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SUMMARY

The crystal structure of natural magnetite has been investigated on
the basis of previously published X-ray intensity data and a newly
acquired, more extensive data base. Both investigations show that the
structure does not conform to the centrosymmetrical space group Fd3m, as
is normally assumed, but the non—centrosymmetrical space group F43m. The
structure refinement provides values for the atam positions, anisotropic
thermal parameters and bond lengths. A study of Friedel related pairs of
X-ray intensities shows that Friedel's law is violated in magnetite,
further confirming that the space group is non-centrosymmetrical. It was
found that the octahedral site cations in magnetite do not occupy
special positions at the centres of the octahedral interstices as they
should under the space group Fd3m, but are displaced along <1ll>
directions leading to F43m symmetry. A mechanism is known for the origin
of these displacements and the likelihood of similar displacements
occurring in other natural and synthetic spinels is discussed.

The crystal structure of a natural titanamaghemite was determined
by a cambination of X-ray diffraction and MSssbauer spectroscopy. This
was confirmed as possessing a primitive cubic Bravais lattice with the
space group P4332 and the structural formula:

3+ 2 £ 3+ 4+ ?-
Fedoe [o04 [F90.23 Fed99 Tioa2 E10.37] O4

where [] represents a cation vacancy. As the above formula shows, there
are cation vacancies on both tetrahedral and octahedral sites, the
majority being restricted to octahedral sites. NO tetrahedral site Fe
or Ti*' was observed. Values for the atom positions, anisotropic thermal
parameters and bond lengths have been determined for this particular
specimen.

Key Words
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X—-RAY DIFFRACTION, MOSSBAUER SPECTROSCOPY.

—-ii-




TABLE OF CONTENTS

Title Page

Summary

Contents

CHAPTER 1

INTRODUCTION

1.2

1.3

1.4

l.5

1.6

1.7

1.8

1.9

1.14

1.11

Introduction

Details of the Spinel Structure

The Structure of Magnetite

The Structure of Maghemite

Compositional Variations in Synthetic Spinels
Campositional Variations in Natural Magnetites
and Maghemites

Electrical Properties of Magnetite and Substituted
Magnetites

Magnetic Properties of Magnetite and Maghemite
Cation Distribution in Spinels and the Crystal
Chemistry of Iron-Titanium Oxides

Cation Distribution of Titanamaghemites

Thesis Layout

-iii-

ii

iii

1o

11

12

14

24

27

31

4




CHAPTER 2

REVIEW OF PUBLICATIONS RELATING TO THE SYMMETRY OF

THE

2.1

2.2

2.3

2.4

SPINEL GROUP OF COMPOUNDS

Review of Indirect Evidence in Favour of F43m Symmetry
for the Spinels

Double Diffraction

Diffraction Evidence

2.3.1 Electron Diffraction Evidence

2.3.2 Neutron Diffraction Evidence

2.3.3 X-Ray Diffraction Evidence

The Spinels Under F43m Symmetry

CHAPTER 3

A RE-EXAMINATION OF STRUCTURE FACTOR DATA FOR MAGNETITE

3.l

3.2

3.3

3.4

3.5

Introduction

Inspection of the Original Structure Factor Data
Crystal sStructure Refinement Procedure

Results and Discussion

Conclusions

-iv—

41

47

49

51

53

56

58

59

ol

73




CHAPTER 4

REFINEMENT OF THE CRYSTAL STRUCTURE OF MAGNETITE

Introduction

Electron Microprobe Analysis

MOssbauer Spectrum of Magnetite Specimen BMDMLL
at Room Temperature

X-Ray Data Collection

Treatment of the X-Ray Data

Crystal Structure Refinement

Results arnd Discussion

CHAPTER 5

THE USE OF X=RAY ANOMALOUS SCATTERING IN STUDIES OF

THE SYMMETRY OF MAGNETITE

5.1

5.2

Introduction

Anamalous Scattering

Practical Difficulties Arising When Using
Ancmalous Scattering

5.3.1 Absorption

5.3.2 Extinction

5.3.3 Double Diffraction

5.3.4 Thermal Diffuse Scattering

-y

76

78

78

85

89

91

1lle

118

124

125

125

120

126




5.4

5.5

5.3.5 Counting Statistics
5.3.6 Inhanogeneous X-Ray Beam
Data Collection

Results and Discussion

CHAPTER ©

THE CRYSTAL STRUCTURE OF TITANOMAGHEMITE

SPECIMEN BM1Y2Y,1687

0.2

0.3

6.4

6.5

6.6

0.7

0.8

0.9

Review of Publications Relating to the Symmetry

of Maghemite

Mdssbauer Spectrum of Maghemite

Mdssbauer Spectra of Maghemite Specimens ML and M2
at Roam Temperature

MSssbauer Spectra of Maghemite Specimens Ml and M2
at 4.2 K in a Longitudinal Magnetic Field of 4.2 T
MSssbauer Spectrum of Titanamaghemite Specimen
BM1929, 1687 at Room Tamperature

