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Abstract of Thesis

The hybrid Hartree-Fock - density functional method is investigated for suitability in

application to calculations of the electronic structure and related properties of
transition metal oxides. The proportion of exact exchange in the hybrid functional is
the key variable in the study. Calculated values for the properties ofNiO and MnO are

compared with experiment in order to permit the performance of the hybrid
functional to be assessed. Amongst the properties considered are the equation of state

parameters, detail of electronic structure, magnetic coupling constants, crystal field
excitation energies, spin-lattice interaction strength, the character of hole states and

high pressure phase diagrams. The final conclusion of the work is that no one hybrid
functional can give a quantitatively correct description of all properties, either within
a single material or across the range of transition metal monoxides. One novel and

highly successful feature of the work is the mapping of d—>d transition energies onto

crystal field Hamiltonians, with the aim of obtaining a more fundamental

understanding of the nature of such excitations, and their modification by the

crystalline environment.

In addition, the hybrid functional method was used in a separate study which sought
to address experimental uncertainties surrounding the electronic structure of and

conducting state within non-defective vanadium monoxide. The perfect material was
found to be an insulator, in keeping with the other first row oxides, and so a further

examination of the effect of defects was initiated. Complex defective forms of the
material were treated via structural optimisation in the plane-wave pseudopotential
method. The final section of the thesis deals with the crystal field excitations in

S^CuC^Cfe, their modification by hole doping and any potential role they may play in
the high temperature superconductivity common to the cuprates.
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Chapter 1

Background, Theory and Aims

1. A Brief Introduction to the Transition Metal Oxides

The progressive filling of the 3d shell with increasing atomic number is the most

important unifying feature and cause ofmost of the complexity in compounds of the
transition metals. In this thesis, attention is focussed upon the compounds formed by
combination with oxygen (TMOs). The binary oxides already offer up a vast range of
compounds, such as the monoxides MO (M representing a transition metal) in which
the rocksalt structure predominates, the corundum-type structure of the sesquioxides
M3O4, and the rutile-type structure of the dioxides MO2. The inclusion of ternary

compounds vastly increases the complexity; the added atoms often originate outside
the transition group. A wide range of electrical conductivity is found, from good
insulators like Ti02 at one extreme to metals like Re03 at the other. Semi-conducting
behaviour such as that observed in Feo.90 is infrequently observed, and some of the
most complex oxides, like YBa2Cu307 are high temperature superconductors. Many

oxides, particularly those containing early transition metal atoms, show complex non-
stoichiometric phases, the structures ofmany ofwhich are still unclear.

How do chemists and solid state physicists think about the TMOs? A common

starting point is a notional oxidation state for each element present. In almost all

cases, each oxygen ion is assigned a charge of-2 units of the proton charge, i.e. two
excess electrons. Metal atoms are then assigned counterbalancing charges, leading to

Mn2+ in MnO and Ti4+ in Ti02. In some cases, the oxidation state of the cation in the

oxide environment is clear, e.g. Li+, but some transition metals manifest with variable
oxidation states, and an appeal is usually then made to the energies of the various
oxidation states in other environments. Mixed valency compounds do occur, of which

Fe3C>4 [1] is perhaps the best known example. Is it appropriate to think of two Fe3+
ions to every Fe2+ ion in this material, or is some 'delocalised' Fe2%+ state closer to the
truth? In fact, the cation oxidation states in Fe3C>4 change abruptly at 120K, a point
which is termed the Verwey transition. Below this temperature, integral Fe2+ and Fe3+
cation states dominate, while above it, a description involving one Fe3+ to two Fe2/2+
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cations is appropriate, with a corresponding increase in conductivity. Turning to a

discussion of the anion, the O2" state is most frequently found, although O" often

occurs as a paramagnetic defect.

In thinking about the electron configurations of the 3d transition metal ions in oxides,
it should be borne in mind that it is always the 4s electrons that are first removed by
ionisation. Attention then focuses upon the remaining dn electrons, as the determinant
ofmost of the interesting physics and chemistry of the compounds. To appreciate the
influence of the d-electrons, consider that all the d° oxides are found to be

diamagnetic insulators. Allied to the concept of electron configuration is the spin
moment of the metal ion. Hund's first rule is generally observed in the 3d oxides, and
so unpaired electrons arrange themselves to maximise the spin multiplicity. In the 4d
and 5d series, arrangements of the electrons with low total spin are more common,

due to the increased interaction of the ion with its surroundings.

The ionic radius of the M2+ 3d ions in their high spin configurations generally falls
2"b 2~b

with increasing atomic number, save between V and Mn , where there is an abrupt
rise from ~ 68 to ~ 83 pm respectively [2], The rise is linked to the fact that metal-
metal bonding is generally found in oxides of Ti2+ and V2+, but is absent in oxides of
the later metals. In general, though, the trend is a decreasing one, and this can be
linked to the increase in nuclear charge, the effect of which is only partially shielded

by the electrons added to the 3d shell. In terms of crystal geometry, low values of
coordination of metal ions are preferred for small radii, and vice-versa. Thus,
tetrahedral structures are found for radii less than ~ 50 pm and octahedral structures
for radii in the range ~ 50 to ~ 80 pm. It should be noted that the ionic radii on which
this rule is based are now thought to be rather low, and revised radii were later

published [3]. The radii quoted in this revised article for all the ions occurring in the

present work are shown in Table 1 below.

In the binary, rocksalt structured monoxides, non-defective phases (to a good

approximation) are generally found for compounds which contain metals occurring
late in the series, and complex defective phases for early members. NbO, in the 4d
series deserves particular mention for its high concentration of 25% vacancies on both
anion and cation sublattices.
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Cation Radius (pm)

Ni2+ HS 83

Mn2+ HS 97

Mn2+ LS 81

y2+ 93

Sr2+ 132

Li+ 90

Anion Radius (pm)
O2" 126

cr 167

Table 1. The effective ionic radii for all ions occurring in the present work, as

presented in the data of Shannon [3], HS and LS indicate high- and low-spin states

respectively.

It is arguable that the presence of defects at such concentration should really be
considered as a separate structural phase. Wiistite, or Fei-xO always presents as

slightly metal deficient, and a range of defect cluster models have been advanced to

account for this [4], In contrast to the picture for wiistite, where defect clusters are

separated from each other, in TiOi o, an ordered phase of defects is formed extending

throughout the whole lattice, in which 1 in 6 sites on both sublattices are vacant [5].

In thinking about the electronic structure of the TMOs, it must be conceded that no
one model can reproduce all the observed behaviour, at even a qualitative level. At
one extreme, there is the ionic model, in which all the bonding interactions are

neglected and only the electrostatic perturbation caused by the extended lattice at each
site is considered. The crystal field theory is a part of this wider approach. At the
other extreme is band theory, which implicitly takes each electron as part of an
infinite lattice. It should be stressed that many authors refer to the electrons in band

theory as 'delocalised'. This is loose language, for the single particle states in band

theory may be concentrated closely around one site in a cell, and it is this picture of
the charge distribution that is periodically replicated throughout space.
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(i) The Ionic Model

The crystal field (CF) theory is a highly simplified model, in which the orbital overlap
between cation and neighbouring anion states is neglected. Experience has shown that
the electrostatic considerations of the CF model alone cannot reproduce experimental
values for the crystal field splitting energy, and so the ligand field theory

incorporating bonding interactions was developed [6]. The energy difference in the

simple theory between the high lying eg and low lying t2g symmetry orbitals is useful,
in a qualitative sense for the explanation of transitions to low spin states, and the
Jahn-Teller distortion of the local environment of ions with particular d-electron

configurations. Quantitative applications come from the analysis of the characteristic
d—>d excitations in TMOs. Such transitions are forbidden by the Laporte selection

rule, and typically appear with weak intensity in optical absorption. The Kanamori CF
Flamiltonian [7] is an effective tool in the analysis of such transitions, and takes the

following form, for an isolated metal site

in which Y - Y1Y2Y1Y2 and a - °iCT2aia2. The integrals of the two-electron interactions

are

where y and y' label the orbitals of the d-manifold, and a and a' the electron spin.
The single-particle creation and annihilation operators follow the usual notation.
Three distinct types of d-d interaction can be identified,

These can be written in terms of the Racah A, B and C parameters of atomic

spectroscopy [8], with an orbital independent value for U of A+4B+3C. U' and J on

HCF =HL +-Y V C(l,2) a1" a1" a,, aCF 2 ^^ Yi^i Y2a2 Y2a2
y c

<X CI r f (X f r 9

Yiai Y2ct2 Y2a2 Yia]

(i) intraband Coulomb terms U = (ya,Y<j'||ya,ya') with a * a'

(ii) interband Coulomb terms U' = (yCT,y'a'||ya,y'a'^ with Y 56 Y'
(iii) interband exchange terms J = (ya,y'CT'||y'CT,ycj'\ with Y * Y'
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the other hand are orbital dependent, as shown in Table 2, but may be conveniently

averaged over the d-manifold for the purposes of simplification, leading to the orbital

(y) and spin (a) independent expressions

U' = A - B + C

J = —B + C
2

The ground and spin-allowed d—>d excited state electron configurations may now be

mapped onto Hcf, respecting the orbital dependence of the interactions presented in
Table 2. The theory as developed so far does not account for the perturbing presence

of the crystalline environment, and the crystal field splitting, Acf, must be added

depending upon whether the initial and final orbitals are at different relative energies.
More specifically, the energy of an eg -» t2g transition would be lowered by Acf, while
the opposite is true for a t2g —> eg transition. It is obvious that neither the t2g -» t2g nor

eg —> eg transitions involve a change in crystal field energy.

Y Y U' J

xy, yz, xz xy, yz, xz A-2B+C 3B+C

222
x -jT,z XV, z2 A-4B+C 4B+C

xy XV A+4B+C C

xy z2 A-4B+C 4B+C

yz, xz xV A-2B+C 3B+C

yz, xz z2 A+2B+C B+C

Table 2. Interband Coulomb and exchange integrals, U' and J as a function of d-

orbitals, y and y' expressed in terms of the Racah A, B and C parameters.

Now, the excitation energies can be calculated as differences between the individual

energies of crystal field states. It is important to note that the three radial Slater

integrals Fo, F2 and F4 could be used instead of the Racah A, B and C parameters, for
each set of parameters can be expressed in terms of the other. The Racah A parameter

is not involved in the energies of d—»d excitations (it appears only in transitions for
which the number of electrons in the d-manifold changes), and B, C and Acf are often
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treated as adjustable parameters in the fitting of experimental spectra. The energies of
the crystal field states are usually interpreted with the aid of a Tanabe-Sugano diagram

[9], which, for each dn configuration, present the energy of the various states plotted

against the ratio D / B, for a fixed ratio C / B « 4.5, where conventionally, Acf~ lODq.
The crystal field splitting is generally larger for smaller metal oxygen distances, and
shows a rough falling trend with progression from early to late transition metals. The
4d and 5d series have larger Acf than those in 3d compounds, due to the increased
radius of the d-shell, and this fact taken in combination with lowered B and C

parameters (i.e. lowered Hund's rule exchange) leads to the predominance of low spin
states in compounds of the 4d and 5d transition metals.

(ii) The Cluster Model

The ionic model can be applied to the study of the band gaps in the oxides, although

approximations of the effect of the Madelung potential, polarisation and band

broadening due to overlap are necessary. For such purposes, the cluster model may be
the next most appropriate method. Here the electronic structure of a small cluster of
metal and oxygen atoms is calculated, in a geometry representative of the true bulk
material. Band structure effects are still absent, but the full complement of molecular
methods may be employed, including schemes such as configuration interaction (CI),
which seek to treat the electron correlation. Here, the band gap may be estimated as

the difference in energy between the cluster with one electron either removed or

added. Such a CI calculation for an (NiC^)"" cluster leads to an estimated band gap of
-10 eV, which is lowered to - 4.5 eV through estimation of the polarisation effect

[10]. The d—»d excitation spectra of TMOs are also well reproduced by the correlated
method. One of the most important applications of CI cluster calculations has been to

show that the d8L (ionised O2") state is a lower energy than d7 (ionised Ni2+) in NiO.

Single particle theory estimates of the band gap are considered in the next chapter.

(iii) Spin Polarised Band Theory

In a simple band picture of the electronic structure of the TMOs, the most pressing

difficulty lies with the fact that the 3d-manifold in these compounds is generally
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partially occupied, and this necessarily leads to a metallic ground state within the
Bloch-Wilson picture. De Boer and Verwey showed, in 1937, that a number of TMOs,
NiO and MnO included, were excellent insulators [11]. It was not until twelve years

later in 1949 that Mott [12-15] advanced one potential explanation for the discrepancy.
His picture of the anomalous insulating state was of electrons localised by strong

mutual interactions, where conductivity is strongly suppressed by the high energy cost

of double occupation of d-orbital. It is important to note the difference between a Mott
insulator and a conventional band insulator. In the former, the electrons are physically
localised at atomic sites, while in the latter, the insulating behaviour arises from a full
band in which there are no free Bloch states at thermally accessible energies to carry

current. The one-particle states in the latter may very well be delocalised over the
whole of the crystal. Slater [16] proposed in 1951 that the insulating state could be

reproduced by band theory if the correct magnetic ground state were imposed. The cell

length of the antiferromagnetic structure is twice that in the non-magnetic cell, and as

a result, Bragg reflection at the edge of the halved Brillouin zone can open a small

gap. However, Slater's proposal cannot be the whole truth, for the insulating
behaviour in TMOs is generally found to be independent of the state magnetic order or

disorder, and the size of the Slater energy gap is still much smaller than experiment. It
is important to note that the purported 'failure of band theory' to produce an insulating
state is a loose term, for periodic UHF calculations conducted for the TMOs within the
framework of band theory show great improvement over LDA results. It is clear,

therefore, that it is the choice of Hamiltonian within band theory that determines the

agreement of calculated properties with experiment.

To see why the LDA Hamiltonian should fare so badly in the TMOs, consider that the
self-interaction present in the LDA Hartree potential is not fully corrected by a

corresponding term in the exchange-correlation potential. The net effect of this is to

push occupied levels upward in energy relative to the virtual orbitals, where the shift is

larger (of the order 10 eV in NiO) for the highly localised metal d-states than for

oxygen states. This, in combination with wide bands, leads to the metallic state

common in pure DFT approaches. Self-interaction correction can yield an insulating
state in the TMOs [19]. The counter question is of interest too, namely, why does the
LDA do so well in other materials, if the electron correlations of the type described
here are absent within it? A large part of its success is summed up by the Landau
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quasiparticle picture, in which the results obtained for a non-interacting electron gas

can be transferred to an interacting one, provided that the electron mass is
renormalised.

(iv)The Mott-Hubbard Model

In the TMOs, the strong electron correlation leads to an insulating state of the type

discussed by Mott. To see why this should be so, take as an example the Ni ion and
consider the energy required to transfer an electron from one Ni2+ ion to another,
creating a Ni+,Ni3+ pair. This is given, for gas phase ions by

U = jl: ionisation potential of Ni2+ j- |a : electron affinity of Ni2+1
= 36eV-18eV = 18eV

This is a very large energy, and while screening mechanisms in the solid state will
reduce it, the conducting state still seems to be ruled out. Hubbard, from 1963 onward
took the concepts developed by Mott and extended them to include itinerant electron
behaviour [20-22]. The resulting Mott-Hubbard (MH) Hamiltonian is of the form

ETiiaLaja+uEa-t aiT aa aif
i*j i

o=t or I

where the creation and annihilation operators act at lattice sites Ri and cr labels
electron spin. The U parameter is as given above, and T is the transfer matrix, the off-

diagonal elements of which relate to the transfer of an electron (without change in

spin) from site i to site j. As the distance between the atomic sites decreases

(equivalent to increasing pressure), the elements of the transfer matrix increase. The
result is the formation of the electron and hole Hubbard sub-bands, of width We and

Wh respectively. The energy gap is given by Eg = U - '/-(We+Wh) and disappears at a

critical lattice constant, at which point an insulator to metal transition occurs.

The Hubbard model lacks interatomic correlation and is analytically soluble only
when the T-matrix couples nearest neighbour sites. Nevertheless, the qualitative

picture of a gap bordered by metal derived states is very useful in interpreting the
electronic structure of the TMOs.
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Figure 1. The electron and hole sub-bands in the Hubbard model, as a function of the

inverse of the lattice constant. Dotted line marks insulator to metal transition.

(v) The ZSA Scheme

While the MH scheme as described above is qualitatively correct for some TMOs,

problems were encountered in trying to apply it more widely to the chalcoginides.
While the gaps in compounds containing V and Ti seem to be well described by the
Mott-Hubbard model, the gap widths in the Co, Ni and Cu compounds seem to be
related to the electronegativity of the anion [23]. Such a dependence cannot be easily
accounted for in the MH scheme. Moreover, the compounds NiS, CuS and CoS are all

metals, which in the MH picture would require a reduction in the value of U from the
7 - 10 eV typical in the oxides to 1 - 2 eV in the sulfides. While the Hubbard U

parameter is reduced from its free ion value by screening in oxides, it is hard to

conceive of such a strong dependence on the nature of the coordinating anion.

Zaanen, Sawatzky and Allen (ZSA) in 1985 [24] postulated that the process required
to explain the two observations above is the metal to anion charge transfer dn —> dn+1 +
L, occurring with energy A, where L indicates a hole in the anion valence band. If A >

U then the lower Hubbard sub-band lies above the anion p band, and the system is
characterised a MH insulator, whereas, if A < U then the opposite order of bands

prevails, and the system is a charge transfer (CT) insulator. The energy A is also found
to be directly related to the electronegativity of the anion, which would place the late
TM compounds as CT insulators. The phase diagram of the ZSA model is shown in

Figure 2 below.
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Figure 2. A simplified version of the full ZSA phase diagram, omitting intermediate

regions. Wm and Wa are the widths of the metal and anion bands respectively.

The ZSA model now provides an adequate description of a wide variety of transition
metal compounds. Of course, the nature of the states at the valence band edge has new

implications for hole doping of TMOs, for it can no longer be assumed that the lowest
ionised state has dn"' character. The CT insulating state predicted for NiO within the
ZSA model is consistent with the results of correlated cluster calculations described

earlier in Section (ii) of this chapter.

(vi) The Origin ofMagnetic Interactions

The terms "magnetic insulator" and "Mott-Hubbard insulator" are generally taken to

be synonymous. The former invokes explicitly the concept of the coexistence of

unpaired spins and an energy gap, while the latter establishes that the gap is bordered

by metal derived states. Of course, the discussion of the ZSA scheme in the last

section has shown that CT insulating states are likely in the late transition metal

oxides, and unpaired spins are found there too. How do such spin moments order

themselves, and what interactions drive the ordering?

The direct magnetic dipole interaction of the moments is too small to account for the
observed ordering temperatures in the TMOs, and instead some interaction through
orbital overlap must be considered. Taking as a model two unpaired single electrons
distributed one electron apiece to two atoms, the energy difference between the singlet
and triplet states is

10



AEg_Y = 2K — 4St,

where the first term, 2K is the potential exchange interaction which favours the triplet

configuration, and the second term is the kinetic exchange interaction, which depends

upon the overlap integral, S, of the orbitals and the hopping integral, t, between them.
The kinetic exchange favours the singlet configuration, and is usually the dominant
term for all but the smallest atomic separations.

Considering only the metal sublattice of the face centred cubic structure, any given
metal atom has twelve nearest neighbour metal atoms at a distance of V2 dM-o, where

dM-o is the metal to oxygen distance. At first sight, the observed magnetic ordering
could be due to a direct overlap interaction between nearest neighbour metal atoms,
but there are two facts that rule this explanation out. The first is that approximated
values for this interaction render it too small to satisfactorily account for the critical

temperatures of most TMOs. The second, and more convincing reason is that, in the
observed type-2 antiferromagnetic (AF2) alignment in MnO and NiO, the spins of the
nearest neighbour metal atoms align themselves in a six-parallel and six-antiparallel

pattern, which means that the direct overlap cannot contribute to the ordering energy.

Instead, some other interaction must be sought, and it is the indirect interaction of
metal sites at a separation of 2dM-o through overlap with the intervening oxygen atom

that dominates. Such an indirect overlap is termed 'superexchange' in the TMO related
literature. A perturbation approximation of the Mott-Hubbard Hamiltonian leads to an

superexchange integral of the following form

To appreciate the physical basis for the superexchange interaction, consider the

following lowest energy arrangement of spins on a linear M - O - M path: M(t) -
O(t^) - M(4). Now, it is only for antiparallel metal spins that the excited M(Ti) -

with the effect that the energy is lowered. Thus, superexchange always favours

0(T!) - M(0) and M(T-i) — O(O) - M(T1) charge transfer configurations can occur.
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antiferromagnetism. The strength of the superexchange interaction decreases rapidly
as the M - O - M path moves away from linearity, until, at 90°, a ferromagnetic

coupling arises from the potential exchange term.

The magnetic alignments considered in the following work are the ferromagnetic (FM)
and the antiferromagnetic type-I (AFi), type-II (AF2) and type-Ill (AF3) states, the

magnetic environments ofwhich are as defined in Table 3 below.

fm af, af2 af3

nn parallel 12 4 6 4

nn antiparallel 0 8 6 8

nnn parallel 6 6 0 4

nnn antiparallel 0 0 6 2

Table 3. The magnetic environment of a metal atom in four alignments, where nn and
nnn indicates nearest neighbour and next-nearest neighbour atoms respectively.

Most first principles codes can calculate total energies for user-defined spin

alignments, in which the moments are limited to two degrees of freedom, namely a

direction, either up or down, and a magnitude. The Ising Hamiltonian can be used in

interpreting the results of such calculations, for it has the same constraint on spin
orientation. Now, the direct, Ja, and superexchange, Jse, integrals can be extracted by

mapping any three independent total energies (normally, the FM, AFi and AF2

alignments are used) onto a Hamiltonian of the form,

T nn T nnn

Hlsing =H?sing+if2>i«j
ij U

where the summations run over the nearest neighbours (nn) and next-nearest

neighbours (nnn) af any given metal site, and the spin variable, a, takes values of ±1.
In this form, the magnitudes squared of the local spin density differences, Sz2, are
subsumed into Jd and Jse, which are then more correctly termed coupling energies. The

corresponding mapping equations are of the form,
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E(M) = E?slog -±[Nra (tt)- N„„ (tl)]+^[N„„(tt)- N„„„ (tl)]
where Nnn and Nnnn are the numbers of nn and nnn parallel (tt) and anti-parallel (tt)
spins in the M alignment. The coupling constants are then given by

Jd=^[E(AF,)-E(FM)]
Jse = Jd-^ [E(AF2)-E(FM)]

in which the energies of the magnetic states are per formula unit.

This completes the very brief overview of the properties of the TMOs that will be

given here. The focus has been upon concepts and theory of direct relevance to the

following work. For further reading, a fuller and non-mathematical background can

be found in the monograph by Cox [25], while more technical treatments are provided

by Brandow [26] and Hiifner [27].

2. The Simulation of Condensed Matter

Much of the modem interest in the theory of condensed matter arises from early ad
hoc theories of cohesion in solids and liquids. Qualitative concepts such as molecular,

ionic, metallic and covalent bonding were developed to describe extremal cases, and
had only a limited predictive power when applied to intermediate systems. By way of

example, take zinc oxide, a-quartz and corundum; materials in which the bonding is
known to exhibit a mixed covalent - ionic character. Such concepts remain useful,

however, in the interpretation of experimental and theoretical results. Applying a

simple model to the end result of a sophisticated calculation may seem perverse, but
in many cases, the phenomena under investigation are complex and it is necessary to

find some way of focussing upon only the crucial details. Consider the energy

difference between two different magnetic states of a crystal. The value itself can
communicate little, but taken together with a simple spin Hamiltonian, concepts of
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magnetic interaction begin to emerge, and the tools provided by statistical mechanics
can be brought to bear, yielding ab initio predictions of macroscopic behaviour. As a

further example, consider that the application of a tight binding Hamiltonian to the

interpretation of an ab initio band structure provides a rational way of thinking about
interactions between the constituent atoms of a material, and their dependence on

interatomic distance etc.

It is worth drawing a distinction between two broad classes of computational scheme.
The set of ab initio or first principles methods require as initial information only a

specification of the atoms present, the crystallographic structure, and other details
such as the charge and spin of the simulated cell. Empirical methods, on the other

hand, usually require, in addition to the above information, a parameterised form for
the force-field between the atoms. Such force fields are fitted to data derived either

from experiment or from limited sets of first principles calculations. Ab initio methods
are capable of dealing with changes in the bonding character of solids, for they

implicitly contain some notion of electronic structure, whereas empirical methods

generally do not. The force-field methods do have the advantage that their reduced

computational demands lead naturally to applications in simulating extremely large
ensembles of atoms, such as extended crystal defects, zeolite cages and polymer

crystals. So-called hybrid or QM/MM (Quantum Mechanics / Molecular Mechanics)
schemes are of particular interest, for they offer up the possibility of simulating small,
active areas of a material with an expensive, first principles approach, while

modelling the response of the rest of the ensemble with an inexpensive force-field

approach.

However, the rising ratio of computational power to price, efficient numerical

algorithms and massively parallel machines has meant that first principles methods
can now model systems containing up to 103 - 104 atoms. This limit seems set to

quickly rise with the continuing development of so-called "linear scaling" methods,

implemented in codes such as SIESTA. Ab initio calculations have proved to be of

great use in simulating materials under conditions that are either prohibitively adverse
or are impractical to bring into the laboratory. Examples of this are the simulation of
materials under high pressure, high temperature, and in strong electric, magnetic and
radiation fields.

14



3. The Hartree-Fock Method for Solids: The CRYSTAL Code.

The Hartree-Fock (HF) method has proved an incredibly popular choice for the
simulation of the electronic structure of atoms, molecules, clusters and solids over the

past three decades. The history of the theory properly begins with Hartree, Fock and
Slater's [28-29] derivation of the HF equations, but the modem implementation is
made possible by the pioneering vision of Boys [30] in suggesting the use of
Gaussian-type functions (GTFs) as a basis set. This overcame the problems caused by
a lack of an analytic method for the calculation of three- and four-centre two-electron
integrals when using a basis of Slater-type orbitals (STOs). STOs are rarely used now,
save where high accuracy is needed, or in semi-empirical methods where three- and
four-centre integrals are neglected. Indeed, it was the HF method which gave rise to a

whole series of semi-empirical methods which neglect varying numbers of the
bielectronic integrals, or attempt to include some component of electron correlation in
an approximate way [31]. The HF method has an undeservedly bad reputation

amongst the solid state theory community, due to its poor performance in the jellium
model and the difficulties in treating the non-local exchange operator correctly. In
recent years it has become clear that the performance of HF theory in the jellium
model is not a reasonable basis for a judgement as to its usefulness in real materials.

(i) Molecular Theory

The molecular HF theory will be developed here first, and then specialised to account

for periodic solids. As a starting point, consider the non-relativistic Born-

Oppenheimer Hamiltonian below, expressed in atomic units for a system of m

electrons and N nuclei, each of separate charge ZA

The form of the HF wavefiinction is that of a single determinant, expressed as an

antisymmetrised product thus

m y2 m N ^ in m j NN
0)

Vi = 1
(2)

/
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The Hartree-Fock theory offers the assurance that the single determinant arrived at by
variation has the lowest energy of any trial determinant.

Now, for closed shell systems, a restricted form of the theory may be applied, in
which both the a- and P-spin orbitals have the same spatial part. The determinant is
then composed of a product ofm / 2 doubly occupied orbitals, thus

/xvtkjry
Vcs= A nVi(r2i-l))c(a>l>i(r2iMP)

Vi = 1
(2)

Forming the expectation value of TCs with the Born-Oppenheimer Flamiltonian (1)
leads to

Ecs=(fcs|H|4'cs)
m/2

= 2S Jdr M>r(rJ + v(r) L.(r)

+ Y Jdrdr'(v*(r>|/. (r))(i|/*(r'Vj (rO)p^
.. J r - r
ij 1 1

- Y |drdr{¥i(r)¥j(r))(vt/j(r'Vi(rOVr^-

(3)

Minimising this energy with respect to variations in the orbitals, while respecting their

orthonormality leads to the FIF equations

FVi(r) =
r /p(r)
vir-r iy

m/2
/ *

¥i(r)- EJdr'
j=i

Vj(r')¥i(r')
r - r

Vj(r)
(4)

— + v(r)+ Jdr'
= siM/i(r)-

The electron density is defined as the sum of the squares of the spatial part of each
orbital in the normal way. Now, the molecular orbitals are expressed as linear
combinations of the n local, real functions (p(l of the basis set

n

^\(r)=Yc^ii(r)'
|X=1

(5)

In preparation for their efficient solution, the set of HF equations, which number one
for each doubly occupied molecular orbital may now be expressed in matrix notation

FC = SCE, (6)
where F is the Fock matrix, S the overlap, C the matrix of coefficients and E the

eigenvalues. The various contributions to the Fmatrix
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F^v - T^v + Z^v + + X^v, (7)
are of kinetic, electron-nuclear, bielectronic and exchange origin respectively, and
have the explicit forms

Tnv =-^j<Pn(«-yr<Pv(r)dr>
N ^

z^v = X K(r), t i<Pv(r)dr,
A=1 F KaI
n

. . (8)
B^v=ZP^p(fvM

A.p

xpv=-|z%Wvp).2
Xp

where

(m-v|A.P)= JJcp^ (r)p v (r)|—(r')q>p (r')dr dr',
m/2

^

Fpv =2 X cpicvi> (9)
i=l

Fes = ^X Ppv (fpv + Fpv + Zpv)
pv

The formalism of the closed-shell method is complete at this point: the calculation of

Ecs and all derived values and function proceeds by self-consistent diagonalisation of
the Fock matrix. However, the transition metal bearing compounds that form the basis
for this study possess unpaired spins, and a method is required that can account for
this. Two choices exist in the literature: the unrestricted (UHF) and restricted half-
closed shell (RHF) theories. In the RHF method, the wavefunction is composed of a

single determinant in which m.d orbitals are doubly occupied and ms singly occupied.
All singly occupied orbitals have parallel spin, so antiferromagnetic solutions cannot

exist within the RHF method. In the UHF method, no constraint is placed upon the

spin orbitals, the spatial and spin parts are formally separate so that singly-occupied
orbitals of the form v|/a(r)y(a) or H/''(r)x(P) result, and the method can produce

antiferromagnetic solutions. It is important to note that the RHF method produces
wavefunctions that are eigenfunctions of both the S2 and Sz operators, whereas the
UHF solutions are eigenfunctions of Sz alone, and that in the latter case, this can lead

to problems with spin contamination. The derivation of equations analogous to
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equations (6) to (9) above for both these cases is not presented here, a full account
may be found in reference [31].

(ii) Extension to Periodic Boundary Conditions

The further specialisation of the closed-shell HF method for application to infinite

periodic systems proceeds as follows. One cell from amidst the crystal is chosen and
termed the 'reference cell', namely, the cell from which all other distances are

measured. It is clear that the basis from which the wavefunction is constructed must

respect the translational symmetry of the crystal. This can be achieved by the use of
Bloch functions (BFs). Starting with a set of localised functions in the reference cell,

(f>n(r) (p = 1, 2,..., p) a BF corresponding to each localised function may be derived

Mk>r) =XexP(ik#GWr-G)' (10)
G

where G is a translation vector of the direct lattice and k is a vector in the first

Brillouin zone (BZ). Expressed in the basis of Bloch functions (in k-space), the
elements of the Fock matrix become

Fnv(k) = XexP(ik#GKiv(G)> nn
G

where F^V(G) should be regarded as the matrix element of the operator between the p-

th localised function in the reference cell and the v-th function in the cell located at

vector G relative to the reference cell. The equation in the periodic system analogous
to (6) above is

F(k) C(k) = S(k) C(k) E(k). (12)
In principle, this should be diagonalised for each k-point in the first BZ. Since k is a

continuous variable, the number of such points is infinite, but the problem is made
tractable by recognising that each k-point can be taken to be representative of a small
volume element of reciprocal space surrounding it. Thus, diagonalisation can proceed

upon a finite mesh of k-points, and the total energy can be converged with respect to

the density of this mesh. Expressions analogous to equations (8) and (9) may now be
derived, but little is gained by presenting them here. Suffice it to say that, while the
formal derivation may be complete, the equations are useless as they stand, for all
summations occurring in the Coulomb and exchange series are over the infinite set of
direct lattice vectors. It is clear that some sort of truncation of the series must be
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implemented, on the basis of the assessed contribution of each individual term to the
sum.

The truncation depends upon the following facts (i) that the overlap between two

GTFs decays exponentially with distance: this is used to select integrals for evaluation
in most of the infinite series, and (ii) that the density matrix elements I\IV(G) decay
with distance; at an exponential rate for an insulating system, and much more slowly
for a conductor, and this permits truncation of the exchange series in the Fock matrix
and total energy expressions. Multipolar expansions of the charge in the cell in
combination with the Ewald technique are also reduced to reduce the size of the
Coulomb series, and the point symmetry of the system can be used to limit the
number of Fock matrix elements considered, the number of k-points at which

diagonalisation occurs and the number of bielectronic integrals stored.

It is appropriate to present an account of the treatment of open-shell, periodic systems.

The UHF method in periodic boundary conditions is a generalisation of the theory

presented above. Rather than dealing with only one Fock matrix for doubly occupied

states, two must now be considered and solved self-consistently, corresponding to the
two sets of a and p electrons. Predictably, a density matrix and a Fock matrix for each

spin also arise. A much fuller treatment of the application of the Hartree-Fock method
to crystalline systems than that presented here may be found in reference [32]

The CRYSTAL98 version of the code has been used for most of the calculations

presented in this thesis [33]. For most of the author's time spent working in this area,

the CRYSTAL95 and 98 codes were unique in their provision of so-called hybrid
Hamiltonians that mix varying amounts of Fock and density functional exchange and
correlation into one method. More recently, a new version of the Gaussian suite of

programs was released that also permits hybrid calculations. It may be useful to the
reader to describe the operation of the CRYSTAL code. In general, the code attempts

to keep all relevant quantities in a real-space representation for as much of the SCF

cycle as possible. The algorithm for the UHF case proceeds as follows, where the

superscript a refers to spin. Geometry and basis set input data are read and the

symmetry analysed. The integrals are classified for retention and those selected are
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computed and stored to disk. The initial Fock matrices are constructed in real space,

F°(G) and the SCF process begins. Firstly F°(G) is Fourier transformed into the Bloch

basis, F°(k), and then diagonalised, yielding the eigenvector, Ca(k), and eigenvalue,

s°(k), matrices. The Fermi energy and real space density matrices, P°(G) are then

constructed, and from them the real space Fock matrix, P°(G), to start the next cycle.
At each iteration, the changes in total energy and eigenvalues are computed and

compared to the last iteration, as criteria for halting the SCF loop. Mulliken

population analysis is typically employed in gauging whether the solution obtained is
the one sought.

4. The Plane Wave Pseudopotential Method: The CASTEP Code

(i) Density Functional Theory

Only the most basic principles of the density functional theory will be presented here,
a much fuller treatment is available in references [31] and [34], In 1965, Hohenberg
and Kohn [35] laid the foundation of the method with their proof that the total energy
of a gas of electrons, including exchange and correlation is a unique functional of the

charge density. A variational principle was also established, namely that the minimal

energy of the total energy functional is achieved only for the ground state charge

density. Kohn and Sham, in 1965 [36] provided the next step by showing that the

many-body problem may be replaced by a coupled set of single-particle equations. As
a first step, consider the total energy functional written as

E[n(r)] = Jdr{Ven (r)n(r)} + \ JJdrdr + G[n(r)], (13)

for a fixed set of nuclei. The first two terms in E[n(r)] are the electron-nuclear and
electron-electron Coulomb terms respectively, where the latter is equivalent to the
classical Hartree energy. G[n(r)] can be viewed as the 'troublesome' term in the

equation, for it contains the kinetic, exchange and correlation contributions, the exact

functional form of each ofwhich is currently unknown

G[n(r)] = T[n(r)] + ExC[n(r)]. (14)

T[n(r)] is the kinetic energy of a system of electrons at density n(r). Imposing a

stationary condition on E[n(r)] with respect to variations in the charge density leads to
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Hr> Ven(r)+ fdr{j^}+^xc(r)' = 0, (15)

where pXc(»") is the functional derivative

xc
/r\ SExc[n(r)](r)=~^r (16)

The density variations in equation (15) must conserve total particle number, and this
constraint leads to an expression of the form

(17)

where X is the appropriate Lagrange multiplier. Adding an effective potential Vefi(r)
and neglecting the nucleus-electron and electron-electron interaction yields

SE[n(r)] 8T[n(r)l

The two theories can be made equivalent, providing that the effective potential of

equation (17) is given by

Veff(r) = Ven(r)+ Jdrjj^^j + ^xcH (19)

So far, no concept of how to deal with the kinetic functional has been advanced. In
fact, the solution lies in avoiding the functional route for this quantity, and instead

finding the total kinetic energy as the sum of the kinetic energies of each one-electron
Kohn-Sham state, thus

N

T =2>i
i=l

Vi > (20)

where N is the number of electrons. The Kohn-Sham equations may now be written
as

vr2
- + Veff(r)Ui(r) = siM/i(r), (21)

and can be conceptualised as describing the motion of non-interacting electrons under
the influence of the potential Veff(r). The variation in density mentioned earlier is now

accomplished by variation in the set of Kohn-Sham states, {vj/j(r)}. The exchange-
correlation component is dealt with by the specification of a parameterised form for
the exchange correlation energy per electron at a point in the electron gas, sxc, that
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depends only upon the electron density at that point, sxc[n(r)] (the local density

approximation), or upon the density and the gradient at a point exc[n(r),Vr] (the
generalised gradient approximation).

One important problem in DFT is the presence of the electron self-interaction. As it
stands, the Hartree potential contains the spurious interaction of an electron with its
own density distribution. This overestimation of the electron-electron interaction
should be removed by an equivalent but opposite contribution in the exchange-
correlation energy, but most functional succeed only partially in this regard. In the

hydrogen atom, for example, the LDA removes 95% of the self-interaction, but the
amount removed in other systems is liable to be smaller and difficult to estimate.
Schemes exist for removing the self-interaction exactly, but at the price of introducing
a Kohn-Sham potential which is orbital dependent. In the Hartree-Fock method, the
self-interaction terms in the Coulomb and exchange series cancel exactly.

(ii) PlaneWave Basis

Bloch's Theorem dictates that the Kohn-Sham states, i|/i(r) must have the form of the

product of a wave-like part with wave vector k and a cell periodic part as shown
below

\|/j(r) = exp(ikr)u;(r). (22)

The cell periodic component, Ui(r) may be expanded in a finite number of plane
waves with wave vectors which are all members of the set of reciprocal lattice vectors

{T} of the crystal

ui(r) = EciTexP(iT-r)- (23)

where all T must obey the relationship T-G = 27m for all G, G being a direct lattice
vector and n an integer. Combining equations (22) and (23) leads to the following
form for the Kohn-Sham states

M>i(r)=Zci,k+Texp(i(k + T)-r). (24)

The problem of an infinite set of k-vectors is solved, as in the CRYSTAL code, by
calculation only at the points of a sufficiently dense mesh in reciprocal space.
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Substituting the above form for the Kohn-Sham state into equation (21) leads to a new

form for the KS equations

X;jk+T|5TT. + Ven(T-T')+VH(T-T')+Vxc(T-T')K,k+T' =EiCi,k+T', (24)
r

where Vh is the Hartree potential. The usual technique of diagonalisation of the
Hamiltonian matrix could now be used to arrive at the ground state, as in the
CRYSTAL code. However, the use of a plane wave basis makes this problematic, as
the large number of individual functions (plane waves) makes the diagonalisation
routine particularly inefficient. Instead, the Car-Parrinello method is used, which
deals with both nuclear and electronic degrees of freedom on the same footing,

employing a molecular dynamics approach in a fictitious time for electronic structure.

Orthonormality in the electronic dynamics is enforced by the use of Lagrangian
constraints. The dynamics of the nuclei may be evolved from a knowledge of the

Hellmann-Feynman forces acting upon them, as long as the effective electronic

timestep is kept much shorter than the nuclear timestep.

Now, calculations employing a plane wave basis usually encounter difficulties in

accurately representing the form of the valence states that penetrate the core of the
atom. The reason for this is that, within this region, orthogonality to core states

requires the valence states to have many nodes, and the description of these requires a

prohibitively large basis set extending to high Fourier components. The solution

normally adopted is to remove the bare Coulomb potential of the nucleus, and the
associated core states, and replace them with a pseudopotential. Simply put, this is the

potential that a valence state outside the core region would feel if the core were still

present. Much smaller plane wave bases result, although the presence of the

pseudopotential does involve additional computational complexity. As an example of
this, consider that an accurate potential must scatter valence electrons of varying

angular momenta by varying amounts, a property which is termed 'non-locality' of
the pseudopotential. The selection of core states for the pseudising procedure also
involves difficulties, for normally only those states which are unaffected by bonding

may be safely included in the core. Some low lying atomic states are termed 'semi-
core' and generally mean trouble for the user, for semi-core states are high enough in
energy to play some part in bonding, while being low enough in energy that their
exclusion from the core leads to 'hard' pseudopotentials with high kinetic energy
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cutoffs for plane wave sets. The 3s and 3p states in the transition metals are good

examples of semi-core states.

The CASTEP code [38] employs all of the formalism presented above, and has coded
within it the LDA and various GGA functionals. The ability of the code to perform

full structural optimisation was put to use in the work of this thesis. The advantages of
the plane wave method for such optimisations are described further in Chapter 6.

5. Hybrid Hartree-Fock — Density Functional Hamiltonians

It is clear from previous sections that a qualitatively correct electronic structure for
transition metal compounds relies upon the use of an orbital dependent potential. This
can be achieved within DFT by way of the self-interaction corrected and exact

exchange schemes. The LDA+U method [39] adds a user-defined, on-site Coulomb
interaction U to the normal LDA description of the valence bands, providing another
route to orbital dependence. Yet another alternative is to mix pure HF and DFT

exchange, yielding a hybrid Hamiltonian which may or may not include the DF

correlation functional, and it is this method which forms the focus of this thesis.

The original hybrid method is due to Becke [40,41] and was developed to improve the
theoretical thermochemistry and geometry of small molecules. Hybrid Hamiltonians
in general contain one or more adjustable parameters, of which the most crucial is
their fractional content of HF exchange. The adjustable parameters are usually either

postulated or fitted to experimental data, where the B3PW functional [41] is one

example of the fitted type. The method became very popular in the molecular
theoretical chemistry community after it was included in the popular GAUSSIAN
suite of programs in 1994 [42], although the LYP correlation functional was used,
rather than the original PW functional employed by Becke. The B3LYP method, as it

became known, yielded optimised geometries and formation energies in good

agreement with experiment. The solid state community first started to use hybrid
methods following their inclusion in the CRYSTAL98 [33] code. While many

methods and concepts of worth can be gleaned from the molecular theory, the

transferability of functionals of proven value from molecular to solid state
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calculations is not guaranteed, for solids often have long range electrostatic
interactions which can act to localise electrons to a greater extent than in molecules.

Since their introduction in the solid state, hybrid functionals have already found a

wide variety of applications. In the oxides, hydroxides and halides of main group

elements [43-45], for example, ionic charges are found to lie upon a clear trend, with
HF charges being the highest, LDA the lowest, and B3LYP and GGA lying at
intermediate values. For all fifteen halides considered in Ref. [45], the B3LYP ionic

charges yield the closest agreement with experiment. Taking the alkaline earth
compounds [43,44] and the halides [45] together, the optimised lattice constants

follow the trend

(LDA) < Experiment < (PW « B3LYP) < BLYP,

while the bulk moduli at the equilibrium structures follow the trend

(Experiment « BLYP) < (PW « B3LYP) < (LDA « HF).

The calculated band gaps [46] are very interesting, for the available evidence suggests

that the under- and overestimation typical of LDA (or GGA) and HF methods

respectively can be 'averaged' by the B3LYP scheme, yielding gaps in good

agreement with experiment. The calculated vibrational energies show a similar trend,
and are again in good agreement with experiment within B3LYP. The cohesive

energies of the alkali earth oxides and hydroxides [43,44], and the TMOs [48] are

underestimated by up to 1 eV per molecule at the B3LYP and BLYP levels, and are

heavily underestimated within HF theory and overestimated within the LDA.

All the published literature suggests that the transition metal compounds cause

particular difficulty, and that this is due to the myriad of electronic states the unpaired

spins can adopt. For example, in FeS2 [47], the difference between lattice parameters

predicted at LDA and UHF levels is as large as 15% of the experimental value. In

MgO, the equivalent range is ~ 5 %, in NiO ~ 2% and in CoO ~ 3 % [48], The bulk
modulus in NiO across the range from B3LYP to UHF varies by 28 % of experiment,
and the lowest value, that for UHF is ~ 60 GPa higher than experiment [49], The
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magnetic coupling between the spins is greatly affected changing content of exact
exchange. In NiO [48,49], CoO [48], La2Cu04 [50] and KMnF3, the UHF method
underestimates and the LDA overestimates the experimental values by factors of ~ 3

and ~ 4-5 respectively. All of the studies for the TMOs above use quite coarse

increments of weights of exact exchange, and it is clear that trends in properties will
become clearer for a range of calculations at, say, 10% increments of exact exchange.

