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Chapter II

Some Theoretical Aspects of

Correlated Systems

Abstract:

Experiments discussed in this thesis are performed on materi-
als of which the low-energy scale electronic structure is strongly
inuenced by electron-electron interactions resulting in electron
correlation e�ects. In this Chapter selected aspects of the the-
oretical background of electron correlation is given as an intro-
duction to the discussions in the following Chapters. Special
attention is given to the process that determines the electronic
structure of the oxide materials studied, the transfer of electrons
from the oxygen to the transition metal ion, the charge transfer
process.
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28 II. Some Theoretical Aspects of Correlated Sytems

II.A Introduction

The main materials studied with ARUPS/EELS are or are based on transition
metal oxides. This class of materials that consist of a combination of at least a
speci�c transition metal (TM) and oxygen(O), is the topic of a large number of
studies, which in total cover a variety of techniques[1, 2]. The TM ions within
these structures are often referred to cation and the oxygen ions anions. In this
thesis electronic excitations within the transition metal oxides will be discussed.
The attention in this study will be restricted to the late(Mn{Cu) elements in the
3d transition metal series(Sc{Cu). Some of the most studied oxides in this region
are NiO, CuO and the CuO2-plane based high temperature superconductors.

In the description of electronic excitations in transition metal oxides the fol-
lowing notation is used: dn denotes that there are n electrons in the d-shell of the
transition metal ion. A TM ion with an added electron is indicated by dn+1 and
a TM ion with an added hole(removed electron) is indicated by dn�1. The six 2p
orbitals of the oxygen(O2�) ion(ligand) are indicated by L for ligand. In the case
when one of the O2p electrons is removed this is indicated by L, i. e. a ligand
hole. The excitations involved can be either charge neutral(EELS) or involve the
removal of an electron(UPS).

II.B Atomic and Molecular Orbitals

The electron bands of importance in the study on the electronic structure of the
late transition metal oxides and especially the cuprate superconductors are the
electrons in the outermost shells referred to as the valence electrons, TM3d and
O2p, and to a lesser extent TM4s=p. As is demonstrated in the right panel of
Fig. II.1 the degenerate atomic 3d orbitals, neglecting the spin-orbit coupling, in
spherical symmetry are energetically split into a triply degenerate t2g(dxy, dxz and
dyz) and a doubly degenerate eg(d3z2�r2 and dx2�y2) level in cubic(octahedral(Oh))
symmetry, under the inuence of crystal(ligand) �eld splitting. The energy sep-
aration is determined by the crystal �eld splitting (10Dq) and can in oxides be
of the order of 1{2 eV.

When the symmetry is lowered from octahedral symmetry(Oh) as in the rock
salt structure of divalent NiO to tetragonal as in the high temperature supercon-
ductors the degeneracy of the eg level is lifted. The 3dx2�y2 orbitals with lobes
pointing in to the direction of the nearest neighbour oxygen ions are higher in
energy than the 3d3z2�r2 orbitals. In order to remain orthogonal the electron or-
bitals have to distort under formation of a compound, when both the orbitals are
occupied. This distortion energy will be larger for orbitals pointing into the direc-
tion of the oxygen ions. When we limit ourselves to the cuprate superconductors
with the quasi-two dimensional square planar symmetry of the CuO2 plane, the
orbitals with an out-of-plane component in the eg and t2g-levels will be lower in
energy than the in-plane counterparts.
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Figure II.1: The symmetry dependence of the degeneracy of the 3d-wavefunctions as

indicated in the right panel. The evolution from spherical to cubic to square planar is

considered. The electron densities of the 5 di�erent 3d wavefunctions are indicated in

the left panel.

Within molecular orbital theory the one-electron energy levels are usually
taken as a linear combination of atomic orbitals(LCAO) as will also be used
in Chapter V. In the case of most transition metal compounds the electronic
structure is dominated by bonding combinations of transition metal and oxygen
orbitals. The 3d orbitals in the t2g category point into the direction in between
the ligand ions, the diagonal directions, see the left panel of Fig. II.1. This is in
contrast to the orbitals of the eg levels which are optimally aligned along the TM-
O direction. As a result of this alignment the 3d states of eg character hybridize
strongly with the 2p� orbitals of the neighboring oxygen sites. The subscript � is
added to denote 2p orbitals directed along the TM-O direction. Overlap between
the parallel electron orbitals results in hybridization e�ects between TM 3d and
O2p� electrons. The orbitals combine to form bonding(�) and anti bonding(�?)
combinations.

