before, we consider in the present study only the 7A1g 3s hole states and we focus
on studying the importance of CT effects for these high-spin final states.

The material model which has been used for most of the calculations is a cluster with
a central manganese ion and its six oxygen nearest neighbors. This is the simplest cluster
model in which the possible effects of low-lying CT excitations can be incorporated. Given
the dominantly ionic character of MnO [54], the net charge for this cluster is 10– and it is
denoted by either the symbols [MnO6] or [MnO6]

10−. The [MnO6]
10− cluster is embedded

in a set of 140 point charges at lattice positions; the values of the PCs were optimized by
Broer et al. [55] to reproduce the Madelung potential due to an ideal rocksalt lattice of
point charges. The manganese – oxygen distance of 2.22 Å is taken from the bulk crystal
[56]. Calculations were also performed for a larger cluster model, [MnO6Mg18]

26+, where
the PCs nearest to the O2− anions have been replaced by Mg2+ cations so that the oxygens
are surrounded by the extended charge distributions of real atoms to represent its nearest
neighbors. Closed shell Mg2+ ions are used to represent these nearest neighbors, rather
than the real open shell Mn2+ ions, because the former are much simpler to treat. Since the
ionic radius of Mg2+ is comparable with that of Mn2+ (0.72 Å versus 0.83 Å [57]), the use of
the Mg2+ ions will provide a reasonable estimate for the effects of the Pauli repulsion and
orbital relaxation connected with a shell of Mn2+ ions. Contracted Gaussian-type orbital
basis sets were applied: Mn (14s11p6d)/(8s7p4d) [58, 17], O (9s5p)/(4s3p) [19, 20], and
Mg (12s7p)/(5s3p) [59, 17]. The calculations were performed with the symol – gnome
quantum chemistry program package [60, 61].

The leading configuration of the 6A1g ground-state of the [MnO6] cluster is (...)1t62g2e
4
g

3t32g4e
2
g, where the closed shell 1t2g and 2eg orbitals have mostly O 2p character, while 3t2g

and 4eg are mainly built from Mn 3d atomic orbitals. However, these orbitals also reflect
the modest Mn 3d – O2p covalent bonding. Thus, the closed shell orbitals, 1t2g and 2eg,
have a small Mn 3d contribution which is bonding with the dominant O 2p character and
the open shell orbital 4eg has a small antibonding O 2p contribution.

It is common, especially in approaches which use model Hamiltonians, to treat the
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orbitals for ionic TM oxides as atomic cores plus pure TM d and pure O 2p orbitals
[14, 23, 24]. This approximation neglects the overlap between the TM d and O 2p orbitals
and it neglects the covalent bonding between them. However, in this approximation the
transfer of one electron from the ligand to metal going from a normal, dn, to a CT, dn+1L,
configuration is well defined. In the present work, the orbitals used for the dn and dn+1L
manifolds are the optimum orbitals, obtained by solving self-consistent field Hartree –Fock
equations for the respective configurations. In this case, especially when the metal 3s shell
is ionized, the cluster orbitals involve substantial mixing of TM 3d and oxygen 2p character
[20, 21, 22]. Although the effective d occupation for a dn+1L configuration is greater than
for the dn configuration, the difference of the d occupations for these configurations is,
however, much less than one electron. Still, we have chosen to follow common practice and
distinguish the configurations by denoting them as dn and dn+1L, but we keep in mind
that the orbitals may often be far from pure nickel 3d or ligand 2p orbitals.

The simplest description of the Mn2+ ion ground-state in MnO uses only the leading
configuration, 3d5. A better description is obtained by allowing the many-electron wave-
function to be an optimized linear combination of the leading 3d5 configuration and 3d6L
configurations. Two different excited 3d6L type configurations contain states with 6A1g

symmetry. They correspond to O2p→Mn3d transitions of the type 2eg → 4eg or 1t2g →
3t2g, respectively. The first excited configuration, 1t62g2e

3
g3t

3
2g4e

3
g, has a hole in the 2eg

orbital, which has oxygen pσ character (i. e. directed towards the metal site); the second
excited configuration, 1t52g2e

4
g3t

4
2g4e

2
g, has a hole in the 1t2g orbital that is mainly oxygen

pπ (i.e. perpendicular to the oxygen –metal bond). These configurations are denoted as
3d6Lσ and 3d6Lπ. There are no other states within the 3d5 and 3d6L manifolds in which
the electrons are coupled to 6A1g. However, there are 6A1g multiplets which correspond to
so-called double charge transfer configurations, 3d7L2. In this study we have not included
3d7L2 configurations because, as shown below, even the single charge transfer configuration
3d6L has only a minor importance in the ground-state wave-function.

Next, we consider states where a Mn 3s electron has been removed and where the
open shell coupling is to high-spin ions, 7A1g. The discussion of the configurations used
for the NOCI wave-functions for these states parallels that for the 3s2 case considered
above. In a model without charge transfer, the configuration (...)3s1(...)1t62g2e

4
g3t

3
2g4e

2
g

would be expected to receive essentially all the XPS intensity for Mn 3s ionization. As
for the ground 6A1g state, there are two, and only two, different excited 3s13d6L type
configurations which couple to 7A1g and, hence, mix with the 3s13d5 configuration. These
configurations are denoted as 3s13d6Lσ and 3s13d6Lπ. The 7A1g configurations arising from
the 3s13d7L2 manifold are neglected. As for the ground-state, the results indicate that the
mixing of 3s13d6L CT configurations with the normal 3s13d5 configuration is small, thus,
the effect of 3s13d7L2 on the lowest energy 3s hole state is expected to be even smaller.

The NOCI wave-functions include the mixing of the 3d5, 3d6Lσ, and 3d6Lπ configura-
tions. While, as discussed above, this mixing is expected to be more important for hole
states with 3s1 occupation than for the ground-state with 3s2 occupation, it has been
included in both the ionized and ground states.
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The 6A1g ground-state wave-function and 7A1g 3s hole state wave-functions that are
used for the analysis of the Mn 3s XPS spectrum are obtained from a CI in terms of
CSFs for 3d5, 3d6Lσ, and 3d6Lπ type configurations. The CSFs are each expressed in
their own orbital set, which was optimized in a spin-restricted open-shell Hartree – Fock
calculation. In a conventional spin- and symmetry-restricted Hartree –Fock scheme, the
3d6L type configurations have an electron hole in an O 2p orbital which is delocalized
over all six equivalent oxygen atoms. It is known [46, 47, 62, 63] that in many cases an
SCF wave-function with a hole that is localized on only one of the symmetry equivalent
atoms is energetically favored and gives a better first-order description. Such SCF wave-
functions with localized orbitals can be obtained by lowering the symmetry restrictions on
the orbitals. In the present study, in computing the SCF wave-functions, C4v symmetry
w as used instead of Oh. This enables localization of the O 2p hole on one ligand and
full relaxation of the orbitals can occur. Wave-functions of A1g symmetry in Oh can be
obtained by taking proper linear combinations of localized CSFs, each with the oxygen
hole on a different ligand. These symmetry-adapted functions, which we call symmetry-
projected CSFs, form the basis for our CI expansions of the various states of the [MnO6]
cluster. The CSFs are expressed in terms of sets of molecular orbitals optimized separately
for each particular configuration and the different sets are mutually non-orthogonal. The
3x3 CI over the symmetry-adapted CSFs is a non-orthogonal CI and the gnome routines
[61] were used for an efficient evaluation of the overlap and Hamiltonian matrix elements
between the CSFs. The resulting NOCI wave-functions are mutually orthogonal and non-
interacting; we will use these 6A1g initial state and 7A1g final state NOCI wave-functions to
study the role of CT excitations in the high-spin wave-functions and in the experimental
spectrum.

In order to demonstrate the importance of relaxing the symmetry constraints in the
SCF orbital optimizations so that the electron hole can become localized, we compared
these NOCI results with a NOCI where the orbitals were constrained to have Oh symmetry.
With this constraint, the orbitals for holes on the O ligands are delocalized over all six
oxygens.

The relative intensities of the XPS lines are calculated using the ”sudden approxima-
tion”(SA) [64]. In this approximation, the intensity of each 3s1 final state is proportional
to the squared overlap between the final state wave-function and a final ”frozen”3s1 wave-
function. This frozen 3s1 wave-function is defined by the ground-state wave-function in
which a Mn 3s electron is removed without any further changes to the wave-function. In a
one-configuration description, the theoretical 3s XPS spectrum would contain two peaks,
connected to transitions to two possible final states, a high-spin 7A2g final state and a
low-spin 5A2g final state, respectively. If the same orbital set would be used to describe
both the high-spin and the low-spin ionic CSFs, the relative intensities of the transitions
are obtained from the ratios of the multiplicities of the ionic states, 7/5 [64]. On the other
hand, if the 3s1 states are each expressed in their own optimized orbital set, deviations
from this ratio can occur because the overlap between the frozen 3s1 wave-function and the
relaxed 3s1 wave-function may be different for the high- and low-spin final states. Further,
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there may be a nonzero overlap between the frozen 3s1 state and other excited CSFs with
a Mn 3s hole. A consequence of this nonzero overlap is that intensity can be distributed
over a number of final states and we could find multiple transitions with nonzero intensity.
Such overlaps lead to satellites which are generally described as shake satellites [64]. If
we allow for configuration mixing both in the initial and, in particular, in the final state
wave-functions, we obtain an improved description, with intensity distributed over several
final states, due to many-body interactions.

3.2.2 Results and discussion

The relative energies of the initial Mn 3s2 configuration of the [MnO6] cluster are given
in Table 3. 1 (a). The column labeled ∆E(SCF−C4v) shows the relative SCF energies,
which were obtained using C4v symmetry restrictions on the orbitals. The orbitals of
the SCF ground-state wave-function transform according to Oh symmetry, in spite of the
lower symmetry restrictions used, and therefore the symmetry of the ground-state SCF
wave-function is octahedral 6A1g. The second and third positions of the same column show
the broken-symmetry SCF energies for the 3s23d6Lσ and 3s23d6Lπ configuration state
functions, which have 6A1 symmetry in C4v. The O 2p hole is mainly at one of the ligands.
Since the three SCF wave-functions are obtained without restricting them to be orthogonal
to one another, they have mutual overlaps. The next column of Table 3. 1 (a) shows the
energies of the symmetry-projected 3s23d6L configuration state functions, ∆E(SP). The
overlaps of the symmetry-projected 3s23d6Lσ and 3s23d6Lπ CSFs with the 3s23d5 and
the overlap of the 3s23d6Lσ CSF with the 3s23d6Lπ CSF are shown in parentheses. It is
important to note that the relative SCF energies and symmetry-projected energies of the
3d6L configurations have only a very limited meaning because of the considerable mutual
overlaps. The column labeled ∆E(orthog.) shows the energies obtained after Schmidt
orthogonalization. The order in the orthogonalization was 3d5, 3d6Lσ, and 3d6Lπ. Finally,
the last column, labeled ∆E(NOCI), shows the energies of the three different 6A1g roots
of the non-orthogonal CI. In all cases, the energies are given relative to the SCF energy of
the 3d5 CSF, taken as zero. Similar results for the 3s1 CSFs and NOCI are given in Table
3. 1 (b). For the 3s1 compared to the 3s2 CSFs, the energies of the 3d6L CSFs relative to
the 3d5 CSF have decreased by approximately 5 eV. As noted in the previous paragraphs,
this lowering of the relative energies of the 3d6L states is due to the larger effective charge
for the Mn 3d shell, Zeff(3d), when a 3s electron is removed.

Once the CSFs have proper Oh symmetry, the ∆E(SP) and ∆E(orthog.) energies are
higher for the 3d6Lσ states than for the 3d6Lπ; this is true both for 3s2 and 3s1 configu-
rations. This order is consistent with the stronger binding energy of electrons in the non-
bonding oxygen 2pπ orbitals compared to the oxygen 2pσ. The configuration interaction
between the 3s23d5 and the 3s23d6L 6A1g CSFs is not very strong, while the configuration
interaction between the 3s13d5 and the 3s13d6L 7A1g CSFs is more important. For the
3s1 states, the difference between the energies of the lowest NOCI root and the highest
root is larger by 2.7 eV than the energy difference between the orthogonalized, symmetry-
projected CSFs, ∆E(orthog.). Further, the energy of the lowest NOCI root is 0.8 eV below
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Table 3.1: Relative energies (in eV) of the A1g configuration state functions in various steps of
the calculation: broken-symmetry SCF, symmetry-projected, and Schmidt orthogonalized, see
text. The energies for the three roots of the non-orthogonal CI are also given. The zero for the
energies is taken as the SCF energy for the 3d5 configuration. In parentheses, overlaps of the
symmetry-projected CSFs; the overlaps for the symmetry-projected 3d6Lπ CSF are with the 3d5

and the 3d6Lσ CSFs, respectively. (a) Mn 3s2 states and (b) Mn 3s1 states.

∆E(SCF−C4v) ∆E(SP) ∆E(orthog.) NOCI :
Root ∆E(NOCI)

(a)
3s23d5 0 0 0 1 –0.18
3s23d6Lσ 11.78 11.79 (0.31) 12.45 2 11.88
3s23d6Lπ 11.01 12.26 (0.39; 0.04) 13.35 3 14.07

(b)
3s13d5 0 0 0 1 –0.78
3s13d6Lσ 6.20 7.59 (0.15) 7.10 2 5.92
3s13d6Lπ 4.91 7.88 (0.33; 0.07) 7.52 3 9.44

the energy of the 3d5 CSF. The analogous NOCI energy changes for the 3s2 case are much
smaller, see Table 3. 1 (a). For the lowest NOCI root, the small mixing of the 3d6L CSFs
with the dominant 3d5 CSF is shown in the first rows of Tables 3. 2 and 3. 3 for the 3s1 and
3s2 states, respectively. The two tables give the weights (squares of the CI coefficients)
of the 3d5 and of the symmetry-projected, orthogonalized, 3d6Lσ and 3d6Lπ CSFs in the
NOCI wave-functions.

For the 3s1 case, see Table 3. 2, the 3s13d5− 3s13d6L configurational mixing turns out
to be quite small. We can therefore characterize the first NOCI root as mainly 3s13d5, and
the second and third as dominantly 3s13d6L. For the 3s2 case, see Table 3. 3 , the mixing
between 3s23d5 and the 3s23d6L is even less important. In both cases, the 3d6Lσ and
3d6Lπ configuration state functions do, however, show a large mixing, causing considerable
separation between the NOCI energies of the second and third roots. The XPS relative
intensities, Irel, for the three NOCI 7A1g states, obtained within the ”sudden approxima-
tion”, are also shown in Table 3. 2 . Almost all intensity corresponding to the high-spin
final states goes into the first peak. The second 7A1g state at 6.7 eV gets essentially no
intensity. The third state, at 10.2 eV, carries less than one tenth of the intensity of the first
transition. It can explain the weak satellite observed around 10 eV in the 3s photoelectron
spectrum [35]. The present results are also in agreement with the predictions of Bagus et
al. [24] from a model Hamiltonian study, who also estimated CT type excited states at
about 10 eV.
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Table 3.2: Composition, relative energies (Erel), and relative intensities (Irel) of the 7A1g (3s1)
NOCI wave-functions. The composition is given as the square of the CI coefficients in terms of
symmetry-projected, orthogonal, configuration state functions.

〈ψi | φj 〉 2 : φ1 φ2 φ3 Erel (eV) Irel

3s13d5 3s13d6Lσ 3s13d6Lπ

ψ1 0.92 0.06 0.02 0 1
ψ2 0.01 0.50 0.49 6.70 0.00
ψ3 0.07 0.44 0.49 10.22 0.09

Table 3.3: Composition and relative energies (Erel) of the 6A1g (3s2) NOCI wave-functions.
The composition is given as the square of the CI coefficients in terms of symmetry-projected,
orthogonal, configuration state functions.

〈ψi | φj 〉 2 : φ1 φ2 φ3 Erel (eV)
3s23d5 3s23d6Lσ 3s23d6Lπ

ψ1 0.99 0.00 0.01 0
ψ2 0.00 0.71 0.29 12.06
ψ3 0.01 0.29 0.70 14.25

It is interesting to compare the present results for MnO to those obtained with the same
computational method for the 3s XPS spectrum of NiO. In NiO, the leading configuration
is 3d8 and there is only one, instead of two, charge transfer configuration, of the type 3d9Lσ.
There are therefore two, instead of three, high-spin 3s hole final states. They were both
found to have significant charge transfer character: the weight of the symmetry-projected,
orthogonalized 3s13d9Lσ CSF is 0.14 in the first high-spin final state and 0.86 in the second.
In NiO the second high-spin 3s hole state is 5.7 eV above the first, whereas in MnO the
high-spin (mainly) 3s13d6L states are at 6.7 and 10.2 eV above 3s13d5. In NiO the relative
intensity corresponding to the second state is 0.17, see section 3. 3, i. e. almost twice as large
as the relative intensity of 0.09 found for the third state in MnO; the second NOCI state in
MnO carries no intensity. The difference between the satellite structure in the XPS spectra
of MnO and NiO becomes clear when the Hamiltonian matrix elements between the 3s13dn

SCF configuration state functions and the symmetry-projected, Schmidt orthogonalized
3s13dn+1L CSFs are compared. These matrices are given in Tables 3. 4 (a) and 3. 4 (b) for
the cluster calculations in MnO and NiO, respectively. In Tables 3. 4 (c) and 3. 4 (d), we
also give the corresponding matrix elements for the initial 3s2 states of MnO and NiO; we
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Table 3.4: Hamilton matrix elements for MnO and NiO between symmetry-projected, orthogo-
nal, configuration state functions. For all cases, the diagonal energies are relative to the energy
of the 3dn CSF, taken as H11 =0.

〈φi | Ĥ | φj 〉 (eV) : 3dn 3dn+1Lσ 3dn+1Lπ

(a) 7A1g (3s1) CSFs in MnO :
3s13d5 0 2.15 1.60
3s13d6Lσ 2.15 7.10 1.40
3s13d6Lπ 1.60 1.40 7.52

(b) 4A2g (3s1) CSFs in NiO :
3s13d8 0 1.95
3s13d9Lσ 1.95 4.14

(c) 6A1g (3s2) CSFs in MnO :
3s23d5 0 0.94 1.26
3s23d6Lσ 0.94 12.45 0.91
3s23d6Lπ 1.26 0.91 13.35

(d) 3A2g (3s2) CSFs in NiO :
3s23d8 0 1.85
3s23d9Lσ 1.85 11.94

focus, however, on the matrix elements for the 3s1 configurations. The difference between
the NOCI results obtained for NiO and MnO is mainly due to the larger energy separation
between the 3dn and 3dn+1L type configurations, as pointed out earlier by Bagus et al.
[24]. The off-diagonal Hamilton matrix elements are comparable, ∼2 eV in both NiO
and MnO. In MnO, however, the 3dn+1L CT CSFs are at more than 7 eV above the 3dn

configuration, almost twice the separation found in NiO, ∼4 eV, explaining the weaker
interaction between the configurations to give the final states in MnO as compared to NiO.

The difference in the separation between the 3dn and 3dn+1L configurations in MnO
and NiO is caused by the different electron affinity of the TM ions, which is only partly
compensated for by the difference in Madelung potential. By calculations on [MnO6]
and [NiO6] clusters, it is possible to compare individual contributions that provide an
understanding of the different role of CT configurations. This was achieved in ref. [17] by
comparing the electron affinities (EAs), or electron addition energies, for adding an electron
to the cation d shell, and by comparing the O 2p ionization potentials (IPs), or ionization
energies, between the [MnO6] and [NiO6] clusters. SCF electron affinities as calculated in
ref. [17] are given in Table 3. 5 (a). For both clusters, we consider the EA for adding an
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Table 3.5: Electron affinities and ionization potentials for 3s hole states of [MnO6]10− and
[NiO6]10− clusters. (a) Electron affinities; ∆SCF results obtained using Oh symmetry. (b) Ioniza-
tion potentials; ∆SCF results obtained using C4v symmetry. The valence hole orbital is localized
on one of the oxygen ligands and has a1 symmetry.

States (configurations) Relative energy (eV)

(a) Electron affinities :
[MnO6]

7A1g (3s13d5) – 6Eg (3s13d6) 6.06
[NiO6]

4A2g (3s13d8) – 3Eg (3s13d9) 10.53

(b) Ionization potentials :
[MnO6]

7A1 (3s13d5Lσ) – 6A1 (3s13d5) 16.62
[NiO6]

4B1 (3s13d8Lσ) – 3B1 (3s13d8) 18.14

electron to the open 3d eg shell and the IP for removing an electron from a localized O
2p orbital of σ character. These definitions are used in order to have suitable comparisons
between the two clusters since for NiO only excitations of eg, or σ, character are possible.
The TM electron affinity for [NiO6] is 4.5 eV larger than the electron affinity for [MnO6].
When the different Madelung potentials in NiO and MnO are taken into account, this EA
difference is consistent with the 6.0 eV difference of the electron affinities for the isolated
Mn2+ and Ni2+ ions, see [24]. The NiO lattice constant, a0 = 7.87 Bohr, is shorter than
the MnO a0 =8.40 Bohr [56]. This difference in lattice constants leads to a change in the
Madelung potential energy at the metal cation site from –22.7 eV for MnO to –24.2 eV for
NiO. The difference between the Madelung energies is –1.5 eV and it reduces the free ion
EA difference from 6.0 eV to 6.0−1.5=4.5 eV. This value is very close to the value for the
EA difference directly calculated with the embedded clusters, Table 3. 5 (a). Oxygen 2pσ

SCF ionization potentials are given in Table 3. 5 (b). The IP is 1.5 eV smaller in [MnO6],
mainly due to the weaker Madelung potential at the oxygen sites in MnO. Assuming the
interaction between the ligand hole and the extra TM d electron to be similar in MnO
and NiO, we expect the 3dn− 3dn+1L energy difference in [MnO6] to be 4.5−1.5 = 3 eV
larger than in [NiO6]. This accounts well for the difference of ∼3 eV we obtained for the
orthogonalized 3dn+1L configuration state functions, reported in Table 3. 4 .

In order to show the importance of allowing the variational freedom for the orbitals to
become localized, we also carried out non-orthogonal CI calculations where Oh symmetry
was used for the 3d6L CSFs. Since the orbitals for the 3d5 CSFs retain Oh symmetry,
even in the C4v symmetry wave-functions, there are no changes for these CSFs. The
Oh symmetry constrained SCF orbitals were optimized for configurations with maximum
spin, sextet for 3s23d6L and septet for 3s13d6L. However, spatial symmetry was treated
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Table 3.6: Non-orthogonal CI using Oh symmetry constraints in MnO. Relative energies in eV;
the zero for the energies is taken as the SCF energy for the 3d5 configuration. For the 3s1 states,
the relative SA intensities (Irel) are also given.

∆E(orthog.) NOCI :
Root ∆E(NOCI) Irel

(a) 6A1g (3s2) states :
3s23d5 0 1 –0.04
3s23d6Lσ 15.15 2 15.03
3s23d6Lπ 15.37 3 15.63

(b) 7A1g (3s1) states :
3s13d5 0 1 –0.17 1
3s13d6Lσ 9.74 2 10.24 0.00
3s13d6Lπ 9.40 3 9.07 0.05

somewhat differently; the SCF orbitals were optimized for weighted averages (WAs) of the
CSFs that can be formed with the particular open shell 3d6L configuration. For the 3d6Lσ,
or t32ge

3
gLσ, configuration, the WA is over the energies of A1g, A2g, and Eg configuration

state functions; for the 3d6Lπ, or t42ge
2
gLπ, configuration, the WA is over the energies of

A1g, Eg, T1g, and T2g CSFs. The orbitals for these WAs are used to construct A1g CSFs
for the NOCI calculation. The relative energies of the symmetrized CSFs obtained with
these Oh symmetry-adapted orbitals, and the NOCI energies are given in Table 3. 6 .

For the 3s1 NOCI states, there are large effects on the second and third roots, depending
on whether Oh or C4v symmetry constraints are used for the orbitals. The energy splitting
of these roots is 3.5 eV when C4v localized orbitals are used for the NOCI, but only
1.2 eV when symmetry constrained Oh orbitals are used, see Tables 3. 1 (b) and 3. 6 (b).
Furthermore, the strongest XPS SA relative intensity into this manifold of states is reduced
by almost a factor of 2, from 0.09 to 0.05. However, since the intensity is small with either
C4v or Oh orbitals, the relatively large changes between the NOCI results for these two
cases lead to only small changes in the predicted MnO XPS spectra. This is another
consequence of the small mixing of the normal and CT CSFs for the core ionized states
of MnO and of the small XPS intensity carried by the dominantly CT excited core hole
states.

To check the dependence of our results on the size of the cluster used to represent
MnO, we performed calculations for a larger [MnO6Mg18] cluster. Here, the shell of cations
surrounding the oxygens of the [MnO6] cluster are represented by Mg cations rather than
point charges. This cluster is chosen to represent, with a computationally tractable model,
the extended charge distribution of the Mn cations present in the real material, see above.



CORE LEVEL XPS IN MNO AND NIO 39

Table 3.7: Relative SCF energies and overlap integrals (in parentheses) of initial 3s2 and final 3s1

states, obtained with Oh symmetry constraints, for embedded [MnO6] and [MnO6Mg18] clusters.

∆EWA(SCF−Oh) (eV) a [MnO6] [MnO6Mg18]

(a) 6A1g (3s2) states :
3s23d5 0 0
3s23d6Lσ 14.47 (0.14) 14.37 (0.15)
3s23d6Lπ 15.28 (0.03; 0.00) 14.55 (0.03; 0.00)

(b) 7A1g (3s1) states :
3s13d5 0 0
3s13d6Lσ 8.44 (0.21) 8.47 (0.22)
3s13d6Lπ 9.16 (0.05; 0.00) 8.73 (0.05; 0.00)

a WA: weighted average of all states with maximum spin: A1g, A2g, and Eg for d6Lσ; A1g, Eg,
T1g, and T2g for d6Lπ.

The SCF calculations for the [MnO6Mg18] cluster were carried out with Oh symmetry
constraints. The SCF energies of the 3d6Lσ and 3d6Lπ CSFs were again for WAs over
the different spatial symmetries. Overlaps between the proper symmetry-adapted SCF
wave-functions were also evaluated. In Table 3. 7 we compare the WA SCF energies and
the overlaps of the 3d5, 3d6Lσ and 3d6Lπ configurations for the [MnO6Mg18] cluster with
equivalent results for the smaller [MnO6] cluster. It can be seen in this table that the
energies and overlap integrals computed for the larger cluster are almost identical to those
obtained for the smaller cluster.

