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ABSTRACT

The complex and diverse behaviour exhibited by transition metal compounds
is primarily attributed to the presence of d electrons in their outer
bonding orbitals. The behaviour of FeO, FeS and some of their solid
solutions is explored in the context of transitions at high pressure that
have potential relevance to geophysics. The transitions studied are
changes in spin state, magnetic transitions, changes in degree of electron
delocalization, changes in oxidation state and B1/B8 (NaCl/NiAs)
polymorphism. Mössbauer spectra recorded of a series of (Fe,Co)S solid
solutions in the B8 structure imply increasing delocalization of electrons
between Fe and S as the CoS endmember is approached, resulting in
substantially decreased magnetic hyperfine interactions involving the Fe
nuclei. Based on the similarities in Mössbauer parameters and interatomic

57distances between high-pressure phase FeS and Fe:CoS, the degree of 
electron delocalization may be similar in the two compounds. Mössbauer 
spectra recorded of a series of (Fe,Mn)S and (Fe,Mg)S B1 solid solutions 
enables an assessment of the likely physical properties of the 
hypothetical phase FeS(B1) to be assessed. FeS(B1) is inferred to be more 
ionic than FeS(B8), and nonmetallic, and AV between the B1 and B8 
polymorphs is calculated to be - 7.2%. The large negative AV should result
in an exsolution of a B8 phase from (Fe,Mg)S and (Fe,Mn)S B1 solid
solutions at high pressure, and this behaviour is confirmed 
experimentally. The low and pressure-independent solubilities observed for 
Mg and Mn in the B8 phase suggest that B8 polymorphism is unlikely for 
both MnS and MgS at high pressure. The change in stoichiometry (oxidation 
state) of FexO in equilibrium with Fe is determined experimentally at high 
pressure and temperature, and correlation of the experimental results with 
theoretical calculations of the phase boundary suggests that the bulk 
modulus of FexO does not vary significantly with composition for x £ 0.96. 
One consequence of this conclusion is that changes in stoichiometry of 
Fex0 at high pressure should result in only small changes in density. The
nature of the defect structure of Fex0 (x = 0.95 to 0.98) is explored
using Mössbauer spectroscopy, and a physical model which behaves in a 
consistent manner according to the changing numbers of defects indicates 
that the relative populations of defect arrangements vary rapidly with 
composition. Shock wave data for MgO and FeQ ^0 appearing in the 
literature suggest similar behaviour of (Fe,Mg)0 and (Fe,Mg)S, namely
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exsolution of essentially pure FeO(hpp) from (Fe,Mg)0 B1 solid solutions 
at high pressure. Thermodynamic calculations of the phase boundary 
indicate that FeO(hpp) exsolution is not likely to be important in the 
present-day lower mantle, but may have been important in the formation of 
the Earth's core. Evidence for the miscibility of Fe and FeO in the liquid 
state is reviewed, and a series of schematic phase diagrams of the system 
Fe-FeO at high pressure is proposed where a low melting point alloy forms, 
analagous to the system Fe-FeS at low pressure. Exsolution of FeO(hpp) 
from (Fe,Mg)0(B1) and the low melting point Fe-FeO alloy provide a means 
of incorporating large amounts of oxygen into the Earth's core.
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CHAPTER 1 INTRODUCTION

Physical properties of the Earth’s interior such as density, 
elasticity and electrical conductivity can be measured from the surface of 
the Earth using seismic, gravity and electromagnetic methods. A synthesis 
of information derived from these sources with temperature-pressure-depth 
profiles and results of detailed studies of relevant minerals at high P,T 
can provide models of the Earth in terms of mineralogy and chemical 
composition. This method has been relatively successful in constraining 
the composition and mineralogy of the upper mantle and transition zone 
because of access to the upper ^ 200 km of the mantle through magmatic 
material, and the relatively large body of experimental data available 
regarding the behaviour of Na, Ca, A1, Mg and Fe silicates at high 
temperatures and pressures up to ^ 30 GPa (corresponding to ^ 800 km depth 
within the Earth). As a consequence of the more limited information 
available from experiments at higher pressures and the uncertainty 
concerning the nature of the 650 km discontinuity, the composition and 
mineralogy of the lower mantle and core are relatively less well 
constrained.

1.1 Composition and Mineralogy of the Lower Mantle and Core

1.1.1 Lower mantle
The lower mantle extends from 800 km to 2800 km depth within the 

Earth, and is characterized by a relatively uniform variation of seismic 
wave velocities with depth. Recent density models derived from inversion 
of gross Earth data (e.g. Dziewonski and Anderson, 1981) indicate that 
deviations (if present) from homogeneity must be minor, and they are not 
necessary to account for the bulk of the available observational evidence. 
There is, however, evidence from recent body wave studies of fine 
structure in the uppermost lower mantle to depths of ^ 1200 km 
(Hendrajaya, 1981; Muirhead and Hales, 1980; Wright, 1983) and in the 
lowermost mantle below 2400 km depth (Wright and Lyons, 1981; Lay and 
Helmberger, 1983). The probable mineralogy of the lower mantle has been 
inferred on the basis of shock wave experiments and static phase 
transformation studies of upper mantle mineral assemblages at high P,T to 
be a mixture of (Mg,Fe)Si0^ (perovskite), (Mg,Fe)0 (rocksalt), Ca^Al^SiO^ 
(sodium titanate) and NaAlSiO^ (calcium ferrite) (Liu, 1978; Liu, 1979; 
Ringwood, 1979).
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Studies regarding the chemical composition of the lower mantle have 
involved either (1) relating seismic models to elasticity-density-pressure 
profiles of relevant minerals obtained from shock compression studies or 
equations of state based on low-pressure elasticity data, or (2) comparing 
experimentally measured incompressibilities and densities of the relevant 
mineral assemblages with the incompressibility and density of the lower 
mantle obtained by extrapolating lower mantle parameters to standard 
pressure-temperature conditions using adiabatic equations of state. There 
are several uncertainties, however, which constrain proposed models of 
lower mantle composition to be only consistent with available data, and by 
no means unique. These uncertainties include the nonuniqueness of seismic 
lower mantle density models (Worthington, 1973), differences in phase and 
temperature between the lower mantle and shock compression curves (e.g. 
Davies, 1974), and the wide trade-off between the composition and 
temperature of the lower mantle and the assumed properties of lower mantle 
phases (Davies, 1974; Jackson, 1983). A lower mantle composed of pyrolite 
(a widely accepted model of upper mantle composition; see Ringwood, 1975; 
Green et al., 1979) has been shown to be approximately consistent with 
available seismic and laboratory data in a wide variety of independent 
analyses (e.g. Ringwood, 1970; Davies, 1974; Mao, 1974; Ringwood, 1975; 
Graham and Dobrzykowski, 1976; Watt and O'Connell, 1978; Jackson and 
Ahrens, 1979; Jackson, 1983), and while not required, substantial 
enrichment in silica of the lower mantle relative to the upper mantle, 
possibly coupled with iron depletion, is equally consistent with the 
seisraological and laboratory data.

1.1.2 Core
The outer core extends from 2900 km to 5080 km depth within the Earth, 

and is interpreted to be liquid by the absence of shear wave propagation. 
The inner core is inferred to be solid from free oscillation data which 
are best fit with finite rigidity (V ^ 3.5 km/sec) for the inner core.

Comparison of seismic pressure-density profiles with shock compression 
curves of various cosmochemically abundant materials has revealed that the 
core is composed predominantly of Fe, mixed with an uncertain, though 
probably small, amount of Ni. Seismic models indicate, however, that the 
core is ^8-10% less dense than pure Fe at similar conditions, and 
therefore a light element (or elements) must be present to account for the 
discrepancy (first noted by Birch, 1952; supported by numerous later



studies; see Brett, 1976, and references therein for a review). It is 
generally believed that the light element is confined to the outer core, 
leaving an inner core of relatively pure Fe-Ni.
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The nature of the light element, X, is important for a number of 
reasons. The temperature at the inner core-outer core boundary is related 
to the freezing of Fe-Ni from the liquid, and is determined by melting 
relations in the Fe-Ni-X system. Several models for the Earth’s geodynamo 
(e.g. Gubbins, 1977; Loper, 1978) have proposed that the power comes from 
freezing of the outer core material; the dynamics of this process are 
influenced by the abundance and density of the light element in the outer 
core and melting relations in the relevant system. The electrical 
conductivity of the outer core is also likely to be sensitive to 
composition (Johnston and Strens, 1973)• affecting the energetics of the 
core (Bullard and Gellman, 1954). The nature of the light element is 
important in constructing models of core formation which require knowledge 
of phase relations in the relevant systems (particularly Fe-X, but also 
Fe-X-MgO-SiO^) at lower P,T conditions to describe the partitioning of the 
light element into the core.

1.2 Studying Iron Minerals at High P,T
The importance of iron mineral studies at high P,T to determining the 

composition of the lower mantle and core is evident from the above 
discussion, and emphasizes the need for more detailed studies at higher 
pressures and temperatures. Compared to Na, Ca, Mg and A1 silicates, the 
behaviour of Fe compounds at high P,T is generally less well catalogued. 
This results partly from the structure of the cation outer electrons. Na+ 
(1s22s22p6), Mg2+ (1s22s22p6), Al3+ (1s22s22p6) and Ca2+ (1s22s22p63s23p6) 
all have closed electron shell configurations, and behaviour of their 
oxides and silicates follows numerous empirical systematics which have 
been derived from experiments involving similar compounds over a number of 
years. It is generally observed, however, that transition metal compounds 
do not follow these systematics, because the outer electronic 
configuration of transition metal ions involves partially filled d 
electron orbitals, giving rise to a wide range of different phenomena.



1.2.1 Transition metal chemistry
Elements of the first transition series have the electronic 

configuration (1s22s22p^3s23p^3d10-n4s1 or 2) where the 4s electrons and 
one or more 3d electrons are lost when forming ions. In an isolated 
transition metal ion, the five d orbitals are degenerate, but in a crystal 
lattice the effect of a nonspherical electrostatic field splits the five d 
orbitals according to the type, position and symmetry of the ligands 
surrounding the transition metal ion. Under several simplifying 
assumptions, the orbital energies can be calculated using crystal field 
theory; Fig. 1.1 illustrates the distribution of electrons in the 3d 
energy levels of a dD ion (e.g. Fe ) in tetrahedral and octahedral sites. 
The lower relative energy associated with d^ ions in octahedral 
coordination explains the preference of Fe2+ for octahedral sites.

The presence of partially filled d orbitals increases the number of 
possible transitions which must be considered when interpreting data or 
predicting behaviour of transition metal compounds at high P,T. Several 
transitions are discussed below:

(1) High-spin •» low-spin transitions
Distribution of the d electrons between orbitals is governed by two 

opposing tendencies: electrostatic repulsion between electrons favours the 
distribution of electrons in as many different orbitals as possible, while 
the crystal field effect favours spin pairing of electrons in the 
stabilized orbitals. At atmospheric pressure most Fe2+ compounds (oxides, 
silicates, some sulphides) are in the high-spin state, where there are 
four unpaired electrons (Fig. 1.2). The crystal field energy varies 
approximately inversely with the fifth power of the interatomic distance5
(A 'v* A0(rQ/r) ) and the spin-pairing energy decreases with increasing 
covalency of the metal-ligand bond, so the low-spin state should be stable 
for Fe2+ at sufficiently high pressure. The decrease in the number of 
unpaired electrons (see Fig. 1.2) and the reduction in ionic radius of the 
low-spin state result in diamagnetic behaviour and a significantly 
increased density of the Fe2+ low-spin compound.

(2) Change of oxidation state
The relatively gradual increase of ionization potential with ionic 

charge leads to a range of possible oxidation states for most first-row 
transition metal ions. Formation of nonstoichiometric compounds, such as 
Fe^O, in which vacancies are electrostatically balanced by oxidation of
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other cations, is energetically favoured in a number of transition metal 
systems (the monoxides, in particular). The equilibrium composition of a 
nonstoichiometric compound is sensitive to the partial pressure of the 
relevant constituents in the gaseous phase, and therefore varies as a 
function of pressure and temperature. Because molar volume and elastic 
properties may vary with composition, a nonstoichiometric compound can 
undergo a continuous transition at high pressure which changes its 
density.

(3) Metallic transitions
Although not restricted to transition metal compounds, metallic 

transitions are more likely to occur in Fe compounds (e.g. oxides and 
sulphides) at lower pressures than in Mg, Na, Ca and A1 oxides and 
silicates because of d electrons. Metallic transitions are generally 
described in terms of band theory, which regards the electrons as 
occupying bands which are constructed by overlapping metal and ligand 
atomic orbitals (tight binding model). A solid is regarded as an insulator 
if all of the occupied bands are full of electrons, and as a metal if any 
bands are only partially full.

The d bands in transition metal compounds are constructed by mixing of 
metal d orbitals with ligand s and p orbitals, with the band width 
dependent on the degree of mixing. These compounds tend towards metallic 
behaviour as pressure is increased, because the enhanced overlap between 
metal and ligand atomic orbitals increases the degree of electron 
delocalization by broadening the bands. It is also possible to have 
discontinuous insulator-metal transitions at high pressure, and there are 
a number of proposed mechanisms (e.g. Van Zandt and Honig, 1974). All 
involve a drastic increase in the conducting properties of the solid, and 
usually a significant increase in density.

(4) Magnetic transitions (order-disorder)
The unpaired electrons of transition metal ions contribute to a net 

magnetic moment of each atom, which can interact with magnetic moments on 
other atoms to produce a bulk magnetization of the crystal. The 
magnetization varies as a function of pressure and temperature, and 
therefore transitions corresponding to ordering or disordering of atomic 
spins are possible. These transitions can involve changes in density 
because there may be coupling between elastic strain and magnetization 
direction, leading to a change in the unit cell on magnetization. Examples
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are FeO, MnO and MnS which exhibit a progressive rhombohedral distortion 
on cooling below the Neel temperature at atmospheric pressure. Although 
density changes associated with magnetic transitions at high pressure are 
likely to be small, the drastic change in magnetic properties must be 
considered in determining the behaviour of the high-pressure phase.

1.2.2 Indirect experimental methods
It is often difficult to determine the crystal structure of a high- 

pressure phase if it cannot be quenched to atmospheric pressure, 
particularly if the high-pressure phase is of low symmetry since many 
x-ray diffraction lines are required to determine the structure 
unambiguously. If large transition pressures are involved, the relative 
uncertainties of the x-ray lines may be increased due to nonhydrostatic 
stress and pressure gradients on the sample. In addition, the change in 
crystal structure may be accompanied by one of the transitions discussed 
above, several of which are likely to be reversible with pressure (high- 
spin + low-spin, metallic and magnetic), and these may further impede 
unambiguous determination of the crystal structure. It is often 
convenient, therefore, to study transitions in analogue compounds at lower 
pressures.

The use of analogue compounds in studying systems which are 
experimentally difficult has been successful in a number of studies. The 
crystal chemical relationships between silicates and germanates have been 
exploited to predict silicate phase transformations at high pressure 
(Ringwood, 1970), and the elastic properties of many compounds can be 
predicted on the basis of their analogues (Liebermann, 1974; Jones and 
Liebermann, 1974; Davies, 1976). It is not surprising to learn, however, 
that transition metal oxides do not follow elastic systematics derived for 
other oxides such as MgO, CaO or SrO (Davies, 1976), and much of the 
discrepancy may be accounted for by crystal field contributions to the 
lattice energy (Ohnishi and Mizutani, 1978).

Analogues for transition metal compounds must be judged not only on 
the basis of similar crystal structure, but also on the basis of similar 
outer electron configuration; thus analogues should be chosen for the 
coordinating ligands, not the transition metal ion. One possibility is the 
use of transition metal chalcogenides (S, Se, Te) as analogues for 
transition metal oxides. Although little data is available to test the 
success or failure of the analogues, the substantial covalent bonding
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involved in transition metal chalcogenides relative to transition metal 
oxides indicates that the greatest use of the analogues is probably in 
detailing already known transitions and identifying new transitions which 
may occur in the oxides at higher pressure, without necessarily expecting 
a one-to-one correlation between transitions in chalcogenides and oxides.

1.3 Outline of Thesis
This thesis presents work relating to the behaviour of FeO, FeS and 

some of their solid solutions at high pressure. Both 0 and S have been 
proposed as candidates for the light element in the core (Birch, 1952), 
and therefore studies of both FeO and FeS are important. FeS is also 
studied in this thesis as an oxide analogue, in the spirit of providing 
further ideas for transitions of FeO at high pressure. Chapter 2 describes 
the experimental apparatus, calibration and run procedures that were used 
in the experiments. Chapters 3 and 4 present studies that were undertaken 
of (Fe,Co)S, (Fe,Mn)S and (Fe,Mg)S solid solutions to study different 
aspects of the behaviour of Fe^+ , and to derive new knowledge about the 
FeS(B1) endmember. Chapter 5 describes studies of (Fe,Mn)S and (Fe,Mg)S 
that define the high-pressure phase relations, and their relevance to 
(Fe,Mg)0. The stoichiometry of FexO is studied as a function of pressure 
and temperature in Chapter 6, and a thermodynamic model is developed to 
account for the observations; the analysis demonstrates that the 
observations tightly constrain the variation of elastic properties with 
composition. Chapter 7 explores the defect structure of FexO (via the 
Mössbauer spectra) which might account for the proposed elastic 
properties. Chapter 8 presents calculations of the FeO-MgO phase diagram 
at high P,T, and implications for the lower mantle are discussed. A 
consideration of the Fe-FeO phase diagram at high P,T completes the 
framework of a model for core formation involving oxygen as the principal 
light element. Mössbauer spectroscopy is a prominent tool used in studying 
FeO, FeS and their solid solutions in this thesis; the appendix provides a 
brief introduction to the subject for the uninitiated.
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CHAPTER 2 EXPERIMENTAL METHODS

2.1 Large-Volume High-Pressure Apparatus
Advantages of using this type of apparatus include well controlled and 

constrained P,T conditions and a relatively large sample volume. The major 
disadvantage is restriction to only moderate pressures (< 7 GPa).

2.1.1 Apparatus description and run procedure
a) Piston Cylinder - The single-stage piston cylinder apparatus was used 
(in the "piston-in" configuration described by Green et al.# 1966) to 
generate pressures of up to 4.5 GPa. The sample is loaded into the 
assembly illustrated in Fig. 2.1a and placed inside a 0.5” (inner 
diameter) pressure vessel. Normal run procedure involves the application 
of an axial load of 'v 180 tons (metric) to the pressure vessel via a 
hydraulic press, followed by the use of a second hydraulic press to drive 
a 0.5" piston which compresses the sample assembly. Current is applied to 
the graphite furnace until the run temperature is reached, and frequent 
corrections are made to the applied load during the course of a run to 
maintain the pressure to within +0.05 GPa. The run is quenched by 
terminating the flow of current to the furnace, causing the temperature to 
drop to 500 K within 10 seconds, and bleeding off the pressure over a 
period of about 5 minutes.

b) Girdle Apparatus - The high-pressure girdle apparatus described by 
Liebermann et al.(1974) and modified by Ringwood and Major (unpublished 
data) was used to generate pressures in the range 5-7 GPa. The sample is 
loaded into the assembly shown in Fig. 2.1b and placed inside a tungsten 
carbide die which opens out at either end with a 65° angle. The load is 
applied using tungsten carbide pistons which taper with 60° angles to a 
truncated face. Unfired pyrophyllite gaskets are placed between the walls 
of the die and the anvils. Normal run procedure consists of a gradual 
application of pressure until the run pressure is reached and then a 
controlled application of temperature. Only minor corrections to the 
pressure are necessary during a run. Quenching of the run is performed in 
an identical manner to the piston cylinder except that bleeding off of the 
pressure occurs overnight.

c) Bridgman Anvil Cell - A large-scale version of the apparatus described 
by Nishikawa and Akimoto (1971) was used to generate pressures in the 
range 5-7 GPa. The sample assembly is surrounded by a 1.5" diameter
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I-------------------------------- 1.5"---------------------------- 1

thermocouple

["Jpyrophyllite (unfired) 

Qpyrophyllite (fired)

□  pyrophyllite ( 9 2 3 K  ) 

0 stainless steel

^ ta lc 0 boron nitride

H pyrex |  graphite

UK multite 0  sample capsule

0  alumina ^crushable  alumina

Fig. 2.1 Illustration of the sample assembly for the (a) piston cylinder 
apparatus, (b) girdle apparatus, (c) Bridgman anvil cell.
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pyrophyllite ring which was prefired at 923 K for 1.5 hours (Fig. 2.1c).
The assembly is placed between opposed tungsten carbide anvils, each with 
a 30° taper ending at a truncated face of 1.5” diameter. The anvils are 
slowly loaded until the required pressure is reached and the subsequent 
run procedure and quenching process take place as described for the girdle 
apparatus.

2.1.2 Temperature measurement
Temperatures were measured with a Pt/Pt ^Rh^ thermocouple, and are 

uncorrected for the effect of pressure on the e.m.f. Experiments by 
Getting and Kennedy (1970) indicate that run temperatures measured with 
Pt/PtgQRh10 thermocouples near 1273 K at 3 GPa would be a maximum of 15 K 
higher than actually measured. Single thermocouples were used for runs in 
the piston cylinder and Bridgman anvil cell, whereas two thermocouples 
were employed with the girdle apparatus. Temperatures generally differed 
by 20 K - 25 K between the two thermocouples; the higher temperature of 
the two was always taken to be the run temperature.

2.1.3 Pressure calibration
a) Piston Cylinder - Experimental pressures in the piston cylinder are 
determined on the basis of the applied load and a 10% (+3%) downward 
correction for friction. The friction correction is the result of the work 
of several investigations, the most recent being a study by O'Neill and 
Hibberson (RSES Annual Report, 1981) who determined correction factors of 
8-13% Tor talc cells in the piston cylinder on the basis of LiCl and AgCl 
melting points.

b) Girdle Apparatus - Experimental pressures were determined using the 
results of experiments by Ohtani (unpublished data) on the quartz-coesite 
and fayalite-spinel transitions (Fig. 2.2a). Pressures based on this 
calibration curve are thought to be accurate to within +0. 5  GPa.

c) Bridgman Anvil Cell - Calibration curves for the Bridgman anvil cell 
are very sensitive to the firing temperature of the 1.5” pyrophyllite 
gasket. Previous room temperature (Ringwood and Major, unpublished data) 
and 1273 K (Sinclair, 1982) calibration curves for gaskets fired at 1123 K 
are illustrated in Fig. 2.2b. The pyrophyllite used in the calibrations 
was not available for the present work, however, and the new batch of 
pyrophyllite was fired at a temperature (923 K) where the behaviour of the 
new pyrophyllite most closely matched the old pyrophyllite under loading
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oci fayalite-spinel 
'  1273 K

o (DO®« quartz-coesite 
/  1473 K

100 150
LOAD TONS (metric)

T = 2 98  K B,
Rinqwood and Major (unpublished)^*^ *
1123K pyrophyllite

Ts 1273 K 
Sinclair (1982) 
1123 K pyrophyllite

calibration curve used in present work 
based on fayalite-spinel transition at 1273 K 
for 923  K pyrophyllite

0 100 2 0 0 3 0 0 4 0 0

LOAD TONS (metric)
50 0

Fig. 2.2 (a) Calibration curve for the girdle apparatus based on data of
Ohtani (unpublished). The solid circles indicate the presence of the high- 
pressure phase, (b) Calibration curve for the Bridgman anvil cell. The 
star represents the transition point determined between fayalite and 
spinel at 1273 K using the 923 K pyrophyllite.
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stress. A set of calibration runs using the fayalite-spinel transition was 
performed at 1273 K, and the calibration curve for the new pyrophyllite 
was drawn through this point parallel to the old pyrophyllite calibration 
curve at 1273 K (Fig. 2.2b). Pressures based on the 923 K pyrophyllite 
calibration curve are thought to be accurate to within +0.5 GPa.

2.2 Diamond Anvil Cell
Advantages of using the diamond anvil cell include routine access to 

relatively high pressures and the ability to perform "in-situ” experiments 
(i.e. while the sample is under pressure) such as visual observation, 
laser heating and x-ray diffraction. Disadvantages include poorly 
constrained P,T conditions and a small sample volume which restricts the 
quality of techniques such as x-ray diffraction.

2.2.1 Quench experiments
Phase transformations that could be quenched were studied using an 

LD-type diamond anvil cell designed by Bassett and Takahashi (1965) which 
is capable of generating up to 30 GPa using 0.125 carat diamonds. The 
powdered sample is placed between the faces of two opposed gem-quality 
diamonds which are mounted on the ends of two pistons driven together by a 
lever and spring assembly. The size of the sample is 0.3 mm diameter and 
the region of highest pressure and minimum pressure gradient is at the 
centre and is approximately 0.1 mm in diameter. Once under pressure the 
sample is heated using a continuous Nd-doped YAG laser focussed on the 
sample. The pressure is then released and the sample is placed on the end 
of a 0.1 ram diameter collimator which is mounted in a conventional 
Debye-Scherrer camera (57.3 mm diameter) to record the x-ray diffraction 
pattern of the sample. Exposure times range from 100-200 hours using a 
Phillips x-ray generator operating at 800 W. NaCl is often mixed with the 
sample before the run to provide an internal standard with which to 
calibrate the x-ray film (assuming that NaCl does not react chemically 
with the sample during the run).

The applied pressure is determined on the basis of the length of the 
compressed spring, which was standardized using NaCl and the compression 
curve for NaCl reported by Weaver et al.(1971) (Liu, unpublished data).
The estimated uncertainty is + 10% of the measured pressure. The actual 
pressure (i.e. the pressure at high temperature) may differ from the 
pressure at room temperature, however. The temperature is estimated by eye 
from the brightness of incandescent light emitted by the sample during
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heating. The uncertainty in temperature is generally + 50% of the 
estimated temperature. Experimental problems such as variation in the 
amount of energy absorbed by the sample, non-uniform heating and variation 
in the emissivity of the sample have prevented a substantial improvement 
in the accuracy of temperature measurement.

2.2,2 Compression experiments
Room temperature compression curves were measured using a UP-type of 

diamond anvil cell designed by Bassett et al.(1967). The UP-type cell is 
similar to the LD-type cell, except that pressure is applied via a 
screw-in piston instead of a lever and spring assembly. Powdered sample is 
placed between the diamond faces and a small amount of pressure is 
applied. An x-ray diffraction pattern is taken of the sample using the 
diamond anvil cell as an x-ray camera. A 0.1 mm diameter collimator 
mounted on one side of the diamonds directs the x-ray beam onto the sample 
and a curved film cassette with a radius of 50 mm mounted on the other 
side of the diamonds records the diffraction pattern. Filtered Mo KcT 
radiation is used exclusively for these experiments due to the large 
amount of energy absorbed by the diamonds. Exposure times range from 24-36 
hours using a Rigaku rotating anode x-ray generator operating at 11 kW. 
More pressure is applied to the diamond anvil cell and another x-ray 
diffraction pattern recorded. This process is repeated until a complete 
curve of unit cell volume versus pressure is obtained. Room temperature 
phase transitions can also be studied by this technique.

To calibrate the x-ray film a very thin platelet of NaCl is placed on 
the outside face of the diamond facing the film cassette (note that the 
NaCl is not under pressure). Measuring the position on the x-ray film of 
diffraction lines from the external NaCl standard enables the sample to 
film distance to be calculated. The internal pressure is calculated by 
measuring the diffraction lines produced by an internal NaCl standard 
which has been premixed with the sample in the ratio 1:2. By comparing the 
cell volume of the internal NaCl standard with the compression curve 
reported by Weaver et al.(1971) the sample pressure can be determined. The 
uncertainty is a function of the relative error in reading lines on the 
x-ray film and generally varies between 5-10% of the measured pressure.
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2.3 Analytical Techniques

2.3.1 X-ray diffraction
Samples (excluding those from diamond anvil experiments) were x-rayed 

using a Debye-Scherrer camera (114.6 mm diameter) with a 0.9 mm diameter 
fine collimator. The samples were prepared by crushing in an agate mortar, 
mixing with clear nail polish and rolling to form a needle of 0.1-0.3 mm 
diameter. Fe KcT, Co KcT or Cu KcT radiation was used depending on the 
composition of the sample. Exposure times varied from 2-24 hours using a 
Phillips x-ray generator operating at 800 W. X-ray films were calibrated 
using either NaCl(a = 564.01 + 0.01 pm) or Si(a = 543.088 pm) as an 
internal standard.

2.3.2 Electron microprobe
Elemental compositions of samples were determined using an electron 

microprobe manufactured by Technisch Physische Dienst, Netherlands which 
was fitted with a Si(Li) detector (Reed and Ware, 1973; 1975). This system 
uses an energy-dispersive technique. Accelerating voltage was 20 kV, beam 
current 2.1 nA, beam size 1 ym and the counting interval 100 sec. Data was 
reduced by the computer program "METAL", written by N. Ware, RSES. An 
accuracy of approximately + 2% is expected with the microprobe (Reed and 
Ware, 1975). Samples were prepared for the electron microprobe by Mr. K. 
Massey, RSES.

2.3.3 Mössbauer spectroscopy
Mössbauer spectra were recorded on two spectrometers, one located at

Dept. Solid State Physics, ANU and the other at Dept, of Physics, Monash
University, Victoria. The ANU spectrometer is based on a PDP 11/10
minicomputer which accumulates and stores eight spectra simultaneously (of
256 channels each), displays or outputs the data and generates the
reference signal for the Mössbauer drives (Window et al., 1974). The
reference waveform used by ANU consists of a constant acceleration signal
(linear ramp) during data accumulation followed by a flyback of half the
ramp period. No data is accumulated during the flyback period. Mössbauer
data are punched onto paper tape to be used later for data reduction and

57analysis using a large computer. A 50-60 mCi Co source diffused in a 
rhodium matrix was used, and counting times varied from roughly 12-36 
hours, depending on the iron concentration of the sample. Mössbauer 
spectra were recorded at 77 K and 4.2 K using a liquid helium cryostat 
similar to one described by Cranshaw (1974). The Mössbauer spectrometer at
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Monash University is similar to the one at ANU except that data are 
accumulated using a multichannel analyser in place of a minicomputer, and 
the reference waveform consists of two linear ramps joined together. This 
enables data accumulation during both sweeps of the transducer, producing 
a mirror-image spectrum. The final spectrum is obtained by folding the 
mirror-image spectrum into itself, removing any nonlinearity associated 
with the source-absorber geometry.

Mössbauer samples were prepared by crushing in an agate mortar, mixing
with boron nitride to randomize the crystal grains and mounting in a 13 mm
diameter sample holder. The concentration of iron in the samples was

2maintained below 5 mg/cm to reduce saturation effects. The Mössbauer data
were analysed by fitting the spectra to pseudo-lorentzian lineshapes
(Price, 1981) using an iterative, nonlinear least squares method (Price,
R.S.Phys.S. Research Report no. 7, ANU). The validity of computer fits was

2assessed on the basis of x values, consistency of parameters across 
samples and convergence of the fitting process. All Mössbauer spectra were 
calibrated with respect to metallic iron.



