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Preface

In recent years mineralogy has developed even stronger links with solid-state
chemistry and physics and these developments have been accompanied by a
trend towards further quantification in the theoretical as well as the
experimental aspects.of the subject. '

The importance of solid-state chemistry to mmeralogy was reflected in a
symposium held at the 1982 Annual Congress of The Royal Society of
Chemistry at which the original versions of most of the contributions to this
book were presented. The meeting brought together chemists, geologists and
mineralogists all of whom were interested in the application of modern
spectroscopic techniques to the study of bonding in minerals. The interdisci-
plinary nature of the symposium enabled a beneficial exchange of information
from the various fields and it was felt that a book presenting reviews of the key
areas of the subject would be a useful addition to both the chemical and
mineralogical literature.

The field of study which is commonly termed the ‘physics and chemistry of
minerals’ has itself developed very rapidly over recent years. Such rapid
development has resulted in many chemists, geologists, geochemists and
mineralogists being less familiar than they might wish with the techniques
currently available. Central to this field is an understanding of chemical
bonding or ‘electronic structure’ in minerals which has been developed both
theoretically and by the use of spectroscopic techniques. The purpose of this
book is to outline the fundamental concepts associated with current models of
bonding and to serve as an introduction to the techniques which may be
applied in this area of mineral chemistry. It is not the intention of the text to
provide a laboratory manual for the techniques discussed, neither is it
intended that reviews of the literature detailing applications be compre-
hensive. This book is a starting point from which the interested reader can
progress to many of the more detailed accounts cited in the various chapters.

The book begins with a chapter on the use of quantum mechanics in
producing models of chemical bonding in minerals. The next two chapters



X Preface

consider the application of X-ray spectroscopy and of electronic absorption
spectroscopy and are followed by a chapter on the more specialist technique
of luminescence spectroscopy. All of these methods involve the interaction of
some form of electromagnetic radiation with the electrons in solids and
provide information about the energies and distributions of the electrons. The
next two chapters deal largely with the interaction of radiation with atomic
nuclei in minerals as in Mossbauer spectroscopy and nuclear magnetic
resonance. These techniques generally serve as more indirect, although-equally
powerful, probes of the electronic structures of solids. The last two chapters
deal with the special problems, as regards both theory and experiment, which
are posed by opaque minerals and with the applications of spectroscopic
methods for the elucidation of the surface properties of minerals.

If the readers of this book are consequently led to look more deeply into the
fascinating areas of bonding and spectroscopy in mineral chemistry then our
objectives will have been achieved.

F.J. Berry
D.J. Vaughan

Birmingham, 1984



Contents

Contributors viil
Preface ix
1 Quantum Mecht.llnical Models and Methods in Mineralogy 1
J.A. Tossell
1.1 Introduction 1
1.2 Full lattice calculations 5
1.3 Cluster calculations on mineral structural properties 6
1.4 Cluster calculations on mineral spectral properties 14
1.5 Cluster calculations of valence electron density distributions 19
1.6 Applications of qualitative MO theory 22
1.7 Conclusions 26
Acknowledgements 27
References 28
2 X-ray Spectroscopy and Chemical Bonding in Minerals 31
D.S. Urch
2.1 Introduction 31
2.2 Photoelectron and X-ray spectroscopy 32
2.3 Spectroscopic techniques 36
2.4 Application of XES and XPS to bonding studies in mineral
chemistry 42
2.5 Further developments 57
2.6 Conclusions 59
References 59
3 Electronic Spectra of Minerals 63

Roger G. Burns
3.1 Introduction 63



Contents

3.2 Background
3.3 Techniques
3.4 Crystal field spectra
3.5 Intervalence transitions
3.6 Applications
3.7 Summary

References

Mineralogical Applications of Luminescence Techniques

Grahame Walker

4.1 Introduction )

4.2 The luminescence process

4.3 Experimental techniques

4.4 Luminescence centres in some common minerals

4.5 Some conclusions \
References

Maéssbauer Spectroscopy in Mineral Chemistry
A.G. Maddock

5.1 The basis of Mossbauer spectroscopy

5.2 The hyperfine interactions

64
72
74
86
89
98 -
99

103

103
104
121
126
136
138

141

141
143

5.3 The Mossbauer factor, f, and the intensity of theabsorption lines 153
5.4 37Fe Mossbauer parameters and deductions from such data 155