3.3 Ni 3s hole states in NiO

As discussed in section 3. 1, the satellite features in the metal 3s XPS spectra are a con-
sequence of three major mechanisms: exchange interactions among the core 3s and the
valence electrons [29], ligand 2p to metal 3d charge transfer [39, 40, 41, 42, 12], and, for
the low-spin coupled states, atomic correlation effects among the metal 3s, 3p, and 3d
shells [30, 31]. Bagus et al. [19] showed that these mechanisms are strongly coupled in
NiO and must be treated on equal footing to obtain a correct picture of the final states.
In their early study of NiO, these authors used a conventional configuration interaction
formalism, where a common set of orbitals was used to describe the normal, 3dn, and CT,
3dn+1L, configurations. Their results for the high- and low-spin 3s hole states of a [NiO6]
cluster provided a reasonable fit to both the energies and intensities of the observed XPS
spectra. In this section we analyze the relative importance of the three effects on the basis
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of a non-orthogonal configuration interaction approach. The final state wave-functions are
obtained from configuration interaction between a limited number of configuration state
functions. We optimize the orbitals separately for the reference NCT and the CT configu-
rations. The importance of including full orbital relaxation for the CT configurations has
been demonstrated in previous studies [46, 47, 62, 63] (see also the preceding section). In
the particular case of the Ni 3s XPS spectrum in NiO, this issue has been discussed for
the high-spin coupled final states by de Graaf, Bagus et al. [20, 21, 22], also on the basis
of non-orthogonal CI calculations. Here we extend their analysis to the low-spin coupled
3s hole states.

3.3.1 Method

The material model consists of a central Ni2+ ion and its six O2− nearest neighbours.
This [NiO6]

10− cluster is first embedded in a set of 50 point charges placed at the lattice
positions and optimized to reproduce the Madelung potential in the cluster region [65].
The nickel – oxygen distance is taken 2.08 Å [56]. The calculations were performed with the
symol quantum chemistry package [60]; the (Gaussian) basis sets are the same as used in
previous studies on NiO [19, 20, 21, 22]: (14s11p6d)/(6s5p4d) for nickel and (9s5p)/(4s3p)
for oxygen.

Within the NOCI approach we represent the surrounding of the [NiO6] cluster by a
set of optimized point charges (PCs). This embedding scheme accounts for the long-
range electrostatic interaction, but it cannot describe the short-range interaction with the
nearest Ni2+ neighbours. We investigate the effect of improving the representation of the
ions directly surrounding the cluster on the computed spectrum with a separate study.
The details of this separate study are at the end of this subsection.

The ground-state of the [NiO6]
10− cluster is 3A2g in octahedral symmetry. The leading

configuration is (...1t62g2t
6
2g)3e

4
g4e

2
g. The 3eg orbital has strong oxygen 2p character, while

4eg is mainly built from nickel 3d atomic orbitals [19, 20, 21, 22]. The low-lying ligand to
metal CT excited states originate from a (...1t62g2t

6
2g)3e

3
g4e

3
g configuration. Ni 3s photoion-

ization gives rise to high-spin 4A2g and low-spin 2A2g final states. Charge transfer effects
can occur for both Ni 3s2 and Ni 3s1 states. However, because of the strong potential due
to the core hole the CT effects are more important for the 3s ionized states.

As discussed in section 3. 2 , in computing the SCF wave-functions we use C4v symmetry
instead of Oh. This allows for localization of the oxygen 2p hole and full relaxation of the
orbitals. In C4v , the eg components transform as a1 and b1, and the spatial symmetry
A2g becomes B1. The Oh symmetry can be restored by taking proper linear combinations
of the six equivalent 3d9L localized CSFs, each with the 2p hole on a different ligand.
This ”symmetry projection”is equivalent to projecting symmetry-adapted wave-functions
out of the broken-symmetry SCF wave-functions and in the present case will provide CT
wave-functions with the proper A2g symmetry. We denote these wave-functions symmetry-
projected CSFs. They are linear combinations of eighteen Slater determinants. While the
CT SCF wave-functions break symmetry, the NCT SCF wave-functions do not. Because
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for the NCT states the open shell orbitals are mainly on the central nickel ion, the SCF
results obtained in Oh and C4v are identical. The symmetry-projected CT CSFs plus the
NCT CSFs form part of the the basis for our NOCI expansion.

The final state NCT and CT configurations have both three unpaired electrons. Dif-
ferent spin couplings among the 3s and the valence electrons lead to spin quartets and
doublets. We consider both high- and low-spin coupled final states. Proper spin eigen-
functions are constructed as linear combinations of Ms =1/2 Slater determinants. All SCF
orbital optimizations were performed for a high-spin coupling (S = 3/2) of the unpaired
electrons, for both the NCT and CT states. Experience has shown that in cases like this
the orbitals for high- and low-spin couplings are very similar and separate optimization of
the orbitals for low-spin couplings does not alter the outcomes significantly.

Intra-atomic correlation effects are considered by including in the final non-orthogonal
CI 3s23p43d9 and 3s23p43d10L states. For the 3s23p43d9 configuration there are two possi-
bilities of distributing nine electrons over the five d orbitals, giving either an eg or a t2g hole.
The 3p electrons can be coupled to four different symmetries, 3T1g,

1T2g,
1Eg, and 1A1g.

The first two correspond to configurations having two singly occupied 3p orbitals, whereas
the other two have one empty 3p orbital. Two of these can couple with a 3d hole to give
CSFs of A2g symmetry: 3T1g(3p

4)⊗ 2T2g(3d
9)→ 4,2A2g and 1Eg(3p

4)⊗ 2Eg(3d
9)→ 2A2g . In

treating the 3s23p43d9 atomic excited configurations we used the NCT orbitals, optimized
for the 3s13p63d8 CSFs.

The 3s23p43d10L configuration generates an A2g doublet through the coupling of the
1Eg(3p

4) to the oxygen 2p hole of 2Eg symmetry. We expressed this configuration state
function in terms of the CT (3s13d9L) broken-symmetry orbitals with localized oxygen
hole.

The NOCI wave-functions for the 2A2g final states are thus obtained in a 6x6 CI over the
symmetry-adapted NCT, CT, 3s23p43d9, and 3s23p43d10L configuration state functions.
Likewise, the NOCI wave-functions for the 4A2g final states are obtained in a 3x3 CI over
the symmetry-adapted NCT, CT, and 3s23p43d9 CSFs. Because the orbital sets of the
NCT and CT CSFs are mutually non-orthogonal the computation of one- and two-electron
matrix elements cannot be done within the standard schemes. The gnome routines [61]
were used for their evaluation. The relative intensities of the XPS lines are calculated using
the ”sudden approximation”, SA [64], see section 3. 2 .

Previous studies [48, 49, 50, 51, 52, 53] pointed out that the use of a simple point charge
model for the crystalline environment is in many cases inadequate. More accurate models
can be obtained by introducing the Pauli repulsion and exchange interaction between
the cluster electrons and electrons of adjacent ions, i. e. by improving the representation
of these nearest neighbors. To investigate environmental effects on the computed XPS
spectrum we performed a separate study. Because here we are interested in environmental
effects only we used the CASSCF approach, as implemented in the molcas-4 package
[66], with a small active space. The active space contains only the Ni 3s orbital and the
valence orbitals of eg symmetry. We accounted in three different ways for the surrounding
of the [NiO6] fragment. First, we only included the electrostatic field due to the rest of the
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crystal, see above. Secondly, the PCs representing the first coordination shell (eighteen
Ni2+ ions) were replaced by real ions. Closed shell Mg2+ were used rather than the open
shell Ni2+ ions because they are simpler. Since Ni2+ and Mg2+ have rather similar ionic
radii (0.69 Å and 0.72 Å, respectively [57]) this is a reasonable first approximation. For
comparison we also included another representation of the eighteen Ni2+ ions in the first
coordination shell, by ab initio embedded model potentials (AIEMPs) [50]. In principle,
this embedding also accounts for the Pauli repulsion and exchange interaction between the
cluster electrons and the neighboring ions. However, it has been shown [52, 53] that the
AIEMPs overestimate the effect of Pauli repulsion, because the orthogonality condition
between the cluster orbitals and the orbitals belonging to adjacent electronic groups is not
fulfilled.

For the analysis of the environmental effects, atomic natural orbital (ANO) -type basis
sets from the standard molcas-4 [66] library were applied: (21s15p10d)/(6s5p4d) for Ni,
(14s9p)/(5s4p) for O, and (13s8p)/(2s2p) for Mg [67].

3.3.2 Results and discussion

The relative energies of the final state wave-functions are collected in Table 3. 8 . Relative
intensities are also given. Our results are compared to those of previous calculations and
experiment. The character of the wave-functions is analyzed in Tables 3. 9 and 3. 10 . The
weights (squared CI coefficients) of each CSF in the final NOCI wave-functions are given
for both high- and low-spin coupled states 1. In Table 3. 11 we list the energies of the A2g

CSFs in various steps of the calculation.
The experimental Ni 3s XPS spectrum of NiO [19, 35] shows a main line at ≈114 eV

binding energy, separated by approximately 2, 6, and 10 eV from less intense features,
see Fig. 3. 1 . Low-intensity, higher excited states are observed at 25 – 30 eV above the
first peak. Bagus et al. [19] assigned the main line and the peak at 6.1 eV to high-spin
coupled states; the other features were interpreted as corresponding to low-spin states.
The present results lead to a similar interpretation. Nevertheless, compared to previous
theoretical work our values show some differences.

We first discuss the high-spin final states, 4A2g. As noted before [19, 30, 31], our
calculations show that atomic correlation effects arising from the redistribution of the
transition metal 3s, 3p, and 3d electrons are not important for these states. There is a
4A2g 3p2→3s3d configuration state function, but it has no mixing with the other quartets,
NCT and CT, of A2g symmetry. Therefore we do not include this state in our tables. For
the 4A2g states, our results are identical to those of an earlier, similar NOCI study of the
high-spin coupled 3s hole states [20, 21]. The relative energy of 5.7 eV for the high-spin
satellite is considerably closer to experiment, 6.1 eV, than the previous theoretical result
of 7.7 eV reported in [19], see Table 3. 8 . The NCT CSF, φ1(

4A2g), has a large weight of
0.86 in the lowest NOCI quartet and a smaller weight of 0.14 in the other NOCI root. The
corresponding weights for the symmetry-projected CT state, φ2(

4A2g), are 0.93 and 0.07,

1CSFs are indicated by φ, CI wave-functions are indicated by ψ.
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Table 3.8: Relative energies and SA relative intensities of the final Ni 3s hole states. The energy
of the lowest state is taken as reference.

State Relative Energies (eV) : Relative Intensities :
NOCI a CI b Exp.b NOCI a CI b

ψ1 (4A2g) 0 0 0 1 1
ψ2 (2A2g) 2.0 2.6 2.2 0.30 0.29
ψ3 (2A2g) 3.8 5.3 − 0.09 0.06
ψ4 (4A2g) 5.7 7.7 6.1 0.17 0.25
ψ5 (2A2g) 8.1 10.0 10.2 0.11 0.21
ψ6 (2A2g) 33.8 34.5 25–30 0.06 0.04
ψ7 (2A2g) 38.9 36.3 0.00 0.02
ψ8 (2A2g) 49.0 50.9 0.02 0.03

a Present work.
b Reference [19].

respectively. The symmetry-projected CT configuration state function cannot be used to
analyze the character of the ψ1(

4A2g) and ψ4(
4A2g) NOCI roots because of its large overlap,

0.80, with the NCT configuration state function 2. Therefore we construct a φ′2(
4A2g) by

Schmidt orthogonalizing φ2(
4A2g) to φ1(

4A2g) [20, 21]. The squared CI coefficients of the
orthogonalized CT CSF in the final NOCI roots are 0.14 and 0.86, see Table 3. 9 .

Next we consider the low-spin final states of 2A2g symmetry. Different spin couplings
among the valence nickel 3d and oxygen 2p shells give one NCT configuration state func-
tion, φ3(

2A2g), and two symmetry-projected CT configuration state functions, φ4(
2A2g)

and φ5(
2A2g). The NCT configuration state function and one of the CT configuration state

functions, φ5(
2A2g), correspond to a high-spin coupling of the valence electrons, while for

the lowest CT CSF, φ4(
2A2g), the two valence eg spins are coupled to a singlet.

The symmetry-projected CT doublets, φ4 and φ5, also have significant overlaps with
the NCT CSF, 0.50 and 0.62, respectively, and need to be orthogonalized. We need to
orthogonalize as well the 3s23p43d10L wave-function φ7, since it is also expressed in terms
of orbitals optimized for the CT 3s13p63d9L configuration. The order used in the Schmidt
orthogonalization was φ4, φ5, φ7. The composition of the 2A2g NOCI final states in terms
of the orthogonalized CSFs is given in Table 3. 10 .

The lowest three doublet final state wave-functions are strong mixtures of 3s1 NCT
and CT configurations. The NCT CSF, φ3, has the largest weight in ψ2 , more than 50%.
This large weight explains the high SA relative intensity of the first 2A2g root, 0.30, see
Table 3. 8 . The second and third doublets have more CT character than the first doublet.

2Since the SCF wave-functions are obtained without restricting them to be orthogonal to one another,
they have mutual overlaps.
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Table 3.9: Composition of the 4A2g NOCI final state wave-functions. The composition is given
as the square of the CI coefficients in terms of symmetry-projected, orthogonal, NCT and CT
configuration state functions.

〈ψi | φj 〉 2 φ1 –NCT φ′2 –CT

ψ1 0.86 0.14
ψ4 0.14 0.86

Table 3.10: Composition of the 2A2g NOCI final state wave-functions. The composition is given
as the square of the CI coefficients in terms of symmetry-projected, orthogonal, NCT, CT and
3p2→3s3d configuration state functions.

〈ψi | φj 〉 2 NCT CT CT 3p2 → 3s3d :
φ3 φ′4 φ′5 φ6 φ′7 φ8

ψ2 0.52 0.36 0.06 0.04 0.01 0.00
ψ3 0.16 0.57 0.21 0.04 0.02 0.00
ψ5 0.18 0.06 0.62 0.06 0.07 0.01
ψ6 0.10 0.01 0.00 0.43 0.01 0.46
ψ7 0.00 0.00 0.08 0.04 0.80 0.08
ψ8 0.04 0.00 0.01 0.39 0.10 0.45

ψ3(
2A2g) has a significant overlap with the φ′4 orthogonalized CT wave-function, that is

connected to a low-spin coupling of the valence electrons. It has also some NCT character,
≈16%. This structure of ψ3 leads to smaller SA relative intensity, 0.09. State ψ5(

2A2g)
has the largest contribution from the φ′5 CT CSF. Since φ′5 involves a triplet coupling of
the eg electrons, the third NOCI doublet carries more intensity than the second 2A2g root,
0.11. Small intensities were calculated for the high-energy satellites, ψ6(

2A2g) − ψ8(
2A2g).

For these states the 3p2→3s3d configurations are the dominant terms. The weight of the
NCT CSF is minor, but it does give rise to some SA intensity in the XPS spectrum. The
uncertainty in the calculated relative energy of the highest 3s1 states is quite large and these
states can only give a rather qualitative interpretation of the high-laying features in the
Ni 3s XPS spectrum. The major reasons are that we did not include in the CI expansion
other highly excited configurations and the orbitals were not optimized separately.

The two 2A2g symmetry-projected CT configuration state functions in Table 3. 11 have
lower energies than the NCT configuration state function, 2.0 and 6.0 eV versus 7.5 eV.
Even when the CT states are orhogonalized to the NCT doublet the energy of one of them
is still lower. However, the relative order of these three states changes dramatically when
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Table 3.11: Relative energies of the A2g configuration state functions in various steps of the
calculation. The energy of the 4A2g NCT CSF is taken as reference.

Configuration Relative Energies (eV) :

NCT SCF :
(3s13d8) φ1 (4A2g) 0

φ3 (2A2g) 7.51
CT SCF, broken-symmetry a :
(3s13d9L) φ2 (4B1) 1.32

φ4 (2B1) 1.92
φ5 (2B1) 6.71
Symmetry-projected :
φ2 (4A2g) –0.37
φ4 (2A2g) 2.02
φ5 (2A2g) 6.04
Orthogonalized :
φ′2 (4A2g) 4.14
φ′4 (2A2g) 2.88
φ′5 (2A2g) 9.21

3p2 → 3s3d SCF :
φ6 (2A2g) (3s23p4t62ge

3
g) 35.11

φ7 (2A2g) (3s23p43d10L) b 33.72
φ8 (2A2g) (3s23p4t52ge

4
g) 40.07

a C4v point group symmetry, see text.
b Symmetry-projected CSF. The orthogonalized φ′7 is at 36.07 eV.

Ni 3s, 3p, 3d atomic correlation effects are taken into account. Thus, the 3s13d8−3s23p43d9

configuration interaction pushes the 2A2g NCT state down to 3.0 eV, and the 3s13d9L−
3s23p43d10L CI brings the CT doublets at 1.6 and 3.2 eV (not shown in Table 3. 11).
After orthogonalization, the relative energies of the CT doublets become 4.3 and 4.7 eV.
This relative order of the NCT and CT doublets is in agreement with the data of Table
3. 10 , that indicate that the largest contribution in each of the three lowest 2A2g NOCI
wave-functions, ψ2, ψ3 and ψ5, comes from φ3(

2A2g), φ′4(
2A2g) and φ′5(

2A2g), respectively.

As mentioned above, compared to ref. [19], the calculated relative energy for the second
4A2g state is closer to experiment. Better agreement is obtained also for the relative energy
of the lowest doublet, ψ2(

2A2g), see Table 3. 8 . This state can explain the shoulder observed
at ≈2.2 eV relative energy in the XPS spectrum. Our calculations provide, however, a more
approximate representation for the higher energy states at about 10 eV and 25 – 30 eV in
the experimental spectrum.
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Table 3.12: Binding energies (in eV) for the 4A2g states when different embedding schemes are
applied, see text.

Binding Energy PCs Mg2++ PCs AIEMPs+PCs

CASCI :
4A2g (NCT) 125.6 121.6 117.7
4A2g (CT) 134.1 130.4 126.9

CASSCF :
4A2g (NCT) 122.4 118.7 115.1
4A2g (CT) 131.0 127.5 124.3

CASSI :
4A2g (1) 122.2 118.4 114.9
4A2g (2) 131.7 128.0 124.8

To analyze the sensitivity of the results to the representation of the neighboring ions
we performed for the 4A2g states symmetry restricted CASCI and CASSCF calculations
with a small active space. We give in Table 3. 12 binding energies (BEs) of the quartet A2g

states calculated with different embeddings: point charges, 18 Mg2+ ions+PCs, and 18
”bare”Ni2+ AIEMPs+ PCs. The first entry, CASCI, gives values computed in the frozen
orbital approximation. The BEs decrease by ∼3 eV when orbital relaxation is accounted
for, second entry of Table 3. 12, CASSCF. We also illustrate the effect of state interaction
(SI) [68] between the two CASSCF wave-functions in the last entry. In Table 3. 13 we
estimate the differential effects arising from an improved representation of the crystalline
environment. For each entry, the relative energy is calculated as the difference between the
binding energies of the two 4A2g roots. In parentheses, we give the variation of the relative
energy compared to the calculations where the PC model was used. Because we used D2h

symmetry restrictions on the orbitals, without allowing for localization of the oxygen 2p
hole, the relative energies in the different embedding schemes are about 3 eV higher than
the NOCI value, ∼9 eV versus 5.7 eV.

The Mg2+ ions give a reasonable frozen ion approximation (modest Mg basis sets were
used) for the neighboring nickel cations. When the representation of the eighteen Ni
neighbors is modified from point charges to Mg2+ ions, all binding energies decrease by
3.5 – 4.0 eV (Table 3. 12). The energy separation between the two 4A2g roots slightly
increases, by about 0.2 eV (Table 3. 13). In agreement with previous studies [53], we find
that the bare3 AIEMPs overestimate these effects by a factor of two: the binding energies

3Bare AIEMP: no basis functions are added at the site modeled by an effective potential.
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Table 3.13: Energy difference between the two 4A2g final states and, in parentheses, variation of
this relative energy (in eV) for different embedding schemes, see text.

Relative Energy PCs Mg2++ PCs AIEMPs+PCs

CASCI 8.5 8.9 (0.4) 9.2 (0.7)
CASSCF 8.6 8.8 (0.2) 9.2 (0.6)
CASSI 9.5 9.7 (0.2) 9.9 (0.4)

decrease by about 7 eV and the relative energy of the higher energy root increases by
about half of an eV when the representation of the eighteen nickel ions around the cluster
is modified from point charges to AIEMPs.

3.4 Conclusions

In conclusion, we can say that intra-atomic effects dominate the Mn 3s XPS spectra of
manganese oxide and that the contribution of charge transfer effects is quite small. Our
study takes the effects of charge transfer configurations into account in a fully relaxed
variatonal treatment and without the introduction of adjustable parameters. The results
confirm the conclusion drawn by Hermsmeier et al. [13] from the experimental data, where
large similarities were observed in the 3s photoelectron spectra for isolated Mn atoms, for
MnF2, and for MnO.

We have discussed the different origins of at first sight similar features in the 3s hole
spectra for MnO and NiO. In the two compounds, different physical mechanisms lead to
3s hole final states with completely different characteristics [23, 24, 17]. In particular,
the spectra for MnO and for NiO both contain an intense satellite peak at ≈6 eV higher
binding energy than the main XPS line. In NiO, the main peak and the satellite were
both assigned to high-spin final states and they both have considerable charge transfer
character [20, 21, 22]. In MnO, the main line is assigned to a high-spin final state, and
it has negligible charge transfer character. The strong peak at about 6 eV higher binding
energy in MnO cannot be attributed to a high-spin final state. Instead, our work assigns
the weak satellite at ≈10 eV as arising from a state with dominant CT character.

For the Ni 3s photoelectron spectrum of nickel oxide, we extend previous non-orthogonal
CI studies by de Graaf et al. [20] and Bagus et al. [21], which were confined to the analysis
of the character of the high-spin final states, to low-spin couplings. We find that the 3s XPS
spectrum is well described in terms of only few key configurations, related to three major
physical mechanisms: multiplet splitting, ligand to metal charge transfer, and intra-atomic
electron correlation. Our results indicate that the final 3s hole states are strong mixtures
of NCT and CT configurations. This is in agreement with earlier studies [19, 23, 24] which
have shown that in NiO it is not possible to describe the lower 3s1 states as being either
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NCT or CT states. We note that the shoulder observed at about 2 eV in the Ni 3s XPS
spectrum [19, 26, 27, 28, 35] is well accounted for by a low-spin state with strongly mixed
NCT–CT character. So-called non-local screening, inter-TM-site charge transfer, effects
— invoked for explaining a similar feature in the Ni 2p XPS of NiO [25, 26, 27] — are
apparently not essential for describing this part of the 3s spectrum [28].
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Chapter 4

Mn K-edge excitations in LaMnO3

4.1 Introduction

Manganese oxide compounds of composition R1−xDxMnO3 , where R is a rare-earth ele-
ment, e. g. La, and D is a divalent ion like Ca, Sr or Ba, have attracted much interest during
the last years. Depending on composition, one encounters in such systems a diverse range of
interrelated phenomena. These include ferromagnetic (FM), antiferromagnetic (AFM), or-
bital and/or charge ordering, various phase transitions, ”colossal”magnetoresistance (CMR)
etc. [1, 2]. Magnetoresistance, the variation of electrical resistance with magnetic field, is
crucial to several areas of technology. Beyond fundamental research, due to the CMR effect,
these compounds attract thus considerable attention as promising materials for technolog-
ical applications, i. e. magnetic recording, sensing, and data storage.

Manganites are referred to as the typical transition metal oxides displaying strong and
complex couplings among the charge, spin, orbital, and lattice degrees of freedom. Several
physical mechanisms involving such couplings have been invoked to describe the nature
and the properties of the different phases and the nature of the phase transitions: oxygen-
mediated superexchange, double-exchange interactions, Jahn –Teller (JT) effects, lattice
and magnetic polarons, oxygen 2p -hole effects, phase separation, formation of microscopic
charge inhomogeneities etc., see [2, 3, 4, 5, 6] and references therein. There is, however, no
consensus as to which of these ingredients are essential for a satisfactory understanding of
the physics of manganites.

Best understood are at the moment the end-members of the series, RMnO3 and DMnO3 .
Two of these end-members, LaMnO3 and CaMnO3 , became subject of investigation already
50 years ago [7, 8, 9, 10]. The stoichiometric compounds are both orthorhombic [8], with
the space group Pnma [11, 12] (sometimes the equivalent Pbnm reference system is also
used). LaMnO3 is insulating at all temperatures. The formal electronic configuration of
the Mn ion is Mn3+ 3d4. In (nearly) Oh site symmetry, it has a high-spin ground-state
arising from the weak-field configuration t32ge

1
g. The two-fold orbital degeneracy is lifted by

JT distortions of the MnO6 octahedra and by the ordering of the occupied eg orbitals on
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Figure 4.1: Schematic representation of the Jahn – Teller distortions and the d(3x2−r2)/d(3y2−r2)
orbital ordering in LaMnO3 (ab plane, Pbnm reference system). Dashed lines connect oxygen ions.

neighboring ions, see Fig. 4. 1 . In addition to the JT distortion, the MnO6 octahedra are
tilted, so that the Mn–O –Mn angles become less than 180◦ [11, 13], see Fig. 4. 2 .

