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ABSTRACT

HIGH PRESSURE ABSORPTION SPECTRA AND PHASE
TRANSFORMATIONS OF MINERALS AT PRESSURES
UP TO 200 KILORARS

by
Rateb M. Abu-Eid

Submitted to the Department of Earth and Planetary Sciences
on January 27, 1975 in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy

The absorption spectra of minerals containing a variety of
transition metal ions were investigated at pressures ranging
from 1 atm. to 200 kb. using the Cary 17 spectrophotometer with
a newly designed optical microscope attachment and the diamond
anvil pressure cell. The general results indicate that with
increasing pressure, spin-allowed crystal field bands shift to
higher energies, whereas charge transfer bands shift to lower
energies; spin-forbidden bands, on the other hand, did not show
any significant shift. The rate of the energy shift (cm-1/kb.)
varies from one band to the other depending on the nature of the
transition metal ion and the coordination site symmetry. Fromn
the high pressure spectra, energy level diagrams were constructed
at elevated pressures. Such diagrams provided the energy values
of the crystal field splitting, 10Dg, and the crystal field
stabilization energy, CFSE, parameters at various pressures. The
site compressibilities of Fe2+, Mn3+, and Cr3+ contained in orth-
oferrosilite, piemontite, and uvarovite were estimated at various
pressures and correlated with the compressibilities of the bulk
mineral phases ¢ontaining them. It appears that the Si0O4 tetra-
hedra are the least compressible sites, whereas the 8-fold coord-
ination sites (Ca site) are the most compressible ones.

The degree of covalency of the metal-ligand bond was esti-
mated in uvarovite and Fe3+-bearing minerals. There is a very
slight decrease in Racah parameter B with increasing pressure
(6~-10 cm~1/100 kb.), indicating that the ionic character of the
M~L bond may not be changed significantly under pressures of up
to 200 kb.

The d-energy levels constructed at high pressures provided
-information on the degree of reqularity or distortion of the
transition metal ion site. In most cases, it appears that
distorted sites tend to be more regqular at elevated pressures,



and the longer M-0 bond is shortened substantially more than
the shorter one as pressure increases.

No evidence has been obtained for any pressure-induced
spin-pairing in Fe2% in gillespite mineral or in any other
minerals. Nevertheless, from the rates of band enerqgy shifts
with pressure, it appears that spin-pairing may take place in
the lower mantle in the FeQ phase.

Pressure-induced reduction of Cré+*, v3+, Mn7+, and cu2t
ions contained in crocoite, vanadinite, KMnO4, and Egyptian-
blue, occurs at pressures ranging from 50-120 kb.. On the
other hand, no reduction was detected in the other cations
such as Fe3+, Ccr3+, and Mn3+ with increasing pressure up to
200 kb..

The high pressure spectra were used to distinguish crystal
field bands from charge transfer bands, {(e.g. Ti3* in lunar
pyroxene), and to give appropriate assignments to many of the
observed absorption features in the spectra of minerals.

In the course of this study, many high pressure polymorphs
were identified from the high pressure spectra. Scme of those
were studied intensively using other techniques, such as x-ray
and Mossbauer, and others remained to be investigated further.
From the high pressure spectra, the minerals gillespite, azur-
ite, crocoite, and vanadinite are believed to transform to other
structures. In all of these minerals, discontinuous changes in
their colors and spectra were observed at various pressures.
High pressure x-ray studies are warranted to identify the
crystal structures of the new polymorphs.

THESIS SUPERVISOR: Roger G. Burns
TITLE: Professor of Mineralogy and Geochemistry
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Chapter 1I

INTRODUCTION

Metals of the first transition series are often significant
constituents of natural minerals so that the physical and chem-—
ical properties of many mineral phases are closely related to
the nature and state of transition metal ions contained in their
structures.

The electronic absorption spectral technique is one of the
most powerful tools employed to study the crystal chemistry of
transition metal ions. Most transition metal ions absorb energy
in the visible and nearby u.v. and i.r. regions as a result of
electronic transitions between 3d orbital energy levels. In the
past decade, these crystal field spectra have been used success-
fully in mineralogy for such studies as determining cation valence
state, interpreting cation site symmetries, explaining the cause
of color and pleochroism of minerals, and estimating the degree of
covalency of the metal-ligand bond. For a detailed review of
these applications in mineralogy and geochemistry, the reader is
referred to Burns (1966, 1969%a, 1970a); Manning (1967a,b, 1969a,b,c,
1970); Faye et al. (1968); and White and Keester (1966). Obtain-
ing the spectra of minerals at elevated‘pressures should reveal
such properties at greater depths in the earth, and may provide
valuable information relevant to the nature and composition of
the Earth's interior.

The nature of the chemical bond in mineral phases at eleva-

ted pressures, whether it has more ionic or covalent character,
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is not well understood yet. Racah parameters, B and C, have tzen
ucsed as indicators of the degree of covalency of the chemical
bond (Manning, 1970; Moore and White, 1972). Since energies of
many crystal field bands depend on such parameters, a study of
the pressure effect on absorption bands could reveal information
on the nature and character of the bonds between transition metal
ions and the ligands in mineral phases existing under elevated
pressure conditions in the mantle.

The crystal field stabilization energy parameter (CFSE) has
been used to estimate the site preferences of transition metal
ions in crystal structures. Obtaining similar parameters from
the high pressure spectra of minerals could be of considerable
importance for understanding ordering and enrichments of transi-
tion metal ions in crystal structures during mineral crystalliza-
tion.

At elevated pressures, electronic transitions such as spin-
pairing (Fyfe, 1960; Strens, 1969; Burns, 1969a; and Gaffney, 1972
a,b) and pressure induced reduction (Drickamer et al., 1%69;
Burns gE_§13,1972a,b)of transition metal ions to lower oxidation
states are expected to occur when sufficient pressures are ap-
plied to the samples. Using high pressdre spectral techniques,
such transitions should be easily identified. 1In addition,
structural phase transformations in mineral phases may also be
detected when significant changes in the site symmetries or the
coordination numbers of transition metal ions take place at the
phase boundary (Abu-Eid et al., 1973; Hazen and Abu-Eid, 1974;

Abu-Eid and Hazen, 1975; and Suchan and Drickamer, 1959).
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Since the volumes of the polyhedra containing transition
metal ions are closely related to the spectral parameter, 10Dqg,
the variation of this parameter with pressure can provide in-
formation on the site compressibilities (Tischer and Drickamer,
1962) .

In addition to applications to geochemical and mineralogical
problems, high pressure absorption spectroscopy has also been
used in geophysics for studies of radiative conductivities and
the variation of thermal conductivity within the Earth (Pitt and
Tozer, 1970a,b; Fukao et al., 1968; and Shankland, 1970, 1972).

Many ambiguities concerning the assignments of a number of
spectral bands to either charge transfer or crystal field transi-
tions have been the subject of controversy and debate in the min-
eralogical literature (Dowty and Clark, 1973a,b; Burns and
Huggins, 1973; Burns et al., 1972b,c,d,; and Burns et al., 1973).
Since crystal field and charge transfer bands are expected to
show opposite energy shiftswith pressure, high pressure spectra
of minerals can be used for distinguishing crystal field from
charge transfer bands.

There is obviously a large scope of spectral data of miner-
als containing T.M. ions at high pressures. The present inves-
tigation is aimed at measuring the crystal field and charge
transfer spectra of minerals at pressures ranging from 1 atm. to
200 kilobars, and then employing the obtained experimental re-
sults, with some theoretical consideration, to explain or predict
the chemical and physical behavior of transition elements at

various depths in the Earth.



- 18 -

In the [ollowing chapter, crystali field and molecular ornital
theories are reviewed briefly since they represent the theoretical
basis for interpreting both crystal field and charge transfer
bands.

The apparatus and experimental methods are described in
chapter III. This is followed by the core of the thesis in chap-
ters IV and V, in which the effect of pressure on crystal field
and charge transfer bands for various minerals is discussed in
some detail. Chapter VI discusses high pressure polymorphic
transitions in some minerals. Finally, aprlications of the high
pressure spectral studies to the Earth's interior are outlined

in chapter VII.
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I~
i

Chapter

THEORETICAL BASIS

I1-1. Introduction

The spectra of mineral phases bearing transition metal ions
are dominated in general by two types of features. Firstly,
there are crystal field bands which are related to electronic
transitions between the d-levels of transition metal ions and
generally appear in the energy region 4,000-30,000 cm-l. These
bands are characterized by their relative low intensities and
narrow widths. Secondly, there are charge transfer bands which
are of two categories: first, ligand+metal or metal~ligand, and
second, metal-metal charge transfer transitions (Phillips and
Williams, 1966). The first category, charge transfer bands,
arise from electron transfer between energy levels of highly 1li-
gand character and levels of mostly metal character, and vice
versa (McClure, 1959; Lever, 1968). These, in general, are very
intense and usually occur at energies higher than those of crys-
tal field bands above 25,000 cm—l. The second category of charge
transfer transitions, metal-metal charge transfer bands, arise
from transfer of electrons between the d-levels of adjacent metal
ions having different oxidation states, e.g. Fe2+->Fe3+ (Hush,
1967).

In this study, crystal field bands will be treated using the

models of crystal field and ligand field theories, whereas charge

transfer bands will be explained using molecular orbital models.
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II-2. Crystal Field Theory

Crystal field theory has been remarkably successful in ex-
plaining most spectral bands observed in the spectra of transi-
tion metal ions contained in many silicate minerals.

In this model, the negative and positive ions are represent-
ed as point charges and the electrostatic potential, Vl' associa-
ted with an electron at a point, P, (Fig. 1) at a distance, d,

from ligand (1) and, r, from the central metal ion is given by
Vv = 4+ — (l)

where Z is the charge on the ligand.

Considering the particular case of an octahedral array of
six negative point charges each at distance, R, from the central
ion, the total potential, Vv, at, P, arising from the six ligands
has been calculated by Dunn et al. (1965) and Hutchings (1964),

and is expressed as:

2 2
v = 8%Ze” , 357e (x4 + y4 R §r4) (2)
R 5 5
4R
The first term, 6Ze2, is usually neglected in the crystal field
R

approximation since it is spherically symmetrical and does not
participate in the splittings of d orbitals. The quantity,
35Z92, is usually denoted by D; it follows then that the poten-

4R
tial at any point at < R distance from the central ion can be

expressed as

V=D(x4‘+y'4

+ z4 - % r4) (3)
After establishing the potential, V, the perturbations of
this poﬁential on the wave functions of 4 electrons are taken

into account. This is done by integrating the radial and angular
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FIGURE II-1

Octahedral array of ligands and the position
of an electron at point P described in spher-

ical coordinates in three dimensicnal space.
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wave function pairs to obﬁain integrals of the form:
f?f’Jfﬁ"Rnl(r)el_m(emm(@vranl, (£)0, ., (8) 2, (¢)r’sind dr d6 do
(Dunn et al., 1965), where Rnl(r) is the radial part of a d wave
function and @lm(6)®m(¢) are the ancular parts or spherical
harmonics.

The perturbation secular determinant can be constructed
from solving the above integrals. 1In case of a dl electron, a
square matrix 5x5 could be established from the five ML values
for a d electron. Solution of the part 6f the integral depend-
ent on ¢ will reduce the 25 elements of the secular determin.nt
to seven. However, solutions of the 0 integral for different
values of m and m' need tedius mathematical treatments and have
been given in many references (Dunn et al., 1965; Figgis, 1966;
Hutchings, 1964); thus, for example, for m = m' = 0, the solution
of elm and @m integrals is given as:

4 4

<0|(x4+y + z4)|0>=-§—r (4)

The radial part integral f?Rnl2(r)r4r2dr cannot be solved
(Dunn et al., 1965; Figgis, 1966), and it is replaced by the

parameter g where:

2 ©

2 4 2
— ‘
q lOSf°Rnl (r)r r°dr (5)

Considering the rest of the M_ values, the secular determi-

L
nant can be formulated from the solution of which the energies
of the different sets of d-levels could be evaluated.

This method of calculation represents the basis for con-

structing energy level diagrams for transition metal ions of

various d-electronic configurations. These are fregquently called
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Orgel enerygy level diagrams (Orgel, 1966). The splitting eneraies

between these levels are expressed as multiples of Dg and the
relations among the Dg values for octahedral, tetrahedral, and

cubic symmetries are:

Dg (oct.) = ~% Dg {(tet.) = —% Dg (cubic)

From the above outline of the theoretical basis of crystal

field theory, we should keep in mind the important equivalence:

2
_ 35%e 2 o 2 4.2
Dgq = 4R5 [losfoRnl (r)r r-dr] (6)

From this relation, it is evident that Dg is inversely
proportional to the fifth power of the average metal-ligand band
distance, R.

For qualitative spectroscopic studies, crystal field theory
is quite successful. However, for quantitative work it is inad-
equate, primarily because it does not take into account the
possibility of some covalent character of the metal-ligand bond.
Because of this inadequacy, ligand field theory has been develop-

ed from crystal field theory.

II-3. Ligand Field Theory (LFT) and Racah Parameters

Ligand field theory is a modification of crystal field
theory which takes into account the various degrees of overlap
between the d-orbitals of the transition metal ion and the ligand
orbitals. When there is an excessive degree of mixing between
the metal and ligand electrons, LFT will have essentially a
molecular orbital formulation; however, in the case of small to
moderate amounts of overlap, it will be basically an adjusted

crystal field model (Cotton and Wilkinson, 1966).
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qu‘the purposes of this study, greater emphasis is placed

on crysfal field and ligand field models, since the degree of
covalency of the metal-ligand bond in most mineral phases under
investigation is small to moderate.

Thé major modifications of crystal field theory that take
into account mixing of cation and ligand orbitals involve using
the parameters of 3d interelectronic interaction as variables
rather than constants (equal to the values for the free ion). Of
these parameters, the most significant are the interelectronic
repulsion parameters which are frequently known as Racah parame-
ters, B and C.

Récah parameters, B and C, are related to the covalency or
the ionicity'of the metal-ligand bond. They are derived from
calculations of the radial wave functions of the electrons in-
volved in the bonding between transition metal ions and the
surrounding ligands (Racah, 1942a,b, 1943, 1949). B and C energy
values are inversely proportional to the spatial extent of the
ligand and cation orbitals. Hence the larger their values, the
more ionic is the metal ligand bond.

The perturbation of the ligand orbitals on the d-wave func-
tions of the central ion, using ligand field models, is mathemat-
ically expressed in a secular determinant or energy matrix. The
elements of that matrix are given in terms of the crystal field
parameter, Dg, and Racah parameters, B and C.

In two classic papers (1954a,b), Tanabe and Sugano derived
such secular determinants and from the solutions, they obtained

the energies of electronic transitions from the ground state to
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the higher energy states. The results of calculations by Tanabe
and Sugano have been used by many workers in this line of study.

Some of the important electronic transitions for various al
configurations in octahedral fields are given in Table 1; their
energies in terms of Dg, B, and C are also quoted from different
references. Tanabe and Sugano (1954b) also constructed energy
level diagrams which show the dependence of energy levels upon
both interelectronic repulsion parameters and crystal field of
medium strength. In these diagrams, the energies of the levels
of a a® system are plotted in B units as vertical coordinates,
and the horizontal coordinate is Dg/B. These diagrams are useful
for recognizing the type of electronic transition, forbidden or
allowed, and for rough estimation of the energy of each transi-
tion in various a" systems.

In order to apply the above theoretical aspects to assign-
ments of crystal field spectra of transition metal ions in natur-
al minerals, the following procedure will be followed in this
thesis:

1. Determine the chemical composition of each mineral phase and
especially the éoncentrations of transition metal ions.

2. Obtain all the accessible information on the crystal struc-
ture of each individual mineral with emphasis on the site sym-
metries of the central ions.

3. Identify spectral bands and assign them to the appropriate
electronic transitions.

4. Evaluate the energies of these transitions expressed in

terms of Dg and/or B and C.



Table 1: Energies of Some Common Electronic Transitions of ah Configurations in an

Octahedral Field

Number of Ground Excited
3d elec- Ion State State
trons
dl Ti3+ 2T 2E
29 g
2 3+ 3 3
d v Tlg ng
3
Tlg
3
AZg
3 3+ 4 4
d Cr AZg ng(F)
4
Tlg(F)
4
Tlg(P)
4 3+ 5 5
d Mn E T
g 2g

Energy of Electronic Transition

10Dg

1/2 (10Dg-15B) +1/2 [ (10Dg+158) 2
12B.10Dq]1%/2

[(lODq+15B)2—12B.10Dq]l/2

1/2(30Dg-158B) +1/2[ (10Dq+15B) 2
12B.10Dq] /2

10Dg

1/2(15B+30Dq) -1/2[ (15B-10Dq) 2
1/2B.10Dq] /2

1/2 (15B+30Dq) +1/2[ (15B~10Dq) 2
128.10Dg] /2

10Dgq

References

bunn et al. (1965),
Hutchings (1964),
Figgis (1966)

Lever (1968), Konig
(1971), Tanabe and
Sugano (1954a,b)

Tanabe and Sugano
(1954a,b), Poole
(1964), Konig (1971),
Lever (1968), Reiner
(1969)

Lever (1968), Orgel
(1966) , Dunn et al.
(1965)

—LZ—



Table 1: (Cont'd - page 2)

Number of
3d elec- Ground Excited
trons Ion State State Energy of Electronic Transition References
3+
d5 Fe2+, 6 4 2 Lever (1968),
Mn Alg Tlg -10Dg + 34B - 26B”/10Dg Ballhausen (1962),
. ) Tanabe and Sugano
T -10Dg + 42B - 39B°/10D (1954a,b), Figgis
"T2g 4 39B°/10Dq (1966)
4
Alg’ 10B + 5C
e (@)
g
‘e (1) 178 + 5C
g ]
d6 Fe2+ ST 5E 10D Figgis (1966), Dunn N
29 9 ' et al. (1965), Lever ®
1 2 1I968), McClure !
{1964}
3T1g ~10Dg+5B+5C-70B2/10Dg
3 . 2
ng -10Dg+13B+5C~-106B~/10Dg
1 2
Tlg -10Dg+13B+7C~34B~ /10Dg
1 B, . 2
T -10Dg+21B+7C~118B~ /10Dq



(Cont'd - page 3)

Table 1:

Number of

3d elec~

trons Ion
d7 CO2+
d8 Ni2+
d9 Cu2+

Ground
State

4
Tlg(F)

Excited
State

4
ng(F)

A, (F)

Energy of Electronic Transition

1/2(10Dg-15B)+1/2[ (10Dg+15B) % -

128.10Dg] /2

1/2(30Dq-15}3)+l/2[(10Dq+15B)2 -
12B.10Dq] /2

[ (10Dg+15B) °~12B.10Dq] %/ 2
10Dg

1/2 (15B+30Dg) -1/2 [ (15B-10Dg) > +
128.10Dg] 12

1/2 (15B+30Dq) +1/2 [ (50B-10Dq) % +
128.10Dg] /2

10Dgq

References

Kdnig (1971), Lever
(1968), Tanabe and
Sugano (1954a,b),
Ballhausen (1962)

Konig (1971), Lever
(1968) , Tanabe and
Sugano (1954a,b)

Dunn et al. (1965).
Ballhausen (1962)

-62...
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This procedure may be easily followed for interpreting the
spectra of simple mineral phases. However, in complicated sys-
tems, i.e. minerals containing more than one transition metal ion
and having different oxidation states in distorted and multipie
sites, the interpretation needs more careful study and some
experience.

The energies of spectral bands may also be calculated and
then compared with the experimentally determined energy values
(Ilse and Hartmann, 195la,b; Ballhausen, 1954; Wood and Strens,
1972; and Gaffney, 1972a). This may be done when the site sym-
metry of the central ion is known and the interatomic bond dis-
tances (metal-ligand) are available. The methods of calculating
the energies of crystal field transitions are useful, especially
whenever there are uncertainties in the assignments of spectral
bands.

In natural minerals, transition metal ions are frequently
contained in distorted sites. Consequential to the site distor-
tion, the degeneracy of the d-levels will decrease and multiple
electronic tran§itions are obtained for each distorted symmetry.
To obtain the values of 10Dg in a distorted symmetry, energy
level diagrams should be constructed emﬁirically from the energy
values of each transition. The baricenters of energy for each
set of d-levels are then determined and 10Dg or A will be the
energy separation between the baricenters of energy.

In the present study, we shall follow the above procedure
wherever it applies and then calculate the values of 10Dg and B

at various pressures.
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Other complications arise in interpreting the spectra of

transition metal ions in natural minerals when other types of
absorption bands appear in the spectra. These are the charge
transfer bands, the theoretical basis of which is outlined brief-

ly in the next section.

IT-4. Molecular Orbital Theory and Charge Transfer Spectra

Crystal field models cannot explain all the observed spec-
tral features, and there is a great deal of experimental evidence
demonstrating the limits of its usefulness (McClure, 1959; Cotton,
1971). This limitation is mainly due to the neglect of the over-
lap of metal and ligand orbitals. To take this into account,
molecular orbital theory has been modified from crystal field
theory.

In the molecular orbital model, the ligand orbitals of ap-
propriate symmetries are mixed with the d orbitals. As an exam-
ple, let us consider a strong octahedral crystal field in which
the d orbitals are split into eg and t2g' Of the p orbitals of
each ligand in the molecule, one orbital is directed along the
bond and gives rise to a ¢ orbital when combined with a cation
orbital. The other two p orbitals, which are perpendicular to
the bond, give rise to 7 orbitals when combined with cation or-
bitals. These two types of orbitals, ¢ and m, may also be class-

ified into e_ and t
g 29

To form molecular orbitals, the atomic orbitals of the li-

gand and cation should have similar symmetries, e.g. p orbitals

of eg symmetry will combine with eg d orbitals, and p orbitals
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of t2g symmctry will combine with tZg d orbitals (McClure, 1959;
Lever, 1968). Since m orbitals are not directed along the ligand
bond whereas ¢ orbitals are so directed, then the former, m, will
generally form weaker bonding and antibonding orbitals than do o.

In both crystal field thecry and molecular orbital theorwv,
the difference in energy between eg and t2g orbitals is a result
of the same geometrical factor, the octahedral ligand field,
which arises from an electrostatic effect in the former and an
antibonding effect of o-ligand orbitals in the latter (McClure,
1959; Cotton, 1971).

To understand the origin of the charge transfer bands and
how they are related to those of crystal field, Fig. 2 is drawn
schematically to illustrate both types of transitions for an
octahedral complex. In this diagram, the energy levels of the
free cation and the free ligand are shown on both sides. Also
shown is how the d-orbitals split into two sets of levels, eg
and tZg as a result of placing the cation in a regular octahedral
electrostatic environment. The central portion of the diagram
shows the energy levels of the molecular units (ML6) as a conse-
quence of combiﬁing ligand and cation orbitals. Molecular orbi-
tals marked by an asterisk are those of antibonding character,
whereas others are either bonding or non-bonding. The levels
below t, * are filled with electrons and the levels above eg*

2g

are empty. However,; these two levels, t, * and eg*, could be

29
completely filled, or empty, or partly filled depending on the

number of d electrons of the transition metal ion. The eg* and

tZg* levels have mostly metallic character, whereas the levels



FIGURE II-2

The energy levels of the free cation, the free
ligands, and the molecular unit (ML6), drawn

schematically, based on the molecular orbital

model,
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immediately above and below them have mostly ligand character.
Transfer of electrons from the ligand orbital to either t2g* or
eg* will give rise to ligand-to-metal (L+M) charge transfer bands
and from tzg* or eg* to the above levels will produce metali-to-
ligand (M>L) charge transfer bands (Phillips and Williams, 1966).

Tails of charge transfer bands, due to electron transfer
from the orbitals of primarily ligand character to higher energy

levels having mostly metallic character (eg* or t, *) are always

29
observed in the ultraviolet spectra of silicate minerals bearing
transition metals.

Another type of electron transfer is that between the tzg*
and eg* levels of one cation to that of another neighboring
cation of different oxidation state. This is called a metal-to-
metal electron transfer (M*M) or intervalence transfer (Hush,
1967). Metal-metal electron transfer can occur either between
the energy levels of cations of the same element but of different
oxidation states, e.g. Fe2++Fe3+, Ti3++Ti4+, which is called
homonuclear intervalence transfer; or between d-levels of cations
of different elements, e.q. Fe2++Ti4+, which is known as hetero-
geneous intervaience transfer (Hush, 1967).

The intensities and energies of charge transfer bands aris-
ing from metal-metal electron transfer are dependent on the
extent of delocalization of electrons between metal nucleii.

This delocalization will lead either to direct overlap of the
orbitals of the two metal atoms or to metal-ligand-metal overlap

through ¢ or m metal-ligand bonding. Overlap orbitals for the

former are designated AMM, and those for the latter as AMLM
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(Hush, 1968). The values of the overlap integrals AMM or AMLM
are also dependent on the interatomic distances, the nature of
.the ligand, and the crystal geometry.

Since it is the purpose of this thesis to examine the effect
of pressure on the spectra of minerals, we need to examine how
the effect of pressure on absorption phenomena may be described

by these theories.

IT-5. Effect of Pressure on Crystal Field and Charge Transfer

Bands

The most significant spectral parameters that concern this
study are the band energies, shapes, and intensities and their
interrelationships.

The energies of most significant crystal field transitions
are given for at (where n=1,2,...9) electronic configurations in
Table 1. Some of these transitions are dependent solely on Dqg;,
others on B, and still others on both B and Dg. The relation
between Dg and the metal-anion distance, R, in equation (6) can
be given as:

Dg « }—5— (7)
R
With increasing pressure, assuming a typical hydrostatic condi-
tion, R is expected toc decrease and results in an increase of Dqg.
Therefore, we expect significant enexrgy increases to ke observed
for those bands dependent only on Dg. However, bands which are
dependent on B and C are expected to show very small negative

energy shifts (i.e. red shift). This is because B and C are

inversely proportional to the spatial extent of the ligand and
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cation orbitals. At elevated pressures, this extent is egpected
to increase due to shortening of interatomic distances §nd in-
creased overlap of ligahd and cation crbitals.

Decreasing B with pressure will lead to an increase in the
degree of covalency which is usually expressed in terms of B
which equals B/BO, where B and BO are the values of Racah param-
eter in the complex and the free ion respectively; B is sometimes
called the "nephelauxetic ratio" (Konig, 1971; Reiner, 1969;
Lever, 1968).

Spectral bands whose energies depend on both B and Dg need
careful treatment since B and Dg are expected to show opposite
trends with increasing pressure; however, such bands will usually
show a blue shift because Dg is more sensitive to the shortening
of metal-ligand bond distances than B.

On the other hand, effect of pressure on charge transfer
bands could be envisaged in three ways: Firstly, assuming that
the 4 orbitals (e_ and t in C.F.T. or e * and t, * in M.0.T.)

g 2g g 29
are the major orbitals affected by pressure, then the increase in
crystal field splitting parameter 10Dg is due mostly to raising
eg* energy level relative to t2g* (Fig. 2). As a result of this
shift, energies of charge transfer transition, M>L and L»M are
expected to decrease with pressure.

Secondly, using the band model, the effect of pressure on
charge transfer bands may be related to closing the energy gap
between valence and conduction bands (Drickamer and Frank, 1973).

Drickamer (1965) has indicated that with increasing pressure the

general tendency is to broaden the energy bands and to lower the



FIGURE II-3

Schematic representation of conduction and valence
bands at 1 atm. and high pressure for a direct
transition (K is the propagation vector of the

wave function).
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energy of the conduction band since it is more sensitive to
compression than the valence band. The net effect will be a
shift of the absorption edge or the charge transfer band to lower
energy. This is often true, especially for direct transitions
illustrated in Fig. 3 for which AK=0. Reducing the energy gap
with pressure may also lead to overlap of the highest filled
band with the empty conduction band, and may lead to a metallic
behavior of the solids. Band theory also predicts decreasing
resistivities of metals with pressure, and hence increasing
electrical conductivities (Drickamer and Frank, 1973). This is
due mostly to the reduced amplitude of lattice vibrations.

Thirdly, using the schematic representation of the potential
energies of the ground and excited state (Fig. 4), Hush (1968)
and Drickamer et al. (1972) have expressed the energy of the
maximum optical absorption as:

hv  =E_+1/248° 4 (8)
where E0 is the overall energy difference between the ground and
excited state, A is the vector difference of equilibrium posi-
tions of atoms in the final and initial state of the system, and
Q is the frequency tensor associated with the vibration of all
atoms in the medium.

Drickamer et al. (1972) have shown that there is a vertical
displacement of the potential wells with pressure (i.e. decreas-
ing Eo) and A is expected to decrease due to the horizontal dis-
placement of the configuration coordination. The frequency, Q,

will obviously decrease with pressure due to inhibition of atoms'

vibrations, so that the net effect is to decrease the energy of



FIGURE II-4

The potential energy wells of the ground and excited
states at 1 atm. and high pressure are shown schemat-

ically [modified from Hush (1968) and Drickamer et al.
(1972) 1.
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the maximum optical absorption hv + i.e. the energy of charce

ma::
transfer band.
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Chapter III

APPARATUS AND EXPERIMENTAL METHODS

III-1."  Spectral Apparatus

The apparatus employed to study the spectra of mineral sam-
ples at elevated pressures consisted of a standard Cary 17
spectrophotometer (Fig. III-1 ). This instrument provides a
source of monochromatjic radiation from 2200 to 360 nm and measures
the ratio of the intensity of the transmitted monochromatic light
through the sample to that transmitted through a standard.

The optical system of the spectrophotometer has been modi-
fied to enable measurements to be made of the spectra of small
crystal fragments (diameter >50u) and of micro-powdered specimens
subjected, simultaneously, to pressures up to 250 kilobars. To
obtain the spectra of such small samples at these elevated pres-
sures, it was necessary to place two microscopes (Fig. III-2 ) in
the path of the two beams emerging from the cell compartment open-
ings. It was required also that the two microscopes be in a
vertical position, i.e. their axes are at right angles to the
horizontal paths of the reference and sample beams. Having the
two microscopes in this position enabled the high pressure diamond
to be mounted conveniently on the stage of the microscope. This
geometry facilitated the viewing and focusing of the sample while
it is subjected to high pressures. To achieve the above condi-
tions, it was necessary to add the following parts to the micro-
scopes:

1) A reflecting-focusing system (Fig. III-3 ) which reflects
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FIGURE III-1

A photograph shcwing the Cary 17 spectrophotometer
(a), the newly constructed optical attachment (b),

and the detector (c).
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FIGURE III-2

A photograph shows the reference and sample
microscopes, the diamond cell placed on the
stage of the microscope and the reflecting-

focusing system below the stage.
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the light beam and focuses it to abouti 50 u in diamter. It con-
sists of an aluminum box coated inside with a dull black paint to
prevent refiections from the metal surface. The box contains an
aluminum mirror placed at its body diagonal to reflect more than
95% of the impinging light; the reflected light from the mirror
surface is then focused to about 50 p in diameter by means of a
UMK50 objective fitted in a circular opening at the center of the
upper face of the box.

2) A mini-transfer stage: this has been designed to allow
travel of the reflecting-focusing bex in the x and y directions.
It consists of two pairs of mini-gears that are placed perpendi-
cular to each other. Each gear system is attached to an adjust-
ing screw allowing transfer of the substage in the horizontal
plane. The substage could also travel vertically along the z axis
using another gear system perpendicular to the plane of the
transfer stage.

3) Micro-~camera attachement: this was added to each micro-
scope to enable viewing and focusing the sample. Each attachment
consists of a lateral eyepiece with lower and upper adapting tubes
that are used té fit the lateral eyepiece to the microscope tube
and to the detector. The detector was rotated 90° from its orig-
inal position and placed at the top of the upper shelf (Fig. III-
4 ). Leveling screws were used to keep the detector in a hori-
zontal position and other connecting tubes were attached to its
two openings in order to receive the light beams emerging from
the reference and sample microscopes. Each microscope is placed

on a jack which moves the whole microscope system in a vertical
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FIGURE III-3

The reflecting focusing system which consists of:

a) Aluminum box coated with a dull black paint,

b) Aluminum coated mirror which reflects more
than 95% of the impinging light,

c) UMK50 objective.



N
720U TN \ N
<9 R\
i
i
|
I

(¢

\M.lﬂ--!-l--l""\
~

70
d
I/ ’
\ 4
~ ’
/ ’

N

£

N (7 A

I

™~



-~ 52 -

FIGURE III-4

The spectrophotometer optical attachment designed

to enable the measurement of the spectra of micro-
samples (>50u): 1. Jack, 2. Beam divider, 3. Polar-
izer, 4. X-Y mini-transfer stage, 5. Aluminum mirror,
6. Focusing lense (UMK50), 7. Diamond cell, 8. UMK50
objective lense, 9. Mirror-shutter combination, 10.

lateral eye piece.
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direction. The system as a whole, which is called here tﬁe
optical attachment, is covered very tightly with a black plastic
cloth to prevent interférence by light from outside.

The reference and sample beams, before being reflected from
the mirror surface, are polarized by means of two calcite prisms
placed in the cell compartment. When the spectra of powdered
specimens are measured, the polarizers are removed because they
cause noise in the spectrum due to the randomly oriented grains
of the powdered samples.

The light path of the new optical system is illustrated in
Fig. (III-5). Each light beam is reflected and then focused by
means of a UMK50 objective. After the beam has been focused on
the sample in the diamond cell, it diverges and is converged
again by another UMKS50 cobjective. The beam is then either reflect-
ed horizontally to the eyepiece or allowed to travel vertically
into the detector. A similar light path exists for the reference

beam except that it does not pass through the sample.

III-2. High Pressure Instruments

The pressure instruments used for generating pressures up to
250 kilobars were diamond pressure cells. Three modifications
have been used in this study: UP, UXP, and PP types (Mao, 1967;
Bassett et al., 1967; Merrill, 1973; and Bassett, 1974). All of
these pressure cells were designed and made by Professor W.A.
Bassett at the University of Rochester; however, they were modi-
fied at the Machine Shop at M.I.T. so that they could be used

in the high pressure spectral measurements.



FIGURE III-5

The light path in the new optical system:

a)
b)
c)

d)

e)

£)

Reflecting mirror
Focusing lower objective
Sample

Upper objective (beam diverges and then
converges)

Reflecting prism (it allows the beam either
to be reflected horizontally to the eye

piece or to travel vertically to the detector
system)

Lateral eye piece for viewing the sample and
focusing the light beam.

g,h) Concave mirrors for focusing the beam on

i)

the photomultiplier

Photomultiplier tube
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The UP style diamond pressure cell (Fig. III-6) consists of two di-
amond anvils placed on two pistons. One is stationary and the other
is driven by means of a driver screw. The powdered sample is
placed between the anvil faces and the collimated light travels
along the compression axis. To calibrate the pressure, the sam-
ple is usually mixed in a 1:2 ratio with NaCl powder, and a lead
glass collimator is attached to the diamond cell to collimate the
X~-ray beam to about lOOﬁ. The diffracted x-rays are recorded on
a film cassette attached to the other end of the cell; the ex-
posure time required to collect x-ray lines of reasonable inten-
sities for each pressure measurement 1is about 300 hours. The
advantage of using this type of pressure cell is that the x-ray
is collimated on the central region of the sample (about 100u),
where the pressure inhomogenity is minimal. This type of diamond
cell was used frequently in the early stages of this research.

The UXP style pressure cell is a modification of UP type
which has been reduced significantly in size so that it can fit
easily inside a Debye-Scherrer powder x-ray camera (Fig. I1II-7 ).
The x-rays in this design travel along the anvil faces across the
sample. Although the required exposure time in this method is
reduced to about 48 hours, it has the disadvantage of broadening
the diffraction lines due to the non-uniformity of the pressure
across the sample. Using this type of diamond cell requires more
careful work to distinguish the low pressure diffraction lines
from the high pressure lines of the sample. Some corrections
also have to be made to take into account the widths and inten-

sities of the diffraction lines.
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FIGURE III-6

A photograph of the UP style pressure cell
mounted on a universal x-ray table (note the

lead glass collimator at the center of the

diamond cell).



-50-




- 60 -

FIGURE III-7

A photograph of the UXP type pressure cell
mounted inside a Debye-Scherrer powder x-ray

camera.
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The third type of diamond anvil cell is designated as PP
(Merrill, 1973). It is mostly used for x-ray crystallographic
studies of single crystals and was employed in this project for
the optical absorption measurements of single crystals at ele-
vated pressures. The cell simply consists of two diamond anvils
placed on two platens that are driven against each other by means
of three screws (Fig. III-8). The maximum pressure that can be
achieved using this cell is about 80-100 kilobars. The limita-

tion of this assembly is discussed later in this chapter.

III-3. Sample Preparation for Spectral Studies

The samples used in this research were either powders or
single crystals. The process of mounting the powdered specimen
is fairly easy; in most cases, gem quality single crystals are
selected and crushed in an agate mortar for about three hours,
until the grains are hardly recognized under the X45 magnification
microscope. The average grain size is usually less than 2u in
diameter. A fine ultra-pure NaCl powder is then added (2:1
weight ratio), mixed and ground thoroughly with the sample. The
reason for grinding the sample and NaCl to this size (1-2u) is to
obtain a similar pressure distribution on the sample and the
standard, NaCl, and to minimize the shear stress on the sample.

A few milligrams of the mixture of NaCl and the sample are placed
on the tip of a sharp needle and transferred to the upper face of
the lower anvil. The pressure is generated on the sample by

driving the lower piston against the stationary upper one. When

the two anvils are close enough to each other, although some of
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FIGURE III-8

A photograph of the PP type diamond cell mounted

on an eucentric goniometer head (Merrill, 1973).
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the sample is extruded, the remainder is squeezed between the
two anvil faces. The maximum pressure that can be achieved
depends on the surface areé of the anvil faces and the force ap-
plied on the two diamonds. To obtain a pressure of about 300
kilobars a force of about 270 kilograms should be applied on an
anvil face of about 0.3 mm in diameter (Bassett, personal com-
munication).

Preparing oriented single crystal fragments for high pres-
sure spectral studies requires more care. A crystal fragment of
the sample (150-200p in diameter) i=s oriented by means of spindle
and transfer stages and then is mounted on a glass using Duco
cement. Without changing the crientation, the crystal is then
polished on both sides until flat parallel faces are obtained.

The gasketing technique developed by Van-Valkenberyg (1965)
was used, in which a crystal is mounted in liguid in the cell,
thereby obtaining hydrostatic pressure conditions on the sample.
Thus, a stainless steel gasket, having a cylindrical hole (about
0.35 mm in diameter) at its center, is placed on the flat face
of the lower anvil (Fig. III-9 ). After the hole is adjusted so
as to be at the’center of the face of the lower anvil, it is
cemented to both the diamond and the sliding piston in order to
prevent movement of the gasket and extrusion of the liquid. The
hole in the gasket is then filled with a pressure fluid, and the
crystal is placed in the liquid with the known axes parallel to
the diamond anvil faces. Pressure is obtained by driving the
two diamonds against the metal gasket which in turn transfers

the pressure through the liquid to the sample. The ultimate



FIGURE III-9

The gasketing method: A stainless steel gasket
between the two diamond anvils at 1 atm. and

at high pressure.
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pressure that can be reached using this method is 80-100 kilo-
bars. This limit results from the gasket's yield strength and
the solidification of the liguid.