5.5 Experimental details

5.6 Mineralogical applications

5.7 Antimony

5.8 Other physical studies
References

162
168
191
191
191

Electron Spin Resonance and Nuclear Magnetic Resonance Applied

to Minerals
William R. McWhinnie

6.1 Electron spin resonance spectroscopy
6.2 Practical aspects of ESR
6.3 Some applications of ESR in mineral chemistry
6.4 Nuclear magnetic resonance spectroscopy
6.5 NMR of solids
6.6 Applications
6.7 High resolution NMR studies of minerals
6.8 Conclusion
Acknowledgement
References

209

210
216
219
227
231
235
237
246
246
246



Contents vii

7 Spectroscopy and Chemical Bonding in the Opaque Minerais 251
David J. Vaughan
7.1 Introduction 251
7.2 Compositions and crystal structures of the major opaque
minerals 252
7.3 Approaches to chemical bonding models 255
7.4 Experimental methods for the study of bonding 257
7.5 Chemical bonding in some major opaque mineral groups 260
7.6 Concluding remarks 289
- References 290
8 Mineral Surfaces and the Chemical Bond 293
Frank J. Berry
- 8.1 Introduction : 293
8.2 Spectroscopic techniques 293
8.3 Applications in mineral chemistry 301
8.4 Concluding remarks 313
References 313

Index 316



Quantum Mechanical
Models and Methods
in Mineralogy

J.A. Tossell

1.1 INTRODUCTION

In this chapter I will discuss the rather brief history of the application of
quantum mechanical methods to mineralogical problems. I will first consider
the modelling and methodological aspects of the problem and then give a
number of examples of recent quantum mechanical studies of crystal
structures, spectra and valence electron densities in minerals. In addition to
results of quantum mechanical computations I will discuss some recent
qualitative molecular orbital (MO) interpretations of mineral properties.
Finally, I will indicate future productive directions for quantum mineralogical
studies and suggest the role that different scientists can play in advancing
quantum mineralogy.

We should first note that mineralogy is usually defined as ‘the study of
naturally occurring inorganic crystalline solids’, a specific and rather limited
subset of matter. The employment of theories and experimental techniques
which have reached maturity in mathematics, chemistry and physics is
common in the history of mineralogy. The utilization of quantum mechanics
in mineralogy is just another example of such a transference of technique from
a more basic to a more applied area. As I will show, quantum mechanics can
give information useful for interpreting or simulating the crystal structure,
physical properties and (to some extent) phase equilibria of minerals. It also
provides the appropriate formalism for understanding almost all mineral
spectral properties.
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Quantum mineralogy is quite young, its development being roughly ten
years behind that of quantum chemistry. Thus, we are still exploiting
techniques in quantum mineralogy developed by quantum chemists in the
early 1970s. In the qualitative applications of quantum theory mineralogists
are even further behind chemists. Some significant books whose publication
dates illustrate these points are listed in Table 1.1. Note that I have listed an
early book on qualitative bonding theory by Fyfe.! This was a sound book but
was unsuccessful in modifying the attitudes of mineralogists since the
qualitative valence bond and MO ideas used could rationalize mineral
properties no better than the dominant ionic model and were unfamiliar to
most mineralogists. ‘

The first quantitative MO studies which focused specifically on minerals
weré by Gibbs’ group? employing extended Hiickel MO theory to correlate
bond distance and angle variations with Mulliken overlap populations, and
my own>* using approximate self-consistent-field linear .combination of
atomic orbitals (SCF-LCAO) and multiple scattering Xo(MS-Xo’) MO
methods to interpret mineral X-ray spectral data. Much more accurate
calculations have since been performed which support the qualitative
conclusions of the original studies. We continue to generally employ Hartree—
Fock based methods for structural studies and MS-Xa methods for spectral
studies. Much of this work has been previously reviewed.®®