At high temperatures LaMnO3 is paramagnetic, but below approximately 150 K it
becomes a so-called A-type antiferromagnet [9, 14]. This means that, using the Pbnm
reference system, ferromagnetic ab planes are coupled antiferromagnetically along the c
axis. The nature of the magnetic couplings is obviously connected with the orbital ordering
and the lattice distortions. The relation between magnetic and orbital ordering in the case of
ions with an orbital degeneracy has been addressed in early studies by Kugel and Khomskii
[15, 16]. Typical examples of such ions are Cu2+ (configuration d9, in octahedral symmetry
corresponding to one hole in a doubly-degenerate eg orbital), Cr2+ (d4, one eg electron),
and Mn3+ (d4, one eg electron). Starting from a simple degenerate Hubbard model and
neglecting the lattice degrees of freedom, the above authors have shown that in cases with
orbital degeneracy the ligand-mediated superexchange, which in the non-degenerate case
results normally in AFM structures, can lead to both spin and orbital ordering, and the
nearest-neighbor spin coupling may become ferromagnetic, see also [17]. Results of density
functional (DF) band structure calculations within the local density approximation (LDA)
and within the LDA+U scheme in KCuF3 [18], Pr1−xCaxMnO3 [19], and LaMnO3 [20]
confirm these predictions. The authors of [18, 19, 20] found that orbital (and spin) ordering
can be realized in the absence of the cooperative Jahn –Teller distortion, and argued that
orbital order is not necessarily a consequence of the JT distortion. The LDA+U calculations
still predict in these compounds d(3x2−r2)/d(3y2−r2) orbital ordering when idealized crystal
structures with no JT distortions are used. For KCuF3 [18], the total energy as a function
of the shifts of the fluorine ions in the CuF2 plane was also calculated and found to show a
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Figure 4.2: Orthorhombic crystal structure of LaMnO3. The oxygen octahedra and the La ions
are shown. The Pnma reference system is used in the figure. The transformation from Pnma to
Pbnm is: a→b, b→c, c→a.

minimum for a relative distortion of the metal – ligand bonds in good agreement with the
experimental data. It was pointed out that the charge distribution changes only very little
under the influence of the lattice distortion, suggesting that this ordering is of electronic
origin [18]. Also for LaMnO3, more recent combined DF–modelHamiltonian calculations
[21] indicate that the cooperative JT effect, i. e. the ordering of the distortions of the
oxygen octahedra, and the ordering of the e orbitals are primarily due to ligand-mediated
interactions between e electrons at neighboring sites.

In CaMnO3 the distortion of the oxygen octahedra is negligible [12]. The Mn d3 –Mn d3

nearest-neighbor couplings are all antiferromagnetic, resulting in a so-called G-type ar-
rangement [9].

The knowledge of the valence electronic configuration of the manganese and oxygen
ions is the essential first step towards understanding the various properties. Experimen-
tal techniques used intensively for probing the electronic structure of complex materials
are photoemission spectroscopy, x-ray absorption, and x-ray emission spectroscopy. With a
deeper theoretical understanding of the underlying processes and the availability of modern
synchrotron radiation sources, sophisticated experiments have been developed, e. g. mag-
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netic dichroism and resonant inelastic scattering [22, 23], that give detailed information
on the valence electron configuration. Recently, a number of experimental and theoretical
studies on the CMR systems have provoked a lively discussion of their electronic structure.
Different authors reported anomalous x-ray scattering at the Mn K-edge in some ”half-
doped”compounds with a formal c (Mn3+)/ c (Mn4+) = 1 ratio [24, 25, 26]. These authors
argued that the azimuthal-angle dependence and the polarization analysis of the scattering
provide evidence for charge and orbital ordering. Murakami et al. [27] claimed also that the
resonant x-ray scattering (RXS) data probe the d(3x2−r2)/d(3y2−r2) orbital ordering in
the parent compound LaMnO3. However, later investigations indicate that the anomalous
diffraction is the result of structural anisotropy, rather than of orbital ordering or Mn3+–
Mn4+ charge disproportionation, see [20, 28, 29, 30, 31] and [32]. In this chapter we study
Mn d→d and Mn 1s excited states in LaMnO3. The results are used for the interpretation
of pre-edge features in the x-ray Mn K-edge absorption and to investigate the source of
anomalous Mn K-edge scattering in this compound.

4.2 Mn valence structure

It has been shown by a number of authors that the observed behavior of the resistivity
in CMR systems can be qualitatively reproduced in a model incorporating the physics of
Jahn –Teller and double-exchange effects [3, 4]. JT effects are known to be strong in at
least some members of the R1−xDxMnO3 family. In LaMnO3 , for example, because the
changes in bond length are long-range ordered and coherent throughout the crystal, they
may be determined via conventional x-ray diffraction experiments, and have been found to
be large, ∼10% [11, 13]. The existence of (random) large-amplitude local lattice distortions
at intermediate dopings and high temperatures, as assumed in [3, 4], seems to be confirmed
by neutron diffraction [33, 34] and x-ray absorption fine-structure (XAFS) [35, 32] data. It
indicates a tendency towards charge localization through Jahn –Teller ”polarons”, in which
a valence electron stabilizes a local distortion of the oxygen octahedron surrounding each
manganese atom. Investigation of the energetic effects associated with such local distortions
is thus of real interest.

The energy scale of these interactions, i. e. the energy gained by formation of a lattice
distortion, the JT splitting of the Mn3+ eg levels, and the electron – phonon coupling pa-
rameter, may be estimated from the characteristic structure and temperature dependence
of optical [36, 37, 38, 39, 40] and Raman [41, 42] spectra. The first peak observed in the
optical absorption of LaMnO3 at about 1.9 eV [36, 37, 38] was associated with intra-atomic
transitions between the JT split Mn3+ levels [37, 38, 44]. For the doped compounds, extra
features appear at lower energies [38]. These midgap states were predicted in refs. [4] as
arising from inter-atomic Mn3+→Mn4+ and Mn3+→Mn3+ transitions.

In centro-symmetric configurations, pure d – d excitations are dipole forbidden. In lan-
thanum manganate such transitions, e. g. eg → eg, acquire intensity through coupling to
the lattice degrees of freedom [39, 40] and Mn3d –O 2p mixing [40, 43, 44, 45]. It is these
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couplings, however, that make difficult to measure the JT splitting directly [39, 40].
In this section we discuss the valence electronic structure of a Mn3+ ion in LaMnO3.

Our material model consists of an embedded [MnO6]
9− cluster. All-electron calculations

were performed at the CASSCF (complete active space self-consistent field) and CASPT2
(complete active space second-order perturbation theory) levels with the molcas-5 pro-
gram [46]. The nearest neighbors of the cluster oxygen ions were modeled by effective
potentials representing closed-shell La (Y3+ for La3+ [47]) or Mn ions (Al3+ for Mn3+ [48]).
On these nearest-neighbor atoms no basis functions were present. The next shells of ions
surrounding the cluster were approximated by a finite number of point charges (PCs) at
lattice positions. The first few shells of PCs around the cluster were taken to have the
formal charges in a fully ionic model of the material. The charges at outermost shell were
fitted to get the best representation of the Madelung potential on a fine grid in the central
part of the cluster. ANO (atomic natural orbital) Gaussian-type basis sets were applied
[49]: Mn (21s15p10d6f)/(7s6p4d2f) for manganese and O (14s9p4d)/(6s5p1d) for oxygen.

CASSCF/CASPT2 d – d excitation energies are shown in Fig. 4. 3 . CASSCF wave-
functions were constructed with an active space that contains ten orbitals, the five Mn
3d orbitals and five correlating ”virtuals”of the same symmetry, the so-called d′ orbitals.
We denote this active space as CAS–dd′. The t2g orbitals turn out to be quite localized
— the eg components, however, have some oxygen 2p character mixed in. The subsequent
CASPT2 step accounts for dynamical electron correlation effects among the Mn 3s, 3p,
3d and O 2s, 2p shells. We first performed calculations in idealized cubic configurations.
Two different cubic crystal structures were considered, with Mn–O distances of 1.95 Å and
2.02 Å, respectively. Secondly, we take into account the JT distortion, and the Mn–O bond
lengths become Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å , where the z di-
rection is along the c axis of the Pbnm reference system. In this case, the distortion of
the oxygen octahedra is also repeated within the point charge array surrounding the clus-
ter. We note that the experimental estimates of the manganese – oxygen distances for the
room-temperature tilted structure are approximately Mn–Ox′ =2.18 Å, Mn–Oy′ =1.91 Å,
and Mn–Oz′ =1.97 Å [13]. In our idealized JT distorted geometry with no tilting of the
MnO6 octahedra, each Mn–Oi bond length was taken as the average value between the
corresponding experimental Mn–Oi′ estimate in the tilted structure and its projection on
the i axis, where i∈{x, y, z}.

The relative energies obtained in octahedral geometric configurations follow the Tan-
abe – Sugano diagrams [50]. The crystal-field splitting, 10Dq, is strongly dependent on the
lattice constant; it changes from 2.4 to 2.0 eV for manganese – oxygen distances of 1.95 and
2.02 Å, respectively. The first excitation is to a minority t2g level: 5Eg(t

3
2ge

1
g)→ 3T1g(t

4
2g).

When distortions are included, all levels split up. The eg Jahn – Teller splitting, ∆JT , is 1.2
eV. In the ground-state configuration, the d3x2−r2 orbital is occupied.

More recent embedded cluster CASSCF/CASPT2 calculations [51] indicate minor chang-
es of the ∆JT parameter, within 0.1 eV, when the actual, tilted, crystal geometry [13] is
used. Our JT splitting compares well with the optical spectrum. It was shown in ref. [39]
that, neglecting band effects, the first peak in the optical absorption should be interpreted
as the convolution of a Frank –Condon series, i. e. the envelope of a sequence of vibrational
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Figure 4.3: Valence electronic structure of the Mn3+ ion in cubic and JT distorted geometries;
CASPT2 results. The lowest singlet states are not shown. They correspond to t42g and in cubic
configurations are at 1.8 eV (1T2g) and 2.1 eV (1Eg) for a=3.90 Å, and 2.2 eV (1T2g) and 2.4 eV
(1Eg) for a =4.04 Å. a is the lattice constant.

sidebands. ∆JT should be then associated to the onset of this feature, 1.0 – 1.5 eV, rather
than to the position of maximum intensity, 1.9 eV. Similar values for the splitting of the
eg levels, 1.0 – 1.5 eV, were obtained from band structure LDA and LDA+U calculations
[44, 45].

The second peak in the optical absorption spectrum, observed at about 4.5 eV, was
originally assigned to O2p →Mn eg transitions [37, 38]. This assignment is supported by
periodic LDA+U calculations, which predict that the oxygen 2p bands lie quite close to
the eg levels [45]. By CASSCF calculations with five d and five oxygen 2p orbitals in
the active space, we find the lowest ligand to metal charge transfer (CT) states at about
6.5 eV above the ground-state. For the CT states, we did not investigate the effect of
electron correlation by more accurate calculations, CASPT2 for example, nor the long-
range polarization effects in the crystal. It is expected that by incorporating these effects
the charge transfer excitation energies will be significantly lowered.

4.3 X-ray Mn K-edge absorption

Murakami et al. [27] reported recently to have found direct evidence of orbital ordering
in LaMnO3 by using resonant x-ray diffraction at the Mn K-edge. Near-edge resonant
x-ray scattering is a second-order process in which a core electron is promoted to an
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intermediate excited state which subsequently decays. In some systems, the anisotropy of
the environment, arising for example from the asphericity of the atomic charge distribution
or the presence of structural distortions, results in an anisotropic x-ray susceptibility. Since
the absorption is polarization dependent, the anisotropy of the susceptibility may lead
to a number of anomalies: the appearance of formally forbidden reflections, pleochroism,
birefringence etc., see for example ref. [52]. The authors of [27] argued that in LaMnO3 the
azimuthal-angle dependence and the polarization plane flipping of the scattering for certain
formally forbidden reflections probe the Mn eg orbital ordering. A simple theory of the
resonant scattering mechanism was also provided, relating the peculiar angle dependence
of the scattered intensity, Ires(ω, ψ), to some energy splitting of the Mn 4p levels, δ4p :
Ires(ω, ψ)≈ A(ω, ψ) δ 2

4p [27]. The physical origin of the splitting δ4p was not specified in
this model. Two competing mechanisms are actually involved: the 4p−3d Coulomb repulsion
and the JT distortion of the MnO6 octahedra. The Coulomb interaction between the Mn
4p and 3d electrons raises the energy of the 4pi level oriented along the direction of the
occupied 3d (3i2−r2) orbital. On the other hand, the JT distortion, R(Mn–Oi)>R(Mn–Oj)
(i, j∈{x, y}), lowers the energy of the 4pi level and raises the energy of 4pj .

The sensitivity of the Mn 4p states to the on-site eg orbital occupation was investigated
in ref. [53] by model Hamiltonian calculations on a [MnO6] cluster. This study indicates
that the orbital dependence of the local 3d− 4p Coulomb interaction is the dominant
mechanism leading to anomalous x-ray scattering. In this interpretation, the mentioned
experimental technique could indeed provide information on the local orbital orientation.
In contrast, Benfatto et al. [28] performed multiple scattering calculations and found that
the splitting of the 4p components and, consequently, the nonzero intensity for certain
structurally forbidden reflections is mainly due to the JT distortion of the MnO6 octahedra.
This result, they conclude, does not substantiate direct observation of orbital ordering in
LaMnO3 [28].

X-ray absorption near-edge structure (XANES) measurements on CMR compounds
[54, 55, 56, 57, 58, 59, 60] show that three energy regions can be distinguished on the Mn
K-edge spectrum, see Fig. 4. 4 . First, a low-intensity pre-edge region extending roughly
from 6535 to 6550 eV. In this range, the lowest peaks (6537 – 6543 eV), labeled A1 and A2

in ref. [56], are generally assumed to be caused by 1s to 3d transitions, while the higher
energy feature (6544 – 6547 eV) labeled B in [56] is associated with atomic-like Mn 4p
states. Most of the spectral strength lies in the second energy region (6550 – 6560 eV),
which is commonly associated with the 4p band. Another resonance extends from 6560 to
6575 eV and was assigned to multiple-scattering events of the photo-excited electron. Very
recently, Qian et al. [60] obtained spin-dependent spectra for pure and Ca-doped LaMnO3.

Elfimov et al. [20] performed LDA+U band structure calculations and studied the Mn
4p density of states corresponding to the px, py and pz components. A very strong difference
was found between the px and py density of states, due to the JT distortion in the energy
range of 10 – 30 eV above the Fermi level and induced by the ”hybridization”of the 4p
orbitals of the 1s-ionized manganese with the ordered 3d levels of adjacent Mn ions at 1 – 3
eV. In this paper, a new assignment of the pre-edge features was introduced: these pre-edge
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Figure 4.4: XANES spectra of La1−xCaxMnO3. Taken from reference [56].

features correspond to empty 3d states on adjacent Mn ions which overlap with 4p states
on the parent Mn. The authors suggested that, by RXS experiments in the pre-edge sector,
one could determine the 3d orbital occupation at adjacent manganese sites.

In this section we investigate the nature of the pre-edge excitations in the Mn K-
edge XANES spectrum by wave-function based embedded cluster calculations. We perform
CASSCF and RASSCF (restricted active space self-consistent field) calculations on clusters
containing one or two transition metal centers: [MnO6]

9− and [Mn2O11]
16−. In both cases,

idealized JT distorted configurations are considered. The Mn ions of the two-center cluster
are both in the xy plane. The Mn–O bond lengths are the same as in the preceding section,
2.14 Å or 1.90 Å in the xy plane and 1.95 Å along the z axis. For the [Mn2O11] cluster, we
find a d(3x2−r2)/d(3y2−r2) ground-state configuration. We calculate explicitly on-site 1s
to 3d and 1s to 4p excitation energies, as well as energies associated with transitions to
empty 3d states at the adjacent manganese site. The basis sets used for Mn and O were
the standard ANO–L basis sets of the molcas library [46]. For manganese, (21s15p10d)
primitives were contracted to a (6s5p4d) set; for oxygen, (14s9p) primitives were contracted
to (4s3p) [49].

On-site and inter-site Mn K-edge excitation energies are given for comparison in Table
4. 1 . For the [Mn2O11] cluster, we included in the active space the 3d orbitals of both Mn
centers plus the 1s, 4s, and 4p orbitals of the absorbing manganese. As already mentioned
above, the 3d orbitals are rather localized, with some oxygen 2p character mixed into the
eg components. The 1s core hole, which has roughly the effect of an extra positive charge at
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Table 4.1: On-site Mn 1s to 3d and 1s to 4p excitations compared with Mn 1s to nearest-
neighbor Mn 3d. CASSCF results for JT distorted [Mn2O11] and [MnO6] clusters. For each type of
excitation, the calculated energy corresponds to the lowest of the final states to which transitions
are spin allowed; in these final states the excited electron is high-spin coupled to the 3d -spins,
aligned ferromagnetically in the xy plane.

Transition Relative Energy (eV)
[Mn2O11] [MnO6]

1s → local 3d a 0 0
1s → adjacent 3d 9.0 8.8 b

1s → local 4p 17.5 18.2

a The 1s ionized state is calculated at 5.6 eV higher energy.
b Increase in Mn 3d4 → 3d5 electron affinity due to the 1s hole (12.4 eV in [MnO6]) minus the
Coulomb interaction energy of two unit charges at adjacent Mn sites, see text.

the nucleus, localizes also the 4p orbitals of this manganese atom. However, when the core
hole is not present, the 4p orbitals are diffuse and mix strongly with oxygen 2p orbitals.
We study here only on-site 1s to 4p excitations. In Table 4. 1 , the energy calculated for
each type of excitation corresponds to the lowest of the final states to which transitions are
spin allowed. In these final states the excited electron is high-spin coupled to the 3d -spins,
aligned ferromagnetically in the xy plane. Because relativistic effects are not included in
our computational method, the excitation energies are systematically too low. For this
reason we give relative energies only.

We find that transitions to neighboring 3d states start at 9 eV above the lowest 1s to
local 3d transition and 8.5 eV below the lowest 1s to local 4p transition. The large energy
difference calculated between on-site 1s−3d and 1s−4p excitations (≈17.5 eV) can not
explain the A1,2 –B peak splitting. A more plausible interpretation of the A peaks is that
they arise from transitions into 3d states at neighboring Mn sites, whereas the B feature
is caused by transitions to 4p -like levels on the same ion. The calculated energy difference
between these 3d and local 4p excited states, 8.5 eV, is in reasonable agreement with the
observed A1,2 –B splitting, 7 – 8 eV [56, 58].

The energy differences discussed above were also estimated by using the smaller [MnO6]
cluster, second column of Table 4. 1 . The relative energy of the lowest Mn 1s→ adjacentMn
3d excited state was deduced from the following (approximate) relation:

Erel = E(1s→adj.3d)− E(1s→ loc.3d) ≈
≈ {E(4Eg; 1s

13d4) + E(6Ag; 3d
5) + ECoul.(Mn4+−Mn2+) }

− {E(5Ag; 1s
13d5) + E(5Eg; 3d

4) + ECoul.(Mn3+−Mn3+) } .

The energy of each of the states in this equation was obtained by calculations on [MnO6]
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clusters 1. To calculate the Mn–Mn Coulomb energy in the two cases, we used a Mn –Mn
distance of 4.04 Å . As shown in Table 4. 1 , the relative energies of the final 1s excited
states agree well with those obtained in the [Mn2O11] cluster.

A similar interpretation of the A features was proposed in ref. [20]. These authors ar-
gued that such transitions acquire intensity due to the 3d – 4p hybridization. We found very
little mixing between the 4p -like orbitals of the 1s ionized manganese and the eg orbitals
on the neighboring Mn. However, both have significant O 2p character; it is this ”indi-
rect”Mn3d – (O 2p –)Mn4p mixing that gives rise to nonzero intensity. The ratio of the
squared transition dipole moments corresponding to excitations into majority-spin neigh-
boring eg and majority-spin local 4px orbitals was found to be 1/100 in the [Mn2O11] cluster.
This number represents, however, only a fraction of the relative intensity corresponding
to such Mn1s→ adjacentMn3d excitations, because the final state wave-function implies
actually a linear combination of d orbitals on six nearest-neighbor manganese sites. On the
other hand, due to the relatively small 3d – 3d interaction — for example, DF calculations
predict that the eg bands are less than 1 eV wide [43, 45] — small effects are expected on
the relative energies.

Using the calculations of Elfimov et al. [20] as a guide, the authors of [56] interpreted
the lower pre-edge peaks observed in their XANES spectra as transitions into majority-spin
eg and minority eg and t2g states on adjacent transition metal atoms in the xy plane 2. The
band structure calculated by Takahashi et al. [61] reproduces well the two-peak A1 –A2

structure observed in [56]. The two features are again explained in terms of mixing between
4p and neighboring 3d levels, but the details are different: they correspond to majority-
and minority-spin eg states. The A1 –A2 splitting in LaMnO3 is about 2 eV [56, 58, 59]. In
the same energy region, Qian et al. [60] recently identified a third feature, denoted A3, at
approximately 3 eV above A2. By examining the changes in the spin-dependent pre-edge
spectra along the La1−xCaxMnO3 series, the authors of ref. [60] proposed a model where
the A1 peak originates from spin-up excitations into empty oxygen 2p states. These oxygen
2p empty states, they argued, occur as a result of ligand to metal charge transfer effects.
Results of density functional [43, 45] and Hartree –Fock [62] periodic calculations indi-
cate indeed considerable O→Mn charge transfer in LaMnO3. For example, the Mulliken
population analysis on the Hartree –Fock results [62] gives for the oxygen ions charges
of approximately 1.75– . By CASSCF–d ground-state calculations where the experimen-
tal crystal structure parameters [13] were used, we found for the bridging oxygen in the
[Mn2O11] cluster a charge of 1.8– 3. For comparison, the same type of calculation in MnO
gives for the bridging oxygen a valency of 2.0– . Concerning the other peaks of the pre-edge,
A2 was attributed in ref. [60] to spin-up Mn 1s to adjacent Mn eg2 transitions, and A3 to
spin-down excitations into adjacent eg1 and eg2 levels, where eg1 denotes the e component

1We use notations corresponding to octahedral symmetry, although the actual local symmetry is lower.
2Due to the d(3x2−r2)/d(3y2−r2) orbital ordering, the strongest Mn eg – O 2p – Mn eg overlap occurs

in the xy plane.
3The following basis sets were used: (21s15p10d)/(6s5p4d) for Mn, (14s9p4d)/(4s3p2d) for the bridging

oxygen, and (14s9p)/(4s3p) for the other ligands [49].



MN K-EDGE EXCITATIONS IN LAMNO3 63

stabilized by the JT distortion.
Within a cluster approach, the Mn 1s→ adjacentMn3d excited states imply, when only

one adjacent manganese site is considered, a Mn1s13d4 –O2p6 –Mn 3d5 configuration (for
this Mn –O –Mn unit, the leading ground-state configuration is 3d4 – 2p6 – 3d4). As dis-
cussed above, without a core hole, no states arising from charge transfer configurations are
present at low energies. However, the presence of the core hole favors charge transfer from
neighboring oxygen ions by several eV, see for example chapter 3 of the thesis. So, due to
the 1s core hole, states arising from the charge transfer configuration Mn 1s13d5 –O2p5 –
Mn3d5 are expected to have similar, even lower, energies. CASSCF calculations on the
[Mn2O11] cluster, with 2p orbitals of the bridging oxygen in the active space, show indeed
that a CT state of maximum spin multiplicity, χ=2S+1=13, has lower energy than the
lowest spin allowed, i. e. χ=9, Mn1s→ adjacentMn3d transition. States involving mixing
between the above configurations, 1s13d4 – 2p6 – 3d5 and 1s13d5 – 2p5 – 3d5, could contribute
to the pre-edge spectrum. Such configurational mixing provides thus an alternative inter-
pretation of the A1 peak. However, due to the large number of χ=9 CT-type configuration
state functions, we could not determine whether the Mn1s13d5 –O2p5 –Mn 3d5 configura-
tion makes significant contributions to the pre-edge region.

Instead, we have attempted to understand the nature of the pre-edge splittings by
studying the 3d5 configuration of a Mn2+ ion in an embedded [MnO6]

10− cluster. The fifth
electron is here ”promoted”from the 1s shell of an adjacent manganese. The lowest d – d
excitation energies, calculated with the CASSCF/CASPT2 method, are given in Table
4. 2 , for cubic and JT distorted geometries. The active space contains five Mn 3d orbitals
and five d′ correlating virtuals. These results were obtained with the same embeddings as
for the calculations of the 3d4 valence structure in the previous subsection. The effect of
adding a positive charge at one of the adjacent Mn sites to model the 1s hole is small —
the changes in the relative energies are ∼0.1 eV. The effect of tilting the oxygen octahedra
is also minor, as determined by calculations [51] where the crystal structure reported by
Rodŕıguez-Carvajal et al. [13] was employed. We applied the following basis sets [49]: Mn
(21s15p10d6f)/(7s6p4d2f) and O (14s9p4d)/(6s5p1d).

The transition dipole moments calculated in the [Mn2O11] cluster using a minimal active
space and orbitals optimized for an average of Mn 1s13d4 –O2p6 –Mn3d5 states show that
excitations into the t2g orbitals, states 2 in Table 4. 2 , acquire negligible small intensity.
The energy separation of 3 – 4 eV between the states that carry intensity — states 1 and
3 in Table 4. 2 , corresponding to high- and low-spin t32ge

2
g configurations, respectively—

is closer to the value of the A2 –A3 splitting, ≈3 eV, than to the A1 –A2 separation of
about 2 eV. Knowing that CASSCF/CASPT2 calculations as reported here give accurate
predictions for the d – d spectra in several transition metal oxides, within 0.2 eV of the
experimental results [63, 64, 65], the relative energies given in Table 4. 2 seem to support
the assignment by Qian et al. [60] of the pre-edge A peaks, with A2 and A3 corresponding
to spin-up and spin-down excitation into neighboring eg orbitals. However, a complete
analysis requires an investigation of the contribution of the ligand to metal charge transfer
configurations.
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Table 4.2: Relative energies for states arising from the Mn2+ 3d5 electronic configuration.
CASPT2 results for embedded [MnO6]10− clusters. Notations corresponding to Oh symmetry
are used.

State Relative Energy (eV)
Cubic a Cubic b JT distorted c

1. 6A1g (t32ge
2
g) 0 0 0 ( 1 )

2. 4T1g (t42ge
1
g) 1.6 2.0 1.5, 1.6, 1.6 (<10−2)

4T2g 2.1 2.5 2.4, 2.5, 2.9 (<10−2)
3. 4Eg (t32ge

2
g) 3.1 3.2 3.0, 3.2 (0.25, 0.44)

4A1g 3.1 3.2 3.2 (0.12)
4Eg 3.8 3.8 3.5, 3.8 (0.02, 0.09)

4. 4A2g (t32ge
2
g) 5.2 5.3 5.8 (<10−2)

a Mn–O= 1.95 Å . b Mn–O= 2.02 Å .
c Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å . In parentheses, 1s → adjacent 3d
squared transition dipole moments in [Mn2O11]; relative values.