CHAPTER 3 THE SYSTEM FES-COS

3.1 Introduction
Fe^S and Co^S Form a continuous solid solution at atmospheric pressure 

(Pearson, 1967, p. 789). (Fe,Co)xS crystallizes in the hexagonal NiAs (B8) 
structure with varying metal/sulphur ratios ranging from x = 1 to 
x = 'b 0.87. X-ray data for (Fe,Co)A nAS and (Fe,Co)_ Q_S have been 
reported in the literature (Vogel and Hillner, 1953; Perthel, 1960). The 
cell parameters of (Fe,Co) S decrease smoothly from Fe S to Co S. TheX X X
crystal lattice of FexS thus contracts with the substitution of Co .

The magnetic properties of the endmembers FexS and CoxS differ 
considerably. CoxS is a Pauli paramagnet with an assumed magnetic moment
of 1 iiD per Co atom. The room temperature magnetic susceptibilities of

”  —6 —6 CoA S and Co QS are 4.4x10 emu/g and 4.6x10 emu/g, respectively
(Townsend et al., 1975). The magnetic properties of FexS vary with
stoichiometry. For x 0.92 FexS is antiferromagnetic with a Neel
temperature of approximately 588-593 K, depending on the stoichiometry
(Hirone et al., 1954). High-temperature magnetic susceptibility
measurements indicate an effective magnetic moment of 5.24 per Fe atom
(Vaughn and Craig, 1978). For x 0.92 FexS is ferrimagnetic with a Curie
temperature which varies discontinuously from 473 K for Fe S to 573 KU • 7 u

for Fe_ OQS (Schwartz and Vaughn, 1972).U. oo

The magnetic properties of (Fe,Co) 0 S have been studied as a0. o f
function of composition (Perthel, I960). At room temperature a 
ferrimagnetic-paramagnetic transition occurs at approximately 
(Fe_ -Co- „)_ 0„S. The Curie temperature extrapolates to zero at theU • 0 U•4 U•oI
approximate composition (FeQ ^ C O q Q (Fig. 3.1).

The mechanism of the magnetic transition which occurs as a function of
composition in (Fe,Co)S is at present unknown. ((Fe,Co)S will be used
henceforth to represent the general formula (Fe,Co) S.) Previous Mössbauer

57 Xdata from an experiment using Co in CoS as the source and K^Fe(CN)g.3H20
R Yas the absorber show no evidence of magnetic interaction in Fe:CoS down 

to 80 K (Seregin et al., 1970). This suggests a change in the strength of 
the magnetic interaction involving the iron atoms as a function of 
composition.

One possible mechanism is a high-spin low-spin transition of the
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Fe2+ ions in (Fe.Co)S, which has also been proposed as being responsible 
for the high-pressure phase transition observed by Mössbauer spectroscopy 
in FeS (Vaughn and Craig, 1978). Fe2+ in FeS is in the high-spin (hs) 
state, whereas Co^ in CoS is in the low-spin (Is) state (Townsend et al., 
1975). The relative ionic radii for Fe^tls) and Co^+(ls) are 61 pm and 
65 pm, respectively, compared with 78 pm for Fe^+(hs) (Shannon, 1976). It 
is therefore possible that the decrease in interatomic distance produced2^ 2 1
by the substitution of Co^+ into FeS may cause a spin transition of Fe^+.2
Observation of Fe (Is) would provide an ideal opportunity to study the 
high-spin low-spin transition in a chemically simple compound 
(previously studied compounds include phenanthroline, ferrocynanide and 
phthalocyanine complexes, among others), and may be relevant to 
transitions in Fe oxides at very high pressure. To investigate the 
magnetic transition and the possibility of Fe^+(ls), the Mössbauer spectra 
of a suite of samples in the solid solution (Fe,Co)S were run at various 
temperatures.

9- 400

Ö 200

mole %
Fig. 3.1 Plot of the Curie temperature versus composition in
(Fe,Co) S, taken from Perthel (I960).0. o (
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Table 3.1 Composition and cell parameters for (FexCo^ x) £

0/Fe:CoS 16 mol % FeS 50 mol % FeS 69 mol % FeS 83 mol % FeS
Fe(x)
Co (1-x) 
(Fe+Co)/S (y)

0.009(1)
0.991(1)
0.871(4)

0.156(3)
0.845(3)
0.919(7)

0.503(3)
0.497(3)
0.936(6)

0.692(4)
0.308(4)
0.958(2)

0.834(1)
0.166(1)
0.950(8)

a (pm) 
c (pm)

338.8(1)
520.6(2)

339.2(1)
525.0(2)

340.7(1)
542.1(3)

342.2(1)
557.5(12)

343.5(1)
567.2(2)

c/a
V (cm^/mole)

1.537(1)
15.58(1)

1.548(1)
15.75(1)

1.591(1)
16.41(1)

1.629(4)
17.03(4)

1.651(1)
17.45(1)
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3.2 Experimental Procedures
Samples of varying composition of (Fe,Co)S were prepared in the 

following manner. Mixtures of the elements were finely ground, pelletized 
and sealed inside silica glass tubes evacuated to less than 10 mPa. The 
glass tubes were heated inside a temperature-controlled furnace at 823 K 
to allow the sulphur to react with the metal. After 2-3 hours the 
temperature was increased to 1273 K and the mixtures were sintered for 
14-16 hours. The samples were quenched in water, reground, sealed inside 
new silica glass tubes and resintered at 1273 K. This process was repeated 
until x-ray diffraction patterns taken of the samples after each 
regrinding indicated no change in the composition of the mixture.

The x-ray diffraction patterns of all samples could be indexed 
according to the B8 structure; no evidence for the presence of a 
superstructure was observed. Small amounts (< 5%) of Fe^O^ were detected 
in 3ome samples. The cell parameters of the samples are given in Table 
3.1. There is a smooth increase in both molar volume and c/a ratio towards 
the FeS endmember (Fig. 3*2).

Compositions were determined using an electron microprobe and are
listed in Table 3.1. The metal/sulphur ratio varies slightly from sample
to sample, reflecting small variations in sample preparation. Excess

57sulphur was added to the starting mix of Fe:CoS to prevent the formation 
of CogSg which was present in earlier runs with higher metal/sulphur 
ratios.

The Mössbauer spectra were recorded on a constant acceleration 
Mössbauer spectrometer located at Dept. Solid State Physics, R.S.Phys.S., 
ANU. Details of the apparatus and run procedure are given in Chapter 2.

3.3 Results
The Mössbauer spectra of the (Fe,Co)S samples are illustrated in

Fig. 3.3* The nonmagnetically-split Mössbauer spectra were fitted to two
quadrupole doublets with the half widths and line intensities of the
components constrained to be equal. The Mössbauer parameters are listed in
Table 3.2. A statistical F test was applied to determine if the reduction 

2in x of a two doublet fit over a one doublet fit was statistically 
significant (Bevington, 1969). Although the results do not support the two 
doublet fit in all cases (see Table 3*2), the relatively large line widths 
indicate the likelihood of more than one doublet (an iron absorber gave a
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T = 298 K T = 4.2 K

8 3 %  Fe

0.2%

69%  Fe
0.2%

50%Fe
0.2%

!6%Fe 1.0%

M i l I I I 1 I I I 1 I I 1 I

Fe'CoS
1.0%J 0.5%

-3 -2
Velocity mm/sec

Fig. 3.3 Mössbauer spectra of (FetCo)S as a function of temperature and 
composition. The velocity scales are relative to Fe. The nonmagnetic 
spectra were also run on smaller velocity scales, but are not shown. Small 
absorption peaks corresponding to Fe^O can be observed in some spectra.
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Table 3.2 Mössbauer parameters for the non-magnetic spectra of (Fe.Co)S

50 mol % FeS 
T=298 K

16 mol % FeS 
T=298 K

57Fe:CoS 
T=298 K

16 mol % FeS 
T=4.2 K

57'Fe:CoS 
T=4.2 K

6a mm/sec 0.669(3) 0.594(3) 0.570(1) 0.740(4) 0.719(2)
e mm/sec 0.330(4) 0.316(4) 0.326(2) 0.394(2) 0.338(4)
T mm/sec 0.314(7) 0.236(7) 0.228(3) 0.473(11) 0.303(6)
% Area 21 26 31 45 49

6a mm/sec 0.683(1) 0.590(2) 0.573(1) 0.727(3) 0.730(3)
e mm/sec 0.111(3) 0.175(2) 0.180(1) 0.143(5) 0.188(3)
T mm/sec 0.460(5) 0.348(6) 0.331(3) 0.471(16) 0.328(9)
% Area 79 74 69 55 51
2X 0.98 1.16 0.99 1.18 0. 77

F b X 4.36 1.00 7.67 0.97 2.18

arelative to Fe imetal
bTo accept a two doublet fit over a one doublet fit at the 95% confidence level, the
value of F

X should be greater than or equal to 2.37.

Table 3.3 Mössbauer parameters for the magnetic spectra of (Fe,Co)S

83 mol % FeS 
T=298 K 69 mol % FeSb 

T=298 K 69 mol % FeS 50 mol % FeS
T=4.2 K T=4.2 K

6a mm/sec 0.721(13) 0.759(11) 0.884(6) 0.860(10)
ec mm/sec 0.03(1) -0.15(1) -0.09(1) -0.03(1)
H kOe 293.0(12) 297.0(7) 338.4(5) 253.3(11)
% Area 31 40 45 32

6a mm/sec 0.740(10) 0.726(14) 0.899(8) 0.849(10)
ec mm/sec 0.06(1) -0.12(1) -0.08(1) 0.00(1)
H kOe 267.8(8) 269.1(13) 321.4(6) 218.8(8)
% Area 69 44 55 68

x2 0.87 1.46 2.00 1.50

arelative to Fe metal
^This spectrum also contained a quadrupole doublet with 6 = 
e = 0.228(22) mm/sec, T = 0.717(49) mm/sec and occupied 16%0.709(22) mm/sec, i of the total area

Ce = i ( V6 + ~ ^2 ~ V5^ where Vl,2,5,6 reler to 1st, 2nd, 5th and 6th peaks
of the magnetic hyperfine spectrum arranged in order of increasing velocity.
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line width of 0.25 mm/sec using the same Mössbauer source). The multiple 
doublets could originate from small crystallographic distortions due to 
metal defects or from distributional variations of cation nearest 
neighbours of the Fe2* sites. In the latter case a set of broadened 
doublets corresponding to the predominant arrangements would be expected.

The magnetic Mössbauer spectra were fitted to two six-line hyperfine
spectra and the data are listed in Table 3.3. The half widths and line
intensities of corresponding peaks (i.e. peaks 1 and 6, peaks 2 and 5,

57 2+etc.) were constrained to be equal. The multiple Fe environments seen 
in the magnetic Mössbauer spectra may correspond to those seen in the 
nonraagnetically-split spectra.

The onset of hyperfine splitting at 298 K occurs within the 
compositional range 50 mol % FeS to 83 mol % FeS. Although the 
69 mol % FeS spectrum could be fitted to a combination of magnetically- 
split and nonmagnetically-split spectra, it is impossible to determine 
from the data if the spectrum represents two phases, one with zero 
hyperfine field, or one phase where some Fe2* ions experience a very small 
exchange field not strong enough to cause hyperfine splitting. The 
69 mol % FeS spectrum was therefore fitted on the basis of one phase being 
present since the uncertainties in the fitted parameters are large enough 
to encompass those which each component of a two-phase system would have.

Fig. 3.4a illustrates the variation of centre shift at 298 K as a 
function of composition. Only a small decrease in centre shift from the 
magnetic spectra to the nonmagnetic spectra is observed and the centre 
shift decreases as a function of decreasing Fe2+ concentration. It is 
difficult to ascertain if the centre shift varies continuously through the 
magnetic transition but it is clear that no large 0.03 mm/sec) 
discontinuity is involved.

57The hyperfine magnetic field at the Fe nucleus varies as a function 
of composition and the experimental values are illustrated in Fig. 3.4b. 
The field strength at 298 K of the 83 mol % FeS and 69 mol % FeS samples 
are identical within experimental error. The hyperfine field at 4.2 K of 
the 50 mol % FeS sample is substantially reduced, however. This sample was 
run at 100 K to determine if the hyperfine field at 4.2 K was saturated, 
or if the low value was merely due to the proximity of the ordering 
temperature to 4.2 K. The Mössbauer spectrum exhibited magnetic splitting
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T=298 K
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Fig. 3.4 Plot showing the variation with composition of (a) the room 
temperature centre shift and (b) the hyperfine field parameter. The values 
of 5 and H were computed as a weighted average of the component spectra. 
The values for FeS were taken from Hafner and Kalvius (1966). The 
connecting lines have no significance, and are only intended as an aid to 
the eye.
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with a hyperfine field smaller than the value at 4.2 K, indicating that 
the hyperfine field at 4.2 K is saturated; a nonsaturated field at 4.2 K 
would preclude the possibility of observing a magnetically-split spectrum 
at 100 K. The magnitude of the hyperfine field, then, decreases with 
decreasing Fe2+ concentration.

If only dilution effects were controlling the magnetic properties of
the Mössbauer spectra the net result would be a steady decrease of the
ordering temperature with the hyperfine field strength remaining constant.
The decreasing magnitude of the field strength thus indicates a
significant alteration to the factors which give rise to the hyperfine
magnetic field. To study the problem further, the Mössbauer spectrum of 
57Fe:CoS was recorded in an external magnetic field of 25 kOe with the 
field axis parallel to the direction of y-ray propagation (Fig. 3.5). The 
spectrum was recorded by Dr. P. Clark at Monash University, Victoria. The 
line width of the spectrum is broadened by approximately 0.6 mm/sec from 
the zero-field spectrum, and the splitting is nearly identical with the 
observed value for FeS^ at 4.2 K in an external magnetic field of similar 
intensity (Montano and Seehra, 1976), indicating a zero contribution of 
the internal hyperfine field to the observed splitting.

3.4 Magnetic Transition in (Fe,Co)S
The room temperature centre shifts decrease almost continuously

57(Fig. 3.4a) from 0.76 mm/sec at FeS to 0.57 mm/sec at Fe:CoS, although
there may be a small discontinuity (^ 0.03 mm/sec) near 69 mol % FeS. At

574.2 K the hyperfine magnetic field at the Fe nucleus decreases with
decreasing Fe2+ concentration from 328 kOe at FeS to 230 kOe at
50 mol % FeS. The internal field contribution to the magnetic splitting of 
57Fe:CoS in an external magnetic field at 4.2 K is close to zero.

One possible mechanism for the observed decrease in the hyperfine
magnetic field is a high-spin -► low-spin transition of the Fe2+ ions,
since Fe^+(ls) has no unpaired electrons and cannot contribute
significantly to the hyperfine magnetic field. Co2+ is probably in the
low-spin state throughout the solid solution inferred on the basis of data
presented in Fig. 3.1. Co2+(hs) is most likely to occur near the FeS
endmember, but the smooth decrease in ordering temperature with increasing
Co2+ concentration is not consistent with a high-spin -* low-spin 

2+transition in Co
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T = 4.2 K

H =25 kOe

I I I I
-5 0 5

Velocity mm/sec
57Fig. 3.5 Mössbauer spectrum of Fe:CoS at 4.2 K with no external 

magnetic field (H=0) and an external magnetic field of 25 kOe. The 
velocity scale is relative to Fe.
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The strongest evidence against the occurrence of an Fe2+ spin 
transition is the Mössbauer centre shift data of Fig. 3.4a. The Mössbauer 
isomer shift, which together with the second-order Doppler shift makes up 
the centre shift, depends to some extent on the degree of shielding of the 
Mössbauer nucleus from outer s electrons by the d electrons, and is 
therefore sensitive to the Fe^ spin state. Isomer shifts for Fe (Is) 
compounds are significantly lower than those for Fe2+(hs) compounds due to 
the reduced shielding of the 3s electrons of Fe^+(ls) by the highly 
delocalized 3d electrons. Isomer shift values for Fe2+(hs) compounds range 
from typically 0.7 to 1.5 mm/sec at room temperature (relative to metallic 
iron), while room temperature values for Fe2+(ls) compounds are in the 
approximate range -0.3 to +0.4 mm/sec (Gibb, 1976). The centre shifts of 
the (Fe,Co)S compounds measured in this work range from 0.57 to 
0.76 mm/sec, and with second-order Doppler contributions of approximately 
-0.2 to -0.3 mm/sec, the isomer shifts would appear to be more typical of 
Fe2+(hs) than of Fe2+(ls).

More significant, perhaps, than the absolute values of the centre
shifts is the composition dependence of the parameter, which is plotted in
Fig. 3.4a. Two points should be considered here. First, a spin transition
of Fe2+ should be accompanied by a large discontinuity in the centre
shift. For example, the temperature-dependent high-spin -+ low-spin
transitions of Fe2+ in Fetphen^NCS)^ (Dezsi et al., 1967) and
[Fe(2-pic)_]Cl_.C_H._0H (Sorai et al., 1976) are accompanied by centre 

5 d d o
shift changes of ^ 0.5-0.6 mm/sec. The data of Fig. 3.4a show that no
composition-dependent change of a comparable magnitude has occurred in
this system. Consequently it is concluded that there is no concentration-
dependent spin transition of the Fe2+ ions. Second, the large magnetic

57hyperfine interactions observed at Fe in FeS and in the 50 mol % FeS 
sample at 4.2 K indicate strongly that the ferrous ions in both of these 
samples are in the high-spin state; Fe (Is) is diamagnetic, so only weak 
transferred hyperfine interactions are expected.

It is therefore concluded that Fe2+ in (Fe,Co)S is in the high-spin
state across the entire composition range of the solid solution, and a
spin transition is not responsible for the observed composition dependence

57of the magnetic hyperfine interactions at the Fe nuclei. This is 
consistent with calculations which indicate that FeS will not undergo a 
spin transition until the distance <Fe-S> is reduced to 228 pm (Tossell, 
1977). (<M-S> in (Fe,Co)S decreases from 246 pm for FeS to 235 pm for
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57 2+Fe:CoS.) However, it is difficult to reconcile the presence of Fe (hs)
57with the absence of an internal magnetic field in Fe:CoS at 4.2 K and 

25 kOe so the factors contributing to the hyperfine field must be examined 
in more detail.

The internal hyperfine field arises from the vector sum of basically 
three components related to the orbital angular momentum of the atom 
(orbital term), the spin density of the electrons at the nucleus (Fermi 
contact term), and the dipolar interaction of the magnetic moment of the 
atom with the nucleus (dipolar term). The relative size of each term 
determines the sign and magnitude of the internal field.

In high-spin FeS the internal field is large and negative (Gosselin
et al., 1976). The dominant contribution to the field, therefore, must be
the Fermi contact term which is the only large negative term for Fe^+(hs)
compounds. The dipolar term and the lattice contribution to the quadrupole
splitting involve the same lattice sum; hence the dipolar term is zero in

57cubic symmetry. The small values of the Fe quadrupole splitting in 
(Fe,Co)S indicate that the dipolar term should be small, and thus adds 
only a small positive contribution to the internal field. The orbital term 
is also positive for Fe^+(hs) compounds and its magnitude depends upon 
competing effects of the crystal field and the spin-orbit coupling. The 
magnitude of the orbital term in this case must be smaller than the Fermi 
contact term since the net internal field is negative.

In order to decrease the magnitude of the hyperfine field in (Fe,Co)S 
the relative magnitude of the various contributions must be altered. There 
are no plausible mechanisms which can be invoked to increase significantly 
the size of the dipolar and orbital terms. The Fermi contact term, 
however, which is a function of the electronic spin density at the 
nucleus, can be substantially reduced by an increase in electron 
delocalization (Gibb, 1976). The delocalization of 3d electrons would also 
lead to a reduction in the orbital and dipolar contributions. The 
suggestion is, therefore, that increased electron delocalization caused by 
the gradual shortening of the <M-S> distance with increasing Co^+ 
concentration in (Fe,Co)S reduces the Fermi contact term and the dipolar
and orbital terms to a point where the net internal field becomes zero.

57The absence of an internal field in Fe:CoS may be due to the almost 
negligible values of all contributions, or alternatively may be attributed 
to an almost exact cancellation of contributions which are small but
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finite; either possibility is consistent with the experimental data, but 
the former would appear to be unlikely.

The variation of the room temperature centre shift data with 
composition is consistent with the above hypothesis. Delocalization of the 
3d electrons decreases the value of the isomer shift (i.e. increases the 
charge density at the nucleus) due to the reduced shielding of the nucleus
by 3d electrons (Gibb, 1976). The room temperature centre shift value for
57 2+FerCoS of 0.57 mm/sec is considerably below typical values for Fe (hs)
compounds, indicating the presence of an effect such as extensive electron
delocalization.

A final note should be added concerning the effects of stoichiometry 
on the magnetic properties of (Fe,Co)S. In the preceding discussion the 
effects of the variable metal/sulphur ratio were not explicitly 
considered, but in reality the stoichiometry affects the cell parameters 
and dilution of metal atoms and hence the magnetic properties. The effect 
varies as a function of Co2+ composition. At the FeS endmember the <Fe-S> 
distance varies as a function of stoichiometry and the magnetic structure 
changes from antiferromagnetic to ferrimagnetic (Perthel, 1960). As the 
Co2+ concentration increases, however, the stoichiometry has considerably 
less effect on the magnetic properties. At 50 mol % FeS the <M-S> distance 
for (Fe,Co) S is 236.7 pro whereas the equivalent distance inU • yy
(Fe,Co)_ Q„S is 236.6 pm. At the CoS endmember the magnetic properties are 
virtually independent of stoichiometry (Townsend et al., 1975). The 
conclusion is, therefore, that stoichiometry affects the behaviour of 
(Fe,Co)S only near the FeS endmember. The overall discussion of the 
magnetic transition in (Fe,Co)S is not altered.

3.5 High-Pressure Phase of FeS
The decrease in cell parameters of FeS as Co2+ substitutes into the

57lattice raises the possibility that observations of Fe:CoS may be 
relevant to FeS at high pressure. FeS undergoes two known phase 
transformations at high pressure and room temperature (Fig. 3-7). The 
first transition occurs at 3.1* GPa and has been interpreted as a 
transformation of FeS to an MnP (B31) structure (King and Prewitt, 1982). 
At 6.7 GPa there is a further structural transformation to a postulated 
distorted NaCl (B1) structure (Mao et al., 1981). An in-situ Mössbauer 
study using a diamond anvil cell has been performed to further 
characterize the 6.7 GPa transition (King et al., 1978). Below 6.7 GPa the
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F^g* 3.6 Variation of the centre shift (relative to Fe) with <Fe-S> 
dist^ce for some sulphide minerals (after Vaughn and Craig, 1978). Data 
for Fe:CoS (represented by a cross) and (Fe,Mn)S and (Fe,Mg)S 
(represented by lines) were taken from the present thesis.

#  King Ö Prewitt 

O Mao et al.

230
60 GPa

★  <M-S> in öTe:CoS = 234 .9  pm

I8 20
Pressure GPa

Fig. 3«7 Variation of the <Fe-S> distance with pressure at 298 K from the 
data of King and Prewitt (1982) and Mao et al.(198l). The data of 
Mao et al.(1981) extend to 60 GPa.
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Mössbauer spectrum is magnetically split, but at 6.7 GPa the Mössbauer
spectrum of FeS converts to a nonmagnetic spectrum with a small quadrupole

2+splitting. The possibility of a high-spin -> low-spin transition in Fe 
was ruled out by King et al.(1978) on the basis of the centre shift data; 
at 298 K and 0.1 MPa the extrapolated value of the centre shift of the 
high-pressure phase is 0.53 + 0.1 mm/sec relative to iron metal. To

5account for this value King et al.(1978) postulated the presence of a d 
(Fe^+) configuration for iron above the 6.7 GPa transition, with the extra 
electron being transferred to a conduction band, to an iron 4s orbital or 
to the sulphur atom.

The Mössbauer data of (Fe,Co)S may clarify the nature of the 6.7 GPa
high-pressure phase (hpp) of FeS. It has been shown that the centre shifts
of sulphide minerals increase approximately linearly with increasing
<Fe-S> distance, reflecting the large dependence of the centre shift on
metal-ligand interactions irrespective of crystal structure (Vaughn and
Craig, 1978) (Fig. 3.6). The centre shift value of 0.57 mm/sec for 
57Fe:CoS in fact fits exactly with the linear trend for the observed <M-S>
distance of 235 pm. Fig. 3.7 illustrates the variation of the <Fe-S>
distance in FeS as a function of pressure, taken from the data of King and
Prewitt (1982) and Mao et al.(1981). The <Fe-S> distance in FeS(hpp) above
6.7 GPa extrapolated to 0.1 MPa is calculated to be 235 + 2 pm based on
the postulated distorted B1 structure for the high-pressure phase (the
extrapolation required is very modest since the compression data of Mao
et al.(1981) extend to 60 GPa). The nearly identical values of both the

57centre shift and <M-S> distance of FeS(hpp) and Fe:CoS strongly suggests 
extensive electron delocalization in Fe2+(hs)-bearing FeS(hpp). The 
transition to high electron delocalization in (Fe,Co)S occurs as the 
<Fe-S> distance decreases continuously to 235 pm, but the transition to 
high electron delocalization in FeS occurs discontinuously with increasing 
pressure. The discontinuity is related to the change in crystal structure 
at 6.7 GPa which is simultaneous with a decrease of the <Fe-S> distance 
from 239 pm to 232 pm (Fig. 3.7).

Liu (1981) has compiled data on the relationship between bond length 
and molar volume for a number of elements, MX compounds and MX^ compounds. 
He noted that the majority of structural phase transformations at high 
pressure involve an increase in the <M-M> or <M-X> bond length and a 
change to a more closely-packed structure. The few exceptions in which the 
bond length actually decreases are accompanied by either no change in
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crystal structure or a change to a more open-packed structure. These 
transformations are always associated with substantial electronic 
transitions (e.g. Cs, Sr, Ti, EuO, SmS). Both of the high-pressure phase 
transformations in FeS involve a decrease in the <Fe-S> bond length and a 
change to either the same or a more open-packed structure (FeS in the B31 
structure has the same "packing index" as FeS in the B8 structure, and the 
B1 structure is more open-packed than the B31 structure). The 3*5 GPa 
transition has already been shown to correspond to the semiconductor-metal 
transition observed at 420 K and 0.1 MPa (King and Prewitt, 1982); it is 
therefore very likely that the 6.7 GPa transition also involves a 
component of electronic change. This is consistent with the high degree of 
electron delocalization in FeS(hpp) relative to FeS(B8) suggested by the 
(Fe,Co)S data.

The outer electronic structure of FeS (B8) is commonly represented in
terms of bands, with the six d electrons being accommodated in a spin-up
t_ band (three electrons), a spin-up e band (two electrons) and a 2g g
spin-down band (one electron) (e.g. Goodenough, 1967; Wilson, 1972). 
The partially filled spin-down t band gives rise to metallic

^  O
conductivity in FeS above ^ 420 K, but below this temperature a 
spontaneous distortion of the crystal structure is accompanied by a 
splitting of the band into two, resulting in a sharp decrease in 
electrical conductivity (Goodenough, 1967). The transition at 3*5 GPa and 
298 K presumably removes the splitting of the spin-down band, resulting in 
metallic conductivity.

At high pressure Fe2+(ls) has been thought to be more stable than
Fe2+(hs) because of the large effect of decreasing the <Fe-S> distance on
the crystal field splitting. Fe2+ in FeS was interpreted to be in the
high-spin state at 6.7 GPa, and no discontinuities in the room temperature
compression data of Mao et al.(1981) are noted up to 60 GPa which are
comparable to the density change expected for a spin transition (despite
the fact that the <Fe-S> distance decreases well below 228 pm which was
calculated by Tossell (1977) to be the minimum <Fe-S> distance for 

VI 2+high-spin Fe ). Additionally, the shock wave data of Fe S show nou • y
further appreciable discontinuities up to 158 GPa (Ahrens, 1979). One 
possibility is that a high-spin -> low-spin transition occurs in Fe2+ with 
a negligible volume change, or alternatively, Fe2+(ls) is destabilized 
relative to Fe2+(hs) at high pressure due to extensive electron 
delocalization; both possibilities represent significant departures from
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current thinking regarding spin transitions in Fe^+ at high pressure.

3,6 Discussion of Fê ~*~ spin state in FeO
The observation of Fe2+(hs) in FeS to very high pressure (or 

alternatively a negligible density change involved with a spin transition) 
raises the question of whether similar behaviour might occur in FeO at 
very high pressure. The behaviour of FeS is associated with a high degree 
of electron delocalization related to the short <Fe-S> distance. Can 
increasing pressure produce a similar effect in FeO?

The answer might come from considering the bonding in FeO and FeS in
terms of the two types of covalency, central-field and symmetry-restricted
(Jorgensen, 1962). Central-field covalency describes the radial expansion
of the 3d orbitals due to interaction with the ligands, reducing the
effective nuclear charge of the metal ion. Central-field covalency
influences orbitals of different symmetry equally, and therefore both the
t^ and e electrons in Fe2+ become more delocalized. Symmetry-restricted 2g g
covalency describes the radial expansion of the 3d orbitals due to o and tt 

bonding effects, and affects the 3d orbitals differently. The 3d eg
orbitals form a  bonds whereas the t_ orbitals form tt bonds, and the2g
degree of delocalization of the 3d e and t? electrons depends on theg
relative stability of o and tt bonds, respectively.

FeO and FeS behave differently with respect to tt bonding. If the
ligand it  orbitals are unoccupied and are less stable relative to the metal
3d orbitals, for example in FeS, the metal t orbitals are stabilized
by tt bonding. If the ligand tt orbitals are occupied and are more stable
relative to the metal t orbitals, however, for example in FeO, tt bonding
destabilizes the metal t^ orbitals and no tt bonds are formed (Burns,2g
1970). An increase in symmetry-restricted covalency with increasing
pressure will have different effects on FeO and FeS, therefore; all of the
3d electrons (t„ and e ) will become more delocalized in FeS due to 2g g
enhancement of both a and tt bonding as the interatomic distance decreases, 
but only the 3d electrons in FeO will become more delocalized with 
decreasing interatomic distance since tt bonding is not favoured. In 
contrast, an increase in central-field covalency with increasing pressure 
will affect FeO and FeS similarly, increasing delocalization of both the
t_ and e 3d electrons. 2g g

2+The possibility of Fe in FeO at very high pressure behaving



similarly to Fe^* in FeS at lower pressure depends on whether the
pressure-induced covalency increase of Fe-0 bonds is dominated by
symmetry-restricted or central-field covalency. Because ir bonding is

57significant in sulphides and the effects observed in Fe:CoS and FeS(hpp)
are consistent with extensive delocalization of both the t^ and e2g g
electrons, central-field covalency would be required to dominate in FeO 
with increasing pressures if FeO were to follow the behaviour of FeS. 
Huggins (1975), however, has determined that symmetry-restricted covalency 
dominates as pressure is increased in almandine (Fe-rich garnet) and 
FeTiO^ using Mössbauer and optical absorption data which indicate that the 
t 3d electrons remain relatively localized. If bonding in FeO is also 
dominated by symmetry-restricted covalency at high pressure, a high- 
spin low-spin transition with a significant density increase is likely 
to occur in Fe2+ at high pressure as predicted widely in the literature.