In the high pressure spectral studies, it is preferable for
the sample under investigation to be a single crystal rather than
a powder, for the following reasons:

1) The pressure condition in the single crystal method is
completely hydrostatic, as long as the pressure transmitting
fluid does not solidify in the required pressure range.

2) The high pressure polarized spectra can be measured for
at least three different orientations.

3) The single crystal, being much thicker than the powdered
sample, produces enough absorption to characterize the weak bands
at elevated pressures.

4) The pressure calibration in the single crystal method is

easier and more accurate.

IIT-4. Alignment Procedures and Pressure Calibration

A. Alignment Procedure

In the high pressure experiments, three types of alignments
are required before applying pressure to the sample. First, it
is necessary to align the two faces of the opposed diamond anvils
in a way to make them parallel to each other and perpendicular to
the axis of pressure. This alignment is necessary to minimize
the possibility of cracking the diamonds and to obtain a uniform
pressure distribution across the sample. Alignment of the dia-

mond can be accomplished by employing materials that transform
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easily into new phases as a'consequence of subjecting them to
elevated pressures. These high pressure polymorphs should be
easily identified (e.g. from their color changes) and should be
sensitive to the pressure. The most commonly used material is
silver iodide (AgI), which undergoes several phase transitions at
various pressures (Fig. III-10). The most conspicuous of these
transitions were reported by Bassett and Takahashi (1965); these

are:
AgI (IV) » AgI(III) at 4 Kb. and room temperature,

and AgI (III) » AgI(IV) at 100 Kb. and room temperature.

When the anvils are out of alignment, the 4 Kb. phase of AgI
will appear off-center on the diamond faces. The alignment can
be achieved then by altering the pair of rockers, on which the
diamonds are seated, and then centering the high pressure phase.

Secondly, after aligning the diamond faces, the x-ray col-
limator must be aligned with the diamond anvils. This alignment
is essential for the x-rays to impinge only on the central region
of the anvil faces where the pressure gradient is minimal. This
alignment is achieved by placing a piece of photographic film
between the two anvils and applying pressure to cause indentation
of the anvil faces on the film. The collimator is then attached
to the front side of the diamond cell, and the pressure cell as-
sembly is transferred to a universal table for further alignment
of the x-ray beam with the collimator. The latter alignment is
achieved by employing a Geiger counter at the other end of the
cell and measuring the intensity of the x-rays passing through

the collimator and the two diamonds. The x-rays can be aligned
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FIGURE III-10

A photograph of silver iodide (AgI) powder between
the two diamond anvils. The central region shows
the boundary of the high pressure phase, AgI(IV),
indicating that the pressure is > 100 kb.. Near

the periphery of the anvil face, note the boundary
of the AgI(III) phase where the pressure is 1)4 kb..
Note also that the AgI(IV) phase is at the center

of the diamond face, indicating that the two diamond

anvils are in good alignment.
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further with the collimator by adjusting the universal table in
various angles until maximum x-ray radiations are detected by the
Geiger counter. After exposing the photographic film to x-rays
for about a minute and developing the film, a black spot should
be observed at the center of the indentation on the film caused
by the anvil faces. However, if the spot is off center, realign-
ment of the collimator has to be done by slight movement of the
collimator and further optical observations under the microscope.

Finally, an alignment of the film cassette is necessary to
obtain a geometry similar to that or Debye-Scherrer camera. It
is essential that the sample be at the center of the film curva-
ture. This condition is achieved by means of cassette mounting
rods, translating bars, and two transparent plastic plates con-
necting the film cassette with the pressure cell. The center of
the curvature of the film is marked on each plate and the sample
is aligned so that it is co-linear with the two marks on the
plates. For additional information on the alignment procedures

see Bassett et al. (1967).

IT1-4. B. Pressure Calibration

Depending on the nature of the sample (i.e. single crystal
or powder), two methods of pressure calibration were used in
this study. For powdered specimens, NaCl powder may be used as

an internal standard, and the pressure scale is determined from

variations of the unit cell parameter "a" versus pressure.

Using the Mie-Gruneisen equation of state, Decker (1965, 1966)

calculated the variations of the lattice parameter "a" for NaCl
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as a function of pressure over a precsure range 0 to 500 kilckars.
Similar calculations have also been done by Weaver et al. (1968).

NaCl was chosen as an internal standard for pressure cali-
bration because:

1) It is transparent in the i.r. and visible spectral regions.
This property makes NaCl an excellent internal standard for high
pressure spectral studies.

2) NaCl has a very low shear stress (Kinsland, 1974) that
minimizes the pressure inhomogenity on the sample.

3) The isometric nature of the NaCl structure causes minimum
interference of its x-ray diffraction lines with those of the
sample; in addition, each x-ray reflection yields a value for the
molar volume.

4) NaCl has a small bulk modulus, i.e. any changes in pres-
sure could yield large changes in volume.

5) The P-V relation for NaCl has been extensively studied,
theoretically and experimentally, and is well documented.

As mentioned previcusly in the NaCl powder method, a mixture
of sample and NgCl is mounted on the anvil face, as was mentioned
earlier in this chapter, and the mixture is subjected to high
pressure. A pellet of NaCl powder is placed on the rear face of
the diamond which faces the film cassette, and the sample and
standard are then exposed to x-rays for about 300 hours.

The geometries of x-ray reflections from NaCl between the
anvil faces and from NaCl on the outside face of the anvil are
illustrated in Fig. III-11 ., The x-ray diffraction lines pro-

duced from the NaCl platelet, at zero pressure, should be cor-
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rected, since the platelet is not placed at the center of the film
curvatﬁré. In fact, the ﬁaCl sample (in this case at 1 atm.) is
at a distance less than Rf, the film curvature radius.

Té obtain the corrected NaCl reflection at 1 atm., the fol-
lowing 'equation is employed (Mao, personal communication):

R, = R + tSin28 (1)
where; R is the arc length corresponding to the angle 26 of the
hkl reflection; Rc is the corrected value of R (tSin26 corrects
for the displacement of the NaCl platelet from the center of the
film curvature); t is the diamond thickness; and 26 is the angle
of x-ray reflection from the hkl plane. Since R and t are dir-

ectly measurable and since 6 may be determined from Bragg's Law:

-1 n)

(2)
2dp1

8 = Sin

Rc may be calculated. Then, since 6 and Rc are known, the cor-
rection factor, c, may be determined from equation (3):

C = 29/Rc (3)
This, in turn, is used to determine, 2ea, the high pressure angle
of x-ray reflection from the hkl plane, using the directly measur-
able high pressure arc length of the same hkl reflection, R :

29a = C X Ra (4)

Then, again, employing Bragg's Law, the dhkl of NaCl at

elevated pressure can easily be obtained:

d = A (5)
hk1l §SLnea

and hence, the lattice parameter, "a", at elevated pressure is

determined:
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FIGURE III-11

The geometries of x-ray reflections from NaCl
between the anvil faces and from NaCl platelet
mounted on the outside face of the anvil. R,

Ro»

and R, are related to reflections corres-
ponding to (200) 1line. R, is not observed,

but it is calculated from R.
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"a" = d, . h%+ k% + 12 (6)

Now, the ratio (ao—a)/ao or AV/V can be obtained and the pres-
sure estimated easily using Decker's Table (1965).

The pressure in the single crystal cell is calibrated by
employing different liquids of known freezing pressure (Forman
et al., 1972; Piermarini et al., 1973). These liquids are listed

in the following table:

Material Phase Transition Pressure (Kb.)
CCl4 L -1I 1.3
H20 L - VI 9.6
n-—C7H16 L - I 11.4
C2H5Br L - I 18.3
2-Methyl Alc. L -8 25.0
Methanol L - S 35.8
Isocamyl Alc. L -8 37.0
(1:1) Pentane: L - S 70.0
Isopentane
(4:1) Methanol: L -8 100.0
Ethanol

The solid-solid phase transformation of KC1(I) to KCl(II)
which takes place at 19.3 Kb. is also a useful pressure indicator
in the liquid cell.

Another method of pressure calibration is the pressure shift
of the sharp R-line fluorescence spectrum of ruby. Forman et al.
(1972) observed a consistent shift of the two ruby lines Rl and

R2 of an average -0.77 and -0.84 cm_l/Kb., respectively. Since
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the fluorescence instruments are not available at our laboratory,
this method was only used to calibrate the phase transition of
gillespite during experiments performed by the author at NBS.
However, this method can be used if the light source of the Cary
spectrophotometer is replaced by a YAG laser, which emits radia-
tions of wavelengths appropriate to cause the fluorescence of the
ruby crystal fragment contained in the liquid cell with the sam-
ple.

III-5. Experimental Difficulties

Many difficulties have been encountered in performing the
experimental part of this project. Some of these have been solved,
but others remained unsolvable. Such problems confined the nature
of this investigation to be somewhat semiquantitative than quanti-
tative in many cases. These difficulties are:

1) Interference of the diamond absorption in the visible
region: Figure III-12 shows the spectra of a pair of diamond
anvils used in the pressure cell. The sharp peaks in the visible
region around 41s, 403, 394, and 384 nm are related to defect
centers in the diamond structure containing trapped nitrogen in
various forms (Clark et al., 1956; Raal, 1959). The diamond
absorption bands overlap bands of certain transition metal ions

(e.qg. Mn2+

’ Fe3+) in the visible region and obscur them. To
reduce the diamond absorption, another pressure cell containing
diamond anvils of similar thicknesses as those in the sample beam
was employed in the reference beam. The reference diamond anvils

then absorb similarly and may offset the absorption of those used

in the sample beam. '



FIGURE III-1l2

The visible spectra of a pair of diamond anvils

used in the pressure cell.



ABSORPTION (0.D)

- 80 -

ABSORPTION SPECTRA OF
"DIAMOND®

“ﬁdd — .médd TR 760

WAVELENGTH (nm)

I ]

'"800'&”w



- 81 -

2).Sample thickness and size: The small size of the sample
(50-100u in diameter and 5u thick) used in the high pressure
study presents another problem. Working with such small samples
will not permit the resolution of the broad and weak bands and
will reduce the intensities of many bands significantly. Because
of this difficulty, only sharp and intense bands are investigated,
especially when powdered specimens are being used.

3) Pressure inhomogenity across the sample: The pressure
gradient across the anvil faces has been recognized by many work-
ers as a scrious problem in the opposed anvils high pressure
cell. Many attempts have been made to evaluate the pressure dis-
tribution across the surface of the sample in the anvil type
press. A formula has been derived by Jackson and Waxman (1963)
which gives the magnitude of pressure at any point on the surface
of the anvil:

P = PO.G(r).exp(zf/h)(ro - r)
where P is the pressure at radius r from the center of the anvil,
Po is the pressure at the center of the sample, G(r) is a function
of (r) or unity, f is the coefficient of friction, and h is the
distance between the two anvils or sample thickness. The above
formula depends on many factors that limit its usefulness; how-
ever, it shows clearly that the pressure is expected to increase
towards the center of the anvil face.

Nevertheless, the magnitude and the shape of pressure dis-
tribution in the diamond pressure cell have been investigated
experimentally by Lippincott and Duecker (1964), using the high

pressure spectral studies of nickel dimethylglyoxime. This
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compound has an intense band at 19,0303 cm—1 which is very
sensitive to pressure. From measurements of samples of nickel
dimethylglyoxime located at various radial distance across the
diamond anvil face, the shape of pressure distribution was
determined (Fig. III-13b).

Further, the pressure distribution in the diamond cell was
investigated more accurately by Piermarini et al. (1973) using
the line broadening and line shift measurements of the R ruby
fluorescence line. Figure III-13a illustrates the pressure grad-
ient across an ungasketed sample of powdered NaCl. Since the
average radial position of the sample (sample diameter is about
75 microns), it is obvious then that there is an average error
of *¥5 Kb. in the determined pressure.

The use of an encapsulating fluid as pressure transmitting
medium, however, gives a true hydrostatic pressure condition on
the sample. Piermarini et al. (1973) studied the pressure grad-
ient across the sample using a 4:1 by volume liquid mixture of
methanol and ethanol. They observed zero pressure gradient
across the surface area of the diamond anvil up to 100 Kb. How-
ever, above this pressure, the liquid mixture solidified and the
shear stress became a significant factor in causing a non-hydro-
static pressure environment around the sample.

4) Problems of pressure calibration: It was mentioned
earlier in this chapter that the powdered sample has to be mixed
with an internal standard, NaCl. However, dilution with NaCl
decreases the relative concentration of the absorbing material

and reduces the spectral band intensities. In addition,
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FIGURE III-13

(a) Pressure distribution in an ungasketed sample

(b)

of powdered NaCl in the diamond-anvil cell at
two different applied loads. [From Piermarini,
G.J., Black, S., and Barnett, J.D., 1973.]
Pressure contours for sample of nickel dimethy-
lglyoxime in NaCl (1:3) in the diamond-anvil
cell. [From Lippincott, E.R. and Deucker, C.D.,
1964.]
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FIGURE IV-13(a)
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pressure calibration itself, using the NaCl method, is tedius
and time consuming, since, for each pressure measurement, the
mixture of sample and NaCl has to be exposed to x-rays for about
300 hours, in order to obtain diffraction lines of reasonable
intensities. Errors in pressure calibration may alsc be signifi-
cant, because of misalignment of the diamond cell with the x-ray
beam could easily happen from any movement of the diamond cell
or the x-ray table.

Inadequate x-ray equipment; notably not having an Mo radia-

tion source, was another factor limriting and delaying pressure

calibrations.
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Chapter IV

EFFECT OF PRESSURE ON CRYSTAL FIELD BANDS

iv-1l. Introduction

The objective of this chapter is to present the results of
optical absorption spectral measurements performed on mineral
samples at various pressures. Then, these results, coupled with
other spectral data in the literature, will be used as a basis
to discuss the variations of spectral parameters with pressure.

The spectra of natural minerals are usually complicated by
multiplicities and distortions of sites cocntaining the transition
metal ions, by the occurrences of more than one type of transi-
tion metal ion, and by mixed valence states in each individual
mineral.

To reduce such complexities, an attempt was made to select
mineral samples which contained one transiton metal ion in one
oxidation state. However, in certain cases, this was not pos-
sible, so that the spectra of more than one cation type were
investigated in the individual mineral.

The results of this chapter are reported in five sections
according to the crystal structures of the minerals studied.

The minerals are classified into the following groups: a) pyro-
xenes; b) olivines; c¢) garnets; d) epidotes; and e) miscella-
neous. The last group includes minerals of significant interest
in this investigation which could not be classified under the
first four mineral groups.

In each section, a brief review of the crystal chemistry

and crystallography of the mineral group is given first. This
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is followed by a description of the <crystal structure and thc
spectral properties of each individual mineral, with emphasis on
the site occupancies of transition metal ions at 1 atm and at
elevated pressures.

The spectra of each mineral species are presented at 1 atm.
and at high pressures. From these spectra, crystal field energy
level diagrams are constructed, and then crystal field parameters
are evaluated at various pressures. Other useful information,
such as the variation of the site symmetry with pressure and an
estimation of the crystal field stapvilization energies, is gain-

ed from constructing d-orbital energy levels at various pressures.

IV-2., Pyroxenes

The pyroxene structure consists of alternating tetrahedral
and octahedral layers. Each tetrahedral layer consists of sili-
cate chains extending parallel tec the c-axis, and each chain
consists of SiO4 tetrahedra sharing corners.

The oxygen atoms on the upper surface of one tetrahedral
layer and the oxygens on the lower surface of the next tetrahe-
dral layer togéther form oxygen polyhedra that surround the
larger cations such as: Ca, Na, Mg, Fe, in at least two crystal-
lographically distinct positions (Figure IV-1l ). These edge-
shared groups form the octahedral layer.

The simplest structure in the pyroxene group is that of
diopside, which crystallizes in space group C2/c. This struc-
ture is discussed in some detail to illustrate the crystal chem-

istry of the pyroxene minerals involved in this project. The
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FIGURE IV-1

The crystal structure of diopside projected along

the z-axis. Note the 6-fold coordination site of

the Mg cation and the 8-fold cocordination site of

the Ca cation. This figure also shows the octahedral
and the tetrahedral layers stacked along the b-axis.

[From Evans, R.C., 1966.]
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octahedral layer in diopside contains two crystallographicallv
distinct sites, referred.toaleand.M2 (Evans, 1966). Thebﬁ_sites
are usually occupied by cations smaller than those in the M2 sites,
and the cations in the Ml site are coordinated to 6 oxygen

atoms in a nearly regular octahedron. The Ml octahedra share
edges to form zig-zag chains parallel to the c-axis, and each

M1 chain is bordered on both sides by M., polyhedra, forming

2

octahedral bands referred to as the octahedral layer (Figure
Iv-1).

In some pyroxenes, the M2 sites are occupied by large cati-
ons such as Ca in diopside and Na in jadeite which are coordin-
ated to 8 oxygens. In this case, the M2 polyhedra, from two
adjacent octahedral bands, share edges leaving a row of discon-
tinuous vacant octahedral sites between the bands (Appleman,
1966) .

However, when small cations such as Mg in enstatite and Fe

in ferrosilite occupy the M. site, they are coordinated to six

2
oxygen atoms in distorted octahedral sites. The M2 polyhedra
from two adjacent bands then do not share edges, and a continu-
ous rift of vacant sites separates the two octahedral bands. 1In
both cases, the octahedral bands are connected by the tetrahedral
chains above and below them (Appleman, 1966).

The above crystallographic features are constant in most
pyroxene minerals; however, the major variations, as a conse-
quence of variation in chemical composition, occur in the M2

polyhedra and the relative arrangement of octahedral and tetra-

hedral layers.
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Tﬁe pyroxene, or pyroxenoid, minerals that were used in
this study are: orthoferrosilite, bronzite, lunar Ti-angite,
blue-omphacite, and rhodonite. The crystal chemistry of the
above minerals will be studied with emphasis on the transiticn

metal site symmetries and metal-oxvgen bond distances.

Iv-2.1 Orthoferrosilite

The crystal structure of synthetic, end member (Fs ) or-

100

thoferrosilite was reported by Burnham (1966). The ferrous ions

in this structure occupy both M., and M2 sites, and each Fe ion

1

is coordinated to six oxygen atoms. The Ml site is nearly a

regular octahedron, whereas the M, site is very distorted (Fig-

2
ure IV-2 ). The Fe-O bond distances are given in Table IV-1, and

the crystal structure, projected on (010), is shown in Figure
IV-3 . 1In the Ml octahedron, each oxygen atom is coordinated
to one silicon atom which is referred to as non-bridging; how-

ever, in the M2 site there are, in addition to four non-bridging

oxygens, two oxygens each linked to two silicon atoms, which are
referred to as bridging.
As a conséquence of the inhomogenity in the type of the oxy-

gen atoms coordinated to Fe, the M, site is significantly more

2

distorted than the Ml site. This is manifested in Table 1V-3,

which shows that Fe-O0 bond distances in the M, site depart a max-

1

imum of 0.06A from the mean, whereas Fe-0O distances in the M2
site depart a maximum of 0.2A from the mean. Burnham (1966)

related the short bond distances in the M, site, (Fe-02A and Fe-

2

02B), to the excessive negative charge of (-1/3) on both oxygens



FIGURE IV-2

Pictorial views of the M1l and M2 sites in

orthoferrosilite.
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FIGURE IV-3

The crystal structure of orthoferrosilite
projected on (010) showing the M1 and M2
polyhedral chains extending along the c-
axis. Note the edge sharing between M1 and

M2 sites. [From Burnham, C.W., 1966].
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Atom Pair
Fe-01lA
Fe-01lA'
Fe-01B
Fe-01RB'
Fe-02A

Fe-02B

Mean Fe-0

Table IV-1:
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TABLE IV-1

M1l Site

Distance (i)
2.006
2.093
2.200
2.119
2.101

2.152

2.145

M2 Site
Atom Pair Distance (&)
Fe-01A 2.184
Fe-01B 2.127
Fe-02A 2.042
Fe~02B - 2.013
Fe-03A 2.456
Fe-03B 2.617
Mean Fe-0 2.240

M1-0 and M2-0 interatomic distances in

orthoferrosilite (Burnham, C.W., 1966).
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(022 and 02R); however, Ghose (1965) related the short Fe-O
distances to partial covalent character in these bonds.

Burnham also related the long bond distances (Fe-03A and
Fe-03B) to surplus positive charge on the two oxygens (03A and
03B). Another significant feature in the structure is the edge
sharing of M2 polyhedron with an SiO4 tetrahedron; the shared
edge is approximately 0.058 shorter than unshared edges. The M

1

site shares five of its edges with other Ml and M2 sites, and the
M2 polyhedron shares one edge with an SiO4 tetrahedron and other

two edges with two Ml polvhedra.

The polarized spectra of orthoferrosilite (Fs ) were

86114
reported by Burns (1970). In the present study, the spectra of
orthoferrosilite of the same composition were measured at various
pressures. At 1 atm., the spectra for the y and z orientations
show four main bands in the i.r. region around 5000, 8298, 10526,
and 10780 cm_l(Figures IV-4,5). white and Keester (1966) and
Runciman et al. (1973) also reported another band at 3100 cm"l.

The bands at energies 3100, 5000, and 10780 em™ L were assigned

to spin-allowed transitions* in Fe2+ contained in M2 sites, and

* In a regular octahedral site, Fe2+ has one spin allowed transi-
tion from the ground state 5T2g to the '‘excited state °E,; the
energy of this transition is edquivalent Lo 10Dg or Agy. “However,
in a distorted octahedron, the 5T2 and °E, levels are split into
two or possibly three levels depenglng on ghe degree of distor-
tion.

The M; polyhedron in orthopyroxenes is distorted from Op
symmetry to approximately C2y; as a consequence of this, the T)
state is split into three states Bj, B2, and A2, and the Ey4 state
splits into Aj; and Aj; states (Runciman et al., 1973).

The ground state is considered to be B and observed spec-
tral bands, assigned to the M, site, are related to the follow-
ing transitions:
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FIGURE IV-4

The o*-spectra of orthoferrosilite at 1 atm.

(

) and 20 kb, (==~-- ). Note the shift

of C.F. bands in the i.r. region to higher
energies at 20 kb.. Whereas the bands in the
visible region did not show significant energy

shift.
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the bands at 8298 and 10526 cm*l to Fez+ in Ml site (Burhs,
1970). Further, there are other weak, but conspicuous, bands
in the visible region at 14500, 18182, and 19685 cm™T: the

. 24
first band is related to electron transfer between Fe“ and

Fe3+, and the latter two are due to spin-forbidden transitions
in Fe2+.

By considering the site symmetries of the Ml and M2 sites
shown in Figure IV-2, the metal-oxygen distances given in

Table IV-1 the cobserved transitions in the spectra of orth-
ferrosilite shown in Figures IV~4,5 , the crystal field energy
level diagrams, at 1 atm., for both the Ml and M2 sites were
constructed (Figure IV-6).

The point group symmetry of the M2 polyhedron is considered
tc be close to C2v' The energy separation between the t2g
levels in the M2 site, Al and Az, are those reported by Burns
(1970a) and **Shenoy et al. (1969). The energy separation be-
tween the t2g levels in the Ml site are those values reported by
Shenoy et al. (1969) and Huggins (1974).

Band Energy (cm—l) Electronic Transition
5 5
3100 By » "A;
5 5
5000 B, »~ "A,
5 5
10780 B, > A,

The My site is also a distorted octahedron, but is more
regular than the M, site. The two bands at energies 8298 cm~
and 10526 cm~l are assigned to the electronic transition:

5 5 5 5

Bl -> Al and Bl - A

1

1

** Shenoy et al. £l969) considered A, and A, to have values of
at least 1200 cm™-,
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FIGURE IV-5

*
The y-spectra of orthoferrosilite at 1 atm. (

and 20 kb. (-=-=--- ).
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Measurements of the polarized snectra of orthoferrosili<a
(Fs86Enl4) at elevated pressures were determined from a single
crystal mounted in the diamond cell, orientated in such a way
that the y and z axis were contained in a plane parallel to
the anvil faces. With increasing pressure, all spectral bands
in the i.r. region shift to higher energies (Figures IV-4,5).
The rate of energy shift (cm—l/kb) with pressure appears to
decrease in the order I>II>III>IV, where the Roman numerals
refer to the bands at energies 5000, 8298, 10526, and 10780
cm_l, respectively.

The spectra of orthoferrosilite measured at 19.3 kb enable
the energy level diagrams shown in Figure IV-6 to be construct-
ed for Fe2+ ions in the Ml and M, sites. Such diagrams are
useful for interpreting the symmetries of the My and M, poly-
hedra at high pressures and estimating the energy values of
crystal field splitting and crystal field stabilization para-
meters for each site.

Comparing the energy level diagrams constructed at 1 atm.,

and 20 kb, it is evident that the d_2 energy level rises in

energy much faster than dx2—y2 as pressure increases. As a con-

sequence of the different rates of energy shift for these two
levels, the energy separation between them becomes smaller as
pressure increases.

The t levels (dX , d. , d Z) also became closer to each

29 Xz Yy
other due to the rapid rise in energy of the dXZ and dyz relative

to the d orbital.
Xy
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FIGURE IV-6

Energy level diagrams for M1 and M2 sites in
orthoferrosilite constructed at 1 atm. and

20 kb.
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To explain the differences in the rates in energy shifts of
spectral bands with pressure, three factors should be considered.
First, the geometry of the polyhedron which contains the central
ion, Fe; second, the metal-oxygen bond distances; and third, the
relation given in equation II-7. Considering these factors, it
is apparent that the short Fe-O bond distances (Fe-02B and Fe-
02A) are directed along the y axes, whereas the long distances
(Fe-03A and Fe-03B) are oriented in a direction close to the z
axes. At elevated hydrostatic pressures, the longer bonds will
be shortened easier than the shorter ones, since the former bonds
are weaker than the latter due to their possessing smaller elec-
tron density between the oxygen anions and the Fe-cation. As a
result of decreasing the Fe-03A and Fe-03B bonds significantly
with increasing pressure, the intra-atomicelectrostatic repulsion
forces increase, causing the d22 energy level to rise in energy.
In fact, all the d levels should increase in energy because of
the expected shortening in M-O bond distances. However, elec-
trons localized near the z axis will be repelled more at high
pressure due to preferential compression. The net result of
pressure on the d-energy levels in the M2 site, then, will be to
decrease the energy separation between the eg levels (dzz and
dxz_yz) and to reduce the splitting energy between t2g levels
(dxy' dxz’ dyz)' That is, the M2 site will become less distort-
ed at elevated pressures.

The influence of higher temperature on metal-oxygen bonds

is expected to be similar to that of high pressure. However,
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bond expansions rather tﬁan shortenings are expected to occur at
elevated temperatures.

Smyth (1973) reported the crystal structure of orthopyroxene
at temperatures ranging from 25°C to 850°C. Smyth observed that

the long Fe-0 bonds in the M, site expand significantly more than

2
the short bonds. Further, Huggins (1974), from high pressure
Mossbauer studies of orthoferrosilite, reported that the M2 site
becomes less distorted with increasing pressure. The results of
both Smyth and Huggins are consistent wi£h the predictions dis-
cussed earlier, and the results obtained in this study.

It should be mentioned that Mao and Bell (1971) measured
the high pressure polarized spectra of synthetic orthoferrosilite
(Fsloo) at pressures up to 25 kb. They also showed the relative
energy shift of crystal field bands with pressure. The results
reported by Mao and Bell are in agreement with those obtained
in this study. Mao and Bell (1971) constructed energy level di-
agrams without giving explanation for the differences in the
rate of energy shift of spectral bands. In addition, the values
of A, and A

1 2
their diagrams are inaccurate. This is because Al was estimated

(the energy separation between t2g levels) shown on

roughly from the energy of a spectral band at 3100 cm_l, which
was observed by White and Keester (1966), and A2 was assumed to
have energy value of 1000 cm—l without indicating to any refer-
ence or giving any reason for this assumption.

The crystal field energy level diagrams shownin Figure IV-
6 were constructed from the energies of spectral bands assigned

to the Ml and M2 sites. The energies of these bands are consis-
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tent with those reported by Burns (1970) and by Mao and Bell

(1971) . However, there is disagreement in the values of the
energy separation between the lower d-levels t2g
Burns (1970) and Mao and Bell (1971) estimated Al and A2

values for the M2 site about 3100 and 1000 cm-l, and for the Ml
site 100 and 50 cm—l, respectively. These authors assigned these
energy values for Al and A2 on the basis explained above. The
values for Al and A2, given in this study, are preferable because
they were obtained from considering both the high temperature
MOssbauer data (Shenoy et al., 1969; Huggins and Abu-Eid, 1974;
and Huggins, 1974) and the far infrared studies (White and
Keester, 1966; and Runciman et al., 1973) of orthopyroxenes.

The estimated crystal field splitting parameters at 1 atm.
for the Ml and M, sites are 9010 and 6460 cm—l, respectively, and
the crystal field stabilization energies are 4005 and 4016 cm—l.
The energy values of these parameters at 1 atm. indicate that
the ferrous ions in the My sites have slighly smaller site pre-

ference energies than those in the M, sites. However, the dif-

2
ference in CFSE parameter for both sites could be within the er-
ror of the experimental measurements; for this reason it may be
safe to assume that Fe2+ is disordered in orthoferrosilite.

The polarized spectra of orthoferrosilite were measured at
various pressures. All bands in the i.r. region shifted to high-
er energies as pressure increased. Energy level diagrams for the
: M1 and M2 sites were constructed from the energy values of spec-

tral bands measured at about 20 kb. They are shown in Figure

IV-6.
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Looking at the energy level diagrams constructed at 1 atm.
and 20 kb for both the Ml and M2 sites, the energy values of the
crystal field splitting (CFS) and crystal field stabilization
energy (CFSE) parameters can be obtained for both the Ml and M2
sites at 1 atm. and at 20 kb. by looking at the energy level
diagrams constructed from measurements at these pressures.

These values are compared in Table IV-2.

From Table IV-2, the follcwing conclusions can be drawn:

1) CFS parameters increase with pressure for both sites, indica-

ting that the volumes of the M., and M2 polyhedra decrease as

1

pressure increases;
2) The polyhedral volume decrease with pressure is greater for

the M2 site than for the Ml site, suggesting that the M, site is

more compressible. This obtains because AA (CFS

for the M

20kb ~ FS1 atm)

for the M, site is greater than A site;

2 A 1
3) The CFSE for the M2 site, at 1 atm, is slightly larger than

that for the M, site; however, at high pressures, this parameter

1

becomes greater for the Ml site. This suggests that Fe2+ ions

may be more stabilized in the M, site than the M, site at eleva-

1 2

ted pressures.

The spectral band in the visible region at about 14500 cm_l
shifts slightly to lower energy as pressure increases, suggest-
ing that its assignment as a charge transfer band (Burns, 1970a)
could be correct. (The influence of pressure on charge transfer
bands will be discussed in detail in the next chapter.) On the

other hand, the sharp peaks at 18182 and 19685 cm"l do not show

any detectable energy shift with pressure up to 50 kb. The neg-



CFS

M1

9012
1 atm.

25.77

9447
20 Kb.

27.01

+ 435
ba

1.24

- 110 -

TABLE IV-Z
M2 M1l
6457 4005
18.46 11.45
6942 4224
19.85 12.08
+ 485 + 219
1.39 0.626

CFSE

M2
4016

11.48

4067

11.63

0.146

cm

K.Cal.

cm

K.Cal.

cm

K.Cal.

Table IV-2: The energy values of CFS and CFSE parameters

for the M1 and M2 sites in orthoferrosilite at 1 atm. and

20 kb.
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ligible energy shifts of these bands is another piece of evidence
confirming their assignments to spin-forbidden transitions in
Fez+, since such transitions are dependent mostly on Racah para-
meters B and C which show insignificant changes in their energy

values with increasing pressure up to 200 kb (Abu-Eid, 1974).

Iv-2.2 Bronzitq

The high pressure spectra of another orthopyroxene, bronz-
ite, (composition: Fsl4.5En85‘5) from Bamle, Norway were measured
at two pressures, 1 atm. and 20 kb. The a-spectrum only was
measured at both pressures because of the broadness and low in-
tensities of the bands in the 8 and y spectra. The spectra at
1 atm. and 20 kb are shown in Figure IV-7 . The two main bands
at 5666 and 10953 cm_l in the 1 atm. spectrum were assigned to
spin-allowed transitions in Fe2+ ions in the M2 site. At pres-
sures around 20 kb, the first band shifts to 5821 cm_1 and the
second to 11806 cm-l. The energy values of these crystal field
bands at 1 atm. and 20 kb enable the energy level diagrams for

Fe2+ in the M2 site to be constructed at both pressures (Figure

Iv-8.
The values of CFS and CFSE for the M2 site at 1 atm. and
20 kb were calculated to be:
Pressure Crs CFSE
1 atm. 6943 4149 cm™t
20 kb. 7223 4119 o™t

From the above figures, it is evident that AO is increased

significantly, indicating compression of the M2 site; however,
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FIGURE 1IV-7

The a-spectrum of bronzite, Fs measured at

14.5'
1 atm. (——————) and 20 kb. (-=-=——===- ).
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FIGURE IV-8

Energy level diagram of the M2 site in bronzite

constructed at 1 atm. and 20 kb.
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the CFSE parameter decreases slightly with pressure, suggesting
that ret could possibly be less stable in the M, site at high
pressures. These results are similar to those obtained for or-
thoferrosilite (F586Enl4).

The above results obtained from orthopyroxene minerals are
useful for interpreting the distribution of Fe2+ between pyrox-
ene mineral phases and predicting possible changes in their
structures. The compressibilities of the Ml and M2 sites could
also be estimated since A is proportional to (—5/3) rd power of

the volume. These applications will be discussed later in

Chapter VII.

IV-2.3 Lunar Ti-augite

Pyroxenes commonly occur as essential minerals in many of
the lunar rocks and soils. Understanding the crystal chemistry
of lunar pyroxenes will provide information on the nature and
history of magmatic crystallization and mineral fractionations
on the moon.

Studies of pyroxene mineral phases, returned from different
Apollo missions, revealed their high content of trivalent titan-
ium and divalent iron (Burns et al., 1972b,c,d, 1973; Sung et
al., 1974; Mao and Bell, 1973a,b). Since natural minerals on
earth containing Ti3+ are scarce, lunar Ti-augite is a useful
mineral for investigating the influence of pressure on T13+
crystal field bands. Although the titanium and iron oxidation

. . - . 3+ o 2+
states have been tentatively identified as T13 and rez (Burns

et al., 1972b,c,d, 1973; Sung et al., 1974), there are many
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controversies and discussions in the literature on the assian-
ments of these spectral bands. The central controversy in the
band assignments is whether they arise from crystal field transi-
tions in the cations or from intervalence charge transfer transi-
tions between Fe2+ and Ti4+ or between Ti4+ and Ti3+.

In the present study, the results of high pressure spectral
measurements are invoked to resolve the controversies on spec-
tral band assignments. This high pressure technique has been
used successfully before by Abu-Eid (1974) and Mao and Bell
(1972a,b) to distinguish crystalfield bands from charge transfer
bands.

The lunar pyroxene investigated in this project is an
augite separated from the Apollo 17 mare basalt sample no. 74275.
The major element composition was determined by electron micro-
probe (Sung et al., 1974) and is summarized in Table IV-3;
the chemical formula for this pyroxene (based on 6 oxygens)
is:

19.3345%1 .68%"

€20.776"%0.011M90.6657%0.318%0. 019 0. 145™0. 008?
The crystallography and crystal chemistry of lunar augites
and pigeonites from the Apollo 12 and 15 missions were discussed
by Burns et al. (1972b), Takeda (1972), Dowty et al. (1972),
Hafner et al. (1971), Prewitt et al. (1971), Takeda and Ridely
(1972), and Brown and Wechsler (1973). The above authors are
in agreement on the site occupancies of iron and titanium. The
ferrous ions are disordered between the Ml and M2 sites, such

that about 45% occupies the Ml position and 55% the M2 position.

The trend of this site occupancy between Ml and M2 varies with
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b TABLE IV-3

74275, 85
Oxides Av., (14) Range Max. Ti Min. Ti
si0,  45.07 46.76-  43.86 44.29 46.76
Tio, 5.25 6.05- 3.54 6.05 3.54
A1,0, 6.51 7.09- 4.20 7.05 4.20
Cr 40, 0.75 0.94- 0.49 0.64 0.53
MgO 12.51 15.14-  11.75 11.75 15.14
FeO 10.11 12.38- 9.11 10.03 12.38
Mno 0.21 0.25- 0.09 0.20 0.15
Ca0 19.10 20.52-  15.32 19.05 15.32
Na,O 0.13 0.20- 0.02 0.16 0.11
Total 99.64 99.22 98.13

Table IV-3: Electron microprobe analyses of Apollo 74275

pyroxene (Sung, C-M., Abu-Eid, R.M., and Burns, R.G., 1974).
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the relative enrichment of Ca and Mg, and with the temperature of
mineral crystallization from the magna. Ti3+, on the other hand,
occupies the Ml position only.

The M2 polyhedron is a distorted octahedron, whereas Ml is
a fairly regular one. The geometry oi both sites relative to
the crystallographic axes a, b, and c¢ are shown in Figure IV-9.
and the M-O distances are given inTable IV-4. The M, polyhedron

shares 3 edges with M, sites and one edge with an SiO4 tetra-

1

hedron, whereas the Ml site shares five of its edges with My and

M2 polyhedra.

Figure IV-10 shows the polarized spectra of the 74275 lunar
pyroxene for y and z orientations measured at 1 atm. The broad

bands in the i.r. region at 4762, 9805, 10101, and 9091 cm ™1 are

due to spin allowed transitions in Fe2+. The first two bands
arise from Fe2+ contained in the M2 site, and the latter two
bands are related to Fe2+ transitions in the My site. In the
visible spectral region, there are four bands at energies 19802,
18182, 20920, and 15260 cm T.

The sharp peak at 19802 cm"l and the broad shoulder at 18182
cm - are related to spin-forbidden transitions in Fe2+; however,
there is a debate on the assignments of Ehe bands at 20920 and
15260 cm—l. Burns et al. (1972b,c,d, 1973) assigned the two
bands to crystal field transitions in Ti3+, whereas Dowty and
Clark (1973) and Bell andMao (1973a,b) assigned them to charge
transfer transitions arising from electron transfer between

either Fe2+ and Ti4+ or Fe2+ and Fe3+.
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FIGURE IV-9

Pictorial views of the ML and M2 polyhedra in
lunar pyroxene. Note the geometrical arrange-
ments of the oxygen atoms relative to a, b,

and c-axes.
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TABLE IV-4
M1l Site M2 Site
M1-01A  2.048 A M2-01A  2.166 A
M1-01A' 2.139 M2-01B  2.133
M1-01B  2.050 M2-02A  2.101
M1-01B' 2.180 M2-02B  2.044
M1-02A  2.024 M2-03A  2.389
M1-02B  2.055 M2-03B  2.627
Mean 2.083 M2-03B' 2.946

M2-03A' 3.434
Mean(6) 2.243

Mean(8) 2.480

Table IV-4: M1-0 and M2-0 interatomic distances

in lunar pyroxene (Takeda, 1972 and Takeda and

Ridely, 1972).
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Since the spin-allowed transitions of Ti3+ (2T2g -> 2Eg) and
2+ ,5 5

Fe ( ng -+ Eg) are only dependent on 10Dg, their energies
should be sensitive to any variation of the metal-ligand bond
distances. With increasing pressure (and hence shortening the
interatomic bond distances) these bands are expected to shift to
higher energies, if they are indeed crystal field transitions.
On the other hand, charge transfer bands are expected to show a
red shift with pressure.