The exact formulation of a hybrid functional will now be discussed in greater detail.
The B3LYP functional will be used as an example. The essence of this method is that

the exchange-correlation contribution to the Kohn-Sham Hamiltonian, fg3LYP» 's

given by

fB3LYP =fB3 + 0.81f£Yp +0.19fvwN
?

where f£Yp and fywN are the correlation functionals of Lee, Yang and Parr [51] and

Vosko, Wilk and Nusair [52] respectively. The exchange functional, fB3' is a

weighted sum of exact UHF ( ^uhf ) and gradient-corrected LSDA

(fLSDA + °-9AfB88) [41] contributions

fB3 = (l_Fo)(fLSDA + 0.9Afgg8 )+ FofyHF
and Fo an arbitrary weighting parameter. Fo values of 1 and 0 correspond to exact

exchange (UHF) and pure DFT descriptions respectively, while a value of 0.2

corresponds exactly to Becke's original three parameter exchange functional (B3)

[41], The presence of only 20% of the exact exchange is not sufficient to cancel the
DFT Coulomb self-interaction, but, as discussed earlier, the method has been shown to

yield values for the energy gap in close agreement with experimental band gaps of

varying provenance. For some studies, the results from the Becke-LYP hybrid were

compared with those from a different scheme that used the Perdew-Wang (PW) 1991

exchange and correlation functionals [53],

The approach followed in all the subsequent work of this thesis was to vary Fo in the

range 0 < F0 < 1, yielding a series of hybrid Hamiltonians. It was arranged that, where

appropriate, the B3LYP (Fo = 0.2) potential was included in the range. The pure UHF
method was normally used as well, for the purposes of comparison.
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6. Aims of the Current Work

The experimental and theoretical background presented in Sections 1 and 5 makes it
clear that either a pure density functional or Hartree-Fock Hamiltonian cannot hope to

give an adequate description of all the computed properties of transition metal oxides.
This is not a surprising conclusion; the TMOs do represent something of a 'worst case'
scenario for current first principles methods, due to the presence of many near

degenerate d-electron configurations and the strong intra-atomic correlation. There is
limited evidence within the literature that systematic improvement of calculated

properties is possible where the DFT and HF approaches yield values that bracket

experiment. What is lacking, though, is a thorough investigation of this effect for a

series of Flamiltonians with close-spaced contents of exact exchange. The current

work hopes to address the question of whether there is a 'universal' hybrid functional
for the TMOs that gives an adequate description of most calculated properties, in the
same way that the B3LYP functional is regarded in computational chemistry. In

answering this, a range of late and early transition metal oxides will be used,

concentrating upon the binary monoxides in the rocksalt structure. The literature

survey has thrown up some initial prospects as follows:

(i) The most fundamental calculated properties of the TMOs are likely to be
the dependence of equation of state parameters and electronic structure

upon Fo, both with and without DFT correlation. In this regard, it is hoped
to expand upon the studies already entered into the literature.

(ii) The dependence of phase transition pressures upon exact exchange content

has not been investigated in the TMOs, and so a study of the high pressure

phases in MnO in different Hamiltonians is planned. Structural

optimisation of low symmetry cells will be computationally demanding,
and so it is envisaged that a coarse set of F0 values will be necessary here.

(iii) Recent GGA DFT calculations have predicted a high-spin to low-spin
transition in MnO, FeO, CoO and NiO at pressures attained in the Earth's
lower mantle and core. The results of the calculations may have important

consequences for geophysical modelling, and it is desirable to check
whether the magnetic collapse at reasonably low pressure is a general
feature of all Hamiltonians.
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(iv) Also planned is a study of the magnitude of the magnetostrictive distortion
in MnO as a function of Fo. The literature values are for the pure DFT and

UHF limits only. The magnetostriction effect may seem an odd choice of

subject, but its importance lies in the fact that it gives a clear structural
indication of the strength of magnetic coupling without recourse to a

phenomenological Hamiltonian.

(v) To date, most of the studies of electronic defects in the TMOs have used
the UHF method alone. It is hoped to explore the nature of hole and
electron addition states with varying Fo.
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Chapter 2

A Hybrid Hamiltonian Study of the Structural and Electronic

Properties of Bulk NiO and MnO

1. Introduction and Methods

As discussed in Chapter 1, nickel oxide continues to attract interest as the paradigmatic

magnetic insulator [1], To recap the history, NiO was, for many years, thought to be a Mott-
Hubbard system [2], in that metal derived states compose the valence and conduction band

edges, separated by a gap ~ 4 eV in width [3]. In this picture, the first ionised state of the
lattice would be approximately d7, or Ni3+. Local density approximation calculations by
Terakura et al [4] in the experimentally observed AF2 magnetic alignment support this view
of the insulating character of NiO, albeit with a significantly underestimated energy gap of
width ~ 0.4 eV. More recently, the application of generalised gradient approximation
functionals [5] to NiO has served to improve the agreement between experimental and
calculated gap widths, while leaving the MH character of the insulating state unchanged. The

agreement between the picture of NiO arising within the MH scheme and the results of the

density functional calculations lead to the sense that a consistent picture had been formed.

However, as discussed in Chapter 1, the ZSA [6] scheme classifies the later TM oxides,

including NiO, as charge-transfer systems with first ionised states of largely 0(2p) character,
in contrast to the earlier oxides, notably TiO and VO, which, it was argued, possessed gap

states of essentially d character, leading to ~ dn_1 holes. Direct UHF calculations of the first
ionised state in Li-doped NiO [7] and the self-trapped hole in NiO [8] show the O(p) character
of the hole. Experimental support for d8L holes in NiO was found in the O k-edge spectra of

Li-doped NiO (LixNii_xO) in the range 0 < x < 0.5, which showed the presence of empty 0(p)
states ~ 4eV below the conduction band edge [9], Importantly, these data also confirmed the

insulating nature of the first ionised state within the specified range of stoichiometry.
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Subsequent spectroscopic studies have confirmed these observations, notably in respect of the
lower energy of the d8L state in LixNii_xO relative to d7 [10-12],

By and large, more recent first principles calculations of NiO have concluded that the ground
electronic state is essentially CT insulating. Spin unrestricted, periodic Hartree-Fock (UHF)
calculations [13] based on localised orbitals found NiO to be a largely ionic, charge-transfer

magnetic insulator in the FM (ferromagnetic), AFi and AF2 spin alignments with local
moments close to the measured values, but, as expected, with an energy gap greatly in excess

of the observed absorption edge. DFT calculations within the SIC (self interaction correction)

[14] and LDA+U (local density approximation plus additional local potential, U) [15]

schemes have also attested to the charge transfer character of NiO, as have recent self-
consistent GW calculations, which arrive at essentially the same description as the UHF

approach [16]. The work discussed here is by no means the first to apply hybrid functionals to

NiO, for Bredow and Gerson [17] and Moreira et al [18] have employed a variety of schemes
in seeking to systematically improve agreement with experimental data. Some of the results
from these studies were discussed earlier in Section 5 ofChapter 1.

The situation is less clear for MnO, since it occupies an intermediate position in the ZSA

phase diagram. An analysis of the x-ray photoelectron and bremsstrahlung-isochromat

spectroscopies of MnO by van Elp et al [19] supports this view, as do self-interaction
corrected LDA calculations by Svane and Gunnarsson [20]. As in NiO, LDA calculations [4]
have found a MH energy gap ~ l.OeV in width (experimental range 3.6 - 3.8 eV), increasing
to ~ 1.4 eV with application ofGGA functionals [21,22]. The recent GGA study by Pask et al
also includes an examination of magnetic coupling constants and the rhombohedral spin-
lattice distortion [22], Hartree-Fock calculations, meanwhile, result in a charge-transfer

insulating ground state [13], with localised dsL and delocalised d6 first ionised and electron

addition states respectively [23],
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The foregoing discussion addresses the current understanding of the electronic structure of
MnO and NiO, but no mention has yet been made of their crystal structures. In Sections 2 (vii)
and (ix) of this chapter, the distortion of the low pressure structure away from cubic symmetry
and the pressure induced structural transitions will be analysed.

Computational Method and Conditions

The hybrid calculations conducted in this study are performed using the CRYSTAL98 code,
as described previously in Chapter 1. The localised basis set adopted is maintained unchanged
over all magnetic states and crystal structures, and thus it is essential to ensure that the basis is
well converged initially. As an example, the basis sets for Mn and O are presented in the table
below. The basis set for Ni and O is very similar in terms of provision of numbers of shells
and atomic functions, but, of course, the optimised contraction exponents and coefficients
differ. The study of high pressure phase transitions in MnO presented in Section 2(ix) of this

chapter discusses the effect of adding an extra 0(d) polarisation shell to the basis.

A Monkhorst-Pack shrinking factor of 8 was used for cells of all sizes, and truncation
thresholds of 10~7, 10~7, 10~7, 10~7 and 10"14 for the Coulomb and exchange series ensured

convergence of the total UHF energies of the B1 AF2, AFi and FM magnetic states to < 0.1
meV in both materials, while SCF convergence thresholds were set to 10"7 Ha for both

eigenvalues and total energies. These tolerances are similar to those used for a wide range of

previous calculations. Mulliken population analyses of the crystalline orbitals were used to

extract the net atomic charges, magnetic moments and individual orbital occupations as in

previous studies.
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No. Type Exponent 1st Coeff. 2nd Coeff. No. Type Exponent 1st Coeff. 2nd Coeff.
Mn Core Basis O Core Basis

1 s

292601.0 0.000227

1 s

8020.0 0.00108

42265.0 0.0019 1338.0 0.00804

8947.29 0.0111 255.4 0.05324
2330.32 0.0501 69.22 0.1681

702.047 0.1705 23.90 0.3581
242.907 0.3691 9.264 0.3855

94.955 0.4035 3.851 0.1468

39.5777 0.1437 1.212 0.0728

2 sp

732.14 -0.0052 0.0086

2 sp

49.43 -0.00883 0.00958
175.551 -0.0673 0.0612 10.47 -0.0915 0.0696

58.5093 -0.1293 0.2135 3.235 -0.0402 0.2065
23.129 0.2535 0.4018 1.217 0.3790 0.3470
9.7536 0.6345 0.4012 O Valence Basis
3.4545 0.2714 0.2222 3 sp 0.4763 1.0 1.0

3 sp

38.389 0.0157 -0.0311 4 sp 0.1760 1.0 1.0

15.4367 -0.2535 -0.0969

6.1781 -0.8648 0.2563

2.8235 0.9337 1.6552

Mn Valence Basis
4 sp 1.2086 1.0 1.0

5 sp 0.4986 1.0 1.0

6 d

22.5929 0.0708

6.1674 0.3044

2.0638 0.5469
0.7401 0.5102

7 d 0.2490 1.0

2. Results

(i) Electronic Structure of NiO

The electronic structure of the ferromagnetic (FM) and antiferromagnetic (AF2) spin

alignments in NiO have been calculated based upon a hybrid scheme using the Perdew-Wang
1991 exchange and correlation functional (hereafter denoted PW91-PW91 in an exchange-
correlation notation) at a fixed lattice constant of 4.2 A, which is close to the measured low

temperature value, 4.1705 A [24], The results are presented in Table 1 below and will now be
discussed. Within the PW91-PW91 scheme, the lower energy AF2 spin alignment is predicted
to be a largely ionic, d8 CT insulator from the correlated UHF (Fo = 1.0) limit down to 30%
exact exchange. Within this range, in Table 1, the Fermi energy, Ef, varies from -9.52 eV to
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-5.02 eV, the local spin moment from 1.92 pB to 1.76 pB, the eigenvalue energy gap from
14.2 eV to 6.4 eV and the weight of O(p) states at EF from 92% to 71%. Between 30% and

I

20% exact exchange there is a change in the nature of the gap states, for at 20% exact

exchange the weight of 0(p) states at EF is 41% , indicating an essentially MH system, but the

change in the ionic charge across this transition is < 0.5% and that of the local moment < 4%.
For comparison, the Fo = 0.2 Becke-LYP (B3LYP) Hamiltonian with 20% exact exchange
leads to ionic charges and local moments which are within 0.5% of the PW91 values, but the

O(p) weight at2 EF is higher at 51%, which is just at the transition from CT to MH behaviour,
and the energy gap 0.1 eV less. As the amount of exact exchange is reduced further, the

ionicity and local moment are decreased, though the system remains insulating at the DFT

limit, where the weight of O(p) states at EF is less than 10% , the local moment 1.36 pB and
the energy gap 0.8 eV. There is essentially no change in the electronic structure of the higher

energy FM spin alignment, which also undergoes a CT to MH transition between 30% and
20% exact exchange. The principal difference is that for the FM alignment there is a

displacement of the majority and minority spin bands of 0.5 eV - 1.0 eV, which at the DFT

limit leads to a filled to unfilled gap of- 0.3 eV for both the majority and minority spin bands,
but a net gap which is close to zero. In the 3d transition metal oxides, the orbital contribution

to the magnetic moment is quenched by the strong crystal field, and thus a direct comparison
of the Mulliken-derived cation spin polarisation to experimental values is meaningful.

Following this prescription, the calculated moments for the AF2 alignment as presented in
Table 1 compare with experimental values of 1.90pB to 1.64pB [25-27], which supports

weights of exact exchange in a broad range F0 = 0.1 - 0.9, whereas the measured strong

adsorption edge at - 4 eV [3], if it can be equated with the energy gap, would seem to favour a
lower weight in the range Fo = 0.1 - 0.2. The Fermi energy supports Fo in the range 0.2 - 0.3,
where the former value already leads to EF in excellent agreement with experiment.
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Fo
fm af2

Ef qM nNi W0a w0(5 ae8 Ef qM nNi Wo aer
1.0 -9.26 1.881 1.923 87 91 14.0 -9.52 1.878 1.915 92 14.2

0.9 -8.56 1.871 1.915 85 82 12.7 -8.84 1.868 1.906 92 13.1
0.8 -7.87 1.860 1.905 85 77 11.5 -8.18 1.855 1.895 89 12.1

0.7 -7.19 1.846 1.892 82 91 10.3 -7.53 1.840 1.880 87 10.9

0.6 -6.51 1.829 1.876 80 77 9.0 -6.89 1.821 1.861 83 9.8

0.5 -5.84 1.808 1.855 77 83 8.0 -6.27 1.798 1.836 76 8.7

0.4 -5.16 1.782 1.827 74 70 6.8 -5.64 1.769 1.803 71 7.4
0.3 -4.47 1.749 1.792 70 57 5.5 -5.02 1.731 1.757 71 6.4

0.2 -3.76 1.707 1.745 64 43 4.4 -4.37 1.683 1.693 41 4.5

0.1 -3.00 1.654 1.685 57 18 3.2 -3.62 1.621 1.592 11 2.6
0.0 -13.02 1.590 1.606 44 31 — -2.53 1.541 1.361 9 0.8

Expt -4.4 (3> 1.64-
1.90 (1)

~ 4
(2)

(1) Refs. [25-27] (2) Ref. [3] (3) Ref. [30]

Table 1. The Fermi energy, EF (eV), ionic charge, qM (<?), unpaired Ni spin, nNi (pB), weight of

oxygen states at valence band edge, W0 (%) and energy gap, AEg (eV) for the FM and AF2

alignments in NiO at a fixed lattice constant of 4.2A with variable amounts ofexact exchange,

Fo, in the PW91 hybrid scheme.

The properties emerging from calculations within the Becke-LYP scheme are presented in
Table 2 below and are now discussed. In order to assess the influence of using optimised

geometries, the lattice constant which minimises the energy was found in the AFj, AF2 and

FM states at each value of F0, and properties were then calculated for these lattices. The net

charges in Table 2 indicate that, as F0 decreases, the covalent character of Ni-0 bonding
increases, where some 0.35 electrons are transferred back to each metal atom at the DFT limit,
relative to the more ionic UHF solution. Metal spin moments in close agreement with the
PW91 values were found, decreasing from 1.92 pB at UF1F to 1.34 pB at the DFT limit. The
metal spin moment in the AF2 alignment falls more rapidly with decreasing Fo than that in
FM. A number of competing interactions, each dependent upon lattice constant are expected
to play a part in this, but in broad outline, a later study of VO, as presented in Chapter 5

suggests that the intra-atomic exchange interaction weakens as exact exchange decreases,
which may provide one possible mechanism for the observed reduction in moment in VO, and

by extension, in NiO, although the reason why this effect should be more pronounced in the
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AF2 state is unclear. In Table 2, at low weights of exact exchange, the spin polarisation borne

by the oxygen sublattice in the FM alignment becomes appreciable. It should be noted that the

presence of a moment on oxygen is forbidden in AF2 symmetry. As an alternative to the

analysis of PW91 states through the weights ofoxygen derived states at the Fermi energy used
in Table 1 above, Table 2 assesses the character of the insulating state by gauging the

difference in energy, AMo between the upper oxygen valence band edge and the lower lying

point at which the oxygen contribution falls below the metal. The positive values of Amo from
UHF down to Fo = 0.2 indicate that, within this range, the VBE is dominated by oxygen

derived states, with a transition to MH behaviour in the region of Fo = 0.1 - 0.2, as compared
to 0.2 - 0.3 for PW91 above. A least squares fit to the data yields a linear dependence Amo ~

4.92 F0 - 0.57, although it should be stated that this linear behaviour is clearer at large F0.

The band gaps in the Becke-LYP scheme for the AFi (not quoted in Table 2), AF2 and FM

states are shown in Figure 1 below, where it is clear that they fall in the order AEg(AF2) >

AEg(AFi) > AEg(FM) for all values of Fo. Quadratic fits to the data indicate that all three
curves deviate significantly from linearity, with a range in gradients, 3(AEg) / <9F0 from 17.6 to
9.9 eV at Fo = 0.0 and 1.0 respectively in the AF2 state, from 19.4 to 10.0 eV at Fo = 0.1 and
1.0 respectively in the FM state and from 19.7 to 10.1 eV at Fo = 0.1 and 1.0 respectively in
the AFi state. The gap widths found in the AFi state are very close to the FM values across

the range of exact exchange. This is an unexpected finding, since the reduction in the width of
the gap in going from the AF2 to FM states would be ascribed to the exchange splitting of
conduction band states caused by the net spin polarisation borne by the lattice in the latter

state, and it would be anticipated that the same reasoning would apply to the AF] and FM

gaps. Within the B3LYP Hamiltonian (F0 = 0.2), it is the AF2 gap at 4.255 eV which is closest
to the ~ 4 eV value taken from the optical absorption experiment by Powell and Spicer [3],
At the DFT extreme, both the AFt and FM states become metallic, whereas the AF2 state

remains insulating with AEg = 0.709 eV. Here, for the Becke-LYP scheme, the experimental
cation spin moment supports a choice of F0 in the broad range 0.1 - 1.0, the experimental
Fermi energy supports F0 in the range 0.2 - 0.3 and the experimental strong absorption

supports Fo = 0.1 - 0.2, thus, it may be concluded that all the ranges of Fq providing best fits
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to experiment are close to those found earlier for the PW91 scheme. Figure 2 below shows
atom projected densities of states for the ground AF2 state at the optimised lattice constants

for the UHF, B3LYP (Fo = 0.2) and pure DFT (F0 = 0.0) Hamiltonians.

F0
af2 fm

3o ef q nN, aes AMO ao ef q nNi > no ae,
uhf 4.2589 -8.24 1.878 1.924 14.2 4.48 4.2629 -7.99 1.880 1.930,0.070 13.7

1.0 4.1658 -9.12 1.860 1.907 14.8 4.40 4.1710 -8.79 1.864 1.915 ,0.085 14.1

0.9 4.1732 -8.48 1.850 1.897 13.5 3.90 4.1787 -7.97 1.854 1.907,0.093 12.7

0.8 4.1804 -7.84 1.837 1.886 12.3 2.53 4.1865 -7.38 1.843 1.897,0.103 11.5

0.7 4.1871 -7.21 1.822 1.871 11.1 2.68 4.1935 -6.75 1.829 1.884,0.116 10.3

0.6 4.1942 -6.59 1.804 1.852 9.9 2.21 4.2009 -6.11 1.813 1.869,0.131 9.1

0.5 4.2015 -5.98 1.780 1.827 8.7 1.81 4.2103 -5.49 1.791 1.847,0.153 7.8

0.4 4.2072 -5.37 1.750 1.793 7.5 1.44 4.2192 -4.73 1.764 1.819,0.181 6.0

0.3 4.2120 -4.75 1.711 1.747 6.0 1.08 4.2274 -4.17 1.730 1.783 ,0.217 4.3

0.2 4.2158 -4.11 1.662 1.681 4.3 0.39 4.2350 -3.36 1.687 1.735 ,0.265 2.4

0.1 4.2234 -3.39 1.600 1.581 2.5 — 4.2458 -2.68 1.635 1.677,0.323 0.7

0.0 4.2238 -2.47 1.519 1.344 0.7 — 4.2563 — 1.510 1.185 ,0.236 —

Expt
4.1705

(i)
-4.4
(2)

1.64-
1.90 (3) ~4<4>

(1) Ref. [24] (2) Ref. [30] (3) Refs. [25-27] (4) Ref [3]

Table 2. The variation of optimised lattice constant, ao (A), Fermi energy, Ep (eV), ionic

charge, q (e), metal, nNi (pB), and oxygen, n0 (p«) spin moments, energy gap, AEg (eV) and
difference in energy, AMo (eV), between upper oxygen and nickel valence band edges in NiO
with both composition of the hybrid functional and magnetic state in the Becke-LYP scheme.

The transition from CT to MH behaviour with decreasing amount of exact exchange noted
earlier is clear in Figure 2. It is also apparent that the states immediately above the CBE in the
UF1F AF2 solution are of mixed character, with oxygen states dominating. The main weight of
metal states lies ~ 5 eV higher in energy, which leads to the conclusion that, if the single-

particle densities of states are any guide, the band gap excitation in the UHF scheme is not of

CT type. At F0 = 0.2, the CBE is certainly composed of nickel states, but the upper reaches of
the valence band are of sufficiently mixed character that a definite classification is not

worthwhile. At the pure DFT limit, both the CBE and VBE are clearly composed of metal
derived states.
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F0

Figure 1. The AF2 (O), AFj (A) and FM (□) band gaps, AEg, (eV) for NiO as a function of the

proportion of exact exchange, Fo, in the Becke-LYP Flamiltonian.

(ii) Electronic Structure of MnO

For comparison, the electronic structure of MnO within the Becke-LYP scheme has been
calculated at the optimised lattice constant appropriate to each weight of exact exchange, with
results presented in Table 3 below and discussed as follows. Overall, the evolution of the

electronic structure with the degree of hybridisation is similar to that described above for NiO.

For the AF2 alignment the ionic charge decreases by 15% as the weight of exact exchange
decreases from the UHF to DFT limit and the local spin moment by ~ 8%. Figure 3 below
shows the variation in band gap with Fo for the three magnetic states considered. As expected,
there is a monotonic decrease in the energy gap as the weight of exact exchange is decreased;

only the AF2 alignment remains insulating at the DFT limit with a gap of 1.4eV. The variation
in gap width with F0 is more linear here than in NiO, with a smaller range in gradients, 3(AEg)
/ 3Fo, from 11.8 to 11.7 eV at Fo = 0.0 and 1.0 respectively in the AF2 state, from 13.2 to 12.1

eV at Fo = 0.1 and 1.0 respectively in the FM state and from 12.6 to 11.3 eV at F0 = 0.1 and

1.0 respectively in the AFi state. Turning again to Table 3, the B3LYP
band gaps for the AF2, AFi and FM magnetic alignments are 3.953, 2.855 and
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Figure2.Clockwisefromtopleft:theUHF(notediscontinuityon energyaxis),Fo=0.2(B3LYP)andFo=0.0densitiesofstatesfor AF2NiO,calculatedattherelevantoptimisedlatticeconstantin
theBecke-LYPscheme.Solidlineshowsmetalanddashedline, oxygencontributions.
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2.052eV respectively, from which it can be seen that, once again, it is the B3LYP AF2
band gap that lies closest to the experimental value of ~ 3.6eV [32]. Both sets of energy

gap results for MnO and NiO, as presented in Tables 3 and 2 respectively, confirm one of
the main results of a previous study by Muscat et al [33], namely that the B3LYP

potential can yield accurate predictions for the band gaps of transition metal compounds.
The experimental cation spin moment supports a value of Fo in a range 0.0 - 0.4, which is
smaller than that found in NiO, and the experimental band gap supports a choice of Fo in
the range 0.1 - 0.2.

Fo
af2 fm

ao q nmn EF AEg ao q nmn,no EF AEg
1.0 4.4190 1.837 4.878 -8.15 13.29 4.4252 1.835 4.888,0.112 -7.56 12.27

0.9 4.4273 1.827 4.871 -7.50 12.07 4.4342 1.825 4.882,0.118 -6.74 10.84
0.8 4.4355 1.815 4.863 -6.87 10.88 4.4435 i.814 4.875,0.125 -6.11 9.63
0.7 4.4430 1.802 4.853 -6.24 9.69 4.4522 1.801 4.866,0.134 -5.48 8.39
0.6 4.4509 1.787 4.840 -5.61 8.52 4.4612 1.787 4.856,0.144 -4.75 7.12
0.5 4.4575 1.770 4.824 -4.99 7.35 4.4696 1.771 4.843,0.157 -4.17 5.95
0.4 4.4635 1.749 4.802 -4.37 6.21 4.4779 1.752 4.826,0.174 -3.53 4.73
0.3 4.4693 1.724 4.774 -3.74 8.08 4.4872 1.730 4.806,0.194 -2.81 3.48
0.2 4.4738 1.694 4.734 -3.12 3.95 4.4952 1.704 4.780,0.220 -2.19 2.05
0.1 4.4771 1.656 4.674 -2.48 2.83 4.5081 1.672 4.747,0.253 -1.52 0.64
0.0 4.4742 1.604 4.567 -1.80 1.36 4.4890 1.602 4.547 , 0.250 — —

Expt
4.445
(i)

4.58-
4.79 (2)

~ 3.6
(3)

(l)Ref. [31 (2) Refs. [25,27] (3) Ref. [32]

Table 3. The variation of optimised lattice constant, ao (A), Fermi energy, Ef (eV), ionic
charge, q (<?), metal, nMn (Pb), and oxygen, n0 (pb) spin moments and energy gap, AEg
(eV) in MnO with both composition of the hybrid functional and magnetic state in the
Becke-LYP scheme.

Figure 4 below presents the atom projected densities of states for AF2 MnO at various

proportions of exact exchange in the Becke-LYP scheme. As in NiO, the states at the

VBE indicate a clear CT insulating character at the UHF limit, an insulator of

intermediate character at F0 = 0.2 and MH behaviour at the DFT limit. Again, the states
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immediately above the CBE in the UHF calculation are derived from oxygen, with the
main weight ofmetal states lying ~ 3 eV above the edge. Against this, it should be noted
that an earlier UHF supercell calculation by Mackrodt and Williamson [23] of the first
electron addition state in MnO concluded that it was of delocalised d6 character. This

result shows that the UHF densities of states for unoccupied orbitals is not a reliable

guide to the nature of the added electron. States immediately above the CBE in the
B3LYP and pure DFT Hamiltonians are definitely ofmetal character.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

F0

Figure 3. The AF2 (O), AFi (A) and FM (□) band gaps, AEg, (eV) for MnO as a function
of the proportion of exact exchange, F0, in the Becke-LYP Hamiltonian.

42



Energy(eV)

Figure4.Clockwisefromtopleft:theUHF(notediscontinuityon energyaxis),Fo=0.2(B3LYP)andFo=0.0densitiesofstatesfor AF2MnO,calculatedattherelevantoptimisedlatticeconstantin
theBecke-LYPscheme.Solidlineshowsmetalanddashedline, oxygencontributions.
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(iii) The Equation of State for NiO

The optimisation of structures with more than one degree of freedom in the CRYSTAL98
code is made demanding by the lack of atomic forces and cell stresses. The need to

consider a sufficient number of separate Hamiltonians to resolve any trend adds to the
labour. Fortunately, perfect rocksalt structures are completely specified by a single lattice

constant, ao, and are thus the ideal choice for examining the effect upon structure of

varying the amount of exact exchange in the hybrid Hamiltonian. The structural
optimisation was performed by calculating the total energy at thirteen lattice constants

within a range of ~ 10% around the experimental value, and fitting the resulting energy-

volume data to the Murnaghan equation of state [34],

e(V)=E0-^^+^-v ;
K;-I K;
K„V„ Ky( 1 (v^K

VK'o-l
f
0

V
+1

from which the equilibrium volume, Vo, the bulk modulus at equilibrium, Ko, the
minimal energy, Eo, and the pressure derivative of the bulk modulus at equilibrium, Ko',
are all obtained. A simple least-squares method was employed for the fits, and the
numerical stability tested by using different initial values. Table 4 below lists the

optimised lattice constants and the equilibrium bulk moduli for the AF2 and FM states in

NiO in the Becke-LYP scheme.

The data in Table 4, in combination with the corresponding graph in Figure 5 shows that
the isotropic spin-lattice interaction in NiO increases as the weight of exact exchange

falls, for the FM and AF2 curves grow increasingly separate. The difference between the

AF2 and FM values is 0.12% of the AF2 value at F0 = 1.0 and 0.53% of the AF2 value at

Fo = 0.1. The most dramatic change in lattice constant results from the introduction of

LYP correlation into the UHF Hamiltonian, resulting in a contraction in the AF2 lattice by
~ 2.2% of the UHF value. The experimental lattice constant is reproduced by a value of

Fq in the range 0.9 - 1.0. The bulk moduli of the AF2 and FM states are essentially equal
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Fo
A1 72 FM

ao Ko ao Ko
UHF 4.2589 209.3 4.2629 210.0

1.0 4.1658 249.2 4.1710 250.1

0.9 4.1732 245.2 4.1787 246.1

0.8 4.1804 241.2 4.1865 241.7

0.7 4.1871 237.5 4.1935 238.1
0.6 4.1942 231.8 4.2009 234.2

0.5 4.2015 225.2 4.2103 229.1

0.4 4.2072 220.3 4.2192 223.5

0.3 4.2120 218.1 4.2274 218.5

0.2 4.2158 212.5 4.2350 212.8

0.1 4.2234 201.4 4.2458 204.2

0.0 4.2238 197.4 4.2563 157.3

Expt
4.1705
(i)

145-
190 (2)

(1) Ref. [24], (2) Refs. [35-36]

Table 4. Optimised lattice constants and equilibrium bulk moduli as a function of Fo for

AF2 and FM NiO in the Becke-LYP scheme.

across the range of exact exchange, although there is, perhaps, a tendency for the FM
values to lie a few GPa higher. Again, the most dramatic change arises from the
introduction of LYP correlation into the UHF scheme, resulting in an increase in the AF2
bulk modulus of~ 19.1% of the UHF value. The variation in Table 4 and Figure 5 of bulk
modulus with F0 is in qualitative agreement with the notional pattern expected from a

knowledge of the variation in lattice constant, for it is known from pseudopotential theory
that the bulk modulus of ionic compounds varies approximately as d~3, where d is the
interatomic distance [37], Thus, Ko increases with falling ao as the weight of exact

exchange increases, and the UHF bulk moduli are much lower than the F0 = 1.0 values,
for the UHF lattice constants are higher. However, a plot of K0 against d"3 for AF2 NiO

(not shown here) reveals a curve that deviates from linearity, the reason being that the
bulk modulus in covalent and metallic compounds is known to vary more as d~5, and it
has been established that NiO becomes increasingly covalent as F0 is reduced.

45



The FM lattice becomes conducting in the pure DFT limit, and while there is no evident

discontinuity in the lattice constant, the bulk modulus drops dramatically by ~ 40 GPa. It
is surprising that the lattice does not contract in the metallic state, for generally the total

energy associated with a partially filled band can be lowered by an increase in width,
which in turn requires a reduction in interatomic distance. In summary, no computed
value for the bulk modulus of the observed low temperature AF2 alignment falls within
the range of experimental results, although both the pure DFT and UHF values are close
to the upper extreme of that range.

4.27

4.25

Figure 5. The optimised AF2 (O) and
FM (□) lattice constants, ao (A) and
bulk moduli, K0 (GPa), for NiO in the

Becke-LYP scheme as a function of

the weight ofexact exchange, a. Filled

symbols are UHF values, arrows mark

experimental value or range.
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(iv) The Equation of State of MnO

A similar method to that described above for NiO was applied to MnO, but with the
extension that hybrid functionals omitting LYP correlation were also considered, denoted
as Becke-no-LYP in the following discussion. Table 5 below presents these results, while

Figure 6 plots them. Dealing first with the lattice constants, a very similar pattern emerges

in the Becke-LYP results to that established for NiO, where ao increases with decreasing

weight of exact exchange. The isotropic spin-lattice interaction seems to be comparable in

strength to that observed in NiO, and increases with decreasing Fo. The difference
between the AF2 and FM values is 0.14% of the AF2 value at Fo = 1.0 and 0.69% of the

AF2 value at Fo = 0.1, both of which compare well with 0.12% and 0.53% in NiO. The

AF2 lattice constants emerging from the Becke-no-LYP scheme are all higher than the

corresponding correlated functional values, by ~ 0.10 A at Fo = 1.0 and ~ 0.14 A at Fo =
0.0. Thus, the isolated UHF point in the NiO data is shown in MnO to be a part of a
smooth curve. The experimental low temperature lattice constant is best matched by a

choice of Fo in the range 0.6 - 0.7 in the Becke-LYP scheme, while those contributed by
the Becke-no-LYP scheme are all higher than the experimental value.

The metallic state in the results of Table 5 for FM MnO at Fo = 0.0 in the correlated

scheme is accompanied by a discontinuous drop in the lattice constant and bulk modulus,

as might be expected. The reduction in bulk modulus is estimated to be approximately 35

GPa, which is close to the estimate of 40 GPa for the same drop in NiO, although there it
should be recalled that the lattice constant showed no discontinuity with progress to the
metallic state. The AF2 bulk moduli in the Becke-LYP scheme follow a very similar

pattern to those in NiO, namely that Ko increases with Fo, again, as would be predicted
from the variation in the lattice constant with Fo. One notable difference in MnO is that

the FM bulk moduli deviate significantly away from the AF2 curve to higher values at low

weights of exact exchange. The reason for this difference is unknown currently, and

requires further work.
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Fo
Becke-LYP Becke-no-LYP

af2 f1vi a F2
ao Ko ao K0 ao Ko

1.0 4.4190 193.97 4.4252 195.38 4.5217 163.71

0.9 4.4273 190.65 4.4342 192.19 4.5319 160.42

0.8 4.4355 188.58 4.4435 190.59 4.5419 157.90

0.7 4.4430 183.58 4.4522 185.05 4.5519 155.51

0.6 4.4509 183.18 4.4612 185.20 4.5615 152.49

0.5 4.4575 180.48 4.4696 183.27 4.5714 150.39
0.4 4.4635 178.17 4.4779 182.97 4.5803 147.25

0.3 4.4693 175.27 4.4872 180.34 4.5888 144.07

0.2 4.4738 172.16 4.4952 179.93 4.5965 143.09
0.1 4.4771 167.65 4.5081 176.39 4.6044 138.19
0.0 4.4742 160.57 4.4890 140.38 4.6110 131.22

Expt 4.445 (1) 144-
162 (2)

(1) Ref. [31] (2) Refs. [31,38 - 41]

Table 5. The variation in optimised lattice constants, ao (A) and equilibrium bulk moduli,

Ko (GPa) for AF2 and FM MnO in the Becke-LYP scheme, and AF2 MnO in the Becke-

no-LYP scheme with F0.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 6. The optimised AF2 (O)
and FM (□) lattice constants, ao

(A) and bulk moduli, K0 (GPa), for
MnO as a function of the weight of
exact exchange, a. Unfilled

symbols are for the Becke-LYP

scheme, filled symbols are for the
Becke-no-LYP scheme and arrows

mark experimental value or range.
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The uncorrelated Becke-no-LYP functional values for K0 are all lower than correlated

values, by ~ 30 GPa at Fo = 1.0 to ~ 29 GPa at Fo = 0.0. At the exact exchange limit, this
amounts to some 18.5% of the uncorrelated UPIF value, close to the 19.1% found in NiO.

In terms of agreement with experiment, only the Fo = 0.0 value for Ko in the Becke-LYP
scheme falls within the combined range of values from X-ray diffraction and ultrasonic

measurements, and is close to the uppermost extreme. The values arising from the

uncorrelated functional are a much better match for experiment in the rather broad range

0.1 < F0 < 0.9. So, a difficult situation arises in which all the details of the equation of

state in MnO cannot be described within the same method, the lattice constant and bulk

modulus being better described by correlated and uncorrelated functionals respectively.
All indications are that the same problem arises in NiO.

(v) The Magnetic Properties of NiO

As discussed earlier in Chapter 1, the majority of magnetic insulators are characterised by
moments which derive from net electron spin density localised largely at cation sites.
Recall that the ability to account theoretically for a number of experimental observations,

including the magnon spectra, disorder transition temperature and anisotropic spin-lattice
interaction (also known as magnetostriction) requires the concept of magnetic exchange.
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Chapter 1 introduced an Ising Hamiltonian which incorporated nearest neighbour and
next nearest neighbour interactions and onto which the energies of calculations reported
here are mapped. Note that a full mapping of the magnon spectra requires a spin
Hamiltonian incorporating non-collinear arrangements (the Heisenberg Hamiltonian), but
for certain magnon wavevectors, the spin excitation energies can be related to the Ising Jd
and Jse.

Fo Jd Jse TNmt
uhf 8.601 39.556 89.00

1.0 9.366 56.918 128.07

0.9 9.912 63.298 142.42
0.8 10.736 70.674 159.02

0.7 11.691 80.339 180.76

0.6 13.881 95.065 213.90
0.5 15.879 114.719 258.12

0.4 18.804 141.972 319.44
0.3 22.668 186.187 418.92
0.2 28.542 248.948 560.13
0.1 36.392 353.586 795.57
0.0 85.175 670.744 1509.17

Expt
0) <+16.2

+229.8
+ 197.28

525

(1) Refs. [42-43]

Table 6. The variation of direct, Jd(K) and super-exchange, Jse(K) coupling constants and
fluctuation-corrected mean field Neel temperature, TNmf(K) with weight of exact

exchange, Fo, for NiO in the Becke-LYP scheme.

Table 6 above presents the values of Jd and obtained by performing such a mapping for
the total energies of the AF2, AFi and FM states, all in bi-molecular cells. Although not of

import in NiO, note that all coupling constants in this thesis have been divided by an

amount of the formal spin of the metal ion squared (S2 = 1 for NiO). The mean-field

theory [44] can be used to relate the calculated superexchange coupling constants to the
critical disorder, or Neel, temperature, TN, but it neglects the fluctuations that a full
Monte Carlo simulation would incorporate and which act to suppress TN. Fortunately, a

geometry dependent factor is known which relates the calculated mean field critical
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temperature to the values of TN obtained from Ising Model Monte Carlo calculations [44].
In the rocksalt structured oxides, only the superexchange coupling contributes to the

energy of the AF2 ground state, and the required Ni-O-Ni linkages describe a simple
cubic lattice, for which the fluctuation correction factor is 0.75172, and TNm is then

3Sz2(0.75172)Jse The fluctuation corrected values for TN are also presented in Table 6. In

comparing the results it should be borne in mind that only the critical temperature is

directly observed in experiments, the values of Jj and Jse are obtained by a mapping of the

magnon spectra from inelastic neutron scattering studies onto the Heisenberg
Hamiltonian.

The most important point to note in Table 6 is the extreme sensitivity of the coupling

energy to the weight of exact exchange. In going from pure HF exchange to pure DFT,
the direct exchange and superexchange interactions both increase in strength by factors of
~ 10 and ~ 17 respectively; a huge increase in comparison with the effect that change in

Fo has upon the electronic structure and equation of state. The critical temperature

displays the same large sensitivity to F0, for it is, of course, directly proportional to Jse.

For an Ising Flamiltonian of the form presented in Chapter 1, values of Jd > 0 imply a

ferromagnetic coupling, while values of Jse > 0 imply antiferromagnetic coupling. Thus,
in NiO, the direct exchange is ferromagnetic and the superexchange is antiferromagnetic
at all weights of exact exchange. An average of the two experimental values for Jse yields
-214 K, which in the mean field of the Ising Hamiltonian leads to a critical temperature
of - 482 K after correction for fluctuations, which is in acceptable agreement with the

directly observed value of 525 K. The conclusion to be drawn from this observation is

that the Ising Hamiltonian, even in the simple mean field, can provide a consistent

interpretation of the experimental data, and so the use of it here in interpreting purely
theoretical results is justified. Now, turning to a comparison with experiment, it can be

seen that values of Fo > 0.5 lead to direct coupling constants in the experimental range,

while a much narrower range of 0.2 < F0 < 0.3 leads to Jse and TN in agreement with

experiment. It is troubling that the two ranges in weight of exact exchange do not overlap,
and so no common value of Fo accurate for both types of coupling can be defined.
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(vi) The Magnetic Properties ofMnO

Table 7 below presents the results obtained from a similar procedure applied to MnO.
Extensions to the analysis conducted for NiO are the consideration of the uncorrelated
Becke-no-LYP scheme and the calculation of the Bloch constant, e, which relates the

superexchange coupling constant to the cell volume through a dependence of the form

Jse oc V-8 . In many magnetic transition metal compounds in the rocksalt structure, s has
been found to take a value close to 3'A [48],

Fo
Becke - LYP Becke - no - LYP

Jd Jse TNmf £ Jd Jse TNmf £

1.0 1.639 6.327 88.97 3.846 -0.032 2.062 29.00 5.317

0.9 0.968 6.852 96.36 3.735 -0.463 2.185 30.72 5.376

0.8 0.204 7.338 103.19 3.735 -0.867 2.379 33.45 5.420

0.7 -0.624 8.155 114.67 3.722 -1.324 2.750 38.67 5.544

0.6 -1.570 9.093 127.87 3.678 -1.877 2.910 40.92 5.395

0.5 -2.656 10.512 147.82 3.674 -2.386 3.458 48.63 5.331

0.4 -4.286 12.108 170.26 3.706 -2.707 4.541 63.86 5.236

0.3 -5.890 15.176 213.41 3.490 -4.036 5.271 74.12 5.008
0.2 -8.966 19.558 275.03 3.403 -5.005 7.316 102.87 4.634
0.1 -13.085 25.913 364.40 3.286 -6.538 10.887 153.09 4.219
0.0 -15.917 37.903 533.00 1.341 -9.700 17.338 243.82 3.419

Expt
-10,(1)
-8.9,
-8.5

+11,(1>
+ 10.3,
+9.6

1 18 (2) 3'A (3)

(1) Refs. [45-47] (2) Ref. [32] (3) Ref. [48]

Table 7. The variation of direct, Jd (K.) and super-exchange, Jse (K.) coupling constants,

fluctuation-corrected mean field Neel temperature, TNmf (K) and Bloch constant, s, with

weight of exact exchange, F0, for MnO in both the Becke-LYP and Becke-no-LYP

schemes.

The coupling constants in MnO are much smaller than those in NiO. For example, at Fo =
1.0 in the Becke-LYP scheme, Jd and Jse are 9.4 and 56.9 K respectively, as compared to

1.6 and 6.3 K in MnO. It is, of course, expected that the smaller lattice constant in NiO



should lead to stronger magnetic interactions, and this is borne out by a comparison of the

average experimental superexchange constant, which is a factor of ~ 21 times larger in
NiO than MnO. A similar comparison of average experimental direct coupling constants

finds a factor of ~ 2 increase in NiO over MnO. In the current work, it is only at the pure

DFT limit that the ratio of Jse in NiO and MnO at ~ 18 approaches the averaged

experimental value.