1s→ 4p atomic-like transitions, associated with the B feature at 6544 – 6547 eV [56],
were studied in more detail also on a [MnO6] cluster, by RASSCF calculations. An active
space including the 1s, 3d, and 4p orbitals was used. Relative energies of the spin allowed
1s→4p transitions are shown in Table 4. 3 . The zero of energy is the lowest final state. In
the JT distorted structure, with the longest Mn –O distance along the x axis, the lowest
1s – 4p excited state arises from the s1t32gd

1
3x2−r2p1

x configuration, in spite of the d3x2−r2 and
px orbitals being parallel. Transitions into py and pz occur at nearly 1 eV higher energy.
In agreement with other studies [20, 28, 29, 30, 31], the results in Table 4. 3 demonstrate
that the splitting of the manganese 4p levels, thought to cause the anomalous x-ray Mn K-
edge scattering, is mainly due to the JT distortion of the oxygen octahedron. The effect of
this distortion is clearly stronger than that of the 3d – 4p Coulomb interaction, invoked by
other authors for explaining the anomalous diffraction [53, 68]. The effect of the Coulomb
interaction is expected to be even less important for more delocalized, band-like, 4p states.

We analyzed for these 1s – 4p excited states the different spin couplings between the
1s core and the valence (3d, 4p) electrons and found small energy differences, ≈0.1 eV.
More important is the coupling of the 4p electron to the local S = 2 3d spin, leading to
splitting of the 1s→4p transitions. In Table 4. 3 , the h and the l states indicate high- and
low-spin coupling schemes, respectively, between the 4p electron and the 3d shell. In a first
approximation, neglecting the small 1s – valence exchange interaction, the two final state
couplings obtain equal intensity. We calculated exchange splittings of 0.9 eV for transitions
into the px component and 0.2 eV for transitions into py and pz. The final 4p states on the
parent manganese are thus more sensitive to the JT distortion of the MnO6 octahedron
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Table 4.3: On-site Mn 1s→4p excitation energies. RASSCF results for a JT distorted [MnO6]9−

cluster.

State a Occupied 4p Relative Energy (eV)

h 5B3u 4px 0
l 5B3u 4px 0.9
h 5B2u , h 5B1u 4py , 4pz 1.0
l 5B2u , l 5B1u 4py , 4pz 1.2

a Notations corresponding to D2h symmetry are used; h and l indicate high- and low-spin
couplings, respectively, between the 4p electron and the 3d shell.

(which lowers the px level, parallel to the occupied d3x2−r2 ) and to the 3d – 4p exchange
interaction (which is larger for the px states), rather than to the 3d – 4p Coulomb repulsion.

There is no clear experimental data for the pre-edge B feature that could confirm
the rather large 3d – 4p exchange splittings we found for the on-site 1s to 4p excitations.
However, a similar ≈1.0 eV exchange splitting was found by spin-dependent XANES mea-
surements for the main peak at the edge [60].

In order to access the accuracy of the calculated term splittings, it is instructive to com-
pare the calculated 3d – 4p exchange splittings with the values observed for free ions, where
unambiguous data are available. The observed 6F – 4F splitting in free Mn2+ (1s23d44p1) is
0.7 eV [66]; our value for the free ion is 0.8 eV. We found a somewhat larger value in the
presence of a 1s core hole, the 7F – 5F splitting is 1.0 eV. No experiments are available for
Mn3+ (1s13d44p1), but for Fe3+ (1s23d44p1), which has a similar valence electron distribu-
tion, a 6F – 4F splitting of 0.9 eV is reported [67]. These numbers confirm that, apart from
a slight overestimation, our calculations give reasonable term splittings within a particular
3d44p1 configuration.

4.4 X-ray Mn Kβ emission

With the development of dedicated and intense synchrotron radiation sources, remarkable
progress has been made in the combined application of x-ray absorption and emission
measurements. As discussed above, the x-ray absorption spectra (XAS) are determined
by both the valence electronic configuration and the structural arrangement around the
absorbing atom. Besides the information on the valence state of the photoionized atom,
the x-ray emission spectra (XES) in transition metal compounds provide also information
on the d spin state, see below. Unlike absorption edge spectra, the x-ray emission is quite
insensitive to structural details like the occurrence of local distortions. Hence, the combined
measurements can be used in R1−xDxMnO3 manganites to ascertain differences in both
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Figure 4.5: Simple energy diagram for 1s→ local 3d and 1s→ adjacent 3d excitations, 1s pho-
toionization, and Kβ decay in LaMnO3. Each type of excitation implies more than one final state.
Figure not to scale.

the electronic and the geometric configuration. Such combined Mn K-edge experiments
have been reported in refs. [31, 57, 69].

The Kβ emission results from a two-step process. A 1s electron is first excited to a high-
energy continuum. The 1s hole is subsequently filled by a 3p electron, leading to the so-
called Kβ fluorescence. In the 3p→1s decay process, the coupling between the unpaired 3p
electron spin and the 3d electrons produces two possible final states of different energies. In
manganese oxide compounds, this exchange splitting in the final state 3p53dn is of the order
of 15 eV [69] 4. The systematic analysis of Tyson et al. [69] shows that the characteristics
of these emission spectra, i. e. energy splittings, relative intensities, spectral shapes, and
chemical shifts, provide a direct method to investigate the 3d charge and spin state.

The creation of a core hole of spin-up or spin-down symmetry (relative to the 3d spin) in
the intermediate state 1s13dn are equally likely. Since in the fluorescence process the spin is
conserved, the Kβ emission can be used to determine the spin state of the 1s photoelectron.
This is the basic principle of a relatively new experimental technique, the spin-dependent
x-ray K-edge absorption. Hämäläinen et al. [70] measured the changes in the intensity
of the main peak and the satellite in the Mn Kβ XES in MnO and MnF2 by scanning
the incident photon energy through the Mn 1s absorption edge. The observed spectrum
was considered to correspond to the spin-dependent Mn 1s absorption and to probe the
unoccupied spin density of states. More recently, similar spin-dependent XANES spectra

4The 1s−3d exchange splitting in the intermediate state 1s13dn is very small, ∼0.1 eV
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have been reported for the La1−xCaxMnO3 compounds [60], see also the previous section.

The pre-edge low-intensity feature(s) in the XANES spectra of various transition metal
compounds, here denoted A, were initially associated with transitions to local d -like or-
bitals, see [54, 55, 70, 71, 72] and references therein. It was argued that both quadrupole
allowed and dipole allowed (through metal 3d – oxygen 2p mixing and/or small local dis-
tortions) transitions can contribute. More recent investigations [20, 61] indicate, however,
that the A peaks correspond to empty d states at adjacent transition metal sites, at least in
the La1−xCaxMnO3 compounds. The analysis in the previous section for LaMnO3 confirms
this interpretation. This analysis is based on the results contained in Table 4. 1 . Because
relativistic effects were not included in those calculations, a direct comparison between
our estimates of the 1s excitation energies ( 1s→ local 3d and 1s→ adjacent 3d ) and the
energies of the A peaks in the XANES spectrum is not meaningful, and we give in the
table relative energies only.

The availability of the x-ray Mn Kβ emission measurements provides, however, a dif-
ferent way to ensure that our assignment is correct. This simple test is performed, as
suggested by Bagus [73], by comparing the difference between the absorption energy corre-
sponding to the lowest A peak and the energy of the main peak in the Kβ XES spectrum,
i. e. ∆exp. = E(A1)−E(Kβm), to the calculated energy difference between the 1s→ local 3d
excitation and the 3p→ 1s decay to the (3p, 3d) high-spin coupled final state,

∆calc. = {E(5A1g; 1s
13d5)− E(5Eg; 1s

23d4) } − {E(6Eg; 1s
13d4)− E(6T1u; 3p

53d4) } =

= {E2 − E1 } − {E3 − E4 } .

We use notations corresponding to octahedral symmetry, although the actual local symme-
try is lower. The corresponding energy diagram is given in Fig. 4. 5 . Since ∆calc. contains
the term E(5A1g; 1s

13d5)−E(6Eg; 1s
13d4), errors arising from the inappropriate description

of the 1s core hole states cancel out each other.
We estimated ∆ by restricted open-shell Hartree – Fock (ROHF) calculations on an

embedded [MnO6] cluster. We used for these calculations the crystal data reported by
Rodŕıguez-Carvajal et al. [13]. The relevant energies are listed in Table 4. 4 . Due to the
JT distortion of the oxygen octahedron the degenerate 3p53d4 final states split up. The Kβ

emission energies are given for each 3p component on a different line. Our estimates indicate
that ∆calc. = 43÷45 < ∆exp.≈48 (eV), which implies E(1s→ local 3d)=E2−E1 < E(A1) .
This shows once more that the pre-edge A features in LaMnO3 cannot be interpreted in
terms of on-site 1s to 3d transitions.

Slight errors may be contained in ∆calc. due to differential electron correlation effects
arising from the different occupation of the 3d and 3p shells in the 1s13d5 and 3p53d4

configurations, respectively. To evaluate the size of such effects for the 5A1g (1s13d5) and
6Eg (1s13d4) states, we used as a test model the Fe3+ (1s23d5) free ion. We compared the
calculated ROHF 3d ionization potential (IP) with the experimental value [67], and found
that ROHF underestimates the IP by 0.7 eV. An accurate treatment of the dynamical
electron correlation within the 3d shell would thus reduce the relative energy of 5A1g (1s13d5)
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Table 4.4: Mn 1s excitation and Kβ emission energies in LaMnO3 (eV). ROHF calculations on
a [MnO6] cluster versus experiment, see text. The final 3p hole states correspond to high-spin
3p−3d coupling (the main peak of the Kβ emission spectrum).

E2 − E1 /E(A1) E3 − E4 /E(Kβm) ∆calc. /∆exp.
a

ROHF 6508.2 6464.6 (x) 43.6
6463.5 (y) 44.7
6463.9 (z) 44.3

Experiment [60, 69] 6540.5 6492.7 47.8

a ∆calc. = ( E2 −E1 )− ( E3 −E4) ; ∆exp. = E(A1)− E(Kβm) .

and, consequently, ∆calc. by about 0.7 eV. Nevertheless, the same effect will shift up in
energy the 6T1u (3p53d4) state(s), relative to the 3p6 states. Since these shifts are expected
to be of the same order of magnitude, our ∆calc. should be a quite accurate estimate.

Table 4.5: Mn 1s excitation and Kβ emission energies in MnO (eV). ROHF calculations on a
[MnO6] cluster versus experiment, see text. The final 3p hole states correspond to high-spin 3p−3d

coupling (the main peak of the Kβ emission spectrum).

E2 − E1 /E(A1) E3 − E4 /E(Kβm) ∆calc. /∆exp.
a

ROHF 6510.0 b 6463.8 46.2
6510.9 c 47.1

Experiment [54, 69, 72] 6539.0 6493.1 45.9

a ∆calc. = ( E2 −E1 )− ( E3 −E4) ; ∆exp. = E(A1)− E(Kβm) .
b 6A1g (1s2t32ge

2
g)→ 6T2g (1s1t42ge

2
g) . c 6A1g (1s2t32ge

2
g)→ 6Eg (1s1t32ge

3
3) .

Interestingly, similar calculations in MnO reveal that ∆calc. = 46 ÷ 47 eV agrees well
with ∆exp.≈ 46 eV, see Table 4. 5 , which suggests that, in contrast to LaMnO3, the low-
intensity pre-edge feature in MnO [54, 55, 70, 72] corresponds to transitions to local d -like
states.

For the calculations in MnO we used metal – ligand distances of 2.22 Å [74]. The basis
sets were taken from the molcas library [46]: ANO–L Mn (21s15p10d)/(6s5p4d) and O
(14s9p)/(4s3p) [49]. These basis sets were also applied in the calculations for LaMnO3,
described above. Different from the calculations in the previous subsections, 4. 2 and 4. 3 ,
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in the above calculations we represented the lanthanum ions by La3+ total ion potentials
(TIPs), i. e. closed-shell La3+ effective potentials with no basis functions, as generated in
ref. [75].

A well-defined pre-edge peak is observed for MnO only in the spin-down component
of the Mn K-edge x-ray absorption [70]. Because the manganese ion has a high-spin d5

configuration and the nearest-neighbor coupling is antiferromagnetic, this indicates indeed
that the pre-edge feature at about 6540 eV originates from on-site 1s → 3d transitions.
This interpretation is supported also by the analysis of Taguchi et al. [71], based on model
Hamiltonian calculations. Possible contributions from neighboring d states have not been
investigated in MnO, but these are expected to be less important than in LaMnO3, since
in MnO there is less metal 3d – oxygen 2p covalency that can give rise to intensity 5. Never-
theless, further investigation is needed in order to understand the nature of the differences
between the XANES spectra of these compounds.

4.5 Chemical shifts in the Mn K-edge XAS spectra

in Mn oxides

The near K-edge absorption of binary compounds like MnF2, MnO, and MnO2 displays
distinct double-step rises [54, 55, 70, 72] . Unlike these binary systems, where the 4p spec-
tral weight is spread comparably over several overlapping features, in the La1−xCaxMnO3

perovskites most of the spectral strength lies in the main feature at 6555 – 6560 eV [54, 55].
With increasing formal oxidation state, there is a substantial chemical shift of the edge.
Traditionally, the first inflection point at the edge is used to define the chemical shift in
the binary oxides. The absolute energy is usually referenced to the first inflection point of
pure manganese, 6539 eV [54, 69]. In going from MnO through Mn2O3 to MnO2 a chemical
shift of about 13 eV can be observed in the XANES spectra [54, 55, 72]. For the perovskite
compounds the energy value of the main 4p peak provides a more convenient reference
to track the relative chemical shift [54, 57, 58]. In the series La1−xCaxMnO3 this point
shifts from 6556 eV to 6559 eV with increasing Ca content [54, 57, 58, 59]. A similar shift,
3 – 4 eV, occurs for the low-intensity near-edge feature observed at about 6544 – 6547 eV in
LaMnO3 and denoted B in the present work. The B feature is thought to originate from
atomic-like 1s→4p transitions. The results presented in section 4. 3 of this thesis support
this interpretation.

The mechanism that causes the observed chemical shift in the perovskite manganites
has been recently investigated by de Vries et al. [76] by studying such atomic-like 1s→4p
excitations. Two different effects were identified in this work, both related to the formal
charge on Mn, that influence the chemical shift of core ionization and excitation processes.
The first is the change in the valence electron distribution around the manganese ion
(formal occupation Mn3+ d4 in LaMnO3 versus Mn4+ d3 in CaMnO3); the second is the

5In LaMnO3, the formal valence state of the Mn ion is higher than in MnO, 3+ versus 2+; also, in
LaMnO3 the Mn –O distance is shorter than in MnO, 1.90÷2.15 Å versus 2.22 Å [11, 13, 74].
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change in the Madelung potential. In this section we reproduce part of the results and
discussion from ref. [76].

All-electron ROHF calculations were performed in ref. [76] on two different material
models: [MnO6] clusters and, for comparison, single Mn ions, both embedded in a finite set
of point charges representing the Madelung potential of the rest of the crystal. In LaMnO3

and CaMnO3, the 4p orbitals are rather localized, at least upon the 1s ionization, see
section 4. 3 . Calculations on a [MnO6] cluster in MnO show, however, that in this compound
the 4p orbitals are quite diffuse and mix strongly with oxygen 2p orbitals. In contrast to
the XANES spectrum in perovskites, the double-step structure of the near-edge region in
MnO, with substantial spectral weight for the low-energy shoulders, indicates indeed more
delocalization for these 4p states. The more delocalized character of these 4p states in MnO
is due both to the smaller effective charge of the Mn ion and the specific local structure
about the absorbing atom (in the rocksalt structure the nearest manganese neighbors are
at a distance of

√
2 R(Mn–O); in the perovskite configuration the nearest neighbors are at

2 R(Mn–O) ). We present here results for LaMnO3 and CaMnO3 only.
The 1s to 4p excited states were taken to be maximum spin states. For all material

models studied in [76], an atomic 4p orbital was taken as a starting orbital in the calculation
of these excited states. The atomic orbital was obtained from an SCF calculation on the
lowest 1s to 4p excited state of a free Mn3+ or Mn4+ ion. This orbital was orthogonalized
to all occupied orbitals of the cluster ground-state and subsequently kept frozen in the
orbital optimization step for the 1s to 4p excited state. We show below that this is not a
severe approximation.

In the calculations on the embedded [MnO6] clusters, the nearest neighbors of the clus-
ter oxygen ions were modeled by effective potentials representing closed-shell La (Y3+ for
La3+ [47]), Ca [77], or Mn ions (Al3+ for Mn3+ [48] and Si4+ for Mn4+ [48]). On these
nearest-neighbor atoms no valence basis functions were present. Depending on the mate-
rial, the number and formal charge of the nearest-neighbor manganese ions varied. LaMnO3

has a distorted perovskite structure with three different Mn –O distances, and tilting of
the MnO6 octahedra [11, 13]. In this study, an idealized structure was used with uniform
Mn–O distances of 2.0 Å, and no tilting distortions. CaMnO3 also has a perovskite struc-
ture with tilted octahedra [12]. Also for this material, an idealized cubic embedding was
employed. The Mn –O distances used for CaMnO3 were 1.9 Å. These Mn–O distances
used for the idealized structures were averaged values of the distances found in the experi-
mental structures. The following basis sets were applied: Mn (21s15p10d)/(6s5p4d) and O
(14s9p)/(4s3p) [49].

The 1s ionization and 1s→ 4p excitation energies of the free and embedded Mn ions
are shown in Table 4. 6 for various embeddings and 3d occupations. From Table 4. 6, it
is clear that both the 1s ionization and the 4p addition energies are sensitive to the 3d
occupation and to the embedding Madelung potential. The variations in the Madelung
potential are strongly reflected in the variations in the ionization energies of the core 1s
electron. The embedding potential has only a small influence on the 1s→ 4p excitation
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Table 4.6: 1s ionization energies, 4p addition energies, and 1s → 4p excitation energies (eV)
for free and embedded Mn ions. Rows in bold: the ion charge, the Mn – O distance, as well the
embedding correspond to one and the same compound.

Mn ion Embedding 1s ionization 4p addition 1s → 4p

Mn3+ 3d4 None 6560.1 –30.6 6529.5
LaMnO3 6523.3 +4.6 6527.9

Mn4+ 3d3 None 6585.4 –40.2 6545.2
LaMnO3 6549.0 –5.6 6543.4
CaMnO3 6539.3 +2.9 6542.2

energy (at most 3 eV), as one would expect for such excitations involving localized orbitals:
the Madelung potential facilitates the removal of the 1s electron, but hinders the addition
of the 4p electron by approximately the same amount. The small variations are due to the
more diffuse character of the 4p orbital.

The 3d occupation number also has a stronger influence on the 1s ionization than on the
4p addition energy. The cost involved in removing the 1s electron increases by more than
20 eV on increasing the charge on Mn, whereas the energy gain of 4p addition increases
by ∼10 eV the charge on the manganese ion is increased. The reason for this difference is
that the 4p orbital is more diffuse than the 1s orbital and therefore interacts more weakly
with the other orbitals. The differential effect between 1s ionization and 4p addition of the
3d occupation is much stronger than that of the Madelung potential. Thus, for isolated
manganese ions embedded in point charges, the variation of the 1s→4p excitation energies
is predominantly due to the Mn 3d occupation. It shows an increase of ∼15 eV per 3d
electron removed from the Mn ion.

These results for single Mn ions in a Madelung potential overestimate largely the trend
found in the true compounds. The increase in the 1s ionization is 16 eV in going from the
Madelung field of LaMnO3 to that of CaMnO3 , whereas observed core binding energies
show shifts of only a few eV [69, 78]. The reason for this is that in the real material the
positive charges on the transition metal ions are screened by polarization of electrons from
the ligands to the metal. Periodic density functional [43, 44, 45] and Hartree –Fock [62, 79]
calculations have shown that the charges around Mn are indeed considerably below the
formal charge in LaMnO3 as well as in CaMnO3. It has been also found that the difference
in charge around Mn between LaMnO3 and CaMnO3 is less than one electron. Part of this
screening effect shows up already in the [MnO6] cluster, where the first layer of O ions
around the metal center is included in the cluster model. The results of the calculations
for [MnO6] are collected in Table 4. 7 . As before, the 4p orbital is obtained from free
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Table 4.7: 1s ionization energies, 4p addition energies, and 1s→4p excitation energies (eV) for
embedded [MnO6] clusters. Rows in bold: the cluster charge, the Mn – O distance, as well the
embedding correspond to one and the same compound.

Cluster Embedding 1s ionization 4p addition 1s → 4p

[MnO6]
9− LaMnO3 6512.0 +14.0 6526.0

[MnO6]
8− LaMnO3 6519.4 +9.3 6528.7

CaMnO3 6515.8 +14.9 6530.7

ion calculations, orthogonalized to the occupied orbitals of the cluster ground-state, and
subsequently kept frozen for the 1s→4p excited states.

It can be seen from Tables 4. 6 and 4. 7 that the chemical shift of the 1s→4p excitation
energies with increasing charge is smaller for the embedded [MnO6] clusters than for the
embedded Mn ions. In going from the [MnO6] cluster models of LaMnO3 to CaMnO3, the
difference is ∼ 4.5 eV, rather than 14 eV obtained for the single ion models. All changes
are reduced in the [MnO6] cluster, but the effect of the valence charge is more strongly
reduced than the effect of the Madelung potential. This causes the 1s ionization energies
to become closer to each other. On the other hand, with the inclusion of the nearest O
ligands in the models, the Pauli repulsion of the 4p electron with the ligands enters the
calculation as an extra effect, pushing the 1s→ 4p excitation energy up with decreasing
Mn–O distance.

The effect of the 3d occupation on the excitation energy still is appreciable, almost
+3 eV, despite the compensating charge flow from the ligands. The inclusion of the Pauli
repulsion with the O ligands turns the slight overall decrease found in the Madelung con-
tribution (approximately –1 eV) in the Mn ion model into an extra increase (+2 eV) in the
[MnO6] cluster model. We note that the shift found for the [MnO6] clusters, ∼4.5 eV, is in
reasonable agreement with the shift observed experimentally for the near-edge B feature,
3 – 4 eV [54, 58, 59]. The result suggests that our interpretation of the B feature in the
XANES spectra of LaMnO3 and CaMnO3 , i. e. 1s→4p atomic-like transitions, is correct.

The absolute energies of the threshold calculated here are not directly comparable to
the experimental values, mainly because of the use of a non-relativistic Hamiltonian. This
is a large effect since a 1s electron has a much larger kinetic energy than a 4p electron.
The neglect of the relativistic terms in the Hamiltonian does not affect the chemical shifts,
however, because the 1s orbitals are similar in the two compounds. A much smaller effect
is the long-range polarization in the lattice upon excitation. This is also neglected in these
calculations since the embedding of the clusters is static. However, it is not to be expected
that this will affect the main conclusions. Finally, the results shown here are obtained
within the Hartree – Fock approximation, and electron correlation effects are not included.
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Again, no large differential effects are expected because the nature of the orbitals involved
is similar in these compounds.

4.6 Mn d – d excitations: electron correlation effects

It has been shown before that, although ROHF or CAS–d SCF calculations are able to
predict the correct order of the d – d excited states in various ionic transition metal oxides,
more accurate methods are needed in order to obtain a quantitative agreement with the
experimental data6 [80, 63, 64, 65]. In these works, two physical mechanisms were identi-
fied that lead to important differential effects: dynamical electron correlation among the
metal 3s, 3p, and 3d shells and non-dynamical correlation arising from charge transfer
configurations.

A technique employed successfully for studying such d – d excitations is based on many
body perturbation theory [63, 64, 65]. As proposed by Andersson et al., see chapter 2,
starting from a CASSCF reference wave-function, the remaining correlation effects are
estimated using second-order perturbation theory. CASPT2 d – d excitation energies for
Mn3+ 3d4 and Mn2+ 3d5 configurations in LaMnO3 are presented in sections 4. 2 and 4. 3 .
In this section we illustrate the effect of the perturbational treatment on the d – d excitation
spectra as compared to the CASSCF level.

CASSCF and CASPT2 relative energies in octahedral and JT distorted geometries are
collected in Tables 4. 8 and 4. 9 for the Mn3+ 3d4 configuration and Tables 4. 10 and 4. 11
for Mn2+ 3d5. It can be seen that CASPT2 changes the excitation energies significantly. For
the d4 configuration, for example, the relative energy of the excited quintet state, defining
in cubic geometry the crystal-field splitting 10Dq, increases by about 0.3 eV, whereas the
relative energies of some of the triplet and singlet states are lowered by 0.3 – 0.4 eV. For
the highest excited states of the d5 configuration, the changes are even larger — CASPT2
lowers the relative energies by 0.5 – 1.0 eV. Effects of similar size, 0.5 – 1.0 eV, have been
observed in a CASSCF/CASPT2 study of the Mn2+ d5 crystal-field excited states in MnO
[65].

According to the Tanabe – Sugano diagrams, the d4 3T1g−1T2g, d5 6A1g−4A1g, and d5

6A1g−b 4Eg splittings are nearly constant for weak crystal fields. We note that in cubic sym-
metry the CASPT2 estimates in the [MnO6] clusters compare well with the corresponding
splittings measured in the free ions [66], 3H−1I, 6S−4G, and 6S−4D, respectively: 1.2, 3.2,
and 3.8 versus 1.3, 3.3, and 4.0 (eV).

6Experimental techniques used to investigate d – d excitations in transition metal materials are optical
spectroscopy [37, 38, 81], electron energy loss spectroscopy (EELS) [82], and x-ray fluorescence at the
metal L -edge [83].
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Table 4.8: Mn3+ 3d4 states by CASSCF and CASPT2 calculations on octahedral [MnO6] clus-
ters. CAS–dd′ active space, see section 4. 2 . CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p

electrons.

Relative Cubic (Mn–O= 1.95 Å) : Cubic (Mn–O=2.02 Å) :
Energy (eV) CASSCF CASPT2 CASSCF CASPT2

5Eg (t32ge
1
g) 0 0 0 0

3T1g (t42g) 0.8 0.7 1.1 1.1
1T2g 2.2 1.8 2.5 2.2
1Eg 2.4 2.1 2.7 2.4
3Eg (t32ge

1
g) 2.6 2.2 2.6 2.2

5T2g (t22ge
2
g) 2.1 2.4 a 1.7 2.0 a

a Crystal-field splitting parameter, 10Dq .