The energy level diagrams for Fe2+ ions in the My and the
M2 sites in lunar augite, which are deduced from the positions
of absorption bands in Figure IV-10, are shown in Figure
29 orbitals in the M,
A2) are assumed to be 3100 and 2000 cm_l; these energy values

The splitting energies of the t site (Al and
were obtained from Mdssbauer parameters at various temperatures
using Ingalls model, as will be explained later. The splittings
of the t2g 1

value is estimated to be about 100 cm-l. From the two energy

orbitals in the M, site are very small, and the energy

level diagrams (Figure IV-1l) the calculated crystal field split-

tings for the M, and M., sites are: 9496 and 5583 cm-l, and the

1 2
crystal field stabilization energies are: 3898 and 3933, respect-

ively. The energy values for these parameters and the energy
level diagrams indicate that the M2 site is a very distorted
octahedron and the My site is fairly regular.

The crystal field stabilization energy for the M2 site is

slightly larger than that for the M, site, suggesting that fer-

1

rous ions prefer the M, position. It is of interest to compare

2
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FIGURE IV-10

The polarized absorption spectra of pyroxene
single crystals in rock 74275: . . . . . ¥

spectrum; ---—---- B spectrum; o

spectrum. (a=b; B=a; y=c).
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FIGURE IV-11

Energy level diagrams of Fe2+ cation in the M1

and M2 sites, and Ti3+ ion in the Ml site.
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the energy level diagrams for both sites with their point group
symmetries and crystallographic geometries. From such compari-
sons, it is evident that orbkitals oriented towards the short M-0O
bonds are at higher energies than those oriented along the long
M-0 bonds, implying that the electrostatic point charge model ap-
plies fairly well to transition metal ions in silicate minerals.
The energy level diagram for Ti3+ in the My site was con-
structed (Figure IV-1ll) assuming that the assignment by Burns et -
al. (1972b,c,d) of spectral bands at 20920 and 15226 to pi3* crys-
tal field transitions is correct. The crystal fiéld splittiﬁg
energy value for Ti3+ in this site, 18032 cm-l, correlates fairly
well with other values reported for the Ti3+ cation in other com-
pounds (McClure, 1962; Schldfer and Gotz, 1961; Schlafer, 1962).

The crystal field stabilization energy parameter, 7273 cm-l, is

2+

fairly high relative to the value of the Fe in the M, site;

3+

1

this indicates that Ti has a stronger preference for the M

1
site.

The polarized spectra in the visible and near infrared re-
gions were measured for the lunar pyroxene at pressures up to 50
kb. Figure IV-12 shows the spectra of a single crystal which
was mounted in a pressure fluid, using the gasketing method des-
cribed in Chapter III. The pyroxene crystal in the diamond cell
was oriented such that the y and z axes were contained in a plane
perpendicular to the pressure axis of the diamond cell.

The absorption bands in the z spectrum were not resolved due

to their low intensities and large widths; also the bands at 4762
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FIGURE IV-12

The a-spectra of 74275 pyroxene at 1 atm. and

at pressure around 50 kb.
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and 15260 cm™! were not resolved in both orientations. Because
of this difficulty, energy level diagrams were not constructed
at elevated pressures. However, the resolution of spectral bands
at 9805, 20920, 19802, and 18182 cm T was fairly good and the Y
spectrum measured at about 50 kb. is shown in Figure IV-12 . At
high pressures, the absorption bands at 9805 and 20920 cm-l shift
to higher energies indicating that they are spin-allowed transi-
tions in Fe2+ and Ti3+. This trend of band energy shift is con-
sistent with predictions made earlier in this study and with the
previous assignments made by Burns et al. (1972b,c, 1973).

On the other hand, the weak bands at 19802 and 18182 show
negligible energy shifts with pressure. This observation may
support their assignments to spin-forbidden transitions* in Fe2+.
Since spin-forbidden bands depend mostly on Racah parameters, B
and C, and to a lesser degree on Dg, and since these parameters,

B, C, and Dg, have opposite energy shifts with pressure, such

bands may not shift significantly with increasing pressure.

IV-2.4 Blue Omphacite

Omphacites were defined, by Clark and Papike (1968) as pyro-
xenes whose compositional field lies between the boundary planes

* %
0.2<Na/(Na + Ca)<0.8 in the system Jd-Ac-Di-He-Tsch .

* These two transitions may be related to:

5 3 5 3 5 1
ng - ng, ng > ng, or ng - Alg
The energies of these transitions are given in Table II-1.

* % JdﬁAc,Di,He, and Tsch refer to Jadeite (NaAlSi,Og), Acmite (Na
Fe3*si,0.), Diopside CaMgSi,Og, Hedenbergite CaFeSiyOg,
and Tschermak (Ca,Al(SiAl)Og), respectively. ‘
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Thé structure which consists of octahedral and tetrahedral
layers, was discussed in detail by Clark and Papike (1968a,b),
.Clark et al. (1969), and Appleman (1266). The cations in the

octahedral layers are distributed among eight positions; four of

those positions are occupied by small Ml cations, e.gq. Fe2+, Mg2+,
3+ 3+ g3t L .
Fe” , Al”, Ti , and the other four positions are occupied by

2+

larger M2 cations, e.g. Ca” , KT Na+‘ For the purposes of this

study, more emphasis will be placed upon the M, polyhedra, since

2+ and Fe3+.

1
they contain all the pertinent cations, viz.Ti3ﬁ Fe

The Ml polyhedra are referred to as M1(1), M1, M1(1l)H, and MI1H.
The structure of omphacite projected on (100) is shown in Figure
IV-13 . The M1(1l) and M1 polyhedra share edges to form another
type of octahedral chain (Figure 1v-13 ). The two chain types
are linked to each other and with M2 polyhedra. The M-0 dis-
tances and site occupancies for the four Ml sites are summarized
in Table IV-5.

From x-ray crystallographic studies and charge balance con-

siderations, Clark and Papike (1968) assumed that Fe2+ and Mg2+

3+

occupied two Ml positions, [M, and M1(1)H], and Al3+ and Fe

1
occupied the other two sites [M1(1l) and M1H]. However, Bancroft
et al. (1969) showed the MOssbauer spectrum of omphacite fitted
to five doublets. One of the Mossbauer doublets was assigned to
Fe3+, and the remaining four were assigned to Fe2+ in four dis-
tinct Ml positions.

The omphacite used in the current investigation was found by

Curtis (1974) in a group of peralkaline intrusions located in

central Labrador. The electron microprobe analysis (Curtis,
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FIGURE IV-13

The crystal structure of omphacite projected
along (100). Note the edge sharing between
M1 and M(l) sites and between the M2 and the

M1 sites. [Clark and Papike, 1968a,bl].
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TABLE IV-5

(a) Site occupancies of M1, M(1l), M1lH, and M1(1l)H
sites in omphacite. [Clark and Papike, 1968a,
b and Clark et al., 1969].

(b) M-O interatomic distances in the M1, M1(1)H,

M1(1l), and M1H sites [Clark and Papike, 1968a,b].
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TABLE IV-5(a)

Site Cation Occupancy
Mg 2t 0.81
M1
Fe2+ 0.19
a13t 0.95
M1 (1)
Fe37t 0.05
a1t 0.82
M1H
Fe3t 0.18
Mg2* 0.8
M1(1)H
Fe2+ 0.2

TABLE IV-5(b)

Site Oxygen Atom Distance
01(1)a 2.12 A
M1 01(2)Aa 2.09
02(1)cC 2.01
01(1)cC 2.07
M1(1)H 01(2)C 2.16
02(2)Aa 2.06
01(1)A 1.91
M1(1) 01(2)A 2.03
02(2)C 1.88
01(1)cC 1.97
M1H 01(2)C 1.99

02(1)Aa 1.99
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1974) is given in Table IV-6 , and the chemical formula is:
o

: 2+ 3+ 3+ .
a0.642°%0.3557¢ 0.377® 0.103M90.08421 0.3245%2.0%

Mossbauer spectra of this omphacite (Burns, unpublished data)

showed four doublets; one was assigned to Fe3+, and the other

N 1

’ + . . . .
three to Fe2 in three different sites. Mossbauer parameters of

the four doublets are:

Q.5. 1.5, B sArea
ret  3.09 1.22 0.37 34.1
2.45 1.24 0.41 24.5
2.09 1.21 0.36 19.5
re3t  0.335 0.425 0.40 21.9

The absorption spectra of omphacite were measured in the
near i.r. and visible regions (Figure IV-14 ). The two broad
bands at energies around 8700 and 10750 cm-l have been assigned
to spin-allowed transitions in Fez+ ions contained in the Ml
sites. The large widths of both bands could be attributed to the
distribution of ferrous ions among three or four Ml sites. The
above result, from absorption spectra, conform with Mossbauer
results obtained by Bancroft et al. (1969) and by Burns (personal
communication).

The sharp band at 22727 cm"l is assigned to Fe3+ spin-for-

bidden transition, 6A - 4A ' 4Eg (similar to that observed in

lg 2g
andradite garnet).
The broad intense band at 15037 cm_l is related to electron-

. .. . 24 3+
ic transfer between ferrous and ferric ions, i1.e. Fe + Fe

charge transfer.

To examine the validity of the above assignments, high pres-
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TABLE IV-6

Electron Microprobe Analysis of Blue Omphacite
(L. Curtis, Univ. of Toronto)

sio, 53.1 si 1.999
2.00
Al 0.001
Al.0 7.33 :
273 Al 0.324
Ti0, 3.48 Ti 0.099
FeO 10.5 Fe?t  0.330
- 0.99
Fe.0 4.93 Fe 0.140
293
MnO 0.53 Mn 0.016
MgO 1.49 Mg 0.084
Ca0O 8.78 Ca 0.355
Na 0 8.96 Na 0.642  1.00
K,0 0.10 K 0.004
cr 0, 0.00

99.2
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FIGURE 1IV-14

Absorption spectra of the blue-omphacite single

crystal at 1 atm. [—], and at pressure around

40 kb. [.....]. Note the shift of the Fe’tsre’™
charge transfer band to lower energy at high

pressure.
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sure spéctral measurements were performed on single crystals of
blue omphacite. The spectrum measured at pressure of about 40
kb. is shown in Figure IV-14,. The two broad bands in the i.r.
region shifted to higher energies. This trend of band shift is
in agreement with the above predicticn that those bands are crys-
tal field dependent transitions of ferrous ions.

The band at 22727 cm-l did not show any detectable energy
shift with increasing pressure up to 40 kb. This trend also

. . . . . - . 3+
confirms its assignment as a spin-forkidden transition in Fe~ .

On the other hand, the broad intense band at 15037 cm *
shifts to lower energy with increasing pressure while its inten-
sity is increasing significantly. The red shift of this band is
strong evidence for its assignment as charge transfer transition.
Further, it is of interest to notice in Figure IV-14 that
there are no absorption features in the visible region around
20920 cm_l where the ’I‘i3+ is expected to absorb. Although this
omphacite contains a significant amount of titanium, (see Table
IV-6 ), the absence of absorption peaks around 20920 cm“l could
be an indication that most of titanium occurs as Ti4+, since there
are no crystal field transitions for this cation. Nevertheless,
there may be some contribution of absorption, under the broad

band at 15037 cm_l, due to electron transfer between Fe2+ and

L4+ .
TJ.4 ions.

IV-2.5 Rhodonite: Ca({Mn,Fe) , (Si0O,)

3=5

Rhodonite is a pyroxenoid mineral which contains a signifi-

cant amount of Mn2+. The crystal structure consists of octahed-
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ral and tetrahedral layers and the cations in the octahedral lay-
ers are contained in five distinct positions designated as Ml'
M2 .« . . M5 (Peacor and Niizeki, 1962). The calcium ions are
ordered preferentially in the MS site which is an irregular poly-
hedron with seven-fold coordination. On the other hand, the Mn2+
and Fe2+ cations are disordered among the five sites. The Ml’
MZ’ and M3 sites are close to regular octahedra having average
M-O distances of 2.219, 2.215, and 2.228 A, respectively. How-
ever, the M4 site is extremely irregular, the shortest M~-0 dis-
tance is 1.97 i, whereas the longest one is 2.87 (Peacor and
Niizeki, 1963). Since one of the M-0 distances in the
M, site is exceptionally large, this site could be considered as
coordinated only to five oxygen atoms rather than to six.

The absorption spectrum of a rhodonite* crystal fragment
was measured at one atm. and at elevated pressures. The high
pressure spectra were measured only in the visible region, since
the major concern in studying the spectra of rhodonite is to in-
vestigate the influence of pressure on Mn2+ bands which occur in
this region.

The absorption spectrum of rhodonite in the visible and i.r.
regions shown in Figure IV-15 displays the following features:

1. In the i.r. region, there are three broad bands at en-

ergies around 4760, 6490, and 7690 em Y. 1In addition, there is

* Rhodonite sample from Franklin, New Jersey was provided by
Prof. C. Frondel; the chemical formula is unknown, but spectral
results indicated high content of Mn2* and Fe?* and a small
amount of Mn3*t.
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FIGURE IV-15

The absorption spectrum of rhodonite measured

in the visible and i.r. regions.
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another intense and broad band which covers the energy region
8300-12000 cm-l. This broad band could be resolved into three
bands, but the curve fitting was not attempted due to the diffi-
culty in obtaining the absorption maximum which exceeds the limit
of the chart recorder.

2. In the visible region, there are many broad and sharp
spectral features (Figure IV-15 ), the most conspicuous of those
occur at energies around 17510, 18350, 19850, 21930, 22990, 24000,
and 24450 cm .

The assignments of the spectral bands in the i.r. and the
visible spectral regions are given in Table IV-7 ., The above
assignments yielded energy values of B, C, and 10Dq for Mn2+
cation of 664,3560 and 9250 cm—l, respectively. The electronic

transitions and their energies expressed in terms of B, C, and

10Dg for Mn2+ are given as:

- 6 4 - _ 2

v, = Alg Tlg = -10Dg + 1l0B + 6C - 26B“/10Dqg (1)
v = 6A 4T = =-10Dg + 10B + 8C - 39B2/10Dq (2)

2 1g 29
vV =6 4 _

3 Alg Alg = 10B + 5C (3)
v _ 6 4 _

4 = Alg Eg = 17B + 5C (4)

Substituting the above values of B, C, and 10Dg in each
equation gives energy values of 17510, 24010, 24440, and 29100
cm“l for the transitions vl, vz, v3, and Vyr respectively.

To examine the assignments given in Table IV-7 , the high
pressure spectral measurements were carried out in the visible

region. At elevated pressures, no detectable energy shifts were
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observed for most of the absorption bands. However, the bands at
18350 and 21930 cm-'l shifted slightly to higher energies suggest-
ing that they could be related to crystal field dependent spin-
allowed transitions. Since Fe2+ spin-allowed transitions are

not expected to occur at those energies, and since Mn2+ ion does
not have spin-allowed transitions, then the forementioned bandsat
energies 18350 and 21930 em™ ! should correspond to mn 3 spin-al-
lowed transition. Another piece of evidence, supporting these
assignments, is the spectrum of Mn3+ in piemontite (Figure IV-32)

which shows three major bands for Mn3+

22000 cm T,

at 12000, 18250, and

The negligible energy shifts of the remaining bands in the
visible region conform with their assignments as spin-forbidden
transitions in Mn2+ and Fe2+ cations (Table IV-7). Let us consi-
der first the spin-forbidden transitions in Mn2+ whose energies
are expressed in equations 1, 2, 3, and 4. If we assumed that
there were energy changes of -2, -8, and +100 cm-1 in the para-
meter B, C, and 10Dg, respectively, as a result of increasing
pressure to about 50 kb., then the energy values of vl, vz, v3,
and Vy transitions in Mn2+, at this pressure, are expected to be
17400, 23858, 24380, 29014. The differences in positions of the
bands measured at 1 atm. and 50 kb. would be about 4, 2.5, 1, and
0.8 nm . These differences ére hard to detect on the chart re-
corder scale and could be within the experimental errors.

2+

Fe spin-forbidden transitions were observed often in the

spectra of pyroxenes and olivines. The most prominent spectral
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TABLE IV-7
Band
Energy
(cm—1) Cation Transition Energy in B,C,Dg
4760 re?"
6490 5T - SE In reg. Oct.
29 g
7690 in
10Dg
8300 M1,M2,M3,M4,
2t and M5 sites
10000 Fe
3+
12500 Mn SE 5 O In reg. Oct.
18350 Mn3t g 29 Lop
3+ dist. Oct. q
21930 Mn
19850 re?t 5T2g > 3Tlg (H) -10Dq+5B+5C~-70B%/10Dq
22990 re’t stg > 3T2g (H) ~10Dq+13B+5C-106B2,/10Dg
17500 M2t 6Alg > 4Tlg —10Dq+10B+6C-26B2/10Dq
b 4000 M2t 6a, > 4o ~10Dg+10B+8C-39B2/10Dq
: lg 29
D4450 Mn2t 2. > 4 10B+5C
1lg lg
Table IV-7: Assignments of spectral bands in rhodonite.
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features are related to tﬁese transitions are located at 182C0,
19800, and 23250 cm—l. These energy values are in agreement
with the band energies observed in the rhodonite spectrum at
18350, 19850, and 22990 cm L.

It should be mentioned that Gibbons et al. (1974) had
studied the spectra of rhodonite samples at different shock pres-
sures; their measurements indicated shift of the Mn3+ band at
18500 cm~l to higher energies as pressure increases. At a shock
pressure around 496 kb, they reported that Mn3+ bands disappeared.
They related this phenomenon to a reduction of Mn3+ cations in
rhodonite. In the present study, no pressure induced reduction
has been observed in rhodonite within the pressure range 0-200 kb.

In conclusion, the assignments of spectral bands given in
Table IV-7 for rhodonite are consistent and conform with their
energy values given in terms of B, C, and 10Dg parameters. The
bands related to spin-forbidden transitions were proven to have

undetectable energy shifts with pressure, whereas spin-allowed

bands showed significant high energy shifts as pressure increases.

IV-3. Olivine

The structure of olivine has been intensively studied by
many crystallographers (Bragg and Brown, 1926; Hanke and Zeeman,
1963; Birle et al., 1968; Finger, 1970, 1971; and Wenk and Ray-
mond, 1971, 1973). It consists of a hexagonal close-packed array
of oxygen atoms which form octahedral and tetrahedral cavities

partially filled with (Mg,Fe) and Si cations, respectively.
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FIGURE IV-16

A portion of an octahedral serrated band in olivine
projected on (100). ©Note the edge sharing between

Ml and M2 sites. [After Birle, J.D. et al., 1968].
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The octahedral sites share edges to form octahedral chains
parallel to the Z-axis, and the chains are linked to each other
.to form the octahedral layer. The chains in two successive lay-
ers are linked by means of SiO4 tetrahedra (Figure IV-16).

The M cations (Mg,Fe) occupv two crystallographicaily dis-
tinct positions designated by Ml and MZ. The Ml and M2 sites are
distorted octahedra which have actual point symmetries Ci and CS,
respectively. However, the’local symmetries of both sites, tak-
ing into consideration the M-0 distances only, have been approxi-
mated to higher point group symmetries. Burns (1970b, 1974) con-
sidered the Ml and M, local symmetries as D4h and C3V; however,
Runciman et al. (1973) approximated the two site symmetries to
CZV'

After careful re-examination of the olivine structure report-

ed by Birle et al. (1968), it appeared that the M, site should

1

4h symmetry. Figures IV-17a,b,c,d illustrate Ml and M2

polyhedral symmetries in a pictorial view, and in a view along

have D

the x-axis.

The olivine sample, which has been used in this study, is
fayalite, Fa96,'from Rockport, Massachusetts. The polarized
spectra for olivine of the same composition was measured by Burns
(1965, 1969a,b, 1970a,b).

Polarized spectral measurements on fayalite (Figure IV-18)
are in agreement with those reported by Burns (1970a,b). There
are three principle absorption bands in the infrared region; the
band maxima of those bands occur at energies around 7350, 9540,

and 11100 cm—l. Burns (1970a,b) assigned the first and the third
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FIGURE IV-17

The My and M, polyhedral symmetries, in olivine,
skown in pictorial views (a,b) and in a view along
the x-axis (c¢,d). The interatomic distances are

also given in c¢ and d.
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band to spin-allowed transitions in Fe2+ in the Ml site, and the

second band to spin-allowed transitions in Fe2+ ions in the M2

site. However, Runciman et al. (1973b) related only band II to

Fe2+ spin-allowed transitions in the M, site without giving an

explanation of bands I and III. In the present study, assignments
of absorption bands in the infrared region conform with that re-
ported by Burns (1970a,b, 1974a) and agreed upon by Runciman et
al. (1974).

The d-energy level diagrams for both sites Ml and M2 (Fig-
ure IV-19) were constructed on the following basis:

1. The point group symmetries of the M. and M, sites are

1 2
approximated to D4h and C symmetries, respectively.

2v
2* in the M, site,
whereas, the bands at 7350 and 11100 cm“l are assigned to Fe2+ in

2. The band at 9540 cm T is assigned to Fe

the Ml site.

3. The energy separations (A, and A between the lower

1 2)

levels t2g’ were estimated (Huggihs and Abu-Eid, 1974; Huggins,
1974) from Mossbauer spectral data of fayalite obtained at vari-
ous temperatures (Eibschutz and Ganiel, 1967). These values are:
Ay A,
M, site 1400 % 200 620 + 20 cm
M, site 1500 + 200 710 + 20 cm T
since the uncertainties in Al and A2 values are large, the ab-

sorption bands observed in the far infrared region (Runciman et
al., 1973) were employed to assess the above values more

accurately.



FIGURE IV-18

The v-(

) and a-(===-= ) spectra of olivine

[Fa96] measured at normal pressure.
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FIGURE 1IV-19

The d-energy level diagrams for Fe2+ in the Ml

and M2 sites in olivine.
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The energy values of Al and A2 for the Ml and M2 sites,
which were estimated from considering both Modssbauer and far
infrared spectral data, are given on the energy level diagrams
shown in Figure IV-19.

From the energy level diagrams shown in Figure IV-19 , the
values of the crystal field splitting (CFS) and crystal field

stabilization energy (CFSE) parameters were calculated; these

values are:

Ml_ M2
CFS 8469 8715 cm t
CFSE 4144 4186 cm 1

From the CFSE values for Ml and M2 sites, it is apparent

that Fe2+ ions are very slightly more stabilized in the M. site

2
more than in the Ml site. Burns (1970a,b) obtained similar results;
however, the CFSE value for the M2 site was much higher than

the one reported in this study.

The high pressure absorption spectra for fayalite single
crystal were performed on a crystal which was mounted in a pres-
sure fluid after it had been polished and oriented, so that the
X and y axes are perpendicular to the pressure axis.

The a-spectra at 1 atm. and at pressuresaround 20 and 40 kb.

. -1
are shown in Figure IV-20. The two bands at energies 7350 cm

2+

and 11100 cm_1 are related to Fe spin-allowed transitions,

in the M1 distorted site. With increasing pressure,

the band at 7350 cm_l shifted slowly to higher energy, whereas

1

the band at 11100 cm — shifted slowly to lower energy.
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FIGURE IV-20

The a-spectra of a fayalite single crystal at

1 atm., 20 and 40 kb.
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The encrgy level diagrams, shown in Figure 1IV-21.
were constructed from o-spectra measured at 1 atm. and 40 kb.

From these diagrams, it is apparent that there is a small
increase in 10Dq value at high pressure accompanied by a decrecase
in the energy separation between the upper levels eg and between
the lower levels t2g' The above results indicate that a more
regular octahedral site should be obtained at elevated pressures.

The crystal field splitting parameter (CFS), at 1 atm., was
estimated accurately using the high temperature MOssbauer data
(Huggins and Abu~-Eid, 1974) to estimate the energy separation between
the t2g levels (Al and AZ)’ and the absorption spectral data *to
determine the splitting energy between eg levels.

For accurate estimation of CFS and CFSE at high pressures,
Mossbauer data at these pressures and at elevated temperatures
are warranted. Since such data are unavailable, the estimated
values of CFS and CFSE, from absorption spectra only, at elevated
pressures are not highly accurate. The estimated energy change

in CFS (AO) in 40 kb. for Fe2+ ion in the M. site is abkout +100

1
-1

cm ~. If the same phenomenon takes place for M, site, i.e. lead-

2
ing to a more regular octahedral site with increasing pressure,

both sites may be undistinguishable, having similar bond lengths;
this may be a transition stage in transforming olivine to B or ¥
spinel. Similar results have been obtained from high pressure

absorption spectra (Abu~Eid, 1975), and from high pressure Mdss-
bauer spectra (Huggins, 1974), and more recently from high pres-

sure x-ray studies on olivine single crystals (Hazen, personal

communication).
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FIGURE IV-21

The energy level diagrams of the M; site in

fayalite constructed at 1 atm. and 40 kb.
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The sharp peaks in the visible region are assigned to Fez'
spin-forbidden transitions; they showed negligible energy shifts
with increasing pressure similar to those of Fe2+ spin—-forbidden
transitions in lunar pyroxenes. However, the band around 16260
cm'-l shifted to lower energy, suggesting that it may be a charge
transfer band which arises from electron transfer between Fe2+
and Fe3+ cations (Fe3+ exists in trace amounts in olivine). The

effect of pressure on charge transfer transitions will be dis-

cussed in detail in the next chapter.

IV-4. Garnets

The general chemical formula for the garnet group is {X3}
[YZ](Z3)012, where X, Y, and Z refer to the cations occupying
polyhedra with dodecahedral, octahedral, and tetrahedral symme-
tries, respectively.

In the present study, three members of the garnet mineral

group were investigated. These are: almandine {Fe32+} 3+]

3+

[Al2

(Si3)0 1(si )0

3+
2

andradite {Ca3}[Fe2 and uvarovite {Ca3}

12f 127

1(s1i

3
[Cr 3)012..

The structureofgarnetndnerals(Fig.IV—22)wasdiscussed by
manyauthors,eépGibbsandSmith(1965L Geller (1967), and Novak

and Gibbs (1971). It consists of SiO, tetrahedra alternating

4

with YO, octahedra, which share corners to form a continuous

6
three-dimensional framework. The oxygen atoms coordinated to Y
and Z cations also define a triangular dodecahedral cavity con-

sisting of 8 oxygens which are filled by x cations.

The garnet structure is characterized by having a high per-
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FIGURE 1iV-22

The garnet crystal structure projected along
the z-axis showing the framework of alternating
tetrahedra and octahedra and the 8-fold dodeca-
hedra which contain the {X} cations. [Novak

and Gibbs, 1971.]
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centage of edge-shared coordiration polyhedra (Fig. IV-23a). This is
due mostly to the fact that each oxygen atom 18 coordinated to two
x-cations, one y-cation, and one z-cation. As a consequence of
this, each tetrahedron shares two of its edges with two dodeca-
hedra, and each octahedra shares six edges with six dodecahedra.
Furthermore, the dodecahedral site shares ten of its edges with
other polyhedra; it shares two of them with tetrahedra, four
with octahedra, and four more edges with other dodecahedra. As
a result of having a large number of shared edges in the struc-
ture, the 8-fold and 6-fold coordinated sites are distorted from
the regqular cubic and octahedral symmetries.

Since Fe2+ ions in almandine occupy the dodecahedral sites,

and since Fe3+

and Cr3+ ions in andradite and uvarovite occupy
the 6-fold coordination sites, our attention, in the crystal
chemical studies of garnets, will be centered around the site

symmetries and metal-oxygen distances of the 8-fold 6-fold coor-

dination sites.

IV-4.1 Almandine

The almandine sample* used in this study was analyzed by
Whipple (1973) using electron microproBe and wet chemical anal-
yses. Mossbauer studies of Fe in almandine showed only absorp-
"tion peaks related to Fe2+ in 8-~fold coordinaticn site, and no

3+

MoOssbauer absorption related to Fe was detected.

* Locality, Washington Camp, contact metamorphic copper deposits,
Arizona. MIT research collection specimen 4623(2593).



FIGURE IV-23

(a) Shows the coordination polyhedra of oxygen
atoms about Si, Al, and Fe2+ atoms in
almandine. It shows, also, the shared
edges between the polyhedra.

(b) Shows the interatomic distances (X-0O and

0-0) of the XO, triangular dodecahedron.

8
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(a)

(b)

2,378
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The crystal chemical formula derived from the analysis data
reported by Whipple (1973) is:

{Cao_ }[A12.0](Alo. S )0, ,.

49 N5 0737€5. 275M0g 134 02515.954012

The interatomic distances (X-0 and 0-0) of the XO8 triangular
dodecahedron are shown inFigure IV-23b . From this figure
it is apparent that Fe2+ cation is contained in a distorted cube
which has a D2 site symmetry. The splitting of d-energy levels
in octahedral, cubic, and dodecahedral (D2) symmetries are il-
lustrated in Figure 1IV-24. In octahedral symmetry, the d-
levels split into a doubly degenerate state, 5Eg, and a triply
degenerate state, STZg' In this symmetry, the 5T2g state is the
ground, lowenergy state, and 5Eg is the excited, high energy
state. The energy separation between 5T2g and 5Eg levels is de-
noted by AO. Conversely, in a cubic symmetry, the ground state
is 5Eg and the higher energy excited state is 5ng; the cubic
crystal field splitting parameter, designated by Ac, is equiva-
lent to 8/9 AO (if distances are the same in both symmetries).
When the cubic symmetry is distorted, e.g. becomes D2 sym-
metry as in the case of Fe2+ site symmetry in almandine, the two

5

levels, Eg and 5T split further into two and three energy

2g’
levels, respectively. The d-levels in a D2 symmetry are desig-
nated according to point group theory by: 5Al, 5Bl, 5A2, 5B2,
and 5B3 (Figure IV-24c).

The absorption spectra of almandine at 1 atm. were measured

by Burns (1970), White and Moore (1972), and more recently by

Runciman and Sengupta (1974). The absorption spectra of alman-
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FIGURE IV-24

Energy level diagrams illustrating the splitting
of d-energy levels in octahedral, cubic, and

dodecahedral symmetries (a,b, and c¢). Figure (d)
shows the energy level diagram of Fe2+ in alman-

dine at pressure around 200 kb..
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FIGURE IV-25

The absorption spectrum of almandine garnet

measured at normal pressure.
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dine measured at 1 atm. is shown in Figure IV-25. Two bands

were observed at energies 5880 and 7630 cm_l. Iin addition, a

shoulder of another band which has maximum absorption at 4310

cm was also observed in the spectrum. The three bands are re-

24 . . .
ions contained in D?

symmetry; this assignment conforms with those suggested by Burns

lated to spin-allowed transitions in Fe

(1970a) and White and Moore (1972). The energy separation be-

tween the two energy levels, SAl and 5Bl (between the lowest two

energy levels), was determined by Lyubutin and Dodokin (1971b),
Huggins and Abu-Eid (1974), and Huygins (1974). This energy
separation is 1100 + 50 cm_l; Using this value and the above
mentioned energies of crystal field bands, the energy level dia-
gram for Fe2+ in almandine was constructed (Figure IV-24c).

The crystal field splitting, Ac, and the crystal field stabili-
zation energy parameters, estimated from the energy level dia-
gram, are: 5390 and 3784 cm-l, respectively. 1In the visible
region, many weak and sharp peaks were observed at energies

14450, 16230, 17480, 19160, 19800, 20960, 21640, 23700, 24450,

and 25000 cm_l. These bands are assigned in general to spin-

. v, . 2 + .
forbidden transitions in Fe7+ and an ions.

. . . +
In a cubic electrostatic field, Fe2

forbidden transitions; these are: 5'I‘2 > 3Tl, 5T2 -> 3E, and
-5 1

T2 > "A,. However, in a D, symmetry, the first excited state,

2

Tl’ will split into three different states or levels designated
by 3Bl' 3 2 and 3B3; the second excited state, 3E, will split

also into two states denoted by 3A and 3Bl; however, the third

has three main spin-

3

B

state, lAl' will stay the same.
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The spin-forbidden transitions for Mn2+ in a cubic electio-

. . . 6 4 6 4 6 4
static field are: Al - Tl' Al - T2’ and Al > Al' 2
symmetry, each of the triply degenerate states, 4Tl and 4T2,

will split into three levels, and the 4Al state will stay the

In a D

same. Since Mn2+ concentration in the almandine sample is very
low, only its sharp and intense spin-forbidden peaks could be
observed.

On the basis of the above argument, the bands in the visi-

ble region were assigned to spin-forbidden transitions in Fe2+

and Mn2+

cations. These assignments are given in Table IV-8
The high pressure electronic spectra of almandine were

measured on a powdered specimen at pressures up to about 200 kb.
The spectra measured at pressures around 1 atm., 50, 100, and
200 kb., are shown in Figure IV-26. With increasing pressure,
the three bands in the infrared region shifted to higher ener-
gies; however, the bands in the visible region did not show any
detectable energy shift except for the band at 17480 cm"l which
shifted very slightly to lower energy, indicating that it may be

related to the spin-forbidden transition, 5T2 - 3T1’ or 5T >

2
lAl, since both of them are dependent to a small degree on -10

Dg (see Table I, Chapter II). The other spin-~-forbidden transi-
tions did not show significant energy shifts, possibly because
‘they are crystal field independent.

The magnitude of energy shift for the i.r. band at 4300 cm"l

could not be measured since the maximum absorption of the band

occurs at energy lower than the minimum energy limit of the



TABLE JV-8
Electronic Transition Transition in Ener%y
in Cubic Symmetry Dy Symmetry (cm™+) Cation
’B) 14450 re?t
5 3 / 3
T, > °Ty B, 16230
\ 3
B, 17480
3A 19160
SRt
2 ’B, 19800
5 3 3 2+
T, > "3y — Ay 25000 Fe
B, 20960 Mn2¥
6 4 / 4
A; > T, B, 21640
\ 4
B, 23700
6 4 4 2+
Al > AI —| Al 24450 Mn

Table IV-8: Electronic transitions of Fe

almandine garnet.

2+
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spectrophotometer used in this project. The magnitude of the
energy shifts of the remaining two bands in the i.r. region are

given below:

P 1 atm. 50 kb. 100 kb. 200 kb.
Energy (Band II) 5882 6006 6154 6443
Energy (Band III) 7663 7722 7732 7936

The energies of the band maxima for the two bands at four
different pressures indicate consistent high energy shifts of
both bands. However, it is obvious that the rate of energy
shift of band II, which occurs at 5882 cm-l at 1 atm., is about
twice the rate of energy shift for band III. Since the energy
location of band I, which occurs at 4330 cm-l, could not be ob-
tained, it was not possible to determine accurately the energy
values of CFS and CFSE for Fe2+ at these pressures. Nonetheless,
the energy level diagram shown in Figure IV-24d , was constructed
to show qualitatively the energy positions of d-levels at pres-
sures around 200 kb. This diagram shows that the energy separa-
tion between the upper d-levels becomes smaller at elevated
pressures, indicating an increase in the regularity of the 8-
coordination site.

The high pressure spectral results on the almandine garnet
also indicated that the longer metal-oxygen bonds are shortened
more than the shorter ones as pressure increases. This conclu-
sion was drawn from the rate of energy shift of bands II and III
with pressure. Band II corresponds to transition from d22 orbi-

tal to dxz' whereas band III is due to electronic transition
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FIGURE IV-26

The absorption spectra of almandine garnet

measured at pressures: 1 atm. ( ); 50 kb.
(=== ); 100 kb. (.....); and 200 kb.
(—e_eeee—e_.). [The spectral measurements

were made on a powdered sample.]
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from d_2 to dyz orbital. Since the loops of the dyz orbital
are orientated towards oxygen atoms at a distance of 2.343 A
from Fe2+ cations, whereas the loops of the dxz orbital are
orientated towards the oxygen atoms at a shorter distance,
2.198 i, from Fe2+ cation, and since the electrostatic repul-
sion forces along dyz orbital are increasing significantly more
than those along dxz as pressure increases, then the oxygens at
a distance of 2.343 & should be approaching the Fe2+ cation
faster than those oxygens at a distance of 2.198 i (i.e. the
rate of shortening of M-O distances for oxygens located at long
distances from the central ion is more than that for oxygens at
shorter distances). These results are significant for under-
standing the mechanism of phase transitions from garnet struc-

ture to other possible, more dense structures; this will be

discussed in Chapter VII.

IV-4.2 Andradite

*
The chemical composition of the andradite sample used in

this study can be described by the formula:

3+

{ca Mn } [Fe (Al

2.94%%0.036M90.007"0. 015 2.20021 ®lo 018512, 9747 012"

and the Fe2+/Fe3+ ratio, as determined from MoOssbauer spectra,
is 0.004 - 0.002 (Whipple, 1973).

MOssbauer and absorption spectral studies (Whipple, 1973;

Abu-Eid, 1974) of the andradite used in the current investiga-

* From Graham County, Arizona; near Crystal Peak. Harvard
collection No. 98087.
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tion proved that the ferric ions are ordered in the 6-fold co-
ordination site.

The optical spectra of garnet minerals having chemical
composition close to the ideal chemical formula of andradite
have been measured by many authors (Manning, 1967b, 1972; Moore
and White, 1972). The spectra of andradite used in this inves-
tigation (Figure IV-27 ) is similar to the spectra reported by
Manning (1967) and Moore and White (1972). However, the spec-
trum shown in Figure IV-27 , has fewer absorption features
than the spectra reported by Manning and Moore and White; this
is due to the fact that the garnet used in this study does not
contain a significant amount of other transition metal ions (e.
g. Mn2+, Fe2+, and Ti3+) as the other garnets investigated by
the above authors. These cations contribute additional spectral
features in the visible region which add more complexity to the
spectrum.

Since the andradite involved in this study contains only
Fe3+ cations, the spectral features observed in the visible re-
gion (Figure IV-27 ) should belong to the spin-forbidden trans-
itions in Fe3+ cations contained in the 6-fold coordination

site. These transitions are:
6 4 )

Alg - Tlg (G) ==———mmm e vy
6Alg > 2T2g (I) ===mmm—mmmmm o e v,
®ayg > Mpy (6) mmmmmmmmmmommm e v,
Sa, >, (@) B (G) —mmmmmmmmmmmmmee v



FIGURE IV-27

The absorption spectra of Fe3+ in andradite

garnet.
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The energies of these transitions could be expressed in
terms of B, C, and 10Dg; these energy values are given in many
references, e.g. Figgis (1966); Tanabe and Sugan®© (1954a,b);

and Lever (1968).

v; = -10Dg + 10B + 6C - 268%/10Dq (5)
v, = -20Dg + 15B + 10C - 1408%/10Dq (6)
vy = -10Dg + 18B + 6C - 388%/10Dg (7)
v, = 10B + 5C (8)
Vg = 13B + 5C (9)

The spectrum shown in Figure IV-27 shows several bands at

energies 15620, 17790, 20610, 22880, and 24510 cm-l. The bands

in the energy region 15620 - 20610 cm™t are broad and weak,
whereas the other bands at higher energies are sharp and rela-
tively intense. The narrow widths and the relatively large
intensities of the latter bands may be related to transitions
that depend only on B and C parameters, and are independent of

the crystal field parameter 10Dqg; these are Vy and Ve transi-

tions. On the other hand, the broad bands occurring at lower

energies should be related to the remaining transitions v v

i’ 72!

and v3.