Next to the hybridization of the 3dx2�y2-states with the 2p� oxygen orbitals,
relatively weaker hybridization arises from the overlap of 3d states of t2g character
and neighboring O 2p� orbitals. Contrary to the O 2p� orbitals the lobes of the
� labelled states are directed perpendicular to the Cu-O bond. This is the reason
why the hybridization is much weaker. The hybridization involving �-states can
however still give rise to bonding(�) and anti bonding(�?) bands.

In the tight binding model[3] linear combinations of atomic wavefunctions
are considered that obey Bloch's theorem. In Fig. II.2 a �nite linear chain is
considered of alternating 3dx2�y2 and 2p� orbitals with a lattice vector a. If we
concentrate on the hopping of an electron/hole from one oxygen site to another,
a linear combination of the 2p� orbitals only can be constructed by using:

�(k; r) =
1p
N

X

j

eik:Rj'(r � Rj) (II.1)
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Figure II.2: Schematic view of the dependence on the wavenumber k of the e�ective

overlap of the molecular orbitals spanned by the combination of the ungerade O2p or-

bitals, with the combination of the gerade TM3dx2�y2 orbitals for a �nite length one

dimensional chain. Filling of the orbital lobes corresponds to the sign.

where the summation index j numbers all the oxygen sites(N), '(r � Rj) rep-
resents the atomic wavefunctions and Rj labels the position of the individual
ions. For each value of k a combination as described in equation II.1 can be
constructed. In the case of k = 0, the summation will however result in a se-
ries of equal sign, ungerade with respect to the TM ion, orbitals. A comparable
combination for the d-states only, again using equation II.1, will result at k =
0 in an equal sign series of gerade dx2�y2 orbitals. At k = �=a, also indicated
as k = 1, equation II.1 will appear as an alternating sign series as eik:Rj equals
1(e0), -1(ei(�=a):a), 1(ei2(�=a):a), -1 ... etcetera. The ungerade orbitals involved in
the oxygen band will ip sign for alternating sites, the same holds for the gerade
orbitals of the TM band. It is clear from Fig. II.2 that when we switch on a TM-O
hopping between the two bands the e�ective overlap strongly di�ers at the two
momenta considered. Whereas at k = 0 the contributions cancel because of the
gerade/ungerade combination, at k = �=a the ungerade orbitals with alternating
sign have a maximum overlap with the alternating sign gerade dx2�y2 orbitals. So
depending on the point group symmetry of the orbitals involved in the interacting
electron bands maximum and minimum overlap wavefunction combinations can
be constructed.

II.C Electron Correlation

Purely based on one-particle band theory calculations, like LCAO, most of the
transition metal compounds are predicted to be metallic. Reality shows that
despite the not completely �lled outermost electron shells most of the com-
pounds are insulating, as was �rst pointed out by De Boer and Verwey in 1937[4].
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Whereas band theory assumes that each electron moves in an average periodic
potential of all other electrons, strong electron-electron interactions involved in
most of the transition metal oxides lead to strongly correlated motion of the
electrons. As a result standard band theory approaches in which inuences of
exchange and correlation are replaced by an e�ective one-particle potential, and
where many electron states are described by single Slater determinants of one
electron Bloch states, are of limited value in describing the electronic structure
of correlated transition metal compounds. The correlation e�ects resulting from
the strong 3d-3d Coulomb interactions are not explicitly included in the many
electron wavefunctions.