35

Chapter 4 (Fe,Mn)S AND (Fe,Mg)S: THE B1 STRUCTURE

4.1 Introduction
FeS crystallizes in the B8 (NiAs) structure and is antiferromagnetic 

with a N6el temperature of roughly 590 K (Hirone et al., 1954). ot-MnS and 
MgS both crystallize in the B1 (NaCl) structure, but a-MnS is 
antiferromagnetic with a Neel temperature of 148 K (Heikens et al., 1977) 
while MgS is diamagnetic (MnS will henceforth refer to a-MnS). Both 
FeS-MnS and FeS-MgS form extensive solid solutions with the B1 structure 
at atmospheric pressure, but only small amounts of MnS and no MgS are 
soluble in FeS(B8) (Skinner and Luce, 1971). The main purpose of this 
study of (Fe,Mn)S and (Fe,Mg)S B1 solid solutions is to determine the 
compositional variation of the cell size and the Mössbauer parameters as a 
basis for characterizing the behaviour of (Fe,Mn)S and (Fe,Mg)S at high 
pressure (see Chapter 5). A secondary aim is to study and compare the 
properties of Fe^+ in two different B1 hosts, and to determine how the 
magnetic properties of MnS and MgS are affected by the presence of Fe^+. 
The results allow some speculation on the nature of the hypothetical phase 
FeS(B1), a phase which is important because of the proposed distorted B1 
structure for FeS at high pressure (Mao et al., 1981).

A study was also undertaken of MnS at high pressure in order to 
identify the nature of the high-pressure phase transition (Clendenen and 
Drickamer, 1966). The N6el temperatures of MnO (118 K), CoO (289 K) and 
FeO (198 K) increase with pressure (FeO, CoO: Okamoto et al., 1967; MnO: 
Bloch et al., 1980), and therefore compression of these phases at 298 K 
should eventually result in a magnetically-ordered structure, probably 
accompanied by a distortion from cubic symmetry due to exchange 
interactions between transition-metal cations. MnS is expected to behave 
in a similar manner, and the continuous transition observed by Clendenen 
and Drickamer (1966) may reflect a change in magnetic structure. It is 
useful to determine the nature of the high-pressure distortion for 
comparison with the rhombohedral distortion observed at the N£el 
temperature (e.g. Morosin, 1970). FeO has been observed to undergo a 
rhombohedral distortion at ^ 9 GPa and 298 K which occurs near the onset 
of magnetic ordering (Zou et al., 1980), and results from the study of MnS 
may be useful in understanding the nature of the FeO transition.
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4.2 Experimental Procedure
A series of samples with varying iron compositions within the B1 

single-phase region of (FetMn)S and (Fe,Mg)S was prepared (see phase 
diagrams in Fig. 5.1, p. 54). The samples were synthesized by heating 
mixtures of the appropriate elements inside evacuated silica glass tubes 
(identical to preparation of (Fe,Co)S, see section 3.2). X-ray diffraction 
patterns of all samples were recorded using either Fe KÖT or Co KcT 
radiation, and Si was used as an internal calibration standard. The cubic 
cell parameters of the samples were determined using a least-squares 
analysis of the x-ray reflections weighted according to the angular 
uncertainty. Compositions were determined using an electron microprobe 
(see section 2.3.2) and all samples probed were found to be stoichiometric 
(i.e. no metal defects) within experimental error. The variations of the 
cubic cell parameters of (Fe,Mn)S and (Fe,Mg)S are illustrated in 
Fig. 4.1. The results agree well with the data of Skinner and Luce (1971) 
(also illustrated). A linear least squares fit of the data gave the 
following results:
MgS-FeS a(pm) = 520.4 - 0.1299x (4.1)
MnS-FeS a(pm) = 522.4 - 0.1653X (4.2)
where x is mol % FeS.

The Mössbauer spectra of (Fe,Mn)S(B1) and (Fe,Mg)S(B1) were recorded 
at 298 K and 4.2 K using the spectrometers at Dept. Solid State Physics, 
ANU and Dept, of Physics, Monash University. Equipment description, sample 
preparation and run procedure are given in Chapter 2.

A sample of polycrystalline MnS (a = 522.45 + 0.05 pm) was synthesized 
by J. Wilke (R.S.Chem., ANU) for the compression experiment. The 
compression curve of MnS was measured using the diamond anvil cell, and 
the procedure is described in Chapter 2.

4.3 Mössbauer Spectra at 298 K 

4.3,1 Previous work
The Mössbauer spectra of (Fe,Mg)S have been recorded previously by 

Kurash et al.(1973) at 300 K and 78 K for samples with compositions 
ranging from 0 mol % FeS to 70 mol % FeS. The lattice parameters of their 
samples do not agree with the data presented in Fig. 4.1, however. This 
may be caused by too slow a quench rate from high temperature during 
sample synthesis; a slow quench is also implied by the observation of a



+ present work 

•  Skinner and Luce (1971)

-  512

mole %

37

F ig .  4.1 V a r i a t i o n  o f  th e  cub ic  c e l l  parameter  with  com posi t ion  for  
(Fe,Mg)S and (Fe,Mn)S B1 s o l i d  s o l u t i o n s .

TABLE 4 . 1  M össbaue r  p a r a m e t e r s  f o r  (Fe ,M n)S  and (Fe ,M g)S a t  298 K

Sample % FeSa <5b mm/sec e mm/sec T ram/sec

( F e , Mn)S:
FMS 9 4 . 7 ( 8 ) 0 . 9 5 3 ( 2 ) 0 . 0 5 6 ( 1 ) 0 . 3 4 5 ( 1 )
FMS 1 1 5 . 5 ( 1 5 ) 0 . 9 4 8 ( 4 ) 0 . 0 7 5 ( 2 ) 0 . 3 0 4 ( 4 )
FMS 2C 3 5 . 1 ( 8 ) 0 . 9 3 6 ( 4 ) 0 . 0 9 5 ( 2 ) 0 . 2 9 9 ( 5 )
FMS 8 5 4 . 6 ( 1 5 ) 0 . 9 2 2 ( 2 ) 0 . 1 1 6 ( 1 ) 0 . 3 1 4 ( 2 )
FMS 7d 6 6 . 5 ( 8 ) 0 . 9 2 2 ( 7 ) 0 . 1 0 4 ( 3 ) 0 . 3 5 7 ( 8 )

( F e , Mg)S:
FGS 7 3 . 1 ( 8 ) 0 . 9 8 4 ( 2 ) 0 . 0 5 6 ( 2 ) 0 . 3 9 5 ( 2 )

FGS 10 1 3 . 3 ( 8 ) 0 . 9 8 1 ( 2 ) 0 . 0 6 7 ( 1 ) 0 . 2 9 8 ( 1 )
FGS 9 3 5 . 4 ( 8 ) 0 . 9 5 4 ( 2 ) 0 . 1 0 2 ( 1 ) 0 . 3 1 4 ( 1 )
FGS 8 4 8 . 4 ( 8 ) 0 . 9 4 5 ( 2 ) 0 . 1 0 5 ( 1 ) 0 . 3 0 9 ( 1 )
FGS 2 5 8 . 9 ( 1 5 ) 0 . 9 4 1 ( 2 ) 0 . 1 0 9 ( 1 ) 0 . 3 1 8 ( 1 )

c a l c u l a t e d  f rom e q s .  ( 4 . 1 )  and ( 4 . 2 )

^ r e l a t i v e  t o  Fe m e t a l  
c t h i s  s am p le  a l s o  c o n t a i n e d  a p h a s e  w i t h  6 = 0 . 1 9 ( 2 )  mm/sec,  

e = 0 . 4 8 ( 2 )  mm/sec and  o c c u p i e d  5% o f  t h e  a r e a .

d t h i s  s a m p le  a l s o  c o n t a i n e d  a p h a s e  w i t h  6 = 0 . 1 4 ( 2 )  mm/sec,  
e = 0 . 5 0 ( 2 )  mm/sec and o c c u p i e d  16% o f  t h e  a r e a .
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tetragonal phase in the x-ray patterns of their samples corresponding to 
an ordering of Fe and Mg in the rocksalt lattice. Their Mössbauer spectra 
at 300 K had an overall line width of ^ 0.5 mm/sec which broadened at 78 K 
to ^ 0.6 -* 1.3 mm/sec (depending on the Fe concentration), but the 
resolution of their spectra was not sufficient to determine if magnetic 
interactions were present.

4.3,2 Experimental results and interpretation
The Mössbauer spectra of (Fe,Mn)S and (Fe,Mg)S recorded at 298 K are 

illustrated in Fig. 4.2, and consist of a single quadrupole doublet with a 
small splitting. The Mössbauer parameters of the doublet for each sample 
are listed in Table 4.1. (Fe,Mn)S samples containing 35 mol % (FMS 2) and 
66 mol % FeS (FMS 7) were also found to contain small amounts of an 
impurity, perhaps corresponding to FeS^ (see section 5.3.3). The impurity 
spectrum was fitted as a quadrupole doublet (parameters listed in Table 
4.1), and was neglected in the following analysis because of its low 
relative proportion.

The variation of the centre shift and quadrupole splitting of (Fe,Mg)S 
and (Fe,Mn)S at 298 K are shown in Fig. 4.3. There are three trends to 
note:
(1) The centre shifts of (Fe,Mg)S are significantly higher than those 

of (Fe,Mn)S.
(2) The centre shifts of both (Fe,Mn)S and (Fe,Mg)S decrease as the 

Fe^+ concentration increases.
(3) The quadrupole splitting of both (Fe,Mn)S and (Fe,Mg)S increases 

as the Fe2+ concentration increases.

57The centre shift is related to the s electron density at the Fe 
nucleus, and depends to a certain extent on the amount of shielding of the 
outer s electrons by the d electrons. A high degree of shielding of the 3s 
electrons by the d electrons results in a lower s electron density at the 
nucleus and therefore a higher centre shift, whereas a low degree of 
shielding results in a higher s electron density at the nucleus and a 
lower centre shift. Delocalization of the 3d electrons reduces the degree 
of shielding, and therefore reduces the centre shift. The ionic radius of 
Mg^+ (65 pm) is considerably smaller than that of Mn^+ (80 pm), but the 
interatomic distances in MgS and MnS are nearly identical; hence the 
orbital overlap between Mn and S is likely to be greater than that in 
MgS. Because Fe^+ interacts with Mn^+ through the connecting sulphur
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Fig. 4.2 Mössbauer spectra of (Fe,Mn)S(B1) and (Fe,Mg)S(B1) recorded at 
298 K. The spectra were fitted to a single quadrupole doublet, with 
parameters given in Table 4.1. The velocity scales are relative to Fe.
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ligands, it is reasonable to expect that the d electrons of Fe2+ in 
(Fe,Mn)S would spend more time away from the nucleus than those in 
(Fe,Mg)S. The shielding of the Fe nucleus by the d electrons in (Fe,Mg)S 
would therefore be greater than in (Fe,Mn)S, and (Fe,Mg)S should have a 
larger centre shift. The decrease of the centre shift with increasing 
% Fe2+ in both (Fe,Mn)S and (Fe,Mg)S would then be due to the greater 
degree of d electron delocalization as the <Fe-S> interatomic distance 
decreases with increasing % Fe2+.

In Fe high-spin compounds the magnitude of the quadrupole splitting
is usually dominated by the contribution from the electric field gradient
(EFG) caused by the electrons of the Fe2+ ion. In a perfect octahedral
site the EFG is zero, but a small distortion from cubic symmetry gives
rise to a nonzero EFG at the Fe^+ nucleus due to nondegeneracy of the t^
orbitals. One source of distortion is from the Jahn-Teller effect (Jahn
and Teller, 1937)» where the degeneracy of the ground state energy levels 

VI 2+in Fe (high spin) is removed because the t orbitals are unequally
2+ VI 2+populated. Such distortion is not possible for either Mg or Mn

because Mg2+ has no d electrons and VIMn2+ has equally populated t and
e orbitals. The quadrupole splitting in (Fe,Mn)S and (Fe,Mg)S is 
® 2+therefore small when Fe is diluted by cubic MnS and MgS, but as the 

% Fe2+ increases the distortion of the sulphur ligands becomes greater. It 
should be noted that the magnitude of the distortion would be too small to 
be detected by the x-ray technique used in the present study.

4.4 Mössbauer Spectra at 4.2 K

4.4.1 Previous work
57The Mössbauer spectrum of Fe:MnS has been recorded previously by 

Pollard et al.(1983). who studied the magnetic structure of MnS over a 
range of temperatures. Below the Neel point an eight-line magnetic 
spectrum was obtained (principal axis of EFG not aligned with the magnetic 
field direction), but the Mössbauer parameters could not be determined 
unambiguously from the spectra (see below). Using a crystal field analysis 
of the Mössbauer data, the spins were determined to lie along the cubic 
<110> direction for TN > T > 131 K. The linewidths became significantly 
broader below 117 K, however, and the Mössbauer spectra could not be 
fitted satisfactorily, which suggested a multiaxial spin arrangement.
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4.4.2 Fitting the spectra
The Mössbauer spectra of (Fe,Mn)S and (Fe,Mg)S recorded at 4.2 K are 

shown in Fig. 4.4. The spectra were fitted with a model where the field 
direction is not parallel to the principal axis of the EFG. In this case 
there are six parameters to be fitted: the centre shift (5), the 
quadrupole splitting (e), the hyperfine field (H) , the asymmetry of the 
EFG (n), and the angles specifying the direction of H with respect to the 
principal axis of the EFG (9, <f>) . There are, however, only five 
experimental quantities which can be measured: the ground state splitting 
and the energies of the four excited nuclear energy levels. Only 5 and H 
can be determined unambiguously from these quantities; in general e, n, 9 
and <f> vary within a range of values. The method used to determine the 
range of values in the present work was to fit the spectra with one set of 
parameters, and then systematically vary these parameters to determine all 
other valid solutions given the same nuclear eigenvalues, where validp
solutions are given by |cos 2<t> | _< 1, 0 _< sin 9 £  1 and 0 <_ n 1. The 
method of Kundig (1967) was used in fitting the Mössbauer spectra and a 
computer program written by D.C. Price was used to determine the range of 
parameters. The results of the analysis for (Fe,Mn)S and (Fe,Mg)S are 
listed in Table 4.2. The parameter ranges should not be regarded as formal 
uncertainties, but rather as ranges within which the true values of the 
parameters must lie. Often it is possible to obtain further data from 
another source to remove the ambiguity.

Both signs of the quadrupole splitting were considered in determining 
the allowed range of Mössbauer parameters, but in several cases (both 
(Fe,Mn)S and (Fe,Mg)S samples represented), only positive values resulted 
in allowed solutions. Assuming that the sign of the quadrupole splitting 
does not change within the solid solution, the Mössbauer spectra of both 
(Fe,Mn)S and (Fe,Mg)S are only consistent with positive values of e.

4.4.3 Interpreting the spectra
57 57The Mössbauer spectra of Fe:MgS and Fe:MnS are dramatically

different at 4.2 K. There appears to be no evidence for magnetic ordering 
57in Fe:MgS and Mg. --.Fe. ._S, whose spectra were fitted to one quadrupole 0. Ö5 0.15

doublet each, but the large line widths indicate that at least two 
doublets (and possibly more) with slightly different parameters are 
present. The onset of magnetic ordering occurs between 15 mol % and 
35 mol % FeS in (Fe,Mg)S at 4.2 K, and is likely to occur discontinuously. 
The magnitude of H does not vary appreciably with composition between
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Fig. 4.4 Mössbauer spectra of (Fe,Mn)S(B1) and (Fe,Mg)S(B1) recorded at 
4.2 K. The spectra were fitted to an eight-line magnetic spectrum, with 
parameters given in Table 4.2. The velocity scales are relative to Fe.
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TABLE 4.2 Mössbauer parameters for (Fe,Mn)S and (Fe,Mg)S at 4.2 K

Sample 6a mm/sec H kOe Fb m m / s e c e m m / s e c n 0° <0°

FMS 9 1.024(4) 78.0(5) 0.66(19) 0.57-
0.60

0.79-
1.00

29.0-
31.8

0.0-
23.1

FMS 1 0.964(6) 84.5(7) 0.52(13) 0.58-
0.62

0.69-
1.00

20.7-
26.6

0.0-
40.4

FMS 2 0.967(4) 82.3(5) 0.56(13) 0.62-
0.68

0.47-
1.00

27.6-
33.5

0.0-
43.9

FMS 8 0.936(5) 66.7(7) 0.52(11) 0.79-
0.87

0.46-
0.96

17.6-
26.6

0.0-
78.5

FMS 7 0.952(3) 66.2(7) 0.54(13) 0.68-
0.78

0.23-
1.00

28.5- 
35. 5

0.0-
57.2

FGS 7C 1.002(2) - 0.662(4) 0.154(2) - - -

FGS 10C 0.972(2) - 0.720(5) 0.164(3) - - -

FGS 9 1.010(3) 70.5(3) 0.61(24) 0.52-
0.59

0.38-
1.00

21.8-
30.4

0.0-
65.5

FGS 8 0.985(4) 77.6(3) 0.57(16) 0.56-
0.64

0.34- 
1.00

21.9-
30.8

0.0-
70.3

FGS 2 0.966(2) 78.7(2) 0.49(12) 0.62-
0.68

0.33-
0.93

19.8-
28.5

0.0-
84.0

arelative to Fe metal 
^average component line width 
cfitted to a quadrupole doublet
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35 mol % and 56 mol % FeS in (Fe,Mg)S.

Below the Neel temperature atomic spins in MnS align in the plane 
perpendicular to [111] and adjacent planes are coupled 
antiferromagnetically (Corliss et al., 1956). Exchange interactions 
between Fe2* and Mn2* in ^Fe:MnS contribute to a hyperfine internal 
magnetic field of similar magnitude to Fe-rich (Fe,Mg)S, and the magnitude 
of H does not vary appreciably with composition.

The quadrupole splitting at 4.2 K increases dramatically in (Fe,Mg)S
with increasing Fe2* concentration. This is consistent with a small2 .
rhombohedral distortion of the cubic lattice as Fe exchange becomes
significant in the solid solution. MnS undergoes a contraction of the
cubic lattice along [111] below the Neel temperature (Morosin, 1970),

57which contributes to the observed quadrupole splitting of Fe:MnS. The 
value of e at 4.2 K does not vary significantly with Fe composition, and 
is similar in magnitude to e for Fe-rich (Fe,Mg)S.

It is difficult to ascertain from the wide allowed ranges of 0 and <f>
indicated in Table 4.2 if the Fe2* spin orientation changes as a function
of composition. Often it is possible to determine the spin orientation
independently from a crystal field calculation (e.g. Price et al., 1974)
combined with other information such as optical, electron paramagnetic
resonance and magnetic susceptibility data, but the significant line
broadening observed in all of the present spectra indicates that
multiaxial spin arrangements are possible for (Fe,Mn)S and (Fe,Mg)S, and
such an analysis would contribute no additional information. The Mössbauer

57spectra represent a sum of the spectra from the different Fe sites, and 
therefore would average all of the different spin orientations. It is 
unlikely that solid solution effects contribute significantly to the 
observed line broadening since the average line width remains constant as 
a function of composition in both solid solutions (see Table 4.2).

4.5 The Hypothetical Phase FeS(B1)
FeS(B1) is the hypothetical endmember of (Fe,Mn)S and (Fe,Mg)S B1 

solid solutions, and data derived from these solid solutions can be used 
to determine the likely properties of FeS(B1). The free energy difference 
between FeS(B1) and FeS(B8) at a given T can be calculated from the 
atmospheric pressure phase diagrams of (Fe,Mn)S and (Fe,Mg)S (Fig. 5.1, 
p. 54) by the following method (Ringwood, 1962a). Consider FeS as a
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component of both the B1 and B8 solid solutions in equilibrium. The 
chemical potential of FeS in the B1 solid solution is given by
WB1(T) = MB1(T) + RTUn aB1(T) (4.3)
where aDi is the activity of FeS in the B1 solid solution. A similar

D I

expression can be written for the chemical potential of FeS in the B8 
solid solution. At equilibrium y ß1(T) = yßg(T), and so
U°g(T) - = RTin [aB1(T)/aB8(T)]. (4.4)
But the left-hand side of equation (4.4) is the free energy difference 
AG°(T) between FeS(B1) and FeS(B8), and if both the B1 and B8 solid 
solutions are assumed to behave ideally,
AG°(T) = RT£n [NB1(T)/NbQ(T)] (4.5)
where Nß1 and Nßg are the mole fractions of FeS in the B1 and B8 solid 
solutions on the equilibrium phase boundaries. From the solubility data of 
Skinner and Luce (1971), the zero-pressure free energy difference between 
FeS(B1) and FeS(B8) at 1273 K is calculated to be -4.1 kJ/mole from 
FeS-MgS data and -2.4 kJ/mole from FeS-MnS data, indicating the near 
stability of FeS(B1) at 1273 K and atmospheric pressure (see also Jackson 
and Ringwood, 1981).

The lattice parameter of FeS(B1) can be determined from the cell 
parameter data of (Fe,Mg)S and (Fe,Mn)S (Jackson and Ringwood, 1981). A 
value of a = 506.5 + 1.5 pm for FeS(B1) is obtained from an extrapolation 
of equations (4.1) and (4.2). The MBssbauer parameters of FeS(B1) at 298 K 
are determined by a rough linear extrapolation of the data in Fig. 4.3 to 
be 6 ^ 0.90(4) mm/sec and e ^ 0.16(4) mm/sec. The bonding in FeS(B1) 
(<Fe-S> = 253 pm) is inferred to be more ionic than in FeS(B8) (<Fe-S> = 
249 pm), and the octahedral Fe2* site should show only small deviations 
from cubic symmetry.

The B1 B8 transition has been of recent interest because of the 
proposed B8 high-pressure structure for FeO (Wang, 1970; Jackson and 
Ringwood, 1981; Navrotsky and Davies, 1981), but very little experimental 
data exists for B1 + B8 transitions in binary compounds. It is therefore 
worthwhile to determine parameters for the transition FeS(B1) + FeS(B8). 
The molar volume of FeS(B8) is 18.17 cm /mole, so AV for the transition is 
-7.2% at 298 K and 0.1 MPa (Jackson and Ringwood, 1981). On the basis of a 
correlation between bond lengths and molar volume, Liu (1981) has found 
that AV for B1 -> B8 transitions should never be greater than 5% if the 
interatomic distances remain unchanged and c/a of the B8 phase does not 
exceed 2.18 (maximum known value). In the case of FeS there is a 1.8%
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decrease of <Fe-S> in the transition from FeS(B1) to FeS(B8), which 
accounts for the larger AV. If a compound is known to undergo a B1 + B8 
transition at high pressure with an accompanying large volume decrease 
(> 5%), there must be a significant reduction of the interatomic distance 
and/or an unusually large c/a value for the B8 phase (if c/a =2.5 and B1 
and B8 <M-X> distances are equal, AV = -1256; from Jackson and Ringwood, 
1981). For Fe2+ compounds in which spin transitions might occur (for 
example, FeO; see discussion in section 3.6 comparing FeO and FeS), a 
high-spin ■ * low-spin transition could provide a substantial reduction in 
interatomic distance, and might accompany a B1 -► B8 transition.

FeS has been proposed by Mao et al.(1981) to transform to a distorted 
B1 structure above 7 GPa on the basis of a diamond anvil cell experiment 
(the high-pressure phase will be referred to as hpp). One of the greatest 
differences between FeS(B1) and FeS(hpp) is the mean <Fe-S> distance at 
0.1 MPa; <Fe-S> is calculated to be 253 pm in FeS(B1) compared with 235 pm 
for FeS(hpp) based on the proposed distorted B1 structure, a decrease of 
7%. This results in a volume reduction of nearly 20%, which probably is 
associated with a change in band structure. FeS(B1) is a good candidate 
for a Mott insulator (see Wilson, 1972 for a comprehensive discussion of 
Mott insulators); most first-row transition metal oxides and sulphides 
that crystallize in the B1 structure are Mott insulators (exceptions are 
VO and TiO) (Wilson, 1972), and the <Fe-S> distance in FeS(B1) is 
relatively large compared to other Fe sulphides (e.g. FeS in the troilite 
structure is a Mott insulator with <Fe-S> = 249 pm). In contrast, FeS(hpp) 
is likely to be metallic since its lower-pressure modification, FeS(B31), 
is also a metal, and the electrons in FeS(hpp) are more delocalized than 
in FeS(B31) (section 3*5).

4.6 Distortions of the B1 Structure at High Pressure 

4,6.1 MnS - new results
Clendenen and Drickamer (1966) have reported a distortion of MnS from 

cubic symmetry occurring at ^ 10 GPa and 298 K, but the origin and nature 
of the distortion is unknown. The present study was undertaken to 
characterize the symmetry and volume change at the transition, but no 
phase transformation was observed in MnS up to 21 GPa. The absence of a 
transformation is nevertheless significant, and the results are discussed 
in terms of observations of FeO at high pressure and 298 K.
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The MnS compression data were fitted to a Birch-Murnaghan equation-of- 
state third-order Taylor expansion of energy in terms of the Eulerian 
finite strain (Birch, 1952; 1978)
P = 3f(l + 2f)5/2 K [1 - 3f(U - KP)/2] (4.6)
where the Eulerian finite strain is given by
f = [(V/VQ )_2/3 - l]/2. (4.7)
Equation (4.6) can be linearized using the normalized pressure (Birch,
1978; see also Jeanloz, 1981)

<5/0
F = P/[3f(l + 2f; 7 ]. (4.8)
The compression data were fitted using both a weighted and unweighted
least squares minimization procedure and each gave similar results
(although standard deviations of K and K' were slightly higher in theo o
weighted case), but the weighted results are quoted as giving a more 
accurate representation of the uncertainty (Bass et al., 1981). The 
weighting factor for each data point was determined by propagating the 
volume error into the pressure. The compression data are shown in Fig. 4.5 
and results of the analysis are given in Table 4.3. The compression data 
of Clendenen and Drickamer (1966) and Wakabayashi et al.(1968) were also 
analysed by the same method for comparison.

The present MnS compression data are consistent with a single equation 
of state to 21 GPa; a fit of the data from 10 to 21 GPa is 
indistinguishable from a fit from 0 to 21 GPa. These results disagree with 
the data of Clendenen and Drickamer (1966), however. They noted that above 
^ 10 GPa the (220) x-ray reflection became substantially broader and the 
relative spacing between the (111) and (200) reflections changed, but no 
new lines appeared and the intensities of the old lines did not decrease, 
consistent with a distortion of the B1 phase. By assuming a tetragonal 
distortion, c/a at the transition was calculated by Clendenen and 
Drickamer (1966) to be 0.98 (assumed to be independent of pressure), and 
the resulting equation of state is indicated by the dotted line in 
Fig. 4.4 (P > 10 GPa). The zero-pressure elastic parameters of the 
distorted phase (P > 10 GPa) are identical within experimental error to 
the parameters of the undistorted B1 phase (P < 10 GPa).

Two points strongly suggest that MnS in the present work does not 
undergo the distortion observed by Clendenen and Drickamer (1966) above 
10 GPa. Firstly, there was no significant variation in the broadness of 
the different x-ray reflections at high pressure in the present work to 
suggest splitting due to structure distortion, since any distortion is
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Fig. 4.5 Compression curve of cubic MnS at 298 K. The data were fitted to 
a third-order Birch-Murnaghan equation of state with the parameters 
indicated. The equations of state fitted to the data of Clendenen and 
Drickamer (1966) are also plotted, but note that above 10 GPa their data 
were fitted assuming a tetragonal cell with c/a = 0.98.

Table 4.3 Results of fitting MnS compression data to third-order 
Birch-Murnaghan equation of state

source no.. points parameters 2 a X

present 
0 < P

work 
< 21 GPa

15 Kq=74.3(46) GPa 
K^=3.8(8)

0.2

present 
10 < P

work 
< 21 GPa

7 Kq=77.6(82) GPa 
K^=3.4(12)

0.2

C and D 
0 < P

(1966)
< 10 GPa

18 Kq=66.6(62) GPa 
K^=8.2(29)

1.7

C and D 
10 < P

(1966)b 
< 22.2 GPa

28 Kq=76.0(48) GPa 
K;=3.8(7)

0.6

C and D 
10 < P

(1966)C 
<22.2 GPa

28 K =101.7(55) GPa
K ' =2.4(6) o v

0.6

W et al, 
0 < P

. (1968) 
<6.5 GPa

28 K =77.9(131) GPa 
K ' =7.1(66)

0.1

areduced x
^fitted assuming a tetragonal high-pressure phase with c/a=0.98 
(independent of pressure)

cfitted assuming no phase transformation; volume calculated from (220) 
reflection assuming cubic symmetry
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likely to split different reflections by different amounts (at least four
reflections were measured at each pressure - (200), (220), (222) and
(420)). Secondly, the compression curve reported by Clendenen and
Drickamer (1966) is based on the volume calculated from the (220)
reflection assuming cubic symmetry. If the structure of MnS is assumed to
remain cubic above 10 GPa, K and K ’ are calculated from the data ofo o
Clendenen and Drickamer (1966) to be 101.7(55) GPa and 2.4(6), 
respectively. Significantly different values are obtained if the 
calculation is performed using the (220) reflections from the present 
work, where Kq and are similar to those determined using all x-ray 
reflections (K = 74.3(46) GPa, fC = 3.8(8)).

One explanation of the discrepancy between the present results and the 
previous data might be the presence of nonhydrostatic stress on the 
sample. Ostapenko (1971) has shown that for two polymorphs in hydrostatic 
equilibrium, the denser modification will become more stable if a uniaxial 
stress of significant magnitude is applied. A similar result has been 
shown to be true for second-order transitions where the more rigid form 
(higher bulk modulus and shear modulus) becomes the stable phase if a 
sufficiently large uniaxial stress is applied (Ostapenko, 1973). It 
follows, then, that under conditions of uniaxial nonhydrostatic stress a 
phase transformation (or distortion) could be observed to occur at a lower 
pressure than it would under hydrostatic conditions. This has been 
observed experimentally by Zou et al.(1981). Using solid helium as a 
pressure transmitting medium (hydrostatic conditions), they observed the 
a - e transition in Fe to occur at a considerably higher pressure than had 
been previously recorded, which they attributed to the absence of 
nonhydrostatic stress in their sample compared to previous experiments. It 
should be noted that the concept of thermodynamic equilibrium is not valid 
under conditions of nonhydrostatic stress since local phase equilibria 
differ depending on the orientation of the phase interfaces to the stress, 
and therefore transformations occurring under nonhydrostatic stress cannot 
strictly be located on an equilibrium phase diagram. Although most phase 
transformations will still take place under hydrostatic conditions, 
Bridgman (1936) states that thermodynamics does not prevent a phase 
transformation occurring under nonhydrostatic stress that would never 
occur under hydrostatic conditions.