The electronic transition v4 is related to two excited
4

states, 4Alg(G) and Eg(G); the energy values of these two

states are the same when the octahedral site is regular. How-
ever, due to Jahn-Teller distortion, the two energy levels cor-

responding to the above states will have different energies; the
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energy separation between the two lcvels is usually small, ca
the order of 200 cm T.

On the basis of the above discussion, the two sharp peaks
at energies 22670 and 24510 cm--1 were assigned to Vg4 and Ve
transitions, respectively. Considering the energies of these
transitions (in terms of B, C, and 10Dg) given in equations (8)
and (9), B and C parameters were evaluated; these are 613 and
3308 cm T, respectively.

The absorption bands at energies 15620, 17790, and 20610
cm © are assigned to the transitions Vir Vou and Vi the ener-—
gies of these transitions are given in equations (5), (6), and
v

(7). Substituting for the values of v and Vs B and C

1" 727
in equations (5), (6), and (7), the energy value of 10Dg para-
meter, 9500 cm"l, was estimated.

Moore and White (1972) obtained B, C, and 1l0Dg energy values
for grossular garnet as 614, 3332, and 12600 cm_l, respectively.
The B and C values are consistent with those obtained above;
however, the 10Dg parameter for grossular is significantly

larger than andradite.

The inconsistency in 10Dg energy values for the two garnets

is expected since the average M-O distances in the YO6 octahedra -

are 2.024 and 1.924 A in andradite and grossularite, respective-

'ly (Novak and Gibbs, 1971), and 10Dg is proportional to r_5,

where r is the average M-0O distance. Considering this rela-
tion, and using the 10Dg value of Moore and White (1972), the

estimate of 10Dg in andradite can be given by:

Y
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12600 x (1.924/2.024)° = 9780 cm ©.
This value for 10Dg is fairly consistent with the value ob-
tained in this study.

Measurements of the high pressure spectra of andradite
were attempted on crystal fragments (thicknesses Vv20u) mounted
in the diamond cell as was described early in Chapter III.

High pressure spectral measurements on powdered specimens were
also attempted. Unfortunately, there were many difficulties
encountered in carrying out such measurements: these are:

1. The weak and broad bands assigned to transitions Vir Voo
and Vs could not be observed due to the small thicknesses of
the samples used in the high pressure cell.

2. The diamond absorption bands occurring at energies
24100, 24810, and 25380 overlap on the andradite bands occur-
ring at energies 22880 and 24510 cm—l.

3. With increasing pressure, the absorption edge of andra-
dite shifts to lower energy, which then partially obscures the
sharp bands.

The diamond absorption background was reduced by placing
another diamond cell in the reference beam. Using this method,
the band at 22880 cm © was distinguished. However, the first
and the third difficulties could not be solved, and the remain-
. ing bands were unable to be identified.

As a result of these difficulties, only the sharp band at
enerqgy 22670 cm—l was distinguished in the high pressure

spectra of garnet.
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With increasing pressure on the andradite single crystal up
to about 50 kb., no significant energy shift was detected.
Using a powdered specimen and increasing the pressure up to
about 100 kb. a small low energy shift was observed for the
sharp band at 22670 cm—l; the magnitude of this shift could not
be evaluated due to the experimental difficulties mentioned
earlier. Since this transition is independent of 10Dg and de-
pends only on B and C, then the negligible energy shift of this
band should 1limit the changes in B and C with pressure to being
very small; alternatively, it may also be related to the incom-
pressible nature of the andradite garnet. With increasing
pressure up to 200 kb., the absorption edge of andradite shift-
ed to lower energy and obscured the sharp bands.

In summary, the conclusions which can be drawn from the high
pressure spectra of andradite is that the Racah parameters, B
and C, do not change significantly with increasing pressure up
to 200 kb. Above 150 kb., the absorption edge starts to shift
significantly to lower energy and masks the spin-forbidden

c . . 3+
transitions 1n.Fe .

IV-4.3 Uvarovite

3+

The end member of the garnet series, uvarovite {Ca3}[Cr2 ]
'(Si3)012, was synthesized by Huggins (1974) from a mixture of

Ca0, SiO, (silicate glass) and (NH4)2Cr207 held for 5 days at

2
1 kb. and 675°C.
The spectra of the powdered specimen mixed with NaCl (as

internal standard for pressure calibration) were measured at 1
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atm. 95 and 177 kb., and are shown in Figure IV-28.

The two bands in the 1 atm. spectrum at energies 15667 cm"l

(vl) and 22727 cm-l (v2) are assigned to electronic transitions

from the ground state, 4A (F), to the higher energy states,

29
4 S e s
ng(F) and Plg(F), respectively. The energies of vy and vz

are given as:

v, = 10Dg
v, = 15Dg + 7.5B - 6B(1+u)l/2
where L = [(10Dg-9B) /12B]°

The akbove equations were derived from Tanabe and Sugano
(1954a) secular determinants, and were used by Parson and Drick-
amer (1958), Reiner (196%), and Pocle (1964) to calculate the

values of B and 10Dg for Cr3+

complexes.

From the first transition, vy 10Dg can be obtained direct-
ly from the energy of the band maximum, and B can be determined
from the two transitions, vl and Vo by means of the relation-
ship:

B = 1/3[(2\)l - vz)(vz - vl)/9\)l - 5v (10)

5]
The following values of B have been calculated at three

. + . .
different pressures for Cr3 in uvarovite:

Pressure B(cm—l) Vl(cm-l) V2(cm_l)
1l atm. 589 16,667 22,727
95 kb. 582 17,007 23,041
177 kb. 577 17,668 23,697

It is evident, from the above results, that there is a con-

sistent decrease in the value of B with increasing pressure
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FIGURE IV-28

The absorption spectra of synthetic uvarovite

measured at 1 atm. (———); 95 kb. (.....); and
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(about 0.067 cm-l/kb.). Further, considering the negligible

shift of Fe2+ spin-forbidden transitions, which are dependent
mostly on B, and the undetectable change with pressure in the

3+ transitions in andradite, which are dependent

energies of Fe
on B and C, these results may lead us to believe that up to 200
kb. the ionic model in silicate minerals still holds, and only
a very slight increase in the degree of covalency of the metal-
ligand bond is expected. For uvarovite and other mineral phases
containing Fe2+, there is also a consisfent increase in 10Dq,

which is related to shortening of the metal-ligand distanccs

and hence decreasing the volume of the polyhedron.

IV-5. Epidotes

The basic chemical formula of the epidote group is given as
Ca2M3Si30120H, where M refers to the trivalent octahedral
cations such as Mn3+, Al3+, and Fe3+.

The structure of epidote was described by Ito et al. (1954)
and Dollase (1968, 1969). It consists of octahedral chains ex-
tending along the b-axis and joined to one another by means of
single (SiO4) and double (Si207) tetrahedral groups (Figure IV~
29. There are three crystallographically distinct octa-
hedral positions which are designated here by M(1l), M(2), and
.M(3); these sites are frequently filled by trivalent or diva-

3+, Fe3+, Mn3+, and Fe2+. The M(1l) and

lent cations such as Al
M(2) sites are fairly regular octahedra, whereas the M(3) site
is very distorted.

The site occupancies and ordering of the transition metal
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FIGURE IV-29

The structure of epidote viewed along the

b-axis (Dollase, W.A., 1968).
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ions in the epidote structure have been discussed in the miner-
alogical literature (Burns and Strens, 1967; Bancroftet al-,1967,
1974; Dollase, 1969). Aithough there are minor controversies
on the site occupancies of Fe3+ and Mn3+ in the M(1) énd M(2)
sites, it is generally accepted that Fe3+ and Mn3+ cations oc-
cupy preferentially the distorted M(3) site.

In the present study, two members of the epidote group
used by Burns and Strens (1967) were investigated: first, an
epidote which contains 0.864 Fe3+ per formula unit, called here

3+—epidote, and second, an epidote which contains 0.625 Mn3+,

Fe
and referred to as Mn3+—epidote or piemontite. The spectra and
the crystal chemistry of the two epidotes used in this study are

discussed in some detail in the following discussion.

Iv-5.1 Fe3+—Epidotes

The polarized absorption spectra of Fe3+—epidote were mea-
sured at two different pressures, 1 atm. and 20 kb.. Measure-
ments of the spectra were made on a single crystal which was
oriented in the liquid-pressure cell, such that the b anc c axes
are contained in a plane perpendicular to the pressure axis.

Figure IV-30 shows the o and B spectra of epidote measured
at 1 atm.. In the infrared region there is one broad band at
12500 cm-l, which is assigned to the spin-forbidden transition

(6A > 4Tlg) in octahedrally coordinated Fe3+. The large width

lg
of the band could be related to the distortion of the M(3) site.

In the visible region, there are two broad bands at 16530 and
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FIGURE IV-30

3+

The a=( ) and B-(===-== ) spectra of Fe” -

epidote measured at 1 atm.
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18350 cm t

21190 and 21980 cm L.

Earlier in this chapter, it was pointed out that Fe

, and two sharp, and relatively intense, bands at

3+

cations in a regular octahedral site produce three main spin-

forbidden transitions between the ground state, 6A ,

higher energy excited states,

T, , T

1g and the
4

, and (4A , Eg). In

lg 29 lg

a distorted octahedral site, the energy levels which correspond

to each excited state may become non-degenerate and split into

more than one level.
spectral bands observed in the
spin-forbidden transition in a

In the spectra of epidote,

and 18350 cm T

6 4
Alg >

are related to the transition,

are assigned to
ng, and the two sharp
respectively. On the basis of

gram for the Fe3+

As a consequence of this,

two or more
speccra may be related to each
regular site.

the two bands at energies 16530

the spin-forbidden transition,

peaks at 21190 and 21980 cm *

6A - 4A and 6A -> 4E R

lg lg lg g
Orgel's (1955) energy level dia-

ion in octahedral coordination, Burns and

Strens (1967) made similar assignments of epidote spectral

bands. In addition, Burns and

Strens (1967) calculated the

. . . + . .
crystal field splitting parameter, 10Dg, of Fe3 in epidote to

be equivalent to 12750 * 100 cm .

1

The above assignments of the epidote spectra and the energy

‘value of 10Dg were examined in this study using the energy

values of Fe3+

“(5),

spin-forbidden transitions given in equations

(7), and (8), and the high pressure spectral technique.

6

'In regular octahedron, the energy of the transition, Alg+
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4 4

Alg’ Eg is equivalent to 10B + 5C. Since the two sharp pcaks
at energies 21190 and 21980 cmml were assigned to the transi-
tions, 4Alg and 4Eg, their average energy, 21585 cm_l, is con-

sidered here as equivalent to 10B + 5C.

. * ~1 .
Assuming a B value of 612 cm - for Fe3+ in the octahedral

site, and using equation (8), the energy value of C is estima-
ted to be 3093 cm_l. Taking the energy value 17440 (the aver-

age energy of the two bands at 16530 and 18350 cm—l) as equiva-

>

lg

ng, in a regular octahedron, and using equation (8), the esti-

lent to the energy of the spin-forbidden transition, 6A
4
mated 10Dg value is found to be 11200 + 100 cm Y. Using this
energy of 10Dg, 11200 * 100 cm_l, and the energy values of B

and C as determined above, the energy of spin-forbidden transi-

tion, 6Alg - 4’I‘lg, was estimated to be 12610 cm_l. This value
conforms with the assignment of the broad band at energy 12500
cm T to the spin-forbidden transition, 6A1g -~ 4Tlg'

On the other hand, using the energy value 12750 cm_-1 as
equivalent to 10Dg, and changing the values of B and C in a way
that equation {8) holds always, and the employing of equations
(5) and (7), to obtain the energies of the spin-forbidden trans-
itions 4Tlg and 4T2g, it was not possiﬁle to obtain energy
values for the transitions which are consistent with the observ-

‘ed energies of the epidote spectral bands. On the basis of the

above argument, the 10Dg value, 11200 # 100 cm—l, is preferable

* Similar to the value obtained for Fe3+ in garnets.
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to the'value estimated by Burns and Strens (1967).

The high pressure optical spectral method was employed to
examine further the above assignments and to study the influ-
ence of pressure on Fe3+ absorption kands in epidote. With in-
creasing pressure up to about 20 kb., no significant change has
been observed in the spectra except for a small low energy shift
of the sharp energy bands at 21190 and 21980 cm_l.

The other broad bands may have been shifted to lower ener-
gies, but the magnitude of the energy shift is very small and
hard to de:ermine due to the large widths of the two bands.
Nevertheless, although the shifts of the sharp peaks was also
very small; they were estimated to be about -100 and -60 cm—l
for the two bands at 21190 and 21980 cm—l, respectively.

Considering the average value of this shift, -80 cm_l, and
using equation (8), with the assumption that C ¥ 5B, the energy
change in B was estimated to be -2 cm“1 in 20 kb.. The absorp-
tion edge was also observed to shift to lower energy as the

pressure increased to 20 kb.. These results are similar to

those obtained for andradite garnet.

Iv-5.2 Mn3+—epidote (Piemontite)

Piemontite is a manganiferrous epidote which contains signi-

.ficant amounts of Mn3+ cations in the very distorted octahedral

3+

M(3) site. The site symmetry of Mn and the M-O0 distances are

shown in Figure IV-3la . Due to the site distortion, the spin-

. . + . L s
allowed transition, 5Eg > 5T2g, in Mn3 is split into three
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FIGURE IV-31

(a) The very distorted octahedral site of Mn3+

in piemontite and the M-0 distances.
(b) The energy level diagram of Mn3+ ion
constructed at 1 atm.

(c) Energy level diagram of Mn3+ constructed

from the spectra measured at 200 kb.
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PIEMONTITE

1 atm. 197 kb.

Mn2*t in distorted

o
octahedral site
Mn-0; = 1.89
Mn-02 = 2.02
Mn-03 m 2.02
Mn 0‘-} = 2.18
Mn-0s g 2.18

Lo | Mn-0g 1 2.03
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transitions as a consequence of removing the degeneracies of
the lower t2g levels and the higher energy eg levels (Figure
IV-31Db).
The polarized 1 atm. spectra of piemontite, containing

0.625 Mn-T

,were reported by Burns and Strens (1967) and Burns
(1970) . The optical absorption bands for piemontite were as-
signed to electronic transitions in Mn3+ d-levels, as illus-
trated in the energy level diagrams (Figure IV-31b).
The spectra of piemontite contain one broad band at

12000 cm“l and other intense and sharp bands at energies 18170
and 22000 cm_l. The assignments of those bands are illustra-
ted in the energy level diagram shown in Figure IV-31b.

from this diagram the crystal field splitting parameter, 10Dq,
is estimated to be 13450 cm I.

With increasing pressure, the band at 18170 cm_l shifted

to higher energy and there was an increase in its width and in-
tensity. The band at 22000 c:m_l also shifted to higher energy
but at a slower rate, while the band at 12000 cm—'l showed a very
slowblue shift (Figure IV-32). The magnitudes of energy shifts of
the two bands at energies 18170 and 22000 Cm—lare shown in Figure
IV-33 . The energy values of each bénd were obtained at dif-
ferent pressures; from these values, energy level diagrams of
Mn3+ d-orbitals were constructed, from which the crystal field
parameters CFS and CFSE were evaluated at each pressure.

From the energy level diagrams shown in Figure 1IV-34,

it is obvious that the crystal field splitting parameter in-



FIGURE IV- 32

The absorption spectra of Mn3+ in a powdered
Mn3+ sample of piemontite at 1 atm. (. ....)

and 197 kb. ( ) .
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FIGURE IV-33

The pressure-induced energy shift of Mn3+

absorption bands in piemontite:

energy shift of the band at
18170 cm *

-------- enerqgy shift of the band at

22000 cm T,

Av is the difference in band energy at

pressure P and at 1 atm..
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FIGURE IV=-34

3+ d-orbitals constructed

Energy level diagrams of Mn
at 1 atm., 75 kb., 92 kb., 135 kb., 180 kb., and 190
kb.. From these diagrams the CFS and CFSE energy

values were obtained at each pressure.
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creases consistently with pressure; the estimated maximum change
obtained for A_ is about 1642 cm © in 197 kb.. The rate of energy
- change inl  Or 10Dg parameter with pressure (Fig.IV-35) conforms
with its dependence on the interatomic (ligand-metal) distances
and the compressible nature of piemontite. The energy values

of 10Dg were estimated at various pressures and then related to
the volume of the polyhedron containing Mn3+. Thus, the com-
pressibility of the Mn3+ site was estimated at three different
pressures and then correlated with the compressibility of the
bulk mineral. The bulk modulii and compressibilities of trans-
ition metal ion sites is discussed further in Chapter VII.

One notable feature of Figure IV-35 is at low pressures
there is a rapid increase in 10Dg indicating significant short-
ening in M-O distances and then appreciable changes in the vol-
umes of the polyhedra containing Mn3+ cations. However, at
moderate pressure, the rate of 10Dg energy change decreases and
then at high pressure the change became very small.

It should be mentioned that the Mn3+ bands at 22000 and
18170 cm™! are intense and sharp even for powdered and NaCl-
diluted specimenhs. Furthermore, the pressure-induced enerqgy
shifts of the band at 18170 cm_l is large and may be used to
calibrate the pressure in the diamond cell.

The increase in the energy value of CFSE with pressure (Fig.IV-
35) ig also an indication of the stability of Mn3* ions in piemontite.
In fact, the large CFSE value is related to the large energy

separation (§) between the upper levels eg. Although the en-
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FIGURE IV-35

The rates of pressure-induced energy changes in
CFS and CFSE parameters:

CFS

1

AE(cm-7) = [CFSP - CFSP ] or [CFSEP - CFSEPO]

(@)
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ergy separation between the lower levels t (Al) decreases sig-

2g
nificantly with pressure, §, however, increases slightly.

Thus, it'appears that the splitting energy between the upper

levels, dx2-y2 and dZZ' is necessary to stabilize Mn3+.

IV-6. Miscellaneous Minerals

In the previous sections, the high pressure spectral data
have been presented for silicate minerals containing transition
metal ions in octahedral and cubic symmetries. Since it is the
purpose of this study to ihvestigate the high pressure spectra
of minerals containing transition metal ions of different 4-
electronic configuration and of various polyhedral symmetries,

. . . . +
a suite of minerals were selected which contained Fe2 ' Fe3+,

+ + . .
Co2 , and Cu2 ions in tetrahedral square-planar and octahedral

site symmetries. These minerals are listed below:

Mineral Name T.M. Ions Site Symmetries
Stauroclite Fe2+ Tetrahedral
Lusakite ‘ Co2+ Tetrahedral
Melilite Fe2+ Tetrahedral
Dioptase Cu2+ . V. dist. Oct. or Sq.
plane
Gillespite Fe2+ Square planar
Glaucophane Fe2+, Fe3+ Octahedral

IV-6.1 Staurolite

The crystal structure of staurolite was described by

Hanisch (1966) and Smith (1968). The ideal chemical formula may
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FIGURE IV-36

Pictorial view of the Fe2+ tetrahedral site in

staurolite (Table IV-10 is also on the next page).



FIGURE IV-36

TABLE IV-10

_ Distance
Atom Pair (a)
Fe-0O (1A} 2.046
Fe-0 (1B) 2.043
Fe-0 (5) 1.972
Mean 2.02
0(1a) - O(1B) 3.230
20(1B) - 0O(5) 3.268
20(1B) - G(5) 3.325
0(5) - 0(5) 3.325
Mean 3.257

M-0 and 0-0 interatomic

distances in staurolite
(From Smith, 1968).
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be given by: [Al]wls(Fe)<4(Si)8048H%4’ In the structure,

there are seven octahedral sites principally occupied by Al and
two tetrahedral sites; one is occupied mostly by Fe and the
other by Si. The major concern in studying staurolite structure
is the site symmetry of Fe2+ ion.

Ferrous ions occur in a 4-fold coordination polyhedron
which is slightly distorted; the geometry of the tetrahedral
site and the M-O and 0-0 distances are shown in Figure IV-36.
The staurolite sample used in this study contains 1.42 Fe2+
ions per formula units. The polarized spectra of staurolite
(Figure IV-37 ), which consists of a broad absorption band
spanning the energy region 7000-4550 cm—l was measured by Burns
(19702) . The site symmetry of staurolite could be approximated
to D2 symmetry. Hence, two or three absorption bands are
expected to be observed in the spectra of Fe2+ in this symmetry.
In fact, the broad absorption in the i.r. region can be fitted
to two or three bands.

Using a powdered staurolite sample, the spectra were meas-
ured at different pressures. Due to the large width of the ab-
sorption band in the infrared region, it was not possible to lo-
cate the position of maximum absorption and then to go further
for quantitative studies of band energy shift versus pressure.
However, the broad band was observed to shift slowly to higher
energy with increasing pressure and the absorption edge shifted
to lower energy. These results indicate that the broad absorp-

. o o . 2+
tion is related indeed to crystal field transitions in Fe
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FIGURE IV-237

The polarized absorption spectra of staurolite

measured at 1 atm, [----- o spectrum; ..... B

spectrum; Y spectrum].
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contained in the tetrahedral site.

IV-6.2 Lusakite

Lusakite is a cobaltian staurolite which contains a signi-
ficant‘amount of Co2+ in the tetrahedral site. The sample used
in this study was provided by Professor Roger Burns (locality:
Lusaka, Zambia); it contains 1.82 Co2+ ions per formula unit in
addition to trace amounts of Fe2+.

The spectra of lusakite, at 1 atm., was reported by Burns
(1970 a). It contains three main absorption features in the infra-
red region located at energies 6170, 7120, and 8000 cm-l; in the
visible region there are also three sharp peaks at energies
15500, 17090, and 18440 cm l.

The C02+ tetrahedral site symmetry and M-O distances are
expected to be similar to that of Fe2+ in staurolite. However,
the M-0 distances for C02+ are expected to be shorter than those
of Fe2+, due to the slightly smaller ionic radius of the former.
In addition, the energies of C02+ electronic transitions are

different from Fe2+. For these reasons, the absorption bands

for Co2+ occur at different energies from those of Fe2+.

C02+ ions in a regqular tetrahedral site have three spin-

allowed transitions which take place from the ground state,

4A2 (F), to the excited states, 4T2 (), 4'1‘l (F), and 4Tl

The energies of the above transitions were calculated by Tanabe

(P).

and Sugano (1954a,b) and were used by many authors, e.g. Zahner
and Drickamer (1961); Stephens and Drickamer (1961); and Lever

(1968). These energies are given below in terms of the param-
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FIGURE IV-38

The spectra of lusakite single crystal measured
at 1 atm. and 30 kb.

- = = (1 atm.); (30 kb.)
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eters B, C, and Dqg:
4 4

v £ A,(F) » "T,(F) = 10Dg (10)
_ 4 4 _ 2 2
v, = AZ(F) > 'T,(F) = 15Dq + 7.5B - 1/2(225B" + 100Dg" - (11)
180Dg R) 172
_ 4 4 _ \ 2 2 .
vy = A, (F) » T,(P) = 15Dg + 7.5B + 1/2(225B" + 100Dq" - (12)
180Dg R) /2

The excited states mentioned above are triply degenerate
when C02+ occupies a regular tetrahedral site. However, in a
distorted tetrahedron, each state will split into three, giving
rise to three absorption features.

The spectrum of lusakite in Figure IV-38 shows two
triple-peaked absorption bands designated here as Vo and V3i
these are assigned to the spin-allowed transitions in C02+ in
the distorted tetrahedral site. Another triple-peak at lower
energy was expected, which should be related to the vy transi-
tion. Indeed, a broad absorption is observed in the energy re-
gion <5000 cm-l, but the location of the band maxima were unable
to be determined. On this basis, transition vl should occur at
energy <5000 cm-l. The energy of this transition, Vis as given
in equation (10), is equivalent to 10Dg. 10Dg value for Fe2+
in staurolite could not be estimated accurately due to the large
widths of absorption bands; however, it would be safe to assume
that its energy value is ~4500 em .

The B energy value of tetrahedrally coordinated C02+ ions
in znal,0,:Co”" was estimated by Kénig (1971) to be about 750
cm_l. Taking these energy values of B and 10Dg, and substitut-



- 224 -

ing in‘equation (10), {(11), and (12), yielded energy values

of 4500, 7737, and 17013 em ™t for Vir V,, and v, transitions,
respectively. Comparison of these energies with the average
energies of the triple-peak bands observed in the spectra
provides gocd evidence that the above assignments of absorption
bands are correct.

The high pressure polarized spectra of lusakite single
crystals mounted in the diamond cell were measured at 1 atm.,
5 kb., 20 kb., and 30 kb. (Figure IV-38). The spectral bands
were observed to shift to higher energies with increasing
pressure. The energy values of the spectral bands at four
different pressures are given in Table IV-9. At elevated pres-
sures, the three bands in the i.r. region shifted to higher
energies; however, the band at 6170 cm_l shifted more rapidly
than the other two bands at 7120 and 8000 cm_l. The energy
values of the spectral bands at four different pressures are
given in Table IV-9.

The energy level diagram shown in Figure IV-39 were con-
structed to exp}ain the mechanism of electronic transitions
at different pressures. From these diagrams, it is apparent
that the splitting energies between the high energy, t2, orbi-
tal set decreases with increasing pressure. This is an
indication of a decrease in the degree of distortion of the
tetrahedral site.

The other set of spectral bands in the visible region show-
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TABLE IV-9
C02+ crystal field band energies at 1 atm,

5 kb., 20 kb., and 30 kb.

FIGURE IV-39
Energy level diagrams of Co2+ in lusakite at

1 atm, 20 kb., and 120 kb.
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TABLE IV-9

1l atm.” 5 kb. 20 kb. 30 kb.

6173 6192 6289 6329

7120 7142 7236 7266

7975 8000 8100 8130

15463 15500 15575 15625

17064 17024 17137 17167

18518 18536 18580 18610
__‘ --——-= A f
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FIGURE IV- 39



- 227 -
ed a similér trend of energy shift with pressure as those barnds
in the infrared region. However, the two bands at energies
17090 and 18440 cm“l shifted at a slower rate than the band at
15500 cm_l. The trend of band energy shift with pressure in the
visible region is also an indication of increasing the regular-
ity of the tetrahedral site.

The high pressure visible spectra for powdered lusakite
sample were also measured at about 50 and 120 kb.. The spectral
peaks in the visible region showed appreciable blue shift with
increasing pressure up to 120 kb.; the visible spectra at 1 atm.
and 120 kb. are shown in Figure IV-40.

It should be mentioned that 10Dg energy value cannot be
estimated from v, and Vg fransitions, since their energy values
are dependent on Racah parameter B, in addition to 10Dg. As a
consequence of this, 10Dg values were not estimated at different
and v

2 3

with pressure is evidence for a positive energy change in 10Dg

pressures. Nevertheless, the high energy shift of v

value at elevated pressure. Furthermore, if the B energy value
was assumed to decrease very slightly with pressure (ABR5 cm—l
in 100 kb.), as it was shown in the previously investigated
minerals, then the estimated energy change in 10Dg should be
about 100 cm ' in 30 kb..

This energy change in 10Dg value is much less than that ob-
served for Fe2+, Cr3+, and Mn3+ cations contained in octahedral

sites. These results demonstrate that the tetrahedral site is

rather incompressible and tends to become more regular as pres-
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FIGURE IV- 40

The spectra of lusakite powder measured at 1 atm.

and 120 kb..

(1 atm.); = = = = = - (120 kb.)
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sure increases.

Iv-6.3 Melilite {Ca,Na,K}(Mg,Fe,Al,S8i),0,

fhe melilite structure consists essentially of tetrahedra
which are arranged in a sheet-like pattern in the x-y plane.
The sheets are repeated along the z-axis and held together by
Ca-0 linkages (Smith, 1953).

The Ca, K, and Na cations occupy the 8-fold coordination
site, while the remaining cations, Si, Mg, Fe, and Al, occupy
the 4-fold coordination sites.

There are three tetrahedral sites in the structure denoted

by T and T, (Figure IV-41 ). The silicon atoms occupy

17 Tor 3

the T, and T, sites only, and Al3+ can occupy any of the three

2 3
sites; Mg and Fe ions, however, occupy only the Tl site.

Smith (1953) determined the M-O distances in the tetrahedral
sites and obtained an average Mg-O distance of 1.87 A. In the
present study, the average Fe-O distance is assumed to be 1.92 R

2+
2+ is 0.05 & larger than that of Mg

since the ionic radius of Fe
(Shannon and Prewitt, 1969). Further, the site symmetries and
crystal chemistry of Fe2+ and Fe3+ ions were investigated inten-
sively using the optical absorption, Mossbauer, and electron
microprobe techniques. |

Three samples of melilite of different chemical compositions

and of different localities were studied; these are referred to



FIGURE IV-41

The crystal structure of melilite projected on

(001). [Smith, 1953.]

.« e
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as melilite(I), (II), and }III). The typical electron micrc-
probe analyses for the three melilites are given in Table
Iv-11.

The Mdssbauer spectrum of melilite(I), measured at room
temperature, is shown in Figure IV-42 . It consists of one
doublet with the values of isomer shift (I.S.) and gquadruple
splitting (Q.S.) of 0.95 and 2.37 mm/sec., respectively.

These values are comparable with those reported by Bancroft et
al. (1967) for the tetrahedrally coordinated Fe2+ in staurolite.
In addition, the isomer shift value also falls within the range
of those values corresponding to Fe2+ ions in tetrahedral sites
(Table IV-12 ). A four-peak computer fit was attempted; how-
ever, the process has failed to converge. It is evident then
from Mossbauer spectrum of melilite(I) that there is no detect-
able absorption related to Fe3+ and all of Fe2+ ions occur in
one tetrahedral site.

To obtain additional information on the site regularity or
distortion, the MOssbauer spectra of the same specimen was meas-
ured at liquid nitrogen temperature (77°K). The spectrum ob-
tained at 77°K is essentially the same as that measured at room
temperature. However, the Mossbauer peaks are narrower in the
low temperature spectrum, and the Q.S. value has increased signi-

+ .
2 site

’.ficantly. This is an indication that the tetrahedral Fe
is slightly distorted rather than being an extremely distorted
one. From the difference in Q.S. values at room temperature and

77°K, and using Ingall's model (1964) and Huggins' method (1974),

the energy separation between the lower levels, e, was estimated
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TABLE IV-11

Melilite I Melilite II Melilite IIT
Oxide (wt.%) (wt.%) (wt.%)
SiO2 43.41 42.05 41.73
TiO2 0.00 0.04 0.03
A1203 5.84 6.77 6.80
Cr203 .00 0.00 0.00
FeO 2.37 5.16 6.89
MgO 9.13 7.04 5.87
MnO 0.13 0.16 0.19
Ca0O 35.34 34,17 33.23
KZO 0.07 0.26 0.25
Na20 3.24 3.00 3.26
Total 99.53 98.65 98.23

Electron microprobe analyses of melilite I,

I, and III.
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FIGURE IV-42

MOssbauer spectrum of melilite I at room temperature.
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to be 550 = 50 cm—l.

Mdssbauer spectral measurements were also made on melilite
(II) and (III) at room temperature. The spectrum of the first
consists of one doublet with the values of I.S. and Q.S. afe
0.293 and 1.082, respectively; these wvalues correspond tc Fe3+
in tetrahedral site. A four-peak fit was tried but the process
of fitting has failed to converge, indicating that more than
95% of the total iron is in the trivalent state. MoOssbauer
spectrum of melilite(III), on the other hand, was fitted into

two doublets, one corresponding to *etrahedral Fe2+ and the other

to Fe>' in the tetrahedral site.

The optical absorption spectra of melilite(I), (II), and
(III) were measured at 1 atm. (Figure Iv-43 ). The melilite(I)
shows a broad and intense absorption band spanning the energy
region 5000-7500 cm_l, and no significant absorption was observ-
ed in the visible region.

On the other hand, melilite(II) did not show any absorption
features in the i.r. region. However, an intense absorption
edge which starts at about 16500 cm_l sweeps into the visible
and u.v. regioﬁs. Due to this intense absorption, spectral

3+, at about 24000 cm-l,

features expected to be observed for F€
were obscured. Melilite(III) showed spectral features intermedi-
‘ate to those obtained for melilite(I) and melilite(II). Since
the optical spectra of melilite(I) are more obvious than those

of melilite(II) and (III), they have been investigated further

for curve-fitting and high pressure studies.



~ 238 -

TABLE IV-l2

QcSn
Mineral Name mm/sec

Melilite I (Rm. Temp.) 2.369
[This work]

Melilite I (Liq.Ny 2.7031
Temp.) [This work]

Melilite II (Rm. Temp.) 1.0821
[This work]

Hematite 0.37
[1]
Iron Microcline 0.60
[2]
Blue-Sapphirine 0.87
[3] 2.57
Yellow-Sapphirine 0.78
[31 1.37
Staurolite 2.29
Gillespite (1 atm.) 0.51
[4]
Gillespite (above 2.02

26 kb.) [4]

I.S.
mm/sec
0.244

1.0379

0.2926

wt.3 Felt
or Fe3+

re?t (2.25)
re?t (2.25)
re3*(5.56)
re>* (100)

Fe3t (5.2)

Fe3t (1.00)
Fe2t (1.69)

Fe3+(3.74)

re?t (11.52) Tet.

FeZ+

Fez+

[1] Vaughan, R.W. and Drickamer, H.G. (1967).

[2] Huggins, F.E. (1974).

[3] Bancroft, G.M., Burns, R.G., and Stone, A.J. (1968).

[4] Abu-Eid, R.M., Burns, R.G., and Mao, H.K.

(1973).

Band

Width
Site mm/sec
Tet. 0.415
Tet. 0.407
Tet. 0.6439
Tet. -
Tet. 0.45
Tet. 0.65
Oct. 0.40
Tet. 0.52
Tet. 0.59
Sg. -
plane
V.dist. -

tet.

Table IV-12: MOssbauer parameters of various minerals containing

2+ + . .
Fe and Fe3 cations in octahedral (oct.), tetrahedral (tet.),

and square planar sites.
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FIGURE IV-43

Absorption spectra of meliliteI, (a), melilite II,

(b), and melilite III, (c).
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FIGURE IV-44

The i.r. polarized spectra of melilite "I" measured

at 1 atm., ———— c-spectrum; =--~-- - a-spectrum.
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The polarized spectra of melilite(I) (Figure IV-44)

1" " "

were obtained for two orientations, "a" and "c¢". The "¢V

spectrum consists of an intense and broad absorption under

which two bands were fitted at energies 5750 and 6500 cm <.

The "a" spectrum, however, showed a broad and weak absorpticn;

two broad and weak bands were fitted under this spectral pro-

file at energies 5200 and 6375 cm L.

In constructing the energy level diagram for Fe2+ in tetra-
hedral site, the energies of spectral bands observed in the c-
spectrum only were taken into consideration since they were very
well defined and their energies were accurately determined. Us-
ing spectral band energies and the energy separation between e~
levels, which was estimated to be 550 cm-l, as explained above,
the energy level diagram shown in Figure IV-45a was construc-
ted. From this diagrgm, the following information has been
gained:

1. The Tl tetrahedral site which contains Fe2+ cation is slight-
ly distorted (Figure IV-45b). This is due to the observed non-

degeneracy of "t2" and "e" orbital sets.

2. The energy levels are assigned to 5Bl, 5A2, 5B2, and 5E
states which correspond to D2d symmetry, i.e. the site is pre-

ferably considered to have the point group symmetry D rather

2d

than Td.

3. Since the energy separation between (dxz' dyz) orbital set

and dXy orbital is about 750 cm ¥, it is predicted that the re?t

tetrahedron is compressed along the z-axis.
MmN
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FIGURE IV-45

(a) The energy level diagram of Fe2+ in melilite I
constructed from the curve-fitted c~spectrum
shown in Figure (IV-45).

(b) A pictorial view of the tetrahedral site of i fs,mnw<,“fﬁ
Fe?® in melilite I. Note the %igzgizigg/giong

the z-axis which is predicted for the measured

spectra.
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4. The CFS and CFSE parameters were estimated to be 5725 and
3710 cm-l. These values are much less than the values obtained
for Fe2+ in octahedral site, indicating that Fe2+ is more stable
in the 6-coordination site.

The high pressure spectra of melilite(I) were obtained at
different elevated pressures. With increasing pressure, the
Fe2+ bands were observed to shift to higher energies. However,
the magnitudes of band energy shifts were unable to be obtained
accurately due to the large widths of the absorption band. The
magnitude of band energy shift, in 30 kb., was estimated to be

1

roughly <100 cm ~. This energy change is comparable to that

obtained for Fe2+ ions in staurolite.

2+ 3+

IV-6.4 Glaucophane {Na,Ca}2[Mg,Fe ]3[A1,Fe ]2(81)8922(OH)2

The structure of glaucophane is shown in the two views il-
lustrated in Figures IV-46a,b. . Viewing the unit cell
in glaucophane along the a-axis, the structure may be described
as consisting of octahedral bands repeated along the c-axis and
cross-linked by double SiO4 tetrahedral chains (Figure IV-46a)
The view along the c-axis, on the other hand, shows alternating
octahedral and tetrahedral layers stacked along the a-axis
(Papike and Clark, 1968).

The structure contains two tetrahedral sites occupied by
silicon atoms and designated by Sil and Siz. In addition, there

are four 6-fold coordination sites denoted by Ml’ M2, M3, and
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FIGURE IV- 46

(a) A view of the glaucophane structure along "a"
showing the octahedral bands stacked along
the c-axis. [From Papike and Clark, 1568.]
(b) A view of the glaucophane structure along
the c-axis showing the alternating octahedral
and tetrahedral layers along the a-axis.

[From Papike and Clark, 1968.]
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*
M4 . The Ml and M3 sites are fairly regular and are occupied by

Fe2+ and Mg2+ cations. The M, site is distorted and is usually

2
3+

occupied by Fe and Al3+ ions. The M4 position, however, is

fairly large and mostly occupied by large cations such as Na and

ca’t (Wwhittaker, 1949; and Papike and Clark, 1968).

Burns and Prentice (1968) studied further the site occupan-
cies of Fe2+ and Fe3+ ions (using an infrared method) and con-
firmed the above assignments. However, they reported that a

small fraction of Fe2+ ions may occur in the Ml and M3 positions

2+
and Fe ions are relatively enricb=d in the M., site.

1
The M1 site shares six of its edges with other polyhedra;

it shares two of them with 2M2 polyhedra and another two with

2M3 and two more edges are shared with Ml and M4 positions.
The M3 polyhedron also shares six of its edges, four of
them with 4Ml sites and the remaining two are shared with 2M2

polyhedra. On the other hand, the M, site shares five edges

2

only; it shares two edges with 2M4 positions, two with 2M and

1’
another edge with the M3 polyhedron.