In contrast to the simple local ionic ansatz for describing the electronic struc-
ture of the late transition metal compounds, the translational symmetry is as-
sumed to play a secondary role to correlation e�ects, and the excitation energies
corresponding to charge uctuations are given by the following relations. The en-
ergy it costs to move a d electron from one TM ion to another (2dn ! dn+1+dn�1)
is given by the on-site Coulomb repulsion U :

U = (E0(d
n�1)� E0(d

n)) + (E0(d
n+1)� E0(d

n)) (II.2)

This energy is related to the di�erence between the ionization energy(EI) and
the electron a�nity(EA) of the TM ion, corrected by a signi�cant factor corre-
sponding to the inuences of screening and polarization e�ects in the solid and
the inuences of covalency(hybridization). The single electron{hole excited states
involved in this kind of charge uctuations are related to the motion of both the
electron and the hole, because of that the dispersional width equals two times
the dispersional width w of the d band.

Charge uctuations of the kind described above have for a long time been
assumed to determine the low energy electronic structure and especially limited
the conduction gap of the insulating compounds. However recently Fujimori and
Minami[5] and Sawatzky and Allen[6] proposed, based on experimental results
obtained on NiO, that another charge uctuation, the charge transfer energy �,
de�ned as:

� = E0(d
n+1L)� E0(d

n) (II.3)

plays an important role too. In the case of the late transition metal oxides the
inuence of the process involving the transport of an electron from the ligand
to a TM 3d state (dn ! dn+1L), is even lower in energy than the d-d Coulomb
repulsion U . The charge transfer related excited states have a dispersional width
of w +W , with W the dispersional width of the ligand band. Whereas the on-
site Coulomb repulsion U depends strongly on the type of transition metal[7], �
depends also on the type of ligand, related to the electronegativity of the ligand
under consideration. Contrary to the Coulomb repulsion involving excitations
between sites of the same character, the di�erence in Madelung potential(�Vmad)
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Figure II.3: The various insulating and metallic conditions as found among the tran-

sition metal compounds represented in the Zaanen-Sawatzky-Allen scheme. The general

indication of the main regions are included. In the left panel the charge uctuation exci-

tations involved in the ZSA quali�cation are indicated in an ionic lattice representation.

The small circles correspond to the transition metal ions, the larger ones to the oxygen

ions.

between the TM and O sites will strongly inuence the charge transfer energy.
Next to the di�erence in ionization potential of the oxygen ion and the electron
a�nity of the TM ion the large Madelung potential terms will contribute. The
dependence of the charge transfer energy � on the Madelung potential results in
inuences of the surroundings. The dependence on (�Vmad) can lead to lowering
of the charge transfer limited band gap for lower dimensional systems, as will be
in detail discussed in Chapter VI.

Based on the relative values of U and �, a classi�cation scheme has been
introduced by Zaanen, Sawatzky and Allen[8] which is reproduced in Fig. II.3. In
the region called Mott-Hubbard the conduction gap(Egap) is determined by the
Coulomb repulsion U , in the region called charge transfer the gap is determined
by excitations corresponding to the charge transfer process(Egap / �). It is the
category of charge transfer insulators in which the materials studied in this thesis
have to be classi�ed, NiO and the CuO2 based high temperature superconductors
and the insulating parent and isostructural compounds, like Sr2CuO2Cl2. For that
reason this class of correlated materials will be discussed in more detail.

II.D Charge Transfer Insulators

For materials in which the values of the two di�erent charge uctuation excitation
energies result in a position in the charge transfer region of the ZSA scheme in Fig.
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II.3, the low energy region of the electronic structure is strongly inuenced by the
charge transfer process. In the case where the Coulomb repulsion is larger than
the charge transfer excitation energy � which in itself is larger than the dispersion
width of the electron bands involved((W+w)/2), the material is insulating and
the open 3d band is split into two contributions, the bands indicated by the
labels LHB and UHB respectively, as is indicated in the center panel of Fig. II.4.
The LHB-labelled lower Hubbard band corresponds to the dn�1 states and the
upper Hubbard band(UHB) corresponds to the dn+1 states. The energy di�erence
between the two Hubbard bands is determined by the Coulomb repulsion U . In
the case of the divalent copper oxides with the groundstate Cu2+(3d9)O2�(2p6),
the LHB corresponds to d8 and the UHB corresponds to d10. These two TM
derived bands are separated by the O2p-related band(dnL). Despite the fact that
the corresponding Cu 3d band is half-�lled, an insulating electronic structure
results with local spins. The chemical potential � lies somewhere in the gap
spanned by the O2p band and the UHB contribution. This undoped charge
transfer scenario is also valid for the undoped insulating parent and isostructural
compounds of the cuprate high temperature superconductors.

