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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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