Note also in Table 7 the change in the sign of Jd in the Becke-LYP method, from

ferromagnetic at Fo > 0.8 to antiferromagnetic at lower values. In the Becke-no-LYP

scheme, the direct coupling is found to be antiferromagnetic at all weights of exact

exchange. The Bethe-Slater theory for the direct exchange in the transition metals

indicates that both the magnitude and sign of the direct coupling are determined by the

quotient ^ , where D is the atomic separation and d is the diameter of the 3d orbital. In
particular, there is a crossover from antiferromagnetic to ferromagnetic coupling as this

quotient increases. This might provide an explanation for the change in sign of Jd in MnO
in the Becke-LYP results presented above. Of course, the optimised lattice constant (and

hence, D) increases as Fo decreases, and it would be expected that this would lead to a

change in sign of Jd which is opposite to that found above, but the effect of varying F0

upon the average d-orbital diameter has not been determined. As found earlier in NiO, Jd

and Jse show large increases with decreasing Fo from 1.0 to 0.0 are found here, with the

absolute values of Becke-LYP Jd increasing by a factor ~ 10 and Jse by a factor ~ 6, and

Becke-no-LYP Jd increasing by a huge factor ~ 300 and Jse by ~ 8. In terms of agreement
with experiment, for the Becke-LYP method, choices of F0 in the range 0.1 - 0.2 and 0.5
- 0.6 reproduce the average experimental Jd and Jse respectively, while agreement with the

experimental critical temperature requires Fo in the range 0.6 - 0.7. For the Becke-no-

LYP method, the same agreements with experiment are provided by F0 in the ranges 0.0 -

0.1,0.1 - 0.2 and 0.1 - 0.2 respectively.

Now, the ability of hybrid Hamiltonians to reproduce the dependence of TN on pressure

can, in theory, be tested by the closeness of their calculated Bloch constants to the value
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~ 3XA, which is an average taken from studies of a number of transition metal compounds.
For the Becke-LYP method data in Table 7, F0 in the range 0.1 - 0.2 provides Bloch

constants which bracket the observed value, while in the uncorrelated Becke-no-LYP

scheme, the pure DFT limit provides a value close to that observed. It is possible, though,

to test the consistency of the Jse qc V~e trend by directly calculating the fluctuation

corrected mean field Tn at each pressure. Now, X-ray diffraction experiments on MnO at

room temperature have shown a B1 to rhombohedrally distorted B1 transition at an

applied pressure of ~ 30 GPa [31]. The cubic to rhombohedral distortion is a

consequence of the anisotropic spin-lattice effect that accompanies AF2 magnetic
ordering, and indicates that the critical temperature has risen from 118 K at ambient

pressure, to ~ 300 K (room temperature) in the compressed structure at 30 GPa. From
these two points, a pressure gradient for TN of~ 6.1 KGPa"1 can be calculated.

Plots of Tn against pressure for Becke-LYP and Becke-no-LYP Hamiltonians spanning
the full range of F0, and using the equation of state results presented earlier are shown in

Figure 7 below. For Becke-LYP, the gradients of the fitted lines for Fo = 0.2 and 0.1, at
5.2 and 7.0 KGPa"1 respectively enclose the X-ray value, and, moreover, match the range

of exact exchange found to fit the Bloch constant above. In the uncorrelated method, Fo
values of 0.1 and 0.0 produce gradients of the fitted lines of and 4.7 and 7.0 KGPa"1
respectively, bracketing the experimental value. Both of these weights of exact exchange

produce Bloch constants that are slightly higher than 3'A, but which are still the closest of

any of the uncorrelated values. It is of interest to note that the pressure gradients emerging
from the correlated Hamiltonians are generally a factor of 1.40 - 1.58 times larger than
those in the uncorrelated scheme. This fits with the "qualitative picture of correlation

producing more diffuse states, and hence greater overlap.

In summary, the description of the pressure dependence of the superexchange interaction,
either in terms of the Bloch constant or the directly calculated critical temperature results
in a consistent picture. Additionally, in the correlated scheme, the weight of exact

exchange required to produce a match in TN with experiment is appreciably higher than
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that needed to reproduce the pressure gradient, whereas in the uncorrected method, theranges in Fq are comparable.

P (GPa)

P (GPa)

Figure 7. The variation in the critical temperature, TN (K), with pressure, P (GPa), inMnO for (top panel) the Becke-LYP and (bottom panel) the Becke-no-LYP schemes. F0varies from 1.0 (bottom line on each plot) to 0.0 (top line). The experimental values,denoted by circles, are included for comparison.
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(vii) The Spin-Lattice Distortion in MnO

Figure 8. The hexagonal representation of the rhombohedral cell used in the simulation of
the spin-lattice distortion. Large grey circles are Mn2+ ions, for which the spin orientation
is indicated. Small white circles are the O2" ions.

Below the Neel temperature, both AF2 MnO and NiO undergo a rhombohedral
contraction as a result of the interaction between the adjacent antiferromagnetically-

aligned hexagonal {111} cation planes of spins. Pask et al [22] have argued that while the

direct nearest neighbour interaction cannot contribute to the magnetic energy in the AF2

alignment of the strictly cubic lattice, it is the magnetic component which drives the
rhombohedral distortion. To see how this can arise, consider the rhombohedral

compression along the [111] axis observed in MnO. In this distorted structure, metal ions

within the same (111) hexagonal plane move further apart, while the distance between the
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planes decreases. It is also necessary to visualise that, in the AF2 alignment, ions in the
same (111) plane are arranged ferromagnetically with respect to each other, and that the

(111) planes follow a pattern of alternating spin orientation in the normal direction. The

resulting structure is shown in a hexagonal representation in Figure 8 above, where the

(111) planes of the cubic structure are parallel to the aft-plane, and the [111] body

diagonal of the cube lies along the long oaxis of the hexagonal cell. Now, a compression
of the cubic cell along [111], as observed in MnO, is equivalent to a decrease in the c/a
ratio of the hexagonal cell, with the effect that in-plane direct coupling constants are

reduced in magnitude, thus Jd —► J d' , where |Jd'| < |Jd|, and out-of-plane couplings are

increased in strength Jd —>► J d" , where |Jd"| > |Jd|- Experimentally, Jd is known to be

antiferromagnetic in MnO, which is represented by Jd < 0 in the Ising Hamiltonian of

Chapter 1, and so Jd' = Jd + 8, and Jd" = Jd - 5, where 8 is a small constant which varies

linearly with the absolute value of the change in interatomic distance. Plainly put, the

assumption here is that, for small distortions, a reduction in interatomic distance increases

the strength of the direct coupling by the same amount that an increase in distance lowers

it. Now, in the rhombohedral lattice, the energies of the AF2, AFi and FM states for this

Ising Hamiltonian are expressed as

E[Rhomb. AF2] = E0 - 3Jd' + 3Jd" - 3Jse,

E[Rhomb. AFi] = E0 + Jd' + Jd" + 3Jse,

EfRhomb. FM] = Eo — 3Jd' - 3Jd" + 3Jse.

The next step is to consider the energy differences between rhombohedral and cubic

energies, thus

E[Cubic AF2] - EfRhomb. AF2] = 3Jd' - 3Jd" = 68,

E[Cubic AFi] - E[Rhomb. AFi] = 2Jd - Jd' - Jd" = 0,

E[Cubic FM] - E[Rhomb. FM] = 3Jd' + 3Jd" - 6Jd = 0.
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Of course, the exchange driven distortion will be opposed by the normal elastic response

of the crystal, represented in this case by the C44 elastic constant. It is clear that, within
this simple model, only the AF2 state is stabilised by a rhombohedral distortion, which for

antiferromagnetic direct coupling is predicted to take the form of a compression along the
cubic [111] direction. This matches the UHF results of Towler et al [13], which reported
no deviation from cubic symmetry in MnO in the FM alignment. In contrast, in the case

of ferromagnetic direct coupling, represented here by J4 > 0, an expansion along [111] is
favoured. It must be said that in NiO, just such a situation of ferromagnetic coupling is

realised, but compression along the body diagonal is still found in experiment and in UHF

calculations [13]. However, the increase in the cubic angle, at ~ 0.1° is approximately

one-sixth of that found in MnO.

A study was made of the size of the distortion starting from the optimised cubic structures

for each hybrid Hamiltonian. To this end, a hexagonal cell of crystallographic group R3c

and with the magnetic alignment shown in Figure 8 was set up, where

<lhex A V2 Ucub ,

Chex 2V3 Ucub ,

both for the optimised cubic lattice constants, a^b, presented for the Becke-LYP scheme
in Section 2(iv) earlier. Approximately ten points of varying ratio Chex / ahex, all within a

range of ~ 2 % of the cubic value were chosen, from which the CRYSTAL code then

generates an equivalent but smaller rhombohedral cell. The total energies for each
Hamiltonian were calculated1 and the optimal ratio Chex / ahex was determined by least-

squares fitting with cubic polynomials. It should be stressed that the differences in energy

resulting from the distortion are very small indeed, and so an extremely accurate

numerical integration scheme is required if smooth energy versus distortion data are to be

obtained. To this end, the normal CRYSTAL98 numerical quadrature scheme based upon

atom-centred auxiliary basis functions was replaced by the CRYSTAL2003 scheme of

integration upon a mesh of user-defined density, the convergence of which is more easily
checked. The optimised rhombohedral cell was then transformed back into a structure

1 In collaboration with Dr. Furio Cora, Davy Faraday Laboratory, Royal Institution ofGreat Britain.
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close to cubic and the deviation in angle from the cube, Ay, determined. The results of
this process are presented in Table 8 below, and graphically in Figure 9.

Fo ao Init. ahex Init. chex Opt. ahex Opt. Chex Ay
1.0 4.4190 3.1247 15.3079 3.1298 15.2579 +0.1870(1)
0.9 4.4273 3.1306 15.3368 3.1363 15.2806 +0.2098

0.8 4.4355 3.1364 15.3652 3.1429 15.3018 +0.2361

0.7 4.4430 3.1416 15.3908 3.1490 15.3190 +0.2675

0.6 4.4509 3.1473 15.4184 3.1545 15.3479 +0.2619

0.5 4.4575 3.1519 15.4411 3.1604 15.3579 +0.3088

0.4 4.4635 3.1562 15.4621 3.1663 15.3635 +0.3652

0.3 4.4693 3.1603 15.4822 3.1738 15.3507 +0.4864

0.2 4.4738 3.1634 15.4975 3.1801 15.3351 +0.6006

0.1 4.4771 3.1658 15.5090 3.1874 15.2992 +0.7752

0.0 4.4742 3.1637 15.4990 3.1947 15.2003 +1.1040

Expt
4.445 (2)

+0.62 (3)
(1) Pure UHF value is +0.1477, (2) Ref. [31], (3) Ref. [49]

Table 8. The optimised cubic lattice constant, ao (A), and the initial hexagonal constants

ahex and Chex (A) which are generated from it, optimised ahex and Chex (A) and the deviation

from the cubic angle, Ay (°) for the magnetostrictive distortion in MnO as a function of
the weight of exact exchange, Fo in the Becke-LYP Hamiltonian.

As Table 8 and Figure 9 make clear, the rhombohedral distortion increases in size as the

weight of exact exchange decreases. This trend could be due to the already established
increase in Jd with falling Fo, or to a reduction in the C44 elastic constant with falling Fo or
to a combination of both factors. Although no data is available in the literature on the

effect of exact exchange upon the elastic constants of MnO, Moreira et al [18] find a

decrease in C44 of approximately 30% of the experimental value of 109 GPa in going from
a pure UHF to pure DFT Hamiltonian in NiO. While this change would be significant in a

discussion of the elastic constants alone, it is a much smaller percentage change than that
found in the magnetic coupling constants over the same range. A speculated, similar fall
in C44 with decreasing F0 in MnO, and the known increase in Jd would both support the

observed trend in Ay. A weight of exact exchange in the range 0.1 < Fo < 0.2 yields a
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value for Ay in agreement with that taken from neutron scattering experiments at a

temperature of 8K by Shaked et al [49]. It should be further noted that this range in F0
matches that which is required to reproduce the average experimental direct coupling

constant, as discussed previously in Section 2(vi). This supports the earlier conclusion
that, were the relative insensitivity of C44 to weight of exact exchange as found in NiO to

be replicated in MnO, the variation in Ay with F0 would be determined primarily by the
variation in Jj across the range of Hamiltonians.

F0

Figure 9. The variation in the deviation from the cubic angle, Ay (°) with weight of exact

exchange, a in MnO in the Becke-LYP scheme. A square and horizontal grey line mark
the UHF and experimental values respectively.

Finally, there remains the question of whether the transition from a cubic to a

rhombohedral cell conserves the volume. To address this, the UHF method was used in

an optimisation of rhombohedral cells at volumes close to the 23.1124A3 per molecule
found in the cubic structure. Five volumes within a range of 2% of the previous value
were chosen, and for each volume, six hexagonal cells with varying c / a ratio were set

up. The resulting energy versus c / a data were least-squares fitted with cubic

polynomials, yielding an energy-volume set. The overall energy volume set was then, in
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turn, fitted with a cubic function and the equilibrium volume found. The end result was
an equilibrium volume of 23.1401A3 per molecule for rhombohedral cells, which is
within ~ 0.12% of the optimised cubic volume. It can therefore be concluded that
rhombohedral distortion does not lead to any significant change in equilibrium volume of

MnO, at least at the UHF level. The volume change may well be larger for lower weights
ofexact exchange, but the time to conduct such a study was not available.

(viii) The Crystal Field Excitations in MnO and the Effect of Electron Correlation

The crystal field or d -» d transition energies are generally well characterised in the
transition metal oxides, as discussed previously in Chapter 1. In optical spectroscopy, the
excitations typically occur with weak intensity, for they violate the Laporte selection rule
for dipole transitions, and manifest below the strong absorption edge. In the case ofMnO,
the absorptions are predicted to be particularly weak, for here all d —> d transitions from

the multiplicity-six ground state of the Mn2+ ion must involve a reduction in the spin

moment from S = — to S = —, and a violation of the spin selection rule. Nevertheless, the
2 2

low energy excitations have been detected optically in both the equilibrium structure and
at high pressure [50-51], Electron energy loss spectroscopy (EELS) does not suffer under
the same selection rules as optical spectroscopy, due to the fermion character and finite
momentum of the incoming electrons. It is thus a convenient method for the study of

crystal field excitations. Such an EELS experiment in MnO detected a peak at 2.8eV,
which was assigned to the 4G atomic state, with a shoulder at 2.2eV assigned to the

crystal field split state [53], The analysis further suggested that a shoulder at 3.4 eV

corresponded to the 4D state, while another at 4.6 eV was assigned to the 4P state.

X-ray fluorescence spectroscopy, meanwhile, places the 4G derived states at ~ 3eV, with a

broad quadruplet peak (comprising the 4G, 4P and 4D states) spanning energies between 2
- 5 eV below the recombination peak [52], showing a maximum at an energy of~ 3.5 eV.
The crystal field splitting is not explicitly considered in this work, for the reason that it

broadens the observed peaks but is small compared to the exchange splitting between the
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6S ground and lowest lying 4G excited states. A shoulder in the peak at ~ 5eV is assigned
to states of 2D, 2F and 4F symmetry. The X-ray fluorescence technique is very useful for it

can, like EELS, avoid the effect of the dipole selection rules, although by a very different

strategly to that employed in EELS. XFS splits the dipole forbidden transition into two

allowed transitions, namely the excitation of an electron from a core state, and

subsequently, either a recombination decay, or a decay to a state lacking a core hole.

Optical absorption studies in the equilibrium structure detects peaks at 2.01, 2.5 and 2.94
eV assigned as 4Tig, 4T2g and 4Aig (in the cubic field nomenclature), all of which involve
a transition of the type eg(|) —*■ t2g(|) [50,51]. The lowest energy excitation corresponds
to the lower of the crystal field split transitions from the 6S ground states to an atomic

state of type 4G, i.e. x2-y2(|) —* xy(]_), and is close in energy to the 2.2eV found in the
EELS study. The optical absorption study was extended to high pressures, and all the

assigned excitations are found to decrease in energy with increasing pressure due to the
concomitant increase in the crystal field splitting. The 4T|g energy was found to vary as a

5, as predicted by crystal field theory up to pressures of~ 25 GPa, beyond which the effect
of the increasing Mn(3d) band widths become important. At equilibrium, a value of 0.090
eV for the Racah B parameter and 1.17 eV for the crystal field splitting is obtained

through comparison with the Sugano-Tanabe diagram. The ratio C / B has been found to

be roughly constant in the range 4.2 - 4.5 for transition metal ions in the gas phase, as
substitutional impurities and in compound [54], So, taking C / B = 4.35, a value for the
Racah C parameter of ~ 0.39 eV can be estimated for Mn2+ from the optical data. The

correspondence between the parameters derived from optical absorption and the X-ray
fluorescence data may now be checked. Firstly, all of the microstates that fall within the

4G, 4P and 4D multiplets were assigned an energy by use of the Kanamori crystal field
Hamiltonian discussed in Chapter 1. The average was calculated, emerging as

14.75B+6C, which, inserting the optical parameters, amounts to 3.67 eV, in good

agreement with the maximum of ~ 3.5 eV for the 4G, 4P and 4D quadruplet group in the

X-ray data. Next, the optical crystal field splitting can be used to predict a crude width for
the X-ray quadruplet peak. The lowest lying microstate from amongst the 4G, 4P and 4D

62



multiplets is the x2-)^) —► xy(|) state, the excitation energy for which is 1 0B+6C-Acf,

and the highest lying is the xy(t)z2 (4) state, with excitation energy 18B+6C+ACf,
amounting to 2.07 and 5.13 eV respectively. Again, this is a close match for the span of

approximately 2 - 5 eV in the X-ray data. So, whereas the resolution in the X-ray data not
fine enough to resolve the three separate peaks found in the range 2 - 3 eV in optical

absorption, the observed width of the X-ray quadruplet peak suggests a crystal field

splitting close to that obtained directly from the absorption spectra.

Unfortunately, application of the UHF method to calculation of the excitations in MnO
fails to yield energies close to those observed experimentally. Take, as an example, the 4P
Z2(t) —> xz(|) transition, to which the Kanamori Hamiltonian assigns an energy 12B+6C-

Acf, amounting to 2.26eV using the optical parameters. As in previous studies [54], the

stability of the excited states was aided by performing all calculations for a Mn2+ ion
located in the central plane of a slab of five ferromagnetically aligned (100) layers. The

optimised UHF AF2 lattice constant of 4.5217A was used. A (2x2) surface supercell was
used to further isolate the excited atoms in the xy-plane, leading to 40 atoms in each

repeated cell. The co-ordinate system was aligned such thatz is normal to the plane, while
x and y lie within it. Thus, the local crystal field at the Mn site in the central plane is
close to that in the bulk and of Oh symmetry. Now, a direct UHF calculation of the 4P
excitation using this method, which relies upon the fact that the excited state is a

variational minimum and can be converged toward, yields an energy of 3.60 eV, which is
an overestimate by 1.34 eV of the experimental value. For the 4S xy(f) —*■ xy(j.)

transition, the excitation energy is given by 10B+4C, which equals 2.47 eV with optical

parameters, whereas the UHF calculated value is 3.32 eV, overestimating the energy in
this case by 0.85 eV. Finally, consider the 4G x2-y2(|) —> xy(j) transition, which has a

predicted energy 10B+6C-Acf, summing to 2.08 eV with the optical parameters. The
UHF method obtains a value of 3.48 eV, which is again an overestimate by 1.4 eV. The

greatest contribution to the overestimate comes from the fact that the UHF method cannot

account for the spin pairing correlation energy. So, in the case of the Mn2+ ion, for which

all crystal field excitations involve the creation of at least one spin pair, the energy of the
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final state is overestimated and the excitation energies are consequently much higher than

experiment. Some estimates put the correlation energy at ~ 2 eV per spin pair, but the
overestimates here are smaller than that. Of course, the 4S final state does not involve any

spin pairing of electrons in the same d-orbital, and thus the overestimate here is smaller,
at ~ 60% of the 4P and 4G values.

The effect of introducing LYP correlation in the Fo = 1.0 method, at the optimised AF2

lattice constant of 4.4190A is to lower all three excitation energies to 2.99, 2.86 and 2.86

eV for the 4P, 4S and 4G final states respectively. The calculated energies now

overestimate the experimental values by 0.73, 0.40 and 0.78 eV respectively, which are

all great improvements upon the UHF values. The improvement continues for the F0 = 0.9

method, at an optimised AF2 lattice constant of 4.4273A, where excitation energies of

2.84, 2.76 and 2.72 eV are found, representing overestimates of 0.59, 0.30 and 0.64 eV

respectively. Due to the time consuming nature of the computations, only one further set
of excitations could be calculated for a low weight of exact exchange. At F0 = 0.4, the 4P,
4S and 4G excitations are stable and have energies of 2.17, 2.23 and 2.05 eV respectively,
where the values represent underestimates of experiment by 0.09, 0.24 and 0.03 eV

respectively. The fact that the difference from experiment crosses from over- to

underestimation as Fo decreases indicates that the hybrid scheme should be capable of a

quantitative agreement with experiment for a value of F0 close to 0.4. For the purposes of

comparison, the values for the Racah B and C parameters and crystal field splitting are

0.059, 0.683 and 1.207 eV respectively in the UHF scheme, 0.066, 0.552 and 1.107 eV

respectively at F0 = 1.0, 0.064, 0.532 and 1.107 eV respectively at F0 = 0.9 and 0.059,

0.410 and 1.000 eV respectively at Fo = 0.4. The optical parameters are 0.09, 0.39 and

1.17 eV respectively, and so it is obvious that, at F0 = 0.4 the C parameter is reproduced

correctly, but the B parameter and crystal field splitting have moved further from

experiment.

The excitations for the isolated Mn2+ ion were also calculated, to allow the effect of the

extended lattice to be gauged. The values derived from the optical parameters were
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obtained by removal of crystal field terms in the earlier expressions, leading to energies of

3.43, 2.47 and 3.24 eV respectively for transitions with 4P, 4S and 4G final states. UHF
calculations yield 4.73, 3.47 and 4.49 eV, representing overestimates of experiment by

1.30, 1.00 and 1.25 eV respectively. The energy for the alternate 4G xy(f) —► x2-^],)
transition was also computed and found to be equal to the x2-}^!) —> xyQ) value, as

would be expected in the absence of a crystal field. The size of the overestimate of the 4P
transition is virtually unchanged by lack of a crystal environment, whereas the 4S and 4G
excitations increase and decrease by ~ 0.15 eV respectively. The UHF Racah parameters

for the isolated ion are 0.123 and 0.509 eV for B and C respectively, where B has

evidently increased and C decreased with respect to the lattice values.

As a final note, studies of the d -> d excitations in NiO, VO and Sr2Cu02Cl2 form part

of the later work in this thesis. Since spin-allowed transitions are generally the lowest

energy excitations in these materials, the latter work concentrates on them, save in VO,
where a transition involving a change in spin is considered. It should be stressed that,
save for the case of this one transition in VO, all other excitations in the three materials

are expected to be free of the problems encountered in MnO, for no change in the number
of spin pairs in any given d-manifold is involved.

(ix) The Pressure Induced B1 to B8 Transition in MnO

The high pressure phase diagram of MnO remains unclear, despite recent studies using
modern techniques. The history of experimental observations in this material is presented

prior to a discussion of theoretical approaches to determining the high pressure structures.

Clendenen and Drickamer, in 1966 conducted an X-ray diffraction study of the effects of
static compression on the lattice constants of a set of TM oxides and sulfides [38]. A

Hugoniot curve was obtained for manganosite (MnO), and a transition to a tetrahedral, or

possibly lower symmetry structure was found at 120 kbar (12 GPa). No evidence of this
transition at low pressure is found in later studies. The diffraction techniques of the time
were unable to resolve the small peak splittings that accompany the magnetostrictive
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distortion, and so the structure was treated as being strictly cubic. A fit of the observed

pressure-volume data to the Murnaghan equation of state (EOS) yielded Vo= 21.971A3,
K0 = 144 GPa and K0' = 3.3. Measurements of electrical conductivity under shock

compression by Syono et al indicated that MnO remained insulating at pressures up to 50
GPa [56]. Static experiments by Bloch et al in 1980 showed that the critical temperature,

Tn, increases with pressure at a rate of 2.7 KGPa"1 up to the experimental limit of 3.3 GPa

[57]. Piston-cylinder measurements of the thermal expansion conducted in 1987 by
Tamura obtained a rate of increase of TN with pressure of 3.5 KGPa"1 [58]. Assuming a

continued linear trend in TN to higher pressures, the extrapolated values for the pressure

required to raise Tn to room temperature are 67 and 52 GPa respectively.

The static compression study by Jeanloz and Rudy in 1987 [39] was prompted by the
ultrasonic measurements of Webb et al [59] in 1983, which indicated a progressive

softening of the C44 elastic constant with increasing pressure. The trend in C44 was

postulated by Webb and co-workers to be a precursor to a transformation to the B2 (CsCl

type, shown in Figure 10 below) structure at approximately 40 ± 20 GPa. The results of
Jeanloz and Rudy show, however that no new phases emerge to a pressure of 60 GPa,

although in this study the magnetostrictive distortion was once again neglected. The
absence of a structural transformation led to an explanation of the C44 softening in terms

of the magnetic contribution to the energy of the cell, which increasingly favours
distortion as the pressure is increased, as discussed earlier in Section 2(vii) of this

chapter. A third-order fit to the Birch EOS yielded Vo = 21.956A3, Ko = 162 ± 17 GPa

and Ko' = 4.8 ± 0.1. Webb et al in 1988 revised their estimate for the upper range of the
B1 —* B2 transition to 90 GPa, based upon the ratio of C44 to the bulk modulus [40], and

quoted a bulk modulus of K0 = 152.1 ± 0.2 GPa.

A more recent shock compression study to 114 GPa was performed by Noguchi et al in
1996 [41]. The shock Hugoniot curve, after reduction to 293 K by way of the

experimental Debye temperature and Griineisen constant, indicates a structural transition

at 90 GPa, with a volume change AV / VT of approximately 8%. An EOS was obtained
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which is in good agreement with the ultrasonic results ofWebb et al, but is slightly more

compressible than the static curve of Jeanloz and Rudy, with Ko = 151.6 ± 0.2 GPa and

Ko' = 3.6. The volume change of ~ 1% associated with the magnetostrictive distortion
was noted to be beyond the resolution achieved in the experiment. While the shock

compression technique provides no structural information, this study concluded that the
90 GPa phase was of B2 type, since the combination of 90 GPa transition pressure and
the radius of the Mn2+ radius lies on the extrapolated trend of B1 to B2 transition pressure

to ionic radius established by the alkaline earth and TM monoxides. FeO, in contrast, lies
well below the line, and indeed transforms to the B8 structure at 70 GPa.

In an attempt to clarify the high pressure phase diagram, Kondo et al in 1998 and 1999
conducted further static compression X-ray diffraction experiments to approximately 140

GPa [31,60]. A clear splitting of the cubic (220) line was observed for pressures above 35

GPa, indicating the onset of AF2 order at room temperature and associated

magnetostrictive distortion, as discussed earlier in Section 2(vii) of this chapter. This was

verified by the observation that, under in situ laser heating of the sample to temperatures

greater than TN, the splitting disappears as the sample enters the paramagnetic state. The
transition to the AF2 state is shown to be second order by the continuous variation in d-

spacings. The EOS obtained for the distorted B1 phase was found to be in better

agreement with the earlier shock compression results ofNoguchi et al than with the static
results of Jeanloz and Rudy. The small discrepancy is explained by the strictly cubic

symmetry assigned to the B1 phase at all pressures in the latter study. The fitted

parameters of the third-order Birch-Murnaghan EOS were V0 = 21.956A3, K0 = 154 ± 6

GPa and K0' = 4.0±0.3.

At 90 GPa, three definite, additional peaks indicate the presence of a new structural

phase. A shoulder on the (102) distorted B1 peak is better resolved with increasing

pressure. A volume change through the transition, AV / VT of ~ 1 - 2% was found, in
contrast to some 8% in the shock compression studies. Strong laser heating at the highest

pressure attained (114 GPa) for this sample leaves the diffraction pattern unchanged, as
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originating from a mixture of distorted Bl, and the new 'intermediate' phase. Indexing of
this new phase was attempted using two sets of data which comprised, firstly, all the
observed lines and, secondly, only those lines deemed to originate from the new phase. In
both cases the indexing failed, and it was concluded that a larger data set would be
needed for effective analysis. It was tentatively suggested that the observed pattern might
be produced by an orthorhombic structure. A metallic lustre of the intermediate phase was
noted in optical observations by photomicrograph in the diamond anvil cell.

A second sample and separate instrument were used for a study to 137 GPa. At 126 GPa,
new peaks emerge in the pattern and grow with increasing pressure. Indexing above this

pressure yields a B8 structure, although one extra line at a d-spacing of 1.856A is present
which Kondo et al attribute to the intermediate phase. One line which would be expected
for the B8 structure was missing, although laser heating at 137 GPa produces a shoulder
on one of the peaks around d = 1.94A that the authors suggest lies in the correct range of

angle. The B8 phase is only indexed over a pressure range of 11 GPa, and so no attempt

to fit an EOS is made.

An infrared (IR) spectroscopy study of the pressure induced metallisation of

semiconductors was conducted recently by Kobayashi [61]. Earlier Raman scattering
measurements by the same worker and others [50] had demonstrated an abrupt downward
shift in the 2TO phonon line at 30 GPa, which is attributed to the onset of AF2 order. At

90 GPa, the Raman signal was observed to disappear over a large spectral range, which it
is believed indicates an insulator-to-metal transition. The IR reflectance results show a

steep rise at 90 GPa, although large variations in local pressure in the diamond anvil cell

blurred the exact onset of the transition. Kobayashi links the metallisation in MnO to the

magnetic collapse predicted to occur at 105 GPa from a knowledge both of the form of
the Sugano-Tanabe diagram and the pressure dependence of the crystal field splitting and
Racah B parameter from earlier optical absorption experiments.
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Figure 10. Clockwise from top left: the B1

(NaCl), B2 (CsCl) and B8 (NiAs)

structures used in the study of MnO. Large

grey and small white spheres are Mn and O
ions respectively.

Prior theoretical work on the high pressure phase diagram ofMnO is much more limited.
Cohen et al in 1997 conducted a study of the magnetic properties at very high pressures of

FeO, MnO, CoO, NiO and FeSi03 using both linear muffin-tin orbitals within the atomic

sphere approximation and the linearised augmented plane wave method within the GGA

[62], A first-order high spin (HS) to low spin (LS) transition was predicted for MnO at

149 GPa with a fractional volume change across the transition AV / VT of ~ 5%, although
a later publication by the same authors placed the transition at approximately 90 GPa

[63]. Interestingly, the same workers find that the GGA predicts a HS to LS transition in
FeO at 105 GPa, while LDA+U calculations place it at 320 GPa. The conflict was

resolved by an X-ray emission spectroscopy study of FeO under pressure conducted by

Badro et al [64], In this experiment, the Fe KPp emission line is used, and the height of
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the low energy satellite peak KP' is monitored as pressure is varied. The KP' line arises
from the 3p core-hole —> 3d exchange process, and any decrease in the moment on Fe
would be signalled by a corresponding decrease in the height of this peak. The result of
this study was that no evidence of a magnetic collapse is found to 143 GPa, in conflict
with the GGA result of Cohen et al. The usefulness of the method is made clear by an

identical study in FeS, which finds a magnetic collapse at 6.9 GPa, in good agreement

with the transition from orthorhombic to monoclinic structure found by X-ray diffraction

[65], It seems clear, therefore, that LDA or GGA predictions of the onset pressures of HS
to LS transitions should be treated with some scepticism.

Fang et al in 1998 [66] and 1999 [67] studied the phase stability of MnO and FeO under

high pressure using the plane wave pseudopotential method within the GGA. The Bl, B2
and B8 crystal structures, and the AF, FM and LS magnetic states are considered. The Bl

AF2 state is found to be insulating, whereas all the other magnetic and structural phases
considered were metallic. At the equilibrium lattice constant, the Mn spin moment is

found to be 4.5 p.B- In the low pressure regime, the magnetostrictive compression of the
cubic cell along the [111] direction is found. Flowever, the distortion is too large, for a

reduction in the c / a ratio of ~ 0.37 is found, whereas the experimental reduction is ~

0.12. The authors link this overestimate in size of the distortion to the large coupling
constants found in GGA calculations, which matches with the results reported in Section

2(vii) of this chapter. Fang et al find that a low spin, metallic, rhombohedrally distorted
Bl (LS rBl) structure becomes stable beyond 80 GPa. While local energy minima are

found in both compressed and stretched modes of distortion, the stretched mode is

favoured for all pressures. The authors link this structure to the phase transition found by
Kondo et al at 90 GPa. There is strong experimental evidence for the presence of the B8
structure at pressures in excess of 100 GPa, but here Fang et al find a Bl —> B8 transition
at a pressure of ~ 60 GPa, where the final state is metallic and antiferromagnetic. It
should be noted that it is the normal B8 geometry that is favoured, i.e. Mn occupies the

positions that Ni would in the prototypical NiAs structure, whereas in FeO, Fe occupies
the As positions. It is clear that the transition pressure is much too low, but the authors
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argue that the GGA cannot properly account for the correlations in the low pressure B1

phase, and that the real energy volume curve for B1 would therefore be lower than
calculated. LDA+U calculations by the same workers do show a stabilisation of the AF2

B1 phase relative to the LS rBl and B8 phases.

Mackrodt et al in 1998 studied the properties of equilibrium and high pressure MnO
within the UHF scheme, incorporating a posteriori correlation corrections via the PW-91

functional [68], The Bl, B2, B3 (zincblende-type), B4 (wurtzite-type) and B8 crystal
structures were considered in this work, and all structural degrees of freedom were

optimised at each volume. The conclusion of this study is that, from amongst those

considered, the insulating B2 phase is the only candidate at high pressure. The B L-> B2
transition was found to occur at ~ 160 GPa from an extrapolation of the enthalpy -

pressure curves. The application of a posteriori correlation correction reduces the
transition pressure to ~ 149 GPa, but of course, the effect of correlation is not included
within the SCF process. The paper contains a suggestion that the character of the valence
band edge may change from O(p) to Mn(3d) at high pressure.

Now that a comprehensive overview of the current state of knowledge in MnO has been

provided, the need for a hybrid study is clear. Pure GGA DFT can produce an insulating
state within the B1 AF2 structure, but the calculated transition to B8 is of the order of 66

GPa lower than experiment. In the associated material FeO, a HS to LS transition is

predicted which is, at the very least ~ 40 GPa too low on the evidence of XES

measurements. It was decided to determine whether the transition pressures emerging
from pure DFT are constant with change in weight of exact exchange in the Becke-LYP

scheme. The Bl AF2, B2 AF2, B8 AF, Bl LS t2g3(a)eg2(p) and Bl LS t2g5 crystal and
electronic structures were considered. It was felt that the former 4-shell basis for O was

not adequate for the description of a large range of atomic environments, and so one

further optimised d-type polarisation shell with exponent 0.42 bohr2 was added.

Convergence tests were carried out in the UHF method for a variety of structures at an
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identical molecular volume of 21.7864A3, which is in the intermediate pressure regime
for B1. Table 9 below presents the results of the convergence tests.

Fo Structures AE (Ha)

UHF

B1 AF2 <-► B1 FM without 0(d) 0.814 x 10"3

B1 AF2 <-► B1 FM with 0(d) 0.840 x 10"3

B1 AF2 *-*■ B2 AF2 without 0(d) 0.110383

B1 AF2 *-*■ B2 AF2 with 0(d) 0.110675

B1 AF2 ■*-> B2 FM without 0(d) 0.114451

B1 AF2 B2 FM with 0(d) 0.114775

0.0

B1 AF2 B1 FM without 0(d) 13.264 x 10"3

B1 AF2 ~B1 FM with 0(d) 13.134 x 10"3

B1 AF2 «-*■ B2 AF2 without 0(d) 0.071909

B1 AF2 B2 AF2 with 0(d) 0.072507

Table 9. The absolute total energy difference, AE (Ha) between different crystal and

magnetic structures in the UHF and Fo = 0.0 methods both with and without 0(d)

polarisation function.

After introduction of the polarisation function, the energy difference in Table 9 between
the two magnetic states of the B1 cell varies by 0.036 x 10"3 Ha, or ~ 3 %. Between B1

AF2 and B2 AF2, the fractional energy change is much smaller at 0.3 %, a value which is

comparable to the fractional difference between B1 AF2 and B2 FM. This would seem

sensible, for the energy difference between different magnetic states is expected to be
much smaller that that between structural phases. At Fo = 0.0, the B2 FM structure is

neglected, and the two remaining fractional changes are ~ 1 % of the value computed
without the O(d) shell. Energies are already well converged, but, to ensure high accuracy,

the O(d) polarisation shell was retained in all subsequent calculations. A fuller treatment
of the basis set would demand that the valence shells in O and Mn be optimised in the

presence of the 0(d) shell, but this has not been done here.
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Convergence of the total energy with respect to density in reciprocal space sampling was

also tested. The number of points along each axis of the reciprocal space grid is
determined by the Monkhorst-Pack (MP) shrinking factor as discussed in Chapter 1, and
the total energy of the B1 cell is monitored as the density of the k-space mesh is
increased. In the UHF method at the equilibrium molecular volume, an increase in MP

shrinking factor from 8 to 10 made no difference to the total energy of the FM state to

within 10"6 Ha. For the F0 = 0.0 method at a molecular volume of ~ 14.2 A3 (or, at a

pressure of - 130 GPa) the B1 AF2 state is conducting and thus constitutes a particularly

stringent test for k-point sampling. An MP shrinking factor of 12 was found to converge

the total energy to better than 0.1 mHa atom"'. At Fo = 0.2, the conducting B1 FM state

was used at a molecular volume of~ 16.9 A3. An MP shrinking factor of 8 was sufficient

to converge the total energy to better than 0.1 mHa atom"'.

The optimisation of the B8 c / a ratio for each cell volume at each weight of exact

exchange is a large task, and so a more limited set of Fo = 0.0, 0.2, 0.4, 0.6, 0.8 is chosen
as this is deemed to cover the range quite well. The optimal ratio at each volume was

determined by calculation of the total energy for twelve separate points of c / a , with six

points lying below and five points above the UHF value. The resulting data was fitted by
least squares fitting of a third order polynomial. Twelve volume points were considered at

each value of Fo, and the resulting energy volume data fitted to the Murnaghan EOS.

Figure 11 below shows the variation in optimised c / a ratio with volume for all the

Hamiltonians considered.

It is clear that the c / a ratio increases with pressure, with a gradient that decreases as F0 is

increased. The trend in the pure DFT curve is most dramatic, with an abrupt increase in c

/ a at the lowest volume for which the SCF process was convergent. The smoothness of
the curves testifies to the adequacy of the numerical conditions used, and it is evident that
as the weight of exact exchange increases, the curves approach a limiting form.
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Figure 11. The variation in c / a ratio with volume, V (A3) for the BLYP (Fo = 0.0), Fo =

0.2, 0.4, 0.6 and 0.8 Hamiltonians in the Becke-LYP scheme.

Now, from the energy-volume data for each phase the enthalpy, H = E + PV can be
calculated. In the athermal limit of the calculations, the enthalpy is equal to the free

energy G = H - TS. The stable phase can then be predicted for any pressure as that which

possesses the lowest free energy. Figure 12 below shows the relative enthalpy calculated
for the labelled and B1 AF2 phases as a function of pressure across the range of
Hamiltonians.

74



(a) The High Pressure Phases at F0 = 0.0 (pure BLYP DFT)
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Figure 12(a). The variation in enthalpy differences relative to B1 AF2 with pressure at

For the F0 = 0.0 Hamiltonian, the B1 LS t2g3(a)eg2(P) and B1 LS t2g5 states were not

convergent in the SCF process. The B1 —> B8 and B1 —* B2 transitions at 54 and 78 GPa

respectively match well with the values of 60 and 80 GPa reported by Fang et al [67]
from their plane wave pseudopotential study. Table 10 below reports the EOS parameters

of the various phases in the Fo = 0.0 Hamiltonian. A comparison of the B1 bulk modulus
with the value of 160.6 GPa quoted in Section 2(iv) reveals that the addition of the O(d)

polarisation shell has softened the phase by ~ 6 GPa, which brings it into better agreement
with the experimental range of 144 — 162 GPa. The lattice constant is reduced from

4.4742 A without the O(d) shell to 4.4715 A with it present, which represents a small
fractional change of less than 0.1 %. The B2 and B8 phases have equilibrium molecular
volumes which are ~ 2.5 A3 and ~ 0.2 A3 smaller than Bl. It is the lower equilibrium

energy of the B8 state, in combination with a low bulk modulus that leads to it being

adopted as the next stable structure after B1 AF2. The maximum pressures attained in all

phases are low for pure DFT due to convergence problems in the compressed structures.

F0 = 0.0
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AEo K0 Ko' V0 Pmax
Bl AF2 0 155.0 3.5928 22.351816 75
B2 AF 0.9387 175.3 3.6029 19.810475 65

B8 AF 0.1438 143.4 2.8873 22.179314 40

Table 10. The equilibrium energy per molecule relative to the B1 AF2 state, AE0 (eV

f.u."1), bulk modulus, K0 (GPa), pressure derivative of bulk modulus, K0', equilibrium
volume per molecule, V0 (A3), and maximum pressure attained in simulation, Pmax (GPa)
for the listed phases ofMnO at F0 = 0.0 in the Becke-LYP scheme.

(b) The High Pressure Phases at F0 = 0.2
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Figure 12(b). Enthalpy differences relative to B1 AF2 against pressure at F0 = 0.2

Only the B1 LS t2g3(a)eg2((3) state is unstable in this Hamiltonian, collapsing to the lower

energy t2g5 state after the locking of eigenvalues is released. The picture in the present

Hamiltonian, containing 20 % exact exchange, is quite different to that in the pure DFT
case above. The B8 structure is shifted to higher equilibrium volume than Bl, and upward
in energy, so that the B2 phase remains the only candidate for stability at high pressure.

The Bl —> B2, Bl —> Bl LS t2g5 and Bl —> B8 transition pressures are 114, 170 and 330
GPa respectively. Thus, for even this low content of exact exchange, the B8 transition

pressure already exceeds the 126 GPa found in the experimental study by Kondo et al. Of
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course, this transition pressure must be regarded as highly speculative, since, in the B8

phase, the last stable calculated point under compression lies much lower at 145 GPa. All
that can be meaningfully said here is that the B1 B8 transition pressure for Fo = 0.2 is
not lower than ~ 150 GPa. The B2 transition pressure has also risen from the pure DFT

value, albeit by a much more modest value of ~ 40 GPa. It should be noted that the

presence of the 0(d) polarisation shell has, once again, softened the B1 phase by ~ 3 GPa
in comparison with the results of Section 2(iv).

The dramatic reduction in the equilibrium volume of the LS state is in qualitative

agreement with the experimental ionic radii [69] presented in Chapter 1. The radius of the
HS and LS Mn2+ ions are tabulated as being 97 and 81 pm respectively, and the O2- ion as

126 pm. It would be expected, therefore, that the lattice constants of the HS and LS states

would be 4.46 and 4.14 A respectively. The lattice constants of the HS and LS states in
the Fo - 0.2 Hamiltonians are 4.4732 and 4.2653 A respectively. The lattice in the LS

state is too large relative to the value calculated from the radii, but the effect is

qualitatively correct. The contraction in the Mn - O distance arises from the vacation of
the Mn eg orbitals, which are directed toward the nearest neighbour oxygen atoms. The
lack of charge in the bonding directions permits the neighbouring oxygen atoms to

approach the metal by a short way. It is of interest to note that the energy at equilibrium of
the LS state is higher than the energies of all crystal structures in which the HS ground
state of the Mn2+ ion is maintained. This seems at first sight surprising, but the on-site
Coulomb interactions on the transition metal ions are very strong and would easily
account for energy differences of this magnitude.

AE0 K0 K0' V0 Pmax
B1 AF2 0 169.7 3.4442 22.377242 290
B2 AF 1.1631 185.7 3.5599 20.095529 160

B8 AF 0.2329 163.4 3.3848 22.444320 145
LS B1 t2llb AF 2.1574 167.8 4.2374 19.399996 130

Table 11. As for Table 10, but at Fo = 0.2 in the Becke-LYP scheme.

77



(c) The High Pressure Phases at Fo = 0.4
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Figure 12(c). Enthalpy differences relative to B1 AF2 against pressure at F0 = 0.4

At F0 = 0.4, the B1 LS t2g3(a)eg2(p) state becomes convergent. The picture revealed by

Figure 12(c) is similar to that at Fo = 0.2, save that the B1 —* B2, B1 —► B1 LS t2g5 and B1
—* B8 transition pressures have further increased to 136, 220 and 515 GPa respectively.
In particular, given the maximum pressures reached as quoted in Table 12, the B8
transition must be regarded as extremely speculative, and, as for the case of Fo = 0.2, all

that can be meaningfully concluded is that the B8 transition in the Fo = 0.4 method lies

much higher than the 126 GPa found in experiment. The equilibrium volume of the B8

phase has increased relative to the B1 value in going from Fo = 0.2 to the present. Again,
the O(d) polarisation shell has lowered the bulk modulus of the B1 phase by ~ 6 GPa. The
HS and LS t2g5 B1 lattice constants of 4.4634 and 4.2670 A are essentially no closer to the
values predicted from the ionic radii than at 20% exact exchange.