As quantum mineralogy has matured it has developed a number of distinct
areas. Theoretical studies using both large-scale computation and more
qualitative approaches have proved valuable. In the experimental area, early
emphasis upon properties previously interpreted by the classical ionic model,
such as bond distances and angles, has been replaced by study of intrinsically
quantum mechanical properties such as spectra, and properties showing
clearly the limitations of the ionic model, such as valence electron density
distributions. -

Table 1.1 Comparison of publication dates of books on quantum chemistry and
quantum mineralogy

Chemistry Mineralogy
First book using crystal field theory 1960 1970
(Griffith,%° Orgel™®) (Burns’?)
First book using qualitative 1962-1965 \ 1964 (Fyfe')
MO theory (Roberts,”? Ballhausen 1978 (Vaughan
and Gray’?) and Craig™)
1980 (Burdett®')
First book on quantitative 1972 Not yet!

MO computations (Schaefer'")
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Quantum mechanical models and methods

HY=EY
Localized Delocalized
I 1
Cluster Band theory,
model lonic lattice theory
One-electron I Correlated wave function
approximation |
' CI,MBPT
Xo
HFR
Local l Non-local
exchange exchange
g 9 HFR
Incomplete | Complete
Xt basis basis
SCF LCAO ‘HF,
Muffin— | Non-muffin-tin, limit
tin expa‘?sion basis ]
SW Xa DVM Xa

Fig. 1.1 Choices of physical model and computational method for quantum minera-
- logical studies.

In applying quantum mechanics to minerals, we face two distinguishable
difficulties, which I will formulate as choices of ‘model’ and ‘method’. A flow
chart indicating required choices of model and method is shown in Fig. L.1.
What physical model will we use - a delocalized one, treating. the whole
periodic solid as in ionic lattice theory and band theory, or a localized
molecular cluster approach? Although I will mention some interesting results
of band theoretical and ionic lattice calculations, I will focus on the localized
cluster approach which we have found to usefully describe a wide range of
solid properties.

Once our physical model has been chosen we must pick a particular
quantum mechanical method. All of the results which I shall discuss employ
the independent electron approximation, in which each electron is assumed to
move in a potential field produced by the nuclei and the averaged charge
density of the other electrons. This approximation allows us to write the
wavefunction for a system containing n electrons as an antisymmetric product
of functions dependent upon the coordinates of one electron only. Anti-
symmetry is required so that the wavefunction satisfies the Pauli exclusion
principle. However, such a wavefunction does not properly describe the
correlation in the motion of electrons, i.e. the fact that the motion of one
electron depends on the instantaneous positions of the other electrons, not
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simply on the charge density. This deficiency may be remedied by the
techniques of configuration interaction (CI) or perturbation theory but no
such calculations have yet been carried out for mineral systems. The total
energy of the systems may be obtained as the quantum mechanical average
value over the ground state wavefunction of the Hamiltonian operator. The
most difficult terms to calculate in the Hamiltonian are those describing the
electron—electron repulsions, particularly the ‘exchange’ terms arising from
the antisymmetry requirement. To calculate the exchange contribution to the
total energy we may employ the matrix Hartree—Fock or Hartree-Fock-Ro-
othaan® method in which each one electron orbital is expanded as a linear combi-
nation of simple analytical functions, usually centred on the nuclei. The exchange
energy can then be decomposed into a sum of integrals whose number
increases as the fourth power of the number of expansion functions used.
Alternatively, the exchange energy may be approximated as proportional to
the one-third power of the total electron density at a point.'® Although less
accurate in theory than the Hartree—Fock method such local exchange or X,
or Hartree-Fock-Slater methods produce great computational savings and
yield accurate results. Hartree—-Fock—Roothaan (HFR) calculations can be
further characterized by the size of the expansion basis set used (see Schafer!’
for a discussion of HFR calculations). An effectively infinite basis set is needed
to obtain the true Hartree— Fock wavefunction. However, since the difficulty of
the computation increases as the fourth power of the basis set siz¢ HFR
calculation on most mineral model systems have employed either a minimal
basis (one expansion function for each atomic orbital occupied in the free.
atoms from which the molecular system is formed) or a split valence basis (two
expansion functions per occupied atomic valence orbital). X, calculations may
also be done with expansion basis sets'? but most of the calculations I will
describe use the muffin-tin scattered wave procedure of 4J’ohnson.5 In this
method the space of the molecular cluster is partitioned into regions and the
quantum mechanical potential is simplified by various averaging procedures
within these regions. Schrodinger’s equation can then be solved separately in
the various regions. Continuity of the wavefunction and its first derivative at
the boundaries of the different regions is then required to obtain a wavefunc-
tion acceptable over all space. Although such a muffin-tin averaging procedure
reduces the accuracy of the potential it makes possible a very efficient multiple
scattering expansion of the wavefunction, resulting in a dramatic savings in
computer time (see Appendix to Tossell and Gibbs®).