The cations in the two Ml and the one M3 sites, per half
unit cell, are-each coordinated to two (OH) ions and four oxy-
gen atoms, and the cation in each of the two M2 positions is
surrounded by six oxygens. The M-O distances and site symme-

tries of Ml’ M2, and M3 positions are illustrated in Table IV-13

and Figure IV-47.

E3 . .
The M4 site may be considered as 6- or 8-fold coordination.
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FIGURE 1IV-47

The M1, M2, and M3 polyhedra in glaucophane.

TABLE IV-13

M1-0, M2-0, and M3-0 interatomic distances in

glaucophane. [From Papike and Clark, 1968b].
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. Disfance
Atom Pair ()

(2)M(1) - 0(1) 2.078

(2)M(1) - 0(2) 2.082

(2)M(2) - 0(3) 2.100

Average 2,087

(2)M(2) - 0(1) 2.038

(2)M(2) - 0(2) 1.943

01 (2)M(2) - 0(4) 1.849
II \\

03 7 \\ 02 Average 1.943

/ Q (N b .

03 K. WXML /£ Yoo . (4)M(3) - 0(1) 2.103

a (2)M(3) - 0(3) 2.077
01

Average 2.094

FIGURE IV-48
TABLE IV-13: M-O Distances in

Glaucophane.
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The polarized absorption spectra of glaucophane were re-
ported by Bancroft and Burns (1969) and Burns (1970). Figure
IV-438 shows the a-spectrum which contains four sharp peaks
at energies 7067, 7102, 7133, and 7163 cm '; these bands repre-
sent the first overtone of the 0O-H stretching frequency (Burns
and Prentice, 1968). The a-spectrum also shows two broad ab-
sorption bands at 9708 and 11905 cm—l. These are assigned to
the spin-allowed transitions in Fe2+ ions contained in the My
and M3 positions.

In the B and Yy spectra, no sharp peaks were observed in the
energy region 7000-7200 cm_l, but only two broad bands at 9900
and 11900 cm T were identified in the i.r. region (Figure IV-48).

In the visible spectral region, the a-spectrum did not show
any significant absorption; meanwhile, the B and the y spectra
did show broad absorption features in the energy region 14000-

20000 cm +

cm-l. The broad absorption in the visible region is related to

, in addition to a sharp and conspicuous peak at 22830

electron transfer between Fe2+ ions in the Ml and M, sites and

3
the neighboring Fe3+ ion in the M, site. The sharp peak at
22830 cm-1 is assigned to the spin-forbidden transition,
6 4 4 . 3+
Alg > Eg’ Alg’ in Fe .

The high pressure polarized spectra of a glaucophane crys-
tals, mounted in the diamond cell, were measured for the differ-
ent orientations a, B, and y. At elevated pressures, the four
peaks related to the overtone stretching frequency of the OH™
ions become broad and then disappeared at pressures around 50

kb., indicating that the pressure influence is to inhibit the
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FIGURE IV-48

The polarized spectra of glaucophane measured at

normal pressure:

a-spectrum
ceesessessees B—spectrum

———————————— Y-spectrum



- 254 -

(0.D.)

Vlave number (cm—l)

Absorptior

LU LERLE IR NN N B
20000

15000

) ] ! i
16000

5000

500

1000

Wavelength (n.m.)

2000




- 255 -

O-H stfetching vibration. The broad bands around 10000 and
12000 cm_l, attributed to CF transitions in Fe2+, shifted to
higher energies as expected. In the visible region, the broad
absorption band increased significantly in intensity and shifted
slightly tc lower energy as pressure increased.

The effect of pressure on charge transfer bands will be
discussed in some detail in the next chapter. The sharp absorp-
tion peak at 22830 cm_l showed a red shift (v100 cm—l) as pres-
sure increased to 50 kb.; this low energy shift conforming with

. . . . ‘o . 3+
1ts assignment as a spin-forbidden transition in Fe™ .

IV-6.5 Dioptase [CuSiO ;Ezg]

3

. . . ‘g . . . +
Dioptase 1s a ring silicate mineral which contains Cu2

ions in a very distorted octahedral site. The crystal structure
was refined by Heide and Boll-Dorberger (1955), and the magnetic
and diffuse reflectance spectral properties were discussed by
Newnham and Santoro (1967).

The structure consists of hexagonal, Si_O

618’

connected by Cu2+ ions which are surrounded by four oxygens and

rings inter-

two OH ions (Figure IV-49a ). Each cu?t polyhedron

shares one edge with another neighboring Cu2+ site and two corn-
ers with other Cu2+ polyhedra; it shares also four of its corners
with four SiO4 tetrahedra. The geometry of the Cu2+ site and the
Cu-0 and Cu-OH distances are illustrated in Figure IV-49c.

From Figure IV-49Db,c it appears that the Cu2+ site has a CS

symmetry; however, considering the four Cu-O distances to be the

same, the point group symmetry may be approximated to C4v'



(a)

(b)

(c)
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FIGURE IV-49

The structure of dioptase viewed along the
c-axis. It shows the distorted octahedral
site of Cu2+ ion and the hexagonal 816018
rings interconnected by Cu2+ polyhedra.
[From Heide and Boll-Dornberger, 1955.]

A schematic diagram showing the edge and
corner sharings between two Cu2+ polyhedra
[Newnham and Santoro, 1967.]

2+

The Cu distorted octahedron and the Cu-0

and Cu-OH distances.
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Newnham and Santoro (1967) measured the diffuse reflectance
spectrum of powder dioptase and reported only one absorption

.peak at 13300 cm—l, which they related to the 2Eg > 2T2g transi-

tion of the Cu2+ 3d9 electron configuration.

In the present study, the absorption spectra of dioptase
single crystals were measured at 1 atm. and high pressures. The
spectrum at 1 atm. (Figure IV-50) showed a broad absorption pro-
file covering the energy region 8500-18000 cm—l. Three absorp-
tion bands were identified in this region; they were located at
energies around 10000, 11765, and 13800 cm”l. Using a thick
crystal of dioptase, another three weak absorption bands were
observed at energies 4878, 4950, and 5076 cmﬁl; however, in
a thin specimen, those bands could not be identified.

In a regular octahedral symmetry, Cu2+ ions are expected to

have one spin-allowed transition from the ground state, ZEg, to

the higher energy excited state, 2Tg; the mechanism of this
transition is illustrated in Figure IV-~5la. In tetragonal fields,
however, the ground state, 2Eg,will split into two levels (2Bl

and 2Al) and 2T29 will split into 2B2 and 2E levels (Figure IV-

51b). Thus, in C4v point group symmetry, Cu2+ ions are expected
2 2 2

to show three electronic transitions; these are: Bl+ Bz, Bl+
2 2 2
Al, and Bl-> E.
The three spectral bands observed at energies 10000, 11765,
2+

and 13800 cm_l are assigned to the above transitions in Cu” ;
the mechanisms of these transitions are explained in the energy
level diagram shown in Figure IV-51lb. The three weak bands

1

in the long wave i.r. at energies 4878, 4950, and 5076 cm

are related to O-H stretching frequency; these peaks are similar
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FIGURE IV-50

The absorption spectra of dioptase measured at

1l atm. (—————) and 50 kb. (==~==- ).
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FIGURE 1IV-51

Cu2+ energy level diagrams in Oh and CAV symmetries

(a,b). Figure (c) shows the d-energy levels at

50 kb..
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to those observed in glaucophane, but they are broader and less
intense and occur at longer wave lengths.

Measurements of the high pressure spectra of dioptase were
attempted. At elevated pressures, the spectral profile of Cu2+
ions showed an obvious blue shift; however, the positicns of
spectral bands in the infrared region could not be obtained due
to their large widths. Nonetheless, the absorption maximum of
the band at 13800 cm-1 was identified and observed to shift to
14300 cm-'1 with increasing pressure up to about 50 kb.. Other
significant features, which were observed in the high pressure
spectra, are the narrowing of the absorption profile and the de-
creasing absorption in the long wave length i.r.region(Fig.IV—SOL

These phenomena may be an indication of increasing CFS par-
ameter and decreasing the energy separation between the high en-

ergy levels, i.e. decreasing the degree of distortion of the

octahedral site.

IV-6.6 Gillespite [BaFeSi ]

12101

Gillespite is a rare mineral which contains Fe2+ cations in
a square planar site. The effect of pressure on the spectra of
ferrous ions in this site have been intensively studies. Some
dramatic changes were observed in the spectra at pressure around
26 kb.. The detailed results of the high pressure spectral

studies on gillespite are given in detail in Chapter VI.
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o CHAPTER V

EFFECT OF PRESSURE ON CHARGE TRANSFER BANDS

V-1. Introduction

Tt was mentioned earlier, in chapter II, that charge transfer
spectral bands are related to two types of electronic transitions;
first, a metal to metal (M - M) charge transfer and second, a
ligand to metal (L - M) or metal to ligand (M » L) electron
transfer. .

The first type of electronic transfer in transition metalé
occurs from a d-orbital of one metal ion of lower oxidation state
to another d-orbital of a néighboring cation with higher valence
state; this transfer is referred to as "Intervalence" transfer
(Hush, 1967, 1968). When the two cations involved in the electron
transfer process have identical nuclei e.g. Fe2+ and Fe3+, the
charge transfer process is known as homonuclear intervalence
transfer. However, if the two nuclei are dissimilar e.g. Fe2+
and Ti4+, it is referred to as heteronuclear intervalence transfer.
The second type of charge transfer transition arises from excita-
tion of an electron in an orbital of primarily ligand character
to another orbital of principally metal character or vice versa.

There are two major spectral parameters that define charge
transfer bands; these are their energies at the absorption
maxima and their intensities. To explain the effect of pressure
on charge transfer bands, it is mandatory to understand the

nature of the physical parameters that control their energies and

intensities. The second section of this chapter is allocated to
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discuss such parameters and to predict the influence of pres-
- sure on them. In the final two, the high pressure charge trans-
fer data (M-M, L-M, M-L), are presented and correlated with the

theoretical predictions made in section V-2.

V-2. Band Energies, Intensities, and Influence of Pressure

Charge transfer bands have been treated in a non-uniform
method by many authors using different models; the most commonly
used of these are: molecular orbital, valence bond, and free
electron agproach models. Since it is not the objective of this
thesis to discuss the theoretical details of these models, em-
phasis will be placed only on the parameters that involve the
band energies and intensities, wherever it applies in any of
these models.

Drickamer and Frank (1973) tackled the electron transfer
problem using both the valence bond resonance approach and
molecular orbital theory. In this approach, the total energy
associated with an electron transfer (thT) from a donor (D) to
an acceptor (A), is related to the ionization potential of the
donor (ID), and the electron affinity to the acceptor (EA)’ the
energy separation between the energy levels of the donor and the
acceptor (GO), and the coulombic attractive energy between the
two ions A and D (Gl). Drickamer and Frank (1973) derived a
formula which relates hv with the above energy terms involved

cT

in the charge transfer process; this is expressed as:



2 2
+ B
. 1

) (1)
p F -
6] I (EA Gl GOY

hVCT = ID - (EAﬁ- Gl - G

where BO and Bl are terms proportional to the negative value
of Sol’ the overlap integral between the donor and the acceptor
orbitals.

At elevated pressures, the interatomic distances D-A are
expected to decrease, which then would cause an increase in the
degree of orbital overlap, i.e. increase in the parameter Sol'
Using equation (1), it is evident then that the increase in SO

1

value should lead to a decrease in thT.

The influence of pressure on the other parameters, Gl' GO,
ID, and EA are not well understood yet. However, it is generally
accepted, based on band theory, that the energy separation be-
tween the A and D levels should decrease wi-h decreasing inter-
atomic distance, i.e. GO should decrease with pressure. The ion-
ization potential of the donor may decrease slightly and the
electron affinity of the acceptor may increase as the donor-
acceptor interatomic distances decrease.

Robin and Day (1967) used a similar approach to the one used
by Drickamer and Frank; however, it was used to explain the en-
ergies of M-M charge transfer transitions only. The expression
they gave for the energy of such transitions is:

WVep = By ~ Ep = Epag (2)
where EA and EI are the electron affinity and the ionization
potential of the donor and acceptor, respectively, and Emad is

the madelung energy expended in moving an optical electron from

D to A in the electrostatic field of all other charges. Emad may
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be related to the second and third terms given in equation (1).

Hush (1967, 1968) and Drickamer et al. (1972) used another
model to predict M-M charge transfer band energies. In this
model, they related the frequency and band width of an optical
transfer absorption to the rate of homogeneous thermal electron
exchange. The energy of the charge transfer transition in this
model was given in equation II-8, and the influence of pressure
was also predicted to shift charge transfer bands to lower
energies.

Recently, Johnson (1973) used a more sophisticated approach
in which he calculated the energies of molecular orbital levels
for different inorganic compounds. Johnson's model was extended
further to calculate the energy values of M-L charge transfer
transitions in minerals (Tossell et al., 1973, 1974; Loeffler et
al., 1974); this model is known as the "SCF—Xa Scattered Wave
Method". The parameters related to M-O distances in this method
are complex; however, it is essentially based on solving the one
elecﬁron Schrddinger equation in three regions describing the
electron density of an atomic cluster, e.q. ML6 or ML4 cluster.
The total potential energy, V(r), in this system is:

V(r) = Vc(r) 'Fan(r) (3)
where Vc(r) refers to the coulombic interaction and repulsion
forces, and an(r) is a function related to the local electronic
charge density, p(r) as:

v, (x) = 6al(3/80p(x)1"/3 (4)

With increasing pressure, the electronic charge density is

expected to increase so that an will increase. The coloumbic
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interaction and repulsionlforces may increase or decrease slight-
ly with decreasing interatomic distances, depending on the
nature of M-L or M-M systems. The net result then will be a
decrease in the potential energy of each cluster region, and
hence a decrease in the enerqgy value of charge transfer spectral
bands.

The general expression for the intensity of a charge trans-

fer band is:

2
vmaquN

where f is the oscillator strength, K is a constant, Vhax is the

f =K (5)
frequency at the band maximum, and HeN is the transition dipole.
With increasing pressure, the resonance interaction should in-
crease so that the value of the Mg should increase (Drickamer

N

and Frank, 1973). Since the pressure tends to decrease Voax! 2S5
it was explained above, then the change in intensity of the
charge transfer band with pressure may be used as a balance to
indicate the net influence of both effects on charge transfer
band intensities or the dominance of one over the other. uThus,
it is well known that increasing pressure tends to increase in-
tensities of both types of charge transfer bands (M-M and M—L{’/
(Drickamer and Frank, 1973; Abu-Eid, 1974a,b,c,; Mao, 1974).

Due to this fact, the transition dipole is considered to be the

dominant factor which causes significant increases in band in-

tensities.

V-3. Effect of Pressure on M-M Charge Transfer Bands

M-M charge transfer bands appear commonly in the spectra of
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natural minerals containing transition elements in diffefent oxi-
dation states, e.g. Fe2+, Fe3+, and Ti3+, Ti4+. They generally
occur in the energy reéion 13000-18000 cm'-l and are character-
ized by their polarization dependence, i.e. their energies and
intensities are sensitive to direction of the light electric
vector, E, relative to the donor-acceptor vector in the crystal
lattice. The intensities and energies of M-M C.T. bands depend
also on the other factors, such as the nature of the donor and
acceptor ions and the intervening ligands, the M-M interatomic
distances, and the mole fractions of both cations involved in
the electron transfer process.

Spectral bands related to Fe2+ - Fe3+, Ti3+ - Ti4+, and

Fe2+ > Ti4+ were reported for many natural minerals by many
authors (Hush, 1967; Faye, 1968, 1971; Faye et al., 1968; Burns,
1970; Dowty and Clark, 1973; Manning, 1968, 1969; Prewitt et al.,
1972; Bancroft and Burns, 1969; Robbins and Strens, 1972, 1968).
However, there still are controversies concerning their assign-
ments and the magnitude of their energy values. In the present
section, the structural aspect of M-M charge transfer bands will
be discussed and then the high pressure charge transfer spectral

data will be presented for three minerals, viz. glaucophane, a

blue omphacite, and wvivianite.

s V-3.1 Glaucophane

The charge transfer absorption in glaucophane arises from

the excitation of an electron in the t2g level of an Fe2+ ion to

the t2g level of a neighboring Fe3+ cation. The B and the Yy
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visib%e spectra of glaucophane were measured at 1 atm. and at
pressufes around 50 kb. (Figures V-la,b,c,and & ). In each,
B and y, spectrum two absorption bands were fitted under the
absorption envelope which covers the energy region 14000-20000
cm™ L; the two bands are located at energies 16130 and 18350 cm L.
The B spectrum is generally more intense than y, and no charge
transfer absorption features were detected in the third orienta-
tion, a. It was also noticed that the two C.T. bands had equal
intensities in the y spectrum, whereas in the B spectrum the
band at 18350 cmml is significantly more intense than the one at
lower energy.

In explaining the above spectral features and the mechanism
of their polarization dependence, the following factors were
taken into consideration:

1. The intensity of a C.T. band is proportional to the mole

2+ Fe3+)/(Fe2+ _ Fe3+) ]

fraction ratio (Fe
2. The probability of M-M electron transfer is significantly
enhanced by edge sharing between the donor and the acceptor
polyhedra.

3. The intensity of the C.T. band is proportional to the magni-
tude of the electric vector component in the direction of the
donor-acceptor axis in the crystal structure.

4., The probability of electron transfer increases with decreas-
ing M-M distances, and the energy of the C.T. transition decreas-

es with shortening M-M or M-L distances.

To take the above principles into account, the positional
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FIGURE V-1

g and y spectra of glaucophane measured at 1 atm.

and 50 kb.
a) B-spectrum, 1 atm.; b) —--—-=- B~spectrum,
50 kb.; ¢) ..... y-spectrum, 1 atm.; &) _._._._.__.

Y-spectrum, 50 kb..
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parameﬁers of the Ml' M2, and M3 sites and their interatomic
. M-M distances and bond angles (MMM) are summarized in Table

vV - 1 . From the positional parameters, it is evident that
Fe cations in Ml’ M2, and M3 sites occur in a plane perpendicular
to the a-axis. Therefore, the electric vector, Ellx’ component
along each M-M direction is zero. Consequently, no charge trans-
fer absorption should be observed for the light polarized along
the a-indicatrix axis; this prediction conforms with the results
obtained above. On the other hand, the components of the elec-

-5

tric vecto., E M. -M and M_-1

11y’ o™ M3s My-Mg, 17
>
are: E, 0.519E, and 0.515E, respectively; and that of E

along the directions M

11z com-

ponents along M -M3, Ml—M3, and Ml—M2 are: 0, 0.857E. Since

2

the intensity of a given charge transfer band is proportional
to the projection of the E vector along the M-M distance, then
the intensity of absorption of light peclarized along the B indi-
catrix for all three possible transitions is expected to be more
than that along the y. This prediction is also consistent with
the polarized spectra shown in Figure  IV-48.

The occurrence of two charge transfer bands at different

energies may be related to the two electron transfer processes

FeM 2+ FeM 3+ and FeM 2+ FeM 3+; in addition, there may be
3 2 1 2
. . . C 2+ +
some contribution of absorption arising from FeM > FewI 3
1 3

electron transfer or vice versa.
The large widths of absorption charge transfer bands may
also be related to the distortion of the M, site which contains

2
3+ . . . . 3+
Fe ions. In this site, then, the t2g orbital set of an Fe
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TABLE V-1

(a) The positional parameters of the Mgy My, and My

sites.
Site X Y zZ
Ml 0 0.0908 0.5
M2 0 0.1807 0
M3 0 0 0

(b) The M-M interatomic distances.

M-M distance (A)
Ml - M2 3.09
M2 - M3 3.206
M3 - Ml 3.099

MMM angle
M3M2Ml 59°

[ 1

M3M1M3 62°15

M:M.M 58°45"
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ion may split into two or three levels, and the transferred

electron may occupy any of the t levels (d_ ., d. , or 4 )

2g Xy XZ Yz
depending on the electron transfer excitation energy.

With increasing pressure up to about 50 kb., the charge
transfer absorption profile shifted to lower energy and the ab-
sorption increased significantly. The magnitudes of the pres-

sure induced energy shifts of the C.T. bands at 16130 and 18350

cm 1 is estimated roughly to be 400 and 600 cm—l, respectively,
with increasing pressure up to 50 kb.. The rapid shift of the
second band to low energy may be due to an appreciable shorten-

ing of M3—M2 distances relative to M in fact, this could be

1My

true since the M3—M2 distance is significantly longer than Ml-

M The increase in charge transfer absorption intensity is ex-

2.
pected since with decreasing M~M distances, the probability of an
electron transfer transition will increase which causes an in-

crease in the transition dipole, u

EN
It should be mentioned here that the occurrence of water

molecules or OH groups in the structure coordinated to the
transition metal ions facilitate the charge transfer process and
may enhance the intensity. This phenomenon was observed by
Littler and Williams (1965) who suggested that a possible mech-
anism of electron transfer (Fe2+ > Fe3+) in crocidolite mineral
is:

Fe3t0% Ho Fe?Tore? 0 HO Fe 2T ore T on "0 Fe? Tore 2t o0 Tre 3t

The evidence they gave in support of such a mechanism is the

similarity between the activation energy of conduction (16 Kcal.
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1,

’ .

mole_lf to that of oxidation of crocidolite (21 Kcal. mole
The presence of water in mineral structures was also

recognized to be a significant factor in enhancing other elec-

tronic processes such as pressure-induced reduction (Gibbons et

al., 1974). Such a process will be discussed in Chapter VII.

V-3.2 The Blue-Omphacite

It was mentioned in Chapter IV that x-ray studies of the
site occupancies of Fe ions in omphacite (Clark and Papike,
1968) indicated that Fe2+ ions are predominant in two sites,

Ml and M1(1l)H, and Fe3+ ions occupy mostly the MI1H position. 1In
addition, Mossbauer and optical absorption studies (Burns,
unpubl. data; Abu-Eid, 1974) on the blue omphacite proved the
occurrence of Fe2+ ions mostly in two positions with a small
fraction in another third site, and Fe3+ was found to occupy
only one position.

On the basis of the above studies, it is assumed here that
Fe2+ ions occupy preferentially the M1 and M1(l1)H sites, and a
small fraction of Fe2+ ions may occur in the M1(l) position; on
the other hand,'Fe3+ is considered to occupy only the MI1H site.
From the atomic parameters of the Fe ions in the four octahedral
sites (Table V-2a ), the M-M distances were calculated and
given in Table V-2b . From these distances, it is evident
that except for the M1(1l)H-M1H distance (which is 3.112 ﬁ), the
remaining M-M distances are significantly large; as a consequence
of this, Fe2+ > Fe3+ electron transfer is unlikely to occur be-

tween cations occupying polyhedra other than M1H and M1(1l)H.
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TABLE V-2

(a) The atomic parameters of the Fe ions in the

four octahedral sites in omphacite.

Site X y Z
M1 0 7.99 0
M1 (1) 0 0.878 2.62
M1H 4.779 3.544 0
M1(1)H 4.779 5.22 2.622

(b) M-M distances in omphacite

M-M Distance (ﬁ)
M1(1l) - MI1H 4.756
M1H - M1(1)H 3.112
M1(1)H - M1(1l) 6.457
M1l - MI1H 6.527

M1 - M1(1)H 5.523
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FIGURE V-2

The M1H-M1(1)H direction relative to the x, y, and

Z=-axes.
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The absorption band observed in the 1 atm. spectrum
(Figure 1IV-14 } at 15037 cm—.l is related to the electron
transfer between a Fe2+ ion in M1(1)H position and a Fe3+
cation in the MIH site; the process of charge transfer is also
facilitated through the shared edge between two sites.

To predict the relative intensity of the charge transfer
band in the three orientations x, y, and z, the MI1H-M1(1)H di-

rection was located relative to the three axes x, y, and z, and

are shown in Figure V-2 . Since none of the electric
>

> -
vectors along the three major axes (E Elly’ and Ellz) are

11x’

perpendicular to the M1-M1(1l)H direction, charge transfer absorp-
tion is expected to be observed for each crystallographic orien-
tation. Moreover, the most intense absorption is predicted to

be the z-spectrum, since the magnitude of the electric vector

, along Fe2+~-Fe3+ direction is more than the other

11z N 5

two components, Elly and Ellx' The polarized charge transfer

spectra of the blue omphacite measured at 1 atm. conforms with

-
component, E

the above predictions. However, the variation in intensity of
absorption is also related to the concentrations of the total
iron and titanium; this may suggest a possible contribution of

2+ 4+

Fe + Ti electron transfer absorption to the charge transfer

band at 15037 ém—l. Further, for correlation of color and pleo-
chroism in the blue omphacite with the absorption spectra, an-
other factor should be considered. This is the contribution of
M-L or L-M absorption near the vis-u.v. regions boundary; this

absorption is mostly due to Fe-0O and Ti-O electron transfers.

Absorption in vis-u.v. region could decrease the width of the
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transmission window and then may lead to changes in color.

The charge transfer spectra of the blue omphacite single
crystal was measured at pressure around 40 kb. (Figure IV-14),
At this pressure, the charge transfer band increased in inten-
sity and shifted to lower energy. The energy shift is approxi-
mately 650 cm—l. The pressure-induced red shift of the blue
omphacite charge transfer band correlates fairly well with the
low energy shift of the glaucophane charge transfer band, and

conforms with the predictions made early in this chapter.

0

V-=3.3 Vivianite: Fe3(PO4)_2.8H2

Vivianite is a rare mineral which has been intensively
studied by many crystallographers, mineralogists, and chemists
because of its interesting mineralogical and optical properties.
Vivianite is usually colorless. However, when it is cleaved and
exposed to air, it rapidly turns blue ( Hush, 1967;
Faye et al., 1968). The color change of vivianite has been re-
lated to the oxidation of ferrous ions contained in its
structure.

Mori and Ito (1950) determined the crystal structure of
vivianite; they found that Fe ions are contained in two octa-
The Fe., site is

hedral positions denoted by Fe. and Fe

I IT*

coordinated to four HZO molecules and two oxygen atoms, and the

I

FeII position is linked to two H2

the site symmetries and Fe-O distances for both positions are

O ligands and four oxygens;

shown in Figure v -3 . Other significant features in

the structure of vivianite are the common O0-O edge-sharing of
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FIGURE V-3

FeI and FeII site symmetries and M-L distances in

vivianite.
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FeII octahedra and the linkage of FeI and FeII octahedra by
L
means of HZO-HZO bonds. Further, the Fe-Fe distances were

calculated from the atomic coordinates given by Mori and Ito;

these are:

o
FeI - FeII = 5,237 A
[+
FeI - FeI = 8.396 A
[
FeII - FeII= 2.921 A

When the ferrous ion is oxidized, Fe3+ may occur in the
FeII site. The electron transfer between Fe ions contained in
FeI and FeII or FeI and Fe, are unlikely to occur, due to the
large interatomic distances. However, it is most likely that
electron transfer takes place between ferric and ferrous ions
occupying FeII positions, since the FeII-FeII distance is very
short.

The absorption spectra of vivianite at 1 atm. was reported
by many authors, e.g. Faye et al. (1968); Townsend and Faye
(1970) ; Hush (1967); Robbins and Strens (1972); Mao (1974). The
spectrum (Figure V-4 ) shows two bands in the i.r. region
at energies 8200 and 11600 cm—l, and a third broad and intense
band at 15400 cm-l. In addition, there are many sharp and weak
absorption features in the visible region. Faye et al. (1968)
assigned the intense band at 15400 cm._l to Fe2+ - Fe3+ charge
transfer, and the two bands at 8200 and 11600 cm_l were assigned
to the spin-allowed transitions in Fe2+. Furthermore, they re-
lated the appearance of these two bands to the dynamic Jahn-

Teller mechanism acting in a ﬁéarly regular octahedral crystal

field.



- 285 -

FIGURE V-4

(a) Absorption
(from Faye
(b) M-M charge

1l atm. and

spectra of vivianite at 1 atm.
et al., 1968).
transfer spectra of vivianite at

at 300 kb. (Mao, H.K., 1974).
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In the present study, the band at 8200 cm"l is assigned to
the spin-allowed transition, 5'1‘2g - Eg' in Fe2+ contained in
the FeII position, and the band at 11600 cm—l to Fe2+ in the Fe

I
site. This assignment is supported by the fact that the two
sites, FeI and FeII, have different average M-O distances; in
addition, the M-0O distances given by Mori and Ito (1950) for both
sites, indicated fairly regular octahedral sites. The sharp and
weak peaks in the visible region are assigned to the spin-forbid-

3+

den transitions in Fe2+ and Fe in both sites. The assignment

of the broad and intense band at 15400 cm—l to Fe2+ > Fe3+
electron transfer (Faye, 1968; Hush, 1967) appears toc be cor-
rect; this is due to its polarization dependence. This band is
predicted to have intense absorption along the b-axis and weak
or no absorption along a and ¢ axes. This prediction was made
by relating FeII—FeII direction to the electric vector compon-
ents along a, b, and c—-axes. Due to the fact that FeII—FeII di-

>
rection is parallel to "b" and then Ellb has a one unit compon-

2+ 3+ >

-
ent along the Fe + Fe direction, whereas, E and E

1lla llc
have zero components along that direction. This prediction con-
forms with the polarized spectra of vivianite reported by Faye
et al. (1968) and Townsend and Faye (1970).

Mao (1975) measured the high pressure optical spectra of
vivianite and reported a low energy shift of the C.T. band of
about 1100 cm * in 300 kb.. Mao also indicated that the inten-
sity of the band at this pressure increased 50 times above its

intensity at 1 atm., and the color of vivianite changed from a

very light blue to a deep greén color. Mao, however, did not
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give a specific explanation for the tremendous increase in C.T.
. band intensity, but related the increase to a phenomenon similar
to that observed in the high pressure visible spectra of olivine
which involves 0O~} electron transfer.

It was shown in the h.p. spectra of glaucophane and the
blue-omphacite that C.T. band intensities increased by about 20
to 50% over 40-50 kb.. Assuming that the same effect takes place
in vivianite, it is expected that a five-fold increase in the
C.T. band intensity over 300 kb. would be observed compared to
its intensity at 1 atm.. This prediction contradicts Mao's ob-
servation. Consequently, there may be other factors influencing
the C.T. band intensity at very high pressures (300 kb.); they
are:

l. A possible change in vivianite structure at 300 kb.. It was
mentioned above that the octahedral bands in the structure are
linked together by means of H20—H20 hydrogen bond. Since this
bond is very weak (Pauling, 1960; Day and Selbin, 1962), it is
unlikely to be stable at this elevated pressure. With increas-
ing pressure, the molecular distances, HZO—HZO are expected to
decrease significantly. As a result, the two water molecules
between two adjacent octahedral bands may be expelled from the
structure.

4)2.2H20,
and the structures at 1 atm. and high pressure may be represent-

The chemical formula may then be written as Fe3(PO

ed as shown below:
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0 0 o— li"— 0
H.0 H.O
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The proposed high pressure structural change may lead to a signi-
ficant decrease in the unit cell parameter "b"; however, the
charge balance will not be affected. Assuming that the high
pressure structural formula, given above, is correct, then the

Q
FeI and FeII interatomic distance will be close to 2.6 A, and

the Fe cations in Fe_. and Fe sites will share a common HZO—

I IT

HZO edge. These new structural features could enhance



- 290 -

and facilitate electronic transfer between Fe ions occupied in
these two positions, énd then lead to an appreciable increase
in C.T. band intensity.
2. A possible overlap of crystal field bands over charge
transfer bands. The two crystal field bands at 8200 and 11600
cm_l are expected to shift to higher energies with increasing
pressure, whereas the charge transfer band shifts to lower
energy. At 300 kb., the three spectral bands may be located
close to each other so that they may overlap and cause an in-
crease in intensity of the absorption profile.
3. A possible pressure-induced reduction of ferric ions.
Pressure-induced reduction processes were reported by Drickamer
and Frank (1973); Gibbons et al. (1974); and Burns et al.
(1972). Gibbons suggested that the occurrence of OH  ions en-
hance appreciably the process of Mn3+ reduction. Since vivian-
ite contains substantial amounts of OH ions, it is tempting to
assume that most of the Fe ions occur in the divalent oxidation
state at 300 kb.. If this is the case, most of the absorption
may be related to the spin-allowed transition in Fe2+ ions.

At this stage, none of the above possibilities could be
confirmed or rejected, but it will be advantageous to take the
above views into consideration, especially in the theoretical

studies of high pressure charge transfer spectra.

V-3.4 Fayalite and Orthoferrosilite

The divalent Fe2+ cation is predominant in olivine and

pyroxene minerals, and a small fraction of the iron(III) oxida-
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tion state may occur in these minerals. Consequently, Fe2+ >
Fe3+ charge transfer bands may appear occasionally as broad and
weak spectral features. As a result of this, it was difficult
to study the nature of these bands at elevated pressures. None-
theless, in the spectra of orthoferrosilite, a broad band was
observed at 14500 cm_l, which was assigned to Fe2+ > Fe3+ elec-
tron transfer (Burns, 1970). The electron transfer in ferrosil-
ite may occur between Fe ions occupying Ml and M2 sités through
the shared 0-0 edges; the Ml-Ml and Ml—M2 distances are short
enough (3.15 and 3.08 i, respectively) which makes the process
of electron transfer amenable.

In the fayalite spectrum (Figure IV-18 ), the broad
weak absorption at 16260 cm'"l was related to Fe2+ - Fe3+ charge
transfer (Abu-Eid, unpubl. data, 1971; Mao and Bell, 19723 . The
ferrous ions occur predominatly in Ml and M2 sites, whereas the
ferric cation may occur in trace amounts in both sites. Charge
transfer may occur between Fe ions in olivine, since the Fe-Fe
interatomic distances in both sites are relatively short (Ml—
Ml=3.05£ and’Ml—M2=3.18£) and each position shares edges with
the neighkrring polyhedra. The C.T. band at 16260 cm-'l shifted
about 400 cm-1 to lower energy as pressure increased to 40 kb..
The trend of low energy shift and increase in intensity with

pressure of C.T. bands appears to be common in most silicate

minerals.

Iv-4. Effect of Pressure on M-L and L-M Charge Transfer

Absorption

This type of electronic absorption occurs in every mineral
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and appears as an absorption edge near the end of the short wave
blue region. The absorption maxima of M-L and L-M C.T. bands
are rarely obtained since the magnitudes of their integrated in-
tensities are extremely large. The best model which explains
their energy values is that of Johnson in which he uses the SCF-
X, method (Johnson, 1973) to determine the molecular orbital en-
ergy levels of MLy polyhedra. Johnson's model was used recently
by Loeffler et al. (1974) to calculate the energies of M-L and
L-M charge transfer absorptions in lunar materials. Moreover,
it was also used by Tossell et al. (1973, 1974) to calculate the
electronic structure of certain minerals such as rutile and
hematite.

In the present study, charge transfer bands will be treated
qualitatively using molecular orbital theory and their pressure-
induced low energy shift will be explained using M.O. and band
gap models. The basis of M.O. theory was discussed in Chapter
IT and will not be repeated here.

The M-L and L-M charge transfer absorption in all silicate
minerals showed a slight red-shift, with increasing pressure.
However, some other minerals showed significant low-energy
shifts at medium pressures (around 50-60 kb.) and showed also
changes in their color. These minerals include crocoite, vanad-
inite, and hematite. For the purpose of this study, the inor-
ganic compound KMnO4 was also investigated at elevated pressures.

In the following sections, the results of high pressure
C.T. spectral studies on these minerals will be presented and

interpretted qualitatively by molecular orbital theory.
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V-4.1 'Crocoite

Crocoite [PbCrO,] contains cr® in a distorted tetrahedral
site (Cl symmetry). The structure was determined and refined
by Quareni and De Pieri (1964; 1965), respectively. The chromi-
um atom is surrounded by a tetrahedron of oxygen atoms and the
lead atom is surrounded by seven CrO4 tetrahedra as shown in
Figure V-5 . The Cr-0O interatomic distances are: Cr-O=

1.61 R, Cr-0,=1.67 R, Cr-0,=1.66 A, and Cr-0,=1.67 A. The lead

4
atom is surrounded by ten oxygen atoms with Pb-0 distances rang-
ing from 2.53-3.44 A,

The crocoite sample used in this study (from Dundas,
Tasmania, Harvard collection no. 101794) was provided kindly by
Professor C. Frondel of Harvard University. The sample has a
chemical formula close to the ideal formula given above. How-
ever, x-ray studies, using the powder method, indicated that
this crocoite sample may contain two isomorphous species, which
belong to two different space groups.

Quareni and De Pieri (1965) studied the crystal structure
of crocoite from the same locality (Dundas, Tasmania) as the
sample under the current investigation. They reported that it
belongs to the monoclinic system, space group le/A’ with the
unit cell parameters at: a=7.12£, b=7.44i, and c=6.80£. On the
other hand, Collotti et al. (1959) reported an orthorhombic modi-
fication of synthetic lead chromate PbCrO4, which belongs to the

o
space group ana’ and which has cell dimensions a=8.67&, b=5.59A,

and c=7.13A. The intensities and d-values of x-ray diffraction
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FIGURE V-5

A clinographic projection of the crocoite struc-

ture; not the Cr04_— tetrahedral arrangement (from

Quareni and De Pieri (1965)).
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d(a)
5.43
4.96
4,38
3.76
3.48
3.28
3.15
3.03
3.00
2.71
2.60
2.55
2.32
2.25
2.09
1.978
1.847

(a)

Monoclinic
I/1,

10
25
25
12
55
100
12
65
30
16
14
18
14
25
25
20
25

hkl
01T
011
11T
111
200
102,120
210
012
112
202
112
212
031,300
131,103
212
132
322,132
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PbCroO

d(a)
4.40
4,33
3.92
3.70
3.56
3.42
3.29
3.09
2.841
2.798
2.675
2.468
2.347
2.288
2.247
2.231
2.199
2.166
2.128
2.117
2.020
1.966
1.841
1.771
1.710

(b)

I/I,

40
45
30
30
50
70
70
60
45
100
35
25
40
20
35
40
30
15
60
55
40
20
70
35
55

hk1l

011
200
111
201
002
210
102
211
112
020
301
212
220
103
302
221
022
400
122
113
410
222
402,303
123
230
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(c) (d)

1 atm. high pressure (after

. °quenching
d(a) I/Io d(a) I/Io
5.364 5 4.835 5
4,923 15 4.512
4,332 25 ‘ 4.00
3.68 10 3.618 30
3.44 30 3.470 25
3.243 60 3.414 25
3.129 7 3.22 60
3.001 50 2.907 40
2.797 100 2.792 >100
2.692 7 2.305 35
2.588 10 2.225 10
2.525 15 2,114 65
2.311 40 2.071 30
2.235 40 1.948 65
2.147 60 1.815 30
2,08 30 1.806 60
1.955 70 1.748 70
1.838 55 1.512 30
1.788 60 1.447 15
1.746 50 1.430 12
1.685 40 1.398 7

1.366 20

1.35 10
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lines for the two modifications of crocoite are correlated with
those obtained for the crocoite samplie used in this study
(Tables V-3a,b,c and d), From these tables, it is evident that
the most intense x-ray lines of the crocoite sample under the
current investigation belong to the orthorhombic modification;
however, there are other less intense lines which may belong to
the monoclinic form. It should be mentioned that the orthorhom-
bic form of natural crocoite was not reported before. There is
a possibility that grinding may be the cause of having the orth-
orhombic form, if indeed the natural crocoite sample should be-
long to the monoclinic system.