Table 4.9: Mn3+ 3d4 states by CASSCF and CASPT2 calculations on Jahn – Teller distorted
[MnO6] clusters. CAS–dd′ active space, see section 4. 2 . CASPT2 correlates the Mn 3s, 3p, 3d

and O 2s, 2p electrons. Notations corresponding to Oh symmetry are used.

Relative JT distorted [MnO6]
a :

Energy (eV) CASSCF CASPT2

5Eg (t32ge
1
g) 0, 1.2 0, 1.2 b

3T1g (t42g) 1.5, 1.6, 1.8 1.4, 1.5, 1.7
1T2g 3.0, 3.0, 3.2
1Eg 3.1, 3.4
3Eg (t32ge

1
g) 2.8, 4.0 2.4, 2.7

5T2g (t22ge
2
g) 2.4, 2.6, 2.7 2.6, 2.8, 2.9

a Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å.
b Jahn –Teller splitting, ∆JT .
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Table 4.10: Mn2+ 3d5 states by CASSCF and CASPT2 calculations on octahedral [MnO6] clus-
ters. CAS–dd′ active space. CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p electrons.

Relative Cubic (Mn–O=1.95 Å) : Cubic (Mn–O=2.02 Å) :
Energy (eV) CASSCF CASPT2 CASSCF CASPT2

6A1g (t32ge
2
g) 0 0 0 0

4T1g (t42ge
1
g) 1.8 1.6 2.2 2.0

4T2g 2.5 2.1 2.9 2.5
a 4Eg (t32ge

2
g) 3.6 3.1 3.7 3.2

4A1g 3.6 3.1 3.7 3.2
b 4Eg 4.6 3.8 4.6 3.8
4A2g 6.2 5.2 6.2 5.3

Table 4.11: Mn2+ 3d5 states by CASSCF and CASPT2 calculations on Jahn – Teller distorted
[MnO6] clusters. CAS–dd′ active space. CASPT2 correlates the Mn 3s, 3p, 3d and O 2s, 2p

electrons. Notations corresponding to Oh symmetry are used.

Relative JT distorted [MnO6]
a :

Energy (eV) CASSCF CASPT2

6A1g (t32ge
2
g) 0 0

4T1g (t42ge
1
g) 1.8, 1.9, 2.0 1.5, 1.6, 1.6

4T2g 2.7, 2.9, 3.3 2.4, 2.5, 2.9
a 4Eg (t32ge

2
g) 3.4, 3.6 3.0, 3.2

4A1g 3.6 3.2
b 4Eg 4.3, 4.6 3.5, 3.8
4A2g 6.6 5.8

a Mn–Ox =2.14 Å, Mn–Oy =1.90 Å, and Mn–Oz =1.95 Å.
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4.7 Conclusions

We studied d – d and core – valence excitations in LaMnO3 by first principles electronic
structure calculations on embedded clusters. The results are used for the interpretation
of pre-edge features in the x-ray Mn K-edge absorption and to investigate the source of
anomalous Mn K-edge scattering in this compound.

We find that the energy separation between on-site 1s→3d and 1s→4p excitations is
much too large to account for the A –B peak splitting in the XANES spectrum. On the
other hand, the calculated energy difference between 1s to adjacent 3d and 1s to local 4p
transitions, 8.5 eV, is consistent with the observed A –B splitting, 7 – 8 eV. We conclude
that the lowest peaks of the pre-edge region correspond to transitions to d states on neigh-
boring manganese ions. This interpretation was originally proposed on the basis of density
functional band structure calculations [20]. In this chapter, the relevant Mn 1s excita-
tion energies are calculated explicitly. The reason that these 1s – 3d excitations acquire
appreciable intensity is the ”indirect”, ligand-mediated, Mn 3d – (O2p –)Mn4p mixing.

Because of the use of a non-relativistic Hamiltonian, the absolute excitation energies
calculated here are not directly comparable to the experimental values. The availability of
the Mn Kβ emission measurements provides, however, a different way to ensure that our
assignment of the pre-edge A features is correct. This simple test is performed by comparing
the difference between the absorption energy corresponding to the lowest A peak and the
energy of the main peak in the Kβ XES spectrum, i. e. ∆exp. = E(A1) − E(Kβm), to the
calculated energy difference between the 1s→ local 3d excitation and the 3p→ 1s decay to
the (3p, 3d) high-spin coupled final state, ∆calc. = E(1s→ local 3d)−E(3p→1s). Since ∆calc.

contains the term E(5A1g; 1s
13d5) − E(6Eg; 1s

13d4), errors arising from the inappropriate
description of the 1s core hole states cancel out each other, and ∆calc. should be a quite
accurate estimate. The calculations indicate that ∆calc. = 43÷45 < ∆exp.≈48 (eV), which
implies E(1s→ local 3d) < E(A1) . This shows once more that the pre-edge A features in
LaMnO3 cannot be interpreted in terms of on-site 1s to 3d transitions. We note that similar
calculations in MnO reveal that ∆calc. = 46÷47 eV agrees well with ∆exp.≈ 46 eV, which
suggests that, in contrast to LaMnO3, the low-intensity pre-edge peak in MnO corresponds
to transitions to local empty d states. However, further investigation is needed in order to
understand the nature of these differences.

4p atomic-like states on the absorbing manganese ion, associated with the near-edge B
feature, were studied in detail for both LaMnO3 and CaMnO3. The calculations reproduce
well the chemical shift observed at the edge, ∼4 eV, in going from LaMnO3 to CaMnO3. In
LaMnO3, we also investigated the ordering of the px, py, and pz components. In agreement
with other studies [20, 28, 29, 30, 31], we found that the splitting of the manganese 4p
levels, thought to cause the anomalous x-ray Mn K-edge scattering, is mainly due to the
JT distortion of the oxygen octahedron. The effect of this distortion is clearly stronger
than that of the 3d – 4p Coulomb repulsion, invoked by other authors for explaining the
anomalous diffraction [53, 68]. The effect of the Coulomb repulsion is expected to be even
less important for more delocalized, band-like, 4p states.
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Chapter 5

Electronic structure and magnetic
couplings in ladder vanadium oxides

5.1 Introduction

The vanadium oxide compounds display an impressive variety of phenomena. Examples
are the metal – insulator transitions in VO, VO2, and V2O3 [1], the unusual orbital and
spin ordering in V2O3 [2, 3, 4, 5], the positive giant magneto-resistance in VO thin films
[6], the temperature-induced magnetization reversal in LaVO3 [7] and YVO3 [8], the heavy
fermion behavior in LiV2O4 [9], and the spin-gap formation in ladder vanadium pentoxides
like CaV2O5 [10, 11], and α′-NaV2O5 [12, 13, 14, 15].

In the so-called ladder compounds, the transition metal ions are arranged in a planar
network of ladders with two or more legs. Such ladder systems became subject of intense
study when Dagotto et al. [16, 17] found theoretical evidence that the isolated S = 1/2
antiferromagnetic (AFM) two-leg ladder has a finite spin-gap, i. e. a finite energy is needed
to create a spin excitation. This is the standard AFM Heisenberg model on a ladder of
two coupled chains of spin-1/2 moments, with interactions across the rungs and along the
legs. Physical realizations are found in vanadyl pyrophosphate (VO)2P2O7 [16], in calcium
vanadate CaV2O5 [10, 11], and in some cuprates like SrCu2O3 [18]. Closely related low-
dimensional quantum spin systems whose spin excitation spectra have also received much
attention in recent years are the AFM linear chain and the two-dimensional AFM square
lattice. The latter may become superconducting upon doping, as observed in several copper
oxides. Superconductivity has been also observed in the ladder cuprate (Sr,Ca)14Cu24O41

[19].

The vanadium oxides with ladder-type crystal structure can be denoted as AV2O5,
with A = Li, Na, Mg, or Ca. The transition metal ions, each roughly situated in the center
of a pyramid of five oxygens, form layers in which one-dimensional vanadium chains are
assembled in a network of two-leg ladders, see Fig. 5. 1 . The rungs are composed of two
V ions, one on each leg of the ladder, connected by an oxygen. Within the same ladder
the VO5 pyramids share the corners of their bases, whereas pyramids on adjacent ladders
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Figure 5.1: Two-leg ladder structure of CaV2O5 and α′-NaV2O5, Pmmn space group [10, 37].
The oxygen pyramids and the rows of Ca2+/Na+ ions are shown; the Ca/Na ions are each
surrounded by eight oxygens. Within the same ladder the VO5 pyramids share the corners of
their bases, whereas pyramids on adjacent ladders point alternately up and down with respect
to the basal plane and are linked by common edges. In MgV2O5, successive vanadium– oxygen
layers are shifted along the direction of the legs, leading to Cmcm crystal symmetry [24]; the Mg
ions are each surrounded by six oxygens. In LiV2O5, the two pyramids on the same rung have
the apex oxygen above and below the basal plane, respectively. The crystal structure of LiV2O5

is described by the Pnma space group [30].

are linked by common edges. The A atoms enter the space between the layers and act as
electron donors.

Nuclear magnetic resonance (NMR) measurements [20], density functional (DF) band
structure calculations [21], and results of embedded cluster calculations to be presented
later on in this section show without doubt that in CaV2O5 one spin is attached to each
vanadium 3dxy orbital, where the x and y directions are, respectively, along the a and b
axes of the Pmmn reference system. The experimental data indicate also a rather large
spin-gap of about 600 K [10, 11, 22]. CaV2O5 is thus a true spin-1/2 ladder system. Intra-
ladder antiferromagnetic interactions occur in this material through π-overlap of V 3d and
O 2p orbitals. The V– O distance across the rung is shorter than along the leg, leading to
stronger V 3d –O2p coupling across the rungs. The picture proposed for CaV2O5 consists
of rung singlets with strong interaction inside the V –OR –V unit, supplemented by smaller
AFM couplings along the legs [21, 23]. The inter-ladder coupling is weak and ferromagnetic
[21]. Although the vanadium– oxygen layers have roughly the same structure in MgV2O5

[24], the existence of a spin-gapped state in MgV2O5 is an open question. The magnetic
susceptibility data indicate a spin-gap of approximately 15 K [25, 26], much smaller than
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in CaV2O5. However, Raman scattering measurements do not confirm the existence of the
gap [22]. The source of such different properties has been explained on the basis of recent
DF calculations [21], which show that — due to changes in the local geometry, the most
important being related to the size of the V –O– V bond angles — the exchange cou-
plings, intra- and inter-ladder, are all antiferromagnetic and of the same order in MgV2O5.
This puts MgV2O5 outside the isolated ladder approximation, just as the ladder cuprate
LaCuO2.5 , where a relatively weak inter-ladder coupling of one tenth of the intra-ladder
interaction is sufficient to destroy the spin-gapped state of the isolated ladder and leads to
true AFM long-range order in the ab plane [27].

Substitution of the Ca2+ or Mg2+ ions with Na+ or Li+ will reduce the number of
valence electrons on each V–OR –V rung. In a fully ionic model of the crystal, with formal
ionic charges of O2− and Li+/Na+, there should be one d electron per two vanadiums. The
generally accepted picture for the electronic and magnetic structure of LiV2O5 consists of
a double-chain charge ordered configuration: magnetic V4+ (S = 1/2) chains on adjacent
legs of different ladders are separated by nonmagnetic V5+ (S = 0) ”double-chains”. The
one-dimensional character of the magnetic ordering is confirmed by magnetic susceptibility
[28] and neutron inelastic scattering [29] data. So, although crystallographically LiV2O5

does have a ladder structure [30], its magnetic properties are well described in terms of an
AFM gapless chain model [28, 29]. Among the ladder vanadates, the electronic structure of
NaV2O5 is a matter of active debate. The most remarkable experimental findings, various
theoretical models proposed for explaining its physical properties, and our interpretation
based on results of quantum chemical wave-function based embedded cluster calculations
are presented in the next section.

5.2 α′-NaV2O5

5.2.1 The room-temperature electronic ground-state

α′-NaV2O5 is one of the several phases of the NaxV2O5 system. Five bronze phases, α
(0 ≤ x ≤ 0.02), β (0.22 ≤ x ≤ 0.40), α′ (0.70 ≤ x ≤ 1.00), η (1.28 ≤ x ≤ 1.45), and χ
(1.68≤x≤1.82) have been reported [31]. At room temperature, α′-NaV2O5 is isostructural
with the spin-ladder material CaV2O5. While in CaV2O5 one spin is attached to each
vanadium site, in NaV2O5 the character of the electronic ground-state is less obvious.
Early x-ray diffraction (XRD) measurements reported two inequivalent sets of vanadium
ions, and a model was proposed with alternating V4+ (3d1) and V5+ (3d0) linear chains
[32]. Above 34 K the temperature dependence of the magnetic susceptibility [12, 33] is
indeed consistent (qualitatively, see [34, 35, 36]) with that of a S =1/2 antiferromagnetic
Heisenberg chain. The rapid decrease of the susceptibility below Tc≈ 34 K [12], a lattice
distortion [13, 14, 15], and the spin-gap behavior [13, 14, 15] were at that time interpreted
in terms of a spin-Peierls phase transition, where dimerization of the V4+ ions occurs.

However, later XRD [37, 38] and NMR [41] experiments showed that at room tem-
perature all V ions are equivalent, presumably in a V4.5+ (3d0.5) (average) valence state.
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Figure 5.2: Schematic representation of the [V2O9] cluster, with the V ions inside the oxygen
pyramids. Grey spheres represent neighboring V sites. The ladders are a guide for the eye.

Based on density functional band structure calculations [38, 39, 40] and model Hamilto-
nian studies [38, 42], NaV2O5 was associated with a ”quarter-filled”(3d0.5) insulating ladder
system. In this interpretation each d electron is not attached to a single V ion, but to a
V3dxy –V3dxy bonding orbital. The V – V rung ”molecular”clusters are antiferromagneti-
cally coupled along the legs of the ladder and form parallel S =1/2 quasi-one-dimensional
chains [38, 42]. Recent wave-function based embedded cluster calculations [43, 44, 45] in-
dicate for the rung ground-state a strong mixing between configurations involving single
and double occupation of the bridging oxygen 2py orbital, see below. In this section we
perform a detailed analysis of the nature of the V –OR –V rung ground-state and of the
low-energy spin and charge excitations. We find that the ground-state of the V –OR –V
rung has predominant OR 2p1

y character. Our results are able to explain the main features
of the optical absorption spectrum and the magnetic interactions in this compound. We
also propose a mechanism for the phase transition at 34 K.

To determine the character of the ground-state (GS) and of the lowest on-rung excita-
tions we have carried out electronic structure calculations on [V2O9]

9− clusters including
two VO5 pyramids on the same rung, see Fig. 5. 2 . The crystalline environment is mod-
eled by a set of point charges (PCs) at the lattice positions. In agreement with previous
cluster model [43, 44, 45] and periodic [44] calculations we find that the apical oxygen OA

is covalently bonded to the V atom and in the valence state O−. As explained below, our
analysis shows that the bridging oxygen on the rung of the ladder, OR, has an effective
charge close to −1 as well. Therefore we represent the V ions and the OA , OR oxygens
by +3 e and −e point charges, respectively, whereas the ligands on the legs of the lad-
ders, OL , and the sodium ions are modeled by their formal charges, −2 e and +e. At the
boundaries of this array, which includes about 800 charges, we put a set of PCs optimized
to fit the Madelung potential in the cluster region. To avoid artificial polarization of the
cluster orbitals towards the neighboring positive PCs, the nearest V and Na cations are
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Figure 5.3: p1 and p2 states by one-configuration, CASCI, and CASSCF calculations. The states
in the leftmost column correspond to: 4A2 (p1d1

+d1−), α 2B2 (p1d2
+d0−+ p1d0

+d2−), α 2A2 (p1d1
+d1−),

β 2A2 (p2d1
+d0−), and β 2B2 (p2d0

+d1−). The CI was performed in terms of orbitals optimized for
the 4A2 state.

described by effective potentials of Durand –Barthelat type [46]. We used closed-shell Al3+

potentials for vanadium. No basis functions were present on these V and Na neighbors.
The cluster orbitals are constructed as linear combinations of atomic natural orbital (ANO)
Gaussian-type functions. We applied the following basis sets: V (21s15p10d6f)/(6s5p4d2f)
for vanadium and O (14s9p4d)/(4s3p2d) for oxygen [47]. We have used the Pmmn room-
temperature crystal structure as determined by Meetsma et al. [37]. The calculations were
performed with the molcas-5 program package [48].

As already mentioned in the previous paragraphs, at temperatures above 34 K α′-
NaV2O5 and CaV2O5 are isostructural. CaV2O5 has a V 3d 1

xy –OR 2p6 –V3d 1
xy rung GS

configuration [21]. Relatively strong on-rung antiferromagnetic interactions (J⊥≈−650 K
[21, 22, 23]) occur via dxy – py – dxy π-overlap. Substitution of the Ca2+ ions with Na+ will
reduce the number of valence electrons on each V –OR –V rung. A minimal orbital active
space should consist then of three active orbitals, the two V 3dxy plus the bridging OR 2py,
and three active electrons.

Below, we first discuss the lowest lying states in a simple one-configuration picture.
Next we show that this picture is oversimplified and that a correct ordering of states can
only be obtain by going beyond the single-configuration picture.

Relative energies of states where the 2py orbital has either single or double occupation
are depicted in Fig. 5. 3 . One-configuration restricted open-shell Hartree –Fock (ROHF)
calculations predict that the lowest state is a spin quartet (leftmost column). This state
has A2 symmetry in the C2v cluster point-group, and originates from the p1d1

+d1
− config-
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uration. d+ and d− are essentially the antisymmetric and symmetric combinations of the
two dxy orbitals, with some dzy character mixed in, and transform according to the A2

and B2 irreducible representations, respectively, whereas p has mostly OR 2py character
and belongs to the B2 representation. These orbitals also reflect modest 3dxy – 2py – 3dxy

covalent bonding. Thus, p has a small bonding V 3dxy contribution and d− has a small
antibonding OR 2py contribution.

The lowest doublets, α 2B2 and α 2A2 , are 0.6 and 1.9 eV above the 4A2 state and
result from p1 configurations as well. Strictly speaking, α 2B2 and α 2A2 are not ROHF
solutions. These states were obtained from small CI calculations which included also the
p0 configurations, and are expressed in terms of high-spin orbitals. The contribution of the
p0 configurations is, however, small, since the p0 configuration state functions (CSFs) have
much higher energy. In addition, we show below that the use of a common set of orbitals
optimized for the 4A2 state, which simplifies the analysis of the lowest states, is not a severe
approximation for the lowest two doublets.

In terms of localized orbitals, V 3dxy and OR 2py, the lowest three states arise from one
and the same 3d 1

xy – 2p1
y – 3d 1

xy configuration. Horsch and Mack [42], and Smolinski et al. [38]
associated the ground-state of the V –OR –V rung to a p2 configuration where the single d
electron occupies a dxy – dxy bonding orbital. The ROHF calculation situates the lowest p2

state, β 2A2 (p2d1
+d0

−), at 2.3 eV above the quartet 4A2 (p1d1
+d1

−). The other p2 state, β 2B2

(p2d0
+d1

−), involves a different occupation of the d orbitals and has a relative energy of 3.7
eV with respect to 4A2. Previously, the peak observed at 0.9 eV in the x-polarized optical
absorption spectrum was assigned to a transition between such linear combinations of dxy

orbitals [49], p2d1
+d0

−→ p2d0
+d1

−. It is important to note that the ROHF relative energies
of the p2 states, the dashed lines in Fig. 5. 3 , have only a limited meaning. Since these
wave-functions are optimized without restricting them to be orthogonal to the p1, or α,
states, the two doublets in both A2 and B2 symmetry have mutual overlaps, ≈ 0.25 and
≈ 0.05, respectively. Orthogonalization of β 2A2 to α 2A2 and β 2B2 to α 2B2 increases the
energies of the β states by about 2 and 0.2 eV.

The correct energy ordering can only be obtained by going beyond the one-configuration
picture. Configuration interaction (CI) between the p1 and p2 configurations causes large
differential energetic effects and yields a 2A2 doublet ground-state, in agreement with the
experimental evidence for a S =1/2 quasi-one-dimensional chain structure. This is depicted
in the second column of Fig. 5. 3 . Here a complete active space CI (CASCI) was performed
in terms of orbitals optimized for high-spin coupling. The mixing between the p1 and p2

configurations turns out to be rather modest for the B2 states — the CI weights (squares of
the CI coefficients) are approximately 0.90 and 0.10. It is, however, more important for the
A2 states, with weights of about 0.70 and 0.30, inducing considerable separation between
the CI energies. The separate optimization of the orbitals for each state by complete active
space self-consistent field (CASSCF) calculations causes minor energy lowerings for the
lowest 2A2 and 2B2 doublets (rightmost column of Fig. 5. 3). On the other hand, for the
higher p2 states, for which the 4A2 orbitals lead to an improper representation, large orbital
relaxation effects of 4 – 5 eV occur.
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Table 5.1: Charge and spin Mulliken populations of the V 3dxy and OR 2py atomic basis functions
for the lowest A2 and B2 states. CASSCF results for a [V2O9] cluster with 3 electrons and 3
orbitals in the active space. The spin MPs are for maximum Ms.

State a 2A2 a 2B2
4A2 b 2B2 b 2A2

Rel. En. (eV) 0 0.7 1.0 6.1a 6.5a

MPs b :
V dxy 1.7 1.8 1.8 1.1 1.2
OR py 1.0 1.0 1.0 1.8 1.7

Spin MPs b :
V dxy 1.2 0.0 1.9 0.7 1.1
OR py –0.3 1.0 1.0 0.2 –0.1

a The b roots were optimized with b:a weight ratios of 2:1.
b The 3d MPs are summed over the two V ions.

Table 5. 1 lists relative energies, Mulliken populations (MPs), and spin MPs of the V
dxy and the OR py atomic basis functions for the lowest A2 and B2 CASSCF roots. It
is well known that the MPs are basis set dependent. Still, differences in populations for
different states give valuable qualitative insight into the character of the wave-functions.
The electron populations of each V dxy and of the OR py are essentially the same for a 2A2,
a 2B2, and 4A2, 0.8 – 0.9 and 1.0, respectively. In contrast, the spin MPs show important
differences. The clearest picture is acquired for the quartet 4A2 — there are three electrons
in three singly occupied orbitals: p1d1

+d1
−. These three electrons, one OR 2py and two V

3dxy, are coupled to maximum spin. The dominant contribution to a 2A2 is also a p1d1
+d1

−
configuration state function or, equivalently, in terms of localized orbitals, 3d 1

xy – 2p1
y – 3d 1

xy.
The two d electrons are coupled to a triplet and the spin on the bridging oxygen is doublet
coupled to it. In contrast, the main contribution to a2B2 is a CSF where the two d electrons
are coupled to a singlet.

These results show that the electronic ground-state of the V – OR –V rung has predom-
inant 3d 1

xy – 2p1
y – 3d 1

xy character. It is important to note that the 2A2 ground-state cannot
be regarded as originating from an OR 2p2

y configuration with strong covalent mixing of V
3dxy into OR 2py. Transitions from the a 2A2 GS to a 2B2 may be induced by x-polarized
light. We assign the peak at about 0.9 eV in the x-polarized optical absorption, which de-
fines the optical gap [49, 50, 51], to the a 2A2→a 2B2 transition. The calculated a 2A2−a 2B2

splitting, 0.7 eV, is at this level of accuracy (the CASSCF calculations were based on a
minimal active space including three orbitals and three electrons) in reasonable agreement
with the 0.9 eV experimental excitation energy.
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Table 5.2: Natural (active) orbitals and occupation numbers for the CASSCF optimized a2A2 and
a 2B2 states. b2,B and b2,AB are 3dxy−2py−3dxy bonding (B) and antibonding (AB) combinations,
respectively, and belong to the B2 irreducible representation. a2,NB has 3dxy−3dxy nonbonding
(NB) character (or slightly antibonding) and transforms according to the A2 irreducible repre-
sentation.

State Active Orbitals : Occupation
Numbers a

a 2A2 (GS) : b2,B ≈ 0.69 py + 0.43 (dxy − dxy) + ... 1.51
a2,NB ≈ 0.69 (dxy + dxy) + ... 1.00
b2,AB ≈ 0.73 py − 0.54 (dxy − dxy) + ... 0.49

a 2B2 : b2,B ≈ 0.68 py + 0.44 (dxy − dxy) + ... 1.17
a2,NB ≈ 0.69 (dxy + dxy) + ... 0.99
b2,AB ≈ 0.75 py − 0.53 (dxy − dxy) + ... 0.84

a Note that for a 2A2 the occupation number of a2,NB is one because this orbital is singly occupied
in all configurations, i. e. b2

2 a1
2 b0

2 , b1
2 a1

2 b1
2 , b0

2 a1
2 b2

2 . For the a 2B2 state, the a2,NB orbital is either
doubly occupied or not occupied: b2

2 a0
2 b1

2 , b1
2 a2

2 b0
2 , b1

2 a0
2 b2

2 , b0
2 a2

2 b1
2 .

We note that the Mulliken population analysis of the CASSCF results is useful especially
for the a 2A2 and a 2B2 doublets. Although the energetic effects of the separate CASSCF
optimizations are minor for these two doublets, see Fig. 5. 3 , the active orbitals turn out to
become strong mixtures of V dxy and OR py functions 1. As a consequence, the expressions
of the multiconfigurational wave-functions become less transparent, and the interpretation
of the results is not straightforward without such population analysis. In terms of bonding
(B) and antibonding (AB) 3dxy – 2py – 3dxy combinations, see Table 5. 2 , the a 2A2→ a 2B2

excitation at 0.7 eV (experimentally, 0.9 eV) implies b2,B → b2,AB bonding – antibonding
charge transfer. However, because b2,B and b2,AB have both similar OR 2py contributions
for each of the two states and also because each of these orbitals displays only rather
minor changes as a result of the transition, the populations of the OR 2py and V 3dxy

atomic orbitals change very little in going from a 2A2 to a 2B2, as shown in Table 5. 1 . In
the rest of this chapter, the electronic structure of NaV2O5 will be discussed mostly in
terms of such localized orbitals, V 3dxy and OR 2py.

To investigate whether our results for the character and ordering of the lowest states
are also obtained with more accurate wave-functions, we repeated the calculations with a
larger active orbital space. Analysis of the cluster wave-functions shows that the 2p orbitals

1The CAS energy (but not the CAS CI vector) is invariant to rotations among the active orbitals.