The EOS parameters for the LS t2g3(a)eg2(P) phase are interesting, for it would be

anticipated that they will be similar to those for the B1 AF2 phase, for the eg orbitals
remain occupied and the bonding interactions should be comparable. This expectation is
borne out, as K0, K0' and V0 are all similar in the two states. The energy at equilibrium,
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though, of the LS t2g3(a)eg2(P) phase is higher even than that of t2g5, by an amount ~ 0.5
eV. An adequate explanation of this is provided by a Kanamori analysis of the two

doublet states t2g5 and t2g3(a)eg2(P), which yields energies of 15B + 10C - 2Acf and 12B +
6C respectively. Now, the crystal field parameters derived from the optical absorption

spectra in Section 2(viii) suggests that the t2g3(a)eg2(P) state should be higher than the t2g5
state by an amount 2Acf - (3B + 4C), or 0.51 eV which is very close to the calculated
difference. Since the energies of two states with an equal number of spin pairs are being

compared, the problems caused by a lack of pair correlation as discussed in Section

2(viii) do not arise here and the energy difference should be meaningful.

AE0 K0 Ko' V0 Pmax
B1 AF2 0 172.3 3.6228 22.229694 165
B2 AF 1.2718 192.0 3.6572 20.048422 120
B8 AF 0.2708 171.3 3.4771 22.336696 210
LS B1 t2a5 AF 2.5757 170.2 4.1705 19.421845 135

LS B1 t2g3(a)eB2(p) AF 3.1100 166.9 3.7670 21.724718 —

Table 12. As for Table 10, but at Fo = 0.4 in the Becke-LYP scheme,

(d) The High Pressure Phases at F« = 0.6

P (GPa)

Figure 12(d). Enthalpy differences relative to B1 AF2 against pressure at Fq = 0.6
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The situation at Fo = 0.6 is very close to that described previously for F0 = 0.4. The B1 —>•

B2 and B1 —> B1 LS t2g5 transition pressures have further increased to 147 and 247 GPa

respectively, but the B1 —> B8 transition pressure has remained the same as that found in

F0 = 0.4 at 515 GPa. The values of AE0 and K0 for all states has increased, the quality of

agreement between the LS t2g5 lattice constant and the value calculated from the ionic
radii remains unchanged, and the t2g3(a)eg2((3) phase is still ~ 0.5 eV higher than the t2g5
phase in agreement with the Kanamori analysis. There is the possibility of a B2 —<■ LS BI

t2g5 transition at a pressure at ~ 480 GPa, but this is an extrapolated behaviour and, again,
must be considered extremely speculative.

AEo K0 Ko' V0 Pmax
B1 AF2 0 177.5 3.7388 22.013898 120

B2 AF 1.3374 197.4 3.7219 19.908224 120

B8 AF 0.2965 177.3 3.5382 22.152575 210
LS B1 t2e5 AF 2.9356 172.3 3.9337 19.399840 85

LS B1 t2e3(a)eg2(0) AF 3.4259 178.6 3.8352 21.685647 —

Table 13. As for Table 10, but at Fo = 0.6 in the Becke-LYP scheme

(e) The High Pressure Phases at Fo = 0.8
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Figure 12(e). Enthalpy differences relative to B1 AF2 against pressure at F0 = 0.8
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Again, the picture at Fo = 0.8 is very similar to that at 60% exact exchange. The B1 —* B2
and B1 -» B1 LS t2g5 transition pressures have increased to 158 and 262 GPa respectively,
while no transition to the B8 structure is predicted up to a maximum extrapolated

pressure of 550 GPa. AE0 and K0 for all states has also increased relative to F0 = 0.6, the

quality of agreement between the LS t2g5 lattice constant and the value calculated from the
ionic radii is degraded slightly, and the t2g3(a)eg2(p) phase is still ~ 0.45 eV higher than
the t2g5 phase, which is still in reasonable agreement with the Kanamori analysis.

AE0 K0 K0' V0 Pmax
B1 AF2 0 183.8 3.7788 21.782457 115

B2 AF 1.3802 203.6 3.8808 19.701969 80

B8 AF 0.3190 180.6 3.7684 21.909969 110

LSB1 t2B5AF 3.2675 177.5 3.2596 19.414018 55

LSB1 t2g3(a)eg2(p) AF 3.7195 185.1 3.7980 21.514553 —

Table 14. As for Table 10, but at Fo = 0.8 in the Becke-LYP scheme.

(f) Summary of High Pressure Simulations

The results above make clear that the observed transitions in MnO are a sensitive

discriminator of performance of hybrid functionals. The B1 to B8 transition, found

experimentally at a pressure of 126 GPa can be reproduced in the Becke-LYP scheme

only by a content of exact exchange somewhere in the range 0 - 20 %. The transition
from B1 to an unknown phase at 90 GPa is matched by hybrid calculations only at values
of F0 of 0.0 and 0.2, where the B1 —» B2 transition occurs at 78 and 114 GPa, which

bracket the 90 GPa experimental value well. It must be assumed, though, that the X-ray
diffraction study would have been able to index a straightforward B2 structure were it to

occur. The energy difference in the Kanamori Hamiltonian between the B1 LS
3 2 5

t2g (a)eg (P) and LS t2g states is well accounted for by hybrid Flamiltonians at all
contents of exact exchange for which both LS states are stable. The reduction in lattice

constant in the B1 LS t2g5 state is qualitatively explained by the experimental LS ionic

81



radii. The identity of the experimental phase at 90 GPa is not made any clearer by the

current work, and a much more comprehensive study would need to be conducted.

(x) Conclusions

The work presented in this chapter constitutes a thorough study of the effect of varying
content of exact exchange in density functionals upon the basic properties of MnO and
NiO. Later, in Chapters 3 and 4, thorough studies of the effect of exact exchange upon

the crystal field excitations and electronic defects respectively in NiO are presented. In
view of the length of this chapter, it is appropriate to end with a summary of the principle
conclusions.

(i) For the electronic structure of NiO in the PW91-PW91 scheme, a

comparison of calculated magnetic moments for the AF2 alignment with

experimental values supports weights of exact exchange in a broad range Fo
= 0.1 - 0.9. The measured strong adsorption edge, at ~ 4 eV, if equated with
calculated eigenvalue gaps, favours a weight in the range Fo= 0.1 - 0.2. The

experimental Fermi energy supports F0 in the range 0.2 - 0.3, where Fo = 0.2

already leads to Ep in excellent agreement with experiment. The crossover

from CT to MF1 insulating character occurs in the range F0 = 0.2 - 0.3.

In the Becke-LYP scheme, the experimental spin moment supports a choice
of Fo in the broad range 0.1 - 1.0, the experimental Fermi energy supports Fo
in the range 0.2 - 0.3 and the experimental strong absorption supports Fo =
0.1 - 0.2, and so all ranges are close to those found in the PW91 scheme.

The transition to MH behaviour occurs in the region F0 = 0.1 - 0.2. The
VBE states are oxygen, mixed and metal derived for UHF, F0 = 0.2 and pure

DFT respectively, while the CBE states are oxygen, metal and metal derived

respectively. Only in the pure DFT scheme, therefore, is the character of the

insulating state clear.
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(ii) For the electronic structure of MnO in the Becke-LYP scheme, the

experimental spin moment supports a value of Fo in a range 0.0 - 0.4, which
is smaller than that found in NiO, and the experimental band gap supports a

choice of F0 in the range 0.1 - 0.2. In DOS plots, the VBE states are oxygen,

mixed and metal derived for UHF, F0 = 0.2 and pure DFT respectively,
while the CBE states are oxygen, metal and metal derived respectively for
the same choice of scheme. So, only at the pure DFT level is the character of

the insulating state entirely clear. The oxygen derived nature of the CBE in
UHF DOS plots does not agree with previous direct calculations of the
electron addition state, which find a delocalised Mn character.

(iii) For NiO in the Becke-LYP scheme, the experimental lattice constant is

reproduced by a value of Fo in the range 0.9 - 1.0. No computed value for
the bulk modulus of the AF2 alignment falls within the range of

experimental results, although both the pure DFT and UHF values are close
to the upper extreme of that range.

(iv) In MnO, the experimental low temperature lattice constant is best
matched by a choice of Fo in the range 0.6 - 0.7 in the Becke-LYP scheme,
while those arising within the Becke-no-LYP scheme are all higher than the

experimental value. For the bulk modulus, only the Fo = 0.0 value for Ko in
the Becke-LYP scheme falls within the experimental range, and is close to

the uppermost extreme. The values arising from the uncorrected functional

match experiment in a broad range 0.1 < Fo < 0.9. A difficult situation arises
in which the lattice constant and bulk modulus are better described by
correlated and uncorrelated functionals respectively.

(v) A comparison of calculated magnetic coupling constants with

experiment for NiO in the Becke-LYP scheme finds that values of Fq > 0.5
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lead to direct coupling constants in the experimental range, while a much

narrower range of 0.2 < Fo < 0.3 leads to Jse and Tn in agreement with

experiment. Thus, no common value of Fo accurate for both types of

coupling can be defined.

(vi) In MnO, for the Becke-LYP method, choices of F0 in the range 0.1 - 0.2
and 0.5 - 0.6 reproduce the average experimental direct and superexchange

coupling constants respectively, while agreement with the experimental
critical temperature requires Fo in the range 0.6 - 0.7. The uncorrected
Becke-no-LYP method yields agreement with experiment for Fo in the

ranges 0.0 - 0.1, 0.1 - 0.2 and 0.1 - 0.2 respectively. For the Bloch constant

(which relates variation in Jsc to variation in cell volume) F0 in the Becke-

LYP scheme in the range 0.1 - 0.2 brackets the proposed experimental

value, while in the Becke-no-LYP scheme, the Fo = 0.0 limit provides a

value close to that observed. Alternatively, X-ray diffraction experiments
have provided a direct measure of the pressure gradient of TN, which is
matched in the Becke-LYP scheme by F0 in the range 0.1 to 0.2, and in the

uncorrected method by Fo in the range 0.0 to 0.1.

(vii) For the magnetostrictive distortion in MnO in the Becke-LYP scheme,

a weight of exact exchange in the range 0.1 < F0 < 0.2 yields a size of

distortion angle in agreement with low temperature neutron scattering data.
The weight of exact exchange matches that required to reproduce

experimental values of Jd. At the UHF level, the distortion is predicted to be
volume conserving.

(viii) The calculated energies for the 4P, 4G and 4S crystal field excitations in
MnO are too high at the UHF level due to neglect of the pair correlation

energy. At Fo — 1.0 and 0.9 the excitations are still overestimated, while at

F0 = 0.4 they are underestimated. It appears that the optimal value for F0 for
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the d —>• d transitions in MnO is just greater than 0.4. The Racah B

parameter is underestimated for all Hamiltonians, while the Racah C and

crystal field parameters can apparently be systematically improved in regard
to their agreement with experimental values by variation of Fo-

(ix) The pressure at which the experimentally observed B1 to B8 structural

transition occurs can be reproduced by a choice of Fo in the narrow range 0.0
- 0.2. Higher contents of exact exchange grossly overestimate the critical

pressure. The experimentally observed phase transition at 90 GPa cannot be

satisfactorily explained by any hybrid Hamiltonian. The difference in energy

between the two low spin states in the Kanamori Hamiltonian is in

agreements with that emerging from first principles calculations.
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Chapter 3

A Hybrid Hamiltonian Study of the

Crystal Field Excitations in Bulk NiO

1. Introduction

As discussed in Chapter 1, at low energies, there are two different types of excitation in
NiO of relevance to the present work. The first, and most widely studied, is the strong

absorption in the range 3.0 - 4.5 eV [1], associated with cation to anion charge transfer

[2-4], The d-»d excitations, which form the basis for the work of the current Chapter,
occur below the CT threshold both within the bulk and at the surface of the crystal [3,5-

12]. The latter are the lowest energy electronic excitations discovered thus far in NiO.

They are of particular interest from a theoretical point of view, since the CT nature of the
fundamental energy gap in NiO precludes any explanation of the d—>d excitations in
terms of the ground state distribution of one-electron energy levels. This conflict is yet

another manifestation of the highly correlated nature of the electronic structure of NiO

[13].

Two quite different approaches to the calculation of d—>d excitation energies have been

explored to circumvent this dilemma. The first, as outlined in section l(ii) ofChapter 1, is
based upon ab initio multi-reference CEPA [14] and CASSCF/CASPT2 [15,16]
calculations of (NiO6)I0~ clusters embedded in either a small array of optimised point

charges or a larger array of formal ionic charges. Such calculations include a substantial

proportion of the electron correlation, but neglect contributions from the extended lattice
other than the electrostatic potential. The second is based on direct, periodic UHF
calculations of the excited state [17-19], which neglect the electron correlation, but
include all the effects of the extended lattice. Both sets of calculations give quantitative
accounts of the three bulk and four (100) surface excitations in comparison with the full

range of experimental spectra [3,5-12], with differences overall less than 0.4 eV and less
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than 0.3 eV in the case of the direct calculations [17,19], The study of excitations in the

presence of electronic and lattice defects and different lattice spin alignments within the
cluster approach requires large active spaces and is problematic. Such low symmetry

arrangements are, however, easily accommodated within direct calculations based on

periodic supercells, and thus it is this method which is used here.

Three important issues are addressed in the current study:

(I) Can hybrid Hamiltonians be used to recover some of the correlation
contribution to the excitation energy? For excitations from the high spin d8

2 1
ground state, all one-electron excitations are of the type da —»dp and all

2 2 11two-electron excitations of the type dadp —> dyd§ , where a, p, y and 8 each

represent one of the five inequivalent d-states. Thus the leading order
correlation contributions to the excitation energies are the differences in

2 2
correlation energy between da and dp for the one-electron excitation and

2 2 2 2between dadp and dyd$ for the two-electron excitations, namely the
difference in the pair correlation energies of initial and final states. All
reasonable estimates cannot see this amount to more than a few tenths of an

eV, and this has indeed been found to be the case for both the bulk and (001)
surface of NiO, for which (uncorrected) UHF calculations are in agreement

with the observed spectra to this order of accuracy [19]. It is of interest,

therefore, to see whether hybrid calculations can improve on this, particularly
in view of the apparent agreement between B3LYP and experimental band

gaps of varying provenance [20]. Hybrid calculations have been examined

previously in relation to the ground state properties of several systems [20-

22], but not, to the best of the author's knowledge, for excitation energies.

(II) To what extent are d—nl excitation energies influenced by the spin alignment
of the lattice and the interatomic spacing? Of course, both the predicted
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magnetic coupling energies and lattice constant depend on the proportion of
exact exchange in the hybrid Hamiltonian.

(Ill) Finally, Racah and crystal-field parameters for the bulk lattice are obtained by

mapping the ground and excited state energies onto the Kanamori
Hamiltonian [23], as discussed in Chapter 1.

2. Theoretical and Computational Methods

Hybrid Hamiltonians

Hybrid Hamiltonians of the form discussed in Chapter 1 have been applied here in the

range 0 < Fo < 1. Here, the same Becke-LYP combination is used, mixing the gradient-

corrected LSDA exchange functional (flSDA +0.9Afgg8) with Fock exchange in the ratio

(l-Fo):Fo in an analogy of Becke's original three parameter formulation (which is
obtained by setting F0=0.2), and incorporating a correlation functional mixing Lee-Yang-

Parr [24] and Vosko-Wilk-Nusair [25] contributions thus, 0.81f,cvp + 0.19f„WN.

Crystal Field and Magnetic Hamiltonians

The Kanamori crystal field Hamiltonian, HCF as discussed in Chapter 1 is applied here
as a basis for mapping the energies of the d—>d excitations. For the Ni2+ ion the energies
of the crystal field states are,

Eground = E°F + 28A - 50B + 21C,
= E°F +28A-38B + 21C + Acf,xy—»z

E_2_„2 =E°f+28A-50B + 21C + ACF,xy—>x —y

E„ = E°F + 28A - 47B + 21C + 2ACF,
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from which excitation energies are given simply as direct energy differences. It is of
interest to note that the Racah A parameter is involved only in expressions for the energy

to transfer an electron between metal sites, and the C parameter only in spin-forbidden
excitations. Thus the energies of the excitations studied here contain only contributions
from Acf and B.

The expressions for the state energies and resulting excitation energies take no account of
the spin alignment of the lattice. The AF2 spin alignment in NiO consists of

ferromagnetic {111} sheets of Ni2+ spins aligned antiferromagnetically in the <111>
direction, and results from next-nearest-neighbour superexchange coupling, which

depends on the [t2g(t)]3[t2g(40]3[eg(1")]2 orbital occupancy of the ground state of the Ni2+
ion. It is clear, therefore, that changes in orbital occupancy resulting from d —» d

excitation change the stability of the AF2 alignment leading to magnetic corrections to the
excitation energy. The Ising Hamiltonian as presented in Chapter 1 can be used here to

estimate the size of such corrections. Ground state values for Jd and Jse are extracted from

the energies per molecule of the FM, AFi and AF2 spin alignments, and the corrections
are then estimated from these values.

It is straightforward to deduce that the superexchange contributions to the energies of the
FM and AF2 alignments change by -2Jse, and 2Jse respectively for excitations of the type

dt —> d 2 , which lead to double occupancy of the z2 orbital, and by -4Jse and 4Jse forZg Z

excitations of the type dt2g -» dx2_y2, which lead to double occupancy of the x2-y2
orbital. On the other hand, the unpaired t2g spins resulting from d->d excitation cannot

interact with the fully spin paired t2g states on nearest neighbour metal sites. Thus,

making the assumption that the eg states on nn metal sites have negligible overlap, the
direct exchange interaction does not contribute to the energies of crystal field excitations.

Combining the Kanamori crystal-field and Ising spin Hamiltonians in this way leads to

excitation energies in the AF2 alignment which can be written as,
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AExy->z2 -'2B +ACp+2Jse,
AExy_>x2_y2 =ACF+4Jse,

AExz,yz^z2,x2-y2 = 3B + 2ACF + 6Jse,

and in the FM alignment as,

AExy->z2 -12B + Acf 2Jse,
^xy—«2-y2 = ACF ~4Jse>

AE 2 2 2 = 3B + 2Acf-6J .xz,yz-»z ,x -y se

Computational Conditions

The hybrid DFT module of the CRYSTAL98 code [26] was used in this study, and, once

again, open shell systems were treated by the Pople-Nesbet spin-unrestricted (UHF)

procedure [27], The nickel shells (functions) were of the type ls(8) 2sp(6) 3sp(4) 4sp(l)

5sp(l) 3d(4) 4d(l) and oxygen of the type ls(8)2sp(4)3sp(l)4sp(l). The basis set is
identical to that used in Chapter 2. The auxiliary basis set for the fitting of the exchange-
correlation potential consisted of, for Ni, 13 s-type functions with exponents in the range

0.1 - 4000.0, three p-type function with exponents in the range 0.3 - 0.9, one f-type
function with exponent 0.8 and three g-type functions with exponents in the range 0.45 -

3.3, and for O, 14 s-type functions with exponents in the range 0.07 - 4000.0, and one p-

type, one d-type and one f-type function, each with exponent 0.5. As before, a Monkhorst-
Pack shrinking factor of 8 and truncation thresholds of 10"7, 10"7, 10"7, 10~7 and 10"14 for
the Coulomb and exchange series ensured convergence of the total UHF energies < 0.1

meV, while SCF convergence thresholds were set to 10~7 a.u. for both eigenvalues and
total energies. These tolerances are similar to those used for a wide range of previous
calculations [17-19, 28-30], Calculations were performed for the ferromagnetic (FM) and

type-II (AF2) spin alignments, in which the double primitive cell consists of ferromagnetic

(111) planes of alternating spin in the [111] direction, where the Miller indices and crystal
directions are for the conventional crystallographic cell. Excitation energies were obtained
as the difference between the variationally minimised total energies of the ground and
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excited states in 8-molecular supercells. Converged excited state solutions were obtained

by shifting the Fock matrix eigenvalues corresponding to the desired unoccupied states

upward in energy by 2 Ha for the first SCF cycle only. In cases of difficult convergence,
the CRYSTAL98 code was modified to apply eigenvalue shifts throughout the SCF
routine to completion, with the resulting constrained density matrix then being used to

initialise a run omitting constraints from which the excited state total energy is taken.

3. Results

As reported previously in Chapter 2 of this work and elsewhere [28-30], at the UHF level
of approximation and for the entire range of Fo within the Becke-LYP hybrid scheme, the

ground state of NiO is predicted to be largely ionic (q in the range 1.6—1,9c for PW91

hybrids) and insulating, with a high spin [t2g(t)]3[t2g(4')]3[eg(t)]2 electron configuration
and an AF2 spin alignment of unpaired spins ([eg(T)]2) within the lattice. As noted again
in Chapter 2, for proportions of exact exchange in excess of approximately 20% the
filled-to-unfilled gap is of CT character, with a transition to MH behaviour at and below
this value. This description of the electronic structure remains essentially the same in the
FM spin alignment, except at the DFT limit where the spin-up and spin-down gaps are

retained but the net filled-to-unfilled gap vanishes. As noted elsewhere [17-19], it is the

strongly ionic nature of NiO and narrow d-band widths that lead to d—>d excitations

which are most appropriately viewed as strongly localised Frenkel excitons. All
excitation energies lie well below the band gap

The spin-allowed, on-site d—»d excitations in bulk NiO comprise two one-electron

excitations, t2geg *2geg' of 3A2g ->3T2g and 3A2g —»3Tig symmetry and a two-electron

excitation, t^eg -^t2geg, of 3A2g —»3T]g symmetry. In terms of the local orbitals used
to construct the Bloch functions, the one-electron 3T2g and 3Tlg excitations comprise the

multiplet states (d^->dx2 y2, dxz->dz2, dyz->dz2) and (dxy->dz2,

dXz-*dx2_y2' (*yz_>c*x2_y2) respectively, and the two-electron 3T]g excitation
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comprises the single component, dxz/dyz—*dz2/dx2 y2 • As in previous studies [17-
19], the calculations are for single determinant wavefunctions, with the one-electron
excitations represented by the single components, dxy—>dx2_y2 and dxy->dz2.
Formally, this is equivalent to taking one microstate as representative of the multiplet.
While this is undoubtedly a crude approximation, it is justified by the fact that no

multiplet splitting has been observed, and the variation in the reported energies is greater
than the line widths of the individual reported absorptions. Tables 2-4 list the calculated

energies of the one-electron dxy->dx2_2 and d xy ~»d z2 and two-electron

dV7dv, ->d 2d 2 2 excitations as a function of Fo for the AF2 and FM spinAZ* z x —y

alignments at the optimised lattice constants given in Table 1 and for the FM alignment at
a fixed lattice constant of 4.2 A. Also given are the energies obtained from optical [5,6]
and EEL spectra [7-12].

F0(%) ao (AF2) ao (FM)
UHF 4.2589 4.2629
100 4.1658 4.1710
90 4.1732 4.1787
80 4.1804 4.1865
70 4.1871 4.1935
60 4.1942 4.2009
50 4.2015 4.2103
40 4.2072 4.2192
30 4.2120 4.2274
20 4.2158 4.2350

Expt. 4.1684 [28]

Table 1. Calculated lattice constant, ao (A), in the AF2 spin alignment as a function of F0
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Fo
(%)

af2 F1VI
At ao (AF2) At ao (FM) At ao = 4.2A

UHF 0.773 0.744 0.813
100 0.891 0.848 0.817

90 0.895 0.853 0.822
80 0.900 0.849 0.840
70 0.902 0.848 0.846
60 0.914 0.857 0.857

50 0.959 0.862 0.867
40 0.952 0.862 0.897
30 0.983 0.878 0.899
20 — 0.902 0.944

Expt. 1.05 [7], 1.08 [6], 1.10 [8], 1.13 [5], 1.16
[3], 1.1 [9]

Table 2. Calculated xy—►x2-}'2 excitation energy (eV) as a function of Fo

Fo
(%)

af2 F1m
At ao (AF2) At ao (fm) At ao = 4.2A

UHF 2.575 2.546 2.610
100 2.649 2.608 2.578
90 2.614 2.573 2.547
80 2.579 2.531 2.520
70 2.538 2.488 2.484
60 2.495 2.447 2.447
50 2.451 2.390 2.401
40 2.254 2.335 2.357
30 — 2.271 2.267
20 — 2.179 2.208

Expt 2.75P1, 2.8 [91, ~3 \7]

Table 3. Calculated xy—>z2 excitation energy (eV) as a function of Fo
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Fo
(%)

af2 f1vi

At ao (AF2) At ao (FM) At ao = 4.2A
uhf 1.992 1.933 2.070
100 2.202 2.119 2.057

90 2.208 2.122 2.065
80 2.217 2.115 2.092
70 2.231 2.118 2.103
60 2.246 2.126 2.126
50 2.306 2.128 2.148
40 2.307 2.126 2.216
30 — 2.179 2.210
20 — 2.193 2.296

Expt 1.79(7], ,86[6], 1.87[8 , 1.95[5]

Table 4. Calculated xz,yz-» x2-^^2 excitation energy (eV) as a function of Fo

The results presented in Tables 2-4 for the Becke-LYP hybrid scheme indicate that 20%
exact exchange appears to be the stability limit for all three excited states in both spin

alignments, although this limit has not been pursued exhaustively. In such difficult cases,
the maintenance of eigenvalue shifts to SCF completion results in sensible states, but

unfortunately, these all collapse back to the ground state in subsequent runs with the
shifts removed. It is clear that direct calculations based on the one-electron potentials
considered here reproduce quantitatively the three most significant features of the d—»d

excitations in NiO. These are (i) the range in energy, which varies from ~ 1 eV to ~ 3eV,

(ii) the order of the excitations, notably that the two-electron excitation,

dxz^yz ~>c*z2C*x2-y2''ower 'n energy than the one-electron excitation, dxy ->dz2
and (iii) the large difference in energy of ~ 1.5 eV between the two one-electron

excitations. It is also clear that the calculated excitation energies are sensitive to the

proportion ofexact exchange, to the spin alignment and to the lattice constant.

In a more detailed examination of the results, Table 2 shows that for calculations at the

optimised lattice constants, the energy of the dxy -»dx2 2 excitation increases from
0.89 eV (AF2) and 0.85 eV (FM) at Fo= 100% exact exchange to 0.98 eV (AF2) and 0.88
eV (FM) at 20% exact exchange, compared with experimental values in the range 1.05-
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1.16eV [3,5-9]. Thus, there is an evident improvement of 8% (AF2) and 3% (FM) as the

proportion of exact exchange is decreased from 100% to the stability limit of 20%. It is
also evident that, in agreement with the prediction of the Ising Hamiltonian, the AF2
excitation energy is higher than the FM, with the former closer to the experimental
values. Calculated energies at a fixed lattice constant of 4.2 A increase similarly as F0 is
decreased, with differences of~ 3% from the values at the optimised constants in the FM

alignment.

Table 3 shows that the improvement in the energy of the d™ —> d 2_ 2 excitation as Fox y

is decreased does not apply to the high energy dxy-»dz2 excitation which decreases
from 2.65 eV (AF2) and 2.61 eV (FM) at the limit of 100% exact exchange to 2.25 eV at

40% and 2.18 eV at 20% exact exchange for the AF2 and FM alignments respectively,

compared with experimental values in the range ~ 2.75 - 3 eV [3,7,9]. For this excitation,
there is instead a deterioration of 14% (AF2) and 15% (FM) as the proportion of exact

exchange is reduced to the stability limits of the two spin alignments. However, for all F0

except 40% there is agreement with the order predicted from the Ising Hamiltonian, with
the AF2 energy higher than the FM, and closer to the experiment values, while
differences in energy corresponding to fixed and optimised lattice constants for the FM

alignment are similar to those noted above for dxy —» dx2 2 .

The calculated energies of the two-electron excitation, dxz/dyz ->d^2 /dx2^2 , are
given in Table 4, where, at the optimised lattice constants, there is an increase in energy

from 2.20 eV (AF2) and 2.12 eV (FM) at F0 = 100% to 2.31 eV at 40% exact and 2.29 eV

at 20% exact exchange for the AF2 and FM alignment respectively. These compare with

experimental values in the range 1.79 - 1.95 eV [5-8], As in the case of the

d
xy —> d z2 excitation there is a deterioration of 4% (AF2) and 3% (FM) in the calculated

energy as Fo is decreased from 100% exact exchange to the stability limits of the two

alignments. However, there is an important differences between the calculated one- and

two-electron excitation energies, namely that the former are underestimated whereas the
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latter is overestimated in comparison with the experimental values. The order of the AF2
and FM energies agrees with the prediction of the Ising model, with the AF2 energy lying

higher than the FM. In this case, though, this results in the FM energies lying closer to

experimental values than AF2. The sensitivity to the lattice constant is similar to the one-

electron excitations.

Taken together, the results presented in Tables 2-4 for all three excitations suggest that

energies based on 100% exact exchange, with and without (UHF) correlation, are closest
to experiment and that density functional theory is unable to account for the small but
subtle correlation corrections involved in d->d excitations, at least not in NiO. The small

differences in energy between the dxy-» d 2 2 excitation (which equals ACf, afterx y

correction for magnetic effects) in the FM state at a = 4.2 A and aopt can be accounted for
by the elementary crystal field theory, which gives an expression for the splitting energy

of the form,

where Zq is the net charge on the oxygen ion (typically -2e), a is the Ni-O distance and

(r4> denotes the expectation value. Now, for this excitation, a plot of log [Emc(ao) /
Emc(4.2)] against log [4.2 / ao] for each value of Fo is shown in Figure 1 below, where Emc
is the excitation energy corrected for magnetic effects. A fit to the data should yield a

straight line with a gradient of five and intercept of zero if the crystal field theory is
correct and if the factor Zq(r4) is constant over the small change in Ni-O distance
involved. It is, of course expected that this factor will vary for differing F0. The data

points are quite scattered, but a fitted line with gradient 5.488±0.437 and intercept
6.024x1 0"5±1.266x10"3 is obtained, and it may thus be concluded that the simple
electrostatic model gives an adequate account of the sensitivity of the excitation to the
lattice constant in the FM state.
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Figure 1. A plot of logio[Emc(ao)/Emc(4.2)] against logi0[4.2/ao] for the 3T2g
d vv -> d 2 2 excitation at each value of F0. The straight line shows a linear fit.

x -y

Turning now to an analysis of the calculated excitation energies in terms of the combined

Kanamori-Ising model, it is clear from the expressions given earlier in this chapter that

values of B, Acf and Jse can be obtained from the calculated excitation energies as a

function of Fo. However, a slightly different approach is used here which permits an

examination of the validity and consistency of the model Hamiltonians in use. Firstly,
values of Jse (and Ja) are derived from a mapping of the total ground state energies of the

FM, AFi and AF2 spin alignments onto the Ising Hamiltonian. Table 5 below lists these

values (in K) along with the fluctuation corrected mean-field Neel temperature, T™f,
used here to gauge agreement with experiment. As earlier in Chapter 2, taking account of
the fluctuation correction factor, the critical temperature is related to the superexchange

coupling constant, Jse, by,
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where Jse is in Kelvin. As noted previously [22], functionals containing -20% proportion
of exact exchange appear to yield the closest fit of calculated magnetic properties to

experiment.

F0 Jd Jse T mf• n

UHF 8.601 39.556 89.00

100 9.366 56.918 128.07
90 9.912 63.298 142.42

80 10.736 70.674 159.02

70 11.691 80.339 180.76

60 13.881 95.065 213.90
50 15.879 114.719 258.12
40 18.804 141.972 319.44
30 22.668 186.187 418.92
20 28.542 248.948 560.13
10 36.392 353.586 795.57

DFT 85.175 670.744 1509.17

Expt <+16.2 0) +229.8
+ 197.28 (,) 525

Table 5. Values of the magnetic coupling constants, Jd (K)and (K) and the fluctuation
corrected mean-field transition temperature, TNmf (K), obtained from the ground state

total energies of the FM, AFj and AF2 spin alignments in the Becke-LYP hybrid scheme.

The crystal-field parameter, Acf, is now obtained from,

Acf AE 2 2 — 4JSe>
xy-»x -y se'

and the Racah B parameter from,

B = — [ AH 2~ Acf ± 2Jse],
12 xy->z sej'

for the FM (+) and AF (-) alignments respectively. These values of Jse, ACf and B can

now be used to predict the energy of the two-electron excitation energy,

AE 2 2_ 2 - In this way, the consistency of the model may be tested. Values of B,xz^yz aZ y
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An. and AE 222 obtained in this fashion are collected in Table 6 below, where
xz,yz—>z ,x -y

the latter are compared with the directly calculated two-electron energies.

The crystal field splittings, Acf, of 0.76 eV (UHF) and (0.87 - 0.92) eV for the hybrid
calculations in the AF2 alignment from Table 6 compare with values of 0.7 eV obtained
from a combination of x-ray photoemission spectroscopy, bremsstrahlung isochromat

spectroscopy and model-Hamiltonian cluster calculations [31] and a much lower value of
0.33 eV deduced previously from the UHF ground state DOS [28]. Only for values of Fo
less than 70% do the AF2 and FM splittings begin to differ noticeably, with the FM
values higher than AF2 at 30% and 40% exact exchange. A comparison of optimised
lattice constants does not account for this difference, since the FM lattice is more

expanded than the AF2 for all F0. In Figure 2 below, the variation in Acf with F0 is shown
for fixed and optimised FM lattice constants, and it is noted that the splitting increases
with decreasing exact exchange content for both cases. Lattice relaxation has had the
effect of limiting the range of splitting energies that is established by change in Fo alone
in the fixed lattice. As discussed in Chapter 2, the ionicity of NiO falls as Fo decreases,
from q = 1.860e within the PW91 hybrid scheme at 100% to 1.600c at 10%. In the simple

crystal field model, it would be expected that this decrease in ionicity would lead to a

decrease in the splitting energy. Instead, the opposite behaviour is found. This can be
attributed to the effect of the increasing covalency in the Ni-O bond as Fo is reduced. The

crystal field theory lacks the metal-ligand overlap terms necessary to reproduce this
increase in Acf, but the more realistic ligand field theory should be able to account for it.

Unfortunately, no simple expression linking the splitting energy to a parameter measuring

covalency is known, but it is nevertheless clear that low content of exact exchange leads
to a decreased localisation of charge at atomic sites and enhanced overlap.

Calculated Racah B parameters taken from Table 6 of 0.15 eV (UHF) and (0.15 - 0.11)
eV for the hybrid method compare with a value of 0.13 eV deduced from the same

combination of spectroscopic data and model calculations reported in Ref. [28], The B

parameter seems insensitive to the state of magnetic order for all F0 above 40%, and, as
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shown in Figure 2, is found to fall with decreasing F0. As for the crystal field splitting, it
is the gradual increase in covalency that underlies this effect. The physical picture is of
increasingly diffuse neighbouring oxygen orbitals penetrating the Ni site and partially
screening the intra-atomic Coulomb interactions.

Finally, the differences between the Kanamori (fitted) and calculated excitation energies,
AF. 222, presented in Table 6 are found to be less than 0.08 eV for the full

xz,yz—>z ,x -y

range of hybrid calculations and 0.005 eV at the UHF level of approximation. The close
match of directly calculated and fitted results attests to the accuracy of the combined

Kanamori-lsing Hamiltonian in describing the essential features of the crystal-field

energetics in NiO.

fo
(%)

Acf b
ae 222

xz,yz—>z ,x -y

(Kanamori)

ae 222
xz,yz->z ,x -y

(calculated)
FM4.2 fm af2 fm af2 fm af2 fm af2

uhf 0.827 0.757 0.760 0.150 0.150 1.938 1.997 1.933 1.992

100 0.837 0.868 0.871 0.147 0.147 2.136 2.220 2.119 2.202
90 0.844 0.874 0.873 0.143 0.143 2.135 2.220 2.122 2.208
80 0.864 0.874 0.876 0.140 0.140 2.119 2.220 2.115 2.217
70 0.874 0.875 0.875 0.137 0.136 2.105 2.214 2.118 2.231
60 0.890 0.890 0.882 0.133 0.132 2.112 2.224 2.126 2.246
50 0.907 0.902 0.920 0.127 0.124 2.106 2.292 2.128 2.306
40 0.946 0.911 0.903 0.123 0.109 2.093 2.229 2.126 2.307
30 0.963 0.942 0.919 0.116 — 2.104 — 2.179 —

20 1.030 0.987 — 0.107 — 2.123 — 2.193 —

Table 6. Values of the crystal-field splitting, ACf (eV), and Racah B (eV) parameters and

predicted, AE 22 2 (Kanamori) (eV), and directly calculated,
xz,yz ►z jX y

AE 22 2 (calculated) (eV) two-electron excitation energies for the FM and
xz, yz ^ z ^ x y

AF2 spin alignments at a = 4.2A (for FM only) and the optimised lattice constants,

ao(opt).
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Figure 2. The FM crystal field splitting, Acf (eV) both for the optimised lattice (•) and for

a fixed lattice constant of 4.2A (o), and the FM Racah B parameter (eV) for the

optimised lattice as a function of proportion of exact exchange, F0 (%).

Flowever, as Table 7 below indicates, a much more demanding challenge is to predict the
differences between the FM and AF2 excitation energies by use of Jse determined within
the ground state. The combined Kanamori-Ising model predicts differences of 8Jse, 4Jse

and 12Jse for the xy->x2-y2, xy-»z2 and xz,yz->z2,x2-y2 excitations respectively, and
while the lowest energy excitation appears to be accounted for satisfactorily, the

agreement for the higher energy excitations is somewhat wayward. The most likely
reason for the discrepancy is a breakdown in the assumption inherent to the magnetic

Hamiltonian, namely that the electronic structure of all states onto which it is mapped are

identical, with differences in energy arising solely from the magnetic interactions. While
this seems to hold for the low energy excitation, in the case of xy—►z2 and xz,yz—>z2,x2-
y2, the ground and excited states may differ sufficiently that the effect is more apparent.

The direct approach to excitation energies as differences between ground and excited
state total energies enables a straightforward decomposition of the total excitation energy

into separate contributions. Recall that the calculated excitation energies of ~ 1 - 3 eV

result from differences between much larger total energies of the order -3.5x105 eV, so

that it is anticipated that the magnitudes of the separate contributions will be far in excess

of the total excitation energy. Furthermore, the close, although not exact, adherence of
the SCF energies to the Virial theorem might lead to the expectation that there are

cancellations between the various large components.
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F0 xy-Fx2-/ xy—>z2 xz,yz—>z2,x2-y2
(%) aaf2-fm 8Jse aaf2-fm 4Jse aaf2-fm 12Jse
UHF 29.5 27.3 28.4 13.6 58.4 40.9
100 42.4 39.3 40.6 19.6 82.8 58.9
90 42.4 43.7 41.1 21.8 86.4 65.5
80 50.9 48.7 48.1 24.4 102.5 73.1
70 54.9 55.4 50.0 27.7 112.6 83.1
60 57.0 65.6 48.0 32.8 120.2 98.3
50 97.3 79.1 60.9 39.6 177.8 118.7
40 89.5 97.9 -80.8 49.0 180.5 146.9

Table 7. Comparisons of the calculated, AAp2_pM(meV), and theoretical, «Jse (meV),
AF2-FM differences in excitation energy at the optimised lattice constants, ao (opt).

Table 8 below shows this decomposition of excitation energies calculated at the UHF
level of approximation and those based on 50% exact exchange. The expectations for the
breakdown are generally borne out. Thus for the dxy -»dx2 2 excitation, for example,
the UHF AF2 kinetic energy (T) and electron-electron Coulomb (J) contributions of ~ 4
eV and ~ 5 eV respectively are nearly cancelled by the electron-nuclear (E-N)
contribution of about -7.5 eV compared with the total excitation energy of ~ 0.8 eV.

However, Table 8 does reveal some unexpectedly large differences in the component

energies, notably between the three excitations. Thus the UHF FM value of E-N for the

two-electron excitation, dxz/dyz->dz2/dx2_ 2 at 1.93 eV is fifty times that for

dxy->dz2 with an energy of 2.55 eV. There are also comparatively large differences
between the decomposition of energy for the FM and AF2 spin alignments, bearing in
mind that the total energies are generally within 0.1 eV, and between UHF and 50% exact

exchange T, J and E-N contributions in Table 8, given that the differences in the

exchange energy are only a few tenths of an eV. The kinetic contribution, T, shows the

most consistent trend, where the value of T for AF2 is always greater than that for FM,
and the UHF value is always greater than that for 50% exact exchange. In the xy—»x2-y2
and xz,yz—»z,x2-y2 excitations, the E-N and J contributions decrease with decreasing Fq,
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but the opposite is true for the xy-»z2 excitation. The exchange contributions are seen to

be the most uniform, varying from +0.58 eV to -1.08 eV, but there is no trend evident for
this contribution either with change of magnetic order or F<>. The correlation

contributions, Cdft, all appear to be an order of magnitude too small, and make a

negligible contribution to the excitation energies.

Exc. F0 Mag etotal T e-n J Inexact KDFT k-total CDFT

uhf
af2 0.773 4.141 -7.575 4.810 -0.604 — -0.604 —

xy —> fm 0.744 3.814 -7.140 4.595 -0.525 — -0.525 —

2 2
x-y

50%
af2 0.959 4.868 -5.221 1.929 -0.403 -0.230 -0.633 0.016

fm 0.862 4.191 -5.024 2.178 -0.289 -0.202 -0.491 0.008

uhf
af2 2.575 1.687 -0.664 1.048 0.504 — 0.504 —

xy —» fm 2.546 1.373 -0.242 0.839 0.576 — 0.576 —

z2
50%

af2 2.427 3.348 -3.487 2.399 0.148 0.041 0.189 -0.022

fm 2.390 2.479 -2.856 2.421 0.291 0.086 0.378 -0.032

uhf
af2 1.991 7.654 -13.099 8.379 -0.943 — -0.943 —

xz,yz —> fm 1.933 7.005 -12.239 7.953 -0.787 — -0.787 —

2 2 2
x -y%z

50%
af2 2.306 9.328 -8.606 2.653 -0.703 -0.377 -1.080 0.011

fm 2.128 7.970 -8.282 3.219 -0.469 -0.304 -0.774 -0.005

Table 8. Decomposition of total excitation energies, Erotai (eV), into the kinetic energy, T,

electron-nuclear, E-N, electron-electron Coulomb, J , exchange, K, and correlation, Cdft,
contributions

4. Discussion

To restate the aims of this study, crystal field excitations are a fundamental property of
the rocksalt TMOs, and their measurement and calculation are important aspects of the

physics of these systems. In the case of NiO both one- and two-electron spin allowed
excitations [3,5-12] have been observed below the strong CT absorption edge [1,4].
Excitations from high spin d8 (and d9) ground state states are particularly interesting from
a theoretical point of view, for all one-electron excitations are of the type d2dp —> d^dp
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and all two-electron excitations of the type d2dpdj,dg -» d^dpd^dg, where a, [3, y and 8
label separate 3d states. Thus the leading order correlation contributions to the excitation

energies are the differences in correlation energy between d2 and dp for the one-electron

excitation and between d2dp and d2dg for the two-electron excitations, and these cannot

amount to more than a few tenths of an eV. CEPA [14] and CASSCF/CASPT2 [15,16]

cluster calculations have confirmed this, and it has also been found to be the case for

periodic lattice calculations of both the bulk and (001) surface of NiO [17-19]. Here,
excitation energies generated by the uncorrelated UHF Hamiltonian match observed

spectra to within this accuracy [17-19]. Thus one of the motivations of this study was to

see whether hybrid calculations can improve on the performance of the UHF method,

particularly in view of the putative agreement between the B3LYP energy gap and

experimental band gaps ofvarying provenance [20].