It is difficult to evaluate the possible differences in nonhydrostatic 
stress between the present experimental apparatus and the one of Clendenen
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and Drickamer (1966); both used ungasketed samples with solid pressure- 
transmitting media, so both samples would be subject to nonhydrostatic 
stress. Clendenen and Drickamer (1966) used A1 (y = 2.6 GPa) as an x-ray 
standard, but the present work used NaCl (y = 1.5 GPa). It is possible 
that the low shear strength of NaCl could create an environment closer to 
hydrostatic than in a sample mixed with A1, and result in the phase 
transformation occurring closer to the hydrostatic equilibrium pressure. 
Experiments on MnS in which the degree of nonhydrostatic stress were 
varied would provide a confirmation or refutation of the explanation of 
the discrepancy, and would also establish whether the distortion of the 
MnS crystal structure above 10 GPa could be observed under hydrostatic 
conditions.

4.6.2 FeO - relevance of MnS results
Zou et al.(1980) have reported a progressive rhombohedral distortion 

in FeO commencing at ^ 9 GPa, but in a hydrostatic experiment (pressure- 
transmitting medium = neon) Hazen et al.(1981) report no deviation from 
cubic symmetry to at least 15 GPa, and suggest the absence of shearing 
forces to have caused the discrepancy. Results from the present work on 
MnS tend to support this suggestion. In previous nonhydrostatic 
experiments, however, compression data of FeO have been interpreted in 
terms of single equations of state all having similar parameters 
(Clendenen and Drickamer, 1966; Mao et al., 1969; Will et al., 1980); see 
Table 6.3 (p. Ö5) for specific values. The distortion may still have been 
present, however, but not observed. The distortion observed by Zou et 
al.(1980) was measured by the splitting of the (111) reflection; the (200) 
reflection remained unsplit. The previous analyses used only a small 
number of low-angle x-ray reflections, and would not indicate a distortion 
if the (200) reflection were given significant weight, and the splitting 
of the (111) reflection might have been obscured by broadening due to 
pressure gradients. The x-ray reflections used in the analyses were: 
Clendenen and Drickamer (1966) - (111) and (200); Mao et al.(1969) - 
(111), (200) and (220); Will et al.(1980) - (200).

Zou et al.(1980) have suggested that the rhombohedral distortion 
observed in FeO at high pressure and 298 K is similar to the one known to 
occur at low temperature, but data reported by Yagi and Akimoto (1981) 
indicate that the distortion involves more than a simple elongation along 
[111]. The Mössbauer data of Zou et al.(1980) indicate a magnetic 
hyperfine field in FeO existing from 5 GPa to at least 70 GPa, so some
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rearrangement of atomic spins must take place near the onset of the 
distortion. Okamoto et al.(1967) have measured the N§el temperature of FeO 
as a function of pressure to 0.5 GPa, and a linear extrapolation of their 
results to 298 K gives a pressure of 15 GPa, which is reasonably 
consistent with the experimental results.

A detailed study of the structure of FeO at high pressure and 298 K 
has yet to be reported, but it is important to understanding the nature of 
FeO at high pressure. The progressive volume decrease of FeO beyond the 
extrapolated value of the cubic form may be important in the 
interpretation of the shock wave data for FeO of Jeanloz and Ahrens (1979) 
beyond 70 GPa; only a detailed knowledge of the 298 K transition will 
indicate if it lies in a region of the P-T phase diagram of FeO that 
extends to high temperature, or even if it occurs at all under hydrostatic 
(equilibrium) conditions.



53

CHAPTER 5 (Fe,Mn)S AND (Fe,Mg)S: HIGH-PRESSURE PHASE DIAGRAM

5.1 Introduction
At atmospheric pressure the phase diagrams for the binary systems 

FeS-MnS and FeS-MgS contain a large single-phase region (B1 structure), a 
two-phase region (B1 and B8 structures) and in FeS-MnS, a narrow single­
phase region (B8 structure) (Skinner and Luce, 1971) (Fig. 5.1). The 
positions of the phase boundaries between regions can provide a measure of 
the relative stability of FeS (and also MgS and MnS) in the B1 and B8 
structures, and vary as a function of pressure at constant temperature 
according to the size of the volume difference between the B1 and B8 
phases. The properties of (Fe,Mg)S(B1) and (Fe,Mn)S(B1) have already been 
studied in detail, and the molar volume of the hypothetical phase FeS(B1) 
has been derived from these properties (Chapter 4, see also Jackson and 
Ringwood, 1981). The molar volume of the hypothetical FeS(B1) phase was 
calculated to be 1.2% greater than FeS(B8), and therefore increasing 
pressure in the FeS-MnS and FeS-MgS systems should result in exsolution of 
a B8-structured phase from the B1 solid solution due to the displacement 
of the B1 phase boundary towards the B1-structured endmember.

The purpose of the present study is to determine experimentally the 
phase diagrams of FeS-MgS and FeS-MnS at high pressure, firstly to 
determine if the predicted exsolution of the B8 phase takes place, and 
secondly to correlate the results with thermodynamic calculations of the 
phase boundaries. The latter provides further data regarding B1 -*■ B8 
transitions at high pressure, and allows the likelihood of B8 polymorphism 
in MgS and MnS to be assessed. The observation of a high-pressure phase of 
FeO above 70 GPa by Jeanloz and Ahrens (1980) raises the possibility of 
(Fe,Mg)0(B1) behaving in an analogous manner to (Fe,Mg)S(B1), and results 
from the study of FeS-MgS at high pressure may be relevant to calculation 
of the high-pressure FeO-MgO phase diagram.

5.2 Experimental Procedure
The phase diagrams of FeS-MgS and FeS-MnS were determined at high 

pressure using samples of (Fe,Mg)S and (Fe,Mn)S with compositions close to 
the phase boundary between the single-phase B1 region and the two-phase 
B1/B8 region in order to obtain a run product within the two-phase B1/B8 
region. The compositions of the B1 and B8 phase boundaries were taken to 
be equal to the compositions of the B1 and B8 phases in the run product 
quenched from high pressure and high temperature.
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Three samples were used in the experiments: Fe-rich (Fe,Mn)S 
(66 mol % FeS) (FMS 7) and (Fe,Mg)S (59 mol % FeS) (FGS 2) from the 
single-phase B1 region, and Fe-rich (Fe,Mg)S (80 mol % FeS) (FGS 1) from 
the two-phase B1/B8 region. Samples FMS 7 and FGS 2 were taken from the 
study described in the previous chapter (method of preparation described 
in section 4.2), and sample FGS 1 was prepared for the present study using 
an identical technique.

The samples were run at high pressure using a solid-media piston 
cylinder apparatus (Boyd and England, 1960), a Bridgman anvil squeezer 
(modified after Ringwood and Major, 1968) and a girdle apparatus 
(Liebermann et al., 1974). The sample was contained within a capsule which 
consisted of either graphite or spectroscopically-pure Fe. All runs were 
performed at 1273 K. Descriptions of the apparatus, calibration curves and 
run procedures are given in Chapter 2.

X-ray diffraction patterns of the quenched run products were recorded 
using Fe KoT and Co Ka radiation to determine the lattice parameters which 
were calculated on the basis of a least-squares analysis of the x-ray 
reflections weighted according to the angular uncertainty. Si was used as 
a calibration standard. The composition of the B1 phase was determined 
using either equation (4.1) or (4.2) (p. 36) relating the lattice 
parameter of the cubic cell to the iron composition. The composition of 
the B8 phase was determined from the (102) reflection of the hexagonal 
cell, using data of Skinner and Luce (1971) who found that the d . ^  
spacing increased smoothly from 209.3 pm for FeS(B8) to 210.2 pm for 
Fe. Mn QS(B8). There were additional x-ray lines in several patterns 
corresponding to a superstructure of the hexagonal B8 phase, but in 
general the lines were not sufficiently well resolved to determine 
unambiguously the lattice parameters of the superstructure; for 
consistency all lattice parameters of the Fe-rich phase were calculated 
assuming a hexagonal B8 structure. This assumption would not affect the 
determination of the Fe-rich phase composition, since a similar method 
using the d ^ spacing has been successfully used to determine the iron 
composition of nonstoichiometric FexS (Arnold and Reichen, 1962).

There is no data available regarding the variation of the d . ^  sPacin8 
with % MgS in (Fe,Mg)S(B8) since it is reported (Skinner and Luce, 1971) 
that MgS is insoluble in FeS(B8) at atmospheric pressure. It is reasonable
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to assume, however, that the increase in d £ sPaci-n8 with MgS composition 
will be comparable to the increase for (Fe,Mn)S since variations of the 
lattice parameters of (Fe,Mg)S(B1) and (Fe,Mn)S(B1) are almost identical. 
Also there is a strong correlation of the cation/anion electronegativity 
difference (Ax) with the c/a ratio of the B8 structure (e.g. Jackson and 
Ringwood, 1981), such that the greater electronegativity difference 
between Mg^+ and S^ (Ax = 1.3 cf. 1.0 and 0.7 for (Mn^+ ,S^~) and 
(Fe^+ ,S^~), respectively) should result in greater lattice distortion 
(larger c/a, and therefore larger d.^^ f°r similar <M-X> distance) for 
(Fe,Mg)S(B8) than for (Fe,Mn)S(B8).

Mössbauer spectra of the run products were recorded at 298 K using the 
spectrometers at Dept. Solid State Physics, ANU and Dept, of Physics, 
Monash University. Equipment description, sample preparation and run 
procedure are given in Chapter 2.

5.3 Experimental Results

5.3.1 X-ray diffraction: the phase diagram
Twenty-six high-pressure runs were performed on (Fe,Mn)S and (Fe,Mg)S 

samples to determine the phase diagrams. The results of the runs are 
listed in Table 5.1 and 5.2. Two different starting materials were used in 
the (Fe,Mg)S runs, and the absence of any difference in phase composition 
between run products produced from a single-phase B1 starting material and 
a two-phase B1/B8 starting material confirms that thermodynamic 
equilibrium has been achieved.

Relatively large uncertainties were recorded for the phase boundaries 
due to the broadness of x-ray lines in the B1 and B8 phases. X-ray lines 
corresponding to the Si standard are very sharp, so geometrical errors 
from x-ray diffraction can be ruled out. The nonattainment of equilibrium 
at high P,T can also be ruled out; several runs were repeated with 
significantly longer run times, and no change was noted in the broadness 
of lines or the compositions of the B1 and B8 phases. Some of the 
broadening may be attributed to minor variation in temperature across the 
sample, but the most likely source of broadening is from poor 
crystallization of the B1 and B8 phases, perhaps but not necessarily due 
to the quenching rate.

Mann and Van Vlack (1976) have observed differences in the 
stoichiometry of the B8 phase between phase diagrams of FeS-MnS (iron
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TABLE 5.1 Results of (Fe,Mg)S high-pressure runs at T « 1273 K

Run # P GPa Capsule Starting3
Material

Bl phase 
a(pm) a(pm)

B8 phase 
c(pm) d102(pm)

phase boundary 
Bl(mol % FeS)

compositions 
B8(mol % MgS)

9261 0.5(1) Fe B1/B8 511.9(2) _b _b 210(5) 65.4(15)
9257 1.0(1) Fe B1/B8 512.4(4) 344.7(5) 588(1) 209.3(1) 61.6(31) nil

9266 1.5(1) Fe B1/B8 513.7(4 ) 344.9(5) 587(1) 209.5(1) 51.6(31) <1%C

9295 1.5(1) C Bl 514.1(2) 345.3(5) 580(1) 208.1(1) 48.5(15)

9259 2.0(1) Fe B1/B8 514.2(4) 344.8(5) 588( 1) 209.6(1) 47.7(31) <2%C

9288 2.2(1) C Bl 514.5(2) 344.7(5) 586(2) 209.2(2) 45.4(15)

9265 2.5(1) Fe B1/B8 515.6(4) 344.7(5) 588(1) 209.4(1) 37.0(31) <1%C

9260 3.0(1) Fe B1/B8 515.6(4) 344.5(5) 588(1) 209.2(1) 37.0(31) nil

9273 3.5(1) C Bl 515.3(4) 344.3(5) 589(1) 209.6(1) 39.3(31)

9196 3.7(1) C B1/B8 515.7(4) 344.7(5) 588(1) 209.4(1) 36.2(31)

9296 4.5(2) C Bl 516.1(3) 344.9(3) 586(1) 209.2(1) 33.1(23)

G2-112 5.3(5) C Bl 516.2(2) 345.4(5) 581(1) 208.3(1) 32.3(15)

G2-99 6.0(5) C Bl 516.6(4) 344.7(5) 588(1) 209.5(1) 29.3(31)

aindicate8 whether starting material was single phase (Bl) or two phase (Bl + B8)

bonly the strongest reflection of the B8 phase (102) was present; the lattice parameters could not therefore
be determined

cmaximum allowed composition, assuming d1Q2 in (Fe,Mg)S (B8) varies in a similar manner to d1Q2 in (Fe,Mn)S (B8)

TABLE 5.,2 Results of (Fe,Mn)S high-pressure runs at T - 1273 Ka

Run # P GPa Capsule Bl phase 
a(pm) a(pm)

B8 phase 
c(pm) d102(pm)

phase boundary 
Bl (mol % FeS)

compositions 
B8 (mol % MnS)

9303 0.5(1) C 511.2(3) - - - >67.8(18)b
9305 1.0(1) C 511.4(2) - - - >66.5(12)b
9306 1.5(1) C 511.3(3) - - - >67.2(18)b
9304 2.0(1) C 512.1(3) 343.5(8) 591(5) 209.5(3) 62.3(18)
9302 2.5(1) C 513.5(3) 346.8(5) 579(3) 208.5(2) 53.8(18)
9298 3.0(1) C 513.5(3) 345.4(5) 589(2) 209.8(1) 53.8(18)
8807 3.5(1) C 513.7(3) 345.2(5) 587(1) 209.5(1) 52.6(18)
8811 3.5(1) Fe 513.7(3) 346.2(5) 589(2) 209.9(1) 52.6(18) 5.4(11)
9297 4.5(2) C 514.2(2) 345.4(5) 591(2) 210.2(1) 49.6(12)
9311 5.0(2) Fe 514.4(3) 345.7(5) 588(2) 209.9(1) 48.4(18) 5.4(11)
G2-113 5.7(5) C 514.5(2) 345.7(5) 585(1) 209.2(1) 47.8(12)
G2-114 6.0(5) C 514.6(2) 346.1(5) 584(2) 209.1(1) 47.2(12)
S286 7.0(5) Fe 516.9(3) 345.5(5) 589(2) 209.9(1) 33.3(18) 5.4(11)

aall runs performed with single-phase (Fe,Mn)S (Bl) as a starting material

bno B8 phase was observed to be present in the run product; the Bl - B1/B8 phase boundary must therefore lie 
at a higher FeS composition
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saturated) and FeS-MnS (no excess iron) at atmospheric pressure, so two 
types of sample capsule were used in the experiments to determine if the 
phase boundaries were affected by the presence or absence of metallic iron 
at high pressure. No change was noted in the composition of the B1 phase 
boundary regardless of whether a graphite capsule (no excess iron) or iron 
capsule (iron saturated) was used. There was a decrease, however, in the 
spacing of the (102) reflection of the B8 phase when the system was 
undersaturated with respect to iron, caused by nonstoichiometry of the B8 
phase. The amount of MgS or MnS present in the B8 phase could not then be 
reliably determined, and therefore the composition of the B8 phase 
boundary was determined only from those runs which used iron capsules.

The phase diagrams of FeS-MnS and FeS-MgS determined from the high- 
pressure experiments are illustrated in Fig. 5.2. The most notable feature 
of the phase diagrams is the considerable displacement of the B1 phase 
boundary towards the B1 endmember at high pressure, confirming earlier 
predictions based on the relative molar volumes of FeS in the B1 and B8 
structures. A further feature of the phase diagrams is the pressure 
insensitivity of the composition of the B8 phase. In FeS-MnS the maximum 
concentration of MnS in FeS(B8) decreases from 7.4 mol % at 0.1 MPa to 
5.4(11) mol % at 3.5 GPa, and remains relatively constant to at least 
7 GPa. The results from FeS-MgS are consistent with less than 1 mol % MgS 
dissolved in FeS(B8) to at least 3 GPa. Although the experiments on 
(Fe,Mg)S at higher pressure were performed with graphite capsules, there 
is no evidence to suggest a substantial increase in the amount of MgS in 
FeS(B8) to at least 6 GPa.

The limiting composition for the (Mn,Fe)S B1 solid solutions appears 
to change dramatically between 6 GPa and 7 GPa. It is likely that the 
discontinuity is caused by the high-pressure phase transition 
(Fe,Mn)S(B8) ■* (Fe,Mn)S(hpp) where the high-pressure phase is similar to 
the one reported by Mao et al.(1981) for FeS.

5.3.2 Optical examination of exsolution textures
Several of the high-pressure run products were examined using the 

electron microprobe to determine the compositions of the B1 and B8 phases, 
but in all cases only the bulk composition of the sample could be 
obtained, suggesting a grain size of the exsolved B8 phase smaller than 
1 ym. The high-pressure run products were then examined using a polarizing 
optical microscope to determine the textures of the exsolved B8 phase.
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T= 1273 K 1

(Fe,Mn)S (Bl)

moie %

T=I273 K

(Fe,Mg)S (Bl)

(Fe.Mg)S(BI) FeS (B8)
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Fig. 5.2 Phase diagrams of the systems FeS-MnS and FeS-MgS determined 
from high-pressure runs at 1273 K. The solid curves correspond to the 
phase boundaries calculated assuming that only the B1 solid solutions 
behave ideally (see section 5.4). For FeS-MnS the activity coefficient of 
the B8 solid solution (£ 1) was assumed to remain constant with pressure. 
The dashed lines correspond to the phase boundaries calculated assuming 
that both the B1 and B8 (Fe,Mn)S solid solutions behave ideally.
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Only the products of runs with starting materials from the single-phase B1 
region were studied to avoid confusion of the exsolved B8 phase with a B8 
phase which was present initially.

The photographs that were taken of the (Fe,Mn)S and (Fe,Mg)S high- 
pressure run products in polarized light are shown in Plate 5.1. The dark 
grey areas correspond to the B1 phase, the light grey areas to the B8 
phase, the black areas to either graphite or epoxy resin (mounting 
compound), and the white area in (f) to metallic iron from the sample 
capsule. The B1 and B8 phases could not be distinguished in unpolarized 
light.

The photographs in Plate 5.1 confirm that the grain size of the B8 
phase is less than 1 pm, but the exsolution textures vary from sample to 
sample. The classic lamellar form is illustrated by (i), where the grains 
form octahedral nets (four preferred directions) typical of a hexagonal 
guest phase (B8) in a cubic host phase (B1) (Ramdohr, 1980, p. 173). The 
exsolution boundaries in the remaining (Fe,Mg)S samples show varying 
degrees of rounding, with almost spheroidal grains in (g). The grains of 
the exsolved B8 phase in the (Fe,Mn)S samples are nearly all spheroidal, 
with only remnants of a lamellar texture in (e) and (f).

The variation in exsolution textures can probably be attributed to
differences in their time of formation. Ramdohr (1980, p. 172) has
observed the lamellar texture of chalcopyrite in bornite formed by rapid
cooling from 873 K to be obliterated and replaced by spheroidal grains
when the sample was cooled slowly. Slow cooling increases the time
available for diffusion of the cations through the sample and hence causes
rounding of sharp-cornered exsolution boundaries, merging of fine bodies
into larger inclusions and flowing out of lamellae into irregular rows of
dots (Ramdohr, 1980, p. 169). In (Fe,Mg)S and (Fe,Mn)S exsolution of the
B8 phase is not caused by cooling below a critical temperature, but by
destabilizing the solid solution at high pressure; here the equivalent of
a slow cooling rate is a run of long duration at high P,T. The exsolution
textures of (Fe,Mg)S samples are qualitatively accounted for by the run
duration, because the deterioration of the lamellar texture corresponds to
increasing run time: (i), (k) - 30 min, (j) - 45 min, (h) - 2 hr, (g) -
6 hr. The absence of lamellar textures in the (Fe,Mn)S samples does not
correspond to long run times (all less than 2 hr), and probably indicates

2+ 2 +a higher diffusion rate of Mn compared to Mg
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Plate 5.1 Photographs taken of products from (Fe,Mg)S and (Fe,Mn)S high- 
pressure runs. The white scale bar corresponds to 1 ym. The key below 
indicates the run number, the pressure of the run, and the duration of the 
run.

Key to phases,: dark grey - B1 phase
light grey - B8 phase 
black - graphite or epoxy

(Fe,Mn)S

(a) Run 9306 - 1.5 GPa, 2 hrs

(b) Run 9302 - 2.5 GPa, 1.5 hrs

(c) Run 9298 - 3.0 GPa, 0.6? hr

(d) Run 9297 - 4.5 GPa, 0.5 hr

(e) Run G2-113 - 5-7 GPa, 0.5 hr

(f) Run S286 - 7.0 GPa, 1.0 hr 
-the white areas correspond 
to metallic Fe

(Fe,Mg)S

(g) Run 9295 - 1.5 GPa, 6 hrs

(h) Run 9288 - 2.2 GPa, 2 hrs

(i) Run 9296 - U.5 GPa, 0.5 hr

(j) Run G2-112 - 5.3 GPa, 0.8 hr

(k) Run G2-99 - 6.0 GPa, 0.5 hr
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The relative amounts of the B8 phase and the B1 phase are constrained
by the final composition of the B1 phase and the metal/sulphur ratio of
the B8 phase
Fe0>59Mg0^ 1S(Bl) + (l-a)FexMgl_xS(Bl) + aFe S(B8) (5.1)
Feo!66Mno!3US(Bl) * + a(Fe0_95Mn0_05)yS(B8) (5.2)

where y should fall between the values 1.0 and 0.88 (Fe^Sg). The B8/B1 
ratio is sensitive to the stoichiometry of the B8 phase, and an 
independent determination of the B8/B1 ratio would constrain the metal/ 
sulphur ratio. In theory the B8/B1 ratio could be determined by point 
counting the phases from photographs such as those in Plate 5.1» but the 
large uncertainty involved would preclude a meaningful interpretation. A 
rough count of the area covered by the B8 phase in Plate 5.1, however, 
indicates that the relative proportions of the B1 and B8 phases are at 
least consistent with the final compositions of the B1 and B8 phases 
listed in Tables 5.1 and 5.2, assuming that y lies between the values 1.0 
and 0.88.

TABLE 5.3 Mössbauer parameters for (Fe,Mg)S and (Fe,Mn)S high-pressure run products

Run # P GPa % FeSa B1 phase
6 mm/sec e mm/sec

B8 phase13
6 mm/sec H kOe

area rati 
calculated0

.0 B8/B1
observed0

(Fe,Mn)S
9306 1.5(1) 67.2(3) 0.925(3) 0. 117(3) - - - -
9302 2.5(1) 53.8(3) 0.926(3) 0.115(3) 0.74(5) 287(1) 0 . 7 4 - 1.1 1.2(1)
8811 3.5(1) 52.6(3) 0.940(6) 0.132(6) 0.78(4) 310(1) 0 .8 3 -  1.2 1.4(2)
9297 4.5(2) 49.6(2) 0.915(6) 0.119(7) 0.78(1) 310(1) 1 1  - 1-5 1.4(2)
G2-114 6.0(5) 47.2(2) 0.920(3) 0. 119(3) 0.76(1) 312(1) 1 .3  - 1.8 2.0(1)
S286e 7.0(5) 33.3(3) 0.965(12) 0.106(14) 0.75(4 ) 312(1) 3 . 2  - 4 . 6 3.2(2)
(Fe,Mg)S:
9295 1.5(1) 50.2(2) 0.920(19) 0.095(26) 0.67(8) 309(1) 0 . 4 3 - 0 - 5 3 1.2(1)
9288 2.2(1) 47.8(2) 0.952(3) 0.114(3) 0.80(5) 295(2) 0 .5 7 - 0 .7 1 1.2(1)
9273 3.5(1) 43.0(3) 0.950(6) 0.112(6) 0.81(3) 314(1) 0.91  - 1.1 1.9(1)
9296 4.5(2) 38.1(3) 0.958(4) 0.095(5) 0.76(1) 311(1) 1 . 3  - 1 .7 2.3(1)
G2-99 6.0(5) 35.1(3) 0.972(7) 0.095(9) 0.75(1) 312(1) 1 . 7  - 2.1 2.8(1)

Composition of the B1 phase determined from the cell parameter data using eqs. (4.1) and (4.2) 
bbased on a fit of the B8 phase to three doublets
Calculated assuming reactions (5.1) and (5.2) with a metal/sulphur ratio of 1.0 and 0.88 (lower and upper 
bounds, respectively)
dbased on the area under the Mössbauer spectrum of the B8 phase relative to the spectrum of the B1 phase 
ethis sample also contained ^60% metallic iron (present as a six-line magnetic spectrum)
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5.3.3 Mössbauer spectra of high-pressure runs
The Mössbauer spectra were recorded at 298 K of a series of (Fe,Mn)S 

and (FefMg)S samples quenched from high pressure (Fig. 5.3). selected from 
runs with a starting composition in the single-phase B1 region of the 
phase diagram. The spectra indicate that the run products consist of at 
least two phases: a quadrupole doublet corresponding to the B1 phase, and 
a six-line magnetic spectrum corresponding to the B8 phase. The relative 
spacings of the spectral lines corresponding to the B8 phase indicate that 
the magnetic field direction and the principal axis of the electric field 
gradient in the B8 phase are not parallel, and a simple six-line fit to 
the spectrum is not appropriate. This has been previously observed by 
Ono et al.(1962) and Hafner and Kalvius (1966) to be true for FexS 
(x = 1.00, 0.95, 0.93. 0.88). For computational simplicity the B8 phase 
spectrum was fitted to three sets of doublets, with the centre shift being 
calculated from the weighted average of the centres and the hyperfine 
field from the splitting of the outermost doublet.

The Mössbauer parameters of the spectra are listed in Table 5.3. The 
centre shift and quadrupole splitting of the B1 phase quenched from high 
pressure should agree with the values determined for single-phase 
(Fe,Mn)S(B1) and (Fe,Mg)S(B1) samples a3 a function of composition in 
Chapter 4. The present values of <5 and e are plotted in Fig. 5.4 along 
with lines indicating the variation of <5 and e with composition taken from 
Fig. 4.3 (p. 40). The agreement between 6 and e and previously measured 
values is satisfactory, given the poor resolution of the large velocity 
scale and the presence of a third phase (discussed below).

The centre shift and hyperfine field of the B8 phase do not vary 
appreciably with either pressure or composition, and the values are 
identical within experimental error to those recorded for Fe S (e.g.I • u
Ono et al., 1962; Hafner and Kalvius, 1966); the small amount of Mn 
present in FeS cannot be measured, therefore, in the present work. The few 
odd values of <5 and H are probably due to effects from the small particle 
size of the B8 phase (e.g. Schroeer, 1970). Evidence for these effects is 
provided by the unusually broad line widths of the B8 phase, consistent 
with a partial relaxation of the spin domains due to their small volume 
(e.g. Collins et al., 1967).

There is evidence from the Mössbauer spectra in Fig. 5.3 for a third 
Fe-bearing phase, present as a quadrupole doublet with parameters
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Fig. 5.3 Mössbauer spectra of (Fe,Mn)S and (FefMg)S run products quenched 
from high pressure, recorded at 298 K. The velocity scales are relative to 
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O FeS-MnS

•  FeS-MgS

*= 0.96

S 0.08
•  FeS-MgS

MnS mole %
Fig. 5.4 Variation of the centre shift and quadrupole splitting with 
composition of the spectra shown in Fig. 5.3. The bold lines indicate the 
variation of the parameters observed for single-phase (Fe,Mn)S(B1) and 
(Fe,Mg)S(B1) (section 4.4).
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5 'v, 0.2 mm/sec, e ^ 0.6 mm/sec and very broad line widths ('v 0.5 - 
1.0 mm/sec). Small amounts of a similar phase were also observed in two 
spectra of (Fe,Mn)S(B1) at 298 K (section 4.3.2). The high-pressure 
spectra could not be successfully fitted with a quadrupole doublet 
corresponding to the third phase because of its relatively small 
proportion and the large velocity scale of the spectra; to accommodate the 
additional intensity the widths and areas of the inner doublet of the B8 
phase were permitted to vary, and the remaining area of the impurity 
doublet was taken up by the B1 phase doublet. The fit introduces small 
errors into the measured parameters for the B1 phase, and might account 
for the deviations of the centre shift and quadrupole splitting data in 
Fig. 5.4.

The third phase might correspond to iron-rich FeS^ (C2-structured 
phase), whose Mössbauer parameters are nearly identical to those observed 
here (e.g. Temperley and Lefevre, 1966). There are two points which 
suggest that the particle size of the C2 phase is very small (< 100 nm). 
Firstly, there was no evidence for large grains of an additional phase 
noted in the mounts illustrated in Plate 5.1, and FeSp should be easily 
distinguished by its metallic lustre. Secondly, the Mössbauer lines of the 
spectrum are excessively broad, consistent with wide ranges of the 
Mössbauer parameters (6 , e) caused by stress and strain effects from the 
large number of crystallite surfaces, and coupling of large numbers of 
atoms to the environment at crystallite interfaces (Schroeer, 1970).

The relative amounts of Fe in the B1 and B8 phases can be roughly 
determined from the areas of the corresponding spectra, and are listed in 
the last column of Table 5.3. The area ratio B8/B1 can also be calculated 
on the basis of reactions (5.1) and (5.2); B8/B1 = ay/(x(1-a)) for 
(Fe,Mg)S and B8/B1 = 0.95ay/(x(1-a)) for (Fe,Mn)S, where x is the Fe 
composition of the B1 phase in the run product and y is the metal/sulphur 
ratio of the B8 phase (the Mössbauer effect sees only the Fe atoms, not Mg 
or Mn). The range of values that are obtained for the area ratio B8/B1 
when y is varied from 1.0 to 0.88 are listed in Table 5.3.

For the runs performed in Fe capsules, the value of y is already known 
to be 1.0 (Mann and Van Vlack, 1976), and therefore the area ratios from 
spectra of runs 8811 and S286 should correspond to the lower bound of the 
calculated range. The observed and calculated values agree within 30%, 
which is consistent with the magnitude of additional errors in the area
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ratio that were not accounted for due to uncertainty regarding the 
magnitude of their contributions. These errors include differences in 
recoil-free fraction between phases, the poor resolution of the large 
velocity scale, the presence of Fe^+ , and the effect of the impurity 
phase, which taken together, could probably affect the area ratio by 
^ 30 - 40%.

From the d ^ ^  spacing data, the metal/sulphur ratios of the B8 phase 
in runs performed in graphite capsules are already known to be less than 
1.0 (section 5.3.1). This is confirmed by the observed area ratios of 
these runs which exceed the calculated range (y = 1.0 to 0.88) in all 
cases. Bearing in mind the large error associated with the area ratio 
measured from the Mössbauer spectra and that it probably overestimates 
rather than underestimates the true value, the metal/sulphur ratios of the 
B8 phase in runs performed in graphite capsules probably fall within the 
range 1.0 to 0.88, although it is likely that they lie closer to 0.88 than 
to 1.0.