ELECTRONIC STRUCTURE OF LADDER VANADATES 91

Table 5.3: Charge and spin Mulliken populations for the 2A2 ground-state and the lowest two
2B2 excited states – RASSCF results, see text. The spin MPs are for maximum Ms.

State a 2A2 a 2B2 b 2B2

Rel. En. (eV) 0 1.0 5.4a

MPs b :
V dxy 1.6 1.7 1.1
OR py 1.1 1.0 1.7

Spin MPs b :
V dxy 1.2 0.1 0.6
OR py –0.3 0.9 0.3

a The b root was optimized with a b:a weight ratio of 2:1.
b The 3d MPs are summed over the two V ions.

of the apex oxygens have significant V 3d character mixed in, reflecting V–OA covalent
bonding. The best choice to extend the active space is then to add the OR 2px and 2pz, all
six OA 2p orbitals, plus the vanadium 3d virtuals, z2, zy, zx, and x2−y2. Such extended
active space is also better suited to determine the origin of the peaks above 3 eV in the
optical absorption. However, CASSCF calculations with this active space, 19 electrons in 19
orbitals, are computationally not feasible. For this reason, we employ the restricted active
space (RAS) method (see chapter 2), where a more specific selection of the configurations
included in the multiconfigurational wave-function can be made.

We used CAS reference wave-functions based on an active space including the OR 2py

and V 3dxy orbitals, and added single and double excitations from the OR 2px, 2pz and OA

2px, 2py, 2pz orbitals. These oxygen orbitals define the so-called RAS1 space. The other V
3d components formed an orbital subspace allowed to be occupied with up to two electrons,
the RAS3 space. The a 2A2−a 2B2 splitting becomes now 1.0 eV. Excitation energies and
Mulliken populations for the lowest two B2 doublets are shown in Table 5. 3 . Composition
of the cluster wave-functions and the MPs indicate that b 2B2 is mainly the effect of a
metal to oxygen charge transfer (CT) excitation, namely V 3dxy to OR 2py. This state can
explain the absorption peak at 3.3 eV in the experimental spectra [49, 50, 51]. However,
our calculations predict a relative energy of 5.4, about 2 eV higher. Probable sources of this
discrepancy are the partial neglect of dynamical correlation and of electronic relaxation
effects in the crystal in response to the CT process. These latter effects were investigated
by increasing the size of the cluster. The ions added were the nearest four Na and ten
O neighbors, supplied with (14s9p4d)/(3s2p1d) basis functions. Since the V ions are not
very polarizable, the closest vanadiums were still represented by effective potentials. This
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embedding scheme provides a reasonable estimate of the orbital relaxation effects connected
with the first shell of oxygens around the bi-pyramidal cluster. We found that the relative
energy of the b 2B2 state is lowered by 0.4 eV. It is expected to be lowered further when
longer-range polarization effects are included.

Several doublets of B2 symmetry were found at 1.5 – 3.5 eV above the b2B2 root, mainly
arising from OA 2p to V 3d CT configurations. The calculated transition dipole moments
denote that within these CT-like states most of the intensity is carried by those connected
to py → dzy excitations. This is due to the slight mixing between the vanadium dxy and
dzy orbitals. We assign the feature above 4.0 eV in the optical absorption to such OA to V
charge transfer excitations.

We mention at this point that accurate excitation energies cannot be easily calculated.
Excited states commonly exhibit large near-degeneracy effects. In the present case, results
of the RASSCF calculations and of trial CASSCF calculations where only some of the
OR , OA 2p and V 3d levels are introduced into the active orbital set indicate strong mix-
ing among configurations involving single excitations like V 3dxy to OR 2py , vanadium
d – d , OR 2px/2pz – 2py and OA 2p to V 3d. In order to obtain a balanced description
of these excited states, large active spaces (19 orbitals and 19 electrons, see the previous
paragraphs) and more elaborate calculations including dynamical correlation effects, e. g.
CASSCF/CASPT2, are needed. Such CAS calculations are at the moment beyond com-
putational limits. The present analysis of the higher energy ( > 1 eV) excited states has
therefore a rather preliminary character.

The configurational mixing accounts actually for the intensity of the a 2A2 → a 2B2

transition. It is the mixing between the OR 2p5 and OR 2p6 configurations, p1d1
+d1

−−p2d1
+d0

−
in A2 symmetry and p1d1

+d1
− − p2d0

+d1
− in B2, see Fig. 5. 3 , which gives rise to a non-zero

transition dipole moment. However, for the calculation of accurate values of the transition
moments, a multiconfigurational treatment based on a large active space is again needed.

Low-lying vanadium d – d transitions and excitations within the OR 2p shell could
explain the shoulder at 1.4 eV in the x-polarized absorption and the y-polarized low-
intensity features at 1 – 2 eV. Obviously, further investigation is required in order to verify
this hypothesis.

The above results were obtained with an embedding that reproduces the Madelung
field of a lattice where charges of +3 e, −e, −e, −2 e, and +e were assigned to the V, OR ,
OA , OL , and Na sites, respectively. The sensitivity of the results to the magnitude of the
Madelung potential was investigated by modifying the values of the embedding charges.
As a first modification, we utilized the formal charges of a fully ionic model, V4.5+, O2−

and Na+. Second, the charges above were divided by two, and third, the embedding was
removed completely. The character and the ordering of the lowest states were unchanged.
With the fully ionic embedding, the minimal-CAS a 2A2−a 2B2 and a 2A2−4A2 excitation
energies are still 0.7 and 1.0 eV, as in the original embedding. With half-charges these
excitation energies are 0.6 and 0.9, without embedding the splittings become 0.5 and 0.7
eV.



ELECTRONIC STRUCTURE OF LADDER VANADATES 93

5.2.2 Magnetic couplings in the high-temperature phase

It has been found that in the high-temperature (HT) phase the magnetic susceptibility of
α′-NaV2O5 is reasonably well described by a S = 1/2 AFM Heisenberg chain model. Fits
of χ(T ) lead to an exchange constant along the b axis of 500 – 600 K [12, 33, 34, 35, 36].
The reported HT theoretical estimates are spread over a wide range, from approximately
−900 K by density functional and model Hamiltonian studies [38, 42] to about −60 K
by embedded cluster CI calculations [44]. In ref. [44] intra- and inter-ladder coupling pa-
rameters were evaluated by calculations on [V2O9] bi-pyramidal clusters including only
two vanadium sites. However, the nature of the rung ground-state configuration, V 3d1 –
OR 2p5 –V3d1, requires the use of clusters where the whole rung is considered as a magnetic
unit. To estimate the strength of the magnetic interactions we employ therefore [V4O16]

14−

clusters including two adjacent rungs on the same ladder or on different ladders. The
Heisenberg exchange constant is extracted from the energy eigenvalues of the singlet and
triplet states arising, respectively, from low- and high-spin coupling of the S =1/2 effective
spins associated to each of the rungs: J = ES − ET .

Table 5.4: High-temperature exchange couplings (in K) by CASPT2 and IDDCI2 calculations
on [V4O16] clusters. Negative coupling denotes antiferromagnetic exchange.

CASSCF CASPT2 a IDDCI2

1. Minimal CAS
J –90 –286 ÷ –316 –398
J ′ 26 28 ÷ 40 17

2. Extended CAS
J –111 –516 ÷ –560 —
J ′ — — —

a Level shifts between 0.24 and 0.32 Hartree have been applied, see also Figs. 5. 4 – 5. 6 .

All-electron CASSCF/CASPT2 calculations have been performed with the molcas-5
program [48]. Basis sets from the standard molcas library were used: V (21s15p10d)/
(5s4p3d) for vanadium, O (14s9p4d)/(4s3p1d) for the bridging oxygen on the leg of the
ladder OL, O (14s9p4d)/(4s3p) for OR, and O (14s9p)/(3s2p) for the other oxygens. Two
types of CASSCF wave-functions are constructed. First, we only include the magnetic
orbitals in the active space, i. e. four V 3dxy plus two OR 2py orbitals2. This active space

2The active orbitals that result from the CASSCF optimization are linear combinations of V 3dxy and
OR 2py plus small contributions from other orbitals. As discussed in the preceding subsection, they may
be rotated to have either mainly V 3dxy or mainly OR 2py character. For clarity, we denote them as ”V
3dxy”and ”OR 2py”orbitals.
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Figure 5.4: Absolute value of the intra-ladder exchange coupling parameter, | J |=|ES − ET |,
(full line) and the difference between the weights of the reference CASSCF wave-functions of the
triplet and singlet states, w = wT − wS , (dotted line) as functions of the level shift. CASPT2
calculations on a [V4O16] cluster, minimal CAS. Exponential functions were used to plot the
curves.

will be also referred to as the minimal CAS. Second, we extend the minimal active space
with those 2p orbitals of the oxygen ions on the legs of the ladders that are involved
in the super-exchange interaction, plus a set of correlating virtuals, the so-called prime
orbitals, to account for dynamical correlation effects among the active electrons. Since
there is only one d electron per V ion this dynamical correlation should not be important
at the vanadium sites. All attempts to converge to a wave-function with vanadium d′

orbitals remained actually unsuccessful, illustrating the unimportance of such correlation
effects within the vanadium 3d shell. Therefore, only OL 2p correlating orbitals (oxygen p′

orbitals) are included in this extended active space. The subsequent CASPT2 step estimates
the remaining part of electron correlation within the valence V 3d and O 2p levels, and
correlation effects due to the semi-core V 3s, 3p and O 2s electrons. Experience shows that
such CASSCF/CASPT2 calculations ensure an accurate treatment of electron correlation
and relaxation effects connected with both metal-3d to metal-3d and ligand-2p to metal-3d
charge transfer excitations, see section 2. 3 .

Table 5. 4 summarizes the CASSCF/CASPT2 estimates for the intra-ladder, J , and
inter-ladder, J ′, superexchange couplings. The minimal CAS calculations predict a rather
weak AFM interaction along the b axis and a ferromagnetic inter-chain coupling. In the
subsequent CASPT2 calculations, serious intruder state problems appear. To overcome
these problems, we have applied the level shift technique proposed by Roos and Andersson
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Figure 5.5: Inter-ladder exchange coupling parameter, J ′=ES−ET , (full line) and the difference
between the weights of the reference CASSCF triplet and singlet wave-functions, w = wT − wS ,
(dotted line) as functions of the level shift. CASPT2 calculations on a [V4O16] cluster, minimal
CAS. Exponential functions were used to plot the curves.

[52]. Reasonably well-converged values of the coupling parameters were obtained for shifts
ranging from 0.24 to 0.32 Hartree, see Fig. 5. 4 and Fig. 5. 5 . In this interval J varies between
−316 and −286 K and J ′ between 28 and 40 K.

When extending the CAS, for the same range of level shifts, we observe an enhancement
of the absolute value of the intra-ladder coupling, by approximately 200 K. The active space
of this second set of calculations contains 14 orbitals and 14 electrons. Because the active
vanadium d orbitals, essentially of dxy character, exhibit though slight admixture of the
dzy components, we introduce into the active orbital set not only the bridging OL 2px , but
also the 2pz levels (plus the corresponding correlating virtuals). The large increase of the
intra-ladder exchange proves the essential role of these oxygen 2p orbitals in connecting
magnetically adjacent rungs on the same ladder. Although some degree of uncertainty
is contained in our result, rather good agreement is found with the estimates from refs.
[12, 33, 34, 35, 36].

The inter-ladder interaction involves V – O –V bond angles of about 100◦ [37] and little
overlap, since the transition metal ions are on different sides of the basal plane, see Fig. 5. 1 .
In this configuration the 2px , 2py and 2pz orbitals of the bridging oxygens are expected to
have similar contributions to the superexchange. Since the interaction between rungs on
different ladders is bridged by two ligands, a well-balanced extension of the active space
implies the addition of twelve orbitals to the active space. This leads to an extended CAS
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Figure 5.6: Absolute value of the intra-ladder exchange coupling parameter, | J |=|ES − ET |,
(full line) and the difference between the weights of the reference CASSCF wave-functions of the
triplet and singlet states, w = wT − wS , (dotted line) as functions of the level shift. CASPT2
calculations on a [V4O16] cluster, extended CAS. Exponential functions were used to plot the
curves.

of 18 orbitals with 18 electrons, which is beyond the possibilities of current computer
resources. Therefore, our estimate for J ′ is that based on the minimal CAS: 34±6 K. This
number must be taken, however, with some caution in the light of the relatively large effect
of adding the bridging orbitals to the active space in the case of the intra-ladder coupling.

To give a more firm basis to the CASPT2 results obtained with the level shift technique,
we compare them to iterative DDCI2 (IDDCI2) results. These additional DDCI calcula-
tions have been performed with the casdi code [53]. The DDCI computational scheme is
variational and hence not plagued by the intruder state problem. IDDCI2 commonly re-
produces the sign and the order of magnitude of the interaction. The last column in Table
5. 4 shows that for the intra-ladder exchange, the IDDCI2 estimate of −398K corresponds
indeed to ≈70% of the value(s) derived from the magnetic susceptibility data. Extrapolat-
ing this finding to the inter-ladder exchange, IDDCI2 confirms the ferromagnetic nature of
J ′ found with CASPT2. Under the assumption that the IDDCI2 value of 17K is 50–80% of
the real J ′, the CASPT2 value of 34±6K can be considered to be of the right magnitude.

5.2.3 The phase transition

The coupling of charge, spin, orbital and lattice degrees of freedom is essential in order to
explain the physics of several classes of transition metal materials. Typical examples are
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the perovskite manganese oxides, where such an interplay is responsible for the complex
phase diagrams and unusual physical properties. For NaV2O5 it is presently believed that
correlation of the charge, spin and lattice degrees of freedom is involved in the phase
transition at about 34 K. Analysis of the specific heat anomaly at Tc≈ 34 K [35, 36, 54,
55, 56] shows indeed that a large part of the associated entropy, at least 75% according to
ref. [36], must be due to crystallographic distortions and/or charge redistribution within
the vanadium– oxygen layers. A smaller fraction, probably less than 25% [36], is connected
to the magnetic subsystem. The temperature dependence of the dielectric function also
displays an anomalous behavior [57, 58] and confirms that at low temperatures charge
redistribution occurs.

NMR [41, 59] and XRD [60, 61, 62, 63] measurements show that at least two in-
equivalent vanadium sites exist below 34 K. This inequivalency was associated with a
2V4.5+→V4.5−δc+V4.5+δc charge ordering process. Several charge ordered models have been
proposed for the low-temperature (LT) phase, based on either in-line [64] or zigzag [65,
66, 67] charge ordering. Recent experimental results, i. e. the temperature dependence of
the dielectric function [57, 58], the anomalous x-ray scattering at the vanadium K-edge
[68, 69], and the sound velocity data [70], seem to support a zigzag pattern as considered
in refs. [66, 67]. The authors of refs. [63] and [69] also predict competing stacking arrange-
ments along the c axis, perpendicular to the vanadium– oxygen layers. However, the charge
ordering scenario apparently can not explain the low value of the transition temperature
[67].

To investigate the nature of the phase transition at 34 K, we performed calculations on
[V2O9] bi-pyramidal rung clusters. Several geometric configurations have been considered:
the Pmmn HT crystal structure as determined by Meetsma et al. [37], the Fmm2 LT
configuration proposed by Bernert et al. [61], and the A112 lattice system reported by
Sawa et al. [62].

Table 5. 5 lists CASSCF results for the ground-state and the first two excited states.
We give relative energies, charge Mulliken populations and spin MPs of the V dxy and
OR py atomic basis functions, in the three different geometries. In the high-temperature
Pmmn crystal structure, the point-group symmetry of the [V2O9] cluster is C2v. The GS
and the lowest excited doublet, which defines the optical gap, transform according to the
A2 and B2 irreducible representations, respectively, and can be denoted as 2A2 and 2B2.
HT CASSCF results are given in the first column of Table 5. 5 . According to XRD crystal
structure determinations, the symmetry of the rung cluster is lowered below Tc, either to
Cs [60, 61] or to C1 [62] (the actual low-temperature crystal structure still is a source of
controversy). Results obtained in such low-symmetry geometric configurations are shown
in the second and the third columns. In the second column structural data from ref. [61]
was used, with alternating ”modulated”and ”non-modulated”ladders. In this model, on
adjacent ladders, the OR oxygens are either at equal distances from the vanadium ions of
the same rung, or shifted towards one of them. We analyze here only the rung with unequal
V –OR distances. For simplicity we use for each set of calculations notations corresponding
to C2v symmetry, even if the actual symmetry is lower. We applied the following basis sets
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[47]: V (21s15p10d6f)/(6s5p4d1f) for vanadium and O (14s9p4d)/(4s3p1d) for oxygen.

Table 5.5: Relative energies, charge MPs, and spin MPs for the 2A2 ground-state and the lowest
two excited states, 2B2 and 4A2, in high- and low- temperature geometric configurations. CASSCF
results for a [V2O9] cluster with 3 electrons and 3 orbitals in the active space. The spin MPs are
for maximum Ms.

Crystal Pmmn Fmm2 A112
Structure

Rel. En. (eV):
2A2 (GS) 0 0 0
2B2 0.69 0.84 0.75
4A2 0.99 1.08 0.99

2A2 – MPs a :
Vj dxy 0.9, 0.6 0.9, 0.8 b 0.9, 0.8 b

Vi dxy 0.9, 0.6 0.8, 0.3 0.9, 0.3
OR py 1.0, –0.3 1.0, –0.2 1.0, –0.2

2B2 – MPs a :
Vj dxy 0.9, 0.0 0.9, 0.1 0.9, 0.0
Vi dxy 0.9, 0.0 0.9, 0.1 0.9, 0.1
OR py 0.9, 1.0 0.9, 0.9 0.9, 0.9

4A2 – MPs a :
Vj dxy 0.9, 0.9 0.9, 0.9 0.9, 0.9
Vi dxy 0.9, 0.9 0.9, 0.9 0.9, 0.9
OR py 0.9, 1.0 0.9, 1.0 0.9, 1.0

a For each atomic orbital, the first number is the charge MP, and the second is the spin MP.
b d(Vi–OR) < d(Vj–OR) .

Analysis of the cluster wave-functions show that the low-energy electronic states have
OR 2p1

y character in all geometries. In Table 5. 5 we give for comparison the Mulliken pop-
ulations of the quartet and of the lowest doublet states. This comparison clearly indicates
that the ground-state 2A2 and the first excited state 2B2 have dominant contributions from
the V3d 1

xy –OR 2p1
y –V 3d 1

xy configuration. The major difference between the HT structure
and the distorted configurations concerns the ground-state spin coupling scheme. Above
Tc the main contribution to 2A2 corresponds to a configuration state function where the d
electrons are coupled to a triplet, and the spin on the bridging oxygen is doublet coupled
to it. The spin density is equally distributed over the two vanadiums. In the LT clusters
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the V–OR distances are unequal. In Table 5. 5 we chose d(Vi–OR) <d(Vj–OR). As a con-
sequence, the OR 2py electron and the nearest V 3dxy couple to a singlet, and spin density
is localized on the distant vanadium ion, see Table 5. 5 .

CASSCF calculations with three electrons and three orbitals in the active space predict
an a 2A2−a 2B2 splitting of about 0.7 eV in the high-temperature crystal structure. The
authors of ref. [51] pointed out that the position of the 0.9 eV -peak hardly depends on
temperature, with a blue shift of approximately 0.03 eV from 300 to 4 K. This suggests that
the change in the valence state of the vanadium ions at the phase transition is very small.
Our estimates for the LT a 2A2−a 2B2 splitting are in agreement with these experimental
findings. Thus, the first absorption peak shifts to higher energy by 0.15 eV in the geometric
configuration reported by Bernert et al. [61], and 0.06 eV in the configuration of Sawa et
al. [62]. The GS total Mulliken charges of the Vi and Vj centers differ by about 0.02 e in
the Fmm2 crystal structure and by even less in A112.

The results in Table 5. 5 were obtained by using for each set of calculations the following
embedding charges: +3 e for the V ions,−e for the rung and apex oxygens, OR and OA,−2 e
for the other ligands, and +e for Na. We mention, however, that the character and ordering
of the lowest states are unchanged when a so-called zigzag charge ordered structure, with
zigzag V–V charge disproportionation, is used for the embedding array.

The present study evidences that both above and below Tc the doublet ground-state of
the V – OR –V rung has oxygen 2p -hole character. By distorting the rung, a spin singlet
is formed on the side with the shortest V –OR distance. Compared to the undistorted
HT crystal structure, analysis of the cluster wave-function indicates stronger 3dxy – 2py

bonding for this V – O pair. In the following paragraphs we argue that the onset of the
phase transition at 34 K is related to the formation of such V–OR pairs when the bridging
rung oxygen is shifted towards one of the V neighbors.

The XRD data [60, 61, 62, 71] show that at low temperatures the major crystalline
distortions take place along the x and z directions, and mainly involve displacements of
the vanadium ions, the bridging OR and the apex ligands. Projected on the x axis, the Vi –
OR (Vj –OR ) distance increases (decreases) by about 3% [60, 61, 62]. We analyze in this
section the effect of shifting the rung oxygen along the x axis on the cluster ground-state
energy. Starting from the high-temperature crystal structure we gradually change the x
coordinate of this ion relative to the adjacent vanadium sites, by 1%, 2%, ..., and 5%. We
do not modify the positions of the other atoms in the [V2O9] cluster, nor the embedding.
The effect of such distortions is illustrated in Fig. 5. 7 . We take as reference the energy of
the undistorted cluster.

Remarkably, the cluster ground-state energy displays a (shallow) double-well shape,
reaching a minimum of 42 K for a distortion of 3%. The double-well shape is still obtained
when the lattice parameters are modified within ±5%. These results suggest that a broken-
symmetry configuration, with the bridging oxygen forming a stronger bond with one of the
vanadium neighbors, could be energetically favored. For comparison we plot in Fig. 5. 7 the
same dependency, ground-state energy versus δx, for a [V2O9]

10− cluster in CaV2O5. The
V–O distances in the VO5 pyramids are very similar in the two compounds. However,



100 CHAPTER 5 .

Figure 5.7: The ground-state energy of a [V2O9] cluster when the OR oxygen is shifted along the
V– V rung, in NaV2O5 and CaV2O5, see text. The energy of the undistorted cluster is taken as
reference. Second and sixth order polynomial functions were used to plot the curves.

the rung GS wave-function has V 3d 1
xy –OR 2p6 –V3d 1

xy character in CaV2O5 (the Mulliken
charge populations of each V 3dxy and OR 2py orbital are 0.9 and 1.9, respectively). We
used for this set of calculations the crystallographic data reported by Onoda and Nishiguchi
[10]. In contrast to NaV2O5, the potential energy curve displays a steep parabolic behavior,
with a minimal value for δx=0 . We reiterate that the orbital occupation numbers and the
ordering of the low-energy states are unchanged when distorting the V –OR –V rung. For
NaV2O5 we illustrate this in Table 5. 6 .

The results in Fig. 5. 7 are rather qualitative. A more detailed analysis would require
a preliminary geometry optimization, as well as a study of basis set effects. To explain
the value of the transition temperature, a thorough investigation of the lattice dynamical
properties, which actually implies periodic calculations, is highly desirable. Nevertheless,
the shape of the potential energy curve in Fig. 5. 7 strongly suggests that the phase tran-
sition is driven by such distortions involving the rung oxygens. Moreover, in this scenario
the OR – OR Coulomb repulsion favor a zigzag arrangement of the rung oxygens on the
same ladder. Subsequently, the other atoms in the crystal adjust to the new conformation,
giving rise to the complex crystal structure observed at low temperatures.

An OR–OR zigzag conformation is consistent with the experimental findings of Smirnov
et al. [57] and Poirier et al. [58]. The dielectric anomalies observed near the transition point
[57, 58] show that below Tc an antiferroelectrically ordered structure is formed in the ab
plane. The experimental data also indicate that the largest charge displacements occur
along the a axis. To explain the antiferroelectric ordering, the charge displacements should
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Table 5.6: Relative energies, charge MPs, and spin MPs for the 2A2 ground-state and the low-
est excited doublet, 2B2, when the bridging rung-oxygen is shifted along the x axis (see text).
CASSCF results for a [V2O9] cluster with 3 electrons and 3 orbitals in the active space. The spin
MPs are for maximum Ms.

δx a 1% 3% 5%

Rel. En. (eV):
2A2 (GS) 0 0 0
2B2 0.70 0.76 0.88

2A2 – MPs b :
Vj dxy 0.9, 0.7 0.9, 0.8 0.9, 0.8
Vi dxy 0.9, 0.5 0.9, 0.4 0.9, 0.3
OR py 1.0, –0.3 1.0, –0.3 1.0, –0.2

2B2 – MPs b :
Vj dxy 0.9, 0.0 0.9, 0.0 0.9, 0.1
Vi dxy 0.9, 0.1 0.9, 0.1 0.9, 0.1
OR py 0.9, 0.9 0.9, 0.9 0.9, 0.9

a d(Vi–OR) < d(Vj–OR) .
b For each atomic orbital, the first number is the charge MP, and the second is the spin MP.

develop in opposite senses at neighboring sites. A zigzag arrangement of the rung oxygens
fulfills these requirements. It has been actually determined that at low temperatures the OR

oxygens form indeed a zigzag, either on every second ladder [60, 61], or on all ladders [62].
In addition, according to [60, 61, 62], also the V ions are distributed in a zigzag manner,
along each leg of these ladders. Since the two vanadiums and the OR oxygen of the same
rung are displaced along the a axis in opposite senses [60, 61, 62], the antiferroelectric
ordering in the ab plane can be probably explained without invoking V4.5−δc –V4.5+δc charge
disproportionation.

5.2.4 Magnetic couplings below Tc

In NaV2O5 adjacent rungs on the same ladder are antiferromagnetically coupled. In sec-
tion 5. 2. 2 we estimated the high-temperature exchange coupling constant along the b di-
rection by applying a second-order perturbational treatment to the CASSCF reference
wave-functions. Due to so-called intruder states we used there the level shift technique
proposed by Roos and Anderson [52]. Since for different level shifts slightly different val-
ues are obtained for the coupling constant, some degree of uncertainty was contained
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Table 5.7: Intra-ladder magnetic coupling constants in high- and low- temperature geometric
configurations. CASSCF and IDDCI2 results for [V4O16] clusters including two adjacent rungs.
The reference CAS contains 6 electrons and 6 orbitals.