Since the major concern of this study is to investigate the
high pressure spectra of crocoite, rather than its crystal struc-
ture, further detailed x-rayv studies were not continued.

The absorption spectra of crocoite was measured at 1 atm.
for both powder and single crystal specimens. The spectrum
showed, in general, very intense absorption in the energy region
between 19000-27000 cm * (Figure V-6a ). Because of the
huge optical density of this band, the absorption maximum was
unable to be monitored until a very thin crystal fragment (about
25p in diameter) was used in the sample beam. The low energy
absorption edge measured at 1 atm. (Figure V=-6a ) starts at
a wavelength 550 nm (18180 cm—l), and there appears to be three
absorption bands under the broad, intense absorption profile

l. The three bands were lo-

which extends from 19000 to 27000 cm
-1
cated at energies 19600, 21280, and 23530 cm ~. These bands

are assigned to ligand to metal electronic transfer transitions.



(a)

(b)

(c)
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FIGURE V-6

The visible spectrum of crocoite crystal
fragment measured at 1 atm. (the crystal
exhibits orange color).

Absorption spectrum of crocoite powder sub-
jected to pressure around 20-30 kb. (the
color changes around this pressure from
orange to red; note the shift of the absorp-
tion edge).

The absorption spectrum of crocoite measured
at pressure around 60 kb. (the color changes
from red to black; note the tremendous shift

of the absorption edge).
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FIGURE V-7

The molecular orbital energy level diagram of the
tetrahedral chromate ion (modified from the energy

levels of Cr04-_ (Wolfsberg and Helmholz, 1952) and
Mn04—~levels (Johnson, 1973)).
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It is believed that the splitting of the major absorption fea-
tures into their bands is caused from the distortions of the
CrO4 tetrahedron (there are three different Cr-O distances).

As it was mentioned earlier, the mechanism of charge
transfer transitions cannot be explained using crystal field
models; molecular orbital theory provides satisfactory explan--
ations for such kinds of transitions.

For this purpose, the molecular orbital energy level dia-
gram for the tetrahedral chromate ion (Figure V-7 ) was con-
structed schematically, based on data of Wolfsberg and Helmholz
(1952) and Johnson (1973) who reported energy levels for the

complex ion, MnO4-. In this figure, the levels below 2e are
filled with electrons, and the levels above ltl are empty (no d
electrons for Cr6+ ions); the broad band in the visible spectra
of crocoite is due to electron transfer from ltl to the 2e level.

With increasing pressure, the energy separation between the
two levels, 7t, and 2e, will increase and then the energy gap

2
between ltl and 2e levels will decrease. So, it is expected
that a red shift of the charge transfer band will be observed as
pressure increases.
At pressures around 20-30 kb., the band increased in width
and intensity, and the absorption edge shifted to about 650 nm

(15380 cm t

) (Figure V-6b ). This shift is remarkably rapid
(about 3000 cm_l in 25 kb.) and is accompanied by a color change
from orange to red (Figures V-8a,b).

Inéreasing the pressure further to about 50-60 kb. causes
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FIGURE V-8

(a) A photograph of crocecite sample subjected to
100 kb. in the diamond cell.

(b) This photograph was taken when the pressure
was lowered to 60 kb. (note the black, red,

and orange regions).
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the absorption edge to shift further towards the infrared recion
to about 900 nm (11100 cm ') (Figure V-6c ), i.e. there is
a negative energy shift of about 7500 cm T in 55 kb.. A color
change, red to black (Figure V-8a,b ) was also observed at
this pressure; the high energy limit of this band could not be
reached due to the huge increase in the band width and intensity.
It should be mentioned that after releasing the pressure, the
color changed back from black to red, and the absorption edge
shifted to higher energy. At normal pregsure, the recovered
sample showed an orange-red color, which appeared to be darker
than the color of the sample before it had been subjected to
pressure. The spectrum of the recovered sample showed an in-
tense absorption in the visible region and the absorption edge
was located at 16500 cm‘l, i.e. it occurred at lower energy than
where it was before applying pressure.

The x-ray diffraction pattern of the recovered sample was
measured (Table V=-3d ) and compared with that obtained at
1l atm. before applying pressure. From the data in Tables V-3c
and V=3d » it is apparent that most of the d-values have
decreased, indiéating that there is some remaining locked-in
strain on the sample. It is also apparent from the two tables
that there are no significant irreversible changes in the struc-
ture.

The rapid shift of the absorption edge is well explained
in the molecular orbital energy level diagram shown in Figure
V- 7 . Nevertheless, some changes in the electronic and/

or physical properties may occur as a result of decreasing the
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energy separation betweep lt1 and 2e levels. When these two
1evelsﬂbécome close to each other, one or more electrons may
become stable in the 2e level, since this level primarily be-
longs £o the chromium ion. The Cr(V), Cr(IV), or Cr(III) oxida-
tion states may be stabilized as long as the pressure is ap-
plied. Assuming that Cr (VI) has been reduced, then crystal
field transitions should be observed for chromium ions of lower
oxidation states. Unfortunately, these transitions occur at
energies where the L-M charge transfer transition occurs, and
they may be obscured by the absorption edge. Decreasing the
energy separation between the highest energy levels in the
valence band and lowest energy level in the conduction band
should increase the electrical conductivity of the mineral.
Where these levels become close enough to each other, the min-
eral may exhibit metallic character.

The rapid red shift of the absorption edge and the associ-
ated color change is not fully understood yet, but it may be
related to: (a) pressure-induced reduction of Cr6+ to lower
oxidation states, or (b) to changes in the structure, or (c)
to closing the energy gap between conduction and valence bands.
However, all these phenomena may actually take place at elevated

pressure, since they are inter-related.

V-4.2 Vanadinite [PbS(VO;L3g£]

Vanadinite is a rare mineral which contains vanadium in
the penta-valent oxidation state. The structure, determined by

Trotter and Barnes (1958), belongs to the space group P63/m
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FIGURE V-9

A projection of vanadinite structure on the

c-axis (from Trotter and Barnes, 1958).
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and has the unit cell dimensions: a=10.331A and c=7.343£. The
projection of vanadinite structure on the c-axis (Figure V-9)

shows the vanadium atoms each of which is coordinated to
four oxygens forming a VO4 tetrahedron; the Cl~ anion is shown
surrounded by six Pb2+ cations at the corners of a regular octa-
hedron. The VO4 tetrahedron is fairly distorted; the V-0 dis-
tances are 1.763(2) and 1.72&(2), and the 0-0 distances vary
from 2.56A to 3.01A.

At normal pressure vanadinite is translucent and has an
orange-red color. The spectrum at 1 atm. was measured in the
visible region; no spectral features were observed in this re-
gion, except for an absorption edge which starts at about
18900 cm"l and extends into the u.v. region. However, when a
very thin crystal fragment was used, the absorption maxima of
two bands were identified at energies 22750 and 25650 cm *
(Figure V-10a ). These two bands are related to electron
transfer from energy levels of principally ligand character (be-
longing to fhe oxygen ligands) to the empty lower energy d-
levels, "e", of a Vs+ cation. The occurrence of two bands in
the spectrum may be due to the two different V-0 interatomic
distances. The occurrence of those bands at energies higher
than those observed in the spectra of crocoite may be due to
the longer ligand-cation distances in vanadinite.

With increasing pressure, the C.T. absorption increased in
width and intensity, and the absorption edge shifted rapidly to

lower energy (Figures V-10b,c ). The low energy shift of
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(b)
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FIGURE V-10

Absorption spectra of a vanadinite crystal
fragment measured at 1 atm. (the crystal ex-
hibits orange-red color).

The spectra of a powdered crocoite sample
subjected to pressure around 30-40 kb. (the
color is deep red at this pressure; note also
the low-energy shift of the absorption edge).
The spectrum of crocoite éample at pressure
around 80 kb. (the color changed to black and
the absorption edge shifted far into the i.r.

region).
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FIGURE V-11

(a) A vanadinite sample subjected to about 80 kb.
at the central region of the diamond anvil.
Note the three colored zones: black, red, and
orange.

(b) A photograph showing a crocoite sample sub-

jected to high pressure and quenched rapidly

in the diamond cell.
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the absbrption edge produced a change in color from orange to
‘deep red color, and then to black,(Figures v-1l1 a,b ). The
color change in this case occurred a2t higher pressures than
crocoite, and the phase boundaries were more distinct.

The phenomenon of pressure~induced color change and the
rapid low energy shift in vanadinite appears to be exactly the
same as the one observed in crocoite. Thus, the explanations
given for this phenomenon in crocoite may be applied to vanadin-

ite as well.

V-4.3 Potassium Permanganate: KMnO,

KMnO4 was used in this study to examine further the influ-
ence of pressure on charge transfer spectra of d° transition
metal ions. It was also used because it is a strongly oxidizing
agent, because it contains Mn(VII) which could be reduced easily
to the lower oxidation states. The crystal structure of KMnO4
has four distinct Mn04— anions and four K' ions; the Mn-0 dis-
tances and the site symmetry of the Mn04— tetrahedra are shown
in Figure v-1l2 .,

The optical spectrum (vis.-u.v.) of KMnO4 was measured by
Holt and Ballhausen (1967). It consists of four absorption
bands at energies 18550, 28250, 32350, and 44450 cm . Johnson
(1973) investigated the electronic structure of KMnO4, using the
SCF—Xa Scattered Wave Method, and assigned those bands to the
transitions: ltl +~ 2e; 6t2 +~ 2e; and 5t2
should be mentioned that the M-O energy level diagrams of MnO

+~ 2e, respectively. It

4

ions is similar to that of Cr04-_ shown in Figure V-7,
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FIGURE V-12

Crystal structure of KMnO4 projected on (001)

(from Mooney, 1931).
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Consequently, the reader is referred to that figure to under -
stand the electronic transitions involved in the Mno4_ ion.

In the present study, the spectrum of KMnO4 powder was
measured in the i.r. and visible regions at various pressures.
At normal pressure, an extremely intense absorption band was
observed at 18870 cm—l. In addition, the low energy limb of
another band was identified as an absorption edge which starts
off at 24000 cm—l. The absorption maxima of this band could not
be located due to the energy limit of the spectrophotometer,
which is 27500 cm_l. This absorption edge could be related to
the low-energy limb of the absorption band at 28250 cm_1 (re-
ported by Holt and Ballhausen (1967).

The color of KMnO4 at normal pressure is deep purple; this
color is related to the observed transmission window in the en-
ergy region 22000-24000 cm_l. With increasing pressure, the
absorption band at 18870 cm_l and the absorption edge at 24000

1

cm — shifted substantially to lower energies. When the powdered

KMnO, specimen was subjected to about 60 kb. between the two di-

4
amond anvils and observed under the microscope, three color re-
gions across the anvil face were identified (Figure v-13).

The central region, where the pressure maximum is about 60 kb.,
has a higher refractive index than the other reg%ons, and has a
very deep red-black color. The intermediate 2zone has a red-
pinkish color, and the outside zone has a violet or-purple color.

The absorption spectrum for each color zone was measured in the

i.r. and visible regions (Figure V-14 a,b ). The spectrum of
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FIGURE V-13

A photograph of KMnO, subjected to about 60 kb..

4

Note the three colored zones.
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FIGURE V-14

The absorption spectra of KMnO4 sample subjected

to elevated pressures in the diamond anvil press.

(a) the spectrum measured at low

pressure (pink color)

(b) ==—==————m the spectrum of the red zone

(medium pressure).

() eeieinnnnn. the spectrum of the dark-central
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the red-black zone (Figure V-1l4b,c } consists of a very broad

and intense absorption band which extends from 7000 c:m-_l to

10150 cm_l. The maximum of this band was located at 8700 cm_l-

;
another band of smaller width and intensity was also observed at
11110 cm—l. There is a narrow transmission window in the enargy
region 12000-15000 cm_l, which may be the cause of the observed
deep red color. The spectrum then showed an absorption edge
which started at 15150 cm—l and swept the remaining part of the
visible region. The absorption bands at 8700 and 11110 cm"l in
the high pressure spectrum are assigned to the two transitions
ltl + 2e and 6t2 + 2e. The broad absorption in the visible
region could be related to the third transition ltl > 7t2.
From the above results, it is evident that the eneray
separations between the molecular orbital energy levels have
decreased significantly which may cause the stabilization of
one or more electrons in the d-level 2e. In fact, there may be
some contribution of absorption which may be related to the
crystal field transition, 2e - 7t2.
The spectrum of the violet zone near the anvil periphery is
similar to the spectrum obtained at 1 atm., while the spectrum
of the intermediate zone showed spectral'features similar to the
central zone, but the absorption bands were located at higher
energies. It appears that pressure-induced reduction of Mn7+
may have occurred; however, crystal field bands arising from
lower oxidation states may have been masked by the charge trans-

fer absorptions. It is also quite possible that the KMnO4 was

changed, since there is an apparent evidence of changes in the
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optical properties and the refractive index.

V-4.4 Hematite: Fe29_3

The crystal structure of hematite is similar to that of
corundum (a—A1203), which was determined by Bragg and Bragg
(1916) and re—examined by Willis and Rooksby (1952) and Newnham
and de Haan (1962). It consists of oxygen atoms arranged in
hexagonally close packed layers. Successive oxygen layers en-
close Fe3+ cations between them in fairly regular octahedral
positions with the longest Fe-O distance being 2.09£ and the
shorter one 1.96A. Further, each Fe-octahedron shares one of
its edges and one face with two different octahedra. The dif-

fuse reflectance spectrum of Fe O3 was reported by Vratny and

2
Kokalas (1962) and Tandon and Gupta (1970). The former authors
observed three spectral features at 17750, 15330, and 9680 cm-l,
and related them to electronic transitions from the valence band
to the conduction band in Fe203. On the other hand, the latter
authors reported five spectral features at energies 11630, 21500,
28570, 34480, and 43900 cm L. They related the first two bands

3+, and the remaining three

to crystal field transitions in Fe
bands to electron transfer transitions. Tossell et al. (1974)
studied the electronic structure of hematite using molecular

orbital theory and constructed M.0O. energy level diagrams for

the FeO 9= ionic cluster (Figure V=15 ). They calculated

6
the lowest L-M charge transfer transitions in ferric ions to oc-
-1 -1
cur at 25300 cm (lt2u++2t2g+) and at 29400 cm (lt2u++2t2g¢).

In the present study, the spectrum of hematite at normal
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FIGURE V-15

M.O. energy level diagram for Fe069_ ionic cluster

(from Tossell et al., 1974).
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pressuré could not be obtained due to the immense optical densi-
ty which causes the hematite mineral to be almost opaque. To
enable the absorption spectral measurement to be made, a hema-
tite powdered sample was placed between the diamond anvils and
subjected to high pressures. The sample was observed to become
partly transparent at pressure around 100 kb. and showed a deep-
red color; increasing the pressure to about 200 kb., the hema-
tite sample turned a black color. After releasing the pressure
and recovering the sample, the spectrum was measured at normal
pressure (Figure V-16 ). It consists of an extremely intense
and broad absorption band which extends from 14300 cm'-l to
26300 cm_l; the maximum of the band was located at about 19400
cmfl. The spectra of hematite were also measured while the
sample, between the diamond anvils, was at pressures around 100
kb. and 200 kb.. The spectrum at 100 kb. showed a similar
broad and intense absorption band with maximum at about 17800
cm-l, whereas the spectrum measured at 200 kb. showed that the
band had shifted significantly into the i.r. region where its
maximum could not be located.

The broad ébsorption band at 19400 cm'-l observed in the
hematite appears to be the same band reported by Tandon and
Gupta (1970) occurring at 21500 cm-l. However, this band may
have shifted to lower energies as a consequence of subjecting
it to elevated pressure. Tandon and Gupta assigned this band
to the crystal field spin-forbidden transitions 6A -~ E ,

lg g
4

Alg in Fe3+ ions; this assignment could be an error since the
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FIGURE V~16

The optical absorption spectra of a hematite
powdered sample subjected to 100 kb. (the

spectrum was measured after quenching).
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intensity of this band is huge and cannot correspond to the
spin-forbidden transitions in Fe3+.

Correlating the intensity and energy of this band in
hematite with the other bands observed in the spectra of KMnO4,
crocoite, and vanadinite could lead to the conclusion that it
is due to a charge transfer transition. This transition may

3+

occur from the non-bonding ligand orbital, 6t to the Fe

lu’

d-level, 1t The other spectral features observed by Tandon

1g°’
and Gupta (1970) could be related to other electronic transfer
transitions from the non-bonding ligand orbitals to t2g and eg
levels, or from eg levels to the higher energy antibonding

levels. The spin-forbidden transitions, however, could be

masked by the intense charge transfer absorption.

V-4.,5 Silicates

In all silicate minerals so far studied, the tail of the
ligand to metal (or metal-ligand) charge transfer transition is
always observed in their spectra; this tail is frequently refer-
red to as the "absorption edge". For every case, there is a
small shift of this tail to lower energy as pressure increases.
Since it was not possible in this study to locate the maximum of
the charge transfer absorption, the magnitude of the pressure-
induced energy shift could not be determined accurately.

Runciman et al. (1973) measured the polarized u.v. spectrum
of olivine and observed two intense and broad absorption bands

at energies around 34000 and 39000 cm‘l; these two bands may be
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related to L-M and M-L charge transfer transitions¥.

Mao and Bell (1972) reported a rapid low energy shift of
the absorption edge in olivine which takes place prominently at
pressures around 100 kb.. They reported also a significant in-
crease in the electrical conductivity above this pressure.
Further, Mao (1974) reported that above 200 kb. the fayalite
olivine becomes opaque as a consequence of the absorption edge
shifting far into the i.r. region.

The pressure induced low-energy shift of the charge trans-
fer absorption in olivine is related to a decrease in the energy
separation between the non-bonding ligand orbitals and the trans-
ition metal d-orbitals and between the d-orbitals and the higher
energy non-bonding levels. The decreases in the splitting ener-
gies between these levels are also closely related to narrowing
the energy gap between valence band and conduction bands, as it
is apparent from the significant increase in the electrical
conductivity.

With increasing pressure, the higher energy M-L C.T. band
at 39000 cm_l may shift more rapidly than the L-M band, which
is at 34000 cm_l. At pressure around 100 kb. the two bands may
overlap so that the intensity of charge transfer absorption will
increase substantially and continue to shift to lower energy as
pressure increases.

The rapid shift of the absorption edge to lower energy was

* According to Tossell et al. (1974), the two transitions may be

assigned to 6tlu¢+2t2g+ “and 3eg¢+ 7alg#.
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also observed in the spectra of orthoferrosilite when the sam-
ple was heated to about 500°C and subjected to 100 kb.. The
.pressure—induced C.T. absorption shift phenomenon may occur in
most silicate minerals and could be a significant factor which
controls the processes of heat transfer in the earth's interior.

Nevertheless, some attention should be paid on the possibi-
lity of other changes taking place during the shift of the ab-
sorption edge. Those changes may occur in the electronic struc-
ture such as the pressure-induced reduction or spin-pairing, or
in the crystal structure itself. Furthermore, when the applied
pressures and temperatures are extremely high (250 kb., 1000°C),
disproportionation of the mineral phase to its oxide components
may also take place. These phenomena will be discussed in

Chapters VI and VII.
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Chapter VI

PRESSURE-INDUCED PHASE TRANSFORMATIONS IN GILLESPITE, EGYPTIAN-
BLUE AND AZURITE

VI-1l. Introduction

Phase transformations in solids may be classified into
three major categories; first, structural phase transitions,
which involve changes in the atomic coordination or the posi-
tional parameters of atoms in the crystal structure. Second,
electronic phase transitions, which arise due to changes in the
electronic structure, i.e. in the arrangement or distribution of
electrons in the atomic or molecular energy levels. A third
type of phase transition is possible corresponding to both types
of changes,ii.e. structural and electronic as well.

The first category of phase transition was intensively
studied by many workers of different disciplines in science
(Smoluchowski, 1957) and has been widely recognized as a common
phenomenon which occurs in natural minerals when they are sub-
jected to elevated pressures and/or temperatures (Schairer,
1957; Buerger, 1957, 1971; Bridgman, 1963; Kennedy, 1957; Ring-
wood and Searbrook, 1963).

Ringwood (1970) reviewed phase transformations in mantle
minerals and related the rapid increase of the seismic velocity
at 350-450 Km. to the transformation of olivine into a spinel-
like structure. Numerous other examples of pressure and/or tem-
perature-induced structural changes in minerals were reported by
many authors, e.g. (Ringwood and Major, 1970; Ringwood and Reid,

1968; Ito et al., 1971; Ringwood et al., 1967; Akimoto and Sato,
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1968; Ahrens and Grahams, 1972; Abu-Eid and Hazen, 1974; Ming
and Baésétt, 1975).

OQ the other hand, electronic phase transitions, although
demonstrated experimentally to occur in inorganic or organic
complekes (Drickamer and Frank, 1973), are not well understood
yet, and no concrete evidence has been given so far to confirm
the occurrence of this phenomenon in silicate minerals.

In pressure-induced electronic phase transformations, there
are two types of electronic processes invelved; they are the
pressure-induced reduction, e.g. Fe(III) - Fe(II) and the high-
spin (h.s.) = low-spin (l.s.) transition. The pressure-induced
reduction of Fe(III) and Mn(III) were reported to occur in mag-
nesioriebeckite (Burns et al., 1972a) and rhodonite (Gibbons et
al,, 1974, respectively. The process of Feh.s.2+ > Fel.s2+
transitions was reported by Strens (1966, 1969a to occur in
gillespite at pressure around 25 kb.. However, Abu-Eid et al.
(1973) and Abu-Eid and Hazen (1975) predicted theoretically
and demonstrated experimentally that the spin-transition process
alone does not occur in gillespite at this pressure. Thus, a
displacive structural phase transition was tentatively identi-
fied using optical absorption, Mdssbauer, and x-ray techniques.

In this chapter, the pressure-induced phase transition will
be presented for three minerals, viz., gillespite (BaFeSi4OlO),

Egyptian-blue (BaCuSi4O ), and azurite, Cu3[CO3]2(OH)2. The

10
high pressure transition in gillespite has been studied inten-

sively using different techniques, whereas Egyptian-blue and
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azurite were studied using only the high pressure spectral tech-

nique and by observation under the microscope.

Vi-2. Gillespite

2.1 Introduction

Gillespite is a micaceous mineral which has an intense red
color and basal cleavage perpendicular to the c-axis. The crys-
tal structure of gillespite belongs to the space group P4/ncc
and the unit cell, with the parameters a=7.495% and c=16.05ﬁ,
contains four BaFeSi4O10 formula units (Pabhst, 1943).

One of the most interesting features of the structure is
the square planar coordination of the ferrous ion. The crystal
field splitting parameter (CFS) in this square planar site has
its greatest value compared to other ferrous sites in silicate
minerals. Since the CFS increases rapidly with decreasing
cation-ligand distances, it was predicted that transition of the
ferrous ion from the high-spin to the low-spin state may take
place when the crystal field splitting parameter exceeds the
pairing energy required to couple the electrons in the low en-
ergy levels (Strens, 1966, 1969). Strens reported a high-spin
to low-spin transition in Fe2+ in gillespite, around 24 kb..
Strens' evidence for the phase change is the change in color,
red to colorless, and the featureless spectra of gillespite
above the transition pressure.

In this study, evidence for a structural change rather than
spin-pairing in gillespite at pressure around 26 kb. will be pre-

sented. This type of phase transition is interpretted from the
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abrupt low-energy shift of crystal field bands and the color
change (from red to blue) around the transition pressure.

Further evidence for the change in the structure has been
obtained (Abu-Eid and Hazen, 1975; Hazen and Abu-Eid, 1974)
from the high pressure x-ray crystallographic studies on gilles-
pite. High pressure Mossbauer studies (Tossell and Vaughan,
unpubl. data) have also shown significant changes in the Mdss-
bauer parameters of iron in gillespite around this pressure,
which was interpretted by Abu-Eid et al. (1973) to be due to

structural changes in gillespite.

VIi-2.2 Experimental Methods

The diamond-anvil cell was employed for optical and spec-
tral studies of gillespite single crystals subjected to pres-
sures up to 100 kb.. The gasketing technique discussed in Chap-
ter III was employed to achieve a true hydrostatic pressure con-
dition on an oriented single crystal.

The crystal, after polishing and being oriented using the
spindle stage, was dropped in a methanol-ethanol liquid mixture
(4:1 by volume) with the required axis (in this case, the c-
axis) perpendicular to the pressure axis. The pressure was gen-
erated by driving the two anvils against the metal gasket,
thereby transfering the pressure to the liquid and then to the
sample.

The pressure was calibrated using KC1l(I) -+ KC1l(II) transi-

Further, pressure calibration was also achieved using the pres-
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sure shift of the sharp R-line fluorescence spectrum of ruby
(Forman et al., 1972).

The polarized spectra of a gillespite single crystal be-
low and above the transition pressure were measured using the
Cary 17 spectrophotometer with a newly constructed optical
attachment (see Chapter III). The measured spectra of one
single crystal in the visible region were fitted into three
peaks having Gaussian shape using DuPont 310 Curve resolver.

Spectfal measurements above the transition pressure (26
kb.) were made on two single crystals of gillespite; one orient-
ed in the diamond cell with the c-axis perpendicular to the
pressure axis and another having the c-axis perpendicular to the
anvil faces. Using two differently oriented gillespite crystals,
the spectra for all possible orientations of the high pressure
phase were obtained.

The high pressure single crystal x-ray technique will not
be discussed here and the reader is referred to Merriil (1973),
Merrill and Bassett (1974), Weir et al. (1965, 1969), and Hazen

and Burnham (1974) for a general description of this technique.

VI-2.3 Results

Gillespite absorbs polarized light very strongly when the
->
c-axis is parallel to the electric vector, E. 1In this orienta-

tion, the crystal exhibits a very intense red color (Figure
VI-3a ). On the other hand, when the c-axis is perpendicular to
->

E, the crystal shows a pale pink color (Figure VI-2a).

The polarized absorption spectra of a gillespite single crystal
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FIGURE VI-1(a)

The polarized absorption spectra of a gillespite
single crystal mounted in the diamond cell, with-

out increasing pressure, [..... E-spectrum;

O-spectrum] and at pressure around 26 kb.,
[_+e—t—e_e_. E-spectrum; - - - - = O-spectrum].
(Spectral measurements were made on a crystal

oriented in the diamond cell such that the c-axis

is perpendicular to the pressure axis).
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FIGURE VI-1(b)

The visible absorption spectra of gillespite single
crystal measured above the transition pressure. The

horizontal scale was converted from wavelength (n.m.)

to wave number (cm_l). The spectral envelope for

both orientations, c ( ) and a or b (-=--- ) were

fitted into three peaks having Gaussian shape using
DuPont 310 Curve Resolver.
The data obtained from Figure IV-1l(b) are summar-

ized in the following table:

Orientation Band Band Max. % Absorption
A 19540 27
Z. B 17200 47
C 15120 25
a 19950 48
X or y b 17550 33

c 15500 16
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mounted in the diamond cell, without increasing pressure, is
shown for the two orientations in Figure VI-la,
The intensities of spectral bands in the polarized spectra of
gillespite correlate very well with the observed colors.
The absorption spectra of gillespite at 1 atm. was measured
by Burns et al. (1966) and the ground state of Fe2+ was estab-

lished as SAlg' In addition, the observed spectral bands were

assigned to the following transitions:

Energy of the Band Orientation of
(cm—1) Electric Vector Electronic Transition
20160 E | c A, -+ OB
lg 1g
8305 Elc A, -+ °p
lg 2g
> 5 5
19650 E || c A1g ” “Big

These assignments are consistent with the square planar
site symmetry of ferrous iron.

With increasing pressure on the gillespite crystal in the
liquid cell, and measuring the spectra at various pressures,
crystal field bands shifted slowly to higher energies. However,
at pressure around 26 + 2 kb., the crystal changes color dramat-
ically from red to blue. Figure VI-3b shows the blue color
of the crystal in the polarized light when c is parallel to E.
Rotating the crystal 90° (i.e. Elc), the color changes to pale
blue (Figure VI-2b ). Figures VI-la,b show the polari-
zed spectra of a gillespite crystal above the transition pres-
sure for two orientations designated here as a and c.

Repeating the previous measurements on another crystal in

the pressure cell oriented with the c-axis perpendicular to the
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FIGURE VI-2

(a) This colored photograph shows a gillespite

(b)

single crystal in polarized light, the
electric vector being horizontal or E-W on
this photograph and the next three photos.
Here, then, the electric vector is perpendi-
cular to the c-axis. This crystal has been
cut parallel to the c-axis and subjected to
éressure just below the transition pressure,
26 kb.. Notice the pale pink color.

The same crystal, just above the transition
pressure. Notice that the color has changed

from pale pink to pale blue.
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FIGURE VI-3

(a) This photograph shows the same crystal
rotated 90° so that the electric vector is
parallel to the c-axis; that is perpendicu-
lar to the square plane. The crystal exhi-
bits this intense red color when the pressure

is just below 26 kb..

FIGURE VI-3

(b) A photograph of the same crystal subjected
to pressure just above 26 kb.. Notice that
the color has changed from red to intense
blue. Notice also the uniform color suggest-

ing that the pressure in the cell is almost

hydrostatic.
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FIGURE VI-4

The polarized spectra of a gillespite single
crystal mounted in the diamond cell such that
the c-axis is perpendicular to the anvil faces.
The spectral measurement was made when the
pressure increased above 26 kb.. The two
spectra may be related to two‘orientations as

explained in the text.
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anvil faces, and increasing the pressure just above 26 kb., the
crystal also changes color from pale pink to pale blue. The
polarized spectra of this crystal above the transition pressure
consist of two superimposed spectra; one is a duplicate of that
shown in Figure VI-1 , and the other is similar to the "a"
spectrum, but has different intensity (Figure Iv-4).

The latter could correspond to a third orientation designated
here as "b".

Further high pressure studies have been made on synthetic
gillespite using the MOssbauer technique (Tossell and Vaughan,
unpubl. data). The MOssbauer spectrum of gillespite at 1 atm.
(Figure VI-5 ) consists of a quadrupole doublet with the
splitting around 0.51 mm/sec. and the isomer shift 0.85 mm/sec..
Above the transition pressure, the quadrupole doublet of the low
pressure phase has split into two doublets. The new doublets

have the following parameters (based on stainless steel stan-

dard) :

Isomer Shift (mm/sec.) Quadrupole Splitting (mm/sec.)
Inner doublet 0.87 0.64

Outer doublet 1.13 2.02

It should be mentioned that the interpretation of the high
pressure absorption and Mossbauer spectral data was made by
Abu-Eid et al. (1973) as due principally to the change in the
site symmetry of Fe2+ from square planar to a flattened tetrahe-
dron. This interpretation will be explained further in the dis-
cussion. Moreover, high pressure single crystal x-ray studies

have also provided further evidence for the structural nature of
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FIGURE VI-5

Mossbauer spectra of synthetic gillespite at

1 atm. (a) and above the transition pressure

(b) (Tossell and Vaughan, unpublished data).
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the gillespite transition. Single crystal x-ray precession
photographs obtained below and above the transition pressure
(Abu-Eid and Hazen, 1975; Hazen and Abu-Eid, 1974) have also
shown significant changes in the structure.

A crystal fragment of gillespite was oriented in the dia-
mond anvil press such that the c-axis is perpendicular to the
anvil faces. The pressure cell was mounted on a goniometer
head which allows the crystal in the x-ray beam to be oriented
and centered. The assembled pressure cell-goniometer head was
then attached to an x-ray precession camera. Precession photo-
graphs were obtained at pressures below and above the transi-
tion pressure, which is identified from the color change red to
blue. Figures VI-6 and VI-7 show the cone-axis x-ray photo-
graphs of gillespite recorded below and above the transition
pressure 26 kb.. From these two photographs, it is apparent
that the c-axis of the high pressure phase 1is approximately half
of its value in the low pressure, red phase, i.e. in the h.p.
phase the unit cell contains only one single tetrahedral layer
instead of having a double layer as in the low-pressure phase.
Furthermore, pre¢bssion c-axis photographs were also obtained
for the two phases. Figures VI-8,9 and 10show the O-level pre-
cession x-ray photographs of the low pressure and the high pres-
sure polymorphs, respectively. From Figures vi-8,9 , it is
noticed that reflections with h+k = 2n+l are extinct in the low
pressure phase, indicating the presence of n- and c-glide planes.
However, Figure VI - 10 shows that such reflections are

present, which indicate that the n- and c-glide planes are
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FIGURE VI-6

Cone-axis x-ray photograph of a gillespite single

crystal oriented in the diamond cell such that the
c-axis is perpendicular to the anvil faces. (This
photo was recorded when the crystal was at low

pressure (below 26 kb.).
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FIGURE VI-~7

The cone-axis photograph of the same crystal

recorded above 26 kb..
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FIGURE VI-8

O-level precession x-ray photograph of a
gillespite single crystal mounted on a gonio-

meter head without the diamond cell.
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FIGURE VI-9

O-level precession x-ray photograph recorded when
the crystal was oriented inside the diamond cell

and the pressure was below 26 kb..
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FIGURE VI-10

O-level x-ray photograph of the same crystal

subjected to pressure above 26 kb..
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absent. Nevertheless, reflections with h+k = 2n+1l of the
classes hOO and OkO are extinct in both gillespite phases, as
shown in the precession photographs, indicating the presence of
Screw axes (21) parallel to a and b axes in both phases.

From the above high pressure x-ray data and study of the
distribution of diffraction intensity, Abu-Eid and Hazen (1974)
and Hazen and Abu-Eid (1974) derived the following unit cell

parameters, diffraction symbols, and space groups for the two

phases:

a(a) c(A) Diffraction Symbol Space Group
Red Phase 7.04 16.08 4 /mmmP -/ncc P4/n21/c2/c
Blue Phase 7.03 8.02 4/mmmP-/—21- P4212 or P42m

Both space groups, P4212 and P22m belong to the tetragonal sys-
tem; however, the latter one is preferred in this interpreta-
tion since the Fe2+ site in this space group is a flattened tet-
rahedron which conforms with the interpretations of the high

2+

pressure spectral data, whereas in P42_,2 space group the Fe

1
site is a square planar.

Recently, Hazen and Burnham (1974) reported the detailed
analysis of the high pressure phase in gillespite. In their
study, they reported that the high pressure phase belongs to
the orthohombic space group, P21212, with the unit cell param-
eters at a=7.349, b=7.515, c=7.894A, and z=2. In addition, the

Fe2+ site in the high pressure phase was also reported to be

flattened tetrahedron.

VI-2.3 Discussion
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(a) The Pressure-Induced Spin-Transition Phenomena

The process of "high-spin" to "low-spin" pressure-induced
transiticn of Fe2+ in minerals has many significant aspects
relevant to the nature and composition of the earth's mantle.
The most important of these aspects are the changes in the mag-
netic properties (paramagnetic to diamagnetic) and the promin-
ent decrease in volume of phases bearing ferrous ions.

Fyfe (1960) predicted that spin-pairing of ferrous ions
contained in fayalite may take place in the earth's mantle at a
depth of the order of 1400 km. Burns (1969) has estimated the
pressure at which "high-spin" to "low-spin" transitions may take
place in the Fe2+ ions in various oxides and silicate phases,
and Gaffney (1972) has discussed in some detail the effect of
the "low-spin" Fe2+ on the composition of the lower mantle. In
all of the previous reviews, no experimental evidence has been
given for the formation of "low-spin" Fe2+.

On the other hand, Strens (1966, 1969) discussed the nature
and the geophysical significance of spin-pairing in minerals
containing Fe2+. Strens claimed that he observed spin-pairing
transitions in gillespite occurring as a consequence of increas-
ing the pressure up to about 25 kb.; the evidence he obtained
for the spin-transition is the reversible color change (red to
colorless) and the featureless spectrum of the high pressure
form.

Strens' observations and interpretations do not conform

with the spectral properties of the low-spin cation, because:

1) low-spin ferrous ions are expected to show new spectral fea-
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tures differant from those of the high-spin ions, rather than
having featureless spectra. This is simply explained in the
energy level diagrams shown in Figures VI-lla,b,c . Figure
VIi-a shows the energy level diagram of Fez+ in the square
planar site in gillespite. The ground state is SAlg’ and the
following electronic transitions are observed in the visible-

. . 5 5 5 5
* .
near 1.r. region®: Al d Bl_, and Al > B2 .

With increasing pressure, the splittings between the
energy levels will increase as a result of decreasing the
cation-anion distances (Figure VI-1llb ). With the continu-
ous increase in the splitting energy between the ground state
and the higher energy excited state, the electronic excitation
energies may then exceed the energy acquired from coupling
the electrons in lBlg and lBZg levels with those in the lE
level; consequently, spin-pairing will take place.

Up to this point, we are assuming that the site symmetry
has not been changed; here, then, the low-spin Fe2+ will have
the same energy levels, but the splitting energy is more than
that of the high-spin Fe?'.

As a consequence of coupling the electrons, the ground
state is designated as lAlg, since the total angular momentum
or the multiplicity of the term has been changed. The expected
spin-allowed electronic transitions for the low-spin Fe2+ are:
1 1 1 1 1 1 1 1

Alg > Blg' Alg >~ "B, , Eg -> Blg' and Eg - B

29

* Burns et al. (1966) reported another electronic transition,

—5 which occurs around 1000 cm—1l.

z al
Cay > 7B,
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FIGURE VI-11

(a) Energy level diagram of Fe2+h s in the square

planar site in gillespite.

(b) Energy level diagram showing increases in the
splitting energies as a result of decreasing

cation-anion distances.

(c) Energy level diagram of Fez+l s in the square

pianar site (not the new spin-allowed transitions).
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From the energy level diagram shown in Figure VI-llc , it

2+

is obvious that Fe ions in the low-spin state show spectral

features at energies higher than those of the high-spin state,
rather than having featureless spectrd, as was reported by

Strens (1966, 1969).

2) all of the reported low-spin ions are colored and give in-
tense spectral bands related to the predicted spin-allowed trans-
itions. In addition, these transitions occur at higher energies

than those of the high-spin ions. As an example, CoF 3- is one

6
of the spin-free Co3+ derivatives, and exhibits two bands at

10000 and 15000 cm-l; whereas, the majority of low-spin Co3+
compounds exhibit spectral features at higher energies than

those of C0F63_ (Lever, 1968).

Lever (1968) also reported that the Co(H20)63+ ion which

3+

contains Co in the low-spin state has two spin-aliowed bands

at energies 16500 and 24700 cm—l; these are related to the

c, 1 1 1 1 .
transitions Alg > Tlg and Alg -> ng, respectively. Further,
1

Co (NH + also exhibits two bands at 21200 and 29550 cm ~, re-

P
lated to the same electronic transitions.