While direct calculations clearly provide a useful, versatile and accurate approach to d—>d
excitation energies, it is instructive to see why such an approach is required. The 3d
electrons in NiO are strongly correlated [13] and an important manifestation of this is that
the position in energy of the d-states is directly dependent upon their occupation. It is

clear, therefore, that since d—xl excitations by their very nature change the occupation of
the d-states, there must be an accompanying reordering of the states, which may or may

not lead to a strong renormalisation of the energy. Following Brandow [32-34], and as

shown previously for the ground state [28], it is straightforward to show that the
Kanamori Hamiltonian leads to 3d-manifold energy levels for the ground and three d—»d
excited states ofNiO of the form

Ground State

E[eg(T)2] = 7U'-4J + Acf

E[t2g(t)3] = U + 6U' - 4J

E[t2g(4-)3] = U + 6U'-2J

E[eg(4)°] = U + 7U' - 3J + Acf
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E[xz(T)'] = U + 6U' - 4J E[xz(4)'] = U + 6U' - 2J

E[yz(T)'] = U + 6U'-4J E[yz(i )'] = U + 6U' - 2J

E[xy(t )'] = 7U' - 4J E[x2-y2(^)'] = U + 6U' - 2J + Acf

E[z2(t)'] = 7U' - 4J + Acf E[xy(i)°] = U + 7U' - 3J

E[x2-y2(t )'] = U + 6U' - 4J+ ACF E[z2(i)°] = U + 7U' - 3J + Acf

E[xz(T)'] = U + 6U' - 4J E[xz(4)'] = U + 6U'-2J

E[yz(t )'] = U + 6U' - 4J E[yz(^ )'] = U + 6U' - 2J

E[xy(T )'] = 7U' - 4J E[zW] = U + 6U' - 2J + Acf

)'] = U + 6U' - 4J + Acf E[xy(Jr)°] = U + 7U' - 3J

E[x2-y2(t)'] = 7U' - 4J+ Acf E[xV(40°] = U + 7U' - 3J + ACF

d d —> d 2d 2 2xz yz z x -y

E[xz(t)'] = 7U'-4J E[xy(^)'] = U + 6U' - 2J

E[yz(t )'] = 7U' - 4J E[zW] = U + 6U'-2J +Acf

E[xy(T )'] = U + 6U' - 4J E[x2-y2(^)'] = U + 6U' - 2J + ACF

E[z2(t)'] = U + 6U' - 4J + Acf E[xz(^)°] = U + 7U' - 3J

E[xV(t)'] = U + 6U' - 4J+ Act E[yz(^ )°] = U + 7U' - 3J

where it should be noted that the orbital averaged interband Coulomb, U'=A-B+C, and

exchange, J=(5/2)B+C interactions have been employed. This leads to the following
order of the d-states, which are not drawn to scale.
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(a) Ground state, values in square brackets for orbital dependent U' and J.
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Acf

xy □
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xV 0 Acf

xz,yz
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Acf
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z2 0
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(b) xy —» x2-y2, values in square brackets for orbital dependent U' and J.
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(d) xz,yz —> z2,x2-y2, values for orbital averaged U' and J.
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(e) xz,yz —> z2,x2-y2, values for orbital dependent U' and J.

From this it is immediately evident that there is significant orbital reordering in the three
excited states. This renders any type of rigid-band prediction of the spin-allowed d —>■ d
excitations from the ground state eigenvalues impossible. It is also clear that the much
more complex analysis using orbital dependent Coulomb and exchange interactions is
worthwhile, for it can make an appreciable difference to the predicted spectra. For

example, in the ground state, the eg(a)-t2g(a) gap would be overestimated by an energy

of 2(J-C), amounting to 5B or 0.75eV in energy at the UHF level if the averaged
interactions were used. The use of orbital dependent interactions alters some energy

spacings, but the order of states remains unchanged, save in the spectrum of the two-

particle excitation where the degeneracy of the eg states is quite dramatically lifted by 8B
and 12B for a and p spin respectively.

The UHF AF2 DOS presented in Figure 3 below indicate that these theoretical predictions
are supported by the calculated spectra, which show distributions of d-states which are

similar to those derived from the Kanamori Hamiltonian. In addition to an explicit

demonstration of the reordering of the d-states, Figure 3 indicates that d —» d excitations
also involve a strong renormalisation of the energies, for the rigid band estimates of these
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energies are more than an order of magnitude greater than the directly calculated values
and also greatly in excess of the band gap.

Estimates of the gaps between the centres of gravity (centroids) of the various bands in
the ground and excited DOS of Figure 3 were made, so that the predicted energy

splittings of the Kanamori Hamiltonian as presented above may be tested. For the AF2

ground state, the t2g(a) - t2g((3) gap was estimated at ~1.9eV from the DOS, compared
with a predicted value of 4B+2C. Taking B = 0.15 eV for UHF AF2, an estimate of ~
0.65eV can be made for the Racah C parameter. Some support for this value is provided

by the knowledge that the experimental free ion and theoretical UHF lattice values of the
C parameter for the V2+ ion are essentially identical at 0.406 eV, as discussed in Chapter
5. Assuming the same scaling in Ni2+, it would be expected that the UHF lattice value for
C would be close to the experimental free ion value of 0.601 eV, lending some credibility
to the crude value of 0.65 eV derived from the DOS above. It is also of interest to note

that, for the V2+ ion, the ratio of the experimental free ion B parameter (0.094 eV) to the
UHF lattice value (0.112 eV) at 0.84 is almost identical to the same ratio at 0.85 in Ni2+
with B parameters of 0.127 eV and 0.150 eV respectively. This would seem to establish
that the scaling performed to arrive at a UHF lattice C parameter should be of some

utility and accuracy. Now, the centroid of the eg(a) band is found to lie ~1.8eV below the
centroid of the t2g(a) band, as compared with a predicted splitting of 2C-Acf, which can

be estimated at -0.5 eV with C as derived earlier. It seems, therefore, that the eg band has
been shifted downward in energy by some 1.3 eV from its predicted position within the
Brandow analysis, a stabilisation due presumably to the a-bonding interaction with

neighbouring ligand orbitals. It remains to be seen whether this shift is present in the
excited states.

In the DOS of Figure 3 for the AF2 xy —» x2-y2 state, the general pattern of states
established above is reproduced, although the eg bands seem once again lowered with

respect to their anticipated positions. The z2(a) band is found to lie -0.5 eV below xy(a),
whereas in the Brandow analysis it is positioned ACf higher than the xy(a) state. This
downward shift of -1.3 eV matches that discussed above for the ground state, and a
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similar shift is evident in the x2-y2(a) - xz,yz(a) and x2-y2(P) - xz,yz(p) gaps. Other

energy gaps seem to be accurately reproduced by the parameters derived in the ground
state. For example, the z2(a) - x2-y2(a) gap of -1.2 eV compares with a predicted value
of 2C, which amounts to -1.3 eV. The x2-y2(a) - x2-y2(P) gap of-2 eV compares with a

predicted value of4B+2C, amounting to -1.9 eV.

For the AF2 xy —» z2 state in Figure 3, the x2-y2(a) band lies below the xy(a) band by -
0.4 eV, whereas the prediction is that it should be positioned Acf above. This apparent

downward shift of - 1.2 eV again matches the 1.3 eV shift derived in the ground state.

The xz,yz(a) - z2(a) gap is close to zero, which compares with a predicted interval of
4B+ACF or - 1.4 eV. Since this is close in size to the downward eg shift, the bands

appear as nearly superposed. The xy(a) - xz,yz(a) gap is - 3.2 eV, which compares well
with a predicted value of 12B+2C, or - 3.1 eV, as does the z2(a) - z2(p) gap, measured at

- 2.5 eV with a predicted value of 8B+2C or - 2.5 eV. The position of the xz,yz((3) band

seems to present a problem, in that its estimated centroid is higher than that of the z2(P)
band by a few tenths of an eV, but the predicted gap is 6B+Acf, which in combination

with the eg shift would be expected to leave the z2(P) band some 0.4eV higher than

xz,yz(P). The latter band is wider and more complex than the same in the previous two

plots, and so estimation of the centroid is more difficult.

The ground state derived parameters are also predictive in determining the energy

intervals of the two-particle xz,yz-»z2,x2-y2 excitation. Flere in Figure 3, the xz,yz(a) -

z2(a) gap is of - 0.5 eV width, and compares well with a predicted value of 2C-2B+Acf,

or - 1.8 eV, providing the eg stabilisation of 1.3 eV is applied. The x2-y2(a) band is found
to lie - 0.6 eV below xy(a), whereas the prediction is that it will lie Acf above. Again,
the eg shift of 1.3 eV brings them into agreement. The xz,yz(a) - xy(a) gap is - 2.1 eV,
with a predicted value of 6B+2C or - 2.2 eV, the z2(a) - x2-y2(a) gap is - 1.3 eV, with a

prediction of 8B, or - 1.2 eV and the z2(a) - z2(P) gap is - 1.7 eV, with a predicted value
of2B+2C, or - 1.6 eV.
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The UHF FM DOS plots for the ground and excited states are shown in Figure 4 below,
the C parameter and eg stabilisation will be obtained by the same analysis performed
above for AF2. For the ground state, the t2g(a) - t2g(p) gap is of width ~ 2 eV, which
establishes the FM value of the Racah C parameter at ~ 0.7 eV, close enough to the AF2

value to be considered identical given the crudeness of the measurement. Now, the eg(a)
band is found to lie ~ 2 eV lower than the t2g(a) band, with a predicted interval, 2C-Acf ~
0.6 eV in width. The downward eg shift in the FM lattice is therefore ~ 1.4 eV, and is
very close to the AF2 value. The order in energy of the bands, established in AF2 for the
three excited states, is repeated here for the FM alignment. It can be concluded that the
Brandow analysis of eigenvalues of the Kanamori Hamiltonian is a quick and accurate

guide to the calculated spectrum of crystal field excitations, with the caveat that orbital

dependent Coulomb and exchange interactions must be used.

The reordering of energy levels with changing occupation, and the consequences that
follow from it, have repercussions for other excitations. While the CT nature of the gap in
NiO would seem to preclude any attempts to rationalise the d —> d excitations in terms of

the ground state eigenvalues, quite apart from the problem of orbital reordering and the

resulting renormalisation of the energies, it is widely accepted that the strong absorption
at ~ 4 eV can be interpreted in terms of the filled-to-unfilled gap, specifically with the

charge transfer, 0(p6)Ni(d8) —» 0(p5)Ni(d9). However, since this involves a change in d-
orbital occupation, a similar reordering of states might be expected. Writing the d9
configuration as d9[(t2g)6(eg)2(eg')1], a similar analysis to that given above shows that for
2J > ACf > J, the orbital order is

eg'(t) t2g(t) t2g(l) eg(T) eg(4)

E
^

2J - Acf J ACF — J J
< ►<«- ►
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This, again, is quite different to the ground state order, which calls into question the

validity of interpreting the strong CT absorption in terms of the ground state filled-to-
unfilled gap. Thus, once again, it would appear that the highly correlated nature of the d-
states in NiO, precludes the straightforward interpretation of an excitation process in
terms of the ground state eigenvalues.
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5. Conclusions

The principal conclusion of this study is that, as suggested previously [17-19], direct
calculations provide a useful approach to the calculation of crystal-field excitations in
NiO and other strongly correlated TMOs [35], Further important conclusions are that:

(i) within the Becke-LYP scheme, at least, calculations at the limit of exact exchange
lead to the most satisfactory overall agreement with the experimental spectra

(ii) for the localised basis set used in this study the stability limit of the excited states

is between 30% - 40% exact exchange for the AF2 spin alignment and ~ 20% for
the FM alignment

(iii) a mapping of the crystal-field Hamiltonian suggested by Kanamori onto the

directly calculated ground and excited state total energies leads to values of the

crystal-field, Acf, and the Racah B parameters which are close to those obtained

previously from spectroscopic and theoretical studies

(iv) the close agreement between the two-electron excitation energy obtained from the
Kanamori Hamiltonian and that calculated directly attests to its validity

(v) magnetic coupling constants obtained from a mapping of an Ising spin
Hamiltonian onto ground state energies do not provide a quantitative guide to

differences in energy between the AF2 and FM spin alignments in the excited
states
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Chapter 4

A Hybrid Hamiltonian Study ofHole States
in Pure and Li-Doped NiO

1. Introduction

Little needs to be added here to the summary presented in Chapter 1 of the current experimental
and theoretical knowledge of the electronic structure of NiO. However, it is worth re-

emphasising that the oxygen K-edge spectra of Li-doped NiO (LixNii_xO) in the range 0 < x < 0.5
reveal dnL holes in NiO, with empty O(p) states lying ~ 4 eV below the conduction band edge

[1], Importantly, these data also confirmed the insulating nature of the first ionised state within
the specified range of stoichiometry. Subsequent spectroscopic studies have confirmed these
observations, notably in respect of the lower energy of the dnL state in LixNii_xO relative to d7 [2-
4], All first principles calculations of NiO which include an orbital dependent potential by any

appropriate means conclude that the ground electronic state is essentially CT insulating. A
caution is appropriate here, for the calculated ground state electronic structure clearly provides

important clues as to the nature of the ionised state, but the relaxation of the valence states that

accompanies the removal of an electron cannot be accounted for in a quantitative way from the

ground state.

The most straightforward approach which allows such changes to be included self-consistently is
to calculate the electronic structure of the ionised state directly, that is to say, by direct
variational minimisation of the total energy. Such calculations have been reported both for the
bound hole in LixNi].xO (for stoichiometry x = 0.25 and 0.125) [5] and the free hole in NiO [6],
but only at the UHF level of approximation. While these calculations have confirmed that both
bound and free holes are essentially of d8L character and that the overall states are insulating,
UHF calculations neglect important aspects of electron correlation, which may have a significant
effect on details of the hole state. These include the localisation energy, the differences between
the (hole) charges and spin densities, the local magnetism and the higher energy states of the
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hole. To gauge how these and other aspects of hole states might vary with the explicit, self-
consistent inclusion of electron correlation, a hybrid scheme is applied to the single-particle

description of the electronic structures of the Li-bound and free hole in NiO.

2. Defect states of Li,Nii_xO

At ambient temperature and pressure, solid solutions of the type LixNi|_xO are formed by the
defect reactions

Li20(s) + 2Ni* j + '/202(g) ->• 2Li^ + 2h' + 2NiO

Li^ +h*->(Li^-hy
in Kroger-Vink notation [7], where Li^j corresponds to an isolated Li substituent at a Ni site, h"

to a free hole and (Li^- h*)x to a bound hole nearest neighbour (nn) to Li^j. In this notation
the superscripts /, •, and x correspond to net site charges of—1, +1 and 0 respectively, relative to

the non-defective lattice. For present purposes, higher aggregates such as dipolar complexes

formed from (Li^j - h*)x are neglected, so that the defect model for LixNii_xO consists of an NiO

host lattice containing varying concentrations of Li^j, h* and (Li^ - h*)x defects, the associated
electronic structures of which are the subject of this study. Lattice relaxation has been neglected

throughout, largely because previous calculations [5,6] have suggested that the associated

energies are small (a few tenths of an eV), and changes to the charge and spin distributions

resulting from relaxation were found to be negligible.

Physically, doping NiO with Li+ impurities creates an extrinsic semiconductor, in which the Li+
sites deposit states in the band gap. Thermal excitation of electrons from the valence band to the

vacancy states can occur, and it is possible that the resulting holes in the valence band could act

as free carriers, if barriers to mobility including the holes' own polarisation field (the polaronic

character) can be overcome. Hole states are also expected to be present in undoped NiO, as

charge compensation for the small concentration of intrinsic Ni vacancies.
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3. Hybrid Scheme and Computational Conditions

In this work, a hybrid based upon the Perdew-Wang [8-10] exchange and correlation fiinctionals
is used. As in Chapter 2, this is termed the PW91-PW91 scheme, with Fo in the usual range 0—1.
The Becke-LYP hybrid was used later to allow comparison of the results between different
schemes. The hybrid module of the CRYSTAL98 code was used throughout, with a basis set for
Ni of the type, ls(8), 2sp(6), 3sp(4), 4sp(l), 5sp(l), 3d(4), 4d(l), and for O of the type ls(8),

2sp(6), 3sp(4), 4sp(l). The basis set used is identical to that employed in the study of NiO in

Chapter 2. The auxiliary basis used for fitting the exchange-correlation potential consisted of 14
s-functions with exponents in the range 0.1 - 6000.0, and one d- and one g-function, each with
an exponent 0.5, and 3 f-functions with exponents in the range 0.5 - 6.0 for Ni and 14 s-

functions with exponents in the range 0.07 - 4000.0, and one p-, one d- and one f-function, each
with an exponent of 0.5 for O. A Monkhorst-Pack shrinking factor of 8 and truncation thresholds
of 10"7, 10"7, 10 7, 10 7and 10~14 for the Coulomb and exchange series ensured convergence of the

total UHF energies to < 0.1 meV per molecule, while SCF convergence thresholds were set to

10"6 a.u. for both eigenvalues and total energies.

As on previous occasions [5,6], a supercell approach to the electronic structure associated with

the point defects Li^i? h" and (Li^j- h")x is adopted, wherein multiple unit cells containing
individual defects at concentrations of 1/2, 1/4 and 1/8 are used to construct the periodic lattice.
Defect concentrations of 1/4 and 1/8 are well within the range of the oxygen K-edge and other

spectroscopic data [1-4], while quadratic regressions based on these three concentrations allows

rough estimates of the infinite dilution limit to be made. Two-, 4- and 8-fold unit cells with the

ferromagnetic (FM) spin alignment and 8-fold cells with the antiferromagnetic (AF2) alignment
have been considered. Strictly speaking, the magnetic energy should be referenced to the

paramagnetic state, but for convenience, the magnetic energy of an n-fold cell is defined as

n~'[E(FM) - E(AF2)], where this definition is applied both to the (non-defective) host lattice and
to ionised states. Calculations have been carried out both at the full symmetry of the n-fold unit
cell and in broken symmetry [5,6]. The latter does not involve any change in the physical
structure of the lattice, but is simply a formal reduction in symmetry, which permits a localisation
of the charge and net spin if this leads to a lowering of the total energy. The hole localisation
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energy is defined simply as the difference in energy between the localised and delocalised states.

For the charged defects, Li^j and h", convergence of the Coulomb series demands that the lattice
be immersed in a uniform charge compensating background [5,6], Mulliken population analyses

[11] of the crystalline orbitals were used to extract the net atomic charges, magnetic moments and
individual orbital occupations as in previous studies.

4. Results

(i) Non-Defective NiO

The results for the NiO perfect lattice at the optimised lattice constants, in the PW91-PW91
scheme were presented in Chapter 2. Here, as earlier, a fixed lattice constant of 4.2 A is used,
which is close to the measured low temperature value of4.1684 A [12]. To summarise the results

already obtained for the AF2 state, in going from F0 = 1.0 to 0.3 the Fermi energy, EF, varies

from -9.52eV to -5.02eV, the local spin moment from 1.92pB to 1.76pB, the filled-to-unfilled

energy gap from 14.2eV to 6.4eV and the weight of O(p) states at eF from 92% to 71%. A
transition from CT to MH insulating character was found between 30% and 20% exact exchange,
and the system remains insulating in the AF2 alignment at the DFT limit. In the FM alignment,
there is no CT to MH insulator transition between 30% and 20% exact exchange. The magnetic

energy, as defined above, varies quite considerably as a function of the proportion of exact

exchange, ranging from 19.7 meV/Ni at the UHF limit to 277.7 meV/Ni for zero exact exchange.
The closeness of calculated properties in the AF2 and FM lattices permits the use of the

computationally less expensive FM alignment in the following defect calculations.

Broadly speaking then, what might reasonably be deduced from the ground state electronic
structure as to the nature of the first ionised, or hole state? Clearly the majority weight of oxygen
states at the Fermi level from the UHF limit (-90%) down to 30% exact exchange (-70%)

suggests holes of largely d8L character. Mulliken charges and local moments suggest strong

localisation in the limit of exact exchange, with decreasing localisation as the proportion of exact

exchange is reduced. The increase in stability of the AF2 state with decreasing exact exchange
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also suggests strong retention of the spin alignment for lower values of the hybridisation
parameter.

(ii) The Electronic Structure of Li^j

Calculations of the electronic structure of the uncompensated impurity defect, Li^j, were based
on FM 8-fold unit cells containing a single Li+ substituent at a cation site, which, for

convenience, is referred to as LiNi7Og~. The principal objective here was to examine the extent to

which the electronic structure of the host lattice is perturbed by the presence of an

uncompensated Li+ impurity. As in the case of the non-defective host lattice, the electronic
structure of LiNi7Ox is obtained by direct variational minimisation of the total energy of the 8-
fold cell to self-consistency. Table 1 below presents the results.

Fo Ep(eV) qviO) Hs(PB) n° (%)
eF ' Eg(eV)

Li Pure Li pure Li pure Li pure Li pure
UHF -7.9 -7.7 1.86 1.87 1.92 1.93 86 86 14.2 14.2

1.0 -9.5 -9.3 1.86 1.88 1.92 1.92 85 87 13.9 14.0

0.9 -8.9 -8.6 1.85 1.87 1.91 1.92 85 85 12.7 12.7
0.8 -8.2 -7.9 1.84 1.86 1.90 1.92 83 85 11.5 11.5
0.7 -7.5 -7.2 1.83 1.85 1.88 1.89 83 82 10.3 10.3
0.6 -6.8 -6.5 1.81 1.83 1.87 1.88 80 80 9.2 9.0
0.5 -6.1 -5.8 1.79 1.81 1.84 1.86 78 77 8.0 8.0
0.4 -5.5 -5.6 1.76 1.78 1.81 1.83 75 74 6.9 6.8
0.3 -4.8 -5.0 1.73 1.75 1.78 1.79 70 70 5.7 5.5
0.2 -4.1 -4.4 1.69 1.71 1.73 1.75 65 64 4.5 4.4
0.1 -2.9 -3.0 1.64 1.65 1.66 1.68 55 57 3.2 3.2
0.0 -2.7 - 1.53 1.59 1.00 1.61 34 44 0.4 -

Table 1. Comparison of the Fermi energy, EF, Mulliken charge of nn oxygen ions, qM, local spin

moments at nnn Ni sites, ns, weight of oxygen states at the Fermi level, n® , and energy gap, Eg

for pure and Li-doped FM NiO (LiNi7Og~) as a function of the hybridisation parameter, Fo,

Figure 1 (a) and (b) below compares the valence and lower conduction band densities of states

for both Fo = 1.0 and Fq = 0.5 respectively.
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In both Table 1 and Figure 1, it is clear that, other than in the region of the DFT limit, the
differences in the charge and spin distributions and single-particle energies are marginal.

Furthermore, the effective charge of Li {- remains close to -e for the full range of hybridisation

examined. This suggests that Li^j behaves like an electronically inert entity with only a minor
effect on the electronic, magnetic and excitonic properties of the host NiO lattice. It is reasonable
to conclude, therefore, that the differences in the spectroscopic features of NiO and LixNii.xO

highlighted by Kuiper et al [1] and later studies [2-4] do not relate to uncompensated Li^ but to
the presence of free and bound holes.

(iii) The Free Hole in NiO

The properties of the free hole are deduced from the self-consistent electronic structures of 2-, 4-
and 8-fold unit cells from which a single electron has been removed. The corresponding hole
concentrations are 0.5 / NiO, 0.25 / NiO and 0.125 / NiO respectively. Recall that the lattice is
immersed in a uniform charge-neutralising background, which removes the Coulomb singularity,
but has no effect on either the electronic charge (T+4-) and spin (T-4) distributions or the
differences in total energy between different states of the system with the same net charge. The

primary interests here are the distribution of the hole charge between the cation and anion sub-

lattices, the extent to which it is localised at one or more atomic sites, the different magnetic
states of the hole and, importantly, whether the hole state is insulating or conducting. The hole

charge and spin moment at a particular site are defined as the differences between the Mulliken

values for the non-defective host lattice and the singly-charged lattices.

The first state considered is the hole in the FM lattice, for which there are four possible states

corresponding to delocalised (d) and localised (1) charge and spin density with the unpaired
electron spin (indicated as T or 4) either ferromagnetic, (ftt)d and (tTT)i , or antiferromagnetic,

(ft4)d and (1T4)i , to the lattice spin (indicated as ft). The results of these calculations are

presented in Table 2 (a-c). At the limit of 100% exact exchange, both with (F0 = 1.0) and without

(UHF) correlation, direct calculations for the three sizes of supercell indicate that, as reported
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previously [6], in excess of 90% of the hole charge and spin are located on the anion sublattice,
in accord with the CT character of the neutral ground state. For all three hole densities, the (Hi)
spin configuration is more stable than (fit). Calculations in broken symmetry lead to insulating
states with substantial localisation of the hole charge on a single oxygen site, whereas
calculations in the full symmetry of the respective supercells lead to conducting states of higher

energy, in which the hole charge is delocalised over the anion lattice. Thus, at the UHF limit, the
first ionised state of NiO is predicted to be essentially d8L with a non-zero energy gap and the

majority of the hole charge and spin localised at a single oxygen site. The four states, (flt)d ,

(fit), , (flt)d and (fit), , have energies in the order, E[(flt),] < E[(flt),] < E[(flt)d] < E[(flt)d].
Now, as F0 is reduced, two changes become evident in the electronic structure of the first ionised
state.

(i) The stability of the localised state, (fit),, increases relative to (fit),. The difference in

energy between the two is the lowest lying excitation of the hole. This indicates a gradual
increase in the effective antiferromagnetic coupling constant between the unpaired

oxygen spin and the six surrounding metal spins.

(ii) The localised hole charge and spin gradually reduce, and there is a decrease in the

localisation energy down to Fo ~ 0.4, at which point there is a transition of both (fT>U)i and
(fit), to conducting states. At this transition the differences in energy between (fit), and
(fit), and (flt)d and (iTt)d all fall to < 0.1 eV and the asymmetries in the charge and spin
distributions associated with (fit), and (fit), disappear.

Since there is no evidence that LixNi,.xO is conducting in the range, 0 < x < 0.5, FM alignments
at F0 lower than 0.4 are not considered in this study. Full details of the energies of the (fit),,
(fft)d and (flt)d states of 8-unit FM supercells relative to (fit), as a function of F0 are contained

in Table 2(a) below, while Table 2(b) contains the local charge and spin of 2-, 4-, 8- and oo-unit

FM (flt)i supercells, again as a function of F0. The extrapolated values for the infinite supercells,
i.e. the isolated free hole, were obtained from quadratic regressions of the 2-, 4-, 8-unit supercell

charges and spin moments as a function of n"1. Finally, Table 2(c) presents a comparison of
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localised hole charges and unpaired oxygen spin moments for 8-unit (tit), and (tTT)i FM

supercells.

(a)

Fo (ttt), (U)d (ftt)d
UHF 0.47 2.28 3.70
1.0 0.51 2.17 3.59

0.9 0.56 1.74 3.08
0.8 0.61 1.33 2.59
0.7 0.67 0.94 2.13
0.6 0.72 0.59 0.83
0.5 0.78 0.25 0.26

0.4 0.09 0.04 —

(sL
Fo

q h ns

(tit), (tit), (tit), (tit),
UHF 0.77 0.80 0.85 0.98
1.0 0.76 0.79 0.84 0.97
0.9 0.73 0.76 0.81 0.96

0.8 0.68 0.73 0.77 0.94
0.7 0.63 0.67 0.71 0.90
0.6 0.55 0.59 0.62 0.83
0.5 0.45 0.47 0.49 0.71
0.4 0.1 lc 0.09 0.04c 0.07

(b)

Fo
2FM 4FM 8FM ooFM

9h ns 9h ns 9h ns 9h ns
UHF 0.85 0.88 0.81 0.87 0.77 0.85 0.71 0.82
1.0 0.84 0.87 0.80 0.86 0.76 0.84 0.70 0.80
0.9 0.82 0.85 0.78 0.84 0.73 0.81 0.65 0.76
0.8 0.80 0.82 0.75 0.81 0.68 0.77 0.59 0.70
0.7 0.76 0.78 0.71 0.77 0.63 0.71 0.51 0.61
0.6 0.72 0.73 0.65 0.71 0.55 0.62 0.40 0.48
0.5 0.66 0.67 0.58 0.62 0.45 0.49 0.27 0.30
0.4 0.47 0.39 0.20c 0.09c 0.11c 0.04c 0.05 0.06

Table 2. (a) Energies (eV) of 8-unit FM (1TT)l, (tlt)D and (1TT)d cells relative to (1tt)L as a

function of F0, (b) Comparison of localised hole charges, qh(e), and spin moments, ns(pB), of 2-,

4-, 8- and oo-unit FM cells as a function of F0, (c) Comparison of localised hole charges,

qh(e), and unpaired oxygen spin moments, ns(pB), of 8-unit FM (tlt)L and (1TT)l alignments as a

function of Fo . c indicates conducting state.

To investigate the influence of the antiferromagnetic spin alignment of the host lattice, similar
direct calculations have been carried out for 8-unit AF2 cells, for which there is only one

alignment of the unpaired spin. Once again, calculations in full and broken symmetry yield
delocalised and localised hole states respectively. Table 3 compares local hole charges, spin

moments, magnetic and localisation energies of AF2 and (lit) FM spin alignments as a function
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of the proportion of exact exchange. Also included is the variation of the magnetic energy of the
host lattice, and the magnetic energy difference in the presence of the hole EtCHi)) FM] -

E[localised AF2].

fo q h ns F Eloc AEioc
af2 fm af2 fm host hL af2 fm

uhf 0.78 0.77 0.91 0.85 19.7 -92.9 2.32 2.28 0.04
1.0 0.78 0.76 0.90 0.84 22.2 -106.7 2.20 2.17 0.03
0.9 0.76 0.72 0.88 0.81 25.3 -107.7 1.81 1.74 0.07
0.8 0.72 0.68 0.86 0.77 29.2 -109.7 1.43 1.33 0.10
0.7 0.67 0.63 0.81 0.71 34.0 -109.7 1.05 0.94 0.11
0.6 0.60 0.55 0.74 0.62 40.1 -95.1 0.68 0.59 0.09
0.5 0.50 0.45 0.63 0.49 50.6 -104.3 0.41 0.25 0.16
0.4 0.36 0.1 lc 0.48 0.04c 69.2 -75.0 0.23 0.04c 0.19

Table 3. Comparison of 8-unit AF2 and FM localised hole charges, qh(e), spin moments,

ns(pB) and localisation energies, Eioc(eV) and AE|OC (eV), and the magnetic energies, Emag(meV),
of the host lattice and localised FM (IH) and AF2 holes. c indicates conducting state.

From this it is clear that while the AF2 alignment stabilises the localised state to the extent that it

remains insulating down to 20% exact exchange with a filled-to-unfilled gap of~ 0.7 eV at 40%,
the hole charge and spin distributions are largely independent of the alignment of the lattice

moments, as are the atomic charges and cation moments of the non-defective lattice. The

delocalisation energy is also largely independent of the spin alignment, as might have been

predicted, since it is approximately three orders of magnitude larger than the magnetic energy of
the non-defective host lattice. However, what Table 3 shows quite clearly is that the (M)| hole in
the FM spin alignment is more stable than the localised AF2 hole alignment by ~ 100 meV from
the UHF limit down to 50% exact exchange. In other words, flipping three of the Ni spins nn to
the unpaired oxygen electron leads to a substantial lowering of the energy. Again, this might
have been expected from the relative stability of the FM (tU)i and (fft)i states, for half their
differences in energy, given in Table 2(a), is appreciably greater than the magnetic energy of the
host lattice. Thus the calculations predict that the first ionised state in AF2 NiO is essentially d8L
with strong spatial and spin polaron character. Furthermore, the large values for the
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delocalisation and magnetic energies given in Table 3 suggest that both the spatial and spin
polaronic character will persist into the paramagnetic phase.

(iv) The Li-Bound Hole in NiO: The Electronic Structure of (Li^j - h*)*

The study presented here of the bound hole involves the single system, Lio.125Nio.875O, which is
modelled by the 8-unit supercell LiNi708 confined to the FM spin alignment. The primary
interest here is in the difference between the electronic structures of the free and bound hole,

here represented by Ni808+ and LiNi708, and the way the electronic structure varies with F0.
Once again calculations have been performed in full and broken symmetry and in both
alignments of the unpaired spin. They range from the UHF limit down to 40% exact exchange, in
the vicinity of which the free hole, Ni8Og+, goes from an insulating to conducting state. Starting
at the limit of exact exchange, direct minimisation of the total energy leads to states in which
over 90% of the hole charge resides on the oxygen sublattice, in exactly the same order of

stability found for the free hole. In other words, essentially the same d8L electronic configuration
is found for the free and bound hole.

Fo c h ns AEftt-fU (L) aeld(1U) Ebind
8FM Li7FM 8FM Li7FM 8FM Li7FM 8FM Li7FM

UHF 0.77 0.81 0.85 0.90 0.47 0.15 2.28 3.10 0.59

1.0 0.76 0.81 0.84 0.89 0.51 0.19 2.17 2.97 0.57
0.9 0.73 0.79 0.81 0.89 0.56 0.21 1.74 2.43 0.60
0.8 0.68 0.75 0.77 0.84 0.61 0.23 1.33 1.88 0.64
0.7 0.63 0.70 0.71 0.79 0.67 0.27 0.94 1.36 0.67
0.6 0.55 0.63 0.62 0.70 0.72 0.31 0.59 0.85 0.71
0.5 0.45 0.46 0.49 0.52 0.78 0.35 0.25 0.41 0.81
0.4 0.1 lc 0.26 0.04c 0.17 0.09c 0.49 0.04c 0.11 0.81

Table 4(a). Comparison of localised hole charge, qh(e), spin moment,ns(p.B) and energy (eV)

differences, AF.fr4, ftt(L) and AELD(ft^) for Ni8Og+ (8FM) and LiNi708 (Li7FM) and the Li-hole

binding energy, Ebind (eV) in LiNi708. c indicates a conducting state.

Table 4(a) compares the local hole charges and spin moments, the differences in energy between
the two spin alignments of the localised hole, AEftt - fttl(L) = E[(ftt)i] - E[(fti)i], and the
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localisation energies for the antiferromagnetic alignment, AE,.d(1H) = E[(fli)d] - E[(fli)i], of

LiNi708 and Ni808+. Also given is the unrelaxed binding energy of the localised hole to Li^j,
Ebmd, in LiNi708. From this two general points emerge. The first is that the evolution of the
electronic structure of the bound hole as the proportion of exact exchange is reduced follows a

similar pattern to that of the free hole; the second is that, as expected, the presence of the charge

compensating defect, Li^j, with an effective charge close to - e, stabilises the localised hole.
Thus the local charge and spin moment of the bound hole are found to be ~ 5% greater than the
free hole and the localisation energy ~ 30% greater across the range of exact exchange
considered. The estimates of Ebmd, which are obtained directly from the energies of LiNi708,

LiNi708~, Ni808+and the host lattice, range from 0.59 eV at the UHF limit to 0.8 leV at 40%

exact exchange. A further indication of the stabilising effect of Li^ is that for 40% exact

exchange, the free hole state is predicted to be conducting whereas there is a filled-to-unfilled

gap of ~ 0.4 eV for the bound hole. At all values of Fo, the (local) charge, spin moment and

localisation energy of the bound hole, AEld(IN'), are greater than those for the free hole.

Correspondingly, the spin alignment energy, AE<u _ ftt(L), is less.

In both the original report of the oxygen K-edge absorption of LixNii_xO by Kuiper et al [1] and

subsequent studies [2-4], one of the most noteworthy features of the spectra is the gap of ~ 4 eV
between absorptions attributed to the O(ls)2 + d8L -> O(ls)1 + d8 and O(ls)2 + d8L -» 0(1 s)1 +

d9L transitions, in which an O(ls) electron is excited into a 0(2p) hole in the former and into the

conduction band in the latter. This is close to the energy of the strong absorption edge of NiO

[13], which is often identified with the calculated CT gap. It is well known that the energy gap

calculated at high proportions of exact exchange is much greater than the experimental

absorption edge. One reason for this is the strong reorganisation of the valence states that

accompanies the CT excitation from the valence to the conduction band. While a similar

reorganisation is likely to occur for the transitions involved in the oxygen K-edge spectra, if the
renormalisation energies are similar, the gap between the calculated empty 0(2p) state associated
with the hole and the conduction band edge would be expected to be close to 4 eV. Table 4(b)
below contains the calculated gap between the top edge of the empty 0(2p) band and the
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conduction band lower edge, or d8L - d9 gap, as it is sometimes referred to [1], for NigOg+ and
LiNi7Og as a function of the proportion of exact exchange. As seen in Figure 2, which

corresponds to 100% exact exchange, the gaps associated with the free and bound holes within

F0 8FM 8AF2 Li7FM

UHF 4.0 4.4 4.0
1.0 3.8 4.1 3.5
0.9 4.0 4.4 4.0
0.8 4.3 4.8 4.2
0.7 4.5 5.1 4.5
0.6 4.7 5.3 4.8

0.5 4.7 5.6 5.1

0.4 5.4C 4.6 4.8

Table 4(b). Comparison of the edge-to-edge d8L - d9 gap (eV) for 8FM(ffl)L, Li7FM (1H)l and

8AF2 as a function of F0. c indicates a conducting state.

K \ •*.

... jx/V**
/ "*.*• v

1 1 1 1

Li Doped

nc i
V J

1 1 1 1 1

Energy (eV)

Figure 2. The valence, hole and conduction band densities of states for the bound hole in

FM(fM) LiNi708 and the free hole in FM(ff^) and AF2 NigOg. Solid line: Ni, dotted line: 0.
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the insulating regime are barely distinguishable, in accord with the observation of a single

absorption peak, and for high proportions of exact exchange close to 4 eV.

5. Discussion

Elucidating the differences in the electronic and magnetic properties of closely related point
defects is a difficult experimental task, which calculations should, in principle, facilitate. The

present hybrid functional study has attempted to elucidate such differences for the hole-related
defects in the paradigm system, LixNii_xO which, at high temperature at least, can be represented

by Li^j, h' and (Li^ - h")x point defects distributed upon a NiO host lattice. Starting with LiNi,
calculations within the full range of exact exchange from UHF to DFT suggest that it is inert

electronically, with negligible perturbation of the electronic structure of the host lattice, despite
its effective charge close to - e. It is reasonable to conclude, therefore, that other than as a

potential site for hole capture, Li N- plays no part in the electronic properties of LixNii_xO.

The nature of the compensating hole, both free carrier, h", and bound charge, ( Li^ - h*)x, follows
from the CT character of the host lattice and is essentially d8L for the entire range of weights of
exact exchange considered. At high Fo, the charge and spin densities of the free hole are largely
localised at a single oxygen site, with localisation energies in excess of 2 eV for both the AF2

and FM spin alignments and filled-to-unfilled gaps in excess of 5 eV. For the hypothetical,

though computationally convenient FM spin configuration, the antiferromagnetic alignment of
the unpaired oxygen spin with respect to the FM lattice moments, (1ft), is favoured over the

ferromagnetic alignment, (fit). Evidently, the energy of the partial (spin) pairing between the

unpaired oxygen spin and the six antiferromagnetically aligned nn Ni spins in (1ft) is greater

than the direct exchange energy between the unpaired oxygen spin and the six ferromagnetically

aligned nn Ni spins in (1ft). The partial spin pairing is clearly seen in Table 2(c) which shows

that while the localised hole charges in (1ft) and (1ft) differ by less than 5%, the unpaired

oxygen spin moments in (1ft) are less than those in (1ft) by up to 40% as a result of the overlap

134



with the neighbouring Ni spins. The differences in energy between these two spin configurations

vary from ~ 80 meV / Ni to ~ 130 meV / Ni across the range of exact exchange considered, so
that even in the absence of explicit calculations for the AF2 hole state, the FM (ft^) alignment
would be expected to be lower in energy. Direct comparisons of the total energies given in Table
3(a) confirm this to be the case, leading to the prediction of spin polaron behaviour in which a

localised unpaired oxygen spin in AF2 NiO is surrounded by six antiferromagnetically aligned Ni

spins. As Fo is reduced, the charge and spin densities in both the FM and AF2 alignments

delocalise, with a corresponding decrease in both the localisation energy and filled-to-unfilled

gap. In the case of both FM alignments this leads to metallic states between 50% and 40% exact

exchange, whereas the AF2 alignment remains insulating down to Fo = 0.2, even though it

remains higher in energy than FM (ff4). The electronic structure of the bound hole, ( Li - h")x,

is found to be very similar to that of the free hole, allowing for the stabilising effect of Li^{ on

h". The Li^j - h* binding energy in an unrelaxed geometry is in the region of 0.7 eV, and for a

given proportion of exact exchange, localised hole charges and spin moments are slightly greater

for (Li^j - h*)x than for h*. However, from a spectroscopic point of view, the d8L - d9 gaps are

very close, leading to the prediction of a single gap in LixNi|_xO, in agreement with the reported

oxygen K-edge and other spectra [1]. The stabilising effect of Li^is also manifest in the

preservation of a filled-to-unfilled gap at 40% exact exchange where the free hole state is
metallic. The principal conclusions of this study are summarised below.

(i) Over a wide range of exact exchange, notably where both the free and bound carrier are

insulating, the hole state is essentially d8L, in agreement with spectroscopic studies [1-4],
with substantial proportions of the hole charge and unpaired spin located at a single

oxygen site.

(ii) The electronic structure of the free hole is largely independent of the spin alignment of
the lattice, but partial spin pairing of the unpaired electron with nearest neighbour,

antiferromagnetically aligned Ni spins leads to strong spin polarisation of the surrounding
lattice.
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(iii) Decreasing the proportion of exact exchange leads to a delocalisation of the charge and

spin and corresponding decrease in the localisation energy, with a transition to a

conducting state of the low energy FM (114) alignment, and by implication the spin

polaron, between 40% - 50%.

(iv) The evolution of the electronic structure of the bound hole with Fo follows a very similar

pattern to that of the free carrier.

Finally, it would be wise to assess the effect of varying the content of exact exchange within
another hybrid scheme. To this end, the free hole in the AF2 spin alignment was studied within
Becke-LYP scheme and compared with the earlier PW91 results. Table 5 presents the unpaired

8 9
spin moment at the hole site, ns, the localisation energy, Eioc, and the edge-to-edge d L - d gap

for AF2 NigOg+ as a function of Fq in the two schemes.

Fo
ns Eioc d8L - d9 gap

PW91
Becke -

LYP
PW91

Becke -

LYP
PW91

Becke -
LYP

UHF 0.91 0.91 2.32 2.32 4.4 4.4

1.0 0.91 0.90 2.20 2.27 4.1 4.6
0.9 0.89 0.88 1.81 1.82 4.4 4.9
0.8 0.86 0.86 1.43 1.43 4.8 5.1
0.7 0.81 0.81 1.05 1.03 5.1 5.4
0.6 0.75 0.74 0.68 0.73 5.3 5.7
0.5 0.63 0.63 0.41 0.43 5.6 5.5
0.4 0.48 0.48 0.23 0.22 4.6 4.5
0.3 0.27 0.25 0.06 0.02 3.7 3.4
0.2 0.17 0.17 0.07 0.10 2.4 2.3

Table 5. Comparison of PW91 and Becke-LYP values of the unpaired spin moment, ns (pb,)
localisation energy, Eioc (eV) and the edge-to-edge d8L - d9 gap (eV) for 8AF2 cells as a function

ofF0

From this it is clear that while there are small differences between the two methods, notably in
the d8L - d9 gap, overall the evolution of the electronic structure of the free hole state is very

similar, so that the PW91 results seem to be generally applicable.
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Chapter 5

A Hybrid Hamiltonian Study of Vanadium Monoxide

1. Introduction

Amongst the transition metal oxides, those of the higher valence states of vanadium
find diverse application as oxidation catalysts [1], lithium insertion electrodes [2],
environmental sensors [3] and optical devices, and may even be formed into nanotubes

[4], Progress in application of these materials relies upon an understanding of their
electronic and magnetic structures. The complexity and subtlety of the fundamental

properties of the early TMOs continues to pose severe and particular difficulties for

theory, but a sound description of the structurally simpler lower oxide, vanadium
monoxide, VOx, will contribute usefully to an understanding of the full V-0 phase

diagram. To date, however, such a basic description has proved to be elusive, although
the reasons for this are clear. Tight control of the stoichiometry, x, is difficult to

achieve, in addition to which, VOx is undoubtedly close to a MH transition, while

possessing a complex defect structure, over a wide composition range.

The structural and electrical characterisation of VOx has an interesting history. Early
work suggested that, at low temperature, VOx breaks down into a mixture of a body
centred tetragonal phase of composition V3O and a V3O4 phase which is either body
centred cubic or body centred tetragonal, with a c/a ratio close to unity [5]. Later work

established that VOx is structurally homogeneous in the Fm3m rocksalt lattice over a

wide composition range, 0.8 < x < 1.3 [6,7], X-ray crystallography of phases with

differing composition disclosed the presence of varying concentrations of vacancies on
both cation and anion sublattices. Only for x = 1.0 are the concentrations of both metal

and oxygen vacancies equal, amounting to approximately 15% of the available sites

[8]. This is a very much larger concentration of intrinsic defects than that found in the

oxides of later TMs. The lattice constant is found to increase across the homogeneity
range, from approximately 4.03A at x = 0.8 to 4.13A at x = 1.3 at room temperature,
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with values of 4.071A [9] and 4.063A [8] reported for the nominally stoichiometric

phase, VO.

A metal to semi-conducting phase transition has been reported at a critical temperature

To = 125°K [10,11], although later authors [8,12] suggested that this transition in the
earlier samples was due to the presence of V2O3. A study of the magnetic properties of
the system found antiferromagnetic behaviour for x = 1.25 and 1.147 with critical

temperatures of 7.0 and 4.6°K respectively. Compositions with higher metal content

display paramagnetic susceptibility, but no transitions associated with ordering of the
atomic moments have been observed [9,12].