5.4 Theoretical Calculation of High-Pressure Phase Diagrams 

5.4.1 FeS-MgS
The phase diagram of FeS-MgS can be calculated at high pressure from 

thermodynamic data derived from the solid solution. Experimentally the 
phase FeS(B8) is observed to dissolve negligible MgS to at least 3 GPa, so 
FeS(B8) will be assumed to be a pure phase in the calculation. 
Nonstoichiometry of FeS is also neglected; this was shown in section 5.3.1 
not to affect the composition of the B1 - B1/B8 phase boundary. FeS(B8) is 
assumed to be stable at 1273 K from 0.1 MPa to 6 GPa. King and Prewitt 
(1982) have identified a phase with the orthorhombic MnP structure (B31) 
above 3.5 GPa at 298 K, but the location of the phase boundary between the 
B31 and B8 structures at high P,T is unknown. The transition 
FeS(B31) -+■ FeS(B8) is observed to be second order at 0.1 MPa and occurs 
from -v 36O K - 490 K (King and Prewitt, 1982), so any reasonable estimate 
of the slope of the B31/B8 phase boundary would support the assumption 
that FeS(B8) is stable at 1273 K from 0.1 MPa to 6 GPa.

At the P,T conditions where Fe^Mg^ xS(B1) exists in equilibrium with 
the mixture Fe^g^ S(B1) + FeS(B8), the chemical potentials of FeS in 
each phase are equal. The chemical potential of FeS in the B1 phase is 
given by
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»FeS<P’T > ^eS°<P’T > + RTta aFeS (5.3)
where the zero subscript refers to pure FeS and a is the activity of FeS 
in the (Fe,Mg)S B1 solid solution. If the B1 solid solution is assumed to
behave ideally, the activity of FeS is equal to its mole fraction, x. The 
chemical potential of FeS in the B8 phase is given by

(5.4)IW(P,T) B8»°(p ip)
F e S ' " yFeS K 9 1

At equilibrium
B1
VFeS(P>T) *FeS(P’T) (5.5)

pP^°(P,T) - uPP’°(P,T) = RTJln x. (5.6)
But the left-hand side of equation (5.6) is the free energy change
AG (P,T) for the reaction
FeS(B1) -> FeS(B8) (5.7)
which is related to AG°(0,T) by
AG°(P,T) = AG°(0,T) + /AV(P,T) dP (5.8)
where AV(P,T) refers to reaction (5.7). If the effects of thermal 
expansion and compression are assumed to be equal in FeS(B1) and FeS(B8), 
the value of x is given by
x = exp {[AG°(0,T) + PAV(0,298 K)]/RT}. (5 g)

The values for AG°(0, 1273 K) and AV(0, 298 K) have been determined from
•3FeS-MgS solid solution data to be -4.1 kj/mole and -1.4 cm /mole, 

respectively (Jackson and Ringwood, 1981; section 4.5, this thesis).

The composition of the B1 - B1/B8 phase boundary in the system FeS-MgS 
has been calculated using equation (5.9) at T = 1273 K, and is plotted in 
Fig. 5.2 (p. 59). The close agreement between the experimental results and 
the calculated curve confirms that the analysis which predicts exsolution 
of FeS(B8) at high pressure from (Fe,Mg)S(B1) is valid.

The solubility of a given compound (e.g. MgS) in solid solution with 
another compound having a denser structure (e.g. FeS(B8)) is a function of 
the free energy difference between structures, and is thus related to the 
pressure at which the former compound (MgS) transforms to the denser 
structure (Ringwood, 1962a). The negligible solubility of MgS in FeS(B8) 
to at least 6 GPa is therefore not consistent with B8 polymorphism of MgS 
at moderate pressures, and indicates that an alternative structure might 
be a more likely candidate for MgS at high pressure, for example the B2 
structure which is more favoured among Group IIA compounds.
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5.4.2 FeS-MnS
The method of calculating the FeS-MnS phase diagram at high pressure 

is similar to FeS-MgS, except that the B8 phase composition must be 
considered variable. There are two phase boundaries to be calculated, one 
between FexMn^ ^S(B1) and the two-phase region, and the other between the 
two-phase region and Fe^Mn^ ^S(B8). The chemical potentials of both FeS 
and MnS in the B1 and B8 solid solutions must be considered to obtain two 
equations expressed in (P,T,x,y). These are
AG°eS(0,T) + PAVFeS = RT£n (x/y) (5.10)
AGMnS(0’T) + PAVMnS = RT£n t d-x)/(l-y) ] (5.11)
where thermal expansion and compression effects have been neglected, AV
refers to the B1 -* B8 transition, and both the B1 and B8 solid solutions
are assumed to behave ideally. AG° o(0, 1273 K) can be obtained from theMno
solubility data of Skinner and Luce (1971), and is equal to 13.4 kJ/mol
(Jackson and Ringwood, 1Q81). AVW 0(B1 B8) can be calculated if theHno
<Mn-S> distance and the c/a ratio of the B8 polymorph are known. If the 
% reduction in <Mn-S> distance from B1 to B8 is assumed to be identical to 
that in FeS, and c/a is determined from the correlation with the

3electronegativity difference, AV^ng is calculated to be -1.5 cm /mol 
(Jackson and Ringwood, 1981). The resulting phase boundaries calculated 
from equations (5.10) and (5.11) are indicated by the dashed curves in 
Fig. 5.2 (p. 59). The calculations indicate that the two-phase region 
closes at 9 GPa where MnS undergoes a B1 *> B8 transition; this directly 
contradicts the experimental results which show a solubility of only 
5 mol % MnS in FeS(B8) to at least 7 GPa.

The most likely source of error in the calculation is the assumption
that the B8 solid solution behaves ideally. A measure of the nonideality
of the (Fe,Mn)S(B8) solid solution is provided by the determinations of
AG° (B1 B8) calculated in section 4.5. Assuming the value ofr 0 o
AGpeS(1273 K) calculated from FeS-MgS data to be correct, the discrepancy 
caused when FeS-MnS data are used is attributed to nonideal behaviour of 
the (Fe,Mn)S(B8) solid solution. If the B1 solid solution is assumed to 
behave ideally and the B8 solid solution is not, the zero-pressure free 
energy difference between FeS(B1) and FeS(B8) is given by 
AG°eS(0,T) = RT£n (x/yy) (5.12)
where x is the maximum solubility of FeS in the B1 phase, y is the minimum 
solubility of FeS in the B8 phase, and y is the activity coefficient of 
the B8 solid solution (y = 1 for ideal solutions). Using the value



-4.1 kj/mole for AG°eS(1273 K) determined from FeS-MgS data, y is 
calculated to be 1.2 at 1273 K and 0.1 MPa.

The calculation of the FeS-MnS phase diagram at high pressure now 
closely follows the method for FeS-MgS. The chemical potential of FeS in 
the B8 phase is taken to be-pO -pQ
uFeS(P,T) = Upeg°(P>T) + RTUn (0.95y ) (5.13)
where the composition of the B8 phase is assumed to remain constant at 
95 mol % FeS up to 6 GPa as indicated by the experimental data. Assuming 
that the (Fe,Mn)S(B1) solid solution behaves ideally at high pressure, the
composition of the B1 - B1/B8 phase boundary in FeS-MnS is given by

x 0.95y exp AG°(0,T) + PAV(0,298 K)1. 
RT ; (5.14)

If y is assumed to remain constant as a function of pressure, the B1 phase 
boundary does not coincide with the experimental data at 1273 K (see curve 
plotted on Fig. 5.2, p. 59). To achieve coincidence of the phase boundary 
with the experimental results, the value of Y must increase from 1.2 at 
0.1 MPa to 1.6 at 6 GPa. Such an increase is consistent with a greater 
departure from ideal behaviour as cohesive forces between atoms become 
greater at high pressure.

Above 6 GPa at 1273 K FeS(B8) is assumed to transform to the dense 
high-pressure phase (hpp) observed by Mao et al.(1981) at 298 K, and the 
equilibrium between (Fe,Mn)S(B1) and (Fe,Mn)S(B1) + (Fe,Mn)S(hpp) must now 
be considered. Note that the Fe/Mn ratio in (Fe,Mn)S(hpp) must be similar 
to (Fe,Mn)S(B8) since the sample quenched from 7 GPa indicates a 
composition of 95 mol % FeS (Table 5.3). The B1 phase boundary can be 
calculated using equation (5.14), with AG°(0,T) and AV(0,298 K) referring 
to the reaction
FeS(B1) -* FeS(hpp). (5.15)
Since both the values of AG and AV are significantly more negative for 
reaction (5.15) than for reaction (5.7), the iron composition of the B1 
phase boundary should become substantially lower, exactly the trend shown 
by the experimental results. A similar discontinuity should be observed in 
the FeS-MgS system above 6 GPa.

The low solubility of MnS in the B8 phase to at least 6 GPa indicates 
that MnS is not likely to transform to the B8 structure at moderate 
pressures, similar to MgS (section 5.4.1). A B1 -*■ B8 transition has been 
observed to occur at 9 GPa and 298 K in MnSe (Cemic and Neuhaus, 1972),
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but no evidence for a similar transition was noted in MnS up to 20 GPa 
(section 4.6.1). B8 polymorphism in MnS cannot be completely ruled out, 
but other candidates, such as the B2 structure, should also be considered 
as likely for MnS at high pressure.

5.5 Implications for FeO-MgO at High P,T
The phase diagram of FeS-MgS at moderate pressure (P < 6 GPa) may 

provide a model for the system FeO-MgO at high pressure (P > 70 GPa). At 
atmospheric pressure the B1 solid solutions FeO-MgO and FeS-MgS are 
similar; the lattice parameter varies linearly with composition and both 
are assumed to deviate negligibly from ideal behaviour. One important 
difference between the solid solutions, however, is that the molar volume 
of (Fe,Mg)0 increases with increasing % FeO whereas the molar volume of 
(Fe,Mg)S decreases with increasing % FeS, probably related to the strong 
covalent bonding in FeS relative to FeO.

At high pressure both systems contain a dense Fe-rich phase which 
competes with the B1 phase for stability. In FeS-MgS the dense phase is 
FeS(B8) (and above 6-7 GPa, FeS(hpp)), which is observed to contain 
negligible MgS to at least 6 GPa. In the case of MgO-FeO, the shock wave 
experiments of Jeanloz and Ahrens (1980) provide evidence for the 
transformation of FeQ ^ 0  to a dense high-pressure phase (hpp) above 
^ 70 GPa. Shock wave data for MgO to 200 GPa can be fitted to a single 
Hugoniot equation of state, consistent with the assumption that no phase 
transformation occurs up to that pressure (Vassiliou and Ahrens, 1981).
The absence of a phase transformation in MgO to 200 GPa is therefore 
consistent with a negligible solubility of MgO in FeO(hpp) to at least 
100 - 150 GPa, because of the implied large free energy difference between 
Mg0(B1) and MgO(hpp) (similar to arguments concerning B8 polymorphism in 
MgS and MnS).

Above 70 GPa a two-phase region forms in the system FeO-MgO consisting 
of (Fe,Mg)0(B1) and FeO(hpp), and increasing pressure should cause 
exsolution of FeO(hpp) from (Fe,Mg)0(B1) analogous to the exsolution of 
FeS(B8) from (Fe,Mg)S(B1) at low pressure ( 0 - 6  GPa). Since experimental 
data of (Fe,Mg)0 are not available at high pressure (P > 70 GPa), the B1 
phase boundary must be calculated from thermodynamics. The validity of 
such an analysis has already been demonstrated by the close agreement 
between the calculated phase boundaries and the experimental results of 
FeS-MnS and FeS-MgS. The effect of pressure on the B1 solid solutions does
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not appear to produce any gross deviations from ideal behaviour, which 
strengthens an assumption of ideal behaviour of (Fe,Mg)0(B1) above 70 GPa 
since the oxide solid solution should approximate the ideal solution model 
of zero cohesive forces at least as well as the sulphide solid solution, 
even allowing for the difference in pressure.



CHAPTER 6 NONSTOICHIOMETRY OF FeO AT HIGH PRESSURE

6.1 Introduction
An important ingredient in constructing models of the Earth’s interior 

is knowledge of how the relevant minerals behave at high pressure and 
temperature. FeO differs from other simple oxides studied in connection 
with the Earth’s interior such as MgO, CaO, SiO^ and Al^O^ in ^
displays considerable nonstoichiometry within its stability field at 
atmospheric pressure. Iron defects in the FeO lattice give rise to 
complexities in the crystal structure and wide ranges of variation have 
been reported for physical properties such as elasticity, electrical 
conductivity and magnetic structure. The addition of pressure and 
temperature as variables in measuring physical properties of FeO adds 
unwanted complexity, for the physical properties are modified not only by 
the applied pressure, but also by the variation of the nonstoichiometry of 
FeO with pressure and temperature. The purpose of this study is to 
quantify and understand the variation of the nonstoichiometry of FeO with 
pressure and temperature through experiment and thermodynamic 
calculations, in order to better evaluate the likely nature and properties 
of FeO at pressures and temperatures found within the Earth's interior.

FeO is commonly assigned the chemical formula FexO, where x < 1. Fe^O 
is thermodynamically stable only at temperatures above 843 K at 
atmospheric pressure; below 843 K it disproportionates into Fe^O^ + Fe 
(Darken and Gurry, 1945). At high temperature FexO crystallizes in a 
defect NaCl structure throughout the range of composition, although 
several thermodynamic studies have suggested that multiple phase regions 
exist within the single-phase FexO field which are separated by second (or 
higher) order transitions (e.g. Vallet and Racah, 1965; Carel, 1967;
Fender and Riley, 1969). FexO can be successfully quenched in the defect 
NaCl structure to room temperature, and the lattice parameter of the 
quenched phase varies linearly with x over the entire compositional range 
(e.g. Jette and Foote, 1933). The composition of Fex0 varies from x ^0.95 
to x ^0.88 at atmospheric pressure, the specific boundary values of x 
being temperature dependent (Darken and Gurry, 1945). The value of x on 
the iron-rich boundary of Fex0 varies at atmospheric pressure from 0.945 
at 835 K to 0.953 at 1573 K (Giddings and Gordon, 1973).
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6.2 Previous Work
The effect of pressure and temperature on the composition of in

equilibrium with Fe has been studied experimentally. Mao and Bell (1971) 
and Bassett and Ming (1972) have found that Fe^SiO^ disproportionates to 
SiO^ + Fe + Fe^O, with x = 0.91 to 0.95 at 25 GPa and 1073 K. Katsura 
et al.(1967) and Simons and Seifert (1979) have studied Fe^O in the 
temperature range 873 K - 1473 K to 5.3 GPa, and found that x increases as 
a function of pressure and that the rate of increase is greater at lower 
temperatures. Sawamoto et al.(1974) and Liu (1976) have observed that Fex0 
becomes less iron-rich above 10 GPa at high temperature, and Liu (1976) 
suggests that x then decreases with increasing pressure. This result has 
been confirmed in a diamond anvil experiment using a gasket which 
minimizes the nonhydrostatic stress on the sample (Shen et al., 1983).

Mao (1974) has calculated the phase boundary between Fex0 + Fe and 
Fe^ 0QO at high pressure. His calculations demonstrate that the increase 
and subsequent decrease of x with pressure is due to the variation of the 
bulk modulus of Fex0 with x. His calculations cannot be directly compared 
with the experimental data, however, because the values of x at high 
pressure were not explicitly calculated. Kurepin (1975) has calculated the 
phase diagram for the system Fe-Fe O-Fe O.-Fe 0 at high pressure where xX j ^ 2 d
was considered to be variable and his results agree with experimental data 
to ^ 5 GPa. The neglect of the effect of pressure on volume in the 
calculations, however, fails to reproduce the experimentally observed 
decrease in x at pressures greater than 10 GPa. In this study both the 
composition and the bulk modulus of Fex0 are considered to be variable at 
high pressure.

6.3 Experimental Procedure
The samples of Fex0 used in the high-pressure experiments were 

prepared by sintering stoichiometric amounts of powdered Fe^O^ and reduced 
Fe powder in an Fe bucket which was sealed inside a silica glass tube 
evacuated to less than 10 mPa. The tube was heated in a furnace at 1173 K 
for 18 hours and then rapidly quenched in air. After grinding and x-raying 
the sample the process was repeated until the x-ray diffraction pattern 
indicated a pure and homogeneous sample of Fex0. The samples of Fe^SiO^ 
and FeAl^O^ were prepared in a similar manner. Excess metallic Fe present 
in all starting materials was removed by magnetic separation.

The high-pressure experiments were performed using three different
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types of apparatus. Experiments at pressures below 7 GPa were performed 
using a solid-media piston cylinder apparatus (Boyd and England, I960) and 
a Bridgman anvil squeezer (modified after Ringwood and Major, 1968) (see 
Chapter 2 for full descriptions). The sample cell consisted of an intimate 
mixture of and reduced Fe powder in the molar ratio 10:1 packed into
an Fe capsule.

Experiments at pressures above 6 GPa were performed using a diamond 
anvil cell in the ungasketed configuration as described by Bassett and 
Takahashi (1965). The technique is described in Chapter 2. The starting 
material of Fex0 for the diamond anvil experiments was prepared from the 
product of a piston cylinder run to ensure maximum homogeneity of Fex0 and 
Fe in the sample. Because of the difficulty in heating Fex0 at pressures 
above 20 GPa in the diamond anvil cell due to low absorption at the laser 
wavelength, samples of Fe^SiO^ and FeAl^O^ were also used as starting 
materials. These decompose at high pressure into mixtures of Fe^+Fe+SiO^ 
and Fe^+Fe+Al^O^, respectively. The stoichiometry of Fex0 in the product 
quenched from these runs represents the equilibrium composition at the P,T 
conditions where the decomposition reaction took place.

The compositions of all run products of FexO were determined using the 
lattice parameters of the samples measured by x-ray diffraction. NaCl (a = 
564.01 + 0.01 pm) was mixed with the samples as a calibration standard.
The relationship

a (pm) = 385.6 + 47.8x (6.1)
(Section 6.5) was used to calculate the composition x of Fex0 from a, the 
lattice parameter.

6.4 Experimental Results
The results of the high-pressure runs are compiled in Table 6.1. The 

starting material for each run is given along with the pressure and 
temperature of the run and their estimated uncertainties. The 
uncertainties in the lattice parameters of the products Fex0 from each run 
were assigned on the basis of a weighted least-squares fit to the x-ray 
reflections, and on the basis of the reproducibility of the lattice 
parameter on subsequent readings of the same x-ray film, with 
uncertainties being increased in the latter circumstance for the case of 
broad x-ray reflections. The variation of composition with pressure of the 
present experimental data is illustrated in Fig. 6.1, with the estimated 
temperatures noted beside each data point. The error bars do not include
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Fig. 6.1 Plot of experimental results. The value of x was determined from 
the lattice parameter using equation (6.1). The estimated temperatures of 
the diamond anvil runs are noted beside the data points; all other runs 
were performed at 1273 K.

TABLE 6.1 Results of high-pressure experimental runs

Run No. Starting Material P GPa T K Run Products a(Fex0) pm Technique

Fe0-1 Fe + Fe2°3 - 1273(5) Fex° 4- Fe 431.1(1) Evac. Silica Tube
7479 FeO-1 1.0(2) 1273(10) Fex° + Fe 431.3(2) Piston Cylinder
8294 FeO-1 2.0(2) 1273(10) Fex° + Fe 431.3(2) Piston Cylinder
7474 FeO-1 3.5(2) 1273(10) Fex° 4- Fe 432.0(5) Piston Cylinder
S270 FeO-4 7.0(5) 1273(15) Fex° 4- Fe 432.5(2) Bridgman Anvil
DS119 FeO(#8294) 6.0(6) 1473(300) Fex° 4- Fe 432.0(3) Diamond Anvil
DS117 FeO(#8294) 10.0(10) 1473(300) Fex° 4 Fe 431,5(10) Diamond Anvil
DS121 FeO(#8294) 15.0(15) 1273(300) Fex° ■4 Fe 431.6(5) Diamond Anvil
DS118 FeO(#8294) 20.0(20) 973(250) Fex° - Fe 429.0(10) Diamond Anvil
DS100 Fe2Si04 28.0(30) 1773(300) Fex0(+Fe+Si02)a 430.7(5) Diamond Anvil
SDII83 FeAl204 28.0(30) 973(250) Fex0+Al203(+Fe)a 428.7(5) Diamond Anvil

aNot observed in x-ray diffraction pattern, but inferred to be present
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the temperature uncertainty. The data below 10 GPa are in excellent 
agreement with the data of Katsura et al.(1967) and Simons and Seifert 
(1979). illustrating the increase of x with pressure. Above 10 GPa x 
decreases with increasing pressure, supporting the observation of Liu 
(1976).

Mao (197*0 has shown that the increase and subsequent decrease of x
with pressure is related to the change in sign between the partial molar
volume of Fe in Fe 0 (V„ . „ _) and the molar volume of Fe at highx Fe in Fe 0—  Xpressure. The rate at which Vpe  ̂ increases with pressure is
directly related to the steepness of £he variation of the bulk modulus of
Fex0 with x, and determines the pressure at which the two volume curves
cross. If a steep variation of K with x is assumed the Fe compression
curve and the V„ . „ _ cross near 10 GPa at 1273 K (see Fig. 6.2)

Fe ln Feo 94°(thermal expansion is assumed to be constant with both pressure and
composition). If a less steep variation of K with x is assumed, such as
that which approximates the majority of the available data (see shaded
region. Fig. 6.4, p. 85), the curves do not cross below 20 GPa. Finally,
compression data of Hazen (1981) indicate that K varies only slightly with
x in the range x = 0.90 to x = 0.947. In this case V., . _ n actuallyre in re^ 04^
decreases with pressure and the volume curves never cross, indicating that 
x continues to increase at high pressure instead of decreasing, 
contradicting the results presented in Fig. 6.1. To reconcile the 
variation of K versus x with the high-pressure experimental data it is 
necessary to perform a rigorous calculation of the variation of x with 
pressure and temperature.

6.5 Theoretical Calculation of x at High P,T 

6.5.1 General method
To calculate the variation of x, the composition of Fex0 in 

equilibrium with Fe, as a function of pressure and temperature it is 
useful to consider the thermodynamics of a solution between Fe^ 0Q0 and 
0^. Darken and Gurry (1953) provide a good treatment of the thermodynamics 
of solutions.

The equilibrium reaction is given by 
Fe + (1/2x) 02 = (1/x) Fex0 (6.2)
and Fex0 is treated as (FeO)x(0^)^̂  At atmospheric pressure
(0.1 MPa) the free energy change of reaction (6.2) is given by
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T= 1273 K
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Fig. 6.2 The effect of various relationships between K and x of Fe 0 on 
the variation of the partial molar volume of Fe in FeQ ^0 with preisure. 
The compression curve for y-Fe is also illustrated.
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AGd.T.X) = 0 = AGf Fe0(l,T,X) + RTUn ^^(l.T.X)
- ijRTUn fQ (1,T,X) (6.3)

where X refers to the equilibrium composition at 0.1 MPa and temperature 
T. At high pressure the free energy change becomes
AG(P,T,x) = AG(l,T,x) + /(VFe0 - hv0 - VFe) dP (6.4)

refer to the respective partial
AG(l,T,x) + /(VFe0 -

where x is a variable and V.. « andFeO 0
molar volumes of FeO and 0^ in Fe 0. From equation (6.3) the first term on2 x
the right-hand side of equation (6.4) is given by

AG(l,T,x) = RT£n aFeQ^1 ’T>X^
aFeO(l’T’X)

- ̂ RT£n
f02(l,T,x)

(6.5)
From the definition of partial molar volumes, the second term on the

fQ (1,T,X)

right-hand side of equation (6.4) becomes

/(V - kV - V ) dP
J v FeO 2 0 2 Fe'

Fe 0 x (6.6)
J dX

/(?Fe in Fex0 " V  dP‘ (6.7)
At equilibrium the free energy change of reaction (6.2) is zero, so from
equation (6.4) the equilibrium value of x occurs at the P,T where the
integrated volume difference between V„ . „ _ and V_ exactly balancesFe in Fe 0 Fe
the free energy of formation of Fe 0 at atmospheric pressure.

6.5.2 Thermodynamic parameters
To evaluate equation (6.5) the equilibrium value of f in F ^ O  must 

be known as a function of temperature. From a compilation of Giddings and
Gordon (1973)
log fQ (T,x) = M(T) x 1 + B(T) (6.8)
where ihe coefficients M(T) and B(T) are given in Table 2 of Giddings and
Gordon (1973) and x varies between the values on the Fe,Fex0 and the
Fe 0,Fe CL boundaries. To calculate f (T,x) where x > X several x j 4
constraints have been used. In an infinitely dilute solution, the activity 
of FeO should follow Raoult’s Law (a„ _ = _ = 2x/(x+1)) and f_ should
follow Henry’s Law (fQ = kNQ = k(1 —x)/(1+x)). Such behaviour has been 
observed near stoichiometric SnO (Davies and Richardson, 1959). To join 
the regions of linear and logarithmic behaviour, a quadratic form of lnfQ 
was used in which the fugacities and the first derivatives were matched a? 
the boundaries. The fugacity relations used were

x < X £n f

0.9995 < x < X £n f

x > 0.9995 £n t,

In (10) (Mx-1 + B)

-2 , -1 ax + bx + c

1 — x

[1 +xj + k

(6.9)

(6 .10) 

(6 .11)
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The corresponding values for the activity of FeO in FexO were calculated 
using a Gibbs-Duhem integration

x < X 

0.9995 > x > X

x > 0.9995

£n aFeO
Zn (10) M(l-x)' 

Ux2
0 a -3 . a -2 b
*n aFeO = " 3 X 2 X - b

1 — x

l x >
Zn a__, _ = £n FeO

2x
1 — x

(6 .12)

(6.13)

(6.14)

To calculate the volume integrals in equation (6.6) a Murnaghan 
equation of state was used (Murnaghan, 1951)
V(P,T) = V(T) (1 + K’P/K)"1^' . (6.15)
Values of the physical parameters of Fex0 and Fe required are listed in 
Table 6.2. Fe was considered as a-Fe below 1189 K and as e-Fe above 
1189 K. For computational simplicity no transformations to e-Fe were 
considered, but the neglect of Fe(e) has only a minor effect on the 
results.

6.5.3 Variation of a with x in Fex0
To calculate the molar volume of Fe^O, a knowledge of the variation of 

a, the unit cell lattice parameter, with x is required. Observations by 
several investigators suggest that a judicious selection of data in the 
literature must be made when compiling the data to yield the best fit to a 
versus x. Foster and Welch (1956) have observed that the lattice parameter 
of a given composition of Fex0 increases dramatically as the quenching 
rate from high temperature is reduced. Greenwood and Howe (1972a,b) have 
observed that the kinetics of the disproportionation sequence which occurs 
below 843 K
Fe 0 + Fe 0 + Feo0, Fe + Fe_0, z > x (6.16)x z 3 4 3 4
are directly related to both the quench rate and the temperature from 
which quenching took place. During a slow quench the composition of Fex0 
becomes gradually more iron-rich, with an accompanying production of 
Fe^Ojji the lattice parameter of Fex0 therefore appears to increase 
although the bulk composition of the sample remains unchanged, consistent 
with the observations of Foster and Welch (1956). The presence of Fe^O^ 
may not necessarily be detected in the final sample as only small amounts 
are produced (e.g. FeQ 0 = 0.88 FeQ 0 + 0.03 Fe^O^).

In selecting data for the compilation of a versus x, data which 
appeared to be affected by quenching effects discussed above were
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• Jette and Footed 933)
A Foster and Welch(1956) 

HoffmannO 959)
□ Levin and Wagner(1966) 
■ Carel(1967) 
o Hentschel(1970)

-A  Touzelin(1974)

a = 3 8 5 .6 + 47.8 x

0.94 (
composition x

Fig, 6.3 Compilation of values from the literature of a, the unit cell 
lattice parameter, versus x. The straight line represents the least 
squares fit to the data.
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TABLE 6.2 Physical parameters for Fe and FexO

Fe Fe 0X
3molar volume (cm ) 7.0924a see Fig. 6.3

298 K 0.1 MPa

thermal expansion T<1189 K a= -1.610xl0~3 b, c a= -3.780x10""3 b,dcoef ficients

T>1189
b= 4.578xl0-5 

K a= -3.723xl0~2 b, c
b= 4.529xl0“5

b= 7.310xl0-5

bulk modulus (GPa) 166.4e see Fig. 6.4

dK
dP 5.29e 4 .0f

fji (GPa IT1) -0.43g -0.23h

aSwanson et al. (1955)

^coefficients of best fit to V(T) = V (1 + a + bT) 

cBasinski et al. (1955)

dby analogy with MgO, MnO; from Suzuki et al. (1979) 

eGuinan and Beshers (1968)
fthird and higher order terms neglected in Birch-Murnaghan equation 
state

gDever (1972)

hby analogy with MgO; from Sumino and Anderson (1980)



discarded, i.e. if the lattice parameter for a given value of x was 
unusually high. Fig. 6.3 illustrates the data which were used to determine 
the variation of a versus x for FexO and the least-squares line which 
describes the best fit. The determination gives a slightly steeper slope 
than the compilation of Simons (1980), because Simons used the data of 
Hentschel (1970); the data of Hentschel was rejected because it gave 
unusually high values of a near x = 0.90. It was necessary to use 
Hentschel's data for x = 0.96-1.00, however, because no other data were 
available for that range.

6.5.4 Variation of K with x in Fex0
A significant number of values for K, the bulk modulus, have been 

reported in the literature for different compositions of Fex0. The values 
of K reported by different investigators using static compression methods 
are derived from fits to various equations of state with different values 
of K'. To create a more uniform basis for comparison of the values of K 
derived from compression data, the data have been refitted to the 
Birch-Murnaghan equation of state (Birch, 1952)
P = 3/2K (x"T/3 - x"5/3) [1 - 3/1+(l+-K') (x"2/3 - 1)] x = V/Vq (6.17) 
using a least squares analysis. In general the compression data were not 
sufficiently well resolved to determine values for K'; K1 was therefore 
set equal to 4.0. Table 6.3 lists all the available data for K of Fex0 
from the literature and gives the revised fits to the compression data. 
The data are plotted in Fig. 6.4.

The determination of Sumino et al.(1980) is clearly discrepant with 
respect to all other data points. Their value appears to imply that there 
is a substantial (and almost discontinuous) increase in K at x ^ 0.90, or
that all of the other experimental data are in error and there is a
negligible variation of K with x; neither possibility seems satisfactory. 
Jeanloz and Sato-Sorenson (1982) have suggested that Fex0 exhibits a 
finite bulk viscosity, resulting in a reduction of K in compression 
experiments where the time scale is long. The relatively low values of K
measured by Berger et al.(1981) and Bonczar and Graham (1982) using
ultrasonic techniques, however, appear to contradict this interpretation. 
The value of K determined by Sumino et al.(1980) was neglected in the 
subsequent analysis; further investigation as to the cause of the 
discrepancy between the Sumino et al. datum and the other data is clearly 
needed.
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Fig. 6.4 Plot of the bulk modulus of Fe 0 as a function of x, compiled 
from data in the literature. Compression data were fit to a Birch- 
Murnaghan equation of state with K' = 4 (see Table 6.3). The shaded region 
represents the range of linear relationships used to calculate the phase 
boundary between Fe and Fe 0 at high P,T. The Sumino et al.(1980) datum 
was omitted from the analysis. The open circles refer to experimental data 
and the shaded circles to inferred values. The curves marked 1 and 2 are 
considered as alternate fits to the experimental data.