In conclusion, it is predicted that low-spin Fez+ will ex-
hibit spectral bands at higher energies than those of high-spin
Fe2+. Furthermore, additional possible spectral features may
also be observed at lower energies. It should also be mentioned
that the above argument of the low-spin Fe2+ holds for both the

triplet and singlet low-spin states.

(b) The Nature of the Gillespite Transition
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From the above discussion, it is evident that if the phaze
transition is of the high-spin -+ low-spin type, the electronic
transitions lAl - 1B and lA > lB of the low-spin Fe2+ ion

g 1lg 2g 2g
should occur at higher energies than those of the high-spin Fe2+
in gillespite, if the symmetry of the coordination polyhedron
remains unchanged. Since none of the low-spin transition types
were observed in the spectra of the high pressure phase and all
spectral bands shifted abruptly to lower energies, it is most
likely, then, that the d-energy levels have been disrupted sud-
denly and their energy values are cl.anged as a consequence of
rearranging the oxygen ligands around the central ion Fe2+.

The energy level diagram that may correspond to the measur-
ed spectral bands of the high pressure blue phase is shown in
Figure VI-12b.

Comparing these energy levels with those constructed from
the 1 atm. spectra (Figure VI-1l2a ), it is evident that the
energy values of the dxz and dyz levels have increased signifi-
cantly above the transition pressure, whereas the energies of
other levels have either increased or decreased slightly. These
changes in the énergy levels are due mostly to puckering of the

square planar site and displacing the oxygen atoms from the x-y

plane into the x-z and y-z planes as illustrated in Figure VI-13.

When the pressure was increased beyond 26 kb., crystal
field bands shifted slowly to lower energies indicating that the
rotation of the oxygen atoms toward the z-axis is increasing

and the site symmetry of the ferrous ion is approaching the
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FIGURE VI-12

(a) Energy level diagram of Fe2+

in the square
plane, D4h' constructed from the spectral
data obtained at normal pressure.

(b) Energy level diagram constructed from the
spectra measured above 26 kb. and shown in

Figure VI-1(b). The new site symmetry is

Predicted to be D2'
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FIGURE VI-13

Two diagrams illustrating the sites of Fe2+ in the

low pressure phase, which is square planar, and the
high pressure phase, which is very distorted or
flattened tetrahedra. The black circles are oxygen
atoms at unshared corners of the tetrahedra; the blank
circles are oxygens at corners shared by two tetrahe-
dra at the same level, and the dotted circles are oXy-—
gens at corners shared by two tetrahedra at different
levels. Notice the projection of ferrous and oxygen
atoms parallel to (010). In the low pressure phase,
the unshared oxygens occur in one plane perpendicular
to the c-axis; meanwhile, above the transition pres-
sure, the four oxygens are not located in the same
plane. This is due to puckering of the square planar
site and displacing the oxygen atoms from the x-y

plane- into the x-z and y-z planes.
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regular tetrahedron. Here then, it is predicted that the low-
spin transition in Fe2+ is unlikely to occur with increasing
pressure above 26 kb., since the crystal field parameter, A,

is decreasing rather than being increased as pressure increases.
With increasing pressure up to about 80 kb., no significant
changes have been observed in the spectra of the blue phase
other than the slow red shift of Fe2+ bands.

It is worth mentioning that by recycling the pressure back
and forth on the same crystal and repeating measuring the trans-
ition pressure (using the ruby fluorescence line method, Forman
et al., 1972), it was observed that the transformation takes
place at progressively lower pressures than 26 kb.. Keeping the
crystal under high pressure above 26 kb. for two weeks, then
releasing the pressure to zero and increasing it again, led to
the red-blue transformation taking place at about 12.6 kb.. The
fluorescence spectrum of a ruby crystal fragment contained in
the diamond cell at 12.6 kb. is shown in Figure vVI-14 ;
the width of the fluorescence band at this pressure also indica-
ted the hydrostatic pressure condition in the cell.

It is obvious that‘there is some hysteresis in the reversi-
ble pressure transformation of gillespite, contrary to the pre-
diction made by Hazen and Burnham (1974). The main factor that
controls the hysteresis is the magnitude of the strain energy
that can be stored in the hybrid crystals. It also depends on
the degree of rotation of the oxygen atoms from their original
positions.

From the above discussion, it is concluded that thg nature
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FIGURE VI-14

The fluorescence spectrum of a ruby crystal
fragment contained in the diamond cell at

12.6 kb..
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of the giliespite transition is exclusively structural rather

.than being due to changes in the electronic structure of Fe2+;

2+ is found to be un-

in addition, electron spin-pairing in Fe
attainable in gillespite with increasing pressure up to 80 kb.,
which could be related to the continuous rotation of the oxygen
atoms surrounding the ferrocus ion. From the spectral data re-
ported for gillespite phases and the optical observation of the
changes of color and refractive indices at the transition pres-
sure, it is apparent that the transition is reversible and a
structural displacive type. The above results and interpreta-
tions have been obtained from the high pressure optical absorp-
tion and MOssbauer spectral techniques, and the structural
nature of this transition have also been confirmed using the

high pressure single crystal x-ray method (Abu-Eid and Hazen,

1974).

VI-3. Egyptian-Blue (BaCuSiAglO)

Egyptian-blue is an inorganic compound which has an in-
tense blue color and a structure similar to that of gillespite.
It contains Cu2+ ions in square planar coordination sites and
the Cu-O interatomic distances are similar to those of Fe~0O dis-
tances in gillespite (Pabst, 1959).

It has been selected for investigation in this project for
two reasons: 1) it is isostructural with gillespite; thus, it
may be an appropriate second example to demonstrate further the
pressure-induced displacive transition observed in gillespite:

2) since it contains Cu2+ ions, then it will be suitable for
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studies of the pressure-induced reduction process which was

found (Wang and Drickamer, 1973) to occur in Cu(II) ions con-
tained}in square planar positions in organic complexes; 3) the
Cu2+ energy levels are reciprocal to Fe2+, so that all these
transitions may be measured for the square planar ion in the
visible-near i.r. region (see Clark and Burns, 1967).

The absorption spectrum of BaCuSi 010 (Figure VI-15a)

4
was measured at normal pressure by Clark and Burns (1967). It
consists of a weak band (I) at 12900 cm-l, and other two intense
bands, (II) and (III), at 15800 and 18800 cm—l. These bands
were assigned by Clark and Burns (1967) to the following spin-

allowed transitions in Cu2+:

Band Energy (cm™ 1) Electronic Transition
2 2
12900 (1) Blg > B2g
2 2
15800 (II) B - “E
( 219 , 9
18800 (III) Blg - Alg
The energy level diagram shown in Figure VI-15b illustrates

the assignments of these transitions.

In the present study, the spectra of BaCuSi4OlO were meas-
ured at different pressures. Figure (vi-16) shows the
spectra measured at 1 atm., 50 kb., and 200 kb.. With increas-
ing pressure, crystal field bands shifted to higher energies; the
absorption maxima of the two bands at 12900 and 18800 cm—l were
unable to be located at elevated pressures due to their low in-
tensities. However, the energy maximum of the band at 15800 cm_l

was determined accurately at various pressures.

At pressure around 50 kb., bands I and III became less in-
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FIGURE VI-15

The absorption spectrum of BaCuSi4OlO measured

at normal pressure (Clark and Burns, 1967).

Energy level diagram illustrating the assign-
2+

ments of the electronic transitions in Cu

in Egyptian-blue.
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FIGURE VI-16

The spectra of BaCuSi4Olo measured at 1 atm.,
50 kb., and 200 kb. and after releasing the

pressure.
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tense and could not be identified; band II decreased slightly in-
L
intensity and shifted from 15800 to 15950 cm + (Figure VI-16)

.?he absorption edge at about 23000 cm_l was also observed
to shift to lower energy. At pressure around 200 kb., band II
decreased significantly in intensity (its intensity at 200 kb.
is approximately 1/5th of its value at 1 atm.) and shifted to
16360 cm_l. The absorption edge showed a tremendous increase in
intensity and shifted further to lower energy.

It is difficult to predict from the high pressure spectra
of BaCuSi4Olo whether there is a significant change in the site
symmetry of Cu2+ or whether there is a displacive transition,
since the two spectral bands, I and II, could not be resolved.
Nevertheless, the tremendous decrease in crystal field band
intensities and the substantial increase in the charge transfer
(M-L or L-M) band intensity are taken as evidence of the reduc-
tion of Cu(II) and Cu(I) oxidation states, in accord with the
findings of Wang and Drickamer (1973). The disappearance of
crystal field bands is expected since Cu2+ ions have completely
filled d-levels; thus, no crystal field transitions are expected
to occur in this ion.

The color of the Egyptian-blue specimen was observed to show
a continuous color change from blue to pale blue to colorless
as pressure increases, indicating that amounts of cu’ ions in-
crease with increasing pressure. It was noticed also that with
decreasing pressure, the blue color starts to reappear and in-
creases in intensity.

The spectrum of the Egyptian-blue sample, measured at nor-
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mal pressure after it has been subjected to 200 kb., is shown in
Figure VI-16 . It is similar to the spectrum obtained at
1 atm. before applying pressure on the sample. However, the
bands are slightly less intense in the former, which may be re-
lated to some hysteresis in the pressure-induced reduction
process.

The above results suggest that the reduction process is a
continuous and reversible one. It involves the transfer of an
electron from a non-bonding molecular orbital, of Cu046_
cluster, which belongs primarily to the oxygen ligands to the
Cu2+ 3d-orbital. Similar results were obtained by Drickamer
and co-workers from their high pressure studies of organic com-
plexes containing Fe3+ and Cu2+ ions (Drickamer et al., 1970,
1972; Drickamer and Frank, 1972, 1973; Frank and Drickamer,
1972).

In conclusion, from the high pressure spectra of BaCuSi4OlO,
it is believed that electronic transitions in Cu2+ (pressure-in-
duced reduction) occur in Cu2+ at pressures between 150-200 kb..

No evidence could be found for the displacive transformation of

the structure observed in gillespite.

VI-4. Azurite Cu,(CO,),(CH),

Azurite is a basic carbonate mineral which belongs to the
space group P21/c and has an intense blue color. The crystal
structure was determined by Brasseur (1932) and refined by
Gattow and Zemann (1958). The Cu2+ ions are contained in two

crystallographic distinct positions denoted by CuI and Cuy g
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The CuI atom is coordinated to two OH groups and two oxygen

atoms in a square planar site (Figure VI-17 ). The CuI -

[+ o
OH and CuI - O interatomic distances are 1.98A and 1.88A, res-

pectively. Further, there are other two oxygens, each of which

[+
are at a distance 2.75A from the Cu. atom; since these two

I

oxygens are at large distances from the copper atom, they
are not considered as taking part in the Cu-coordination poly-
hedron. The CuII atom is also coordinated immediately to two

OH groups and two oxygens (Figure VI-17 ). The interatomic

. o II °
distances are CuII OH = 2.04A; CuII—OH = 1.99A; CuII--OIII =

o
1.92A; and CuII-—OII = 2.01ﬁ. Moreover, there are two oxygen

[«]
atoms at distances 2.38£ and 2.83A from the CuII atom. Gattow

and Zemann (1958) considered the CuI site as a square plane,

I
whereas Povarennykl (1972) considered the site as a square
pyramid, i.e. he assumed that the oxygen at 2.38£ as coordinated
to the CuII atom. The CuI and CuII sites share corners to form
chains of square planes extended parallel to the b-axis; in
addition, each CuII site shares one of its edges with another
Curp polyhedron (Figure vi-17).

Apart from the diffuse reflectance study reported by Hunt
and Salisbury (1971), no spectral data were reported previously
for azurite. Hunt and Salisbury (1971) showed one broad spectral
feature at 0.8y (12500 cm_l) which they assigned to the crystal
field transition in Cu2+ in octahedral site. Other bands were
also observed at 1l.4u (4250 cm-l) and 2.5u (4000 cm-l). These
bands were assigned by the above authors to OH, HZO’ or CO3 vi-

brational frequencies.
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FIGURE VI-17

The site symmetries and coordinates of CuI and

CuII atoms in azurite (from Gattow and Zemann,

1958).
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In the present study, the absoiption spectra of azurite
single crystals were measured at 1 atm. in the i.r. and visible
regions. The spectra of azurite single crystals, mounted in the
diamond cell, were also measured at elevated pressures. Figure

Vi-l8a shows the spectrum of azurite crystals mounted in
the diamond cell at approximately normal pressure. It consists
of a broad and intense absorption envelope covering the energy
region 13000-20000 cm"l and a sharp intense absorption peak at
25310 cm—l. Two absorption bands were fitted under the broad
absorption profile, and the absorption maxima of the two bands
were located at 16130 and 14700 cm_l. The three absorption

features at energies 14700, 16130, and 25310 cm indicate a

distortion in the site symmetry of Cu2+; the site symmetry is

considered here to be approximately D the energy level dia-

4n’

grams for Cu2+ are shown for both 0, and D4h symmetries

h
Figure VI-19.

The band at 14700 cm * is assigned to the electronic

transition 2Blg - ZBZg’ and the band at 16130 cm ¥ is assigned
to 2Blg > 2Eg. . The remaining band at 25310 cm-l is assigned to
2B > 2A transition.

lg lg

Another important spectral feature is the intense absorp-
tion of M-L or L-M charge transfer (absorption edge) which
starts at 23800 cm-l. Although the band at 25310 cm-'1 overlaps
on the absorption edge, it is not obscured due to its large in-

tensity and sharpness. The blue color in azurite arises due to

the transmission of light in the blue-spectral region 19250-
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FIGURE VI-18

(a) Absorption spectrum of azurite crystal in

(b)

the diamond cell at approximately normal
Pressure (the crystal exhibits an intense
blue color).

The spectrum of azurite crystal above 60
kb. Note the shift of spectral bands to
lower energies (the color at this pressure

changes to green).
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23800 cm © as shown in the spectrum {figure VI-18a ).

With increasing pressure, spectral bands shifted to higher
energies as a consequence of decreasing Cu-ligand interatomic
distances. However, at pressure around 60 kb., the color
changed abruptly from blue to green. The spectrum measured
above the transition pressure (Figure VI-18Db ) consisted
of a broad and intense absorption profile which covered the en-
ergy region 12000-18000 cm—l. Two spectral bands were fitted
under this absorption envelope at energies 13300 and 15000 cm_l.
The sharp band at 25310 cm © in the 1 atm. spectrum shifted
slightly to higher energy as pressure increased to 60 kb. (about
200 cm_l), and the absorption edge showed a substantial low-
energy shift. As a consequence of the rgd shifts of both the
absorption edge and the absorption envelope, the transmission
window at 60 kb. occurred in the green spectral region 17500-
21500 cm-l; this shift explains the change in color from blue
to green. It should be mentioned that after releasing the pres-
sure, the color of azurite remained green, and the spectrum
measured after quenching is similar to that measured at 60 kb..

The above high pressure spectral data indicated an irrevers-
ible phase change in azurite which may Be of the first order
type. It is interpretted from the high pressure spectrum that
the coordination number of Cu2+ ion may have increased from
four to five or possibly to six as a consequence of shortening
the interatomic distances between Cu2+ and the remaining next
nearest oxygen atoms neighbors. It also may be due to kinking

of the Cu(O,OH)4 polyhedral chain, i.e. the bond angles CuI—OH—
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Cu, and/or O -OH-0 may have decreased significantly.
I CuII CuII -

Malachite, [Cuz(OH)2C03], is a copper carbonate mineral
which also has a green color. Thus, it may be useful to compare
the structural and spectral features of malachite with those of
the high pressure azurite form. Malachite contains the copper
atoms in two sites viz. CuI and Cup;i the CuI atom is surrounded
by two oxygens and two OH ions in approximately a sguare planar
symmetry. The CuI—ligand interatomic distances are: CuI—Ol =
1.987; Cu;~02 = 2.071; Cu-OHT = 1.899; and Cu -OH2 = 1.9152; in
addition, there are two oxygen atoms at a greater distance
(2.520 and 3.630&) which may be considered as coordinated to the
CuI atom. Here, then, the CuI site may be envisaged as an elong-
ated octahedron.

The CuII atom is also coordinated immediately to two OH
groups and two oxygen atoms in a square planar site with the
CuII—ligand distances are: Cu-02 = 2.116; Cu-03 = 2.042; Cu-
OH1l = 1.924; and Cu-0OH2 = l.922£. Moreover, there are two other
hydroxyl groups at distances 2.362 and 2.353&, which may also

be coordinated to the CuI atoms. Thus, the CuII position may

I
be considered as a six-fold coordination site.

The absorption spectrum of malachite at normal pressure was
reported by Lakshman and Reddy (1973). It consists of a broad
spectral feature which has a maximum absorption at 11919 cm_1
and the other prominent spectral band at 20166 cm-l. Two other
weak absorption bands at energies 16482 and 18160 were also

observed in malachite spectrum.

Comparing the spectrum of malachite with that of the high
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FIGURE VI-19

Energy level diagram of Cuz+ in Oh and D4h

symmetries.
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pressure form of azurite, the spectral bands at 11919, 16482,
and 20166 cm'-l in malachite spectrum may correspond to the two
broad spectral features at 13300 and 15000 cm T and the sharp
band at 253190 cm.l, observed in the high pressure spectra of
azurite. The difference in the energy values of spectral bands
in the spectra of malachite and the green-azurite and the dis-
appearance of the band at 18160 cm—l in the spectra of azurite
may be due to the difference in the site symmetries and the
interatomic distances.

Although it is safe to assume an increase in the coordina-
tion number of Cu atoms in azurite above 60 kb., the nature of
the blue-green azurite transition is still uncertain. It is
obvious, however, that this transition is a structural type
rather than electronic, and that the copper ion is still in
the divalent oxidation state at this pressure, as indicated
from the high pressure spectra. For the deep knowledge of the
nature of this transition, and the interatomic distances of
the high pressure form, single crystal high pressure x-ray

studies are warranted.
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Chapter VII

DISCUSSION

VII-1l. Energy Shifts of Spectral Bands with Pressure

It was previously believed that crystal field bands show
high energy shifts with increasing pressure. This prediction
was based on the assumption that most crystal field transitions
are dependent on Ay or 10Dg, which varies as l/R5 and the pres-
sure influence would, naturally, decreasé R.

The present study is an attempt to investigate more cara-
fully the pressure influence on the various types of crystal
field transitions, and then to understand the relationship be-
tween the energy of each transition and the parameters 10Dg, B,
and C.

From the experimental results presented in Chapter IV, it
is evident that the spin-allowed transitions, dependent mainly

on 10Dg, shift significantly to higher energies as pressure in-

creases. These transitions include those of Ti3+ [2T2g+2Eg];
34+ 4 4 4 4 3+ 5 5 2+
C . o .
: [5A1g+ ng(F)‘,1 Tlg(Fl’ Tlg(Pi], Mn i Lg+ Eg]' Fe .
+ AY
[ ng+ Eg]; Co [ T}g(F)+ ng(F), Alg(F), Tlg(P)], and Cu
2 2
E »>7T .
[ g 2g}

The shift to higher energy of each transition at elevated
pressure is an indication of a consistent increase in 10Dg
value, due to shortening M-L distances. However, the magnitude
of this shift depends on other factors such as the site compres-
sibility of each cation, the regularity or distortion of the

site, and the structure of the mineral phase.
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In the case of olivine, one of the spectral bands for thc
Ml site shifted to higher energy with pressure, and the other
to lower energy. However, in spite of the opposite energy
shift of the two bands, there appears to be a net increase in
10Dg. The decrease in the energy separation between these two
bands with pressure indicates that the Ml site is getting more
regular.

The change of the polyhedral distortions towards more regu-
lar octahedra in fayalite have also been demonstrated by
Huggins (1974) using the high pressure Mossbauer technique.
The high pressure spectral results of olivine are useful for
understanding the nature and mechanism of olivine»spinel transi-
tions, which will be discussed in the forthcoming pages.
The abrupt low-energy shift of crystal field bands for Fe2+
in gillespite and Cu®’ in azurite was presented in Chapter VI.
From such shifts in the spectral features, a reversible dis-
placive structural transition in gillespite was identified in
which the site symmetry of Fe2+ changed from a square plane to
a distorted, flattened, tetrahedron. Azurite, however, showed
an irreversible phase change in which the coordination number of
the site was predicted to increase, and the site symmetry to
change significantly at pressure around 60 kb..

Apart from the absorption bands in olivine, gillespite, and
azurite, the remaining spectral bands corresponding to the spin-
allowed transitions in Ti3+, Cr3+, Mn3+, Fe2+, C02+, and Cu2+ in

silicate minerals showed continuous high energy shifts with in-

creasing pressure.
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Tﬁe rates of these shifts vary from one band to another in
~ the spectrum of each transition metal ion. This variation is
related to three factors: 1) the degree of shortening of each
M-I interatomic distance relative to the mean M-L bond distance;
2) the geometry of the transition metal ion site which also in-
volves the L-L interatomic distances; and 3) the position of
the transition metal atom and the ligand atoms relative to each
other and then relative to the crystallographic axes x, y, and
zZ.

Furth~rmore, any discontinuous change in the rate of band
energy shift may indicate a disruption in the site symmetry of
the transition metal ion and suggest a phase change in the bulk
mineral phase.

In addition to the spin-allowed transitions which are de-
pendent only on 10Dg parameter, there are other spectral fea-
tures which correspond to the spin-forbidden transitions. The
energies of these are dependent mostly on Racah parameters, B
and C, and to a lesser extent on 10Dg. Table (II-l1. a,b,c) sum-
marizes the energies of these transitions in various transition
metal ions. ’

Absorption bands dependent only on Racah parameters are
expected to shift slightly to lower energies, since the values
of both B and C are predicted to decrease with decreasing M-L
distances (Minomura and Drickamer, 1961). Zahner and Drickamer
(1961) had shown that there is a decrease of about 20 cm_l in

2+

the value of B for Ni in MgO, with increasing pressure over

140 kb.
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In the present studf, a decrease of 6 cm_l is found for
Cr3+ ions in uvaroviteAas the pressure increases to about 100
kb.. A further piece of evidence for the slight changes of B
values in silicate minerals is the undetectable energy shifte
of Fe3+ bands in andradite, which arc directly related to B and
C, and the negligible shift of the spin-forbidden bands of Fe2+
ions in olivine and pyroxenes, which are dependent to a large
extent on B and C values. From the above results, it is safe to
assume that the energies of those crystai field bands which are
dependent on B and C parameters will at most decrease sligh'lly.

Charge transfer bands, on the other hand, should show a
negative energy (red) shift accompanied by significant increases
in width and intensity with increasing pressure.

The slow red shift of the absorption edge in all the inves-
tigated silicate minerals, which has been related to L-M or M-L
charge transfer, is consistent with the prediction based on
molecular orbital and band theory models. However, the huge low
energy shift of the absorption edge, observed in the spectra of
crocoite, vanadinite, and potassium permanganate, may be due to
other processeé which will be discussed in detail later in this
chapter.

Suchan and Drickamer (1959) and Suchan et al. (1959) have
reported the red shift of the absorption edges in many halide
compounds, and related the shifts to closing gaps between the
conduction and valence bands. They also found that the pressure
required to eliminate the gap of all iodide compounds is below

30 kb..
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Recently, Mao and Bell (1972a,b' found that above 100 kbh,.,
the absorption edge of olivine shifts abruptly with pressure
into the near infrared region with simultaneous exponential in-
crease in electrical conductivity. Although the abrupt shift
was not explained, it will be discussed in some detail in
section VII-6.

M-M charge transfer bands that ariseAfrom an electron hop-
ping between Fe2+ and Fe3+ ions shift slowly to lower energies
with an increase in their widths and intensities as pressure in-
creases. These trends have been olserved in the C.T. spectra of
fayalite, orthoferrosilite, blue~omphacite, glaucophane, and
vivianite. The increase in intensities of M-M charge transfer
bands in the first four minerals, with increasing pressure up to
50 kb., is about 20-50% of their wvalues at 1 atm.. This in-
crease in intensity is related to the increase in the probabil-
ity of electrcn transfer between the two neighboring transition
metal ions. Nevertheless, the tremendous increase in Fe2+—Fe3+
C.T. bands in vivianite at pressure around 300 kb. (Mao, 1974)
may be an indication of significant changes in the atomic struc-
ture of the bulk mineral phase or in the electronic structure of

the transition metal ion, or both.

VII-2. The Degree of Covalency and Racah Parameter B at

Elevated Pressures

The degree of covalency of the metal-ligand bond is indica-
ted by obtaining the ratio of the electronic repulsion param-

eter B in the complex, to that of the free cation, Bo' In the
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free metal ion, the interelectronic repulsion integrals are ap-

proxiﬁately proportional to the average reciprocal radius,
<r™153d, of the partly filled 3d shell (Kénig, 1971). B and C
values in transition metal compounds have been found to be lower
than their values in the free transition metal ions. This de-
crease in B is attributed to an expanded radial distribution of
d electrons in the complex (Konig, 1971). The covalency param-
eter, B=B/Bo, known as the nephelauxetic parameter, is of two
types: first, a parameter type related to central field covalen-
cy which arises from screening the nuclear charge of the cation
by the ligands (Lever, 1968; Konig, 1971) and designated by 833;
and second, a parameter related to the symmetry restricted cova-
lency which arises due to delocalization of d electrons onto the
ligands and designated as 833 and 855.

Fortunately, the B value for Cr3+( which is determined from
v; and v, transitions (equation IVLIO)C is related to the first
type of covalency, i.e. it depends on both orbitals, eg and
t2g’ and is not restricted only to one type of orbital (Reiner,
1969).

The B value depends on many factors such as the nature of
the ligands surrounding the central ion, the M-L interatomic

distances, and the relative concentration of chromium ions in

the structure.

* The repulsion parameters containing e, or (y,) orbitals, only,
are designated as B33, and those with t5  of (¥g5) are given as
Bs5; whereas integrals containing both eg and tg orbitals are
designated as 835(Reiner, 1969).
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Reiner (1969) reported that AO and B values for CrxAlz—xO3
mixed crystal series vary with the concentration of Cr3+ ions.
Reiner found that both Ao and B values decrease with increasing

X. The decrease in AO is easily explained because the Cr3+

site
is getting larger with increasing x. However, the decrease in B
may be due to an increase in the degree of delocalization of d-
electrons onto the ligands as the chromium content increases.

This is reflected in the higher electronegativity of Cr3+ rela-

tive to Al3+.

B value is expected to decrease with decreasing the
M-L interatomic distance due to the increase in the degree of
the metal-ligand orbital overlap which then causes an increase
in the radius of the partly filled 3d shell.

In this study, the degree of covalency has been examined in
various minerals and correlated with the average Cr-0 distances.
_Burns (1974) has listed the energies of vy and 2 transitions
in Cr3+ ions contained in a suite of natural minerals. Burns
also listed the average M-0O distances in these minerals to ob-
tain CFS and'CFSE’parameters. From the energy values of vl and
vz transitions, B valueé were obtained for Cr3+ ions in those
minerals. Figure (VII-1l) shows the trend of energy change in B
values with the change in Cr-O distances. From Figure (VII-1)
it is apparent that there is a slight decrease in B value as
M-0 distance decreases. However, some minerals fall far away
from this trend; these are: epidote, tremolite, tourmaline, and

beryl. These minerals have substantially larger B values rela-

tive to the remaining minerals. Studying carefully the nature
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of ligands surrounding the Cr3+ ions in such minerals, it is ob-
served that the Cr3+ ion is surrounded by 4 oxygens and two OH
ions, whereas in other minerals, it is surrounded by 6 oxygens.
The large B value in the hydroxyl-bearing minerals is then re-
lated to replacing two oxygens by two OH ions. Since the OH'
ion has one negative electron charge less than 0, it is expect-
ed to have a smaller electron density than O  to overlap onto

the Cr3+

d-orbitals. Consequently, when the Cr3+ cation is co-
ordinated to OH ions, the radius of the partly filled 3d shell
is expected to be smaller than the case when Cr3+ is coordinated
only to oxygens; thus, B values should be larger.

It is also observed in Figure (VII-1l) that Cr3+ in esko-
laite (Cr203) has a very low B value. This is in fact expected
since the chromium content is very large (Reiner, 1969).

With increasing pressure, the M-L interatomic distances
will decrease; consequently, a decrease in B value should be ex-
pected.

The slope of the line shown in Figure (VII-1l) indicates
that the rate of B change with shortening Cr-0O distance is about
50 cm—l/O.li. The change in Cr-0O distance at elevated pressure
may be roughly estimated from 10Dg values obtained at these
pressures.

From the energy values of Ap (10Dg at high pressure) and Ao
(10Dg at 1 atm.) for Cr3+, which were given in section IV-4.3,

and considering the equivalence, II-7, the following relation-

ship was derived:
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Variation of B value with Cr-0 distance in a

suite of chromium minerals.

The B value for

each mineral was calculated from the energies

of Vl and v2

(1974Db) :
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transitions tabulated by Burns
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spinel
eskolite
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. 3 _ _ 5
[Ao//.xp] = [(Cr O)p/(Cr 0),] (1)
- considering the average Cr-O distance in uvarovite at normal

. - R . = -1, =
pressure as 1.986A; AO 16667 cm " ; A95 kb.-
1

A197 Kb, = 17668 cm ~, then the average Cr-O distance decreases

17007; and

then by about 0.01 and 0.0l4£ at these pressures. Considering
this decrease and the slope of the line shown in Figure (VII-1)
it appears that the value B will decrease at 95 and 197 kb. by
5 cm_l and 10 cm-l. These changes in B value are in good agree-
ment with those obtained in section IV-4.3, namely 7 cm“l and
12 cm“l. It is evident then from the experimental results ob-
tained in section IV-4.3 and the argument presented above, that
B value decreases very slightly with increasing pressure and
decreasing M-O distances.

A further indication of the slight decrease in B stems from
the high pressure studies of the spectra of Fe3+ ions in sili-
cate minerals. These minerals are blue-omphacite, andradite,

Fe 4—epidote, and glaucophane.
Fe3+ in these minerals has many spin-forbidden absorption
bands; the most intense of these bands is the band related to

. 6 4 4
the transition, Alg+ Alg(G)’

Eg(G). The energy of this band
is equivalent to 10B + 5C. At elevated pressures, no detectable
energy shifts have been observed in this band in each of these
minerals. However, this shift was estimated from the high pres-
sure spectra to be about 100 cm_l in 50 kb. Assuming that

C=4B, then the energy of this transition will be 30 B. Conse-

* quently, the change in B value in 50 kb. should be about 3.3
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cm-l. This energy change in B value is also consistent with

the above argument and the results obtained for Cr3+ in uvaro-
vite. -

Another piece of evidence of the slight negative change in
B value with decreasing M-0 distances is the undetectable energy

shift of FezT spin-forbidden bands. In all of the silicate

. . . 2+ .
minerals contailning substantial amounts of Fe” , there is a

sharp conspicuous peak which occurs at about 19800 cm—l. This

band was assigned in Chapter IV to the transition, 5T +3T

29 1g
or T, - ng. The energies of both transitions, (Table II-1),
are proportional to the energies of B and 10Dg. Undetectable
energy shifts with pressure are observed in these transitions
because the trends of the pressure-induced energy changes for
B and 10Dg are in opposite directions.

From the above discussion, it is apparent that changes in
the degree of covalency of the Cr-0, Fe3+—o, and Fe2+—0 bonds
with increasing pressure up to 200 kb. are very small. This
implies that the ionic model for the M-O bond in silicates still
holds in the earth's mantle. It is expected, then, that changes
in the structure such as phase transitions or disproportionation
to oxide components may take place before any significant
changes in the ionic character of the M-O bond occur.

It should be mentioned that the nature of the chemical bond
in the oxides assumed to occur in the lower mantle is most like-
ly to be of metallic character. The increase in the electrical

conductivities of (Mg,Fe)zsiO4 polymorphs at pressure above 100

kb. (Mao, 1973) and the shifts of their absorption edges to low-
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er energies may be related to increases in the metallic char-
acter of these phases. Such changes may be an intermediate
stage that takes place before the disproportionation of (Mg,Fe)2

SiO4 phases to their oxide components occur.

-VII-3. Site Compressibilities from 10Dg Values

In Chapter II it was mentioned (equation II-7) that 10Dg
is related to the average M~L distance, R, as: 1l0Dg o R-S.
Consider: 10Dg = E and R = (V)l/3. Where E is the energy and V
is the volume of the polyhedron, it follows then that:

-5/3

E oV (2)

Differentiating with respect to V will give dE/dV E/¥5/3V-8/3,T?-
and then using the relation (2), the following relation is ob-
tained:

dE/dP = 5/3(E/K) (3)
'where K is the bulk modulus of the t.m. polyhedron.

The above equation has been used by Abu-Eid (1974),
Shankland et al. (1974), and Huggins (1274) to calculate ths
bulk moduli of transition metal ion polyhedra in silicate min-
erals. However, Shankland et al. (1974) assumed that E is equi-
valent to the energy value of the Fez+ band at 10000 cm_l, and
found that: |

dE/dP = 1.3 E/K (4)
where he considered K as the bulk modulus of the whole mineral
phase. It should be mentioned that the relationship given in

(4) which was derived from the experimental data by Shankland

et al. is quantitatively inaccurate, simply because the energy
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of the crysfal field band at 10000 cm—l is related to the vol-
ume of the polyhedron containing the transition metal icon rather
than to the volume of the bulk mineral, i.e. E is related to K
of the site rather than to that of the bulk mineral phase.
Further, the E value should correspond directly to the energy
value of 10Dg parameter, rather than to the energy of a single
crystal field band. This is because Fe2+ ions are mostly con-
tained in more than one site which are usually distorted. Thus,
they will give rise to more than one crystal field band; the
energy of each could be a portion of the energy value of 10Dg.
Consequently, energy level diagrams have to be constructed, as
illustrated in Chapter IV, and then the 10Dgq parameter could be
evaluated from these diagrams. Using equation (3) and construc-
ting energy level diagrams from the high pressure spectral data
presented earlier in Chapter IV, K could be estimated easily.
As an example, the crystal field splitting parameter, 10Dg, in
piemontite increases about 1642 cm'-l over 197 kb.. This in-
crease is due mostly to shortening metal-ligand interatomic dis-~
tances, and then_decreasing the volume of Mn3+ polyhedron by
about 7%.

The estimated bulk modulus of the Mn3+ polyhedron is about
2.7 Mb. Comparing this value with the bulk modulus of the min-
eral phase which is about 1.074 Mb (Simmons and Wang, 1971), it
is concluded that the Mn3+ octahedral site is relatively less
compressible suggesting that the calcium polyhedra take up most

of the Qolume. Similarly, the K value for the Cr3+ polyhedron
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in uV?rqvite was calculated at 177 kb., using equation (3) and
the data reported in Chapter IV, this is found to be 4.91 Mb.
The K value for the Cr3+ site suggests also that the calcium,
8-fold, coordination site is the most compressible polyhedron
in the'garnet structure.

In the case of pyroxenes (orthoferrosilite and bronzite),
the bulk moduli of the M1 and M2 site were calculated to be
0.69 and 0.45 Mb, respectively. Comparing these two values with
K of the bulk mineral which is about 1.061 Mb, it is evident
that the M1 and M2 octahedral sites are substantially more
compressible than the silicon tetrahedral site. It is also
noticed that the M2 site is more compressible than the M1l site.
This is in fact expected, since the M2 site is relatively larger
and more distorted than the M1l site.

In fayalite, K was calculated for the M1 site from the
spectra measured at 40 kb.; it is found to be 0.755 Mb. This
value is significantly less than the K value of the bulk min-
eral (1.32 Mb). This indicates that the M1, and presumably the
M2 sites are rather compressible and any changes in the olivine
structure at elevated pressure should correspond mostly to
changes in the M1 and M2 sites.

Calculating the bulk modulii of the cations' sites at var-
ious pressures could be very useful for extending the bulk modu-
lus volume relationships. Anderson (1969) and Anderson and An-
derson (1970) have shown that for compounds of constant mean

atomic weight, the relationship:
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KV = const. (47
holds. The constant in equation (4) was given for any oxide as
0.157ZcZae2, where Z. and Za are the cation and anion charges,
respectively, and e is the electronic charge. Considering the
relation given in (4) and the value of this constant, Huggins
(1974) suggested that this relationship may also apply to the
individual polyhedra of the cations in the bulk mineral struc-
ture. This relation for the individual polyhedron may also be
given as:

Kpol = ZczanK/Vpol. (5)
For most silicate minerals, oxygen is the anion coordina-
ting the cations. Then, the two parameters, Zc and Vpol’
become the most significant factors. Vpol depends mostly on
the coordination number and the degree of distortion or regular-
ity of the site. Consequently, Huggins (1974) suggested the
following order of site compressibility, Bpol:

3t (1vy <Bre3t (v1) <Bre?t (vI) <Pret (vIII).

BFe
Huggins did not consider the distortion factor. However, it ap-
pears from the high pressure spectral data that the more distor-
ted sites are moge compressible than the regular ones.

It was mentioned above that the K values for Cr3+ and Mn3+
sites are significantly larger than those for the bulk mineral
phases, suggesting that those sites are rather incompressible.
The negligible energy change of B values for Fe3+ cations in
andradite, blue-omphacite, epidote, and glaucophane may also be
related to the negligible changes in M-O distances and thus the

volumes of the polyhedra containing Fe 1 ions. Furthermore, the
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relatively siow energy shift of spectral bands related to FeZ%
and Co2+ in tetrahedral sites may be due to the small tetrahe-
dral volume which then increases the value of K as given in
equation (5).

Tischer and Drickamer (1962) investigated the local sym-
metries and compressibilities of some transition elements in
several silicate and phosphate glasses. They found that the
tetrahedral sites are less compressible than the bulk glass and
that C02+ and Ni2+ tend to transfer from the tetrahedral to the
octahedral site. These could be significant to predict the
nature of the high pressure polymorphs that may occur in the

mantle.

VII-4. Crystal Field Stabilization Energies (CFSE)

The crystal field stabilization energy of a transition
metal ion is the resultant energy acquired by the electrons in
the five d-orbitals relative to the baricenter of gravity. As
an example, Fez+ has d6 electrons; considering an octahedral
array of ligandg surrounding the central ion, the electrons will
be distributed between t2g and eg levels (Figure VII-2a ).
Each electron in the eg level will be destabilized by 3/5AO,
whereas each electron in the tZg level will be stabilized by
2/5AO relative to the baricenter of energy; the net resultant
stabilization energy then will be:

4(2/5AO) - 2(3/5Ao) = 2/5AO.

The above approach has been used by many authors (Dunn, et al.

1965; Cotton, 1963; Figgis, 1966; Lever, 1966) and used to cor-
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relate the degree of stabilities of transition metal ions con-
tained in sites of different symmetries in various inorganic
complexes.

The CFSE parameter has also been used to estimate the site
population and ordering of transition metal ions in silicate
minerals (Burns, 1969, 1970). The usage of CFSE parameter in
minerals required careful treatments since the t.m. ions are
usually contained in distorted and/or multiple sites. Thus,
d-levels will split further causing an increase in the CFSE
parameter as a result of this distortlon. Figure VII-2b
shows the energy levels of Fe2+ in an octahedral site compres-
sed along the z-axis. From this figure it is apparent that the
6th d-electron in the dxy level acquired a stabilization energy
of 2/3 &, where 8§ is the energy separation between dXy level

and (dxz,d z) levels.