In terms of electrical characterisation, there is a large body of work which shows that

VOx displays metallic characteristics for x < 1 and semi-conductivity for x > 1.
Activation energies for electronic conduction have been obtained which increase with
x from 2xl0"3 eV at x = 1.0 to approximately 50x 10~3 eV at x = 1.3 [9,12-21], and

variations in resistivity from 7x 10"4 Qcm to 1 Qcm in the range -0.2 < x < 0.2 at room

temperature. Such behaviour differs from that found in the structurally related

compound TiOx, which remains metallic throughout the stoichiometry range 0.75 < x

< 1.3, and undergoes a superconducting transition at low temperature. No

superconductivity has been found in VOx down to a temperature of 0.3°K.

Measurements of the Seebeck coefficient, a, in VOx show a change in sign at x = 1,

indicating conduction by holes for higher metal content and by electrons for higher

oxygen content. The coexistence of charge carriers of opposite electrical polarity in

VOx has been confirmed by magnetoresistance studies. [21,22]

Historically, band theoretical methods of varying sophistication have been applied to

the ideal Fm3m VO lattice. Early non-self-consistent calculations based on an LCAO

tight binding method, Slater's p4/3 exchange potential [23] and a series of ad hoc

crystal potentials yielded a metallic ground state, with the Fermi energy lying in the

V(3d) band. A very broad d-band of width ~7eV was also predicted on the basis of the
neutral atom potential [24]. These calculations were performed at the experimental
lattice constant of the defective lattice, and made no allowance for spin polarisation.
Non-self-consistent APW calculations [25], again at the defective lattice constant, with
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Slater exchange and ad hoc crystal potentials led to similar conclusions. A self-

consistent APW study of the lighter transition metal monoxides based on Xa exchange

predicted VO to be a d-band metal, with a band width of ~7.5eV, at the observed
lattice constant [26]. Self-consistent ASA calculations employing the local spin

exchange-correlation functional of von-Barth and Hedin [27] were conducted as a

function of lattice constant [28], and once again indicated a d-band metal with an

approximate band width of 8eV. More recently, a first principles spin-unrestricted
Hartree-Fock (UHF) calculation based on localised atomic orbitals predicted VO to be
a high spin antiferromagnetic MH insulator, with an optimised lattice constant of
4.460A [29].

Clearly there are fundamental differences between first principles DFT and UHF
calculations as to the nature of the ground state of the fully stoichiometric, non-

defective Fm3m VO lattice, with, perhaps, even more profound differences for the

technologically important higher oxides. This is an unsatisfactory situation in view of

the successes of both DFT and UHF methodologies in describing the ground states of a
wide range of first-row transition metal oxides. Here, fresh studies of the ground state

ofVO are reported, which extend to the d—>d excited states, in an attempt to shed light
on some of these differences.

Initial insight into the ground state of fully stoichiometric, non-defective VO might be

sought from a consideration of the d-band occupancies of the subgroup, CaO, VO,

MnO, NiO and ZnO, of the Fm3m oxides. Assuming comparable ionicities and

crystal field characteristics, the spin band occupancies can be written as,

CaO —

VO 1^(t)
MnO d:'f (Tl
NiO d?2E<t)d'2g(J-)deg<t)
Z"0
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Now CaO, MnO, NiO and (presumably) ZnO with 0, 2, 3 and 4 completely filled spin
bands respectively are all insulating, from which it might reasonably be concluded that

VO with one completely filled spin band, dt2g^> would also be insulating.
Furthermore, as argued in Chapter 1, it is expected that VO will display MH insulating
characteristics within the ZSA classification [30], It is known, both from studies of the
elemental transition metals and the oxides, that the d-band gradually falls in energy

relative to the 0(2p) band and contracts spatially as it is filled, for the added electron
cannot fully screen the increase in nuclear charge [28]. Therefore, CT behaviour at the

right of the transition series should give way to MH behaviour at the left. Finally, it

might also be expected that VO would exhibit antiferromagnetic spin alignment by

comparison with the two magnetic members of the subgroup, MnO and NiO.

What is clearly needed is some form of theoretical evidence for either an insulating or

conducting ground state in non-defective VO. Unfortunately, as discussed in Chapter

1, the LDA and GGA Hamiltonians cannot be relied upon to correctly describe the

insulating ground state of the TMOs [31-36]. It is also well known that the HF method

places metallic states at too high an energy. One strategy would be to introduce an

orbital dependent potential into the LDA, either through self-interaction correction

[37,38], or by imposition of an arbitrary U (LDA+U) [39-41]. Such methods do seem

to correct the grosser deficiencies of the purely local functionals, opening gaps at the
Fermi level and increasing atomic moments. Against these apparent limitations of

DFT, at least within the LDA, it should be noted that a relatively recent study of the
defective structures and energetics of TiOx has demonstrated quantitative agreement

between experimental and theoretical geometries and transition pressures [42]. It is

apparent that, despite an inaccurate ground state, the LDA provides an acceptable
account of the relative energetics of the structural phases.

Accordingly, to resolve some of these issues and to predict the magnetic characteristics
of and elementary excitations in stoichiometric, non-defective VO, a hybrid density
functional study of this system has been conducted along the lines reported recently for

MgO [32], NiO [32,43] and CoO [32], The focus of the current work is different from
that of previous chapters. Reasonably clear and complete experimental data exists for
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NiO and MnO, and the aim was then to compare the results of hybrid calculations

against this data. In VO, by contrast, the aim is to use a known and tested hybrid
method (the B3LYP potential) to make some prediction for the electronic structure of
the non-defective structure, for clear experimental data is lacking.

2. Theoretical Methods

The hybrid methodology, as presented in Chapter 1 is followed in the present study. In
the B3LYP Hamiltonian, the presence of only 20% of the exact exchange is not

sufficient to cancel the Coulomb self-interaction, but the method has been shown to

yield values for the gaps between the filled 0(2p) and empty metal 3d states which are

apparently in close agreement with experimental band gaps [44], Optimised structural

parameters are typically found to lie within a broad range of ± 2% of the experimental

values. The approach here was to vary Fo in the range 0 < F0 < 1, yielding a series of

hybrid Hamiltonians, including B3LYP (Fo=0.2). The specific values of Fo used were

0.0, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0, which constitutes a sufficient number of points to

permit an examination of the effect of varying amounts of exact exchange on the
electronic and magnetic properties of VO. In addition, and for comparison, UHF
calculations without correlation were also carried out.

Magnetic energies were mapped upon an Ising Hamiltonian as presented in Chapter 1
and used previously in Chapters 2 to 4 for NiO and MnO. Similarly, the ground and

spin-allowed d—>d excited states were mapped onto the Kanamori crystal field

Hamiltonian, Hcf, as presented in Chapter 1. In VO, the energies of the states are given

by

^ground - ECF + 3A -15B

Exy->z2 = ECF + 3A - 3B + ACF
E 2 2 = EpF + 3A — 15B + Acfxy—»x -y

E 2 2 2 = Ep;p + 3A — 12B + 2ACp.xz,yz—»z ,x -y

The spin-forbidden xy(T)—>xy(4) excitation can also be mapped onto Hcf, yielding
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Exy(t)->xy(4) _ECF+3A 9B + 2C

As previously, the excitation energies derived from transitions between the above
states can be equated directly to first principles total energy differences. Clearly, Acf

is obtained directly from AExy-^-y2 while B can be derived from either of the two
other Laporte forbidden, but spin-allowed transitions. In this way, the validity of
mapping first principles calculations onto the Kanamori crystal field Hamiltonian can

also be verified by comparing the first principles total energy difference for the spin-
2 2 2 *

allowed two-electron excitation, (xz,yz)~>(z ,x -y ), with that derived from Acf and B

obtained from the two spin-allowed one-electron excitations. This method of checking

consistency was used conclusively for NiO in Chapter 3. Clearly, B can also be derived
2 • * .from AExy.yz-^x2-^, and this used to predict the energy for the xy->z excitation. The

C parameter may be obtained only from the spin-forbidden excitation, AExy(t)->*y(4)- It
should be noted that the problem of a change in number of d-electron pair correlations,
as described for MnO in Chapter 2, arises here for the spin-forbidden transition, and so

the value of the Racah C parameter is expected to show extreme sensitivity to change
in F0.

Computational Conditions

The hybrid functional module of the CRYSTAL98 code [45] was used. The crystal
orbitals were expanded in a set of 39 atomic orbitals, 25 for V and 14 for O. In the

notation used previously [29,45], the V orbitals comprised 7 shells of the type ls(8),

2sp(6), 3sp(4), 4sp(l), 5sp(l), 3d(4), 4d(l) and the O orbitals 4 shells of the type ls(8),

2sp(6), 3sp(4), 4sp(l). The earlier UHF study of VO used a 6-shell basis for V [29],
The inclusion of a second d shell, 4d(l), and subsequent re-optimisation of all cation
and anion valence exponents decreased the Mulliken charge by 0.14 e and led to

energy differences between magnetic states that differed from previous values [29] by
< 10 meV per atom. However, since this compares with typical magnetic interactions
within the first row transition metal oxides, the V(4d) shell and necessary valence re-

optimisations were retained in all subsequent calculations. The number and angular
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symmetry of the Gaussian functions used here are broadly similar to those employed

recently by Moreira et al in their hybrid DFT study ofNiO [43].

For the density functional fitting, the following auxiliary even-tempered bases of

Gaussian-type functions were employed: 14 s-type functions with exponents in the

range 0.07 - 4000.0, and one p-type, one d-type and one f-type function, each with

exponent 0.5 were used for O, and 13 s-type functions with exponents in the range 0.1
- 4000.0, one p-type function with exponents in the range 0.3 - 0.9, one f-type
function with exponent 0.8 and three g-type functions with exponents in the range 0.45
-3.3 forV.

A Monkhorst-Pack shrinking factor of 8, which was used for cells of all sizes, and
truncation thresholds of 10"7, 10"7, 10~7, 10"7 and 10~14 for the Coulomb and exchange

series [45] ensured convergence of the total UHF energies of three magnetic states to <
n

0.1 meV, while SCF convergence thresholds were set to 10" a.u. for both eigenvalues
and total energies. These tolerances are similar to those used for a wide range of

previous calculations [32,43].

Of the four different types ofmagnetic order considered in this study, three are familiar
from the earlier work on NiO and MnO in Chapter 2, namely the ferromagnetic (FM)
and antiferromagnetic type-I and type-11 (AFi and AF2) alignments. A third AF

alignment is considered; the type-Ill (AF3) structure, in which the quadruple primitive
cell consists of ferromagnetic (210) planes which alternate spin orientation

successively in the direction normal to the planes. The Miller indices and crystal
directions noted above are for the conventional crystallographic cell. The total energy
and properties of the ferromagnetic (FM) state can, of course be calculated from the

primitive cell, but in the present work, was always extracted from the double cell.
This ensures that the restriction to FM order implicit in the primitive cell does not

affect the energy of the state. As a test of the various numerical parameters used in
this study, the energy of the FM state was calculated by the UHF method for the

primitive, double and quadruple cells with the broken metal sublattice symmetries

appropriate to the description of the various AF states. In each case, the total energy
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per formula unit was found to be identical to within the convergence tolerance of the
SCF procedure.

Mulliken population analyses of the crystalline orbitals were used to extract the net

atomic charges, magnetic moments and individual orbital occupations as in previous
studies.

3. Results and Discussion

(a) Bulk Lattice and Electronic Structure

For the entire range of hybrid Hamiltonians, the ground electronic states of the FM,

AFi and AF2 spin alignments were found to be insulating, with the exception of the
FM alignment at Fo = 0.1 and the pure DFT AFi alignment, which were found to be

conducting. Lattice constants (ao) were obtained from fourth order polynomials fitted
to total energy-volume curves calculated within ± 10% of the previous UHF value for
the FM state (4.460 A). The resulting ao for the full range of exchange-correlation

potentials are given in the first three columns of Table 1 and shown graphically in

Figure 1.

For the pure DFT description, convergence was problematic for all three magnetic

structures, even with enhanced reciprocal space sampling and with Fermi function

smearing of the Kohn-Sham orbital occupancies. At this limit of zero exact exchange

only the AFi alignment produced an energy-volume curve which was sufficiently
smooth to yield ao to an acceptable accuracy.
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ao 9M ns

Fo af, af2 fm af, af2 fm af, af2 fm

uhf 4.4545 4.4539 4.4715 1.686 1.686 1.689 3.008 3.027 3.010

1.0 4.3511 4.3528 4.3767 1.647 1.647 1.647 2.967 2.983 2.988

0.8 4.3595 4.3615 4.3865 1.608 1.607 1.611 2.959 2.976 2.986

0.6 4.3692 4.3737 4.4049 1.562 1.560 1.566 2.945 2.965 2.984

0.4 4.3761 4.3815 4.4168 1.504 1.503 1.510 2.919 2.943 2.981

0.2 4.3813 4.3824 4.4311 1.433 1.431 1.442 2.860 2.891 2.978

0.1 4.3803 4.3898 4.4577c 1.390 1.387 1.400 2.794 2.831 2.938

0.0 4.3601c — — 1.320 — — 2.446 — —

AEm

Fo af2(1) fm(2)

uhf 10.1, 10.1 88.6, 86.9

1.0 15.8, 15.8 118.4, 115.9

0.8 18.4, 17.9 140.3, 135.3

0.6 21.4, 20.5 169.2, 161.3

0.4 26.1,24.9 213.4, 201.4

0.2 31.1,30.4 285.0, 269.3

0.1 35.8, 32.4 354.4, 324.2

conducting state.
(1) First entry = [E(AF2)-E(AFi) at ao(AFi)].

Second entry = [E(AF2) at ao(AF2)] - [E(AFi)
atao(AFi)].

(2) FM, as for AF2 above.

Table 1. Lattice constant ao(A), total Mulliken
charges qM(e), cation spin moment ns(pB) and
energy AEM (meV/molecule) of the FM and AF2
alignments relative to AF] as a function of Fq.

4.48

Figure 1. The AFi (O), AF2 (□) and FM (A) optimised lattice constants, ao, as a

function of Fo.
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As evident in Figure 1, the largest changes in ao result from the addition of correlation
to exact exchange (UHF), at which point the lattice contracts by ~2.4% of the
uncorrelated value with a slight increase in the differences between the three magnetic
states. Thereafter, decreasing the amount of exact exchange leads to an increase in the

AFi and AF2 lattice constants to a maximum of -0.7% above the correlated UHF

values for 0.1 < Fo < 0.2. In contrast, the FM lattice constant shows no turning point at

low Fo and expands to a maximum of -1.9% above the correlated UHF value. In the
limit of zero exact exchange, the AFi lattice constant is seen to decrease sharply, the
most likely cause of which is the onset of metallic behaviour. A possible explanation
of this abrupt change is discussed later in this section in terms of the calculated density
of states.

The equilibrium bulk modulus, Ko, was obtained for each Hamiltonian by a least

squares fitting of the AFi energy-volume data to the Murnaghan equation of state [46],

For this purpose, a restricted set of lattice constants within ±2 % of the appropriate ao

were used. The variation of Ko with exchange-correlation functional is shown in

Figure 2, where it is seen to range from - 175 GPa for Fo — 0.1 to - 200 GPa for

correlated UHF. The pure UHF value is - 170 GPa and pure DFT (metallic) 162 GPa.
While there are no experimental data, the Ko reported here might usefully be compared
with values ranging from 120GPa for CaO [47] to 190GPa for NiO [48]. It should be
noted that the Murnaghan and polynomial fits of the energy-volume data yield

essentially identical optimised lattice parameters.
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T>

Figure 2. The bulk modulus, Ko, of the AFi ground state as a function of Fo.

Identical calculations for the low energy AF2 spin alignment in MnO and NiO are

reported in Chapter 2. They reveal very similar trends to those found for VO. Figure 6
for MnO in Chapter 2 shows that the addition of LYP correlation to exact exchange
contracts the lattice by ~ 2.3%, while decreasing the amount of exact exchange leads to

an expansion of the lattice to a maximum of-1.3% above the correlated UHF value at

Fo = 0.1. Flowever, a noticeable difference from VO is that there is no abrupt decrease
in volume at the DFT limit. Now, as previously discussed, the experimental low

temperature lattice constant of MnO is best described by a value for Fo in the Becke-
LYP scheme in the range 0.6 - 0.7, and the lattice constant of NiO by Fo in the range

0.9 - 1.0. Adopting a similar range of exchange-correlation potentials for the AFi

alignment of VO leads to a predicted lattice constant in the region of 4.35 - 4.37 A. In
MnO, the bulk modulus increases from the pure DFT value of 161 GPa to 194 GPa for

correlated UHF, with the pure UHF value - 30 GPa below this, as is the case for VO.

These values compare with static and dynamic experimental bulk moduli in the range

144 - 162 GPa, which indicates that only the pure DFT value agrees with experiment.
The pure DFT value for the bulk modulus of the AFi state in VO is - 162 GPa, which

therefore constitutes the best estimate for the perfect lattice on the basis of the limited

evidence from MnO
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Turning now to the electronic structure, the Mulliken charges and cation spin moments
for VO shown in Table 1 indicate a largely ionic system for Fo > 0.6. Both the ionicity
and local cation moment decrease as the proportion of exact exchange decreases. This

implies that the gross electronic state of the crystal tends not toward singly charged

ions, which would require an increase in the cation spin moment, but instead toward a

metallic solution. As in MnO and NiO, the spin polarisation of the oxygen sublattice
varies both with Fo and magnetic order. Typical values for the net spin densities on the
two oxygen atoms of the magnetic unit cell are (-0.007, 0.004) and (0.012, 0.012) for
the AFi and FM alignments respectively at the limit of correlated exact exchange and

(-0.010, 0.007) and (0.024, 0.024) for an Fo value of 0.1. Spin polarisation of the
anion is forbidden by symmetry in the AF2 alignment. Such polarisation of the anion in
the FM state has been noted in DFT studies of NiO [43] but has not been

experimentally observed. The decreased ionicity of the FM state based on exact

exchange derived from the present, enriched V basis set compared with that reported

previously [29] can be attributed, in part, simply to the inclusion of a 4d polarisation

function, and, in part, to the optimisation of the orbital exponent. To show this, an
• • 2"T • *

unoptimised V bare ion 4d-shell was added to the 6-shell V basis of the previous

study, leading to a decrease in the ionicity of the FM state by 0.05 e, without any

change in the valence orbital exponents.

The energies of the AF2 and FM alignments relative to AFi given in Table 1 show that

AFi order is lowest in energy for the entire range of exchange-correlation functionals

considered in this study. This is in keeping with the largely high-spin x\ d-orbital

occupation and cation moments revealed by the Mulliken analyses. As discussed

previously, the strength of the superexchange interaction in the rocksalt TMOs

depends critically on the occupation of the eg orbitals, for it is these that strongly
overlap the 2p orbitals of the neighbouring anions. The superexchange dominated AF2

ground state found in MnO and NiO would not therefore be expected as the ground
state in this material. The dependence of ao on magnetic order is indicative of a strong

isotropic spin-lattice interaction in VO, where a maximum variation of 0.026 A, or
0.598 % is obtained between the AFi and FM states in VO. The comparable variation
in MnO is 0.006 A, or 0.136 % between the AF2 and FM values, which is

approximately one-quarter of that in VO. A strong anisotropic spin-lattice interaction
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is also predicted for VO on the basis of an AFi ground state, with either compression
or stretching of the conventional rocksalt cell along the [100] direction. Due to

constraint of time, no calculations have been performed to test this prediction as yet.

Figure 3 contains the atomic orbital projected densities of states (DOS) for the three

magnetic states, for 20%, 60% and 100% exact exchange, all at the AFi lattice

parameter. Also shown is the DOS for the metallic AFi state derived from the pure

DFT potential. Details of the energy gaps and valence band widths extracted from
these plots are given in Table 2. The filled to unfilled band gap for each of the

magnetic states is found to vary linearly with Fo, as shown in Figure 4, with

AEg(FM) < AEg(AF,) < AEg(AF2).

for the entire range of exchange-correlation potentials. They range from -14 eV at the
correlated UHF limit down to -0.9 eV at the AFi stability limit of 10% exact exchange

(In the interests of clarity the (wide) UHF gaps have been omitted from Figure 4). The

trend in AEg with change of Fo for all magnetic states is very similar to that observed in
MnO and NiO.
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Figure3(a-i).Orbitalprojecteddensitiesofstates,N(E)(eV'1molecule'1)againstenergy,E(eV);fortheAFjstateat(a)F0=0.0,(b)F0=0.2,(c) F0=0.6,(d)F0=1.0;fortheAF2stateat(e)F0=0.2,(f)F0=0.6,(g)F0=1.0;fortheFMstateat(h)F0=0.2,(i)F0=0.6,(j)F0=1.0. 153



aeg af, af2 fm

Fo af, af2 fm w0,w,
2g

wo, w,
2g

w0,w,
2g

UHF 13.955 14.039 13.153 7.297f 7.114* 7.899*

1.0 13.805 14.142 12.141 8.269* 5.537, 2.275 8.736*

0.8 11.045 11.500 9.543 8.254f 5.278, 2.335 8.696*

0.6 8.242 8.896 6.935 5.053,3.121 4.978, 2.340 8.638*

0.4 5.416 6.196 4.203 4.681,3.014 4.677, 2.424 8.737*

0.2 2.445 3.239 1.358 4.343, 3.034 4.303, 2.521 4.731,3.710

0.1 0.926 1.756 0.000 4.178,3.087 4.104,2.613 4.478, 3.748

0.0 0.000 — — 4.046, 13.718* — —

Table 2. Filled to unfilled gap AEg(eV) and filled 0(2p) and V(t2g) band widths,

Wo(eV) and Wt2g(eV) for the AFi, AF2 and FM alignments as a function of Fo. t
Where the 0(2p) and V(t2g) bands overlap, the total valence band width is presented
as a single entry. * Where the filled V(t2g) band and empty bands overlap, the 0(2p)
and net conduction band widths are both presented.

An extension of the lines of best fit in Figure 4 down to Fo = 0.0 for the AF2 and FM
states suggests that the former may retain a small gap of perhaps (0.3 - 0.5) eV,
whereas the latter will almost certainly be metallic. The DOS plots shown in Figure 3
indicate that for all insulating phases the filled to unfilled gaps are spanned by
vanadium states, leading to an unambiguous classification of VO as a MH insulator.

Furthermore, the character of the valence and conduction band edges is seen to be

independent of magnetic order, so that pressure or temperature induced magnetic
transitions would not be expected to result in any change of the insulating character of
non-defective VO. An orbital projection of the V(3d) bands confirms that AFi

symmetry splits the two-fold Oh degeneracy of the 3d-states in the FM and non¬

magnetic lattices into four non-degenerate sub-bands, leading to an overall d-level

ordering and occupancy of the form

dUiK(t)< di,(t)<<(A)< c4(i)/<(h< 4(T)< d;,_yl(t)..
v v j

c:\\»A v
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(Again, in the interests of visual clarity, this set of more detailed projections is not
shown on the DOS plots) As Fo decreases from 0.6 to 0.1, a gap opens between the
filled V(t2g) and 0(2p) bands. The same bands broaden and narrow by ~ 0.13eV and ~
0.88eV respectively across the same range. More importantly, despite an increase in
the weight of the minority V(eg) states as the percentage of exact exchange is reduced,
the lower edge of the conduction band in the AF i alignment remains predominantly of

t2g character for the entire range of single particle potentials considered.

Figure 4. Filled to unfilled energy gap, AEg (eY), for the AFi (O), AF2 (□) and FM

(A) states as a function of Fo.

These observations raise some interesting issues. While all the low energy gap

excitations are locally Laporte forbidden (At = 0), as they must be for a MFI system,

the lowest of these, dxy(T)—>dxy(4^), is also spin forbidden (AS * 0). It is unlikely,
therefore, that the latter could be identified with any measurable absorption edge. For
the B3LYP potential, which has been observed to yield anion to cation transfer type

gap widths in impressive agreement with data from a variety of sources [44], the edge
to edge dXy(T)—►dxy^) ( AS * 0) gap in AFi VO is ~ 2.5 eV, the spin-allowed dxy(t) —>

d 2 (T) gap ~ 3.0 eV and the V -» O CT gap ~ 3.5 eV, and it is the latter that might

reasonably be expected to lead to a (strong) absorption edge. For interest, the
electronic structure of non-defective VO within the B3LYP potential has been
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calculated, but at the observed lattice constant for the stoichiometric, defective

material, 4.063A [8]. These calculations indicate the continued stability of the AFi

magnetic state, and the existence of a dxy(T)-»dxy(4) gap of width 0.97eV. While this
is substantially lower than for the equilibrium structure, the system remains assuredly

insulating. The calculations suggest, therefore, that the metallicity observed in samples
of VOx of varying stoichiometry should not be attributed to the properties of the

underlying perfect lattice at the contracted cell dimensions, but is more likely a

consequence of the presence of defects.

The description of the band structure is reflected in Mulliken analyses of the total
wavefunction. At the UHF level of approximation, the overlap population between

nearest neighbour V and O sites is -0.04 e, that between V(T) and V(4) sites is 0.006 e

and there is virtually no overlap density between V sites with the same spin. The

overlap population between O sites is -0.008 e, which is marginally antibonding,

leading to an overall UHF description of the AFi spin alignment as essentially ionic.
The introduction of correlation into the UHF potential leads to a general increase in
bond populations, indicating a slight overall decrease in the degree of ionicity.

Reducing the proportion of exact exchange results in further changes to the overlap

populations in AFj VO, with an increase in bonding between all nearest neighbour V
sites and a reduction in the antibonding character of both V-0 and O-O interactions.

Progression to the metallic state in the DFT limit leaves the latter two interactions

virtually unchanged, whereas the populations associated with V(T)-V(4) and V(t)-
V(t) nn pairing increase from 0.022 e and 0.002 e respectively at Fo = 0.1 to 0.030 e

and 0.016 e, with a lowering of the Fermi level within the t2g manifold. Thus in the
pure DFT description of VO it is likely that the metallic state arises from an increased

overlap of nearest neighbour V(3d) orbitals.

Overall, the electronic structure of the AF2 state revealed by the DOS and summarised
in Table 2 is quite similar to that of the AFi, with only minor changes resulting from
the difference in symmetry. In contrast to the AFi alignment, no splitting of the V(eg)
and V(t2g) states beyond that produced by the octahedral crystal field is observed,
which is entirely consistent with the different symmetries of the two magnetic

supercells. Decreasing the proportion of exact exchange leads to an increasing
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separation of the valence 0(2p) and V(t2g) bands, as in the case of the AFi alignment.
While the 0(2p) band widths are similar, the V(t2g) bands are narrower, indicating a

more restricted overlap of orbitals than in the AF i alignment. The reason for this lies
with the different number of nn cations with parallel and anti-parallel spins in the two

alignments. In AFi symmetry, each cation interacts with four parallel and eight anti-
parallel metal spins, whereas in AF2 symmetry, the interactions are with six parallel
and six anti-parallel spins. Overlap of the occupied d-states is thus more strongly
inhibited by exchange in the latter magnetic structure, leading to a narrower d-band.
This mechanism has no effect on the anion p-band, which is almost identical for both

types of antiferromagnetism. The 0(2p) band narrows by ~ 1,4eV as Fo varies from
1.0 to 0.1, whereas the V(t2g) band broadens by ~0.3eV across the same range. As in
the AFi alignment, the conduction band edge is dominated by minority spin t2g states
with an increasing weighting of the eg states as Fo is decreased.

The DOS of the FM states, with summarising data in Table 2, are naturally quite
different to those derived from antiferromagnetic order. The net spin polarisation
carried by the lattice acts to suppress the energy of the majority spin orbitals relative to

the corresponding minority spin orbitals, leading to broader bands. As shown in Figure

3, only majority spin V(t2g) orbitals occupy the valence band edge, while the
conduction band edge is formed from minority spin V(eg) orbitals. As a result of the
band broadening, a splitting of the 0(2p) and V(t2g) valence bands does not occur

until the exact exchange falls below 20%.

(b) Magnetism and Phase Transitions

Direct and superexchange coupling energies extracted from the total energies of the

FM, AFi and AF2 spin alignments are given in Table 3. From the sign of Jd and Jse it is
evident that both direct and superexchange interactions favour antiferromagnetic

alignment of both nn and nnn vanadium spins. There is a four-fold increase in the

magnitude of Jd and Jse over the range of single particle potentials considered and, as

expected from arguments presented in Section 3(a) of this chapter, direct exchange is
found to be more than five times stronger than superexchange. The results presented in

Chapter 2 for the direct and superexchange coupling constants in NiO lie in the ranges
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8.6 - 36.4 °K and 39.6 - 353.6 °K respectively, and for MnO in the ranges 1.6 - 13.1

°K and 6.3 - 25.9 °K respectively for 0.1 < F0 < UHF. So, it is clear that the direct

coupling in VO is ~ 7 and ~ 36 times larger than in NiO and MnO respectively at the
UHF level, and ~ 6 and ~ 17 times larger respectively for Fo = 0.1. In contrast, the

superexchange coupling in NiO is ~ 4 and ~ 8 times stronger than in VO within the
UHF and Fo = 0.1 schemes respectively, while the coupling in VO is stronger than that
in MnO by a factor of~ 2 at both UHF and Fo = 0.1.

Fo Jd Jse Jd / S2 (°K) Jse/S2 (°K) TnAF, Ph<zH

UHF -11.08 +2.02 -57.14 +10.42 186.86 233.65

1.0 -14.80 +2.30 -76.33 +11.86 263.20 316.65

0.8 -17.54 +2.79 -90.47 +14.39 309.87 374.51

0.6 -21.15 +3.50 -109.09 +18.05 369.15 450.14

0.4 -26.67 +4.55 -137.56 +23.47 460.45 565.97

0.2 -35.62 +6.69 -183.72 +34.51 593.49 748.79

0.1 -44.31 +8.80 -228.54 +45.39 721.67 925.83

Table 3. The direct, Jd and superexchange, Jse, coupling constants expressed both as
• 2

energies (meV) and as temperatures (°K, divided by factor S = 2.25) and mean field

transition temperatures, Tn(°K) for the AFi and AF3 alignments at the optimised AFi
lattice constants, all as a function of Fo.

It is straightforward to show that the difference in energy between the AFi and AF3

alignments in the Ising Hamiltonian, [E(AFi) - E(AF3)], is 2Jse. The mapping suggests

that the AF3 state should be more stable than the AF). For the value of Jsc derived from

UHF energies, for example, [E(AFi) - E(AF3)] amounts to + 4meV, whereas the direct
total energy difference is -27.5meV. Thus for fully stoichiometric, non-defective VO

the stability of the lowest energy spin alignments derived from a mapping of E(FM),

E(AFi) and E(AF2) onto Hising is predicted to be in the order

AF3 > AF 1 > AF2 > FM

158



in contrast to the order of stability obtained directly from first principles calculations,
which is

AFi > AF2 > AF3 > FM.

The root of the disparity lies in the assumption, which is implicit in all mappings of
this sort, that the electronic structures and bonding in the four magnetic phases are

essentially identical. Differences in energy between them are posited to arise solely
from the direct and superexchange coupling of identical local moments in identical
electronic environments, leading to identical coupling constants/energies. While this

assumption seems to hold for the more ionic systems, MnO and NiO [49], it patently
does not hold in the case of VO, as shown by the strong isotropic spin-lattice
interaction discussed in Section 3(a) of this chapter. A similar breakdown of the Ising
model was found in the study of the crystal field excitations in NiO presented in

Chapter 3. Further evidence for the small, but important differences between the three

antiferromagnetic phases is found in the integrated densities of valence states. The
total p-band UFIF oxygen populations (per formula unit) in the AFi, AF2 and AF3

alignments are 5.91e, 5.92e and 5.44e respectively, and corresponding vanadium d-
band populations 2.99e, 3.00e and 2.95e. Thus, the population of the 0(2p) band in

AF3 alignment is ~ 0.5e less than in the two other AF phases and it is precisely this

type of change in electronic structure between different spin states that is not

represented by simple spin Hamiltonians.

The above remarks notwithstanding, Jd and Jse have been used to provide qualitative
estimates of the Neel temperatures of the AF| and AF3 phases. Elementary
considerations indicate that within a mean field approximation for HiSing, <a> for these
two phases is given by

2Jd +3Jse
< a >af, = tanh

c a >af3 = tar)h

kBT
2J d + J se
kBT
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which as <a> —» 0 leads to

TN[AF,]=-2Jtr3Jse,
kB

TN[AF3l'"2J.J"J".
kB

The variation of Tn with Fo is shown in Figure 5, where it should be noted that mean
field theory is known to overestimate Tn by a factor ~ 4/3 through the neglect of
fluctuations. The recent work on MnO and NiO, as presented in Chapter 1 and Ref.

[50] has shown that direct and superexchange coupling constants close to the magnon

derived values are obtained from hybrid functionals in the Becke-LYP scheme

containing 20% to 50% exact exchange, which for VO would lead to a very

approximate value for the AFi critical temperature in the range 300 - 450K.

Fo

Figure 5. Mean field critical temperature for the AFi (O) and AF3 (O) magnetic states

as a function of Fo.

(c) Crystal Field Excitations

As discussed earlier in Chapters 1, 2 and 3, the existence of weak, orbitally forbidden

(Af = 0) excitations in the paradigm magnetic insulators NiO and MnO has been

revealed by optical absorption and EELS studies. The absorptions are found to lie

160



within the bulk band gap, and have been attributed to d—»d transitions on the basis of

first-principles multi-reference cluster calculations [51-53]. Such excitations are best
described as strongly localised Frenkel excitons [54]. hi both previous studies and in

Chapter 3 of this work, the d—>d excited states in NiO were found to be stable both in
the bulk and the reduced symmetries of the inner and outer layers of {100} slabs, with
differences in transition energy of <0.05eV for identical Oh crystal field excitations in
the two geometries [55]. The study of crystal field excitations in MnO reported in

Chapter 2 used only the slab geometry, so the stability of excitations in the bulk is not
clear for MnO. In the present work, stable excited states could not be obtained in the

bulk, so that, as for MnO, all the calculations reported here refer to a V ion located

upon the central plane of {100} slabs consisting of three and five layers. As before

[55], the slabs were constructed from (surface) 2x2 supercells in which the d—»d
excitation is confined to one vanadium atom per supercell of the central plane where
the (local) crystal field is identical to the bulk and of Oh symmetry. The reference

2 .

system used has the z orbital perpendicular to the basal {100} slab planes, with the
2 2

(x -y ) orbital pointing toward the neighbouring oxygen atoms.

Now the Kanamori Hamiltonian and the expressions for the crystal field state energies

given in Section 2(c) hold for an isolated 3d" ion only, so that they are appropriate for
a free ion or an isolated impurity in a non-magnetic lattice. However, for ordered

magnetic systems, the interaction with neighbouring spins must be included. In the
case of VO, the magnetic states of which are dominated by the direct coupling of nn

spins (Jd), the energies of the crystal field states in the FM alignment can be written as,

Eg =E®F+3A-15B-12Jd,
Exy->z2 =ECF +3A-3B + Acf-8Jd,

Exy^.x2_y2 = EQF +3A-15B+.Acf _8Jd,
Exz,yz—»z2,x2 -y2 = ECF +3A-12B + 2ACF -Jd,

Exy(T)—>xy(i) = E(^f + 3A — 9B + 2C — 4Jd,

leading to the following excitation energies,
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-12B +ACF+4Jd,

AExy_>x2_y2 =ACF+4Jd,
AExz,yz-+z2,x2-y2 = 3B + 2ACF + 8Jd,

AExy(t)_>xy(4) = 6B + 2C + 8Jd.

Likewise, in the AFi alignment, the crystal field energies can be written as,

Eg =ECF +3A-15B + 4Jd,

Exy—>z2 = ECF +3A-3B + Acf +8Jd,
E
xy ^ x 2 — y 2 =E®p+3A-15B +ACF+8Jd,

Exz,yz-»z2,x2 -y2 = ECF +3A-12B + 2ACF -4Jd,
Exy(t)—>xy(i) = ECF — ^B +12Jd,

and the excitation energies as,

AExy^z2 =12B + Acf +4Jd,
AExy_>x2_y2 = Acf +4Jd,

AExz,yz—»z2 ,x2- y2 = 3B + 2ACF -8Jd,
AExy(t)_>xy(4.) — 6B + 2C + 8Jd.

From this, it is clear that within the approximation of including only Jd interactions, the

energies of the three one-electron excitations are identical in the FM and AFi

alignments, whereas there is a difference of magnitude 16|Jd| for the two-electron
excitation. For this reason, the majority of calculations were performed in the

computationally more convenient FM arrangement, although, as a check, the excitation

energies in both spin alignments for Fo = 0.1 and 0.3 have been calculated and

compared. The optimised AFi lattice constants were used regardless of the magnetic

alignment imposed.
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2 2 2
The energies of the spin-allowed (AS = 0) one-electron xy-»z and xy-^x -y, and two-
electron xz,yz->z2,x2-y2 trilayer excitations as a function of Fo are given in Table 4 and
those for the spin-forbidden xy(T)—»xy(4) excitation in Table 5. In both cases, the

(a+P) and (a-[3) orbital occupancies of the excited state indicate that these excitations
are highly local for the entire range of potentials. No stable excitations were found for

Fo < 0.3, so that the B3LYP potential (Fo = 0.2) appears to be unable to support these

elementary excitations in VO. The introduction of correlation into the UHF potential
results increases the three spin-allowed excitation energies, and a decrease in the spin-
forbidden energy, which is entirely reasonable, for only the latter involves spin-pairing.
The effect is very similar, qualitatively to that observed in the excitations in MnO.

Tables 4 and 5 also support the inclusion of only the nn Jd interactions in the crystal
field energies, thus for the one-electron excitations, the differences between the FM
and AFi energies vary from 0.008eV to 0.085eV, whereas the two-electron excitation,
which in our approximation involves a difference of 16 | Jd |, the differences between
the two alignments vary from 0.25eV to 0.43eV. As a further check on the consistency
of the calculations, the values of Jd given in Table 3, which are obtained solely from
the ground electronic state, predict differences of 0.24eV and 0.48eV for the two-

electron excitation. Thereafter, both the energies and occupancies of all four
excitations were found to decrease with decreasing exact exchange. As a check on the
influence of slab thickness, UHF calculations of the spin-allowed excitations were

carried out for 5-layer slabs, resulting in decreases of 0.03eV and 0.08eV respectively
for the xy->z2 and xz,yz->z2,x2-y2 excitations, which are perpendicular to the slab,
•*22while the in-plane xy-»x -y energy does not change. Quite reasonably, perpendicular

excitations are the more sensitive to slab thickness, though the relatively small
differences between the 3- and 5-layer energies suggest that Tables 4 and 5 give a

qualitatively correct indication of the weak absorptions in stoichiometric VO,

especially in view of the relative insensitivity of the energies to the proportion of exact

exchange.
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xy—>z2

xy-»x2-y2

xz,yz->z2 ,x2—y2

Fo

State

AE

a+P

a-P

AE

a+p

a-P

AE

a+p

a-P

UHF

FM

2.519

0.925

0.940

1.175

0.916

0.943

2.689

0.936,0.936
0.934,0.947

1.0

FM

2.638

0.921

0.939

1.300

0.911

0.939

2.932

0.931,0.929
0.930,0.942

AF,

2.649

0.914

0.930

1.308

0.930

0.937

3.182

0.923,0.924
0.923,0.939

0.9

FM

2.602

0.916

0.934

1.294

0.907

0.936

2.920

0.927,0.925
0.925,0.940

0.8

FM

2.563

0.910

0.929

1.285

0.901

0.932

2.905

0.923,0.921
0.921,0.936

0.7

FM

2.522

0.902

0.924

1.278

0.896

0.929

2.888

0.916,0.917
0.917,0.932

0.6

FM

2.471

0.893

0.915

1.267

0.888

0.924

2.863

0.911,0.911
0.910,0.926

0.5

FM

2.416

0.877

0.900

1.251

0.878

0.918

2.837

0.902,0.904
0.902,0.921

0.4

FM

2.338

0.847

0.868

1.233

0.867

0.908

2.798

0.890,0.895
0.887,0.911

0.3

FM

2.194

0.761

0.770

1.200

0.849

0.896

2.734

0.867,0.881
0.864,0.898

AF!

2.279

0.828

0.851

1.210

0.883

0.897

3.164

0.865,0.872
0.868,0.893

Table4,Excitationenergies,AE(eV)andexcitedorbitalcharge(a+P)andspin(a-P)occupationforthethreespin-allowed,Laporte-forbidden transitionsasafunctionofFq.
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In the case of NiO [56,57], La2CuC>4 [58,59] and S^CuC^Ch [60] and other first row
TM chalcoginides where d—»d excitations have been observed, an important
consideration is their juxtaposition to the strong anion to cation CT absorption edge.
For MH systems there is the added interest of comparing the energies of on-site and

edge-to-edge (band) excitations of the same orbital types, from which energies of
localisation of Frenkel excitons can be estimated. While such comparisons can be
made for the full range of exchange-correlation potentials, the evidence presented in
reference [48] suggests that comparisons for the B3LYP potential might be the most

meaningful. In the absence of direct values, extrapolating the energies given in Tables
4 and 5 yields approximate B3LYP values of ~0.5 eV, -2.1 eV and -1.2 eV for the

crystal field xy(T)—^xy^), xy(T)->z2(T) and xy(T)—»x2-y2(T) excitations respectively.
These compare with edge-to-edge (band) values in the AFi alignment of - 2.5eV, -
3.2eV and - 3.1eV respectively, leading to Frenkel localisation energies of- 2.0 eV, -
1.1 eV and - 1.9 eV. Furthermore, all four crystal field excitations are predicted to lie

below the strong V—»() CT absorption.

F0 State AE a+P a-p
UHF FM 1.395 1.013 -0.976

1.0
FM 1.151 1.010 -0.964

AFi 1.133 1.015 -0.971

0.9 FM 1.072 1.012 -0.964

0.8 FM 1.012 1.012 -0.959

0.7 FM 0.950 1.011 -0.952

0.6 FM 0.881 1.011 -0.943

0.5 FM 0.809 1.009 -0.930

0.4 FM 0.724 1.005 -0.911

0.3
FM 0.619 0.997 -0.882

AFi 0.675 1.018 -0.905

Table 5. Excitation energy, AE (eV) and excited orbital charge and spin occupation for
the spin- and Laporte-forbidden xy(t)-»xy(^) transition as a function of F0.
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Values for B, C, Acf, d-averaged J and the Tanabe-Sugano T parameter (C/B) [61]
2+

derived from the trilayer excitations and free V ion are presented in Table 6. As the

proportion of exact exchange is decreased the lattice values of B, C and J decrease,
which once again reflects the increasing covalency of the bonding in VO as the

limiting DFT description is approached. No real trend is apparent in Acf with

changing Fo- For the free ion, both B and J decrease with Fo, although there appears to

be a very minor upturn in J as the stability limit for the crystal field excitations is
reached.

The free ion B, C and T parameters for all Hamiltonians compare with values of

0.0936 eV, 0.4038 eV and 4.314 respectively reported by Tanabe and Sugano [61]. A

comparison of the lattice and free ion parameters shows that the Racah C parameter is

strongly reduced by the crystalline environment, notably as the proportion of exact

exchange decreases, leading to reduced Hund exchange coupling. As previously
dicussed in Chapter 1, low spin states at unrealistic energies are a feature of pure
DFT-GGA calculations in the late transition metal oxides, which predict magnetic

collapse at modest hydrostatic pressures [62], However, XES measurements in FeO

[63] indicate that if such spin transitions do occur, they will be at significantly greater

pressures than those derived from the GGA calculations. Data collected and presented

by Tanabe and Sugano [61] suggest that the value of T for free ions, substitutional

impurities and cations in the binary oxides is roughly constant and in the range 4.2 -

4.5 across the first row transition metals. Here, only the UHF values approach this

range, and while the free ion values for low Fo might be acceptably close, in the

crystalline environment, T is reduced to pathologically low levels as the proportion of
exact exchange is reduced.
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Lattice(Trilayer)

FreeV2+Ion

Fo

State

B

C

Acf

J

AE2P

r

B

C

J

r

UHF

FM

0.1119

0.4059

1.220

0.6858

2.687(-0.09%)
3.6264

0.1143

0.4536

0.7394

3.9685

1.0

FM

0.1115

0.3003

1.359

0.5790

2.934(+0.07%)
2.6939

0.1152

0.3534

0.6414

3.0677

AFi

0.1118

0.3895

1.367

0.6689

3.188(+0.19%)
3.4853

0.9

FM

0.1090

0.2721

1.357

0.5447

2.915(-0.19%)
2.4965

0.1132

0.3369

0.6199

2.9761

0.8

FM

0.1064

0.2564

1.355

0.5225

2.890(-0.52%)
2.4092

0.1113

0.3226

0.6009

2.8985

0.7

FM

0.1036

0.2415

1.356

0.5006

2.867(-0.70%)
2.3310

0.1093

0.3131

0.5864

2.8646

0.6

FM

0.1004

0.2250

1.352

0.4759

2.835(-1.00%)
2.2414

0.1073

0.3100

0.5783

2.8891

0.5

FM

0.0971

0.2078

1.345

0.4505

2.793(-1.54%)
2.1401

0.1053

0.3132

0.5765

2.9744

0.4

FM

0.0921

0.1913

1.338

0.4216

2.742(-2.03%)
2.0765

0.1033

0.3179

0.5762

3.0774

0.3

FM

0.0828

0.1819

1.321

0.3889

2.648(-3.13%)
2.1965

0.1013

0.3248

0.5781

3.2063

AFi

0.0891

0.1911

1.331

0.4139

3.170(+0.19%)
2.1443

Table6.RacahB(eV)andC(eV)parameters,d-manifoldaveragedinterbandexchangeconstant,J(eV)andratioT=C/BfortheVionboth
freeandwithinthelattice,asafunctionofFo.Alsoshownarethecrystalfieldsplittingparameter,Acf(eV)andthetwo-particle(xz,yz)—»(z2,x2- y2)excitationenergy,AE2P(eV)anddeviationfromthedirectlycalculatedvalue(Table4)predictedonthebasisofthesingle-particleBandAcf parameters
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Also included in Table 6 is a comparison of AExy.yz-yzV-y2 derived from the (mapped)

crystal field parameters and those obtained directly from first principles calculations.
The close agreement between the two supports the validity of mapping first principles

energies onto the Kanamori crystal field Hamiltonian, notably at the UHF level of

approximation. In the limit of exact exchange the percentage difference between the
direct and indirect (mapped) excitation energies is 0.1% and even at the stability limit
of the excited states, Fo— 0.3, the difference is only 3%.