Thus, the calculations described herein will be quite crude by the standards
of small molecule quantum chemistry. Independent electron calculations
which employ large expansion basis sets (split valence plus polarization
functions) and include electron correlation by configuration interaction or
perturbation theory can reproduce bond distances and angles for small
molecules to within experimental accuracy.'® Such accuracy cannot be
expected in quantum mineralogical studies since the large size of the mineral
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model systems prohibits the use of large expansion basis sets and since the
approximations inherent within the molecular cluster model for a solid
remain, no matter how accurate the cluster wavefunction. An inspection of
the recent literature indicates that cluster models of solids are now used by a
number of different groups, including solid state physics theoreticians!*:!*
and theoretical chemists interested in surface properties!® (see also Chapter § of
this book), both of whom have addressed the questions of choice of cluster size
and boundary conditions (to which we return later in this chapter).

1.2 FULL LATTICE CALCULATIONS

Let me first mention some results using the full lattice approach for a simple
compound (MgO) with few electrons and high symmetry, and which is of
some interest mineralogically.. MgO is of interest partly because silicate
minerals such as olivine break down to mixed magnesium—-iron oxide and
silicon dioxide (in the 6-coordinate stishovite form) at high pressures. Phase
transitions in this material at high pressure were studied'” using the full lattice
modified electron gas (MEG) ionic model,'® which evaluates the energy of an
ion pair by assuming the total density to be the sum of the free ion densities,
and by using energy expressions appropriate to an electron gas of uniform
density. Previous studies on alkali halides by this method yielded reasonable
phase transition pressures (Table 1.2). The method may be made purely non-
empirical by calculating the anion wavefunction within a self-consistent
stabilizing potential,'® although early studies used free anion wavefunctions
with arbitrary stabilizations. The method yielded a predicted pressure for
transformation of NaCl(B1) structure MgO to the CsCl(B2) polymorph of
~ 2560 x 10° atmospheres, which is considerably above pressures in the
Earth’s mantle in which MgO might occur. Even though transition pressures
are very hard to predict accurately, this result suggests strongly that only NaCl
structure MgO exists in the Earth.

Experimental studies by two groups on pure MgO have shown metallic
conductivity at about 1 Mbar. However, two separate band calculations??-2!
indicate the MgO band gap will first increase with pressure and only become

Table 1.2 Calculated and experimental pressures (kbar) for 6 -8
coordinate phase transitions in alkali halides and MgO (Cohen and

Gordon'”)

Compound Calculated Experimental
LiCl 908 7100

NaCl 107 300

RbCl 17 5.5

MgO 2560 =
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Table 1.3 Calculated and experimental phase transition pressures from MEG caleu-
iations on dihalides and dioxides (Tossell**)

Pressure( kbar )
Compound and coordination numbers - - -
of transition polymorphs Caleulated Experimental
MgF, 6§ 200-420 330
Si0, 46 125 75
Si0, 6-8 39 % 107 -
TiO, 68 3.3 x 10° -

zero at ~ 50 Mbar. Although the experimental data may be erroneous, it may
well be that the conductive material observed istnot perfectly stoichiometric
single crystal MgO, but rather some reaction product, perhaps containing
peroxide groups.? Such band theorctical studies on perfect materials may,
therefore, be of limited relevance to real minerals. Nonetheless, the results of
Bukowinski2® on MgO are certainly interesting in themselves. They indicate
a considerable delocalization of electron density at high pressure in MgO,
reducing its ‘ionic’ character. Fven more mteresting results®® are obtained for
materials such as CaO and K at high pressure, since d-like electronic states are
stabilized relative to s states leading to an electronic structure much like that of
an atmospheric pressure transition metal for the K case.