Yy

To calculate the CFSE parameter in a distorted site, it is
essential then to establish an energy level diagram in which the
energy separation between each level is known.

In many instances, evaluation of CFSE parameters have been
in error due to two factors: first, inaccurate assignments of
crystal field bands to the appropriate energy levels or to the
appropriate site, e.g. Runciman et al. (l974a,£). Second,
the incomplete information on the magnitude of energy separation
between the lower levels, e.q. t2g levels in Figure (VII-2b).
The energy separations between the lower levels correspond to

energies in the far-infrared region which are difficult to

measure. Huggins (1974) and Huggins and Abu-Eid (1974) adopted
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FIGURE VII-2

(a) Splitting of the d-energy levels in regular
octahedron and distribution of the six d-
electrons.

(b) Energy levels of Fe2+ in an octahedral site

compressed along the z-axis.
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Ingall's model (1964) and used the high temperature Mdssbauer
data to calculate the magnitude of energy separations between
the lower d-levels of ferrous iron in some silicate minerals.
Huggins and Abu-Eid (1974) determined accurately the CFSE
parameter at 1 atm. for almandine and orthoferrosilite; this
parameter was also calculated accurately for fayalite, and
melilite using both optical absorption and MSssbauer spectral
data (Chapter 1IV).

The high temperature Mdssbauer method could be used to
determine the energy separation between the low-energy d-levels
of ferrous ion only, and could not be used for other cations
such as Cr3+ and Mn3+. Fortunately, Cr3+ is contained in a
fairly regular octahedral site in uvarovite and only the enerqg-
ies of the higher two levels are required to be obtained; those
are determined from the energy values of the absorption bands
usually occurring in the visible region. The CFSE parameter of
Mn3+ (3d4) could also be determined from the measured crystal
field bands, as it was explained in Chapter 1IV.

With increasing pressure, the crystal field splitting
parameter, AO, will increase; this implies that the CFSE will
also increase. As a consequence of this, ions with large CFSE
values are expected to be enriched at depths in the earth rela-
tive to those cations of small CFSE. Further, if the crystal
field splitting parameter, 10Dg, increases significantly with

pressure to become larger than the pairing energy, then the

electrons which were in the upper eg levels can couple with
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electrons in the t2g levels to obtain a lower energy configura-
tion. This coupling of the electrons in the t2g level, caused

by A_ exceeding the pairing energy is known as spin-pairing,

P
or alternatively, a high spin-low spin transition (Fyfe, 1960;
Strens, 1969; Burns, 1969). The spin-pairing phenomenon was
discussed in Chapter IV and will be discussed further in the
next section.

The crystal field stabilization energies of Mn3+ in piemon-
tite were calculated at various pressures from the energy level
diagrams constructed at each pressure. Figure IV-34
shows the variation of CFSE versus pressure. From this figure
is is obvious that the CFSE parameter increases by about 1100

cm—l (3.3 K.cal.) with increasing pressure up to 197 kb.. This

pressure-induced increase of the stabilization energy of Mn3+
suggests that Mn3+ is stable at elevated pressures.

When a sufficient pressure is applied such that CFSE
becomes large enough and exceeds the energy required to couple
the electron in the high energy level into the lowest energy d-
level, then Mn3+-may undergo a high spin-low spin transition.
The pressure at which this transition may take place could not
be evaluated. However, the low-spin Mn3+ cation may be identi-
fied from three, new, spin-allowed transitions expected to be
observed at higher energies than those of the high-spin Mn3+
cation. 1Instead of the spin-pairing process, the reduction of
the Mn3+ cation to lower oxidation state may take place before

the spin-pairing occurs. In fact, Gibbon et al. (1974) reported

the reduction of Mn3+ to Mn2+ in rhodonite where the sample was



subjected to a shock pressurénégjzggut 496 kb..

The crystal field stabilization energy of Cr3+ ions in
uvarovite was also estimated at 1 atm., 95 and 177 kb. from the
spectral data reported in Chapter IV. The CFSE parameter (3/5
AO) of Cr3+ increases by about 6% with increasing pressure up to
177 kb.. Burns (1974) suggested, from the CFSE data of various
minerals, that the order of Cr3+ enrichment in the upper mantle
is: spinel > garnet > pyroxene > olivine.

The above results indicate that CFSE parameter for Cr3+ in-
creases substantially with pressure, suggesting that Cr3+ will
be enriched in phases that induce large CFSE values. Conse-
quently, the high pressure spectral data agrees with Burns' pre-
diction.

The CFSE parameters at elevated pressures were also evalua-
ted for the Fe2+ cation contained in orthoferrosilite, olivine,
and almandine. In orthoferrosilite, Fe2+ is contained in M1l and
M2 sites; from the results obtained in section IV-2.1, it ap-
pears that the M1 and M2 sites have similar CFSE energy values
(11.45 and 11.48 K.cal., respectively) at 1 atm., indicating
that Fe2+ should be distributed randomly between the two sites.
At pressure around 20 kb., the CFSE increases for both sites.
However, it increases significantly for the Ml site more than
the M2; the CFSE values at this pressure for M1 and M2 sites
are 12.08 and 11.63 K.cal., respectively. This trend of CFSE

increase suggests that the ferrous iron preferentially occupies

the M1 site at elevated pressures.
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In olivine (fayalite), the CFSE parameter was determined
accurately at normal pressure by coupling the absorption spectra
with the high temperature Mossbauer data. It was found that the
CFSE parameters for both the M1 and M2 sites are similar (11.85
and 11.95 K.cal.). This also indicates that Fe2+ may be random-
ly distributed between the two sites in olivine. At elevated
pressure, the CFSE parameter increased for both sites. However,
the magnitude of this increase could not be determined accurate-
ly, due to the lack of data for the energies of the lower d-
levels at those pressures.

The crystal field stabilization energy parameters obtained
at elevated pressures are significant in predicting the fraction-
ation and distribution of transition metals between mineral
phases in the mantle. Ringwood (1970, 1973) proposed various
structure types in the earth's mantle in which the coordination
numbers of the cations and the densities of those polymorphs are
increased. The stabilization energies of transition metal ions
in these structures were discussed by Burns (1974a,b) and
Gaffney (1973).

Ringwood (1973) suggested the following polymorphic transi-

tions in the mantle:

Structural Transition C.N. Depth,Km. Pressure,Kb.
Olivine =~ spinel 6 400 Km. 130 kb.
Spinel - SrszO4 7 650 Km. 230 kb.
SrszO4 - CaFe204 or 8 1050 Km. 400 kb.

K, NiF ' 9 1250 Km.

2 4
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The crystal field stabilization enerqy of spinel was determined
experimentally from the spectra of fayalite, which was trans-
formed to the spinel structure (Mao and Bell, 1973); this was
estimated as 2/5(11000) = 4400 cm © (12 K.cal.). Gaffney (1974)
calculated the CFSE values in SrszO4 and CaFe204 structures to

1 (18.9 K.cal.) and 3530 cm ™+

be 6610 cm (10.1 K.cal.), respect-
ively.

Syono et al. (1971) discussed the influence of the ferrous
iron crystal field stabilization energy on- the olivine»spinel
transformation. They observed that synthetic olivines contain-
ing transition metal ions, such as Fe2+, C02+, and Ni2+ trans-—
form at lower pressure than those containing other cations such
as Zn2+ and Mg2+. Consequently, they related this phenomenon to
energy contributions from the CFSE of the transition metal ions.
Mao and Bell (1973) calculated that the CFSE lowers the trans-
formation pressure at 1000°C by 98 Kb.. |

The arguments of the influences of CFSE parameter on the
energies of phase transitions in the earth's mantle are yet in-
conclusive. This is due to two factors: First, the occurrences
of structures such as SrszO4 and CaFe204 in the earth's mantle
are not well established. Recent laboratory studies by Bassett
and Ming (1972), Kumazawa et al. (1974), and Ming and Bassett
(1975) demonstrated that the post-spinel phases in the MgZSiO4—
Fe.SiO, system are simple oxides: periclase (MgO) and stishovite

2 4

(SiOz) structure types. If this is the case in the lower mantle,

then the arguments about the CFSE parameter in structures such
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as Sr2Pb04 and CaFe204 may not be of great importance to mantle
mineralogy.

Second, the arguments given by Bell and Mao (1973) and
Syono et al. (1971) are based on the olivine composition of

fayalite rather than ( )ZSiO4, as was suggested by

M90.88"%0.12
Ringwood (1970). Considering the latter composition for olivine
in the upper mantle will decrease significantly the effect of

CFSE on the transition pressure.

VII-5. Pressure-Induced Reduction

Pressure-induced reduction of ferric ions in many organic
and inorganic complexes has been reported (Drickamer and Frank,
1973) to occur at a wide range of pressure, depending on the
type of the ligands surrounding the metal ion and the nature of
the complex. Recently, Wang and Drickamer (1973) have reported
that pressure-induced reduction could also take place in copper

2+ to cu’ took place at pres—

complexes, and the reduction of Cu
sure around 118 kb.. Further, reduction of ferric ions in amph-
iboles (magnesioriebickite) have been demonstrated by Burns et
al. (1972) using high pressure Mossbauer techniques. Further-
more, Gibbons et al. (1973), from their shock pressure experi-
ments on Mn3+ in rhodonite, observed irreversible pressure-
induced reduction of Mn3+ in a sample which had been shocked to
496 kb.. They related the reduction of the trivalent manganese
ions to the presence of water in the rhodonite structure.

The main evidence of pressure-induced reduction was obtain-

ed from either high pressure optical absorption or high pressure
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Mossbauer studies (Drickamer et al., 1972; Drickamer and Frank,
1973). Since the present study is mostly concerned with the
optical absorption method, our attention will be focused on the
evidence of reduction drawn from absorption spectral measure-
ments.

The process of reduction involves an electron transfer from
an orbital of mostly ligand character to another orbital of
primarily metal character. This process has been defined earli-
er as ligand-to-metal charge transfer. The reduction process
could be approached theoretically by performing an analysis
which relates the parameters of the I»M charge transfer bands
(their widths, intensities, energies) to the probability of
thermal transfer (Drickamer et al., 1972; Drickamer and Frank,
1973).

The analogy with the thermal transfer may be expressed in
the relation given by Drickamer et al. (1972):

E, =hv __ - [(6E)21/2(w/w')2]/16KT 1n2 (6)

th max
where E is the difference in energy between the bottom of the

th

ground state and excited state potential wells, vmax is the fre-
quency of the maximum absorption peak, (61:'3)1/2 is the half width
of the peak, and w and w' are the force constants of the ground
and excited states, respectively. The reduction process may
take place when Eth approaches to zero, and then the excited
state becomes more stable at higher pressures.

Considering the relation given above (6}, Ein will decrease

if hvmax decreases and (cSE)l/2 increases, assuming that w and

w' are constants.
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In this study, no evidence has been observed for reduction
of Ti3+, Fe3+, Mn3+, and Cr3+ in silicate minerals up to 200
kb.. This conclusion is made since no new crystal field transi-
tions that may be related to lower oxidation states have been
observed, and the tails of the L+M charge transfer bands shift
slowly to lower energies.

On the other hand, the high pressure spectra of crocoite

7+), and

(Cr6+), vanadinite (V5+), potassium permanganate (Mn
Egyptian-blue (Cu2+) showed unusual changes at certain pressures.
The L-+M charge transfer bands of 0-Cr, 0-V, 0-Mn, and O-Cu
shifted rapidly to lower energies at elevated pressures with a
huge increase in their widths and intensities. The pressure-
induced red shift of the absorption edge was substantially more
drastic in the first three minerals.

The rapid low energy shift and increase in the half width
of the charge transfer band could be a manifestation of a large
decrease in the thermal energy gap between the ground state
(e.q. Cr6+) and the excited state (Cr of lower oxidation state
and oxidized ligands). As a consequence of the consistent de-—
crease in this energy gap, the electronic configuration of Cr of
the lower oxidation state and oxidized ligands could well be

more stable at high pressure than Cr6+ surrounded by the regular

ligands. .

6+ 5+ 7+ 2+

Reducing cr® (a%), v°* @%, mn’* @%, and cu®t (@%) to

their lower oxidation states will introduce at least one elec-

tron into the d-level of each cation. If this is the case, it
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is expected that new spectral features would be observed which
are related to crystal field transitions in the high pressure
spectra of the reduced chromium, vanadium, and manganese cations.
Conversely, introducing an electron in the d-level of Cu2+
cations will produce completely filled d-shells and then no
crystal field transitions are expected to be observed in the
spectra of Cu2+ ions, i.e. disappearance of the crystal field
spectra, and hence color, of Cu2+ is expected at the pressure-
induced Cu2++Cu+ transition. This condition is actually observ-
ed in the high pressure spectra of Egyptian-blue, although
crystal field bands did not disappear completely. On the other
hand, the rapid low-energy shifts of the absorption edges of
V5+, Cr6+, and Mn7+ probably have masked any possible crystal
field transitions expected to be observed in the visible-near
infrared region.

Alternatively, the rapid low energy shift of the absorption
edge may be due to closing the energy gap bhetween conduction and
valence bands, which then causes an increase in the metallic
character of the solid subjected to high pressure. Further,
significant changes in the structure could also be partially
responsible for the pressure-induced red shift of the absorption
edge.

It was mentioned earlier that Mao and Bell (1972) also ob-
served rapid low-energy shifts of the absorption edges in oli-

vine and spinel at pressures above 100 kb.. It is not yet

known whether this phenomenon observed in olivine and spinel is



- 425 -
the same as the one observed in crocoite, wvanadinite, and KMnO4,
or it is related to another type of electronic process.

An explanation was given in section V-4.5 for the causes of
the tremendous increase in the absorption edge intensity, and
its rapid low energy shift with pressure. In the forthcoming
discussion, the pressure-induced reduction phenomenon will be

0 9

explained more specifically in cations of 4, d°, and d5 elec-

tronic configurations.

In the energy level diagram constructed for the Cr04—— ion
(Figure V-7 ), it appears that an electron transferred from
the non-bonding ltl ligand level to the metal level 2e, which
is relatively stable in the latter level at elevated pressure
due to decreasing the energy separation between the two levels.
If we assume now that this electron is stable in the 2 e level,
then the new electronic configuration of the metal ion will be

1

d” and the most likely transition that may take place is 2e~>

7t When this transition occurs another electron may be trans-

2.

ferred from 1lt, to 2e level, and then the metal ion will have

1
d2 configuration. The probability of electron transfer may also
increase with decreasing the energy gap between ltl and 2e lev-
els, and then the absorption edge related to L>M electron trans-
fer will increase in intensity and shift to lower energy. Since
pressure is expected to decrease this energy gap as it was ex-
pected, then several low oxidation states such as Cr(V), Cr(IV),
Cr(III) may be formed at elevated pressure. The ltl+2e transi-

tion is designated as LM transition and the 2e->7t2 corresponds

to the crystal field transition (C.F.). The VO4—— and Mno4-
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ionic clusters have similar energy levels to Cr0, . Then, the
only electronic transition that occurs in these ions at 1 atm.
is the L»M transition. Nevertheless, at elevated pressures they
may give rise to C.F. transitions. The rapid low-energy shift
of the absorption edge is related then to enhancing electron

transfer between the ligand orbital ltl and the metal orbital

2e with a simultaneous pressure-induced reduction process as a
result of stabilizing one, or more, electrons in the metal orbi-
tals 2e or 7t2. It should be mentioned that electron transfer

(M~+L) from the metal orbital 7t2 to the ligand orbital 8t2 is

unlikely to occur since the latter orbital is at substantially
higher energy. However, if M+>L electron transfer occurs, then
the electron transferred from the d-level to the anti-bonding,

m*, level will be substituted by another electron from the ltl

orbital or the lower levels.

In the case of the Cu2+ (d9) ion, the reduction process

may take place by means of two simultaneous transitions, namely

crystal field and L-M transitions, respectively. 1In the C.F.

transition, an electron is transferred from 2Blg to 2Alg level

(Figure VI-15 ); consequently, the upper d-level will be

completely filled and the lower level, 2Blg, will be half filled.

The C.F. transition is then followed by L-M electron transfer

from the non-bonding ligand orbitals to the 2Blg d-level, thus,

completing the reduction process and forming a completely filled

le

shell. The probability of L-M electron transfer is rela-
tively low since an energy must be expended to overcome the

pairing energy of the electrons in the 2Blg level. It is then
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predicted that reduction of Cu2+ may take place at higher pres-
sures than Cr6+, V5+, and Mn7+ ions. This prediction conforms
.with the results obtained in Chapter VI. It should be noticed
also that the probability of electron transfer, M-L or L-M,
after the reduction process will be very low, since the d-shell
is completely filled. As a result of this, the charge transfer
absorption edge is not expected to increase drastically in in-
tensity, which is consistent with the experimental observation.
3+ (d5) is

expected to be more difficult to obtain than Cr6+ and Cu2+

On the other hand, the reduction process in Fe

ions. This 1is related to two factors:

3+ Lhich

1) There are no C.F. spin-allowed transitions in Fe
cause an excitation of an electron from the low-energy d-level
to the highest energy level. The probability of L-M electron
transfer then will be low, and introducing an electron to the
d-shell is unlikely to occur at low pressures.

2) To obtain the low oxidation state, Fe2+ at substantially high
energy is required to transfer an electron from the non-bonding
ligand orbitals to one of the d-levels, and then to couple the
transferred eleétron with the electron occupying that d-level.
It is also possible that the reduction process may occur through
two processes, namely, spin-forbidden transition in d-levels,
and then L-M transition. Whatever the mechanism of reduction of
Fe3+ is, it is expected to require a tremendous amount of energy
to couple and/or uncouple the electrons in the d-energy levels.

. . . . +
It is expected then that the pressure-induced reduction 1in Fe3

will take place at pressures much more than those pressures
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necessary to induced reduction in Cr6+, V5+, Mn7+, and Cu2+.

.
Nevertheless, the reduction of Fe3+

may be facilitated when
there are neighboring atoms that can easily donate electrons,
i.e. of small electron affinity, such as nitrogen and hydrogen
atoms. On the basis of the above discussion, it is believed
that reduction of Fe3+ ions may occur at very high pressures
(possibly more than 300 kb) when it is coordinated to oxygen
atoms. However, these pressures may be lowered by having a
neighboring electron donor such as N or H atoms. This explains
why the pressure-induced reduction of Fe3+ was obtained easily
in organic complexes (Drickamer and Frank, 1973), whereas it

was hard to induce in silicate minerals with increasing pres-

sure up to 200 kb (Huggins, 1974).

VII-6. Pressure-Induced Spin-Pairing

The "high-spin" to "low-spin" pressure-induced transition
phenomenon in Fe2+ was discussed in section VI-2.3. In addi-
tion, it was demonstrated in Chapter VI that spin transition of
Fe2+ in gillespite does not occur with increasing pressures up
to 80 kb.. Instead, a structural displacive transition took
place at about 26 kb; in the new structure, the ferrous ion site
changed from a squafe planar to a distorted flattened tetrahe-
dron. Increasing the pressure further above 26 kb., and measur-
ing the spectra, it was interpretted from the spectra measured
at these pressures that the site continuously changes to become

more regular tetrahedral. Since crystal field bands shift to

lower energies, the crystal field splitting parameter decreases
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due to changing the site symmetry. Consequently, gillespite
should not be used as a model to study the pressure-induced
spin transition.
Griffith (1966) reported that the ground states of the

high-spin and low-spin Fe2+ in octahedral symmetry (5T and

1

29
Alg’ respectively) may become equal in energy when:

2AP = 5B + 8C (7)
where AP is the pairing energy. Strens (1969) estimated AP’
based on many assumptions, as 12000 cm—l.

In the present discussion, the spin-pairing energy will be
estimated roughly from two sources of information; 1) from
Tanabe and Sugano (1954a,b) and Berkes (1968) energy level dia-
grams which show the energies of the levels of a at system, in
B units, plotted against 10Dg in B units, also; 2) from the
rate of energy change of a certain d-level with pressure, as
determined from the pressure-induced energy shifts of crystal
field bands.

The transition metal ions that are expected to have low-

spin electronic states in octahedral coordination are those with

d4, ds, d6, and d7 configurations; these correspond to Mn3+,

+ . R + .
Fe3+, Fe2 , and CO3+ cations. Since the Fe3 ion does not have

spin-allowed transitions, variations of 10Dg with pressure could
' not be obtained at this stage. In addition, since the C02+ ion
is contained in a tetrahedral site in lusakite, estimations of
the rates of energy shifts of crystal field bands corresponding
to Cu2+ in octahedral sites are unattainable. Consequently, the

. . Vo . . +
pressure-induced spin transition will be discussed for Mn3 and
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Fe2+ cations only.

Figures (VII-3 a,b) show the energy levels of the spin-
allowed transitions for Mn3+ and Fe2+ cations. These diagrams
were constructed by Berkes (1968) and are similar to those
of Tanabe and Sugano diagrams (1954a,b). Berkes' diagrams
were used in this study because the B values used in construct-
ing them are similar to those of Mn3+ and Fe2+ ions contained

in natural minerals., These B values are:

ar Cation B (cm 1)
at mn>Y 965
a® re2t 917
Considering Mn3+ in the regular octahedral site, the en-
ergy of the spin-allowed transition, 5Elg+5T2g (Figure VII-a),

is equivalent to 10Dg. The energy values of 10Dg for Mn3+ were
obtained at 1 atm. and 197 kb. (Chapter IV). These values are
13450 and 15092 cm—l, respectively. The high-spin - low-spin
transition in Mn3+ may occur when the energy of the transition,
5 5

Eg+ T2g' has a minimum value of 26670 cm_l (Figure VII-a),

i.e. an energy increase of 13220 em™t in 10Dg is necessary to
achieve the low-spin state of Mn3+. Since 10Dg changes by
about 1642 cm‘_l in 197 kb., then the spin transition in the
Mn3+ ion may occur at pressure around 1590 kb..
In the case of the Fe2+ ion in octahedral site, the same
procedure will be followed to estimate the h.s. - l.s. transi-
2+

tion pressure. The high pressure spectral data of Fe in

pyroxene will be used to estimate the rate of energy change in
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FIGURE VII-3

(a) Energy level diagram showing the spin-allowed

transitions in Mn3+(d4) and the energy limit
of the SEc > 5T2g transition required for the
b 3+

spin transition in Mn [modified from Berkes,
J.S., 1968]*.

(b) Energy level diagram showing the spin-allowed

transitions in Fe2+h s and the spin-allowed
transitions in Fez+l s, Note the maximum
energy that the 5T2g - 5Eg should have to

obtain the low-spin state of Fez+ [modified

from Berkes, J.S., 1968]1%*.

* [Berkes, J.S. (1968) energy level diagrams for
transition metal ions in cubic crystal field.
MRL, Monograph No. 2, Material Res. Lab.,
Penn. State Univ. (1968)].
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10Dg with pressure. The 10Dg values obtained at 1 atm. and 20
kb. for Fe?" in orthoferrosilite are 7735* and 8194* cm T,
respeétively. Using the energy level diagram, shown in Figure
IV-6 ~+ it appears that, in order for the Fe2+h.s. > Fe2+l.s.
transition to occur, the transition, 5T29—>5Eg, (which is equiva-
lent to 10Dg) should have an energy value of 17000 cm Y. Then
an increase of 9266 cm_l in 10Dg value is required to achieve
the low-spin state of Fe2+ in orthoferrosilite. Considering the
rate of energy change in 10Dg with pressure, the Fe2+h.s. -
Fe2+1‘s. transition in pyroxene may occur at pressure around 400
kb.. Following the above method and using the high pressure
spectral data of olivine and bronzite, the high-spin »+ low-spin
transition pressures of Fe2+ in these minerals are estimated to
be about 850 and 720 kb., respectively. Considering an average
energy shift of 10 cm_l/kb. for spinel, the spin transition of
Fe2+ in this structure may occur at pressure around 600 kb.
Although the above estimates are only approximate, it ap-
pears that spin-pairing of ferrous ion is unlikely to occur in
the upper mantle or in the transition zone. However, it is most
likely to occur in the deep region of the lower mantle or at the
mantle-core boundary. If this is the case, it is very well
reasonable to assume a low-spin state of Fe2+ in the magnesio-

wustite [(Mg,Fe)0O] phase.

The wiistite (FeO) phase has a structure similar to that of

* These values are the average 10Dg values, (10Dg M1 + 10Dg M2)/
2, obtained at 1 atm. and 20 kb..
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NaCl, in which the Fe and 0 atoms are at alternate corners of a
set of cubes (Bragg et al, 1965), i.e. the Fe2+ ion is surround-
ed by 6-oxygens having an octahedral symmetry.

Assuming a low-spin state of the Fe2+ ion in wustite, the

followinq spin-allowed transitions in Fe2+1.s. are likely to
occur:
Transition Estimated Energy (cm_l)
lAlg > lTlg 16000
lAlg > szg 24000
lAlg(I) > lAlg(G) 32000

The influence of the absorptions related to the above
transitions on the radiative heat transfer in the lower mantle
may not be significant, since the absorption edge for the FeO
phase is expected to cover all of the visible and most of the

infrared spectral regions. Nevertheless, the pressure-induced

2+ in the lower mantle is an extremely impor-

tant geophysical phenomenon. The consequences of the Fe2+h s. ~
2+

Fe 1.s transition have been discussed by Strens (1969), Burns

(1969, 1970), Gaffney (1973), and Gaffney and Anderson (1973).

spin-pairing of Fe

These consequences are:

1) The low-spin Fe2+ ionic radius is 0.l6£ smaller than that of
the high-spin Fe2+ (Shannon and Prewitt, 1969); thus, when the
Fe2+1.s. ion is coordinated to oxygen atoms in wustite (FeO),
2+

the density of the [Fel s 0] phase, 7.55 gm/cm3, is expected

to be 28% denser than the [Feﬁ+s O] phase. The increase in
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density may bc related to the observed seismic discontinuity at
a depth of about 1050 km. in the earth.
2) The low-spin Fe2+ ion may not form a solid solution with Mg,
due to the smaller ionic radius of the former, 0.61&. Thus, an
extra phase may be expected to exist in the lower mantle. If
this is the case, the chemical homogeneity of the mantle may be
changed since the low-spin ferrous iron will be enriched in the
lower mantle.
3) Forming low-spin Fe2+ in the lower mantle provides an explan-
ation for the inconsistency between the seismic data of the
lower mantle and the‘pyrolite model assumed by Ringwood (1970).
4) The low-spin Fe2+ will affect significantly the magnetic
properties of the lower mantle. This is due to the transition
of Fe2+ from paramagnetic to diamagnetic, as a consequence of
coupling all the electrons in the Fe2+ d-shell.

In summary, Fe2+ in gillespite should not be considered as
a good model to study the spin-pairing phenomenon since its
structure is unstable at elevated pressures. The results on
gillespite, obtained in Chapter VI, should not negate the occur-
rence of low-spin Fe2+ phase in the lower mantle.

The high pressure spectral data indicate that low-spin
transition of Fe2+ in pyroxenes and olivines may occur at pres-
sures around 400 to 850 kb.. At these pressures, it is unlikely
to have pyroxene or olivine structures; however, denser poly-
morphs or mixed oxides (MgO, FeO, SiOZ) may be predominant at
such depths in the earth. It is very likely then, that the low-

. . . + . . .
spin transition in Fe2 will occur after the disproportionation
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of the dense (Fe,Mg) silicate polymorphs.

VII-7. The Trend of the Pressure-Induced Changes in the

Structures of Silicate Minerals

The high pressure spectral teclknique could be used for
predictions of structural changes that may occur in natural
minerals at great depths in the earth. Such predictions could
be derived from the energy level diagrams constructed at eleva-
ted pressure, which provide information on the polyhedral sym-
metries of the transition metal ion.

The high pressure spectra of gillespite have been used
successfully to predict the structure of a new high pressure
polymorph (Abu-Eid et al., 1973), which was determined recently
using a high pressure single crystal x-ray method (Hazen and
Abu-Eid, 1974; Burnham and Hazen, 1974). Further predictions
of pressure-induced structural changes in azurite, vivianite,
KMnO4, crocoite, and vanadinite have been made from their high
pressure spectral data (see Chapters V and VII). The proposed
new structures for those minerals have not yet been verified
using other techniques such as X-ray studies.

In the course of this study, no significant changes have
been noticed in the high pressure spectra of many silicate min-
erals as pressure increased up to 200 kb., indicating that dras-
tic changes in their structures may not occur at these pressures.
Nevertheless, the trend of changing the polyhedral symmetries
and M-O distances with pressure may elucidate any incipient

changes in the structure before the transition to a new struc-
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tural‘type occurs,

I£ is well known that structural transformations occur as
a consequence of significant changes in the interatomic bond
distances (M-M, M-0, and 0-0) and the bond angles. Furthermore,
it is élso known that the degree of shortening or stretching of
each type of bond depends on the magnitude of its strength
(Burnham, 1966).

Using the high pressure spectral data of silicate minerals
and the above mentioned principles, predictions of pressure- .
induced changes in their structure were made from the energy
level diagrams constructed at elevated pressures for Fe2+ in
orthoferfosilite and bronzite. It was shown that the M2 site
is more compressible than the M1l site. In addition, the longer
M-O bond distances in each site have been shortened substanti-
ally more than the shorter ones. Furthermore, the comparison
of the bulk moduli of the M1l and M2 polyhedra with the bulk
modulus of the mineral phase indicated that the M1l and M2 sites
take up most of the compression. The same trend has been ob-
served from the high pressure spectra of olivine, i.e. the M1l
and M2 octahedra are more compressible than the SiO4 tetrahedra,
and the relatively long M-O distagces are shortened more than
the short ones.

From the above discussion and the results obtained, it may
be concluded that compression of minerals containing only octa-
hedral and tetrahedral sites may produce more regular octahedra

with substantially smaller volumes; the SiO4 tetrahedra however
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are predicted to be the least compressible polyhedra in the
structures. It should be mentioned also that the non-bridging
oxygens may change their atomic positions easily with compres-
sion of the bulk mineral, whereas bridging oxygens may change
their bond angles (e.g. Si~0-Si) without significant variations
in their atomic positions (Hazen and Burnham, 1974).

In garnet and epidote, however, the volume change in the

transition metal ions' polyhedra (AV ) relative to the bulk

pol
mineral (AV) was not as large as (Avpol ) observed in pyroxenes

3+ and

and olivine. The relative small compressibilities of Cr
Mn3+ sites in uvarovite and epidote were related to the large
compressibility of the calcium, 8-fold coordination, site.

It was also noticed that the tetrahedral sites containing
transition metal ions have substantially lower compressibilities
than the octahedra. 1In addition, the 4-fold square planar site
in gillespite proved to be unstable at elevated pressures,
changing to a very distorted tetrahedron.

The structural polymorphic transitions that may occur in
silicate minerals at pressure up to 300 kb. were presented by
Ringwood in his classic review of the constitution of the
earth's mantle (Ringwood, 1970). Ringwood and Major (1970)

demonstrated that olivine [(Mg0 gFe Si04] transforms into

0.2)2
B-spinel structure at pressure around 130 kb. and 1000°C.

Further, Ringwood (1970) reported also that the germanium anal-
ogies of pyroxenes disproportionated into spinel (BMgZSiO4) and

stishovite (SiOz). He also proposed the transformation of

pyroxenes to garnet structure and the possibility of recombina-
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tion of spinel and stishovite to form ilmenite structure.
Furthermore, Ringwood (1970) suggested also the disproportion-
ation of garnets into perovskite structure (CaSiO3) and
corundum.

It should be mentioned that the olivine-spinel transforma-
tion is now very well established and has been well demonstrated
in many laboratories (Ringwood and Major, 1970; Kawai et al.,
1966, 1970; Akimoto and Fujisawe, 1966; Akimoto and Ida, 1966).
On the other hand, many of the remaining possible structural
transformations in silicates, suggested by Ringwood, have not
been demonstraéed yet experimentally. Disproportionation of

spinel into MgO, FeO, and SiO, oxides was reported by many

2
authors (Bassett and Takahashi, 1970; Mao and Bell, 1971;
Bassett and Ming, 1972; Kumazawa et al., 1974; Akimoto, 1974).

More recently, Ming and Bassett (private communication)
also observed the disproportionation of orthoferrosilite into
wustite and stishovite. Since the stoichiometry of the dispro-
portionation reaction demonstrated in the laboratory may not
simulate the earth's mantle P and T conditions, then the poly-
morphic transitions suggested by Ringwood may need to be recon-
sidered.

It was discussed in Chapter IV that the M1l site in olivine
becomes more regular at elevated pressures and the two sites,
M1 and M2, may become indistinguishable. These results indicate
that there is a possibility of having an intermediate phase be-

fore the spinel phase is obtained, i.e. the transformation may

occur as:
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. . ay Ql
(Ml,M2)28104 - (M,M)28104____4PXM,M)2Q104
(Distortczd (Regular {Spinel)
Olivine) Olivine)
where the signs — and wee——p-stand for continuous and dis-

continuous transitions, respectively.

The formation of the regular olivine phase could be signi-
ficant for understanding the mechanism and kinetics of olivine-
spinel transformation and hence deep earthquake predictions. It
should be mentioned that it is unlikely that the spinel be in
the inverse-spinel form, since this requires an increase in the
coordination number of the silicon, and as we discussed above,
the silicon tetrahedra does not respond to the compression. It
is suggested also in the present study that the post-spinel
phases suggested by Ringwood may be metastable phases, or they
may form after the disproportionation. This prediction was
made because the formation of SrszO4 structure may require a
break in the Si-0 bonds. However, since the Si-O bond is
stronger (more covalent) than the M-O bond, it is then expected
that the Fe-0 bond breaks first. When the Fe-0 bond is broken,
the silicon becomes coordinated with other two oxygens forming
stishovite structure. In addition, ferrous iron prefers to oc-
cupy the octahedral site since the CFSE is higher in this site.
Thus, Fe will be coordinated with 6-oxygens forming a structure
similar to that of NaCl.

In pyroxenes, however, the calcium will play an important
role. The pyroxenes having significant amounts of calcium are

more likely to transform to the garnet structure rather than to
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spinel (Ca,Mg)28i04 and stishovite (Sioz). Since the calcium
site is more highly compressible, it either increases in coord-
ination number or stays tﬁe same. It is also unlikely that
calcium will occupy the small octahedral site in spinel struc-
ture. It is predicted then that pyroxenes containing apprecia-
ble amounts of calcium may transform to the garnet structure.
On the other hand, pyroxenes of composition (Mg,Fe)SiO3 may well
be disproportionated into spinel [(Mg,Fe)28i04] and stishovite
(Si02) and spinel then may disproportionate further into oxides.

Transformation of garnets will also depend on the calcium
content. Calcic garnets are predicted to disproportionate to
perovskite structure (CaSiO3) and corundum, since the calcium
cation will be contained in 8-fold coordination site in perov-
skite. Pyrope and almandine garnet, on the other hand, may
transform to the ilmenite structure (Fe,Mg)SiO3 and corundum.

In summary, in predicting trends of structural transforma-
tions, site compressibilities should be taken into considera-
tion, since one site may be more compressible than another and
thus influence the trend of the transformation. The tetrahedral
sites are the least compressible polyhedra, whereas calcium 8-
fold coordination sites are the most compressible ones; conse-
guently, the calcium content could be én important parameter de-
termining the trend of structural changes. It is suggested that
the post spinel phases proposed by Ringwood may be metastable

phases which cannot be formed under current experimental condi-

tions.
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VII-8. Absorption Spectra and Radiative Heat Transfer

There are two major processes responsible for absorption
of radiation in the earth's mantle. First, the process of
crystal field absorption, and second, the charge transfer
absorption. To understand the nature of such absorptions at
depths in the earth, it is essential to know the pressure and
temperature éonditions at such depths, and the nature and com-
position of the earth's mantle materials. It is also a pre-
requisite to understand the effects of both pressure and temper-
ature on such kinds of absorption.

The mantle of the earth consists, in general, of three
zonés: the upper mantle region where the temperature ranges from
1,000-1,750°K, and the maximum pressure is estimated to be about
250 kb. (Ringwood, 1966, 1970). The dominant mineral phases in
that region are believed to be olivine, pyroxenes, and garnets
with some amphiboles. In general, the effect of pressure on
the spectra of mineral phases in this zone is to shift crystal
field bands to higher energies and charge transfer bands to low-
er energies. Considering the results presented earlier in this
thesis, and those of Mao and Bell (1972a,b), the energy regions
in which olivines and pyroxenes absorb considerably occur at
energies between 4500-12000 cm ! and above 25000 cm l. With in-
creasing pressure, the window in the region 12000-25000 cm-1 may
become narrower due to a shift of crystal field bands to higher
energies, and ligand-metal charge transfer bands to lower energ-
ies. Although the temperature factor will broaden spectral

bands (C.F.) towards the infrared region, the pressure factor



- 444 -
could be the dominant one. "In the transition zone of the l§wer
mantle, it is difficult to interpret the nature of absorption
since the composition and the structure of the earth's materials
in these two zones are not well established yet. Ringwood
(1970) assumes a pyrolite model for the mantle, in the region
700-1050 K (240-400 kbk.) where the predominant phases are: 55%
(Mg,Fe)SiO4 with strontium plumbate structure; 36% (Mg,Fe,Cr,
Al)(Si,Al)O3 with ilmenite structure; 6.5% CaSiO3 with perov-
skite structure; and 2.5% NaAlSiO4 with calcium ferrite struc-
ture. The crystal field effects in these types of phases have
been discussed by Gaffney (1972), where he reported that the
radiative transfer will be unimportant in the mantle between
650 and 1050 km., but may be significant when (Mg,Fe)SiO4 oc-
curs in the calcium ferrite structure below 1050 km..

Conversely in Gaffney's discussion, there are two points
of view that have not been considered. First, the abrupt red
shift of the absorption edge in olivine and spinel which was
observed to start at 100 kb. and be more prominent at pressure
around 200 kb. (Mao and Bell, 1972). Second, the structure and
composition of mantle minerals in the transition zone may have
another model different from that of Ringwood's, as it was dis-
cussed in the previous section.

Considering Bassett and Ming (1972) and Akimoto's (1974)
experimental results, the transition zone may be assumed to con-
.sist of a mixture of MgO, FeO, and SiO2 oxides. If this is the
case, the predictions of absorption and transfer of radiation in

the earth's mantle have to be reviewed.
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Mao (1973) has measured the cptical absorption of mégnesio~
wustite (Wuzz—Pe78) at pressures up to 310 kb.. The most im-
portant factors observed in the spectra are the crystal field
absorption of Fe2+ and the ligand-metal charge transfer which
starts at about 22000 cm-l. The crystal field band of Fe2+
shifts slowly to higher energy, whereas the absorption edge
starts to shift rapidly to lower energy at pressure around 165
kb.. At more elevated pressures, the absorption becomes more
intense and the absorption edge block severely more than 75% of
the radiative energy (Mao, 1973). Mao has assumed that the
phonon transfer is the major mechanism responsible for thermal
conductivity in the lower mantle. On the other hand, consider-

ing the mixture of MgO, FeO, and SiO, oxides, the latter will be

2
as a window to transfer the radiative heat.
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