TABLE 6.3 Literature values for bulk modulus of Fe 0x

S t u d y M e t h o d x * K q ( G P a ) K Qb(GPa)

Clendenen and Drickamer 
(1966)

compression 0.938 154(15) 3.2 157(20)

Mao et al. (1969) compression 0.907 142(10) 4.0C 142(11)
Mizutani et al. (1972) ultrasonic 0.98 174(12) - -
Jackson et al. (1978) inferred^ 1.00 182(5) - -
Sumino et al. (1980) resonance 0.904 181.4(7) - -
Will et al. (1980) compression 0.928 154(5) 4.0C 149(16)
Hazen (1981) compression 0.910 151.9(1) 2.1 148.5(3)
Hazen (1981) compression 0.933 153.1(1) 2.1 149.5(28)
Hazen (1981) compression 0.947 154.0(1) 2.1 150.6(3)
Bonczar and Graham (1982) ultrasonic 0.939 141.5(4) - -
Bonczar and Graham (1982) inferred^ 1.00 183.5(3) - -
Berger et al. (1981) ultrasonic 0.950 1.5 - -
Jeanloz and Sato-Sorenson 

(1982)
compression 0.946 157(12) 4.0C 157(12)

avalues of x have been readjusted where necessary using equation (6.1) 
bbased on fit to the Birch-Murnaghan equation with = 4 
CK^ = 4 assumed in fit to equation of state
^inferred from ultrasonic data for (Mg^_y Fey)x0 solid solutions
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From Fig. 6.4 it is clear that the value of K generally decreases as a 
function of decreasing x, but no smooth variation is indicated. As a first 
approximation straight lines have been fitted which attempt to incorporate 
the majority of the data points, indicated by the shaded region in 
Fig. 6.4.

6.6 Results
Using numerical methods equation (6.4) has been solved using the 

parameters given in Table 6.2 and the relationships plotted in Fig. 6.3 
and Fig. 6.4 (shaded region), thus calculating the phase boundary between 
Fe + Fex° and Fex° at pressure and temperature. The results of the
calculation for 973 K and 1473 K are plotted in Fig. 6.5. The value of x 
increases with pressure in the range 0-30 GPa, asymptotically approaching 
the stoichiometric composition Fe^ OQ0. This contradicts the high-pressure 
experimental data which indicate that x decreases above 10 GPa. As 
indicated in section 6.4, a steeper variation of K versus x must be chosen 
to ensure a decrease in x at high pressure. If K is assumed to vary

1- 972K

1473 K
1273 K

1473 K
<2 0.94 1773 K -

973 K 973 K“

I I I I_________ I I
0 10 20 30

Pressure GPa

Fig. 6.5 Plot of the calculated phase boundary between Fe and Fe 0 at 
973 K and 1473 K. The shaded region indicates the variation of the phase 
boundary for the range of relationships between K and x as illustrated by 
the shaded region in Fig. 6.4.
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steeply over the entire range of FexO, however, an absurdity is 
encountered at high pressure and therefore an alternative variation of K 
with x must be chosen. Strong constraints are imposed by the compression 
data of Hazen (1981) who measured the differential compression of three 
FexO single crystals with differing stoichiometries to a relative accuracy 
of less than 0.516. These data indicate only a minor variation of K with x 
between x = 0.90 and x = 0.947. The variation of K with x that is most 
consistent with both the data of Hazen (1981) and the high-pressure 
experimental data is the solid line (marked 2) shown in Fig. 6.4 where K 
varies steeply from x = ^ 0.95 to 1.00, and only slightly from x = 0.90 to 
x = 'v. 0.95. To understand why the solid line provides the most consistent 
fit, we must take a closer look at the factors governing equilibrium at 
high pressure.

The point (P,T,x) at which Fex0 and Fe are in equilibrium is given by 
AG(P,T,x) = 0 = AG(l,T,x) + /(VFe in Fe 0 - Vpe) dP. (6.18)
AG(P,T,x) is plotted in Fig. 6.6 as a function of x at three different 
pressures (T = 1273 K) for two different variations of K with x (curves 
marked 1 and 2 on Fig. 6.4). Fe and are in equilibrium at the point
where AG(P,T,x) = 0. It is evident that serious problems are encountered 
at high pressure if curve 1 (K versus x) is used to calculate AG(P,T,x) 
(shown by solid line with dotted line extension for x > 0.96). There is 
one solution if P = 0.1 MPa, two solutions if P = 15 GPa and no solutions 
if P = 30 GPa. Neither of the latter two scenarios is consistent with 
experiment which clearly indicates one and only one composition of Fex0 in 
equilibrium with Fe up to 30 GPa. A means of avoiding the inconsistency is 
to adopt curve 2 (K versus x) when x < 0.96 (revised AG(P,T,x) is 
indicated by continuous solid lines). AG(P,T,x) is reduced from being very 
positive at small x to negative, thus crossing AG(P,T,x) = 0 only once 
(see inset, Fig. 6.6). The dramatic decrease in AG(P,T,x) is due to a 
change in the manner with which Vpg varies with x at high pressure. It 
should be noted that the discontinuities in AG(P,T,x) are associated with 
the discontinuities in AV(P,T,x), and arise from the use of a K versus x 
relationship which has a discontinuity in dK/dx. The latter is not 
physically realistic, and the discontinuity in AG(P,T,x) is only an 
artifact of the oversimplified relationship between K and x.

Fig. 6.7a illustrates the variation of V„ _ versus mole fractionFe 0 xusing the K versus x curves labelled 1 and 2 in Fig. 6.4 at various 
pressures (Fex0 is considered here as a solution between Fe and 0^) .
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T = 1273 K

^ 9 6 0 9 2  088

“ 3 10

see inset
- 3 0  -

F ig .  6 .6  V a r i a t i o n  of  AG(P,T,x) with  x a t  v a r io u s  p r e s s u r e s .  The th i c k  
s o l i d  l i n e  r e p r e s e n t s  AG(1,T,x) and i s  dashed o u t s i d e  the  s t a b i l i t y  f i e l d  
fo r  Fe 0 a t  0.1 MPa. The t h i n  s o l i d  l i n e s  r e p r e s e n t  AG(P,T,x) c a l c u l a t e d  
us ing  curve 2 o f  F ig .  6 .4  and th e  d o t t e d  e x t e n s i o n s  were c a l c u l a t e d  us ing 
curve  1. Note t h a t  the a b s c i s s a  i s  l i n e a r  in  x-  .
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Vpe pe q is considered as the intercept of the tangent to the Vpe q

curve at = 0 (i.e. Fe). A small change in slope of Vp therefore has
2 — xa large effect on the value of VP . „ A. Fig. 6.7b illustrates the_ Fe in Fe 0

determination of Vr . A at 0.1 M$a, 15 GPa and 30 GPa. The rapidFe in Fe 0
increase in Vr . A witPr pressure is evident. Note, however, the Fe in Fe 0 Kxdifference between the choice of curve 1 and curve 2 (K versus x) in
constructing Vpe when x is small (e.g. x = 0.91). For curve 1 where K 

xdecreases dramatically with x, Vpe ^ decreases to ridiculously low values
at high pressure and Vpg ^  pe Q increases to enormous values;

xconsequently equation (6.18) has no solution. To fully illustrate the
consequences of using curve 1 of K versus x, Vpe at 30 GPa has been

xextended to FeA on Fig. 6.7b; in fact * reaches zero well before 0.83 Fe 0
the composition isochemical with magnetite, FeA „0, is reached.o. to

The revised version of the variation of x with P and T is shown in
Fig. 6.8 (where curve 2 has been used in the calculation). The fit to the
experimental data is good below 10 GPa, but does not reproduce the lower 
values of x at high pressure. Consideration of the £-phase of Fe has a 
negligible effect on these results. The point where the value of x levels 
off in Fig. 6.8 at high pressure is directly related to the abrupt change
in slope at x ^ 0.96 of K versus x (curve 2). To reproduce the value of x
at high pressure, parameters such as K ’, K" and dK/dT could be varied as a 
function of x (all assumed to be constant in the present calculations) in 
order to change the variation of Vpg Q with x at high pressure and to 
either smooth out or alter the position of the abrupt discontinuity in 
Fig. 6.6 between +AG and -AG at high pressure (curve 2). Variation of 
other parameters with x also affects the results. For example, if thermal 
expansion is assumed to vary inversely with bulk modulus in Fe^O, higher 
temperature favours higher values of x. This is inconsistent with the 
experimental data, however, so thermal expansion is not assumed to vary 
dramatically with x in Fex0. To reproduce the experimental results 
exactly, the values of all parameters could be systematically varied until 
the desired fit were obtained. Such a set of ’’best-fit" parameters, 
however, would be essentially ad hoc, in view of the large numbers of 
parameters involved and their significant uncertainties, and would likely 
have no physical significance. In addition, the large uncertainties 
associated with the experimental data would significantly multiply the 
number of acceptable fits. It is clear that more detailed calculations of 
the phase boundary between Fe and Fe^O must await further experimental
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Fig. 6.7 (a) Variation of the volume of Fe 0 versus composition at
various pressures. The solid lines were calculated using curve 2 of 
Fig. 6.4 and the dotted lines using curve 1. (b) Similar plot to (a) but 
showing the tangent to the volume curves at x = 0.96 which defines the 
partial molar volume of Fe in FeQ ^0 at the point where the tangent 
intersects the ordinate. The volume curve of Fe 0 has been extended to 
Fe^ - 0 to indicate the rapid decrease of V(FeJS) if curve 1 in Fig. 6.4 
is used to calculate the volume.

T=I473K

I273K
I473K
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20
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Fig. 6.8 Revised plot of the phase boundary between Fe and Fe 0 at 973 K 
and 1473 K, calculated using the K versus x relationship represented by 
curve 2 in Fig. 6.4.
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determination of the physical properties of FexO. The following projects 
are suggested as having the highest priority:
1) Determination of the variation in bulk modulus of Fe 0 withx

composition using a suite of carefully characterized samples 
prepared under similar conditions.

2) Determination of the variation in thermal expansion of FexO 
with composition using samples as above.

3) Determination of the pressure derivatives K' and K" and dK/dT of 
FexO with composition; investigating the reliability of the
value of K' = 19 for Fe 0 measured by Bonczar and Graham (1982).

U  • y jy

6.7 Interpretation of the Shock Wave Data of FexO
Using shock wave techniques, Jeanloz and Ahrens (1980) have obtained

evidence for a phase transformation in Fe^ ^ 0  occurring at approximately
70 GPa. An alternative interpretation has been proposed by Liu
et al.(1982) who suggest that the density increase observed in the
Hugoniot data can be explained by a large decrease in the stoichiometry of
Fe 0 at high pressure and temperature (reaching Fe_ __0 at 228 GPa), x 0.7b
without requiring a first-order phase transformation. Results from the 
present work can be used to assess the validity of the Liu et al.(1982) 
interpretation.

The conclusions of Liu et al.(1982) are based on a calculation of the 
density increase associated with the reaction
Fe 0 = Fe 0 + (x - y) Fe x > y (6.19)x y
at high pressure. The bulk modulus of Fex0 *s assumed to vary steeply and 
linearly with x, resulting in a large density increase. If the bulk 
modulus versus composition relationship used by Liu et al.(1982) is used 
in the present work to calculate x as a function of P and T (equation 
6.4), two solutions for x are found at 15 GPa and none are found at 
30 GPa. As discussed in section 6.6 this result is inconsistent with 
existing experimental data. If the K versus x relationship illustrated in 
Fig. 6.4 (curve 2) is used in the Liu et al.(1982) calculations, the 
Fex0 + Fe mixture of Fe^ ^0 bulk composition (i.e. Fex0 + (0.94-x) Fe 
with x < 0.94) remains less dense than Fe ,0 throughout the pressure

U  • 7 H
range represented by the shock wave data. For example, at 0.1 MPa and
298 K the density of FeQ ^0 is 4^6 greater than the density of the
mixture Fe. „,.0 + 0.19 Fe(e). At 200 GPa and 298 K, comparison of the
Murnaghan isotherms indicates that Fe^ ^0 is still 4% denser than the
mixture Fen „,.0 + 0. 19 Fe(e). The interpretation of Liu et al.( 1982) u.(o
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requires a large increase in density of the mixture Fe^O + (0.9^-x) Fe(e) 
relative to FeQ ^0 in order to account for the large densities observed 
in the shock wave data; their interpretation is therefore not consistent 
with the small sensitivity of K with x for x < 0.92* as proposed by the 
present work and demonstrated experimentally by Hazen (1981).

Further evidence questioning the validity of the Liu et al.(1982)
interpretation is provided by the shock wave data for Fe^O^ (Jackson
et al., 1983). There is an enormous discrepancy between the experimental
data for Fe^O^ compared with the calculated Hugoniot for the hypothetical
Fe. 0 phase based on the equation-of-state parameters used by Liu 0.75
et al.(1982).

In conclusion, the shock wave data of Fe^ ^ 0  appear to be best 
described by a first-order phase transformation occurring at a, 70 GPa. 
While the stoichiometry of Fex0 is expected to change in the pressure 
range preceding the transformation, it is not expected to affect the 
overall density significantly. Depending on the nature of the 
high-pressure phase, a change in the Fe:0 ratio of the stable phase could 
be involved, but would contribute only a small amount to the overall 
density change of the phase transformation.
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CHAPTER 7 DEFECT STRUCTURE OF FeO

7.1 Introduction
Fe 0 crystallizes in the NaCl structure where the crystal lattice is

modified by the presence of Fe^+ cations and vacant Fe + sites. The
specific arrangement of these defects has been studied extensively using
x-ray and electron diffraction (e.g. Roth, 1960; Koch and Cohen, 1969;
Andersson and Sletnes, 1977; Bauer and Pianelli, 1980; Yamamoto, 1982). It
is generally agreed that these defects are arranged into clusters of
interstitial Fe^+ cations each surrounded by a tetrahedron of vacant 
VI 2+Fe sites, although the size and shape of the stable equilibrium 
clusters are expected to vary with pressure, temperature and composition.

One of the main conclusions from the work presented in Chapter 6 is 
that the variation of the bulk modulus of Fex0 with composition does not 
follow a simple linear relation, but displays at least two distinct 
slopes. The physical basis for such a variation is likely to be related to 
the defect structure of Fex0, and how it varies with composition.

Mössbauer spectroscopy is a useful tool for studying the defect 
structure of Fe 0 because the Mössbauer effect can distinguish between 
Fe^+ and Fe^+ * and between Fe^+ in different environments. The number of 
potential contributions to the Mössbauer spectrum of Fex0 where x < 1 is 
large, however, due to the many variations of defect nearest-neighbour 
coordinations possible for Fe^+ cations in the crystal lattice. The 
Mössbauer spectrum of Fe^O where x £  0.95 has been recorded by a number of 
investigators and is extremely complex. In contrast, Hentschel (1970) 
recorded the Mössbauer spectrum of Fe^ OQ0 at 298 K, and the spectrum was 
observed to consist only of one singlet. In this study attention is 
focussed on the Mössbauer spectra of a series of Fex0 samples where 
1.00 > x > 0.95. The lower density of defects in these samples reduces the 
complexity of the spectra, and enables a physically realistic fitting 
model to be applied.

7.2 Experimental Procedure
Mössbauer spectra were recorded at 298 K and 4.2 K for the samples 

quenched from experiments using the large-volume high-pressure apparatus 
(Chapter 6; see Table 6.1). The Mössbauer spectrometer at ANU (Solid State 
Physics, R.S.Phys.S.) was used exclusively in the experiments. Details of 
the apparatus and run procedure are given in Chapter 2.
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7.3 Mössbauer Spectra of FexO at 298 K
The Mössbauer spectra of Fe^O at 298 K are shown in the right column 

of Fig. 7.1. The main feature of the spectra is a poorly resolved doublet, 
and the splitting of the doublet decreases as x increases, with the lines 
no longer being resolvable at x = 0.981. A number of different fitting 
methods have been applied to series of Fex0 spectra, three of the most 
successful being Johnson (1969)(two doublets, one singlet), Greenwood and 
Howe (1972a)(five singlets) and Checherskaya et al.(1973)(five singlets). 
None of the above methods was able to successfully reproduce the Fe^+/EFe 
ratio closer than a factor of ^ 2, however. A slightly different method of 
fitting was used in the present work. Two singlets were fitted 
corresponding to Fe^+ and the Fe2+ cations that are in undistorted sites. 
The remainder of the spectrum was fitted by adding quadrupole doublets 
corresponding to Fe^+ in noncubic sites until a reasonable fit was 
achieved; two doublets were sufficient in the present case to fit the 
data. The small amount of free Fe metal present in the Fex0 samples was 
represented by a quadrupole doublet (on the small velocity scale used only 
the two inner peaks of the six-line magnetic spectrum of Fe appear).

All spectra of FexO run at 298 K were fitted by the above method. The 
spectra for Fe. ni-o0, Fe_ ni_c0 and Fe. .O10 are illustrated in Fig. 7.2vJ • y y vJ • 7DÖ U • 7O I
and parameters are listed in Table 7.1. There are several features to note 
about the fits. The position of the Fe^ singlet (Fe^+) remains roughly 
constant as x decreases, and agrees well with the value 1.1 mm/sec 
(relative to Fe) reported by Hentschel (1970) for the single line of the 
Fe 0 spectrum. The area of the singlet (Fe^+) decreases as x decreases, 
consistent with the increasing proportion of defects. The relative area of 
the Fe^+ singlet agrees well with the % Fe^+ calculated to be present by 
electrostatically balancing the Fe^+ vacancies with Fe^+ (total Fe 
composition determined from unit cell lattice parameter, equation 6.1).
The weighted average centre shift of the Fex0 spectrum increases as x 
increases, approaching the value 1.1 mm/sec observed for Fe 0 by 
Hentschel (1970). The ratio of the outer doublet (Fe_+) to the inner 
doublet (Fe^+) increases as x decreases, consistent with the increasing 
number of Fe^ atoms in more distorted environments.

Previously reported fitting methods which were successful in fitting 
series of Fex0 spectra were applied to the present data to compare 
results. The spectrum of Fe_ nir_0 was chosen as being closest to the0. 9
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Fig. 7.1 Mössbauer spectra of Fe 0 samples recorded at 4.2 K (left 
column) and 298 K (right column). The parameters of the fitted lines for 
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x= 0.956x = 0.952
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Fig. 7.2 The components fitted to the Mössbauer spectra of Fex0. The t^ 
singlets correspond to Fe^ and Fe'5* and the two sets of doublets to Fe^
and Fe^ 
spectra.

There is also a small doublet corresponding to Fe in some

o+
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TABLE 7.1 Mössbauer parameters for FexO spectra at 298 K

FeO #1 FeO #2 FeO # 3 FeO #4 FeO #5
a

X 0.952(a) 0.956(4) 0.956(4) 0.971(10) 0.981(4)

Fe3 + 6^ mm/sec - - 1.25(37) 1.11(8) 1.07(1)
% area - - 3.3(6) 5.7(22) 20.8(9)

Fe3 + 6^ mm/sec 1.005(3) 1.014(3) 1.027(20) 1.042(4) 1.028(3)
e mm/sec 0.224(2) 0.232(3) 0.211(20) 0.198(4) 0.181(7)
% area 42.2(3) 45.5(4) 46.6(7) 63.7(10) 62.0(11)

r 2+ .b ,Fê , 6 mm/sec 0.933(2) 0.963(3) 0.973(6) 0.975(10) 0.944(5)
e mm/sec 0.419(3) 0.435(4) 0.430(7) 0.431(9) 0.437(6)
% area 48.0(3) 43.1(6) 38.9(6) 26.7(6) 17.2(4)

Fe3+ 6^ mm/sec 0.60(5) 0.34(4) 0.39(5) 0.45(8) -

% area 8.7(8) 7.3(6) 6.0(7) 3.7(3) -

Fe° 6^’ mm/sec 0.0 0.0 0.0 0.0 -

e mm/sec 0.87(1) 0.86(1) 0.83(1) 0.72(7) -
% area 1.0(2) 4.0(3) 5.1(4) 0.3(2) -

% Fe3+C 
% Fe3+d

8.8(10) 7.6(9) 6.3(10) 3.7(4) -

9.6(4) 8.8(8) 8.8(8) 5.9(21) 3.8(8)

%Fe3+/%Fe3+ 0.88(1) 1.06(2) 1.20(3) 2.39(6) 3.60(5)
jb,e 0.934(5) 0.939(5) 0.971(18) 1.007(10) 1.022(5)

Sicalculated from lattice parameter using a(pm) = 385.6 + 47.8x 
^relative to Fe metal 
Calculated from Mössbauer data 
Calculated from x-ray data 
emean centre shift of entire spectrum
fcentre shift of Fe metal constrained to be 0.0; splitting should be 
0.84 mm/sec (Violet and Pipkorn, 1971)
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Greenwood and 

Howe (1972)
Checherskaya etal 

(1973)

Velocity mm/sec

Fig. 7.3 Some previously reported fitting methods for Fe 0 spectra 
applied to the spectrum of FeQ ^o. X

TABLE 7.2 Comparison of fits to FeQ g^O spectrum

Source Johnson (1969) Greenwood and Howe (1972) Checherskaya et al.
(1973)

this work

fitting
model

No. of 
adjustable

2 quadrupole 
doublets,
1 singlet

5 singlets 5 singlets 2 singlets,
2 quadrupole 
doublets

parameters 14 18 18 14-17
reduced

2X ?a 1.3 1.3 1 . 6

physical 2 distinct 2 predominant noncubic 
Fe2+ sites
(1 and 2 defect nearest 
neighbours) with other 
coordinations in 
smaller proportion

3 nonequivalent 
noncubic Fe2+ 
sites, electronic 
exchange between 
VIFe2+ and VIFe3+

2+1 cubic Fe site,
2 distinct noncubic 
Fe2* sites. 
%Fe2 +«%Fe2+
at x * 0.95

model noncubic Fe^ 
sites, 
%Fe|+=%Fe2+
at x = 0.92

composition 0.91 0.910 - 0.917 -»• 0.952 -►
range (x) 0.93 0.947 0.954 0.981

aThe parameters of the Johnson (1969) fit could not be successfully fitted to the Fe^ 9 5 2 ® data set.
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compositions previously studied. A summary of the fitting methods is given 
in Table 7.2, and the results are illustrated in Fig. 7.3. It is 
interesting to note that although the peak positions and widths of the 
previous fits could be reproduced in the present data, the peak areas 
could not. This is due to the manner in which the individual computer 
programs treat the area variables, and sounds a caution against 
considering a particular fit to FexO Mössbauer spectra as unique. The 
present fitting model is probably a more physically realistic method than 
fitting five singlets, because the subspectra correspond to different Fe 
environments whose proportions vary in a manner consistent with the 
changing numbers of defects in the structure.

TABLE 7.3 Some Mossbauer parameters for FexO spectra at 4.2 K

FeO #1 FeO #2 FeO #3 FeO #4 FeO #5

aX 0.952(2) 0.956(4) 0.956(4) 0.971(10) 0.981(4)

Fe2+ H kOe 390(3) 388(3) 387(3) 385(3) 383(3)
6^ mm/sec 1.38(3) 1.20(2) 1.00(2) 1.13(4) 1.20(4)

Fe3+ HCkOe 504(4) 501(3) 514(3) 519(4) _

613’ c mm/sec 0.69(3) 0.85(5) 0.68(5) 0.71(7) -

3 + c%FeJ 26(2) 18(2) 7(2) 12(2)
3+d%Fed 9.6(4) 8.8(8) 8.8(8) 5.9(21) 3.8(8)

clcalculated from lattice parameter using a(pm) = 385.6 + 47., 8x
^relative to Fe metal
Calculated from peaks 1 and 6 of Fe3+ Mössbauer spectrum
Calculated from x-ray data
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7.4 Mössbauer Spectra of Fex0 at 4.2 K
Below ^ 198 K at atmospheric pressure Fe^O becomes antiferromagnetic 

(Roth, I960) and the crystal lattice undergoes a progressive rhombohedral 
distortion (Willis and Rooksby, 1953). The Mössbauer spectrum of the 
defect antiferromagnetic phase for x _< 0.95 has been previously studied by 
Kurash et al.(1972), Romanov and Checherskaya (1972) and Greenwood and 
Howe (1972a), and reveals a complex set of magnetic subspectra. Romanov 
and Checherskaya (1972) recorded the Mössbauer spectrum for Fe^ QQ0 at 
85 K, which was a single magnetic six-line spectrum. They concluded that 
the complexity in the Mössbauer spectrum of Fe^O was due to defects and 
not to the rhombohedral distortion.

The spectra recorded for the five samples of Fex0 where x = 0.952 to 
0.981 are shown in the left column of Fig. 7.1. The spectra consist of a 
number of poorly resolved lines and a rough estimate indicates that at 
least three sets of magnetic six-line spectra of Fe2+ are present. The 
decreasing complexity of the spectra as x increases supports the 
conclusion of Romanov and Checherskaya (1972) that the complexity is due 
to defects in the rhombohedral lattice.

A fit of the present Mössbauer data was attempted using sets of 
six-line magnetic spectra, but it failed due to the poor resolution of the 
lines. A more empirical approach was therefore taken. The resolvable lines 
were fitted to singlets, and the broad shoulders at the high- and 
low-velocity ends of the spectrum (representing Fe^+) were fitted to a 
doublet (component areas constrained to be equal). By accounting for all 
of the area in the spectrum in this manner, it was possible to calculate 
several quantities from the fitted parameters. These quantities are listed 
in Table 7.3.

The amount of Fe^+ present was calculated on the basis of twice the 
area of the doublet relative to the area of the entire spectrum. It is 
evident from a comparison of the calculated % Fe^+ and the % Fe^+ 
available from x-ray analysis that the fitting procedure has overestimated 
the amount of Fe^+ , either by underestimating the total area of the 
spectrum or by overestimating the width of the outer Fe^+ peaks. The 
parameters for Fe^+ were calculated assuming the doublet to represent 
peaks 1 and 6 of the magnetic subspectrum. The average internal hyperfine 
field for Fe^+ is 510 + 8 kOe and the average centre shift for Fe^+ is 
0.73 + 0.08 mm/sec at 4.2 K (relative to Fe) (assuming zero EFG). The
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parameters for Fe^+ are 1.18 + 0.14 mm/sec for the average centre shift 
and 386 _+ 3 kOe for the average hyperfine magnetic field. There appears to 
be no systematic variation of these parameters with composition outside of 
experimental uncertainty. The values of these parameters are all in 
agreement with those reported by Kurash et al.(1972) at 80 K for Fe_ OI_0 
and Greenwood and Howe (1972a) at 77 K for FeQ ^ 0  (allowing for 
temperature corrections) (H and 6 both generally decrease with increasing 
temperature). The values reported for the centre shift and hyperfine field 
of Fe2+ in Fe^ ^^0 at 85 K by Romanov and Checherskaya (1972), however, 
are greater than those observed for Fex0 where x = 0.952 to 0.981, again 
allowing for the temperature difference (6 = 1.36(8) mm/sec (relative to 
Fe), H = 370(5) kOe at 85 K for Fe 0).

7.5 The Physical Model
The physical model suggested by the fit to the 298 K Mössbauer data is 

of three dominant Fe2+ environments, one cubic (Fe^+), and two noncubic 
(Fe^ and Fe^ ). The cubic site is identical to the one Fe^ site inD L
Fe 0, but is only observed in samples where x > 0.95. The proportion of
Fe atoms in the more distorted environment (Fer ) becomes greater than
the number in the less distorted environment (Fejl ) at x ^ 0.95. The2+ ®
linewidths of the Fe doublets are broad, indicating that more than one
site with slightly different parameters is represented by each doublet. It
is impossible to determine the likely arrangement of defects around each
Fe^+ atom directly from the data. It does not seem likely that the
doublets only correspond to Fe2+ atoms with 1 and 2 defect (Fe^+ or vacant
Fe2+ site) nearest neighbours as suggested by Greenwood and Howe (1972a),
because they calculate the ratio Fe^+(1):Fe^+(2) to be ^ 3 for x = 0.947

IV 3+ VI(assuming only single Fe ( □)  ̂clusters to be present). The large line
width of the singlet corresponding to Fe^+ indicates that there is more 
than one Fe^+ site, probably at least one being noncubic. It seems 
unlikely that the Fe^+ peak could ever be resolved into its individual 
components due to the low proportion of Fe^+ in Fex0. There is no evidence 
for any absorption peak in the 298 K spectrum of Fe 0 corresponding to 
Fe‘ /Fe:H interactions as reported by Elias and Linnett (1969) and 
Checherskaya et al.(1973). Greenwood and Howe (1972a) reached a similar 
conclusion.

The physical model corresponding to the 4.2 K Mössbauer data is not 
well defined. The positions of the strongest peaks of Fe^+ in the 
x = 0.981 spectrum indicate that the hyperfine field is probably not
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aligned with the principal axis of the electric field gradient, and the
large line widths of Fe^ peaks in all spectra indicate a probable range
of magnetic and quadrupole interactions. The possibility of fitting
magnetic subspectra to Fe^O data at 4.2 K, therefore, does not seem
likely. The parameters deduced from the empirical fit can only provide
rough information on the statistically averaged environment of Fe^+ and
Fe3+ in Fex0. It is interesting, however, to compare this data with the
Mössbauer parameters of Fe^O^. The Mössbauer spectrum of Fe^O^ is quite
different to Fex0 at 4.2 K (e.g. Srivastava et al., 1981) and the crystal
structure is believed to be monoclinic (Chiba and Chikazumi, 1982), but
the local Fe3+ environments in Fe-0., and Fe 0 could be similar. The3 4 x
hyperfine field of IVFe3+, VIFe3+(I) and VIFe3+(II) in F e ^  at 4.2 K are
512 kOe, 532 kOe and 505 kOe, respectively (Srivastava et al., 1981),
compared with the average value of 510 + 10 kOe for Fe3+ in Fex0
(x > 0.95). The centre shifts are considerably different, however.

IV 3+Srivastava et al.(1981) measured the centre shift for Fe to be
0.20 mm/sec at 4.2 K (relative to Fe) and FeJ to be 0.43 and
0.55 mm/sec. The average centre shift measured from the outer two lines
corresponding to Fe3+ in Fex0 is observed to be 0.73 + 0.08 mm/sec,
considerably higher than the values for Fe 0.. This might indicate that

3+ 3 4the crystallographic sites of Fe in rhombohedral Fex0 are different to 
those in low-temperature Fe^O^, or alternatively, that there is a large 
EFG in Fex0 which renders the method of calculating 5 from the outer two 
lines of the spectrum invalid.