My own MEG studies on more complex materials?* indicate that struc-
tures and energies are described well for alkaline carth dihalides and some-
what less accurately for dioxides, such as SiO,. Such studies give reason-
able phase transition pressures (Table 1.3) and indicate that SiO, will not
transform from the 6-coordinate stishovite structure to the 8~coordinate CaF,
structure hypothesized within the Earth's mantle. Therefore, although ac-
curate prediction of transformation pressures is very difficult, present methods
can at least place some constraints upon expected high pressure behaviour.
Catlow and Cormack?® have also done interesting ionic lattice calculations
using empirical ion-pair potentials. Although such semi-empirical studies can
give us little direct information on the nature of bonding in solids they can
accurately simulate the properties of both perfect and disordered solids which
have interatomic interactions similar to those of the solids employed for the
parametrization. For example, Catlow et al.?® have recently predicted with
reasonable accuracy how the preferred structure-type for chain silicates varies
with cation identity, or cation-oxygen bond distance.

I3 CILUSTER CALCULATIONS ON MINERAL
STRUCTURAL PROPERTIES

Let me now turn to the application of cluster models in mineralogy. For some
solids. definition of an appropriate cluster seems intuitively strajghtforward.
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CaCO, —— CO;

/0
[ o— C\
; 0

oS
Fig. 1.2 CO3~ cluster abstracted from CaCO;.

Table 1.4 Calculated and experimental C-O distances and A,
vibrational frequencies in carbonates

c-0 .
- distance(A) Vg (em™t)
Free CO%™ minimum basis 1.327, 1.330 1105
split valence basis 1.305 -
CO?2~ in charge array, 1332 1064
minimum basis '
CaCO,, exp. 1.294 1082
all carbonates, experimental 1.27-1.31 -
02s
r
g c-0
w 02p
[
z

. _ .
40 30 20 10 (o]
BE (eV)

Fig. 1.3 X-ray spectra of K,CO,.

For example, we might describe CaC0O, as a collection of discrete CO%~ and
Ca?* ions held together by weak ionic bonds, and detailed calculations
indicate that many carbonate properties can be understood by focusing on
CO?3 " alone (Fig. 1.2). Rather crude HFR calculations yield minimum energy
C-O distances similar to those found in carbonates (Table 1.4)*”-*® although
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Table 1.5 Comparison of experimental IP’s and SCF-Xao

and HRF relative orbital energies (eV) for CO%~

MO Experimental SCF-Xa HFR
la) 0

le” } 0 0
4¢' —-16

3¢’

la -6.0 —55 —60
4a) =77 -76 —8.0
2¢’ —-198 —182 —-233
3a) —24.1 —214 -217

incorporation of lattice effects to obtain trends from one carbonate to another
have proved difficult. Tonization potentials from photoelectron spectra are
found to be virtually identical for all carbonates, with the spectrum consisting
of O2p non-bonding orbital, C—O bonding. orbital and O2s orbital regions
as shown in Fig. 1.3.22:3° The qualitative features of the spectra have been
reproduced by both HFR®! and MS-Xa*? cluster calculations, although
quantitative discrepancies are substantial (Table 1.5). Such a comparison of
calculation and experiment can be only semiquantitative since ionization
potentials are not accurately equal to negatives of ground state orbital
eigenvalues in either theoretical method, and since the necessary correlation,
relaxation and localization corrections to the calculated ionization potentials
have not been made. Many body perturbation theory studies have shown, in
particular, that inner valence orbital ionizations, such as O2s, may be strongly
modified by such effects.>?

Now consider the definition of a cluster for a more difficult case, B,O,. The
simplest cluster, BO3 ~ shown in Fig. 1.4, has a large negative charge and can
only be formed by breaking strong covalent B-O bonds. As might be expected,

Fig. 1.4 BOj3  cluster abstracted from B,O,.