4. Summary and Conclusions

The principal conclusion of this first principles study of stoichiometric, non-defective

VO is that the ground electronic state in the rocksalt (Fm3m) structure is that of a d3
high spin, antiferromagnetic, Mott-Hubbard insulator with an AFj spin alignment of
the local cation moments. Furthermore, this description remains essentially unchanged
for single particle Hamiltonians ranging from pure UHF, i.e. exact exchange, to

exchange-correlation potentials containing down to 10% exact exchange. It is only for
the pure DFT potential that the AFi phase is predicted to be metallic. Further important
conclusions are that:

(i) for the full range of insulating potentials there is strong spin-lattice interaction
with differences in lattice constant ofup to 1.6% between AFi and FM order

(ii) the AFi lattice constant is predicted to lie in the range 4.35 - 4.37 A, with a

value of 4.37A suggested by direct comparison with a similar range of
calculations for the AF2 alignment of MnO. These values are roughly 7%

greater than the reported lattice constants for the stoichiometric, defective
material [8,9]

(iii) from a mapping of the total energies of the AFi, AF2 and FM alignments onto

an Ising spin Hamiltonian containing both direct and superexchange
interactions the dominant magnetic interaction is revealed to be the direct

coupling of antiferromagnetically aligned nearest neighbour cation spins which
leads to the stability of the AFi phase. While the entire range of insulating

potentials favours the AFi alignment, there is a four-fold increase in the direct

coupling constant from -11.08 meV to -44.31 meV as the proportion of exact
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exchange is reduced from the correlated UHF limit down to 10%. This in turn

leads to an estimated critical disorder temperature in the range 300K - 450K

(iv) the limitations of such a mapping are exposed by a consideration of the AF3
structure which fitted coupling constants derived from FM, AF1 and AF2 total

energies predict to be more stable than AFi, in contrast to direct total energy
calculations

(v) from orbital projected densities of states the filled to unfilled gaps are found to

depend strongly on the proportion of exact exchange and for the widely-
examined B3LYP potential are ~2.5eV for the spin-forbidden xy(T)—>xy(4)
excitation, -3.0 eV for xy(t)—»z2(T) and ~3.5eV for V->0 charge transfer. The
latter might reasonably be identified with a (strong) absorption edge

(vi) that variationally stable, highly local crystal field excited states ranging in

energy from -0.6 eV to -2.7 eV are predicted for exchange-correlation

potentials down to 30 % exact exchange and that all these lie below the

absorption edge. From comparisons with the corresponding band excitations
estimates of -leV to ~2eV are obtained for the Frenkel localisation energy of
the crystal field states

(vii) that a mapping of the excited crystal field energies onto a Kanamori
Hamiltonian leads to values for the (solid state) Racah B and C parameters, and
d-orbital averaged exchange and crystal field energies. A comparison of fitted
and directly-calculated energies for the spin-allowed two electron excitation

222
xz/yz —>z /x -y confirms the validity of such mapping

Finally, there is the problematic issue as to whether there is an 'optimum', or even

'preferred', hybridisation for VO, as discussed for NiO [32,43]. Clearly the lack of

quantitative data for the fully stoichiometric, non-defective material leaves this

unresolved at present. However, even for systems such as NiO and MnO, where the
data are more plentiful, the values of Fo that lead to the best agreement with

experiment, as found in Chapter 2, appear to be both property and system dependent.
For the currently reported range of exchange-correlation functionals, hybridisation in
the mid-region, i.e. Fo in the range 0.3 - 0.6 leads to the widest agreement with

experiment, so that the final conclusion of this Chapter is that is that the 'optimum'
choice for stoichiometric, non-defective VO lies within this range.
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Chapter 6

A Plane-Wave Pseudopotential Study
of Defective Structures in Vanadium Monoxide

1. Introduction

The three monoxides TiO, VO and NbO all show the ability to accommodate large

concentrations of anion and cation defects on underlying perfect rocksalt lattices. In

NbOi.o vacancies at 25% concentration on both sublattices are ordered up to the melt

in a narrow homogeneity range [1], while in TiOx two stable ordered defect structures
are found, namely, the Ti5Os structure with a 16% concentration of anion and cation
vacancies [2] for temperatures below approximately 1300K and stoichiometry in the

range 0.9< x < 1.1, and the TiO| 25 structure with 20% vacancies on the cation

sub lattice alone. In VOx, curves of partial molar oxygen enthalpy against

stoichiometry at 1323K [3] indicate that the strengths of the inter-vacancy interactions
are weak, which would fit with the lack of observation of any ordered structure at

lower temperatures. All three monoxides display semi-metallic or metallic
conductivities [4-6] and it is credible that screening by conduction electrons could
account for some weakening of the vacancy interactions, although why this would not
affect the ordered phases of TiO and NbO remains unclear. Proceeding from this

assumption, Giaconia and Tetot constructed a model for the randomly distributed
defects in VOx based upon the Ising lattice gas Hamiltonian with inter-vacancy
interactions set to zero. It was found to account well for the observed partial molar

oxygen free energy and enthalpy curves at 1300K [7].

Band theory calculations by Burdett and Hughbanks [8] confirmed the stability of the

Ti505-type structure in rocksalt oxides with d2 metal orbital occupancy, and the NbO-

type structure for d compounds. In NbO they concluded that the defect structure is
stabilised by the appearance of filled states associated with anion vacancies in the gap

between occupied oxygen and occupied metal bands. In their analysis, the square

planar coordination of both Nb and O gives rise to a stabilisation of metal z2 orbitals
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which would normally be unoccupied in octahedral d3. The z2 orbitals point toward
and contribute significant electron density to the region of the neighbouring vacancy,

resulting in overlap with eight nearest neighbour metal atoms and strong metal-metal
bonding interaction. The oxygen pz orbital is destabilised in the planar geometry, 4-
fold coordinated oxygen normally favouring a tetrahedral environment, but Nb-0 pz 7t

interactions can partially alleviate this providing that the occupation of Nb-0

antibonding states can be avoided. Metal loss from the crystal then occurs so that the
electron count leads to a Fermi energy lying just below the antibonding states, which
occurs for the experimentally observed 25% vacancy concentration. Leung et al [9] in
their LDA PW-PP calculations observe the formation of anion vacancy states below
the Fermi energy in TisOi and propose a similar stabilisation mechanism, although in
this material only some of the metal atoms lie in square planar environments.

• • 3
For VOi o, the X-ray and pycnometric densities are 6.5 and 5.6 g cm" respectively,

indicating the presence of defects at -15% concentration [10]. Lattice constants of
4.071A [11] and 4.063A [12] have been found at these vacancy concentrations.

1.1 The Plane-Wave Pseudopotential Method

The basic theory underlying the plane wave pseudopotential (PW-PP) method has
been outlined in Chapter 1. This section will concentrate upon explaining why the
PW-PP method is used in this study, in preference to the all-electron LCAO code. Ab-
initio molecular dynamics simulations based upon density functional theory may now
be routinely applied to systems containing some hundreds of atoms. The choice of

plane-waves for the expansion of the single particle orbitals in these methods is a

natural one; for it permits the use of economical fast Fourier transform algorithms,

and, since plane-waves are independent of atomic position, direct access to the forces
is achieved through the Hellman-Feynman theorem. The stress tensor acting upon the
cell is also easily calculated, although a correction is usually applied here for the
effect of a finite basis. In addition, plane-waves do not suffer from basis set

superposition error and treat the representation of electron density at all points in the
simulation cell equally, ft is this ready availability of forces and stresses that is of

great use in the current study, for two of the four structures under investigation have a
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number of atomic and cell degrees of freedom which would be nigh impossible to

optimise in an acceptable time with a localised basis set code.

The use of a plane-wave basis necessarily leads to the introduction of
pseudopotentials for the interaction between valence electrons and atomic cores, for
the representation of core penetrating valence states in a bare Coulomb potential
would be prohibitively expensive. It is generally known that the use of conventional
norm-conserving pseudopotentials is inadequate for the description of transition metal
bearing structures, and so highly transferable ultra-soft pseudopotentials in the
Vanderbilt formalism generated using the PBE functional are employed for vanadium
and oxygen with valence 5 and 6 respectively. To take account of the interaction of
vanadium valence electrons with the frozen semi-core 3s2 3p6 states, non-linear core
correction is applied. No core correction is used for oxygen, for there only the Is
states are frozen. As a validation of the pseudopotentials and computational
conditions used in the plane-wave study, the results of CASTEP calculations for the
FM alignment of a single unit cell of VO are compared with CRYSTAL98 all-
electron results. Values of ao = 4.360A for the lattice constant, ns = 2.44pB for the

unpaired vanadium spin and q = 1.32c for the metal charge emerging in the AFt

alignment at Fo=0.0 from the CRYSTAL98 code compare with ao = 4.290A, ns =

2.28p.B and q = 0.72e for CASTEP calculations neglecting non-linear core correction

and ao = 4.367A, ns = 2.30pe and q = 0.64c when the correction is applied. While
lattice constants and unpaired spin densities appear to agree well between
CRYSTAL98 and the core-corrected method, atomic charges obtained from the

projection of the plane-wave wavefunction onto an arbitrary LCAO basis seem

consistently lower than those obtained from CRYSTAL98. In a previous study of

plane-wave population analysis techniques by Segall et al [13] the ionic transfer of
NaCl and MgO were found to be 0.42 and 0.76c respectively. It would seem,

therefore that underestimation of the ionic charge of oxides is common in the plane
wave projection method, and this study adopts the strategy of analysing the relative
differences in charge between different structures.

Convergence tests with respect to the plane wave kinetic energy cut-off were
conducted for trial versions of each of the structures discussed below. Convergences
of 1.6, 1.4, 1.4 and 1.5 meV atom"1 were obtained between cut-off energies of 441eV
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and 450eV for the non-defective VO and defective V7O7, V5O5 and V3O3 structures

respectively. Since it is known that differences in total energies converge more rapidly
than absolute values, a cut-off of 450eV was deemed adequate. A Monkhorst-Pack

shrinking factor of 12 was found to offer convergence to less than 1 meV atom"1 in the

primitive cell of the ferromagnetic Fm3m structure. The reciprocal space sampling
for all other structures was performed upon meshes of a density as close to this as

possible.

2. The 1 in 4 (NbO-Type) Ordered Defect Structure

As discussed in Section 1, for stoichiometric VOx vacancies on the anion and cation

sublattices are estimated to occur with -16% concentration. The niobium oxide type

defect structure (V3O3), shown in Figure 1 below, incorporates vacancies on both
sublattices at 25% and thus exceeds the observed concentration for VOi.o- The

energetics and electronic structure of the lattice were nevertheless pursued for the

insight they may offer into the lower defect concentrations. The ordered structure has

space group Pm3m (international table number 221, origin 1) with 48 symmetry

operators, and is equivalent to the conventional B1 crystallographic cell with the
introduction of a metal vacancy at (0,0,0) and an oxygen vacancy at ('A,'A,'A). In all

subsequent calculations, a kinetic energy cut-off of 450eV, and an FFT grid of
dimension (36,36,36) were employed. It was found that reciprocal space sampling
with an isotropic Monkhorst-Pack shrinking factor of 8 was sufficient, leading to 20

k-points in the irreducible Brillouin zone (IBZ). SCF, total energy and RMS stress

convergence tolerances were set at 2E-6 eV atom"1, 5E-6 eV atom"1 and 0.02 GPa

respectively. The initial spin polarisation of the cell was held at 9pe for the first 10

cycles of the OGPa run, and allowed to relax thereafter. Stress tensors equivalent to

hydrostatic pressures of -20, -10, 0, 10, 20 and 40 GPa were applied, and

corresponding lattice constants, ao were obtained from geometry optimisations with
finite basis set correction. Obviously, the lattice constant for a given pressure could
also be obtained simply by interpolation between calculations at fixed atomic

geometries, but the present method is used to allow comparison of the energies found
in the NbO-type structure with those for more complex defect supercells in which
finite basis correction of the stress is unavoidable.
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Figure 1. The z = 0 (left) and z = 0.5 (right) planes of the niobium oxide type defect

structure. • = vanadium, o = oxygen, □ — vacancy of appropriate type.

The optimised lattice constant and molecular volume for varying pressures are

presented in Table 1 below. At equilibrium, the V3O3 structure has a molecular
volume some 0.6059A3 higher than the optimised perfect lattice, and a cell length
some 0.057A lower than the value 4.063A observed in the random defect structure by
Loehman et al [12]. The increase in molecular volume in V3O3 is of interest, for it

suggests that the defects have a positive volume.

p ao V E

-10 4.0670 22.4234 -818.6996

0 4.0058 21.4263 -818.7450

10 3.9613 20.7202 -818.7085

20 3.9210 20.0948 -818.6507

40 3.8550 19.0969 -818.4676

Table 1. The lattice constant, ao (A), volume per molecule, V (A3), and energy per

molecule, E (eV) for the NbO-type defect structure at hydrostatic pressure P (GPa).

A Mulliken analysis is performed on the wavefunction as projected onto a set of

atomic orbitals internal to the CASTEP code. It should be stressed that the localised
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set of orbitals is in no way used in the SCF. An indication of the quality of the

projection is provided by the spilling parameter, defined as the sum of the charge in
the total plane-wave electronic density which is unaccounted for in the localised basis

representation. A maximum spilling of 0.70% of the summed density is found at

pressure -lOGPa, which is entirely satisfactory. The results of the Mulliken analysis
are presented in Table 2 below. Also included is the analysis of a run at the

equilibrium volume in which the total spin of the cell was locked to 9pB to

convergence. This solution lies some 1.790 eV per molecule higher in energy than
the ground magnetic state. At OGPa, a reduction in ionic charge of -23% is noted in

going from the perfect lattice to V3O3, with an increase in metal-oxygen bond

population of -O.le. Most dramatically of all, a complete collapse of magnetism on

the metal sites is predicted. The forced ferromagnetic run deposits all impaired spin

density on the metal atoms and shows an increase in ionic charge of -14% over the
unconstrained solution, while the metal-oxygen overlap remains essentially

unchanged.

p
Oxygen Vanadium

O
s P d q ns s P d q ns

-10 1.84 4.66 0.00 -0.49 0.00 0.18 0.16 4.17 0.49 0.00 0.31

0 1.83 4.66 0.00 -0.49 0.00 0.17 0.13 4.22 0.49 0.00 0.31

of 1.82 4.73 0.00 -0.56 0.00 0.14 0.22 4.08 0.56 3.00 0.30

10 1.82 4.66 0.00 -0.48 0.00 0.16 0.11 4.25 0.48 0.00 0.30

20 1.82 4.66 0.00 -0.48 0.00 0.15 0.09 4.28 0.48 0.00 0.30

40 1.81 4.65 0.00 -0.46 0.00 0.14 0.06 4.33 0.46 0.00 0.29

Table 2. The s, p and d-shell occupation (e), total ionic charge, q (e), unpaired spin

population, ns (pB) and nearest-neighbour vanadium-oxygen overlap population, O (e)
for the NbO-type defect structure at hydrostatic pressure P (GPa). ' Total spin of cell
fixed to 9|o.B-

It is unclear whether the collapse of spin on the metal sites represents the ground state

of the V3O3 structure, for the CASTEP code does not offer the ability to set the initial

spin of individual atoms. The ferromagnetic solution is clearly much higher in energy,

but the stabilities of antiferromagnetic alignments in this crystal structure are yet to be
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determined in the plane-wave method. CASTEP calculations were attempted for
broken metal symmetries with 9pe and 3pH total cell spin, but in both cases the

converged electronic structure that emerged was the spin-collapsed ground state

discussed earlier. For comparison, the energy per molecule of the perfect FM lattice
at equilibrium is -817.8905eV. Previous work does however suggest that the ground

magnetic state of perfect VO is the AFi alignment. Direct and superexchange

coupling constants (including a factor Sz =9/4) of -43.21 and +4.73meV were

extracted from BLYP calculations for AFi, AF2 and FM VO within CRYSTAL98 and

may be used here to approximate the energy of the CASTEP GGA-PBE AFi state.
Within the Ising model, the AFi alignment is lower in energy than the FM by an

amount 8|Jd|, yielding a correction of size 0.3457eV and an estimated CASTEP AFi

energy of -818.2362eV. Of course, the application of this correction relies upon the

hypothesis that coupling constants derived within GGAs of different functional form
do not vary all that greatly. Recent work in the late TMOs, discussed in Chapters 1
and 2 has shown this to be true. The important point to note from the foregoing
discussion is the stability of V3O3 over the perfect VO AFi lattice by ~0.5eV, and it is
clear that no reasonable adjustment of the coupling constants could lower the energy

of the perfect AFi lattice by this amount.

A comparison of the atom projected densities of states (PDOS) for the equilibrium

ferromagnetic Fm3mcell (Figure 2) with that for the V3O3 structure (Figure 3) was

carried out. The Fm3m PDOS shows that the Fermi energy falls at a point some 4eV
from the lower edge of a broad band of metal-derived states ofwidth ~8eV, while the

upper edge of the oxygen-derived 2p states of band width ~5eV starts some 5eV

below the Fermi level and are thus separated from the metal states by a small gap
~leV in width. Metal-oxygen hybridisation is indicated by the significant V3d
contribution to the oxygen levels, and a smaller relative contribution of 02p states to

the metal bands. The PDOS clearly show ferromagnetic order, with a small (~0.5eV)

exchange splitting of the 02p levels, and a much larger splitting of ~2eV within the
metal states, while the a and (3 02s states remain essentially degenerate. Taking the

splitting into account, the metal bandwidth of both majority and minority spins is
reduced to 6eV.
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Energy (eV)

Figure 2. The atom-projected densities of states for FM VO. O(p) states are shown in
blue, V(d) states in red, O(s) states in black. The Fermi energy is denoted by a vertical
dashed line.

Energy (eV)

Figure 3. The atom-projected densities of states for the V3O3 structure. O(p) states are
shown in blue, V(d) states in red, O(s) states in black and, for comparison, FM VO
total DOS in thick grey. Fermi energies are denoted by vertical dashed black and grey
lines for V3O3 and FM VO respectively.

In the equilibrium V3O3 structure the spin collapse on the metal sites means that there
is no exchange splitting in the PDOS plots. The gap between the 02p and V3d
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dominated bands in the perfect crystal is closed by split-off states, leading to an

increase in widths of the 02p and V3d bands of ~leV and 7eV respectively. The
dramatic increase in the metal band width is due to the joining of the band at the
valence edge with the significant metal weight in the anion band, while the relative

weight of oxygen states in the metal band decreases. The identity of the split-off states
is unclear from the CASTEP PDOS. The 02s states remain unaffected by the

introduction of vacancies, in contrast to the small upward shift noted by Burdett and

Hughbanks. If the picture of the electronic structure in d3 NbO applies essentially
unaltered to d3 VO, then the split-off states from the oxygen band can be attributed to
the destabilised pz orbital, and those from the metal band to the stabilised z orbital.
The Fermi energies fall at -3.583eV for the equilibrium perfect lattice and at -5.041eV
for the equilibrium V3O3 structure. The fall in Fermi energy further indicates the

stabilising effect of the introduction of vacancies.

In order to further investigate the effect of vacancies on the electronic structure of

VO, the properties of the V3O3 structure were computed using the CRYSTAL98 code
within the B3LYP hybrid Hamiltonian. Here, the capabilities for projection of the
DOS upon individual atomic orbitals was utilised, leading to the plot for the spin

collapsed state shown in Figure 4 below.

The calculation was performed at a molecular volume of 21.0256A3, chosen

deliberately to equal the primitive volume of the perfect AF) lattice within the B3LYP
method. It is likely, with knowledge of the CASTEP results, that the equilibrium
volume for the V3O3 structure is greater than this value. The basis set was of the same

form as that used previously in studies of the perfect lattice, with the addition of an

optimised 0(d) polarisation function of exponent 0.35 bohr"2. Unaltered anion and
cation ghost basis sets were maintained at the positions of the vacancies. The results
of the CRYSTAL98 calculations are collected in Table 3 below. Also considered is

the V3O3 AF state, in which the symmetry of the cation and anion sublattices is

broken, leading to inequivalence of atoms Vi and V2, and Oi and O2, and a reduction

in the number of operators in the space group to 16. The net spins of V] and V2 are

initially set at (3 and a respectively.
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Energy (eV)
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Figure 4. The atomic orbital projected densities of states for the spin-collapsed V3O3

structure emerging from the B3LYP hybrid method in the CRYSTAL98 code. Key: *

0(px/py), x 0(pz), o V(xz/yz), □ V(z2), A V(xy), 0 V(x2-y2). Dashed line is

Fm3mVO densities of states for comparison Dotted vertical line marks Fermi

energy.

TE Vv v, v2 Vo O, o2

AFi Fm3m 0
a+P 21.550 9.450

a-P 2.843 -0.021

V3O3 +0.885
a+P -0.525 21.526 1.352 9.199

a~P -0.008 0.167 -0.020 -0.027

V3O3 AF +0.679
a+P -0.506 21.530 21.532 1.274 9.221 9.209

a-P -0.002 -1.866 1.475 0.021 -0.066 0.007

Table 3. The total energy per molecule, TE (eV), relative to the AFj perfect lattice,
and Mulliken charge, a+p, and spin, a~P populations upon the vanadium and oxygen

atoms and vacancies.
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Considering first the V3O3 structure with full Pm3m symmetry, it is immediately
clear from Figure 4 that the introduction of vacancies leads to a conducting state in
accord with experiment, whereas in the perfect AFi lattice a band gap of width
2.445eV was obtained. At this molecular volume, and for the B3LYP Hamiltonian,

the perfect AFi structure is found to be more stable than V3O3. It is, however, the
detail of the change in electronic structure upon introduction of the vacancies that is

pursued here. The ionic charge on oxygen is reduced by 0.25c or 17% of the value in
the perfect lattice, as compared to 0.15c or 23% within the GGA-PBE functional in
CASTEP. Interestingly, the metal charge remains largely unchanged. In keeping with
the CASTEP results, the spin moment on the metal atoms has all but vanished. The

negative population on the metal vacancy is unphysical, and is indicative of negative

Vy-neighbouring oxygen off-diagonal elements in DS, the product of the density and

overlap matrices. The Mulliken method partitions the charge contribution arising from
basis functions on different atoms equally between the two atoms involved. It is

expected that a population analysis in the Lowdin formalism, which uses the
S1/2DS1/2 product, would remove the negative off-diagonal elements. To ascertain
where the negative Vv population should properly reside, the calculation was repeated
with the ghost basis at the Vy site removed. Comparison of the results with those

including the Vv ghost basis shows that metal and Vo populations remain largely

unchanged at 21.554c and 1.341e respectively, while oxygen populations were

reduced by 0.2c from 9.199e to 8.999e. As expected, oxygen atoms immediately

neighbouring the metal vacancy take up the majority of the negative population. The
total energy per formula unit relative to the AFi perfect lattice is +0.909eV, indicating
that the removal of the Vv basis has a minimal effect on the energetics of the
structure. A view along the Vy—O—Vv and Vo—V—VQ paths is presented in

Figure 5 below. Total charges may be assigned as the sum of the charge on the

vacancy and half of that on the six neighbouring atoms. It is found that this amounts

to 1.280 holes or electrons for the Vv and V0 site respectively with the Vy ghost
basis, and 1.353 holes or electrons without.
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(b) (d)

Figure 5. Electron populations of vacancies (□) and changes in population of

neighbouring atoms (o oxygen, • metal) relative to perfect AFi lattice for (a) Vv site,
cell includes Vv ghost basis, (b) Vy site omitting Vv ghost basis, (c) Vo site, cell
includes Vv ghost basis and (d) Vo site omitting Vv ghost basis.

Cartesian axes for the projection in Figure 4 onto atomic orbitals were arranged for
both metal and oxygen such that the z direction points toward the nearest neighbour

vacancy, while x and y lie within the plane and point directly toward the neighbouring

ligands. Along with metallic character, the densities of states reveal a splitting of

orbital degeneracy in the oxygen band beyond that found in Fm3m AFi, with a small

upward shift of pz states, and large stabilisation of px and py states. The upper oxygen

2band edge, however, remains close to -5.5eV, as in the perfect lattice. The occupied
• 2metal orbitals are of mainly xz, yz and z symmetry, with the lower vanadium band

edge shifted downward in energy by ~1.5eV. The gap between the occupied oxygen

and metal bands, which is -l.leV in width in the perfect AFi lattice, is closed in the

presence of vacancies. The majority of the x2-y2 and xy states lie above the Fermi

energy, although the former orbital has a significant weight in the oxygen band,
coincident in energy with the oxygen px and py states. The weight of such states
indicates an increase in V(x2-y2)—0(px/py) o-type hybridisation at the reduced metal-
oxygen bond length of the V3O3 structure. It can be concluded that the electronic

structure of V3O3 revealed by the detailed projections is largely consistent with the
shifts in energy proposed by Burdett and Hughbanks.

A further breakdown of the Mulliken charges into orbital contributions yields a V(d)

occupancy (z2, xz, yz, x2-y2, xy) of the form (0.744, 0.936, 0.936, 0.500, 0.324), and
an oxygen (s, px, py, pz) occupancy of the form (3.852, 1.664, 1.664, 1.938), as
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compared to (0.230, 1.010, 1.010, 0.229, 1.013) and (3.925, 1.828, 1.828, 1.827)

respectively for the perfect AFi lattice. The Vo ghost basis occupancy is (0.812,
0.179, 0.179, 0.179), with the majority of the charge lying within the 4sp-shell. The

unpaired spin arises only upon vanadium, and has orbital contributions of the form
(0.016, 0.038, 0.038, 0.006, 0.067), as compared to (0.027, 0.911, 0.911, 0.021,

0.954) in the perfect lattice.

The V3O3 AF structure shows similar changes in ionicity, but here the total energy per
molecule is 0.206eV lower than for unbroken symmetry, and a spin moment of 1.48—
1.87 pe is retained. The V(d) occupancy for V2 is (0.725, 0.940, 0.940, 0.504, 0.334),
the oxygen occupancy for Oi is (3.865, 1.660, 1.660, 1.959) and the Vo occupancy is

(0.795, 0.160, 0.160, 0.157) (again, mainly in the 4sp shell). The unpaired spin on V2
has contributions (-0.324, -0.685, -0.685, -0.019, -0.133).

A comparison of the B3LYP energy-volume curve for the defect structure to that for
the perfect lattice is of some interest. As shown in Figure 6 below, the V3O3 structure

lies at a much higher energy than the perfect lattice, and the equilibrium molecular
volume is smaller at 20.1867A3, as compared to 20.9656A3 for the perfect lattice with
the O(d) polarisation function. It is clear, therefore, that V3O3 may occur in the
B3LYP phase diagram only as a potential high pressure structure. The results are

quite different to those obtained within the GGA-PBE functional in CASTEP,

wherein the V3O3 structure is predicted to be more stable than Fm3mVO. It was
considered that the placing of an unaltered oxygen basis at the Vo site might be

responsible for the high energy of V3O3, and so an optimisation of the relevant

exponents was performed. Efforts were concentrated on the 4sp-shell at the V0 site,
since all previous calculations indicated that only this part of the set held any

significant charge. A change in the 4sp exponent, a, from 0.17 to 0.15 bohr"2 yielded a

minimal reduction in energy of 26meV per molecule, and a large increase in Vo

occupancy from 1.352 to 1,563e. This highlights the dangers involved in treating the
Mulliken populations as meaningful in an absolute sense. Interest should instead be

focussed upon changes in population between calculations using the same basis. The

optimal exponent seems to lie below 0.15 bohr"2, but any further reduction in a leads
to a divergent SCF sequence and numerical catastrophe. It is clear, though, that the

high energy of V3O3 is not due to any inadequacy in the basis at the Vq site, and must
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be considered a feature of the B3LYP Hamiltonian. Previous chapters have shown

that Hamiltonians incorporating increasing amounts of Fock exchange display

increasing localisation of charge. It is possible that the increase in localisation entailed
in going from the PBE to the B3LYP functional may limit the penetration of metal
states into neighbouring oxygen vacancies, and thus destabilise the V3O3 structure

with respect to the perfect lattice.

Volume (A3)

Figure 6. Plot of total energy against volume (both per molecule) for Fm3m AFi VO

(•) and for the Pm3m V3O3 structure (o). Note break in vertical axis.

3. The 1 in 8 Ordered Defect Structure

The V7O7 structure shown in Figure 7 below incorporates vanadium and oxygen

vacancies at 12.5%, and is classified P4/mmm (international table number 123, origin

1) with 16 symmetry operators in the group. Both a and c cell lengths and the

positions of O and V atoms at sites 2 and 3 respectively are free to vary, while cell
vectors a, b (|b| = a)and c are constrained to be mutually perpendicular. The ideal

structure is realised for a = V2c with oxygen type 1, O], at positions (0, Vz, Zt) and (Yi,

0, V2), O2 at positions (±Va, ±%, 0) and O3 at (0, 0, V2). Vanadium type 1, Vi is at
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position (0, lA, lA), V2 at positions (lA, 0, 0) and (0, lA, 0) and V3 at positions (±%, ±lA,

'A). Full optimisation of atomic and cell degrees of freedom was carried out under the
imposition of stress tensors equivalent to hydrostatic pressures of -5, 0, 5, 10, 20 and
30 GPa. Computational conditions were identical to those employed for the NbO-type
structure, with the exception ofMonkhorst-Pack sampling on a (5,5,8) grid, leading to
24 special points in the IBZ, an FFT grid of dimension (36,36,25) and RMS atomic
force and displacement tolerances of 0.01 eVA"1 and 5E-4A respectively.

0 m 0 • O m 0 • 0 • □ • 0 •

• 0 • O • 0 • 0 • 0 • O • 0

0 • 0 m 0 • 0 • □ • ^3 • 0 •

• 0 *2 02*^ 0 • 0 • •3 • 0

0 20 • 1 02 0 • •3
Vl

□ 3# •

• 0
a

O 2J»
2 /

0 • 0 • •3 • 0

0 • O
Z S

m 0 • 0 • □ • • 0 •
z = 0 z = 0.5

Figure 7. The z = 0 (left) and z = 0.5 (right) planes of the V7O7 defect structure. • =

vanadium, o = oxygen, □ = vacancy of appropriate type.

Within the P4/mmm group, the displacement away from ideal positions permitted for
atoms O2 and V3 lies along the line in the ab plane that links the atom with the nearest

neighbour vacancy. The results of the geometry optimisations are presented in Table 4
below.

Under the influence of increasing hydrostatic pressure, the ratio of lattice constants

decreases very slightly from the cubic value of yfl. The free oxygen atom 02 is

displaced away from the nearest neighbour metal vacancy for negative and zero

pressure, and displaced toward the vacancy for all positive pressures. The free metal
atom V3 is always displaced toward the neighbouring vacancy.
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p a c a/c V E Atom u,v 8u,v (xlO 3)

-5 6.0342 4.2799 1.4099 22.2624 -818.3868
02 0.25714 -7.14

v3 0.25275 +2.75

0 5.9287 4.2327 1.4007 21.2535 -818.4071
02 0.25387 -3.87

V3 0.25882 +8.82

5 5.8504 4.1887 1.3967 20.4807 -818.3974
o2 0.24901 +0.31

V3 0.26173 +11.73

10 5.8043 4.1548 1.3970 19.9963 -818.3789
o2 0.24751 +2.49

V3 0.26250 +12.5

20 5.7287 4.1014 1.3967 19.2282 -818.3076
02 0.24405 +5.95

V3 0.26388 +13.88

30 5.6662 4.0575 1.3965 18.6102 -818.2118
02 0.24186 +8.14

V3 0.26484 +14.84

Table 4. Optimised a and c lattice constants (A), ratio a/c, volume per molecule, V

(A3), energy per molecule, E (eV), fractional coordinates (u,v) of atoms O2 and V3

along a and b (|b| = a) cell vectors and variation from ideal position, 8 (in fractions of

a, where 8 > 0 indicates movement toward nearest neighbour vacancy) for the V7O7
structure at hydrostatic pressure P (GPa).

The localisation of effective vacancy charges and the effect of polarisation both make
it difficult to predict the nature of atomic relaxation around the vacancies. Curves of 8

against P (not shown here) suggest that the magnitude of the displacement approaches
a limiting value at high P. This can be rationalised as indicating that the atoms are

approaching an optimal packing that is unchanged by further increase in pressure. The

energy of V7O7 in equilibrium lies ~0.2eV below the approximated value for perfect
AFi VO, and so, while it is less stable than V3O3, the presence of concentrations of
vacancies as dilute as 12.5% suffices to lower the energy of the lattice. Again, the
molecular volume is greater in V7O7 than in the perfect lattice. The values of c and

a/V2 might usefully be compared with the cubic lattice constant of 4.063 A found in

VO1.0 by Loehman et al. Here, at equilibrium, c is -0.17A and a/V2 -0.13A greater

than this value, as compared to the close match obtained in V3O3.
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p At. s P d q ns At. s P d q ns

O! 1.82 4.80 0.00 -0.62 +0.02 Vi 0.12 0.17 4.17 0.54 +2.18

-5 o2 1.84 4.75 0.00 -0.59 0.00 v2 0.18 0.12 3.97 0.73 +2.52

03 1.85 4.75 0.00 -0.60 +0.02 V3 0.17 0.23 4.05 0.55 -2.14

o, 1.82 4.79 0.00 -0.60 0.00 Vi 0.10 0.12 4.21 0.57 +1.78

0 o2 1.84 4.74 0.00 -0.58 0.00 v2 0.17 0.09 4.01 0.73 +2.36

o3 1.85 4.74 0.00 -0.59 +0.02 V3 0.16 0.20 4.12 0.52 -1.64

o, 1.81 4.78 0.00 -0.59 0.00 Vi 0.10 0.09 4.27 0.54 +1.04

5 o2 1.83 4.73 0.00 -0.56 0.00 V2 0.17 0.06 4.06 0.71 +2.14

o3 1.85 4.73 0.00 -0.59 +0.02 V3 0.15 0.17 4.16 0.51 -1.30

0, 1.81 4.78 0.00 -0.59 0.00 V, 0.10 0.06 4.31 0.54 +0.56

10 o2 1.83 4.72 0.00 -0.55 0.00 v2 0.16 0.04 4.09 0.70 +2.04

03 1.85 4.73 0.00 -0.59 +0.02 V3 0.15 0.16 4.19 0.51 -1.16

Oi 1.80 4.78 0.00 -0.58 0.00 Vi 0.10 0.03 4.35 0.52 +0.28

20 o2 1.83 4.71 0.00 -0.54 0.00 V2 0.16 0.01 4.14 0.69 +1.86

o3 1.85 4.73 0.00 -0.58 +0.02 V3 0.14 0.13 4.23 0.51 -0.98

Oi 1.80 4.77 0.00 -0.57 0.00 Vi 0.11 0.00 4.39 0.50 +0.16

30 o2 1.83 4.71 0.00 -0.54 0.00 v2 0.15 -0.01 4.19 0.67 +1.74

o3 1.84 4.73 0.00 -0.58 +0.02 v3 0.13 0.10 4.26 0.50 -0.86

Table 5. The s, p and d-shell occupation (c), total ionic charge, q (c) and unpaired

spin population, ns (pB) for all atoms comprising the V7O7 defect structure at

hydrostatic pressure P (GPa).

Table 5 above contains the detail of the electronic structure of V7O7 at various applied
stresses. The charges upon metal atoms at equilibrium are in the range q = 0.52 —
0.73c for the square pyramidal and octahedral sites respectively. The average value
lies at 0.59e, some 0.1c higher than in V3O3 and remains largely unchanged by
increase in pressure. The charges upon the oxygen atoms are in a smaller range -0.58

0.60c, corresponding to the square pyramidal and octahedral sites respectively.
In contrast with the spin-collapse in V3O3, unpaired spin is found on each of the three

types of metal site. The spin alignments are such that an antiferromagnetic ground
state is obtained, rendered imperfect by the presence of defects. In an indexing
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appropriate for the Fm3m conventional cell, ferromagnetically aligned (100) planes
are arranged such that their magnetisation reverses with progress along the [100]
direction. Were it not for the presence of the vacancies, a supercell of the perfect
lattice AFi arrangement would be realised. The V7O7 cell would be expected to bear a
net spin moment given the spin alignments discussed above, but the magnitude of the
moments on the individual metal atoms are arranged such that their sum is close to

zero. For example, the value of j{p«(r) - pp(r)}dr directly integrated upon the fast
Fourier transform grid is 0.0033 pB in the equilibrium structure, rising to 0.1575pB at

20GPa. For comparison, the sums of the moments arising from the Mulliken analyses
are -0.06p.B and 0.08pB for OGPa and 20GPa respectively. The sensitivity of the spin
moment at the square-planar Vi site to change in the V—O bond length is striking.
For example, in the equilibrium structure, a large value of 1.78pB is obtained at a V—

O bond length (a/V8 ) of 2.0961A. However, the V) moment at 30GPa undergoes a

dramatic collapse to 0.16pB for a relatively small reduction in bond length to

2.0033A. The latter bond length is similar to the value of 2.0029A found in the V3O3
cell at equilibrium, where a complete collapse of the magnetic moment is predicted.

So, the behaviour of vanadium in square-planar coordination seems similar in V3O3
and V7O7. The spin moments borne by the octahedral V2 and square-pyramidal V3
sites seem much less affected by change in bond length, although the moment at the
latter site does effectively halve with an increase in pressure from 0 to 3OGPa.

The atomic orbital projected densities of states were calculated for the equilibrium
structure, and are shown in Figure 8 below, along with the total DOS for perfect FM.
Whereas in V3O3, the upper edge of the 0(2p) band lay ~leV higher in energy than in

perfect FM, the V7O7 band edge is almost coincident with that of the defect-free
material. The spin-up PDOS for the V(3d) states shows similar band edges in the
defective and perfect material, although the maximal weight of states is pushed to

higher energy in V7O7. The 0(2s) states are noticeably split in V7O7 into three

separate peaks which correspond to the octahedral, square-pyramidal and square-

planar environments of the Oi, O2 and O3 sites respectively. The gap between

occupied oxygen and metal bands now features a small band of 0(2p) states of

approximately 1.1 eV width. The changes wrought in the DOS plots in progress from
V3O3 to V7O7 are understandable in terms of the decreasing concentration of defects:
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in the extreme case of a well isolated vacancy in a large supercell, the defect would be

expected to contribute a narrow feature to the band gap with minimal change
elsewhere. The Fermi energy for V7O7 falls at -4.4712eV, in comparison with
-3.5825eV in FM VO and -5.0409eV in V3O3.

Energy (eV)

Figure 8. The atom-projected densities of states for the V7O7 structure. O(p) states are

shown in blue, V(d) states in red, O(s) states in black and, for comparison, FM VO
total DOS in thick grey. Fermi energies are denoted by vertical dashed black and grey

lines for V7O7 and FM VO respectively.

4. The 1 in 6 (TiO-Type) Ordered Defect Structure

The monoclinic V5O5 structure, shown in the V10O10 conventional cell in Figure 9

below, incorporates vanadium and oxygen vacancies at 16.66%, and is classified as

A112/m (international table number 12, C-unique, cell-1 setting), with 8 and 4

symmetry operators in the conventional and primitive cells respectively. The "ideal"

V10O10 structure (i.e. that in which, neglecting vacancies, the underlying face centred
cubic arrangement is reproduced) is realised for lattice vectors

M '0"

~ac , b = 2ac and c = 0

I 0 J I 0 J ,ac J
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Figure 9. The z = 0 (left) and z = 0.5 (right) planes of the V10O10 defect structure. • =

vanadium, o = oxygen, □ = vacancy of appropriate type. Underlined labels indicate

atoms for which displacements are reported in Table 7 below.

where ac is the lattice constant of the conventional fee cell. The magnitudes of the cell

vectors are therefore a = V2ac, b = V5acand c = ac, while angles are of size a = [3 =

90° and y = 108.4349488°. The volume of the general V10O10 cell is given by

V = (abc)cos(y -90). Within the idealised structure, metal and oxygen atoms of site

types 1, 2 and 3 occupy positions in fractional coordinates as follows,

2 V) atoms in the 2(c) position (7,0,0) (7,7,7),
2 Oi atoms in the 2(b) position (0,7,0) (0,0,7),
4 V2 atoms in the 4(i) position (0,0,0 :0, \, -*•)+ x, y,0 : x, y,0,

with x = j,y=j,
4 V3 atoms in the 4(i) position with x = f, y = j,
4 02 atoms in the 4(i) position with x = |,y = ~,

4 O3 atoms in the 4(i) position with x = -§, y = |.

194



In general the structure will be non-ideal and then all of the a, b and c cell lengths, the
angle y and the (x,y) parameters of oxygen and metal atoms at sites O2, O3, V2 and V3
are free to vary, yielding 12 parameters that must be optimised for each volume of
cell. In terms of the conventional lattice vectors, the ideal V5O5 primitive cell is
defined by,

1
, 1 - 1 K 1 ,4

ap = 2 2C' " = 2 2C Cp =a'

The magnitudes of the cell vectors are then ap = bp = -J~ac ar|d cp = V2ac, while
cell angles are of size a = p = 106.7786549° and y = 48.18968511°. The fractional
coordinates of the atoms along the primitive vectors then become,

0,=

o2 =

f\ 1 N
-,-,0
v2 2 ,

V, 0.0

o,

f 1 1 5^ (\ I 5^ (1 1 n ri 1 n
Vo =U' 6' 6y 9 1^6' 6' 6V 9 v 2 [3' 3 '6j 9 1'3 '3 '6 J'

fl 1 n r\ I I" ri 1 21 ri i 2'
Vo =u 6' 3 J 9

^6'6'3 J 9 v 3 ^3'3 '3J 9U '3 '3/

As before, the positions of atoms O2, O3, V2 and V3 are free to vary. All of the

following calculations were performed in the primitive cell, but the optimised

geometries have been transformed back to the conventional cell for ease of

visualisation. Full optimisation of atomic and cell degrees of freedom was carried out

under the imposition of stress tensors equivalent to hydrostatic pressures of -5, 0, 5,

10, and 20GPa. Computational conditions were identical to those employed for the
V3O3 and V7O7 structures, with the exception of Monkhorst-Pack sampling on a

(9,9,6) grid, leading to 135 special points in the IBZ and an FFT grid of dimension

(40,40,48). The initial guess for the the geometry of the equilibrium cell was the ideal
lattice with ac = 4A. All subsequent runs took as an initial guess the final structure of
the closest run at lower magnitude of pressure. Tables 6 and 7 below report the results
of the geometry optimisations.
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p a b c y V E

-5 5.9700 9.2558 4.1386 107.0456 21.8642 -818.6749

0 5.9043 9.1757 4.1092 107.2347 21.2627 -818.6866

5 5.8367 9.1278 4.0818 107.4464 20.7462 -818.6800

10 5.8058 9.0777 4.0468 107.9430 20.2916 -818.6672

20 5.6944 8.9070 4.0058 108.4844 19.2690 -818.5979

Table 6. Optimised a, b and c lattice constants (A), cell angle y (°), volume per

molecule, V (A3) and energy per molecule, E (eV) for the V10O10 structure at

hydrostatic pressure P (GPa).