Crystal Pmmn Fmm2 A112
Structure

CASSCF :
J1 (K) –90 –99 –69
J2 (K) –90 –82 –58

IDDCI2 :
J1 (K) –398 –426 –299
J2 (K) –398 –376 –264
δ a 0.06 0.06

a δ = (J1 − J2)/(J1 + J2) .

in the results. Still, rather good agreement was found with the experimental estimates
from [12, 33, 34, 35, 36]. In this section we investigate the spin-gapped state in the low-
temperature phase. It has been suggested that the spin-gap originates from an alternation
of the exchange constant, J1−J2 , along the quasi-one-dimensional spin chain [66, 67], due
to alternation of the V –OL –V angles along the b axis [61]. An unambiguous evaluation of
the alternation parameter is difficult by CASPT2, because for adjacent V4 plaquettes, J1

and J2 reach converged CASPT2 values when using different level shifts. To avoid intruder
state problems and the use of level shifts we therefore resort to a variational approach,
namely the difference dedicated configuration interaction (DDCI) method. DDCI calcu-
lations are, however, computationally too expensive in NaV2O5, since the [V4O16] cluster
needed to extract the coupling between spins on adjacent rungs is relatively large, and the
reference active space consists of no less than six orbitals (four V 3dxy and two OR 2py)
and six electrons. For this reason we employ the so-called DDCI2 scheme. DDCI2 usually
yields 50–80% of the experimental coupling constant. We show below that even at this
level valuable information can be obtained about the low-temperature spin-gapped phase.

CASSCF and iterative DDCI2 (IDDCI2) intra-ladder Heisenberg coupling constants
are listed in Table 5. 7 . In the Fmm2 and A112 distorted configurations, the calculated
intra-ladder magnetic coupling constants are not equal on adjacent V4 plaquettes (the
second and the third columns of Table 5. 7). This result supports the alternating-exchange
chain model proposed in ref. [66] to explain the spin-gap formation at low temperatures. A
major difference between the conclusions of [66] and this study is that we find no significant
V –V charge disproportionation.
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Figure 5.8: Adjacent V4 plaquettes on alternating-exchange ladders in the Fmm2 (a) and A112
(b) crystal structures. Black, grey and white spheres represent vanadium, leg-oxygen (OL), and
rung-oxygen (OR) sites, respectively.

In the Fmm2 configuration [60, 61], alternation of the V – OL –V angles and V–V
distances in the b direction, and consequently alternation of the exchange coupling, occurs
only on every second ladder, see Fig. 5. 8 . The results in the second column of Table
5. 7 correspond to such an alternating-exchange ladder3. However, by symmetry, the spin
moments on the remaining ladders should behave as an AFM uniform chain, which is
inconsistent with the observed spin-gap. Even if a Fmm2 lattice system apparently cannot
explain the spin-gapped state below 34 K, the J values given in the second column of Table
5. 7 are illustrative for the effect of various crystallographic distortions on the strength of the
magnetic coupling. In agreement with previous estimates [61], our calculations indicate that
the coupling parameter is more sensitive to the displacement of the bridging OL oxygens
along the a axis, than to the V – V dimerization along b. Thus, on adjacent V4 plaquettes,
the alternating coupling parameters of −426 and −376 K are mainly due to alternating
OL–OL distances of 3.956 and 4.024 Å .

Within the alternating-exchange ladders of the Fmm2 system the OR oxygens lie at the
middle of the V –V rungs. In contrast, in the A112 structure each rung oxygen is shifted
towards one of the two vanadiums. The results in Table 5. 7 suggest that such a distortion
leads to a significant decrease of the exchange coupling constant. To separate the effect

3It is the ladder represented in Fig. 1 of ref. [61] by V1b vanadium sites. The V1a and V1b ladders are
not equivalent.
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of shifting the rung oxygens from the effect of other distortions, we performed additional
calculations in a [V4O16] cluster where, except the rung oxygens, all the other ions are
at crystallographic positions corresponding to the room-temperature structure. The two
OR ions are shifted along the a axis, as in section 5. 2. 3 , with δx = ±3%. The resulting
coupling parameter is about 25% smaller than the value in the high-symmetry cluster,
−66 K by CASSCF and −306 K by IDDCI2. Compared with the alternating-exchange
ladder of the Fmm2 geometry, the reduction of the average magnetic coupling constant,
J = (J1 + J2)/2 , in the A112 system is approximately 30%, see the second and the third
columns of Table 5. 7 .

As mentioned above, DDCI2 usually yields 50–80% of the experimental J . Table 5. 7
shows that IDDCI2 reproduces ≈70% of the value deduced from magnetic susceptibility
data for the high-temperature phase, −500 ÷ −600 K [12, 33, 34, 35, 36]. Although we
cannot calculate coupling constants quantitatively, the data in Table 5. 7 still allow us to
predict the evolution of the intra-ladder exchange coupling around the transition point.
Thus, we found that distorting the V – OR –V rungs, the exchange coupling parameter
decreases by 25–30%. At the same time, structural distortions involving the OL leg oxygens
induce alternation of the exchange coupling parameter and therewith spin-gap behavior.
We note that Gros and Valent́ı [72] explained the magnon dispersion observed in neutron
scattering measurements by assuming below Tc a reduction of the intra-ladder average
exchange constant of 20–25%. They also predict an exchange alternation parameter δ =
(J1 − J2)/(J1 + J2) = 0.034, smaller than our estimates. Similar values for the alternation
parameter, δ=0.028−0.040, have been determined by Johnston et al. [36] from fits of the
magnetic susceptibility. However, they assumed an effective exchange constant J(T ) which
is either constant or increases with decreasing T , due to spin-phonon coupling.

5.3 CaV2O5

By analyzing the magnetic contribution in the Raman spectrum, the exchange across the
rung of the ladder was estimated in CaV2O5 to be J⊥≈−640 K, about ten times larger
than the interaction along the leg, J‖ [22]. Quantum Monte Carlo (QMC) simulations [23]
and density functional calculations [21] predict rather similar values for J⊥ , see Table 5. 8 ,
but the J‖/J⊥ ratio is ranging from 0.10, with AFM inter-ladder coupling [23], to 0.20 and
weak ferromagnetic interaction of the spin moments located on adjacent ladders [21, 23].

In this section we apply the CASSCF/CASPT2 method to calculating exchange cou-
pling parameters in CaV2O5. The CASPT2 results are also compared to DDCI calculations.
We have used three different bi-pyramidal clusters to determine the Heisenberg exchange
couplings: a [V2O9]

10− cluster with two V ions on the same rung for J⊥ , a [V2O9]
10− frag-

ment with two adjacent magnetic centers on the same leg of a ladder for J‖ , and [V2O8]
8−,

including two edge-sharing VO5 pyramids, for the inter-ladder coupling J ′. Each of these
parameters has been obtained as the energy difference between the singlet and the triplet
electronic states, J = ES − ET .

The clusters described above are embedded in arrays of point charges. Analysis of the
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Table 5.8: Experimental and calculated exchange coupling parameters in CaV2O5. Negative
coupling denotes antiferromagnetic exchange.

J⊥ (K) J‖ (K) J ′ (K) Method

–640 –64 — RS [22]
–670 –67 –45 χ(T ) [23]
–665 –135 25 χ(T ) [23]

–608 –122 28 DF [21]
–730 –587 –170 Extended Hückel [73]

cluster wave-functions attests that also in CaV2O5 the apical oxygen OA is bonded to the
vanadium atom by a slightly polarized double bond and presents only a charge of approxi-
mately −e. Therefore we represent the V ions and the apical oxygens by +3 e and −e PCs,
respectively. The other oxygen centers and the calcium ions are modeled with their formal
ionic charges of −2 e and +2 e. The nearest vanadium and calcium cations are modeled by
Al3+ and Ca2+, respectively, total ion potentials (TIPs), i. e. closed-shell effective potentials
with no basis functions, of Durand –Barthelat type [46]. At the boundaries of each of these
embedding arrays, we place a set of charges optimized to fit the Madelung potential in the
cluster region. Atomic natural orbital Gaussian-type basis sets have been applied [47]: V
(21s15p10d6f)/(6s5p4d2f) for vanadium, O (14s9p4d)/(4s3p2d) for the bridging and the
apex oxygens, and O (14s9p)/(4s3p) for the other ligands. We have used the structural
data reported by Onoda and Nishiguchi [10].

The CASPT2 and IDDCI estimates in Table 5. 9 confirm that the major interaction in
CaV2O5 takes place across the rung. The CASPT2 on-rung magnetic coupling, about −670
K, is in good agreement with the IDDCI result and with fits of both Raman scattering
(RS) spectra [22] and χ(T ) [23]. By symmetry, only the OR 2py can directly participate in
the superexchange interaction. Adding this orbital and its correlating counterpart to the
minimal active space, gives an almost identical on-rung coupling. The coupling along the
leg is also AFM, but much weaker. The J‖/J⊥ ratio, 0.16, is between 0.10, deduced from
the RS data [22], and 0.20, found by QMC simulations [23] and DF calculations [21]. Due
to the lower point-group symmetry of the cluster representing the leg, Cs (versus C2v for
the rung cluster), all three 2p orbitals of the OL bridging oxygen can contribute to the
coupling. Hence, the extended CAS now contains eight orbitals and eight active electrons.
Nevertheless, essentially identical results are obtained as with the minimal CAS.

Different from the intra-ladder interactions, our calculations indicate that the coupling
between V ions located on the legs of adjacent ladders is ferromagnetic. The minimal
CAS, which includes the two d orbitals only, results in a coupling of about 44 K, with
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Table 5.9: Exchange coupling parameters (in K) for CaV2O5 by CASPT2 and IDDCI calculations
on bi-pyramidal clusters.

CASSCF CASPT2 IDDCI

1. Minimal CAS
J⊥ –210 –672 –676
J‖ –37 –109 –59
J ′ 44 43 107

J‖/J⊥ 0.18 0.16 0.09

2. Extended CAS
J⊥ –196 –676
J‖ –39 –107
J ′ 18 29

J‖/J⊥ 0.20 0.16

very small difference, ∼1 K, between the CASPT2 and the CASSCF estimates. As for
the leg interaction, all three oxygen 2p orbitals contribute to the superexchange. Since the
interaction between vanadiums on different ladders is bridged by two oxygen ligands, six O
2p and six 2p′ orbitals are added to the active space, resulting in a 14 orbitals – 14 electrons
CAS. This extended CAS calculation preserves the picture of ferromagnetic inter-ladder
interactions, although it slightly weakens the coupling to J ′=29 K.

The on-rung CASPT2 and IDDCI estimates are in good agreement. This is, however,
not the case for the other two superexchange couplings, for which a difference of about 50
K is found. Such large differences, about the same size as the coupling itself, have not been
observed in the comparison of the two methods presented in ref. [74]. An analysis of this
effect has been recently performed by de Graaf et al. [75]. Part of this analysis is reproduced
below. Table 5.10 lists the contributions of the different type of excited configurations to
the total CASPT2 J-values. The different contributions are ordered following the number
of electrons removed from the inactive orbitals (h for holes) and/or electrons promoted
to the virtual orbitals (p for particles) with respect to the configurations in the minimal
CAS. For example, in the 2h−1p configurations, two electrons are taken out of the inactive
space, one is promoted to the virtual orbitals and the other is placed in an active orbital.

Since the orbitals are variationally optimized for both the singlet and the triplet state,
the 1h and 1p configurations do not contribute, because of Brillouin’s theorem, see Table
5.10 . The 1h−1p configurations contribute to the spin-polarization and the relaxation
of the so-called ionic configurations, V 3d0 –O2p6 –V3d2. The latter effect can be also
understood as a screening of the on-site repulsion U . At this stage we cannot distinguish
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between the two mechanisms, but the relaxation of the ionic determinants is expected to be
dominant [76]. This relaxation or screening of U increases the kinetic exchange (t2/U) and
hence favors the singlet state. The overall effect of these configurations is large in the three
couplings present in CaV2O5 and for the AFM on-rung and leg exchange couplings they
are even the dominant terms. The 2p and 2h configurations give AFM contributions but
are relatively small. The 2h−1p and 1h−2p configurations induce also an enhancement of
the kinetic exchange [76]. Their contributions are important, although they almost cancel
each other for the rung interaction.

Table 5.10: Differential contributions (in K) to the exchange coupling constant of the different
types of configurations. The minimal CAS contains the ground-state and all V to V charge transfer
configurations, h indicates the creation of a hole in the inactive orbitals, and p the creation of a
particle in the virtual orbitals.

Excitation Type J⊥ J‖ J ′

Minimal CAS –210 –37 44
1h 0 0 0
2h –36 –6 –5
1p 0 0 0
2p –16 –3 –1

1h− 1p –396 –81 –44
2h− 1p –130 2 53
1h− 2p 108 26 29
2h− 2p 9 –8 –33

Total CASPT2 –462 –72 –1
Total –672 –109 43

Finally, we focus attention on the 2h−2p configurations, whose contributions are strictly
zero in the case of a common orbital set for the singlet and triplet. We find however non-
zero values because we apply separately optimized orbitals for the two states. Whereas the
total contribution of these excitations constitutes about 90% of the second-order energy
correction, its differential effect is very small for J⊥. The differential effect is somewhat
larger for J‖ and absolutely indispensable for J ′. Since these 2h−2p contributions are not
included in the IDDCI scheme, they may be invoked to explain the differences observed
between the CASPT2 and IDDCI results in Table 5. 9 . Adding the 2h−2p contributions
to the IDDCI J-values, brings the two sets of calculations in better agreement. Such large
contributions of the 2h−2p configurations have not been observed for ionic oxide compounds
like La2CuO4 and SrCu2O3. This suggests that the ladder vanadates present a special case,
possibly due to the presence of the covalently bound apex oxygen.

This assumption is supported by the finding that the 2h−2p contribution is smaller
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when the orbitals associated with the covalent V –OA bond are left out of the correlation
treatment. The most pronounced change is found for the inter-ladder interaction, precisely
where the contribution is largest. The 2h−2p excitations only contribute −17 K when
the OA are kept frozen in the CASPT2, to be compared with −33 K for the complete
calculation. The reduction is less dramatic for J‖ , the 2h−2p contributions is −5. By
subtracting the CASPT2 value obtained with the frozen V –OA bond from the complete
calculation, we also can establish the overall contribution of OA, which turns out to be
significant and antiferromagnetic in all three cases, −140 K for J⊥, −23 K for J‖, and −5
K for J ′.

5.4 Conclusions

α′-NaV2O5 was previously described either in terms of alternating V4+(3d1) and V5+(3d0)
parallel chains [12, 32] or as a system of quarter-filled V 3d0.5 ladders [38]. Both models
assume a fully ionic picture of the material, with valence states of 2− for all oxygen ions.
In contrast, ab initio quantum chemical embedded cluster calculations indicate that the
bridging oxygen on the rung of the ladder, OR, and the apical ligand, OA, should be
considered as O− ions, rather than O2−. The present study shows that states arising from
a configuration with a hole in the OR 2p shell have actually the lowest energy.

A strong contribution of the OR 2p1
y configuration in the ground-state wave-function was

previously pointed out by van Oosten [43] and by Suaud and Lepetit [44, 45]. The results
presented in this work indicate that the doublet ground-state of the V –OR –V rung has
actually predominant d 1

xy – p1
y – d 1

xy character, both above and below 34 K. In the high-
temperature undistorted geometry, the main contribution to the doublet ground-state is a
configuration state function where the unpaired electron on oxygen is low-spin coupled to
the d electrons and spin density is equally distributed over the vanadium ions. A preliminary
analysis of the effect of distorting the V 3d 1

xy –OR 2p1
y –V3d 1

xy rung on the ground-state
energy reveals that a broken-symmetry configuration, d(Vi–OR) <d(Vj–OR), with Vi 3dxy –
OR 2py spin singlet formation and stronger Vi –OR bonding, can be energetically preferred.
The energy gain calculated for this displacement is small, but relaxation of the other
atoms in the crystal is expected to further stabilize the broken-symmetry configuration.
We suggest that the energy gain upon the formation of such V –OR pairs, when the bridging
rung oxygen is shifted towards one of the adjacent V ions, determines the onset of the phase
transition at 34 K. This model does involve charge redistribution, but not via significant
V –V charge disproportionation. We argue that the antiferroelectric ordering [57, 58] which
occurs in the ab plane at the transition point is mainly connected to a subsequent zigzag
(re)arrangement of the V and OR ions, and not to V4.5−δc −V4.5+δc charge ordering.

Our results are able to explain the main features of the optical absorption and the
antiferromagnetic interaction along the b axis. We attribute the peak at 0.9 eV to a state
implying a different spin coupling scheme among the valence V 3dxy and OR 2py electrons;
the features above 3 eV are assigned to V 3d→OR 2p and OA 2p→V3d charge transfer
excitations. The calculations predict a reduction of the exchange coupling constant of
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about 25% when distorting the V – OR –V rung. At the same time, structural distortions
involving the OL leg oxygens induce alternation of the coupling constant and therewith
spin-gap behavior. The calculations also predict ferromagnetic inter-ladder interactions
with a high-temperature coupling parameter of 30 – 40 K. We note that the temperature
dependence of the intra-ladder coupling around the transition point, the sign of the inter-
ladder exchange, and the influence on macroscopic properties such as the magnon dispersion
and the temperature dependence of the magnetic susceptibility are matters of debate [36,
72].

The model proposed here for NaV2O5 is probably correct, since this study is based on
ab initio all-electron multiconfiguration calculations where the essential physical effects,
i. e. the on-rung electron delocalization, the rung – rung superexchange, and the effect of
local distortions, are quite accurately described. Because the strongest interactions take
place inside the V – OR –V unit, the use of an embedded cluster model — clusters including
two VO5 pyramids (one rung) or four VO5 pyramids (two adjacent rungs) were used — is
a reasonable first approximation.

Cluster model calculations can provide information about possible local minima of
the total energy as function of selected atomic displacements. Such cluster total-energy
calculations enabled us to propose a scenario for the phase transition at 34 K. However,
investigation of the lattice dynamics, i. e. the equilibrium geometry for a particular crystal
structure, lattice instabilities, phonon dispersions, electron – phonon couplings etc., requires
the use of periodic structure calculations. Accurate lattice dynamics calculations are thus
highly desirable for a complete understanding of the phase transition in NaV2O5. Such
investigations would probably allow also interpretation of controversial features in the
infrared and Raman spectra.

Regarding other vanadium ladder oxides, we were able to calculate and analyze the V –
V magnetic interactions in CaV2O5. For the calcium compound the sign and the magnitude
of the inter-ladder couplings are fairly well established. This permits us to test our com-
putational schemes. Heisenberg exchange constants in excellent agreement with fits of the
magnetic susceptibility [23] and results of band structure density functional calculations
[21] have been obtained for the rung and leg interactions. We also obtained reliable esti-
mates for the inter-ladder coupling, whose sign still is a matter of controversy. We confirm
the ferromagnetic nature of this interaction, initially predicted by Korotin et al. [21].
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Summary

This thesis is concerned with the investigation of the electronic structure of a number
of insulating transition metal (TM) crystalline materials by using wave-function based
embedded cluster calculations. Quantities and properties of interest studied in this work
are related to the local ground-state electronic configuration, elementary, low-energy spin
and charge excitations, and to core level excitation processes.

Attempts to characterize and understand the electronic structure of solid TM com-
pounds like oxides, halides, and silicides, began already in the 1940’s. The main motiva-
tions at the time came from the issue of the Mott metal – insulator transition, the problem
of magnetic ordering in insulators, and the problem of itinerant ferromagnetism. More
recently, phenomena such as heavy fermion behavior, high-temperature superconductiv-
ity, colossal magnetoresistance, and spin-Peierls phase transitions have revived interest in
these systems. Nevertheless, although considerable effort has been put into the field, many
of the transition metal materials are poorly understood. The proper treatment of various
competing physical effects, like electron localization as a result of strong electron – electron
interactions and band-like behavior as a result of orbital overlap and translational symme-
try, remains one of the most difficult problems in solid state physics.

Within the quantum chemical approach the cluster method is directed to solving the
Schrödinger equation for a small but relevant part of a larger system. Certain properties of
crystalline solids, e. g. effects connected with the existence of isolated defects and impurities
in an otherwise perfect infinite lattice, molecule – surface interactions, localized 3d or 4f
electronic states in transition metal or rare earth compounds etc., are well suited to inves-
tigation by cluster methods. In the present work calculations were performed on clusters
containing one or more TM sites plus the adjacent anions. The cluster is embedded in some
effective potential that accounts for the crystal Madelung field and for short-range Pauli
and exchange interactions due to the finite charge distribution of the nearest neighbors,
respectively.

Core level x-ray photoelectron spectra in NiO and MnO: im-
portance of inter-atomic hole screening

Much of the progress on the understanding of the electronic structure of transition
metal compounds has been obtained through photoemission and inverse photoemission
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experiments. By such techniques one is able in principle to measure the binding energy
of electrons in atoms, molecules, and solids. However, a full understanding of the spec-
tra requires the solution of the many electron problem. The valence electron removal and
electron addition spectra in transition metal compounds are governed by two main effects:
d – d correlations and metal 3d – ligand 2p interactions. In the case of core level photoexcita-
tion, the core – valence interactions and relaxation effects following the core ionization play
also an important role. Due to these electron – electron interactions, the spectral weight is
distributed over several features and a straightforward interpretation is often not possible.

We discuss the different origins of the x-ray 3s photoelectron spectra for MnO and
NiO on the basis of a non-orthogonal configuration interaction (NOCI) study. In the two
compounds, different physical mechanisms lead to 3s hole final states with completely
different characteristics, although at first glance the two spectra seem to have similar
features. In particular, the spectra for MnO and for NiO both contain an intense satellite
peak at ≈6 eV higher binding energy than the main line. In NiO, the main peak and the
satellite were previously both assigned to high-spin final states and they both were found
to have considerable charge transfer (O 2p →TM3d) character. In MnO, the main line
is assigned to a high-spin final state, and we find, in agreement with previous ab initio
studies, that it has negligible charge transfer (CT) character. The strong peak at about 6
eV higher binding energy in MnO cannot be attributed to a high-spin final state. Instead,
our work assigns the weak satellite at ≈10 eV as arising from a high-spin final state with
dominant CT character. We can say thus that intra-atomic effects dominate the Mn 3s XPS
spectra and the contribution of charge transfer effects is quite small. Our interpretation
for manganese oxide contradicts model Hamiltonian studies that find heavy 3dn – 3dn+1L
configurational mixing for the Mn 3s hole final states.

For the Ni 3s photoelectron spectrum of nickel oxide, we extend a previous non-
orthogonal CI, which was restricted to the analysis of the character of the high-spin fi-
nal states, to low-spin couplings. We find that the 3s XPS spectrum is well described in
terms of only few key configurations, related to three major physical mechanisms: multi-
plet splitting, ligand to metal charge transfer, and intra-atomic electron correlation. Our
results indicate that the final 3s hole states are strong mixtures of non-CT (NCT) and
CT configurations, and it is not possible to describe the states as being either NCT or CT
states. The shoulder observed at about 2 eV in the Ni 3s XPS is well accounted for by
a low-spin state with strongly mixed NCT–CT character. So-called non-local screening,
inter-TM-site charge transfer, effects — invoked for explaining a similar feature in the Ni
2p XPS of NiO — are apparently not essential for describing this part of the 3s spectrum.

Mn K-edge excitations in LaMnO3

LaMnO3 is being intensively studied as parent compound of the so-called colossal mag-
netoresistance perovskite-type manganites. Magnetoresistance, the variation of electrical
resistance with magnetic field, is crucial to several areas of technology, such as magnetic
data storage, and much of the impetus for the present interest in the manganites stems
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from the possible utility of their magnetoresistive properties.
LaMnO3 is insulating at all temperatures. The formal electronic configuration of the

Mn ion is Mn3+ 3d4. In (nearly) Oh site symmetry, it has a high-spin ground-state arising
from the weak-field configuration t32ge

1
g. The two-fold orbital degeneracy is lifted by Jahn –

Teller (JT) distortions of the MnO6 octahedra and by the ordering of the occupied eg

orbitals on neighboring ions. In addition to the JT distortion, the MnO6 octahedra are
tilted, so that the Mn–O–Mn angles become less than 180◦. At high temperatures LaMnO3

is paramagnetic, but below approximately 150 K it becomes an A-type antiferromagnet:
using the Pbnm reference system, in a given plane perpendicular to the crystal c axis the
magnetic moments on Mn sites are ordered ferromagnetically, but the moment direction
alternates from plane to plane.

A number of authors reported recently to have found direct evidence of orbital ordering
in LaMnO3 by using resonant x-ray diffraction at the Mn K-edge. They argued that the
azimuthal-angle dependence and the polarization analysis of the scattering for certain
formally forbidden reflections probe the d(3x2−r2)/d(3y2−r2) orbital arrangement in the
ferromagnetic ab planes. A simple theory of the resonant scattering mechanism was also
provided, relating the peculiar angle dependence of the scattered intensity to some energy
splitting of the Mn 4p levels, δ4p . Initially, it was proposed that this splitting of the 4p
components and, consequently, the anomalous scattering is due to the Coulomb interaction
between the 4p -like electron and the anisotropic charge distribution in the 3d shell. Our
calculations show, however, that the splitting of the manganese 4p levels is mainly due to
the Jahn – Teller distortion of the oxygen octahedron. Our results are in agreement with
recent band structure and multiple scattering calculations, which also indicate that the
structural distortion is the dominant mechanism leading to anomalous scattering.

We investigated the nature of the pre-edge features of the x-ray Mn K-edge absorption
in LaMnO3, by calculating explicitly Mn 1s excitation energies associated with different 1s -
hole final states. We confirm a previous assignment made on the basis of density functional
band structure calculations, i. e. the low energy peaks, labeled A, correspond to 3d states
at adjacent Mn sites. Such 1s→3d transitions acquire observable intensity through ”indi-
rect”, ligand-mediated, Mn 3d –(O2p –)Mn4p mixing. In contrast to LaMnO3, preliminary
calculations for MnO indicate that the low-intensity pre-edge feature in this compound
originate from on-site Mn 1s→3d excitations. However, further investigation is needed in
order to understand the nature of these differences.

Electronic structure of ladder vanadates

The vanadium oxides with ladder-type crystal structure can be denoted as AV2O5,
with A = Li, Na, Mg, or Ca. The transition metal ions, each roughly situated in the center
of a pyramid of five oxygens, form layers in which one-dimensional vanadium chains are
assembled in a planar network of two-leg ladders. The rungs are composed of two V ions,
one on each leg of the ladder, connected by an oxygen.