The analysis of Fex0 (x = 0.952 to 0.981) Mössbauer spectra in the 
present work has suggested a physical model where there are three dominant 
Fe^+ environments whose proportions vary in a manner consistent with the 
defect concentration. Although the fits to the Mössbauer spectra are 
probably not unique, they indicate a trend which is likely to be common to 
any fitting method which attempts to model realistically the actual Fe2+ 
crystallographic sites, namely that the defect arrangements around Fe2+ in 
Fex0 (x = 0.95 to 1.0) vary rapidly with composition. Physical properties 
which are sensitive to the defect structure may therefore vary in a 
complicated manner with composition, reflecting changes in the population 
of certain defect arrangements relative to others. These properties may 
include the bulk modulus, which was concluded in Chapter 6 to display 
different sensitivity to compositional variation in the ranges x > 0.96 
and x < 0.96.
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CHAPTER 8 PHASE RELATIONS IN THE SYSTEMS FeO-MgO AND Fe-FeO

8.1 Introduction
A number of models for core formation has been proposed involving 

oxygen as the principal light element in the core (Dubrovskiy and Pan’kov, 
1972; Bullen, 1973; Larionov, 1977; Ringwood, 1977; 1979). The specific 
details of a process by which sufficient amounts of oxygen can be 
incorporated into the core to satisfy present density constraints must be 
consistent with the known behaviour of relevant minerals at high pressure 
and temperature, the systems FeO-MgO and Fe-FeO being particularly 
important. The observation of a phase transformation in FeO at high 
pressure has significant implications for both these systems. The purpose 
of this work is to redetermine the phase diagrams of FeO-MgO and Fe-FeO in 
view of the FeO high-pressure phase, and discuss the results in terms of 
formation of the Earth’s core if oxygen is considered to be the principal 
light alloying element.

8.2 The System FeO-MgO

8.2.1 The high-pressure phase of FeO
Various mechanisms have been proposed for the density increase observed by 
Jeanloz and Ahrens (1980) in the shock wave data of FeQ ^0 at % 70 GPa:
(a) A B1 B8 structural transition (Wang, 1970; Jackson and Ringwood, 

1981; Navrotsky and Davies, 1981);
(b) A B1 B2 structural transition (Jeanloz and Ahrens, 1980;

Navrotsky and Davies, 1981);
(c) A high-spin -> low-spin electronic transition in FeO (e.g.

Jackson and Ringwood, 1981 and references therein);
(d) Disproportionation of FeO to yield a mixture of Fe and either 

Fê Ojj or Fe20^ high-pressure phases (Bell and Mao,
1975; Jeanloz and Ahrens, 1980). The structure of the Fe.^ 
high-pressure phase is unknown (Mao et al., 1974), whereas the 
work of Yagi and Akimoto (1983) suggests spin-pairing in 
corrundum-structured Fe^O^ at about 60 GPa;

(e) A progressive change in Fe^O stoichiometry resulting from 
exsolution of Fe (Liu et al., 1982; see, however, section 6.7» 
this thesis);

(f) A progressive rhombohedral distortion of the B1 phase (Zou 
et al. , 1980; see also section 4.6.2, this thesis).



The zero-pressure density increase involved in the phase 
transformation was calculated by Jeanloz and Ahrens (1980) to be at least 
4%. While conceding the possibility of alternative interpretations,
Jeanloz and Ahrens (1980) based their analysis of the Hugoniot data upon 
predicted physical properties for a B2-structured high-pressure phase. An 
empirical correlation (Jamieson, 1977) between B1/B2 volume contraction 
and ionic radius ratio suggests that B1/B2 polymorphism in FeO would be 
accompanied by a volume reduction of about 4%. With the zero-pressure 
density of the high-pressure phase thus constrained, Jeanloz and Ahrens 
(1980) required a fourth-order Eulerian isentrope characterized by 
absolutely minimal Kq and and positive for a satisfactory fit of the 
resulting calculated Hugoniot to the data. This treatment, while perhaps 
demonstrating marginal viability for the B1/B2 model, does not constitute 
an objective assessment of the high-pressure phase. An alternative 
procedure was adopted by Jackson and Ringwood (1981) in which the key 
parameters of the theoretical Hugoniot were allowed wider variation. It 
was concluded that the zero-pressure density difference between the low- 
and high-pressure phases was at least 10-16%, and possibly significantly 
larger.

The large magnitude of the density increase raises the possibility 
that the transition involves significant shortening of Fe-0 and/or Fe-Fe 
bond lengths, in conjunction with a possible change of crystal structure. 
Jackson and Ringwood (1981) argue that Fe-0 bonds in the B8 structure are 
likely to be more covalent than in the B1 structure, and thus a shortening 
of Fe-0 bond lengths is implied. Conclusions from section 4.5 regarding 
the hypothetical phase FeS(B1) indicate that B1 -* B8 transitions must be 
accompanied by significant shortening of M-X bond lengths and/or unusually 
large c/a ratios in the B8 phase (although the latter is probably less 
likely for FeO since c/a appears to be correlated with the cation/anion 
electronegativity difference (Jackson and Ringwood, 1981)). More 
generally, data presented by Liu (1981) indicate that the volume changes 
involved in transitions of FeO to all other common structures are small 
(< 5%), unless there is a substantial shortening of bond lengths. For the 
purposes of the following discussion, it is assumed only that the phase 
transformation in FeO involves a change in crystal structure, but is 
probably accompanied by a substantial change in electronic properties 
associated with significant shortening of bond lengths.
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8.2.2 Calculation of the FeQ-MgO phase diagram
Above the transformation pressure of FeO a two-phase region consisting 

of a Mg-rich B1 phase and an Fe-rich high-pressure phase (hpp) forms. The 
formation of such a region has been recognized previously by Jeanloz and 
Ahrens (1980), Navrotsky and Davies (1981) and Vassiliou and Ahrens 
(1982). The absence of evidence for a phase transformation in MgO to at 
least 200 GPa is consistent with a negligible solubility of MgO in 
FeO(hpp) to at least ^ 100 - 150 GPa (section 5.5). Because of the large 
negative volume difference between FeO(B1) and FeO(hpp), an increase of 
pressure in the system FeO-MgO should result in a gradual exsolution of an 
almost pure FeO(hpp) phase, leaving an Fe-depleted (Fe,Mg)0(B1) phase.
This behaviour is analagous to that observed experimentally in the system 
FeS-MgS (Chapter 5).

The degree to which FeO(hpp) exsolves with increasing pressure is a 
function of the trade-off between the decrease in free energy obtained by 
the volume reduction from the formation of FeO(hpp) and the increase in
free energy associated with the loss of configurational entropy of the B1
solid solution. The calculation is similar to determining the phase 
boundary in the system FeS-MgS (section 5.4.1). The chemical potentials of
FeO in the Fe^Mg^ xO(B1) and FeO(hpp) phases are equal at equilibrium, and 
if ideal behaviour of the B1 solid solution is assumed 
U p ™ ’°(P,T) - y ^ ’°(P,T) = RTta x (8.1)
where the left-hand side of equation (8.1) is AG°(P,T) for the reaction
Fe0(B1) -> FeO(hpp) . (8.2)
AG (P,T) can be calculated from the following equation where P ^  and T^r 
are the respective pressure and temperature of transformation

(AG°(ptr •Ttr) = 0)
AG°(P,T) = AG' (Ptr-Ttr>

tr.
AV(T ) dP -

LtrJ
AS(Ptr) (8.3)

where AV and AS refer to reaction (8.2). If variations of Av and AS with 
pressure and temperature are ignored, the phase boundary between FeO(hpp) 
and Fe^Mg. x0(B1) is given by
ETSLn x - (P - P )AV + (T - T ^ A S  = 0. (8.4)
Equation (8.4) assumes that no MgO is soluble in FeO(hpp) which gives an 
infinite pressure for the phase transformation of MgO. The general shape 
of the phase boundary is not altered, however, if a transformation 
pressure of 200 GPa for MgO is used, and the conclusions remain unchanged. 
Nonstoichioraetry of FeO has been neglected since it is probably important
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only close to the FeO endmember in the B1 solid solution (Jackson et al., 
1978; Bonczar and Graham, 1982).

J

Determination of the phase boundary between FeO(hpp) and Fe^Mg^ ^CKBO
requires an estimate of AV and AS. To calculate the range for AV the
parameters describing the extremal Hugoniots for the shock wave data of
FeO(hpp) calculated by Jackson and Ringwood (1981) were used to determine
AV(B1 + hpp) at 70 GPa using a Birch-Murnaghan equation of state. The
maximum allowed range for AV at 70 GPa is -0.5*4 to -0.99 cm /mol (7-11%
volume decrease). Since AV is expected to decrease with increasing
pressure, this range probably represents an overestimate of the true
uncertainty. Estimates of AS are more difficult because of the lack of
data concerning the temperature effect on the phase transformation.

-1 -1Accordingly, AS was varied between the limits +5 and -5 JK mol which
represent the range within which the majority of values for phase 
transformations fall.

8.2.3 Results
The calculated phase diagram for the system FeO-MgO is illustrated in 

Fig. 8.1 for T = 1000 K, 2000 K and 3000 K. Estimates of Ptr and Tfc of 
70 GPa and 1300 K, respectively, were taken from the shock wave data of 
Jeanloz and Ahrens (1980). The value 70 GPa probably represents a maximum 
estimate of P since shock experiments tend to overestimate equilibrium 
transformation pressures. The shaded region represents the range in which 
the phase boundary between Fe Mg 0(B1) and Fe Mg 0(B1) + FeO(hpp) willX I —X X I —X
lie for the variation of AV and AS between the limits given above. The 
effect of increasing temperature is generally to increase the pressure at 
which a given composition FexMg^ x0(B1) exsolves FeO(hpp).

The calculations are consistent with the results of a recent shock
wave experiment on Fe_ „Mg., ,0 to 200 GPa (Vassiliou and Ahrens, 1982).0.4 0.b
The shock wave data are adequately explained without first-order phase
transitions, although there is marginal evidence for a transition of no
more than 3% density increase near 120 GPa. The increase in density
associated with the exsolution of FeO(hpp) from Fe,. „Mg. ,0 might occur0.4 u .b
gradually as a function of pressure and no significant discontinuity in
the shock data would then be predicted. Moreover the overall density
increase involved with exsolution is calculated to be small. Using a
Birch-Murnaghan equation of state, the maximum density contrast between
Fe.. ,,Mg. ^0(B1) and the mixture 0.6 MgO(B1) + 0.4 FeO(hpp) (the extreme 0.4 0. b
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F e x Mg |-x 0(B') +  FeO(hpp)
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T = 3 0 0 0  K
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x mole fraction FeO

Fig. 8.1 Pressure-composition phase diagrams for the system FeO-MgO at 
temperatures of 1000 K (A), 2000 K (B) and 3000 K (C). The shaded region 
represents the range where the phase boundary between Fe Mg 0 and 
FeO(hpp) falls for variation of AV and AS between the limits~given in the 
text.

AS= -  5 JK"1 
AV= -0 .5 4  cm^mol

.AS = - 5 JK 1 ^  
AV=-0.99cm^mor

H  10
AS = + 5 JK 1 
AV =-Q. 54cm^mol~AS = +-5 JK 1 ^

AV--0.99cm ^ mo I“ *

Fig. 8.2 Clapeyron slope dP/dT as a function of composition for the phase 
boundaries shown in Fig. 8.1. Curves corresponding to different choices of 
the parameters AS and AV are plotted to indicate their effect on the 
slope. Note that the slope of dP/dT changes sign as a function of 
composition for all positive values of AS.
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case) is calculated to be less than 2 .% at 200 GPa and 298 K. The Hugoniot 
for the mixture would therefore be within the limit of error of the

Fe0 4Mg0 60(B1  ̂ HuS°ni°t.

The slope dP/dT of the exsolution phase boundary may be determined 
from equation (8.4) and is approximately given by
dP _ Rftn x AŜ
dT AV AV ( 8 . 5 )

The two contributions to the slope dP/dT are clearly shown. The first term 
represents the configurational entropy contribution arising from the 
disorder of Fe atoms among Mg atoms in the B1 phase, and is positive 
throughout the range 0 < x < 1. The second term is the contribution from 
the change of entropy between the low- and high-pressure phases of FeO. 
This term is either negative or positive, depending on the sign of AS. In 
the case where AS is positive, since the right-hand side of equation (8.5) 
is dominated by the second term at high values of x, dP/dT assumes a 
negative value. As x decreases, however, the magnitude of the first term 
increases and eventually dominates the value of dP/dT. When AS is 
negative, dP/dT is positive for all values of x. Fig. 8.2 illustrates the 
variation of dP/dT as a function of x. A decrease of AS from +5 to 
-5 JK ^mol displaces dP/dT to higher values, whereas increasing the 
magnitude of AV from -0.54 to -0.99 cm /mol decreases dP/dT by a factor of 
two.

8.2.4 Implications for the Earth
In the following the present-day lower mantle is assumed to have a 

pyrolite bulk composition (Ringwood, 1975; Green et al., 1979) with a 
Mg/(Mg + Fe) ratio of approximately 0.90. That such a model is 
approximately consistent with available seismic and laboratory data has 
been demonstrated in a wide variety of independent analyses (see section 
1.1). The dominant phases in such a lower mantle are believed to be 
(Mg,Si)0^ (perovskite), (Mg,Fe)0 (rocksalt), Ca^Al^SiO^ (sodium titanate) 
and NaAlSiO^ (calcium ferrite) (Liu, 1978; 1979; Ringwood, 1979) with 
partitioning of Fe between the rocksalt and perovskite phases predicted to

yield the phases FeQ gMß0 82°^B^  and ^Feo 02Mß0 98^Si°3^PV  ̂ ^Bel1 et 
al., 1979). Recent experiments by Ito and Yamada ( 1982) and Ito et 
al.(1983) have redetermined the partitioning coefficient for Fe and Mg 
between perovskite and magnesiowUstite, but the Fe content of the rocksalt 
phase is not changed by more than 'v 2 atom %.
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To determine the depth at which exsolution of FeO(hpp) from the B1
phase might occur in the lower mantle, the region in which the phase
boundary between Fe0 0Mgn o0(B1) and Fen 0Mg o0(B1) + FeO(hpp) would lie

U . £ U . o  U . c. U . o
has been plotted as a function of temperature and depth within the lower 
mantle (Fig. 8.3). A typical geotherm is also plotted. Exsolution, if it 
did occur in the lower mantle, would take place only in the region 
immediately overlying the core and would not be a significant factor in 
the chemistry of the present-day lower mantle.

3000 p o s t - a c c r e t i o n a l  
T d i s t r i b u t i o n

R i n g w o o d (  1 9 7 5 )

p r e s e n t  g e o t h e r m  
S t a c e y ( 1977 )

2000

30002000I 0 0 0
Depth

Fig. 8.3 Temperature-depth profile illustrating the region (shaded) where 
exsolution of FeO(hpp) from two B1 compositions begins, where AV and AS 
have been varied between the limits given in the text. A present-day 
geotherm (Stacey, 1977) and an estimate of the post-accretional 
temperature distribution (Ringwood, 1975) are also plotted.
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Exsolution of FeO(hpp) from (Fe,Mg)0 may, however, have played a 
significant role in the development of the early Earth. Assuming oxygen to 
be the light alloying element, the composition of the core can be 
estimated by comparison of shock compression data of Fe and Fe oxides with 
density profiles of the core (e.g. Dubrovskiy and Pan’kov, 1972; Ringwood, 
1977; Jeanloz and Ahrens, 1980). The recent shock wave data of Jeanloz and 
Ahrens (1980) indicate a composition for the outer core of 45% (wt) FeO 
and 55% Fe. Thus the simplified bulk composition of the Earth (Fe/FeO 
core + pyrolite mantle), and by inference of the material from which the 
Earth was accreted, is 20% (wt) metallic Fe, 32% SiO^, 28% MgO and 20%
FeO. The bulk Mg/(Fe + Mg) ratio of the primordial nonmetallic component 
is thus approximately 0.7 with partitioning of Fe and Mg between the 
coexisting perovskite and magnesiowUstite phases at pressures in excess of 
23 GPa (Bell et al., 1979) resulting in the rocksalt phase composition
Fen cMg_ c0. Fig. 8.3 illustrates the region in which the phase boundaryJ. 5 0.5
between Fe Mg 0(B1) and Fe Mg 0(B1) + FeO(hpp) will lie plotted asu • ̂  0 • _) 0*5 0 • 5
a function of temperature and depth. The horizontal axis is based on the 
current density distribution; the exsolution region of Fen _Mg. ._0(B1) 
will therefore lie at slightly shallower depths than indicated since 
pressure will have increased more rapidly with depth in the mantle of the 
early Earth. One estimate of the post-accretional temperature distribution 
within the Earth is also plotted. It is clear, therefore, that exsolution 
of FeO(hpp) from (Fe,Mg)0 could occur at the P,T conditions within the 
accreting Earth.

The formation of a dense FeO(hpp) phase early in the Earth’s history 
raises the possibility of gravitational separation of the high-pressure 
phase from the surrounding silicate material. Mao et al.(1979) have 
proposed a model for the differentiation and subsequent formation of the 
core based on the separation of Fe-rich and Mg-rich phases due to 
partitioning of Fe between the perovskite and rocksalt structures. 
Additional partitioning of Fe caused by exsolution of FeO(hpp) would 
greatly enhance such a differentiation process and place additional 
compositional constraints on the system. The time required for 
gravitational separation can be estimated using Stokes’ law. Given the 
density difference between phases, Ap, and the viscosity of the 
surrounding material, n, a spherical particle with a radius r will fall 
with a velocity given by

V 2g£_Â
9n (8.6)
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where g is the gravitational acceleration (Batchelor, 1970, p. 23*0. Given
16a lower mantle viscosity of 10 P (Stevenson, 1981), an FeO(hpp) blob of

-1 3several cm diameter would fall with a velocity of % 10 cm/s, requiring 
1 3^ 1 0  yr to fall through the lower mantle to the core. To reduce the timeg

to be compatible with Earth history, e.g. 10 yr, the size of the 
individual FeO(hpp) blobs in the lower mantle would have to exceed 10 m in 
diameter. Solid-state diffusion processes required for the growth of 
FeO(hpp) into such large blobs might require prohibitively long periods of 
time and therefore gravitational separation in the solid state does not 
seem a likely mechanism for differentiation of the Earth with respect to 
Fe. Watt and Ahrens (1982) have reached an identical conclusion based on a 
similar Stokes’ Law calculation. If FeO were molten, however, gravity 
could effectively separate the dense liquid from less dense unmelted 
silicate phases. Using a modification of Darcy’s law (e.g. Walker et al.,
1978) the velocity with which a melt of viscosity n will percolate through
an aggregate of crystals with radius R is given by

2 2= gApR f
73.5n (8.7)

where f is the fraction of melt present. For a melt viscosity of 1 P (by
analogy with Fe?SiCL, see Bottinga and Weill, 1972) and a silicate grain

d 4 -3size of 0.1 cm, the FeO melt would sink at a rate of ^ 10 cm/s, a
velocity large enough to ensure an effective segregation of Fe into the
core within the Earth’s history. One means of producing an FeO-rich melt
would be the formation of a low-melting point alloy between Fe and
FeO(hpp) in the primordial Fe-silicate mixture, as proposed by Ringwood
(1977; 1979).

8.3 The System Fe-FeO

8.3»1 The Fe-FeO phase diagram at 0.1 MPa
At atmospheric pressure the phase diagram of Fe-FeO contains a large 

liquid immiscibility region (LIR). The solubility of oxygen in molten Fe 
has been studied as a function of temperature to 2319 K (Taylor and 
Chipman, 1943; Distin et al., 1971; Fischer and Schumacher (1978), and the data 
are illustrated in Fig. 8.4. Recent data of Fischer and Schumacher (1978) have 
provided a more accurate determination of the solubility of oxygen in Fe 
due to the use of a sophisticated levitation and heating technique which 
allows an in-situ determination of the solubility temperatures, and the 
results are both reversible and reproducible. A linear extrapolation of 
the data of Fischer and Schumacher (1978) indicates that the
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Fig. 8.4 Solubility of oxygen in liquid Fe as a function of inverse 
temperature. The open circles refer to data of Taylor and Chipman (1943), 
the crosses to data of Distin et al.(1971) and the closed circles to data 
of Fischer and Schumacher (1978). The shaded region indicates the 
uncertainty allowed in extrapolating the data to high temperature.
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Fig. 8.5 Melting temperature versus pressure for Fe and FeO. The solid 
lines indicate experimentally determined curves and the shaded areas are 
an extrapolation of the Lindsley (1966) data for FeO based on the Kraut- 
Kennedy relation, and a calculation of the Fe melting curve based on the 
Lindemann law. The bounds of the shaded region reflect the magnitude of 
uncertainties in the input parameters.
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miscibility gap closes at approximately 3000 K. Because of the length of 
extrapolation required, a somewhat larger uncertainty has been assumed for 
the solubility of oxygen in Fe at high temperature, and is indicated by 
the shaded region in Fig. 8.4. The extrapolated phase diagram for the 
system Fe-FeO at 0.1 MPa is illustrated in Fig. 8.6 (Box A) (see also 
Ringwood, 1977). The error bars attached to the temperature at which the 
miscibility gap closes are + 500 K, based on the allowed range of 
solubilities in Fig. 8.4. It should be noted, however, that Fig. 8.6(A) 
probably overestimates the temperature of closure of the miscibility gap 
in view of the high accuracy attributed to the Fischer and Schumacher (1978) 
dataset, which strengthens considerably the arguments presented in the 
following sections.

8.3.2 Melting curves for Fe and FeO
The effect of pressure on the melting point of Fe can be calculated 

using Lindemann’s rule (e.g. Alder, 1966; Boschi, 1974; Stacey and Irvine, 
1977). If PY = constant is assumed to be valid for Fe, where y represents 
the solid state Grlineisen parameter and p is the density, the variation of 
the melting point as a function of pressure for Fe according to 
Lindemann’s rule (see Stacey and Irvine, 1977) can be written as

2/3
exp[2yQ (p - p )/p] (8.8)

where the zero subscript refers to atmospheric pressure and temperature is 
expressed in Kelvin. Using the Hugoniot data of McQueen et al.(1970) to 
constrain the density and the analysis of Jeanloz (1979) based on the 
McQueen et al.(1970) data to constrain the Grlineisen parameter, the bounds 
for the melting curve of Fe to 100 GPa were determined (Fig. 8.5). The 
melting curve is consistent with recent evidence from shock wave data of 
Brown and McQueen (1980) that Fe melts between 5000 K and 6000 K at 
250 GPa (Brown and McQueen, 1982); equation (8.8) predicts a melting 
temperature for Fe at 250 GPa of between 4665 K and 6080 K. The 
experimental data of Liu and Bassett (1975) to 20 GPa also lie within the 
bounds of the melting curve illustrated in Fig. 8.5.

Experimental data of the melting of FeO at high pressure are only 
available to 3 GPa (Lindsley, 1966), and therefore the melting curve of 
FeO is not well constrained. It can be demonstrated, however, that the 
melting curve of FeO lies above the melting curve of Fe at high pressure. 
The initial melting slope for FeO measured by Lindsley (1966) is 
approximately 70 K/GPa, compared with 35 K/GPa for Fe. A modest
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extrapolation of the FeO melting data indicates that the melting curves of 
FeO and Fe cross at approximately 5 GPa (see inset, Fig. 8.5). 
Consideration of the uncertainty in the FeO melting data does not alter 
the crossover point by more than 2 GPa. Assuming that the melting 
temperature of FeO ascends uniformly with pressure and does not display a 
maximum, the melting curve of FeO must lie above the melting curve of Fe 
above 'v 5 GPa. To estimate the effect of pressure on the melting 
temperature of FeO, the Lindsley (1966) data were first extrapolated using 
the Lindemann criterion as for Fe, but it was found that the calculated 
melting curve deviated more 100 K at 3 GPa from the Lindsley (1966) 
melting data for all reasonable values of Y. As a first approximation, 
therefore, the Kraut-Kennedy extrapolation formula was used instead, where 
the melting temperature is given by

T = T (1 + )m m  p (8.9)
where Ap/p is the isothermal (298 K) compression and C is a constant
(Kraut and Kennedy, 1966). Using a Birch-Murnaghan equation of state with
K = 150 + 10 GPa and K ’ = 3.5 + 0.5 to calculate Ap/p, C was calculated 

o  —  o  —

to be 1 0 + 2  from the Lindsley (1966) data. Using the isothermal
compression data calculated from the Hugoniot data for FeO of Jeanloz and
Ahrens (1980), the melting curve for FeO was calculated using equation
(8.9) (Fig. 8.5). The effect of the phase transformation in FeO at
^ 70 GPa is to increase dT /dP at the B1-hpp-£ triple point according tom
the general argument of Schreinemakers (1916), and thus increase the 
discrepancy between the melting temperatures of Fe and FeO.

8.3.3 The effect of pressure on liquid immiscibility
The effect of pressure on the LIR is to reduce the temperature at

which the miscibility gap closes, if the partial molar volume of FeO
#(FeO , Ringwood, 1977) dissolved in the metallic Fe-rich liquid is assumed 

to be less than that of FeO in the nonmetallic FeO-rich liquid (Ringwood, 
1977). Substantial reductions in M-0 bond lengths have been observed in 
metallic oxides of Mo, Tc, Ru, Rh, W, Re, Os and Ir relative to insulating 
compounds containing the same cations (Shannon, 1976). In the first-row 
transition metal series, the M-0 bond lengths of metallic VO and TiO are 
substantially shorter than would be predicted from their ionic radii, 
whereas the M-0 bond lengths in nonmetallic MnO, FeO, CoO and NiO are very 
close to those calculated from their ionic radii. The substantial 
shortening of Fe-0 bond lengths associated with a metallic transition of 
FeO supports the assumption that the partial molar volume of FeO in the
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metallic Fe-rich liquid is less than that of FeO in the nonmetallic 
FeO-rich liquid. The degree to which the LIR is reduced with pressure 
depends on the magnitude of the difference between the partial molar 
volumes of FeO in the two melts. In view of the large uncertainty 
associated with the volume difference, it is assumed only that pressure 
does not increase the extent of the LIR; thus the temperature at the top 
of the LIR remains constant with increasing pressure.

In a general sense Fe-FeO liquid immiscibility reflects an 
incompatibility in bond character between the endmember melts, and perhaps 
indirectly a similar disparity in bond type between the corresponding 
crystalline phases. The phase transformation FeO(B1) + FeO(hpp) could have 
a significant effect on the high-pressure phase diagram of Fe-FeO if the 
bonding in FeO(hpp) were metallic. The melt formed from FeO(hpp) might 
become more structurally compatible with liquid Fe with increasing 
pressure, resulting in a depression or even closing of the liquid 
miscibility gap. The observation of very low electrical resitivity (Endo 
and Ito, 1980) for the high-pressure phase of Fe^O^ (Yagi and Akimoto, 
1982) supports the possibility of metallic behaviour in Fe-0 compounds at 
high pressure.

8.3.^ The effect of pressure on eutectics of Fe-FeO
The variation of eutectics in the system Fe-FeO can be assessed on the 

basis of thermodynamic considerations. In a discussion by Ringwood 
(1962b), it is pointed out that the variation with pressure of the 
eutectic temperature may be substantially less than the melting point 
gradients of the pure phases because of the increase in A^me^ting ^or an 
intermediate composition due to the entropy of mixing in the liquid phase. 
Newton et al.(1962) have explicitly calculated the slope dTm/dP for a 
binary eutectic, and demonstrate its reduction over dT^/dP of the pure 
endmembers due to a term representing the entropy of mixing.
Experimentally a substantial depression of the eutectic with respect to 
the liquidi of the endmembers has been observed in the binary systems Na-K 
(Newton et al., 1962), NaF-NaCl and CsCl-NaCl (Kim et al., 1972) and 
Fe-FeS (Usselman, 1975a).

The eutectic may also be affected by the solid-state phase transition 
in FeO. If FeO liquid were to become more compatible with Fe liquid 
discontinuously in the pressure range of the transition (60-90 GPa), there 
might be an abrupt shift of the eutectic to more FeO-rich compositions and
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hence an abrupt lowering of the eutectic according to the increased 
proportion of the alloying species.

8.3.5 The Fe-FeO phase diagram at high pressure
Although the considerations presented above are largely qualitative, 

they provide useful constraints on the topology of the phase diagram of 
Fe-FeO at high pressure. A series of schematic phase diagrams has been 
constructed based on these considerations (Fig. 8.6). With increasing 
pressure the melting point of FeO rises above the melting point of Fe and 
a new phase region consisting of FeO(B1) + metallic liquid forms. The 
temperature of the Fe-rich eutectic increases more slowly with pressure 
than the melting point of Fe, which causes a more pronounced lowering of 
the melting temperature of Fe by solution of oxygen. The Fe-rich eutectic 
is displaced towards more FeO-rich compositions and the eutectic near FeO 
is correspondingly displaced towards less FeO-rich compositions because a 
eutectic tends to be displaced towards the endmember whose melting point 
varies least with pressure (Bridgman, 1931t p.221) (here the top of the 
LIR is considered an endmember and its invariance with pressure displaces 
both the Fe-rich and the O-rich eutectics). As pressure increases, several 
factors contribute to a contraction of the liquid immiscibility field:
(1) an upwards displacement of the melting points of Fe and FeO 

relative to the top of the liquid immiscibility region which is 
assumed to remain fixed on the basis of earlier discussion;

(2) a more rapid increase with pressure of the melting points of Fe 
and FeO relative to the eutectic temperatures;

(3) a progressive displacement of the eutectic compositions towards 
the LIR.

At the point where complete liquid immiscibility occurs, the Fe-FeO phase 
diagram becomes qualitatively similar to that of Fe-FeS at atmospheric 
pressure.