P At. 5U (x 10~2) 5V (x 10~2) d(Vo) At. 6U (xlO"2) 5V (x 10~2) d(Vv)

-5
v2 -1.6963 -1.4482 1.998 o2 +1.8137 +1.0963 2.255

V3 -0.9297 +3.3352 1.756 o3 -1.3813 +1.6788 2.262

0
V2 -1.7483 -1.4502 1.971 o2 +1.4977 +0.9543 2.208

V3 -1.0907 +3.3902 1.730 o3 -1.2763 +1.7008 2.241

5
v2 -1.8080 -1.4770 1.944 o2 +1.1450 +0.8021 2.161

V3 -1.2302 +3.3941 1.713 o3 -1.1473 +1.7239 2.224

10
v2 -2.1536 -1.6370 1.902 o2 +0.7906 +0.5951 2.113

V3 -1.2452 +3.2953 1.716 o3 -0.9845 +1.7498 2.214

20
v2 -2.3510 -1.8337 1.839 o2 -0.9441 -0.1618 1.961

V3 -1.8126 +2.5645 1.722 o3 -0.5553 +1.5460 2.145

Table 7. Displacements, 5„ and 8V, in fractions of a and b respectively of atoms V2,

V3, O2 and O3 (underlined on Figure 9) from ideal positions, V2 V3 O2

^'°J and O3 '^'°] and distances of atoms from nearest neighbour vacancies, d (A)
in the V10O10 structure at hydrostatic pressure P (GPa).

As Figure 10 below shows, the variation in the a, b and c lattice parameters with

hydrostatic pressure is smooth up to lOGPa. In the range 10-20GPa the data suggest

that there may be a discontinuous change in structure involving sharp reductions in
constants a and b and an increase in constant c. The data are too sparse to identify
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whether this effect is real or merely an artefact of the limited set of pressures studied.

Nevertheless, the variation in molecular volume with pressure is smooth across the

whole range -5 to 20GPa. A plot of the cell angle y against pressure (not shown here)
also yields a smooth, increasing trend.

Figure 10. Plots of lattice constants a, b and c (A) and molecular volume (A3) against
pressure, P (GPa) for the V10O10 structure. Solid and dashed lines are quadratic fits to
the whole data set and the set excluding the 20GPa point respectively.

In interpreting the pattern of atomic displacements reported in Table 7, it is useful to
know what would be expected in the ideal material. The components of the

displacements in ideal VioOio for movement toward the nearest neighbour vacancies

obey the following relationships,
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V2: 5U = 25v, §u < 0,

V3:5u = -5v, 5u < 0,

02: 8U = 28v, Su < 0,

03: 8U = -8v, 5U > 0.

In the relaxed structures it is evident that V2 and V3 are both displaced toward their

nearest neighbour oxygen vacancies, although the ratios of |5V| to |5U| are much larger

than the ideal values of lA and 1 respectively. This indicates a significant deviation in
the displacement from motion along the line joining the ideal metal position to the

vacancy. The components of the displacements of the free oxygen atoms 02 and 03
indicate relaxation away from their nearest neighbour metal vacancies, save at 20GPa

where 02 displays relaxation toward V<> At low pressures the ratios of |8V| to |5U| are
close to the ideal values, but the agreement degrades with increasing pressure. The

change in mode of relaxation of 02 at 20GPa supports the potential discontinuity in
lattice constants at the same pressure discussed earlier. As an aid to visualisation,

Figure 11 below shows the optimised structure of the VioOio cell at equilibrium.

Comparison of the energies per molecule obtained thus far shows that the V5O5
structure at equilibrium is more stable than the estimated AFj VO by ~0.45eV. The

V303 structure, however, still lies some 0.15eV lower than V5O5, and thus remains the

predicted ground state for all the structures studied.

Figure 11. A representation of the atomic positions and the cell in the relaxed
structure of equilibrium VjoOio- Dark and light atoms are vanadium and oxygen

respectively.

z = 0 z = 0.5
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Table 8 below contains the Mulliken analyses of the electronic structure of V5O5 for
various hydrostatic pressures. The charges on the metal atoms are in the range from
0.45e to 0.64e corresponding to the square planar and one of the square pyramidal
sites respectively, with an average charge of 0.53e, some 0.05e higher than in V3O3.
As in V7O7, the oxygen charges show a much smaller range of values, from 0.55c to
0.5 8e for square planar and one of the square pyramidal sites respectively.

p At. s P d q ns At. s P d q ns

O, 1.84 4.72 0.00 -0.55 -0.04 V, 0.19 0.16 4.19 0.46 +1.04

-5 02 1.84 4.74 0.00 -0.59 -0.02 V2 0.18 0.22 4.04 0.56 +1.66

O3 1.84 4.74 0.00 -0.59 +0.02 V3 0.14 0.14 4.07 0.65 -1.54

O, 1.83 4.71 0.00 -0.55 -0.04 V, 0.18 0.14 4.22 0.45 +0.90

0 o2 1.84 4.74 0.00 -0.58 -0.02 v2 0.17 0.20 4.07 0.56 +1.54

03 1.83 4.74 0.00 -0.57 0.00 v3 0.14 0.12 4.10 0.64 -1.36

o, 1.83 4.71 0.00 -0.54 -0.02 V, 0.18 0.13 4.24 0.45 +0.80

5 o2 1.84 4.74 0.00 -0.58 0.00 v2 0.16 0.18 4.09 0.56 +1.44

o3 1.83 4.74 0.00 -0.57 0.00 V3 0.14 0.11 4.13 0.63 -1.22

0, 1.83 4.70 0.00 -0.53 -0.04 V, 0.18 0.11 4.25 0.46 -0.88

10 o2 1.83 4.74 0.00 -0.58 0.00 v2 0.15 0.16 4.13 0.56 +1.36

o3 1.83 4.73 0.00 -0.53 0.00 v3 0.13 0.10 4.16 0.61 -0.64

o, 1.82 4.69 0.00 -0.51 -0.04 V, 0.17 0.09 4.32 0.42 -0.78

20 o2 1.83 4.73 0.00 -0.56 0.00 v2 0.14 0.11 4.17 0.58 +0.90

o3 1.83 4.72 0.00 -0.55 0.00 v3 0.13 0.07 4.23 0.57 -0.16

Table 8. The s, p and d-shell occupation (e), total ionic charge, q (e) and unpaired

spin population, ns (|tb) for all atoms comprising the V10O10 defect structure at

hydrostatic pressure P (GPa).

The V5O5 structure lacks sites with octahedral coordination, so that comparison with
the charges at this site in V7O7 or perfect VO is not possible. The ionic charge shows
a slight decrease with increasing pressure, but the effect is not pronounced. Spin

density is, in the main, confined to the metal sublattice. The moments at OGPa for
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sites V2 and V3, which are square-pyramidal coordinated with nine and ten next-

nearest neighbour (nnn) metal atoms respectively, are only slightly smaller than the

corresponding moment in V7O7, by amounts 0.10pB and 0.28pB respectively. The
moment at equilibrium borne by the square-planar site Vi is 0.88pe smaller than that
in V7O7: a large reduction. The moment at this site, however, does not exhibit the
same dramatic fall with increasing pressure as was found previously in V7O7. The
reason for the retention of moment in V5O5 is unclear, since the pattern of

displacements sees the Vi—O2 and Vi—O3 bond lengths go from 2.067 A and
2.129A respectively at OGPa to 2.025A and 2.048A respectively at 20GPa. Changes
of that order in the bond length in V7O7 saw the moment collapse from 1.78pB to

0.28(!b- Instead, in V5O5, it is the moment at the 10 nnn V3 site that collapses under

pressure, going from -1.36pB at OGPa to -0.16pB at 20GPa.

The alignment of the Vi moment flips at lOGPa due to the relative reductions in the
size of the moments at all metal sites. To see why this should occur, consider the
scalar products of the moments at sites 1 and 2, S1S2, and at sites 1 and 3, S1S3,

where, in the Ising model, all moments being taken pairwise, each moment is
constrained to lie either parallel or antiparallel to the other member of the pair. Now,

including only direct exchange terms, and neglecting changes in the coupling constant

due to atomic displacements, the contribution to the energy of the V10O10 cell of terms

involving Si is [-8 Jd S1-S2 -12 Jd S1S3]. An assumption inherent to this model is that
the size of any given moment depends only upon the local environment (i.e., upon the
V—O bond length) and is unaffected by its alignment. Table 9 below presents the
factors multiplying Jd as figured for the values of the metal spin moments presented

previously in Table 8.

The pure DFT CRYSTAL98 results in the BLYP Hamiltonian show that Jd < 0 (i.e.
the direct coupling is antiferromagnetic), and thus this simple model correctly predicts
the stability of magnetic states with Si > 0 for pressures of -5, 0 and 5GPa, and Si < 0
for pressures of 10 and 20GPa. The transition point must lie somewhere in the range 5
< P < 10 GPa, and occurs primarily due to the rapid collapse in magnetic moment on

the 10 nnn V3 site, for the term involving S2 in Table 9 can be seen to vary very little
in magnitude across the transition range, while that involving S3 falls rapidly. For the
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p s, s2 S3 -8 SrS2 -12 Si*S3 Total

-5
1.04 1.66 -1.54 -13.81 19.22 5.41
-1.04 1.66 -1.54 13.81 -19.22 -5.41

0
0.9 1.54 -1.36 -11.09 14.69 3.60
-0.9 1.54 -1.36 11.09 -14.69 -3.60

5
0.8 1.44 -1.22 -9.22 11.71 2.50
-0.8 1.44 -1.22 9.22 -11.71 -2.50

10
0.88 1.36 -0.64 -9.57 6.76 -2.82
-0.88 1.36 -0.64 9.57 -6.76 2.82

20
0.78 0.9 -0.16 -5.62 1.50 -4.12

-0.78 0.9 -0.16 5.62 -1.50 4.12

Table 9. The spin moments Si, S2 and S3 (pe) on corresponding metal sites, and the

components and summed total of factors (pe ) multiplying Jd in the expression [-8 Jd

S1S2 -12 Jd S1-S3] f°r various hydrostatic pressures, P (GPa).

V5O5 primitive cell at OGPa, the value of j{p„(r) - pp(r)}dr integrated directly upon

the FFT grid is 1.23pB, which compares very favourably with the calculated Mulliken

value (S1+2S2+2S3) of 1.26pB and lends credibility to the use of Mulliken spin
moments in the model above. It is clear that the moments in V5O5 are not arranged in
orientation or magnitude such that the net spin of the cell is brought close to zero, as

was found in V7O7.

The atom projected densities of states for V5O5 at equilibrium are plotted in Figure 12

below, and there compared with the perfect FM total DOS. The top and bottom 0(2p)

edges are ~0.7eV and ~0.3eV higher respectively in V5O5 than in the majority spin

projection of perfect FM. The top V(3d) edge, meanwhile, lies close to that in perfect

FM, while the lower edge shows extension of metal states into the gap between the
two topmost valence bands. The 0(2s) band is little changed in shape from the perfect
FM form, but the top edge is pushed ~0.4eV higher in energy. The Fermi energy of
V5O5 lies at -4.7086eV, as compared to the perfect FM value of -3.5825eV. As

discussed above, the V5O5 cell bears a net spin moment, but a comparison of the band

edges of majority and minority spins does not reveal a splitting. The spin polarisation
instead arises from the relative weights ofa and P states up to the Fermi energy.

201



15

10

5

>
V

'-2- 0
w

;z

-5

-10

-15

-30 -25 -20 -15 -10 -5 0 5 10

Energy (eV)

Figure 12. The atom-projected densities of states for the V5O5 structure. O(p) states
are shown in blue, V(d) states in red, O(s) states in black and, for comparison, FM VO
total DOS in thick grey. Fermi energies are denoted by vertical dashed black and grey

lines for V5O5 and FM VO respectively.

5. Conclusions

The primary conclusion of this study is that, within the VO1.0 stoichiometry, all defect
structures simulated have a lower energy per molecule than the perfect rocksalt lattice,
with the 1 in 4 V3O3 structure showing the greatest stability. The predicted ground
states of V3O3 type in the present GGA-PBE study of VO, and V5O5 type in the LDA
PW-PP study of TiO by Leung et al are both in agreement with the simple models

proposed by Burdett and Flughbanks. Figure 13 below shows the energy-volume
curves for all structures studied within VOi.o-
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Figure 13. Plots of energy, E (eV), against volume, V (A3) both per molecule for

perfect rocksalt VO (estimated AFi energy) (o), V7O7 (□), V5O5 (0) and V3O3 (A).

It is clear from the figure that vacancies at all concentrations contribute positively to
the volume of the lattice. In the previous study of TiO, the molecular volume for the

Ti3C>3 structure was found to be -3A3 higher than for the perfect lattice. Here, in VO,
the same comparison yields a difference of only -0.6A3. Additionally, the difference
in energy between equilibrium TisOs and Ti303 was found to be quite large at ~0.2eV,
but here in VO amounts to only ~0.06eV. Of course, there is prior experimental and
theoretical evidence that the vacancies in VO1.0 do not form an ordered structure, due

to inter-vacancy interactions of low strength. The calculations reported here, though,

suggest that the defects in VOi 0 will occur at a concentration close to 25%, relatively
far from the 15% derived experimentally by comparison of X-ray and pycnometric
densities. The calculated equilibrium lattice constant of V3O3, 4.0058A falls within
1.4% of the value 4.063A observed in the random defect structure by Loehman el al.

In equilibrium V7O7, (a/V2 ) = 4.1922A and c = 4.2327A are respectively 3.2% and

4.2% from the experimental value, while in equilibrium V5O5, (a/a/2 ) = 4.1750A,

(b / a/5 ) = 4.1035A and c = 4.1092A fall within 2.8%, 1.0% and 1.1% respectively of

experiment. It is clear that either V3O3 or V5O5 provide approximately cubic cell

edges of the appropriate dimension, and it is difficult to say which of them more

closely matches experiment.
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Chapter 7

A UHF Study of Crystal Field Excitations in
Pure and Hole-Doped S^CuC^C^

1. Introduction

Chapter 1 has already provided an overview of the crystal field excitations in the TMOs, the
experimental results for the cuprate S^CuC^Cfe will be presented here. An early study of the
optical spectra ofS^CuC^CU was made by Perkins et al [1], in which it was surmised that the
d i ->d 2 2excitation occurred at an energy ~ 0.5 eV, with possible implications for the
z x -y

mechanism of superconductivity in the doped system. Kuiper et al [2] reported the resonant x-

ray Raman spectra, from which they assigned directly the dxy —> d^_y2 and degenerate

dyz-»dx2 y2 and dxz->dx2_y2 transitions at 1.35 eV and 1.8 eV respectively and
inferred a value of 1.5 eV for the dz2 —> d x2_y2 transition. Using theoretical arguments they
showed the latter to be accompanied by a spin-flip which increased the energy by 0.2 eV,

thereby denying its direct assignment from the x-ray Raman spectra. While the case made by
the later authors [2] for the last of these assignments well above the previous value [1]

appears to be both robust and convincing, independent support of this view, or otherwise,
would be useful. Furthermore, while it is reasonable to assume that the d —» d excitonic

properties of pure S^CuC^CU remain essentially unchanged in the hole-doped

(superconducting) system, this may not be precisely the case, so that the possible involvement

of the dz2 —» d x2 2 excitation in the superconducting mechanism may not be completely
resolved. Accordingly, this chapter reports, for the first time, direct first principles
calculations of the Cu d —> d excitations in pure and hole-doped S^CuC^CU, clarifying the

position with regard to the energy of the dz2 -» d^ y2 excited state in this model high Tc
cuprate. As in previous chapters, the formal basis for the analysis of the excitations is
contained within the Kanamori Hamiltonian, as discussed previously in Chapter 1.
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One earlier study reported Cu d -> d excitations in the range 1.26 eV - 2.20 eV for the quasi

one-dimensional, spin-1/- Heisenberg antiferromagnet, Sr2Cu03 [3] in which the local

symmetry at the Cu site is D4h , as it is in Sr2Cu02Cl2. In this material, the dz2 -» dx2_y2
transition was predicted to lie at 2.20 eV, but, to the best of the author's knowledge, this has
not been confirmed experimentally.

2. Theoretical Method

The theoretical basis and computational procedures used in the current study are documented
in Chapter 1. As was the case for VO in Chapter 5, the aim here is not the same as that of

previous chapters, for in the case of NiO and MnO, experimental properties were well
established, and it was the ability of hybrid schemes to reproduce the experimental values that
was under test. In Sr2Cu02Cl2, by contrast, no clear conclusion has arisen from experiment as

to the energies of the d-»d excitations, and it is hoped to provide some theoretical input. To
this end, the earlier strategy of varying the weight of exact exchange is surfeit to

requirements, and instead the UHF method is used, for its performance in NiO is well
documented [4,5]. All calculations refer to the experimental I4/mmm (International Table

No. 139) structure of Sr2Cu02Cl2 [6,7], with a ( = b) and c lattice constants of 3.972 A and

15.613 A respectively.

Figure 1 below shows the crystallographic cell, while Figure 2 depicts the antiferromagnetic

supercell. The Sr, Cu and O basis sets used previously for Sr2Cu03 [3] are employed here,
with the addition of an optimised {ls,2sp,3sp,4sp,3d} set for CI. As for the study of holes in
NiO in Chapter 4 and on previous occasions [3-5], the approach to local defects is based on

the use of periodic supercells of varying size, from which the energies and properties of
isolated defects can be extracted.

3. Results

UHF calculations predict the ground state of Sr2Cu02Cl2 to be a highly ionic, d9
antiferromagnetic (AF) insulator with an in-plane dx2 2 hole, i.e. oriented in the Cu-O bond
directions. The hypothetical ferromagnetic (FM) spin arrangement, which is also insulating, in
contrast to previous LMTO [8] and FLMTO [9] calculations, is 26.5 meV/Cu higher in energy
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Figure 1. The crystallographic structure of S^CuC^Cfj. The

planes above z = 0.5 are, in increasing order of z-coordinate,
2nd and 1st puckered SrCl layers. Numbers give fractional z-
coordinates. Small filled circles are Cu, small open circles are

O, large hatched circles are CI, large grey circles are Sr.

0.5

Figure 2. The magnetic structure of S^CuChCb: a a/2 x a/2 expansion of the original

crystallographic cell in the (ab)-plane. The a lattice constant of the crystallographic
cell is shown.

Atomic charges, d-orbital populations and local Cu spin moments, calculated by the Mulliken

prescription, are collected in Table 1, where the overall ionic character and highly atomic
nature of the d-manifold are evident.
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9Sr fiCu qo qci nxy nxz/yz V n 2 2
x -y ns

Ground 2.03 1.83 1.92 1.03 2.00 2.00 1.99 1.01 0.92

d xv —> d 2 2*y x -y
2.03 1.89 1.93 1.03 1.02 2.00 2.00 2.03 0.98

d 2 -> d 2 2
z x -y

2.03 1.89 1.93 1.03 2.00 2.00 1.02 2.03 0.98

d xz / dyz ~*
d 2 2
x -y

2.03 1.90 1.93 1.03 2.00 1.02 2.01 2.03 0.99

Table 1. S^CuChCb AF ground and excited state UHF atomic charges, qa (e), d-orbital

populations, ria and Cu spin moments, ns (pB)

Atom projected valence band densities of states, shown in the upper panel of Figure 3,
confirm the strong ionicity in S^CuC^Cfe for these reveal overlapping 0(p), Cl(p) bands

spread over ~ 6.5 eV from the Fermi level, with the Cl(p) upper edge shifted by ~ 1 eV. The

Cu(d) bands, which range from —8 eV to —12 eV, are each extremely narrow, in keeping
with their highly atomic character. The conduction band edge is predominantly dx2 y2 , so
that the band gap of~ 15 eV is essentially of p —> d CT character, in keeping with the position
of the cuprates in the ZSA scheme. Once again, this contrasts with previous LMTO
calculations [8,9] which find S^CuC^Cfe to be a MH system. The lower panel of Figure 3
shows the projected densities of states for the Cu d-levels where their juxtaposition indicates
clear orbital polarisation linked to strong on-site Coulomb (U,U') and exchange (J)
interactions. Now a Kanamori analysis of a d9 [(t2g)6(eg)2(eg')1] configuration in the more

symmetric Oh crystal field (used here as an approximation to the true D4h symmetry) indicates
that the energies of the individual d-levels depend on the relative magnitudes of the crystal
field splitting ACf and the average on-site exchange energy, J. Specifically, for 2J > Acf > J,
the filled d-level spectrum is of the form

e,'(t) t2e(t) tj,(.|.)

"Acf"

eg(t) eg(4-)

2J
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This is broadly similar to the calculated spectrum shown in Figure 3, with eg's d 2 2 andx y

eg =dz2 , but modified by the reduced D4h symmetry of Cu in S^CuC^Cfe, so that the eg'(T) -
eg(T) separation is (U - U') and the splitting of the doubly-occupied dxy, dxz/dyzand
d 2 bands are 0.7 eV, 1.2 eV and 1.4 eV respectively and not all equal. One necessary caution

here is that the Kanamori analysis has neglected the orbital dependencies of the Coulomb and

exchange interactions. These were shown to be important in the analysis of the d —> d
excitations in NiO presented in Chapter 3. It is immediately clear that in the

dz2 —I► dx2 y2 excited state, for example, the eg' and eg levels are inverted, thus ruling out the
possibility of any type of rigid-band prediction of the spin-allowed d -» d excitations from the

ground state eigenvalues. Such a naive analysis would place the excited states in the order
d 2 —> d 2 2 < d v,/dvv —» d 2 2 < dvv—> d 2 2 , which is exactly the reverse of the
z x -y x -y x -y

observed order, with energies of ~ 25 eV, which is more than an order of magnitude greater

than the experimental (and directly calculated) values. Furthermore, the d -» d states would
be predicted to be higher in energy than the charge-transfer states, which calculations by
Tanaka and Kotani [10] have estimated to be in the region of 5 eV.

Similar calculations to those for the ground state find the three spin-allowed d -» d excited

states in the AF alignment to be variationally stable. As shown in Table 1, the ionicity of
these states is practically identical to that of the ground state, with conservation of the total d

population and local spin moment. Changes in the individual d-orbital populations, which are

within 2% of ±1, are characteristic of highly local atomic transitions corresponding to fully
localised Frenkel excitons. The energies of supercells containing multiple excited Cu atoms,

including the fully excited Cu sublattice, indicate that the excitonic interactions between
nearest neighbour sites are all less than 0.007 eV, which further confirms the highly local
nature of these excitations. Direct total energy differences between the AF ground and excited
states lead to UHF energies of 1.10 eV, 1.53 eV and 1.57 eV for the dxy-> dx2_y2 , dz2 ->

dx2_y2 and dxz/dyz —> d^_y2 excitations respectively, as presented in Table 2 below.
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The reasonable assumptions can now be made that the leading correction to the eg —> eg
2 2

excitation energy is the difference between the (d 2) and (dx2_ 2) pair correlation

energies, and that, similarly, the leading correction to the two t2g -» eg excitation energies is
the difference between (dx2 2 )2 and (dxy)2 and (dxy)2 / (dyz)2 pair correlation energies.
Furthermore, it seems reasonable to propose that the corrections to the two t2g —> eg

excitations will be close in magnitude. Now, a comparison of the UHF calculated excitation

energies with the experimental results of Kuiper et al [2] reveals that the UHF dxy -» d 2_ 2x y

energy underestimates experiment by 0.25 eV, and that the degenerate UHF dxz/dyz—»

dx2 y2 excitation underestimates experiment by 0.23 eV. The argument presented above
would therefore seem to be correct, in that the pair correlation corrections to the two t2g —> eg

excitations are essentially identical. Importantly, no such correction is necessary for the UHF

dz2—> dx2 y2 excitation (as evidenced by the similarity of UHF and Raman results), and
thus the current calculations fully support the conclusion of Kuiper et al [2] that the energy of

the d 2 -> d 2 2 excited state is close to 1.5 eV and not in the mid-infrared at ~ 0.5 eV, as
z x -y

suggested previously by Perkins et al [1],

Excitation
Periodic
UHF

Apparent Pair
Correlation
Correction

Correlated
Cluster

'Uncorrelated'
Cluster

Raman

[2]

dxy^ dx2_y2 1.10 0.25 1.23 0.98 1.35

dz2^ dx2-y2 1.53 -0.03 1.18 1.18 1.5

dxz^dyz *
d 2 2
x -y

1.57 0.23 1.50 1.25 1.8

Table 2. Comparison of the energies (eV) of the three spin-allowed d —» d excited states in

Sr2Cu02Cl2 from first principles periodic and cluster calculations [11] with experiment [2],

Figure 4 shows the projected densities of Cu(d) states for the three excitations compared with
the ground state, from which the origin of the strong renormalisation is evident. In addition to

the largely uniform relaxation of the O(p) and Cl(p) states, there is extensive reorganisation of
the Cu d-manifold driven by the changes in the on-site Coulomb and exchange interactions,
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which UHF calculations treat exactly, and it is these adjustments, notably those of the local d-

states, that lead to the substantial reductions in energy from the rigid band values. Figure 4

also shows that while the excited state d-level structures differ quite clearly from that of

ground state, the effects of orbital occupancy and crystal field asymmetry are the same. For all
three excited states the singly occupied band is lowest in energy and there is unequal spin-

splitting of the four doubly occupied bands in each case.

It is instructive to compare the current results with the correlated cluster calculations reported

by de Graaf and Broer [11] for the insight this offers into the influence of the extended

surrounding lattice, even for such highly local excitations. Table 2 above presents the relevant

data. These authors found energies of 1.23 eV, 1.18 eV and 1.50 eV for the dxy-» d^2 y2 ,

dz2—> dx2_ 2 and dxz / dyz —> d^2 _y2 respectively, which are qualitatively incorrect with
respect to the order of the excited states and too low by 0.12 eV - 0.3 eV, although they do

support the view that the dz2 —» d^2_y2 excitation is not in the mid infra-red region. If, as a

rough guide, the correlation corrections deduced above are subtracted from these values to

give an estimate of the 'uncorrected' energies, it can be seen that the clusters used by de
Graaf and Broer [11] underestimate the effect of the extended lattice by an amount

comparable to the correlation energy. This is interesting, for clusters of the size used by de
Graaf and Broer enable the inclusion of a substantial fraction of the correlation energy. While
the magnitude of this underestimate might be considered to be small, it can result in a

qualitatively different picture of the low energy spectrum from that derived from periodic
calculations. In the case of S^CuCb, for example, for which the periodic UHF d —> d

excitation energies have been reported previously [3], the inclusion of the correlation

corrections deduced here for t2g -» eg transitions suggest that all the d -> d excitations lie
above the insulating gap of - 1.5 eV reported by Maiti et al [12], whereas cluster calculations

[11] suggest that the dxy -> d 2 2 excitation lies below the absorption edge, as indicated inx y

Table 3.
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Excitation
Periodic UHF
+ Correction

Correlated
Cluster [11]

dxy-> dx2_y2 1.51 1.08

dyz->dx2_y2 2.12 1.53

d xz ~^ d 2 2xz x y
2.18 1.67

d 2~> d 2 2
z x -y

2.20 2.11

Table 3. Predicted energies (eV) of the spin-allowed d —» d excited states in Sr2Cu03 from

[3],

In their assignment of the d^ —> d^2_y2 excitation, which is not observed directly in the x-
ray Raman spectra, a crucial step in the argument invoked by Kuiper et al [2] is that the
excitation is accompanied by a local spin flip which increases the energy by ~ 0.2 eV to a

value close to that for dxz / dyz—> d 2_ 2, thereby denying its direct observation. Tox y

address the origin and magnitude of this spin-flip energy, the Ising model may be used, with
the form

nn

^Spin = yd^<7iC5j '
ij

where the summation runs over nearest neighbour (nn) Cu atoms, Qj and oj are spin variables
with values of ±1 and J is the superexchange coupling between nn spins. The mean field
disorder temperature is given by 2J/kB, which by simple scaling by 0.56 to allow for
fluctuations [13], leads to a Neel temperature, TN, of ~ 1.12J/kB • Now Vaknin et al [7] have

reported TN for Sr2Cu02Cl2 to lie in the range 251 K - 310 K , which leads to values of J from
~ 19 meV to ~ 24 meV coupling Cu d 2_ 2 spins in the AF ground state. The energy to flipx y

a single spin in the AF alignment can be computed from Hspin as 8J, leading to a spin-flip
energy of ~ 0.15 eV to ~ 0.19 eV based on the values for J deduced from the Neel

temperature. Given the approximations involved, it is believed that this estimate is supportive
of the value proposed by Kuiper et al [2], This suggests that the increase in energy of~ 0.2 eV

for the dz2 —> dx2_y2 excitation in the resonant x-ray Raman spectra of Sr2Cu02Cl2 is due
essentially to the flip of a d 2_ 2 spin in the AF ground state rather than a d 2 spin in thex y z

excited state. UHF calculations support this interpretation, for while the directly calculated
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ground state spin flip energy of 0.05 eV would appear to be too low by a factor of four, the

energy to flip a d^2 spin in the excited state is predicted to be ~ 0.002 eV, which is much
lower still. However, Moreira et al [14] have shown that the Fock-35 hybrid yields accurate

exchange constants in NiO, and it was proposed to try this method in S^CuC^Cfe. Following
their prescription, but keeping all other aspects identical to those for the UHF calculations, a
value for J of 32.73 meV is found, leading to a ground state spin flip energy of 0.26 eV,

which, again, is close to the value proposed by Kuiper et al [2].

The same supercell approach to that used previously in Chapter 4 for NiO and in Ref. [3] for
Sr2Cu03 is used here for the study of hole-doped Sr2Cu02Cl2. As before, variationally
minimised states are sought for singly ionised supercells within a uniform charge-

compensating background to remove the Coulomb singularity. Operating under identical

computational conditions to those for the ground and d —> d excited states, the lowest energy
free hole state is found to be essentially of O(p) character (ie ~ d9L), in accord with the

ground state densities of states. The lowest energy O(p) hole is n polarised, lying in the CUO2

planes (denoted 7t||) and has ~ 84 % of the charge density and ~ 98% of the spin density
localised at a single site. Two excited 0(p) hole states of n± and a polarisations have also

been found, lying ~ 0.2 eV and ~ 0.9 eV respectively higher in energy. The charge and spin
densities of the it± state are very similar to those of the 7i|| state but are more dispersed in the

high energy ct state, though it is still essentially localised. Apart from the changes in the

charge and spin densities at the hole site, all other atomic charges, d-orbital populations and
local Cu spin moments remain within 2% of the (neutral) ground state values. As before, a

naive rigid-band prediction of the spin-allowed d -» d excitations nearest neighbour to the
hole site put these in the order d 2 -» d 2 2 < dv, / dv,—> d 2 2 < dv,,-» d 2 2 .r

z x -y y x -y xy x -y

Variationally stable Cl(p) and Cu(d) holes have been obtained, at energies 2.3 eV and 4.6 eV

respectively above the 0(p7t||) state. The influence of these holes, if any, on the d -» d excited
states have not been pursued due to their high energies.

Once again UHF calculations employing identical computational conditions find the three

spin-allowed d —> d excitations nearest neighbour to the O(p) hole to be variationally stable

by minimisation of the total energy for all three polarizations of the hole in configurations in
which the unpaired spin at the hole site is both ferromagnetic (p(T) - d(T)} and

antiferromagnetic (p(T) - d(>L)} to the excited Cu spia The energies of these excited states
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with the inclusion of the correlation correction of 0.25 eV for the two t2g —> eg excited states

are given in Table 4.

Excitation p(t)-d(4.) P(t)-dd Defect
Free*7t|| 7t± a 7t|| TCx a

dxy-> dx2_y2 1.31 1.30 1.24 1.39 1.33 0.86 1.35

dz2_>dx2-y2 1.31 1.39 1.44 1.36 1.41 0.76 1.53

dxz^dyz
d 2 2
x -y

1.62 1.64 1.47 1.66 1.68 1.07 1.82

Table 4. Energies (eV) of the three spin-allowed d —> d excited states nearest neighbour

to 7i||, Tlx and a O(p) holes in AF S^CuC^Cfe compared with the defect free values

While the presence of an 0(p) hole in all three polarizations and in both local spin alignments
reduces the energies of the d —» d states, for the two low energy O(p^) holes the reduction is

predicted to be in the region of 0.1 eV - 0.2 eV, with no evidence for the d^ -> d^2 y2 state
in the region of 0.5 eV. There is a marked reduction for the O(p0) hole, but the energy of this

state, ~ 0.9 eV, might reasonably be taken to preclude any role it might play in the low

temperature properties of S^CuChCfe. An analysis of the atomic charges, d-orbital

populations and densities of states reveals d -> d states whose electronic distributions are

changed little from those in the absence of a nearest neighbour hole, with very similar re¬

organisation of the t2g and eg levels.

Finally, to put the results into context, both from the point of view of the low energy excited
states of Sr2Cu02Cl2, and the more general methodological question as to the wider utility of
direct excited state calculations, the energies of the nearest neighbour (nn) prr -> dx2 2 ,

p7ix —> d 2_ 2 and per —> d 2_ 2 CT states have been calculated, in which the unpairedx y x y

oxygen spin is either parallel or antiparallel to the transferred electron spin. The method used
in calculations of the CT states involves placing constraints upon the occupation of the atomic
states involved through shifting of the relevant eigenvalues of the Fock matrix. This is not a
normal feature of CRYSTAL98, and so the code was altered to fit the purpose. It should be
noted that an interpretation of the UHF band gap at face value places these around 15 eV.
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Once again, a Kanamori analysis is instructive, for, quite apart from any changes to the 0(p)
states at the hole site, the d10 configuration at the acceptor site now assumes the ideal, spin-

independent splitting of the t2g and eg states by Acf, quite unlike that for the d9 ground state,

so that any recourse to a rigid-band estimate is totally inappropriate. Under identical

computational conditions to those for the ground and d -» d states, direct UHF calculations
find energies of (5.249, 5.274), (5.572, 5.598) and (5.545, 5.284) eV respectively for the

(Tt,t40 charge-transfer states, which compare with values of around 5 eV predicted by
Tanaka and Kotani [10] based on a parameterised impurity Anderson model. A similar
calculation for the nearest off-site Cu(dz2 ) —> Cu(dx2_y2 ) charge transfer yields an energy
of 9.4 eV. These energies calculated from direct total energy differences neglect the dipole-

dipole interaction between supercells so that it is reasonable to assume that they are upper

bounds to the UHF value of the isolated excitation. As in the case of the d —» d excited states,

the leading correction to the UHF energies are the difference between the (p7t|| )2 / (p7x L)2 and

(d^2_y2 )2 pair correlation energies, but it is unlikely that these amount to more than a few
tenths of an eV, at most. Allowing for the effect of band widths, as extracted from the
densities of states, leads to an absorption edge in the region of 2 eV, which is close to that

observed experimentally [15]. Mulliken analyses suggest that in these nn CT states ~ 70% of
net electron charge density is localised at the acceptor (Cu) site and ~ 76% of net hole charge

density at the nn (O) donor site with ~ 88% of the transfer net spin density localised at the two
sites. Changes to the surrounding atomic charges and orbital populations amount to less than
2% of the ground state values, so that these nn CT states are also predicted to be Frenkel
excitonic in nature. As expected, the extensive re-organisation of the valence levels at both
the donor and acceptor sites, leads to substantial relaxations from the rigid band energies.

4. Conclusions

In conclusion, it has been shown that a direct SCF approach to the three spin-allowed d -> d
excited states in S^CuC^Cfe leads to energies in good agreement with the resonant X-ray
Raman spectra of the dxy —» d^_y2 and dxz —» d^2__y2 excitations observed by Kuiper et
al [2] and in full support of their conclusion that the energy of the dz2 —» dx2 y2 state, which
is not observed directly, is 1.5 eV rather than 0.5 eV which had been suggested previously [1],
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The difference between the UHF and experimental d™—>• d 2 2 energies, which can be
x y

2 2
ascribed largely to the difference between (d^2_y2) and (dxy) pair correlation, is 0.25 eV,
a value which is very close to the corresponding difference in NiO [5] and might reasonably

represent a useful estimate of the correlation correction to UHF t2g -> eg energies more

generally for other late first-row transition metal ions in an octahedral crystal field. Assuming
this correction applies to the d^ -» dx2_y2 excitation and that the (dz2 )2 and (dx2_y2 f
pair correlation energies are similar so that there is essentially no correction to the UHF

dz2 -» dx2 y2 excitation energy, leads to values of 1.35 eV, 1.53 eV and 1.83 eV for the
dxy-» dx2_y2, dz2 —> dx2_y2 and dxz -> dx2_y2 states respectively, compared with
values of 1.35 eV, 1.5 eV and 1.8 eV reported by Kuiper et al [2],

Crucial to the assignment of the dz2 —» d^_y2 energy is the associated spin flip energy of ~
0.2 eV, which has been shown to be entirely consistent with the Neel temperature and the

magnetic coupling constant arising from the Fock-35 hybrid. A comparison with previous
correlated cluster calculations, which predict an incorrect order of the d —> d excited states,

indicates that these do not capture fully the influence of the extended surrounding lattice.

Identical calculations, but in the presence of a nearest neighbour 0(p7r||) hole, find changes to
the excited state energies of no more than 0.1 eV - 0.2 eV, thereby removing any lingering

possibility that the dz2 —» dx2_y2 state might be involved in the mechanism of high-Tc
behaviour.

With regard to two, more general points, first, the calculations highlight the extent to which
even highly atomic excitations involve extensive re-organisation of open-shell levels in

particular, leading to a substantial lowering of UHF rigid band energies. It follows from this
that comparisons of the ground state eigenvalues with experimental spectra are an ill-founded

guide as to the quality of the UHF ground state. Secondly, the chapter shows that inter-site

transitions, such as CT excitations are also amenable to a direct SCF approach, leading to

excitation energies that are comparable in accuracy to those for on-site transitions and in

apparent agreement with previous estimates.
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Chapter 8

Conclusion, Publications and Acknowledgements

1. A Universal Functional for the Transition Metal Oxides?

Chapters 1, 2, 3, and 4 of this work are those which directly address the question of
whether there exists a single hybrid functional which yield values for most properties
in good agreement with experiment. There is a large amount of data to retain here,
and so a summary is provided in the Table below.

Material Property Hybrid Scheme Range of F0
NiO Spin Moment PW91-PW91 0 1 pto

ff Energy Gap rr <Nd1o
rr Fermi Energy rr 0.2-0.3
rr CT Insulating rr >0.3
rr Spin Moment Becke-LYP 0.1 - 1.0
rr Energy Gap rr nolo
rr Fermi Energy rr 0.2-0.3
rr CT Insulating rr >0.2

MnO Spin Moment Becke-LYP 0d 1 o
rr Energy Gap rr <Nd1d

NiO Lattice Constant rr 0 to 1 d
rr Bulk Modulus rr

no agreement
MnO Lattice Constant rr 0.6-0.7

rr rr Becke-no-LYP no agreement
rr Bulk Modulus Becke-LYP 0d 1 o
rr rr Becke-no-LYP p i—* 1 o to

NiO Direct Coupling Becke-LYP >0.5
rr Superexchange Coupling rr 0.2-0.3

MnO Direct Coupling rr 0.1-0.2
rr Superexchange Coupling rr VOd1uod
rr Direct Coupling Becke-no-LYP T—Hdiod
rr Superexchange Coupling rr 0.1-0.2
rr Pressure Gradient of TN Becke-LYP <Nd1d
rr rr Becke-no-LYP pd 1 o
rr Magnetostriction Becke-LYP p 1 o to
rr Crystal Field Excitations rr 0.4-0.5
rr B1 to B8 Transition rr 0.0-0.2

NiO Crystal Field Excitations rr 1.0-UHF
rr dKL Hole State rr >0.4

>0.5 d L Hole Insulating rr >0.4
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• Grouping properties into crude 'types', it is clear that the lattice constants of
MnO and NiO in the correlated scheme are best described by a high Fo > 0.5,

whereas the bulk modulus is better described by a broad range of F0 in

functionals lacking correlation. Thus, there is no clear consensus for the
'structural' types of property.

• The spin moments of MnO and NiO are best described by a small range of

weights of Fo < 0.5, and this applied also to energy gaps and Fermi energies.
The requirement for a CT insulating ground state in NiO falls within this

range, and thus, for the 'electronic structure' type of property, a choice of Fo <
0.5 seems to be advised

• A consideration of direct magnetic coupling in MnO and NiO in the correlated
scheme leads to ranges of F0 that do not overlap, with similar occurring for the

superexchange coupling. However, the ranges of best-fit Fo do seem to be
concentrated around the mid-range. The most consistent description of

magnetism occurs in MnO with the uncorrelated method, where Jd, Jse and the

pressure gradient of Tn can all be described by Fo in the range 0.0 - 0.2. The

agreement between the range of Fo in the correlated scheme for a best

description of Jd and the size of the magnetostriction effect in MnO is

gratifying. The conclusion must be, though, that there is no clear consensus for
the 'magnetic' types of property.

• The crystal field excitations in NiO and MnO produce best-fit ranges of F0
that are far from overlapping. This is due to the problem of pair correlation

energy that arises in MnO. A fairer test would therefore use NiO and at least

one other TMO in which the crystal field excitations can occur without change
in metal spin. The fact that the crystal field excitations in Sr2Cu02Cl2 are in

good agreement with experiment at the UHF level, in combination with the

high best fit range of F0 for the excitations in NiO argues for Fo = 1.0 - UHF
for the "crystal field" types of property. Finally, the holes in NiO imposes a

broad range of Fo > 0.4
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A careful consideration of the results presented above, in addition to those few entries

in the literature makes it clear that the main conclusion of this thesis must be that

there is no one universally applicable hybrid functional suitable for the TMOs. The
case for developing a viable post-HF correlation technique applicable to the solid state

is strengthened by this finding, for only then may reliable ab initio predictions of

many of the properties of the TMOs be made, without appeal to precedents in the
literature. Yet, hybrid functionals will continue to play an important role in solid state

calculations. As Chapter 1 discussed, systematic improvement of many properties is

possible where calculated values at the pure HF and DFT limits bracket the

experimental range. The most obvious and dramatic example of this effect in the

present work occurs for the magnetic properties of the late TMOs, where UHF and
DFT approaches under- and overestimate respectively coupling constants (and,

consequently, ordering temperatures) and the strength of the spin-lattice interaction.
Band gaps and phonon spectra have been shown to display qualitatively similar,

although quantitatively less extreme dependence on weight of exact exchange. The

description of weak bonds, such as the interlayer interactions in the alkaline earth

hydroxides and the properties of hydrogen bonded systems have been found to be

dramatically improved by hybrid functionals. In addition, at a more practical level,
functionals containing high weights of exact exchange have been shown to stabilise

SCF cycles in TM bearing compounds, avoiding the problems associated with near-

degenerate or degenerate d-orbital occupancies; an experience shared in the current

study.

The clearest, and most important trend to emerge from the current work is the

dependence of the degree of electronic localisation on the nature of the exchange in
the functional. High weights of exact exchange always lead to increased ionicity, with
corresponding systematic decrease of the lattice parameter (due to increased strength
of the Madelung potential), and increase in bulk moduli and elastic constants. As

demonstrated by the work in Chapters 3 and 4 on crystal field excitations and doping
ofNiO, this localisation effect is particularly important for electronic or lattice defects
which break the translational symmetry of the crystal. In such cases, the lack of

orbital dependence in DFT, even in broken symmetry, invariably results in
delocalised, metallic solutions for directly calculated defects, and instability of
excitated states. Such an effect has also been noted in simpler compounds lacking TM
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cations, such as MgO. One clear requirement here is a quantitative measure of the

degree of localisation of such states, beyond simple Mulliken analyses. The use of
localiser algorithms to arrive at a description of electronic structure in terms of
Wannier functions may be a fruitful approach in the future.

As a further note, the work reported in this thesis has made apparent the real utility of

phenomenological Hamiltonians for the interpretation of the results of more complex
calculations. In particular, the Kanamori crystal field and Ising spin Hamiltonians
have proven themselves of great value in the end analysis ofmany of the simulations
conducted, irrespective, essentially, of the nature of the material under investigation.
The effect of the weight of exact exchange upon magnetic coupling constants has

already been discussed in this section, but clear universal trends are also apparent in
the crystal field parameters of the TMOs. In spin allowed excitations, low weights of
exact exchange always lead to underestimates of the B and C Racah parameters. This
is a direct manifestation of the lack of orbital dependence in DFT already discussed,
where microstates of similar multiplicity approach degeneracy. In spin forbidden

excitations, it is clear from the outset that the UHF method cannot provide

quantitatively correct energies, and here a lower weight of exact exchange is more

appropriate. It is clear that there await many more applications for this sort of analysis
in the field.

As a final note, and in summary, it is clear that the optimal weight of exact exchange
for the study of any given problem is both system and property specific. Furthermore,
it is clear that the B3LYP potential, of such proven universal utility in molecular

theory is inadequate in the solid state. Generally, all that can be meaningfully said is
that higher weights of exact exchange than 20% would seem to be required in solids,
and that this is due to the added localising effect of the long-range electrostatic

potential in periodic boundary conditions.
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