For divalent A elements, i. e. Ca or Mg, each vanadium ion is in the formal oxidation
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state V4+ 3d1, which corresponds to a spin moment S =1/2 at each V site. Spin moments
on the same ladder interact antiferromagnetically. Antiferromagnetic S = 1/2 spin-ladder
systems, with an even or an odd number of legs, have received considerable attention during
the last years due to their unconventional spin excitation spectra. The isolated two-leg lad-
der, for example, has a finite spin-gap, i. e. a finite energy gap to the lowest spin excitation.
In CaV2O5, the inter-ladder magnetic interactions are indeed weak. Various experiments
indicate for this compound a rather large spin-gap of approximately 600 K. In contrast to
CaV2O5, the inter-ladder interactions are much stronger in magnesium vanadate, which
puts MgV2O5 outside the isolated ladder limit. The experimental data for this material is
contradictory, and the existence of a spin-gapped state is an open question.

Substitution of the Ca2+ or Mg2+ ions with Na+ or Li+ will reduce the number of
valence electrons on each V–OR –V rung. In a fully ionic model of the crystal with
O2− and Li+/Na+ ions, there should be one d electron per two vanadiums. The gener-
ally accepted picture for the electronic and magnetic structure of LiV2O5 consists of a
”double-chain”charge ordered configuration: magnetic V4+ (S = 1/2) chains on adjacent
legs of different ladders are separated by nonmagnetic V5+ (S =0) double-chains. The one-
dimensional character of the magnetic ordering is confirmed by magnetic susceptibility and
neutron inelastic scattering data. So, although crystallographically LiV2O5 does have a lad-
der structure, its magnetic properties are well described in terms of an antiferromagnetic
gapless chain model.

Among the ladder vanadates, the electronic structure of NaV2O5 is a matter of ac-
tive debate. At room temperature, NaV2O5 is isostructural with the spin-ladder material
CaV2O5. While in CaV2O5 one spin is attached to each vanadium site, in NaV2O5 the
character of the electronic ground-state is less obvious. Early x-ray diffraction measure-
ments reported two inequivalent sets of vanadium ions, and a model was proposed with
alternating V4+ (3d1) and V5+ (3d0) linear chains. Above 34 K the temperature dependence
of the magnetic susceptibility is indeed consistent with that of a S =1/2 antiferromagnetic
Heisenberg chain. The rapid decrease of the susceptibility below Tc≈34 K, a lattice distor-
tion, and the opening of a spin-gap were at that time interpreted in terms of a spin-Peierls
phase transition, where dimerization of the V4+ ions occurs. However, later experiments
showed that at room temperature all V ions are equivalent. Based on density functional
band structure calculations and model Hamiltonian studies, NaV2O5 was associated with
a ”quarter-filled”V4.5+ –V4.5+ insulating ladder system. In this interpretation each d elec-
tron is not attached to a single V ion, but to a V3d –V3d bonding orbital. The V– V rung
”molecular”clusters are antiferromagnetically coupled along the legs of the ladder and form
parallel S =1/2 quasi-one-dimensional chains. X-ray diffraction and nuclear magnetic reso-
nance measurements show that at least two inequivalent vanadium sites exist below 34 K.
This inequivalency was attributed to a 2V4.5+→V4.5−δc +V4.5+δc charge ordering process.
Several charge ordered models have been proposed for the low-temperature phase, based on
either in-line or zigzag charge ordering. Recent experimental results, i. e. the temperature
dependence of the dielectric function, the anomalous x-ray scattering at the vanadium K-
edge, and the sound velocity data, seem to support a zigzag pattern. However, the charge
ordering scenario apparently can not explain the low value of the transition temperature.



SUMMARY 121

We investigated the electronic structure of NaV2O5 by wave-function based embedded
cluster calculations. Our analysis is based on multiconfiguration wave-functions where the
essential physical effects, i. e. the on-rung electron delocalization, the rung – rung superex-
change, and the effect of local distortions, are quite accurately described. Because the
strongest interactions take place inside the rung V– OR –V unit, the use of an embedded
cluster model — clusters including two VO5 pyramids (one rung) or four VO5 pyramids
(two adjacent rungs) were used — is a reasonable first approximation.

The results presented in this thesis work indicate that the spin doublet ground-state
of the V – OR –V rung has actually predominant 3d1 – 2p5 – 3d1 character, both above and
below 34 K. In the high-temperature undistorted geometry, the main contribution to the
doublet ground-state is given by a configuration where the unpaired electron on oxygen
is low-spin coupled to the d electrons and spin density is equally distributed over the
vanadium ions. A preliminary analysis of the effect of distorting the V 3d1 –OR 2p5 –V3d1

rung on the ground-state energy reveals that a broken-symmetry configuration, d(Vi–OR) <
d(Vj–OR), with Vi –OR spin singlet formation and stronger Vi 3d –OR 2p bonding, can
be energetically preferred. The energy gain calculated for this displacement is small, but
relaxation of the other atoms in the crystal is expected to further stabilize the broken-
symmetry configuration. We suggest that the energy gain upon the formation of such
V–O pairs, when the bridging rung oxygen is shifted towards one of the adjacent V ions,
determines the onset of the phase transition at 34 K. This model does involve charge
redistribution, but not via significant V –V charge disproportionation. We argue that the
antiferroelectric ordering which occurs in the vanadium– oxygen plane at the transition
point is mainly connected to a subsequent zigzag rearrangement of the V and O ions, and
not to V4.5−δc −V4.5+δc charge ordering. Our results are able to explain the main features
of the optical absorption and the antiferromagnetic interaction along the leg of the ladder.
The calculations predict a reduction of the exchange coupling constant of about 25% when
distorting the V – OR –V rung. At the same time, structural distortions involving the leg
oxygens induce alternation of the coupling constant and therewith spin-gap behavior. The
calculations also predict ferromagnetic inter-ladder interactions with a high-temperature
coupling parameter of 30 – 40 K.

We also analyzed the V –V magnetic interactions in CaV2O5. For the calcium compound
the sign and the magnitude of the inter-ladder couplings are fairly well established. This
permits us to test our computational schemes. Heisenberg exchange constants in excellent
agreement with fits of the magnetic susceptibility have been obtained for the rung and leg
interactions. We also obtained reliable estimates for the inter-ladder coupling, whose sign
still is a matter of controversy. We confirm the ferromagnetic nature of this interaction,
initially predicted on the basis of density functional calculations.



122 SUMMARY



Samenvatting

Dit proefschrift behandelt het onderzoek naar de elektronenstructuur van een aantal isol-
erende, kristallijne materialen van overgangsmetalen (TM: transition metal), gebruik mak-
end van golffunctie-gebaseerde quantumchemische berekeningen aan ingebedde clusters.
Bestudeerd zijn ondermeer de elektronenstructuur van de grondtoestand, spin- and lading-
sexcitaties van lage energie, en excitatieprocessen van diepgelegen niveau’s.

Pogingen om de elektronenstructuur van vaste TM-verbindingen zoals oxiden, haliden
en siliciden te karakteriseren en te begrijpen begonnen al in de jaren ’40. De belangrijkste
motivaties in die tijd kwamen van de kwesties aangaande de Mott metaal – isolatorovergang,
magnetische ordening in isolerende materialen en bandferromagnetisme. Meer recentelijk
hebben verschijnselen zoals zwaar-fermiongedrag, hoge-temperatuursupergeleiding, kolos-
sale magnetoweerstand en spin-Peierls faseovergangen de interesse in deze systemen doen
herleven. Niettemin, hoewel aanzienlijke inspanning is geleverd in dit gebied, worden veel
van de overgangsmetaalmaterialen onvoldoende begrepen. De juiste behandeling van ver-
scheidene met elkaar strijdende fysische effecten, zoals elektronlokalisatie als gevolg van
sterke elektron – elektroninteracties en bandachtig gedrag als gevolg van orbitaaloverlap en
translatiesymmetrie, blijft een van de meest ingewikkelde problemen in de vaste-stoffysica.

Binnen de quantumchemische aanpak is de clustermethode gericht op het oplossen
van de Schrödingervergelijking voor een klein maar relevant deel van een groter sys-
teem. Bepaalde eigenschappen van kristallijne vaste stoffen, b. v. effecten gerelateerd aan
gëısoleerde defecten en onzuiverheden in een verder perfect, oneindig kristal, molecule –
oppervlakinteracties, gelokaliseerde 3d of 4f elektronische toestanden in overgangsmetaal-
of zeldzame aardmetaalverbindingen etc., zijn uitermate geschikt voor onderzoek door mid-
del van clustermethoden. In het huidige onderzoek zijn berekeningen gedaan aan clusters
die één of meer TM-ionen bevatten plus de aangrenzende anionen. Het cluster is ingebed
in een potentiaal die bij benadering de rest van het kristal in rekening brengt.
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Röntgen-foto-elektronspectra voor diepgelegen niveau’s in NiO
en MnO: het belang van interatomaire gatenafscherming.

Veel van de voortgang aangaande het begrip van de elektronenstructuur van over-
gangsmetaalverbindingen is geboekt door middel van foto-emissie-experimenten en inverse
foto-emissie-experimenten. Door gebruik van zulke technieken kan men, in principe, direct
de bindingsenergie van elektronen in atomen, moleculen en vaste stoffen meten. Echter,
voor een volledig begrip van de spectra is een oplossing nodig van het veeldeeltjesprob-
leem. De foto-elektron spectra en elektronadditie spectra in overgangsmetaalverbindingen
worden wat betreft de valentie- en geleidingsband bepaald vooral door twee effecten: d –
d correlaties en metaal 3d – ligand 2p interacties. In het geval van foto-excitatie vanuit een
diepgelegen niveau spelen de correlatie tussen de diepgelegen niveau’s en de valentieniveau’s
en relaxatie-effecten ook een belangrijke rol. Ten gevolge van deze elektron – elektron in-
teracties wordt het spectrale gewicht in aanzienlijke mate verdeeld over verscheidene eind-
toestanden en is vaak een ongecompliceerde interpretatie niet mogelijk.

We bespreken de verschillende kenmerken van de 3s röntgen-foto-elektronspectra (XPS:
x-ray photoemission spectroscopy) van MnO en NiO op basis van niet-orthogonale configu-
ratie-interactie (NOCI). In de twee verbindingen leiden verschillende fysische mechanis-
men tot eindtoestanden met volledig verschillende karakteristieken, hoewel op het eerste
gezicht de twee spectra vergelijkbare kenmerken lijken te hebben. In het bijzonder be-
vatten de spectra voor MnO en NiO beide een intense satellietpiek met ≈6 eV hogere
bindingsenergie dan de hoofdpiek. In NiO werden de hoofd- en satellietpiek al eerder beide
toegekend aan eindtoestanden met hoge spin en voor beide werd een aanzienlijke bijdrage
van (O2p→TM3d) ladingsoverdracht gevonden. In MnO vinden we, in overeenkomst met
eerdere ab initio studies, dat de bijdrage van ladingsoverdracht (CT: charge transfer) aan
het lage energie deel van het spectrum verwaarloosbaar is. De hoofdpiek wordt toegekend
aan een eindtoestand met hoge spin. De sterke piek met een ongeveer 6 eV hogere bind-
ingsenergie in MnO kan niet worden toegeschreven aan een eindtoestand met hoge spin.
In plaats daarvan kennen we de zwakke satellietpiek op ≈10 eV toe aan een hoge spin toe-
stand met dominant CT-karakter. Aldus kunnen we zeggen dat de intra-atomaire effecten
de Mn 3s XPS-spectra overheersen en dat de bijdragen van ladingsoverdrachteffecten nogal
klein zijn. Onze resultaten voor mangaanoxide weerspreken model-Hamiltoniaanstudies die
sterke 3dn – 3dn+1L configurationele menging voorspellen voor de eindtoestanden van Mn
3s -gaten.

Voor het Ni 3s foto-elektronspectrum van nikkeloxide breiden we een voorafgaande
niet-orthogonale CI studie, die beperkt was tot de analyse van het karakter van de eind-
toestanden met hoge spin, uit naar lage-spineindtoestanden. We vinden dat het 3s XPS
spectrum goed wordt beschreven in termen van slechts enkele sleutelconfiguraties die gere-
lateerd zijn aan drie zeer belangrijke fysische mechanismen: multiplet-splitsing, ladingsover-
dracht van ligand naar metaal en intra-atomaire elektroncorrelatie. Onze resultaten geven
aan dat in de 3s -gat eindtoestanden niet-CT- (NCT-) en CT-configuraties sterk mengen
en dat het niet mogelijk is de toestanden als of NCT- of CT-toestanden te beschrijven. De
schouder die te zien is op ongeveer 2 eV in het 3s XPS wordt verklaard door een toestand
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met lage spin met een sterk gemengd NCT–CT karakter. Zogenoemde niet-lokale afscher-
mingseffecten, ladingsoverdracht tussen TM-ionen — aangeroepen om een vergelijkbare
eigenschap in het Ni 2p XPS van NiO te verklaren — zijn blijkbaar niet essentieel voor het
beschrijven van dit deel van het 3s -spectrum.

Mn K-excitaties in LaMnO3

LaMnO3 wordt intensief bestudeerd als moederverbinding van de zogenoemde kolos-
sale magnetoweerstand-manganaten van het perovskiet-type. Magnetoweerstand, de vari-
atie van elektrische weerstand ten gevolge van een angelegd magneetveld, is cruciaal voor
verscheidene technologiegebieden, zoals magnetische dataopslag. Een groot deel van de
huidige interesse in de manganaten komt dan ook voort uit de mogelijke toepassing van
hun magnetoweerstandeigenschappen.

LaMnO3 is een isolator bij alle temperaturen. De formele elektronenconfiguratie van het
Mn ion in het ion model is Mn3+ 3d4. In de (vrijwel) Oh symmetrie heeft het een grond-
toestand met hoge spin voortkomend uit de zwak-veldconfiguratie t32ge

1
g. De tweevoudige

orbitaal ontaarding wordt opgeheven door Jahn –Teller (JT) vervormingen van de MnO6

octahedra en door de ordening van de bezette eg-orbitalen op naburige ionen. De MnO6

octahedra zijn niet alleen JT vervormd, ze staan ook scheef, zodat de Mn–O–Mn hoeken
kleiner worden dan 180◦. Bij hoge temperaturen is LaMnO3 paramagnetisch, maar beneden
ongeveer 150 K wordt het een antiferromagneet van type A: gebruik makend van het Pbnm
referentiesysteem zijn in de vlakken loodrecht op de c -as van het kristal de magnetische
momenten op de Mn-plaatsen ferromagnetisch geordend, maar de richting van het moment
alterneert van vlak tot vlak.

Een aantal auteurs meldden recentelijk een direct bewijs te hebben gevonden van or-
bitaalordening in LaMnO3 door gebruik te maken van resonante röntgendiffractie op de
K-kant. Ze beweerden dat de azimutale hoekafhankelijkheid en de polarisatieanalyse van de
verstrooiing voor bepaalde formeel verboden reflecties de d(3x2−r2)/d(3y2−r2) orbitaal or-
dening in de ferromagnetische ab -vlakken aantonen. Een simpele theorie voor het resonante
verstrooiingsmechanisme, die de bijzondere hoekafhankelijkheid van de verstrooiingsinten-
siteit verbindt met een energiesplitsing van de Mn 4p -niveau’s, δ4p, werd ook geleverd. Aan-
vankelijk werd voorgesteld dat deze splitsing van de 4p -componenten en, dientengevolge,
de anomale verstrooiing het gevolg is van de Coulomb interactie tussen het 4p -achtige
aangeslagen elektron en de anisotrope ladingsverdeling in de 3d -schil. Onze berekeningen
laten echter zien dat de splitsing van de mangaan 4p -niveau’s voornamelijk het gevolg
zijn van de Jahn –Teller vervorming van het zuurstofoctahedron. Onze resultaten zijn in
overeenstemming met recente berekeningen van de bandenstructuur en simulaties van de
verstrooiing, die ook aangeven dat de structuurvervorming het overheersende mechanisme
is dat leidt tot anomale verstrooiing.

We onderzochten de kleine pieken vóór de K-kant van de röntgenabsorptie van Mn
in LaMnO3 (de zogenoemde pre-edge pieken) door het expliciet uitrekenen van de Mn 1s-
excitatie-energieën behorend bij verschillende eindtoestanden met 1s -gaten. We bevestigen
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een eerdere toekenning gemaakt op basis van bandenstructuurberekeningen met behulp van
dichtheidsfunctionaaltheorie (LDA+U), i. e. de pieken met lage energie, gemerkt met het
label A, corresponderen met 3d -toestanden op aangrenzende Mn plaatsen. Zulke 1s→ 3d
overgangen krijgen intensiteit door ı̈ndirecte”Mn3d –(O2p –)Mn4p menging. Berekeningen
voor MnO geven aan dat de lage-intensiteits-”featuresönder de K-kant in deze verbinding
zijn oorsprong vindt in Mn 1s → 3d excitaties gelokaliseerd op het mangaanion. Dit in
tegenstelling tot LaMnO3. Echter, verder onderzoek is nodig om de verschillen beter te
kunnen begrijpen.

Elektronenstructuur in laddervanadiumoxiden

De vanadiumoxiden met een laddermodel als kristalstructuur kunnen aangeduid worden
met AV2O5, waarin A = Li, Na, Mg, of Ca. De ionen van het overgangsmetaal, elk ruwweg
gesitueerd in het centrum van een piramide van vijf zuurstofatomen, vormen lagen waarin
ééndimensionale vanadiumketens worden gerangschikt in een vlak netwerk van ladders
bestaande uit twee stijlen. De sporten zijn samengesteld uit twee V-ionen, één op elke stijl
van de ladder, die door een zuurstofion verbonden worden.

Voor tweewaardige A-elementen, zoals Ca of Mg, is elk vanadiumion in de oxidati-
etoestand V4+ 3d1. Dit komt overeen met een spinmoment S = 1/2 op iedere V-plaats.
Spinmomenten op dezelfde ladder zijn antiferromagnetisch gekoppeld. Antiferromagnetis-
che S =1/2 spin-ladder systemen, met een even of oneven aantal stijlen, hebben de laatste
jaren aanzienlijke aandacht gehad als gevolg van hun onconventionele spinexcitatiespec-
tra. De gëısoleerde twee-stijl ladder, bijvoorbeeld, heeft een eindige spingap, d. w. z. een
energieverschil ongelijk aan nul voor de laagste spinexcitatie. In CaV2O5 zijn de mag-
netische interacties tussen de ladders inderdaad zwak. Verscheidene experimenten wijzen
voor deze verbinding op een tamelijk grote spingap van ongeveer 600 K. In tegenstelling
tot CaV2O5 zijn de interacties tussen de ladders veel sterker in magnesiumvanadaat, wat
MgV2O5 buiten de limiet voor de gëısoleerde ladder plaatst. De experimentele data voor
dit materiaal zijn tegenstrijdig en al dan niet bestaan van een spingap is een open vraag.

Substitutie van de Ca2+ of Mg2+ ionen door Na+ of Li+ zal het aantal valentie-
elektronen op iedere V – OR –V sport verminderen. In een eenvoudig ionen model van het
kristal, met formele ionische ladingen, dus O2− en Li+/Na+, zou er één d -elektron per twee
vanadiumatomen moeten zijn. Het algemeen aanvaarde beeld voor de elektronische en mag-
netische structuur van LiV2O5 is hierop gebaseerd. Het bestaat uit dubbel-ketens met een
ladingsordening: magnetische V4+ (S = 1/2) ketens op aangrenzende stijlen van verschil-
lende ladders worden gescheiden door niet-magnetische V5+ (S = 0) dubbel-ketens. Het
ééndimensionale karakter van de magnetische ordening wordt bevestigd door data voor
de magnetische susceptibiliteit en data voor de inelastische verstrooiing van neutronen.
Dus, hoewel LiV2O5 kristallografisch een ladderstructuur heeft, worden zijn magnetische
eigenschappen goed beschreven in termen van een antiferromagnetisch, gaploze keten.

De elektronenstructuur van NaV2O5 is een onderwerp van heftig debat. Bij kamertem-
peratuur is NaV2O5 isostructureel met het spin-laddermateriaal CaV2O5. Terwijl in CaV2O5
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één spin verbonden met iedere vanadiumpositie, is in NaV2O5 het karakter van de elektro-
nische grondtoestand minder duidelijk. Vroege röntgendiffractiemetingen meldden twee
typen vanadiumionen en een model van alternerende V4+ (3d1) en V5+ (3d0) lineaire
ketens werd voorgesteld. Boven de 34 K komt de temperatuurafhankelijkheid van de mag-
netische susceptibiliteit inderdaad overeen met dat van een S = 1/2 antiferromagnetische
Heisenberg-keten. De snelle afname van de susceptibiliteit onder Tc≈34 K, een roosterver-
vorming en de opening van een spingap werden destijds gëınterpreteerd in termen van een
spin-Peierls faseovergang, waarbij dimerisatie van de V4+ ionen plaatsvindt. Echter, latere
experimenten lieten zien dat bij kamertemperatuur alle V-ionen equivalent zijn. Op grond
van bandenstructuurberekeningen met behulp van dichtheidsfunctionaaltheorie en model-
Hamiltoniaanstudies werd NaV2O5 in verband gebracht met een ”kwart-gevuld”V4.5+ –
V4.5+, isolerend laddersysteem. In deze interpretatie is het d -elektron niet gebonden aan
een enkel V-ion, maar aan een V 3d –V3d bindende orbitaal. De ”moleculaire”clusters
bestaande uit V –V sporten zijn antiferromagnetisch gekoppeld langs de stijlen van de
ladder en vormen parallelle S = 1/2, quasi-ééndimensionale ketens. Metingen gedaan met
behulp van röntgendiffractie en nucleaire magnetische resonantie tonen aan dat er ten min-
ste twee inequivalente vanadiumplaatsen bestaan beneden de 34 K. Deze inequivalentie
werd toegeschreven aan een 2V4.5+ →V4.5−δc +V4.5+δc proces van ladingsordening. Ver-
scheidene modellen zijn voorgesteld voor de fase bij lage temperatuur, alle gebaseerd op
ladingsordening, dan wel in een rechte lijn dan wel in een zigzaglijn. Recente experimentele
resultaten, d. w. z. de temperatuurafhankelijkheid van de diëlektrische functie, de anomale
röntgenverstrooiing op de K-kant van vanadium en data voor de geluidssnelheid, lijken een
zigzagpatroon te steunen. Echter, een scenario voor ladingsordening dat de lage waarde
van de overgangstemperatuur verklaart is er blijkbaar nog niet.

We onderzochten de elektronenstructuur van NaV2O5 met behulp van clusterberekenin-
gen. Onze analyse is gebaseerd op multiconfigurationele golffuncties, waarin de essentiële
fysische effecten, d. w. z. de elektrondelokalisatie op de sporten, de sport – sport spininter-
acties en het effect van lokale vervormingen, erg nauwkeurig worden beschreven. Omdat de
sterkste interacties plaatsvinden in de V–OR –V sporten, is het gebruik van een ingebed
clustermodel een redelijke eerste benadering. Clusters bestaande uit twee VO5 piramiden
(één sport) of vier VO5 piramiden (twee aangrenzende sporten) werden gebruikt.

De resultaten die in dit proefschrift worden gepresenteerd wijzen erop dat de spin-
doublet grondtoestand van de V –OR –V sport overheersend 3d1 – 2p5 – 3d1 karakter heeft,
zowel boven als beneden de 34 K. In de onvervormde geometrie bij hoge temperatuur is het
ongepaarde elektron op het zuurstofatoom met lage spin gekoppeld aan de d -elektronen en
is de spindichtheid gelijkmatig verdeeld over de vanadiumionen. Een eerste analyse van het
effect van de vervorming van de V3d1 –OR 2p5 –V 3d1 sport op de energie van de grond-
toestand onthult dat een configuratie met gebroken symmetrie, d(Vi–OR) <d(Vj–OR), met
vorming van een Vi – OR spin-singlet en sterkere Vi 3d –OR 2p binding, energetisch gunstig
kan worden. De berekende energiewinst voor deze verschuiving is klein, maar verwacht
wordt dat de relaxatie van de andere atomen in het kristal de configuratie met gebroken
symmetrie verder stabiliseert. We stellen voor dat de energiewinst als gevolg van de vorming
van dergelijke V –O paren, wanneer het overbruggende zuurstofatoom op de sport wordt
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verschoven richting één van de aangrenzende V-ionen, het begin bepaalt van de faseover-
gang bij 34 K. Dit model leidt wel tot de herverdeling van lading, maar niet via significante
disproportionering van de V –V lading. We suggereren dat de antiferroelectrischeordening
die plaatsvindt in het vanadium– zuurstof-vlak op het overgangspunt is verbonden met
een hierop volgende zigzagrangschikking van de V- en O-ionen en niet met significante
V4.5−δc −V4.5+δc ladingsordening. Onze resultaten kunnen de belangrijkste eigenschappen
van de optische absorptie en de antiferromagnetische interactie langs de stijl van de ladder
verklaren. De berekeningen laten een afname zien van de magnetischekoppelingsconstante
van ongeveer 25% wanneer de V –OR –V sport wordt vervormd. Tegelijkertijd veroorzaken
structuurvervormingen betreffende de zuurstofatomen op de stijlen afwisseling van de kop-
pelingsconstante en daarmee het spingapgedrag. We voorspellen verder ferromagnetische
interacties tussen de ladders met een koppelingsparameter van 30 – 40 K bij hoge temper-
atuur.

We analyseerden ook de V–V magnetische interacties in CaV2O5. Voor de calcium-
verbinding zijn het teken en de grootte van de inter-ladderkoppelingen redelijk goed bek-
end. Dit staat ons toe om onze rekenmodellen te testen. Heisenberg koppelingsparameters,
die in uitstekende overeenkomst zijn met de schattingen op grond van simulaties van de
magnetische susceptibiliteit en resultaten van eerdere berekeningen met behulp dichtheids-
functionaaltheorie, werden verkregen voor de sport- en stijlinteracties. We verkregen ook
betrouwbare schattingen voor de inter-ladderkoppeling, waarvan het teken nog steeds con-
troversieel is. We bevestigen de ferromagnetische aard van deze interactie die aanvankelijk
op basis van berekeningen met behulp van dichtheidsfunctionaaltheorie werd voorspeld.
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