The electronic structure of the carrier doped high temperature superconduc-
tors can be related to the undoped half �lled case, as is shown in the two outer
panels included in Fig. II.4. In the left panel the situation valid for most doped
cuprates is shown. Added holes are resident on the O2p band. Because of the
doping the chemical potential has moved into the O2p band, resulting in conduc-
tive properties. In this panel the labels N -1 and N+1 indicate the experimental
probes that can be used, respectively photoemission(PES) and inverse photoe-
mission(IPES), with N indicating the total number of electrons of the system
under study. When electrons are added to the undoped system described in the
center panel, the chemical potential will \jump" into the upper Hubbard band.
The energy separation between the O2p band and the upper Hubbard band(d10)
is of the order of 2 eV.

The di�erence in binding energy between the oxygen related features as ob-
served in PES and the correlated structure near the chemical potential, often
indicated as the Fermi energy, should increase with an energy of the order of
the charge transfer gap, when spectra are compared of electron and hole doped
compounds. In Chapter V we suggest that strong features in the angular re-
solved photoemission spectra of cuprate superconductors at all doping levels and
isostructural insulating compounds can be used to check the above chemical po-
tential shift between electron and hole doped materials.

The components of the high temperature superconductors most important
for the electronic structure are the CuO2-planes. Especially the in-plane Cu3d
and O2p orbitals can form strongly hybridized combinations. In the undoped
situation(Cu2+O2�) this combination is completely �lled except for one electron
per unit cell. Because of the large Coulomb energy required to place two carriers
at one site, each copper site is occupied by a hole. As the 3dx2�y2 orbitals point
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Figure II.4: Schematic representation of the inuence of doping on the charge transfer

based electronic structure of a TM-O system, like the CuO2-plane(n=9). The top situa-

tion represents the undoped initial situation, the two lower panels the resulting schemes

after hole or electron doping of the initial system. The energy di�erence between the
chemical potentials(�) in the hole doped case with respect to the electron doped case is

expected to be at least the magnitude of the charge transfer gap.

into the direction of the neighboring oxygen sites, the holes will reside on these
3d orbitals because of hybridization e�ects.

Next to the electronic correlation e�ects, magnetic interactions play an im-
portant role in cuprate materials. The interaction between the spins of the single
electrons, occupying one of the 3dx2�y2 orbital levels on each of the copper ions,
results in an antiferromagnetic arrangement of spins. Nearest neighbour holes on
the copper sites interact with each other through hopping via the oxygen site. As
the exchange interaction takes place via an intermediate state, it is referred to
a superexchange interaction. The Hamiltonian for a S= 1/2 Heisenberg antifer-
romagnet can reasonably well describe the spin-spin interactions in the undoped
cuprate materials. As a result the motion of a single hole, created by for ex-
ample photoemission, in a antiferromagnetically ordered half-�lled Heisenberg
background is widely studied by theoreticians, since this is believed by many to
be at the heart of explaining high temperature superconductivity.

The parameter that is involved in the coupling between the spins is the su-
perexchange constant J . Because of the large overlap of the Cu3dx2�y2 and O2p�
wavefunctions in the square CuO2-plane structure the superexchange constant
value is large J � 120 meV[9]. As a result of the large exchange constant spin-
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spin interactions have a signi�cant inuence on the electronic structure of cuprate
materials. An advantage of the large J value is that spin-ip excitations, also
called magnons, because they are directly related to the number of broken bonds
times J , are observed at large excitation energies. Energies of the order of 360
meV for spin conserving double spin ip excitations are observed in optical ex-
periments on the Sr2CuO2Cl2 compound[10]. The superexchange constant J
depends on both U and �. In the case of charge transfer insulators � is a dom-
inating factor(J � 1=�3) in the determination of J . The dependence of � on
the Madelung potential di�erence between the TM and oxygen sites will auto-
matically involve J . In Chapter VI it will be suggested that the inuence of the
reduction of � at a surface can result in strong enhancement of J .
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