8.M Formation of the Earth’s Core
A prospective candidate for the light alloying element in the Earth's 

core must satisfy at least three criteria (Stevenson, 1981):
(1) it must be present in sufficient cosmic quantities;
(2) it should be capable of forming a high-pressure alloy with Fe 

and significantly depressing the Fe melting point;
(3) it should partition into the core-forming Fe liquid in 

sufficient amounts.
The need for a low-temperature eutectic between Fe and the light element
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Fig. 8.6 Sequence of proposed schematic phase diagrams of Fe-FeO at high 
pressure. The dashed lines indicate that no experimental data are 
available. The phase diagram at atmospheric pressure is shown in box A. As 
pressure increases, T (FeO) > Tm (Fe) and the extent of the liquid 
immiscibility region decreases as the temperature at the top of the region 
remains constant (B). The rate of increase of the eutectic temperatures 
with pressure is retarded with respect to the increase of the endmember 
melting points, and the eutectic compositions move towards the liquid 
miscibility gap (C). Above the solid-state transformation in FeO the 
liquid miscibility gap closes and the phase diagram is qualitatively 
similar to that of Fe-FeS (D).-
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arises from a reconciliation of the proposed low-temperature accretion of 
the Earth and the inferred rapid formation of the core (e.g. Murthy and 
Hall, 1972). Sulphur is regarded as one of the more likely light elements 
because of its cosmic abundance, the deep eutectic in the Fe-S system and 
the limited amounts of sulphur needed to satisfy core density constraints. 
Usselman (1975b) has estimated the increase of the Fe-S eutectic with 
pressure based on an extrapolation of experimental data. Fig. 8.7 
illustrates Usselman*s extrapolated curve with the melting curve derived 
for pure Fe; the eutectic lies well below the melting curve at all 
pressures. In models of core formation involving sulphur, the solidus of 
the system Fe-S is generally assumed to be exceeded first in the surface 
region of the accreting Earth because of heat concentration near the 
surface due to the dissipation of gravitational energy of infalling 
planetesimals. The Fe-rich liquid coalesces into large bodies which sink

=> 3000

2000

Pressure GPa
Fig. 8.7 Estimates of the melting interval of the mantle (Ohtani, 1983) 
and the melting curve of Fe (see Fig. 8.5). Also plotted are the estimated 
variation with pressure of the Fe-FeS eutectic (Usselman, 1975b) and the 
purely schematic curve corresponding to the Fe-FeO eutectic (see 
Fig. 8.6).
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through the viscous but solid mantle (e.g. Elsässer, 1963; Vityasev and 
Mayeva, 1976; Stevenson, 1981); core formation is therefore governed by 
the essentially vertical movement of large bodies of contrasting density 
in the Earth's gravitational field.

Ringwood (1977; 1979) has suggested that oxygen can participate in 
core formation models in a similar manner to sulphur, forming a low- 
temperature Fe-rich melt which sinks to form the core. In this work it has 
been argued that (a) a dense FeO(hpp) phase exsolves from the (Fe,Mg)0(B1) 
phase above 70 Gpa, and (b) above ^ 70-80 GPa at high temperature 
(T > 2000 K) FeO and Fe are presumed to be completely miscible in the 
liquid state. The variation of the Fe-FeO eutectic with pressure has been 
determined by crudely estimating the position of the eutectic from 
Fig. 8.6 (Fig. 8.7). An estimate of the mantle melting interval has also 
been plotted (Ohtani, 1983). Since the estimated Fe-FeO eutectic lies 
considerably below the mantle solidus (whereas the melting curve of Fe 
does not), it is possible that production of an Fe-FeO melt within the 
accreting Earth can occur without extensive melting of the silicate-oxide 
phases. This is consistent with geochemical evidence that suggests a lack 
of gross chemical fractionation, combined with the lack of evidence for a 
thick primordial crust, which would be indicative of extensive melting of 
the mantle (e.g. Urey, 1952; Ringwood, 1979).

Ringwood (1977; 1979) has proposed a model for the formation of the 
Earth's core in which molten blobs of a low-melting point alloy of Fe-0 
sink through unmelted silicate material to form the core and the unmelted 
silicate material coalesces to form diapirs which rise upwards to form the 
mantle. The revised phase diagrams of FeO-MgO and Fe-FeO presented in 
sections 8.2 and 8.3 add important input to Ringwood's model, and allow 
the core formation process to be developed in greater detail. The 
following model is taken from McCammon et al.(1983):

(1) The Earth accretes in the primordial solar nebula as an intimate and 
homogeneous mixture of metallic Fe particles and (Mg,Fe) silicates and 
oxides. The gravitational energy of infalling planetesimals liberated as 
heat warms the surface of the accreting Earth, but temperatures are low 
with respect to the relevant silicate and metal melting points
(Fig. 8.8a) .

(2) The Earth continues to accrete and interior temperatures rise as
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adiabatic compression becomes significant. Pressure becomes sufficiently 
high to allow exsolution of FeO(hpp) from the (Mg,Fe)0 component of the 
primordial mixture. Temperatures remain below all relevant melting points 
(Fig.8.8b).

(3) FeO(hpp) continues to exsolve and remains intimately mixed with the Fe 
metal-silicate mixture (Stokes’ law, section 8.2.4) until temperatures 
within the Earth exceed the Fe-FeO eutectic temperature (region DE,
Fig. 8.8c). The metallic melt sinks through the region of unmelted Fe 
metal-silicate + FeO(hpp) mixture in accordance with Darcy's law (section 
8.2.4) to begin formation of the core. The residual Fe-depleted silicate 
in region DE which is now less dense than the primordial Fe metal-silicate

\ infalling dust and 
\  planetesimals

\ ? ? silicate diapirs

r motten blobs of Fe-FeOFe°»(Mg.Fe) siftcates

FeO(hpp}*Fe0-silicate
hquKJ Fe-FeO

late-stage accretion material

region of 
segregation

liquid outer core 
Fe-FeO alloyliquid outer core

liquid Fe-FeO

Fig. 8.8 Proposed sequence of events leading to core formation (from 
McCammon et al., 1983).



121

coalesces in the absence of the melt to form large diapirs of perhaps 
several km in diameter which rise upwards through the primordial Fe metal- 
silicate to form the mantle. The large diameter of these bodies ensures an 
upwards migration timescale of relatively short duration in accordance 
with Stokes’ law.

(4) Accretion continues. The rise of interior temperatures and the 
displacement of material from region CD into the zone of melting (region 
DE) contribute to the overall reduction and eventual elimination of region 
CD. The overall temperature distribution within the Earth approaches an 
adiabatic gradient due to vigorous convection. Solidification of an inner 
core from the Fe-FeO melt begins as pressure raises the Fe-FeO liquidus 
above the prevailing temperature at the centre of the core (Fig. 8.8d). 
Present models for core dynamics and the geodynamo (e.g. Gubbins, 1977; 
Fearn et al., 1981) require the composition of the inner core to be 
predominantly Fe, but the estimate of outer core composition (45 wt % FeO) 
combined with the schematic phase diagram (Fig. 8.6) implies that inner- 
core crystallization would take place on the FeO-rich side of the 
eutectic. This inconsistency might be resolved by invoking the presence of 
other light elements in the core liquid. The requirement would then be 
that the liquid composition lie on the Fe-rich side of the eutectoid in 
the relevant multicomponent system, for example, Fe-S-O.

(5) Accretion of the Earth is almost complete. Melting and segregation 
continues in region DE and the metallic core and silicate mantle continue 
to grow in size. The thin outer layer of dense material resulting from the 
final stages of accretion is subducted into the mantle and vigorous 
convection assists in homogenization of material comprising the mantle 
(Fig. 8.8e).

(6) Core segregation is complete and the Earth has separated into the 
present-day mantle and core (Fig. 8.8f). In accordance with uranium/lead 
isotopic studies (Oversby and Ringwood, 1971; Gancarz and Wasserburg,

o
1977; Pidgeon, 1978), this stage would be reached within ^ 10 yr of the 
Earth's accretion.
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CHAPTER 9 CONCLUSION

9.1 Summary

The behaviour  o f  t r a n s i t i o n  metal  compounds i s  both  d iv e r s e  and 

complex, and i s  a t t r i b u t e d  p r i m a r i l y  to the  presence  o f  d e l e c t r o n s  in the 

o u t e r  bonding o r b i t a l s .  This  t h e s i s  has exp lored  the  behaviour o f  Fe 

o x id e s  and s u lp h id e s  in terms o f  some p o t e n t i a l l y  im por tan t  t r a n s i t i o n s  

r e l a t e d  to  t h e i r  e l e c t r o n i c  s t r u c t u r e .  These t r a n s i t i o n s  in c lu d e  changes 

in  sp in  s t a t e ,  e l e c t r o n  d e l o c a l i z a t i o n  and magnet ic p r o p e r t i e s .  Changes in 

s t o i c h io m e t r y  ( o x i d a t i o n  s t a t e )  and c r y s t a l  s t r u c t u r e  were a l so  s t u d i e d .  

The main c o n c lu s io n s  from t h i s  work a re  summarized in a s e r i e s  o f  phase 

diagrams ( F ig s .  9.1 -  9 .3 )  which a re  marked with  c i r c l e d  numbers 

co r respond ing  to the  c h a p t e r s  from which the  in fo rm a t io n  was drawn.

F ig .  9.1 i l l u s t r a t e s  the  phase diagram o f  FeS a t  h igh p r e s s u r e  and 

h igh t e m p e r a t u r e .  The p l o t t e d  l i q u i d u s  co r re sp o n d s  to  the  e u t e c t i c  between 

Fe and FeS determined  by Usselman (1975a) .  Fe^+ in  h ig h - p r e s s u r e  phase FeS 

has  been i n f e r r e d  to  be in the  h ig h - s p i n  s t a t e  from the  s tudy  o f  FeS-CoS 

s o l i d  s o l u t i o n s  in Chapter  3. The p robab le  n a t u re  o f  the  h y p o t h e t i c a l  

phase FeS(B1) has been determined  from the  s tudy  o f  FeS-MnS and FeS-MgS B1

Fe-FeS eutectic
(Fe,Mn)S(B8) (Fe.Mn)S(hpp)

FeS(B8)FeS(B1)I000
FeS(hpp)-  localized bonding

-  minor lattice distortion

- <Fe- S >0918 M Pä253  
-A V (B 1 -B 8 )"-7 .2 %  

at 298 K and 0.1 MPa

-high-spin Fe^

-  highly delocalized 
bonding .

FeS(B31)
\  A'J'i from (Co,Fe)S 

 ̂ v 2 / solid sol’ns
from (Mg,Fe)S,(Mn,Fe)S 

solid sol'n8 transition involves 
significant electronic 
component

FeS(troilite)

■249 pm KP(1982)0.1 MPa

Pressure GPa

F i g . 9.1 Phase diagram of  FeS based on c o n c lu s io n s  from Chapters  3* 4 and 
5. Some phase boundar ie s  from the  l i t e r a t u r e  a re  shown; the  n o t a t i o n s  
r e f e r  to Anzai and Ozawa (1974) ,  King (1979) ,  King and P re w i t t  (1982) ,  
Kulle rud e t  a l . ( 1 9 6 5 )  and Usselman (1975a) .  The s lope  o f  the FeS(B1) phase 
boundaryQwas determined us ing P = AG° s (0,T)AVp (from equa t ion  ( 5 . 8 ) ) ,  
where AG„ (0,T) was c a l c u l a t e d  as a f u n c t i o n  o f  t em pera tu re  from F ig .  5.1 
( see  equa t ion  ( 4 . 5 ) ) .
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solid solutions in Chapter 4. The stability field of FeS(B1) is indicated 
at negative pressures in Fig. 9-1. and while the phase diagram is not 
physically realistic for P < 0, it indicates the position of the FeS(B1) 
stability field relative to other stable phases in the system. The 
transition (Fe,Mn)S(B8) + (Fe,Mn)S(hpp) has been observed to occur between 
6 and 7 GPa at 1273 K (Chapter 5), and is consistent with the phase 
boundary between FeS(B8) and FeS(hpp) proposed by King and Prewitt (1982), 
since the presence of Mn is likely to raise the transition pressure of the 
B8 phase.

FeS

CoS
2+ 2 +(1) Fe (high spin), Co (low spin) present 

throughout solid solution
(2) Fe-S bonding becomes highly delocalized as 

CoS endmember is approached

MnS
(1) B1 solid solution is magnetically ordered at 

all compositions at low temperature, but 
probably has multiaxial spin arrangement

(2) (Fe,Mn)S(Bl) exsolves Fe-rich (Fe,Mn)S(B8) 
with increasing pressure

(3) There is no evidence for B1+B8 polymorphism 
in MnS

MgS
(1) B1 solid solution magnetically orders between 

15 and 35 mol % FeS at 4.2 K, but ordered 
phase probably has multiaxial spin arrangement

(2) (Fe,Mg)S(Bl) exsolves FeS(B8) with increasing 
pressure

(3) There is no evidence from pressure-dependent 
solubility of MgS in FeS(B8) to suggest 
B1-+B8 polymorphism in MgS

(4) (Fe,Mg)S(Bl) solid solution behaves 
essentially ideally to at least 6 GPa

(1) Fe and FeO(hpp) are probably completely 
miscible in the liquid state above 70 GPa

Fig» 9.2 Schematic diagram listing conclusions regarding FeS and FeO 
solid solutions from Chapters 3, 4 and 8.
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Fig. 9.2 lists the major conclusions from studies of oxide and 
sulphide solid solutions. The studies involving sulphide solid solutions 
have been mainly experimental, while the studies involving oxide solid 
solutions have been largely theoretical, although several results from the 
sulphides are relevant to the oxides. The experimentally observed 
exsolution of FeS(B8) from both (Mg,Fe)S and (Mn,Fe)S B1 solid solutions 
at high pressure confirms calculations based on estimates of the volume 
and free energy differences between the B1 and B8 phases of FeS derived 
from atmospheric pressure data. However, the absence of an increase in 
solubility of Mg and Mn in the B8 phase suggests that any polymorphism in 
MnS and MgS at high pressure is unlikely to involve the B8 phase. Shock 
wave data for MgO and FeQ ^0 reported in the literature suggest similar 
behaviour in the system FeO-MgO at high pressure, namely exsolution of 
essentially pure FeO(hpp) from (Fe,Mg)0 B1 solid solutions. The 
observation that the behaviour of (Fe,Mg)S and (Fe,Mn)S B1 solid solutions 
is close to ideal at high pressure supports a similar assumption for 
(Fe,Mg)0 B1 solid solutions.

Fig. 9.3 illustrates the phase diagram of FeO at high pressure and 
high temperature. The isopleths were derived from the experimental data 
presented in Chapter 6 (not the theoretical calculations), and show a 
gradual decrease of x above 20 GPa. As demonstrated by the theoretical 
calculations, the experimental data, combined with compression data of 
Hazen (1981) for Fex0, require the bulk modulus of Fe^O to vary only 
slightly with composition when x < 0.96, and the rate of decrease of x 
above 30 GPa must slow dramatically to avoid anomalies in the partial 
molar volume of Fe in Fe^O. One implication of the slow decrease of x at 
high P,T is that the density change involved in the transition 
Fe0(B1) -* FeO(hpp) is dominated by changes in the electronic and crystal 
structure, not by decreasing stoichiometry of the B1 phase as suggested by 
Liu et al.(1982). The melting curve of Fe0(B1) was calculated in Chapter 8 
by extrapolating low-pressure melting data. The phase boundary between 
Fe0(B1) and FeO(hpp) is taken from estimates of AS and AV in Chapter 8 for 
the reaction Fe0(B1) FeO(hpp), and the shaded area in Fig. 9.3 
illustrates where the phase boundary should lie if AS is assumed to be 
positive. It should be noted, however, that either sign of AS is possible.

Fig. 9.3 is based on the stable phases of FeO at high P,T and does not 
include the rhombohedral distortion observed in the metastable FeO phase 
at % 9 GPa by Zou et al.(1980). The transition is likely influenced by the
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Fig. 9«3 Phase diagram of FeO based on conclusions from Chapters 6 and 8. 
The annotations referring to previous work correspond to Jeanloz and 
Ahrens (1980) and Shen et al.(1983)-

presence of nonhydrostatic stress, and has not been demonstrated yet to 
occur under hydrostatic conditions (Chapter 4); more work is needed before 
the transition can be located (or determined not to occur) on the 
equilibrium phase diagram of FeO at high P,T.
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9.2 Future work
This thesis has answered many important questions concerning the 

behaviour of FeO and FeS at high pressure, and has presented a model for 
formation of the Earth's core involving FeO based on some of the answers, 
but there are still many outstanding questions regarding FeO and FeS whose 
answers are important to further development of lower mantle models and 
scenarios of core formation. Some of the answers might be easily obtained 
using current techniques, and a list of ideas for potential projects that 
relate to work presented in this thesis are given below:

(1) Determine the structure of FeO(hpp). This structure might be 
determined by laser-heated diamond anvil cell experiments using either 
FeO or Fe^SiO^ as a starting material. If FeO(hpp) were not 
quenchable, the structure could be determined by in-situ x-ray 
diffraction after laser heating. Mössbauer spectra recorded both at 
high pressure and of the quenched phase (if quenchable) would be able 
to answer the following important questions:
a) Does FeO(hpp) contain low spin Fe^+?
b) Is there evidence for highly delocalized bonding between Fe and 0 

as in FeS(hpp) above 7 GPa?
c) Are the magnetic interactions present that have been observed by 

Zou et al.(1980) in FeO at 298 K between 5 GPa and 80 GPa?

(2) Determine the structure of FeS(hpp). Although Mao et al.(1981) have 
determined the structure to be distorted B1 above 7 GPa, there is some 
doubt concerning the results (C.T. Prewitt, personal communication). 
Single-crystal x-ray diffraction of FeS at high pressure has failed to 
provide a refinement of the high-pressure phase due to twinning of the 
crystal and splitting of the reflections (King and Prewitt, 1982), so 
a study of FeS containing small amounts of Co^+ , Ni^+ or Mn^+ might 
provide a means of obtaining a refinement. Another possibility is a 
study of FeSe, which crystallizes in the B8 structure at 0.1 MPa, and 
might undergo a similar transition at high pressure. Another important 
study would be to record the Mössbauer spectrum of FeS to very high 
pressure (^ 80 GPa) to determine if any dramatic changes occur 
involving Fe-S interactions. A study of the Mössbauer spectrum above
7 GPa over a range of temperatures below 298 K would clarify the 
nature of magnetic interactions involving Fe^+(high spin) (i.e. how 
close does FeS(hpp) follow the behaviour of ^Fe:CoS at 0.1 MPa?).
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2+ 2 4(3) Determine partitioning of Fe and Mg between high-pressure phases 
in the system FeO-MgO-SiO^ above 70 GPa. Chapter 8 has presented 
calculations concerning the phase diagram of FeO-MgO at high pressure, 
but the conclusions remain to be confirmed experimentally. A study of 
a series of (Fe,Mg)^SiO^ solid solutions using a laser-heated diamond 
anvil cell would enable the compositions of the (Fe,Mg)0(B1) phase, 
the FeO(hpp) phase, and the (Fe,Mg)SiO^ phase (if present) to be 
determined using x-ray diffraction, and perhaps also electron 
diffraction techniques which are being developed (Fitzgerald, Liu and 
Willis, RSES Annual Report 1981; Fitzgerald and Liu, RSES Annual 
Report 1982).
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APPENDIX AN INTRODUCTION TO MÖSSBAUER SPECTROSCOPY

This appendix presents a brief introduction to the theory and 
measurement of Mössbauer spectra. Some suggested references for further 
reading are listed at the end of the Appendix.

A.1 Theory
An atomic nucleus possesses a discrete set of energy levels which can

H 7be excited by y-radiation (E = 10 - 10 eV). When a nucleus decays from
an excited state to its ground state, a photon with a frequency 
corresponding to the energy difference between states is emitted, but 
because the lifetime of the excited state is finite, the frequency of the 
emitted radiation is broadened over an energy corresponding to the natural 
linewidth. The shape of the resulting intensity distribution as a function 
of energy (frequency) can be derived from the quantum theory of radiation 
as being Lorentzian
1(E) oc [(E - E )2 + r2/U]-1 (A. 1)o o
where is the natural linewidth. The shape of the absorption cross-
section for a nucleus absorbing a Y-ray is also Lorentzian with natural
linewidth T . T can be determined from the Heisenberg uncertainty
principle; if the mean lifetime of the excited state is t , the natural

57linewidth is calculated from tT = h/2ir. Fe is a convenient isotopeo
since it has an excited state 14.4 keV above the ground state with a mean
lifetime of 0.14 ysec, resulting in a very narrow line with r /E =

-13 ° °3 x 10 .

When an excited nucleus decays and emits a photon of energy E , the 
momentum of the photon and recoiling nucleus must be equal and opposite 
due to momentum conservation (Fig. A.1a). The energy of the photon is 
given by
E = E - E = E - E2/(2Mc2) (A.2)Y o R o o
where ED is the recoil energy and M is the mass of the nucleus. Similarly, K
when a nucleus absorbs a photon, nuclear recoil causes the nucleus to

57"see" a photon of energy E + En (Fig. A.1a). For a Fe nucleus, E_ is
—3 ®  ̂ ^

approximately 3.6 x 10_:5 eV, about 10 larger than the natural linewidth.
The relative energies are illustrated in Fig. A.1b; note that the
Lorentzian shape of the emission and absorption lines cannot be
represented on this scale since is trivial relative to the recoil
energy. No resonance is possible since there is no overlap of the emission
and absorption peaks.
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In most physical systems the total linewidth is significantly greater 
than rQ due to constant thermal motion of the emitting and absorbing 
nuclei. If the source and absorber nuclei are assumed to obey Maxwell- 
Boltzman statistics, the thermal linewidth is given by

^o I UkT
T c M . (A.3)
In most cases the thermal linewidth is much greater than the natural
linewidth, so F ^ F . At room temperature T for the 14.4 keV transition 

S 7 —2in Fe is 2.7 x 10 eV, comparable with the recoil energy. Fig. A.1c 
illustrates the effect of Doppler (thermal) broadening on the emission and 
absorption linewidths; there is a small overlap (shaded region) which 
makes nuclear resonance fluorescence experiments possible.

In theory there should be less resonance at lower temperature where
the overlap is less due to smaller linewidths, but the discovery which
made Rudolf Mössbauer famous was that the resonance became in fact larger
at lower temperature if the nuclei were embedded in a crystal lattice.
What Mössbauer observed was that in a certain fraction of occurrences,
there was no recoil when a nucleus in a crystal lattice emitted, absorbed
or scattered radiation, and this recoil-free fraction increased as the
temperature of the system was lowered. This is illustrated in Fig. A.1d
where emission and absorption of the recoil-free fraction are each centred
about E with a linewidth r , and the remainder of the nuclei still o o
experience recoil and Doppler broadening. At room temperature the recoil- 

57free fraction for Fe is approximately 70%.

The explanation of the Mössbauer effect lies in quantum theory, and
can be considered naively in the following manner. If the solid is
approximated by the Einstein model (all elastic waves have the same
frequency), vibrations within the solid are quantized, and the smallest
amount of energy that can be given to the solid is equal to E = hŵ ./2Tr =
k0 , where 0 is the Einstein temperature of the solid. If the recoil E E
energy of a nucleus is small compared to this excitation energy, the 
probability of phonon emission will be small, the lattice will not be 
excited, and none of the -y-ray energy will be lost.
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(b)

e o-£r Eo+ e r

(c) Doppler broadening

(a)
E„

emmission

EY=E9+ E R-- W V M V ) / \  \
The Mössbauer effect

recoil-free fraction

Fig. A.1 (a) Both emitting and absorbing nuclei experience nuclear
recoil, either increasing or decreasing the energy of the y-ray.
(b) Energy-intensity profile corresponding to (a). There is no overlap of 
emission and absorption peaks, and therefore no resonance, (c) If doppler 
(thermal) broadening is considered, there is a small amount of overlap 
(shaded region), and resonance occurs, (d) If the nuclei are embedded in a 
crystal lattice, a certain fraction of nuclei experience no recoil, and 
emission and absorption peaks are centred at E . A small fraction of 
nuclei still experience thermal broadening and nuclear recoil.
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A.2 Experiment
A Mössbauer experiment consists of a source of y-rays, an absorber 

(the sample being studied) and a means of recording the amount of 
radiation passing through the absorber. Generally the source is given a 
velocity relative to the absorber, thus shifting the energy spectrum of 
the source by an amount <5 E = v Eq/ c , where v needs only to be varied on the 
order of mm/sec to study nuclear energy levels. The resulting absorption 
spectrum measured by the recording apparatus is a plot of % absorption 
versus velocity (energy). The shape of the absorption spectrum will be 
Lorentzian, derived by taking the convolution of the intensity spectrum of 
the emitter with the cross-section absorption spectrum of the absorber 
(both Lorentzian). A typical Mössbauer setup is illustrated in Fig. A.2.

57To perform Mössbauer experiments on Fe compounds, a Co source is
57used which decays to an excited state of Fe, and then emits a 14.4 keV

57 57y-ray in decaying to stable Fe. Only Fe nuclei in the absorber will be
57excited by the 14.4 keV y-ray, but the concentration of Fe in the

absorber required to produce a good absorption spectrum is small (^ 0.1 mg 
57 2Fe/cm ); if the concentration of Fe is less, a sample can be prepared

57using Fe enriched in Fe.

absorber
source

HVPS

preampdetector

drive units

velocity
transducer

amplifier/

single channel 
analyser

function generator

MULTICHANNEL ANALYSER

Fig. A.2 Schematic diagram of a typical Mössbauer spectrometer.
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A.3 Mössbauer Parameters
The linewidth of the Mössbauer absorption spectrum is trivial compared

to the energy between the ground and excited states of the nucleus, so
that Mössbauer spectroscopy provides a very sensitive probe to study very
small changes in the nuclear environment. There are several parameters
which can be measured from Mössbauer spectra, and they are related to the
properties of the absorbing nucleus and its chemical environment. The

57parameters are discussed below assuming Fe to be the absorbing nucleus. 

Isomer shift
The isomer shift, 6, is related to the interaction of the nuclear 

charge distribution with the electron charge density at the nucleus (s 
electrons) , and the latter is usually different between the source and 
absorber nuclei because each are in different chemical environments. This 
difference results in a shift of the y-ray energy from E , and is seen in 
the Mössbauer spectrum as a displacement of the absorption peak from zero 
velocity (Fig. A.3). Because the isomer shift is only a relative quantity, 
it is important when reporting isomer shifts to specify the material that 
zero velocity on the absorber spectrum corresponds to (metallic Fe is 
frequently used).

An increase in s electron density at the absorber nucleus results in a
57more negative isomer shift for Fe compounds. In Fe compounds the 1s and 

2s electrons are close to the nucleus and contribute a relatively fixed 
amount to the s-electron density, regardless of the chemical environment 
of the nucleus. The 3s electron density, however, is sensitive to both the 
number and radial extent of the 3d electrons, which vary with oxidation 
state, coordination number and spin state of the Fe atom. For example,
high-spin (hs) Fe^+ has one more 3d electron than Fe^+ (hs), and therefore
r 2+ 3+(hs) compounds have greater isomer shifts than Fe (hs) compounds
because the extra 3d electron increases the shielding of the 3s electrons
by the 3d electrons, and hence decreases the s electron density at the
nucleus. If the population of the 4s orbitals is increased, for example in
highly covalent bonds, the s electron density at the nucleus is increased.
Delocalization of the 3d electrons (for example, Fe^+ (Is)) also increases
the s electron density at the nucleus because the shielding of the 3s
electrons by the 3d electrons is reduced.

The second-order Doppler shift, caused by vibrations of atoms in the 
solid, also adds a small contribution to the shift of the absorption
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"Free atom"

excited---------------------------

14.4 keV

ground---------------------------

velocity (energy)

Isomer shift__ r

Quadrupole splitting

Hyperfine magnetic field

Fig. A.3 Diagram showing the Mössbauer parameters which can be measured 
from a Mössbauer spectrum and the relative energies of the nuclear levels 
associated with a particular type of spectrum.
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spectrum from zero velocity, and varies as a function of temperature. 
Mössbauer experiments thus measure the centre shift which is a combination 
of the isomer shift and the second-order Doppler shift. The latter is 
similar for different compounds, however, and therefore centre shifts 
compared at the same temperature give the same information as the isomer 
shifts.

Quadrupole splitting
If the ligands are not distributed symmetrically about the absorbing 

nucleus, the nuclear electric quadrupole moment interacts with the 
resulting electric field gradient (EFG) to split the excited state into 
two energy levels. The resulting Mössbauer absorption spectrum has two 
lines which correspond to the two possible transitions between the excited 
and ground state of the nucleus (Fig. A.3). The quadrupole splitting is 
given by
e = + ^eQV (1 + n2/3)l/2 (A. 4)—  zz
where eQ is the nuclear electric quadrupole moment, Vzz is the principal
component of the diagonalized EFG tensor, and r\ is the asymmetry parameter
of the EFG (n = (V -V )/V ).xx yy zz

There are two contributions to the EFG, one from the ligand charges
surrounding the atom (lattice contribution), and one from the valence
electrons (valence contribution). The valence contribution can be
subdivided into a crystal field term which considers the atoms as point
charges, and a molecular orbital term which considers bonding between
metal and ligands. The quadrupole splitting is therefore sensitive to the
oxidation state, spin state and coordination number of the Fe atom, and
the distortion of the crystal lattice around it. For example, octahedrally
coordinated Fe2+ (hs) compounds tend to have large quadrupole splittings
because of the large crystal field term due to unequal population of the

2+t (or e ) orbitals, while octahedrally coordinated Fe ^8 8 (Is) compounds
have low quadrupole splittings because the crystal field term is zero
since the t^ orbitals are equally populated.

Magnetic hyperfine splitting 
57The Fe nucleus has a magnetic dipole moment which interacts with any 

local or applied magnetic fields present at the nucleus to remove 
completely the degeneracy of the nuclear energy levels, resulting in a 
Mössbauer absorption spectrum with six lines corresponding to the six 
allowed transitions. In a randomly oriented absorber, the intensities of
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the peaks will be 3:2:1:1:2:3 (Fig. A.3).

Often there are combined magnetic dipole and electric quadrupole 
interactions, and the intensities and positions of the Mössbauer lines may 
change. If the principal axis of an axially symmetric (ri r 0) EFG and the 
direction of the magnetic field at the nucleus are parallel, and the 
magnetic interaction is much greater than the electric quadrupole 
interaction, the spacing between the excited levels is altered, but the 
basic six-line shape of the Mössbauer spectrum is retained. In the general 
case, however, the magnetic field direction and the principal axis of the 
EFG are not parallel, and two additional "forbidden" transitions occur, 
resulting in an eight-line Mössbauer spectrum. The intensities and 
positions of the lines for a randomly oriented absorber are dependent on 
the values of H, e, ri, 0 and cf>, where 0 and <J> are the angles of the 
magnetic field direction with respect to the principal axis of the EFG.

There are three principal contributions to the internal hyperfine 
magnetic field, a term from the unbalanced spin density of the electrons 
at the nucleus (Fermi contact term), a term from the orbital momentum of 
the atom (orbital term), and a term from the interaction of the atomic 
magnetic moment with the nucleus (dipolar term). In Fe^+ (hs) compounds 
the internal magnetic field is large, with the dominant contribution to 
the field being the Fermi contact term; the orbital term is zero because 
Fe'5+ has zero angular momentum. In Fe^+ (hs) compounds the internal 
magnetic field tends to be smaller because the significant orbital term, 
which is opposite in sign to the Fermi contact term, reduces the magnitude 
of the net hyperfine field. In Fe^+ (Is) compounds there should be no 
hyperfine magnetic field because Fe^+ (Is) has a zero net atomic moment 
(no unpaired electrons).

Suggested references for further reading:

Bancroft, G.M., Mössbauer Spectroscopy, McGraw-Hill, England, 1973.
252 pp.

Frauenfelder, H. The Mössbauer Effect, W.A. Benjamin, New York, 1962. 336 
pp.

Gonser, U. (ed.), Mössbauer Spectroscopy, Topics in Applied Physics
Vol. 5, Springer-Verlag, Berlin, 1975. 241 pp.
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