MSssbauer Spectrum of Titanomaghemite Specimen BM1929,1687
at 4.2 K in a Longitudinal Magnetic Field of 4.2 T
Data Collection

Treatment of the X-Ray Data

Crystal Structure Refinement

) Results and Discussion

—vi-

120

120

127

13y

133

ldw

142

147

153

157

lew

lo2

les

lo4




6.1l Summary of Conclusions

CHAPTER 7

DISCUSSION AND CONCLUSIONS

7.1

7.2

7.3

7.4

7.5

7.6

Sumary of Major Conclusions on the Structure

and Symmetry of Magnetite

A Proposed Displacement Mechanism giving rise to

F43m Symmetry in Magnetite

Physical Properties Exhibited by a Non-Centrosymmetrical
Material

7.3.1 Ferroelectricity

7.3.2 Piezoelectricity

7.3.3 Pyroelectricity

7.3.4 Frequency Doubling

The Structure and Symmetry of Titanomaghemite:

Major conclusions

A Comparison of the Observed Cation Distribution in
Titanamaghemite Specimen BM1929,1687 with that Predicted
by Theory |

Suggestions for Further Work

-vii-

173

174

175

183

183

134

184

185

136

188

193




APPENDICES

Appendix I

Data Reduction Procedures and the Crystallographic

Software used 1n the Structure Refinements

I.1 Introduction

I.2 Data Reduction

I.2.l

I.2.2

I.2.3

I.2.4

Subtraction of Background Counts
Standard Deviation of Peak
Intensity Control and Orientation

Lorentz and Polarization Corrections

I.3.1

I.3.2

I'3.3

I.3.4

I.3.5

I.3.b

Atomic Scattering Factors
Temperature Factors
Absorption Correction
Extinction Correction
Scale Factor

Less~Thans

Specimen Preparation for Single Crystal

X-Ray Studies

Appendix III Electron Microprobe Analysis

Mdssbauer Spectroscopy
Structure Factors for Magnetite Produced by
a Re-Examination of Experimental Data Published

by Fleet (1981)

-viii-

197

197

1938

199

199

204

201

205

200

247

218

209

210

213

214

215




Appendix VI Structure Factors for Magnetite Produced by 219

Fleet (1981)

Appendix VII Structure Factors for Magnetite Specimen BMDMILl 220

Appendix VIII Structure Factors for Titanamaghemite Specimen 227
BM1929, 1687

REFERENCES 229

ACKNOWLEDGEMENT'S 249

—-ix~-




Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

1.1

1.2

1'3

2Il

3.1

3.2

3.3.1

3.3.2

3.4

3.5

LIST OF TABLES

Atom positions for the spinel structure according

to Fd3m symmetry.

Cations occurring in tetrahedral and octahedral

sites 1n synthetic spinels.

Canpositional parameters used by various authors to

characterize titanamaghemites (after Lindsley, 1976).

Atom positions for the spinel structure according

to F43m symmetry.

Weak reflexions taken fram Fleet (198l1).

Final structure parameters.

R-factor breakdown for Fd3m symmetry.

R-factor breakdown for F43m symetry.

Samne sensitive reflexions.

Structure factors for the Fd3m forbidden reflexions.

—_— -

32

57

63

o5

o7

o8

74

72




Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

3.0

4.1

4.3

4.4

4.5.1

4.5.2

4.5.3

4.0

4.7

Calculated bond lengths.

Electron microprobe data for magnetite

specimen BMDMILl.

MOssbauer parameters for magnetite specimen BMDMILL

at roan temperature.

MGssbauer parameters found by previous authors for

magnetite at room temperature.

Final structure parameters.

R-factor breakdown for Fd3m synmetry.

R-factor breakdown for F43m symmetry.

R-factor breakdown for F43m symmetry with the

Fd3m forbidden reflexions included in the refinement.

Reflexions produced by oxygen only scattering

under Fd3m symmetry.

Structure factors for the 76 weakest reflexions.

-xi-

74

77

3

82

22

94

95

90

109

12




Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

4.8

4.9

4.14

4,11

4.12

5.1

6'1

6.2

6'3

0.4

Camparison of bond lengths with those found by

previous authors.

Calculated bond lengths for Fd3m and F43m symmetry.

The significance of differences in bond lengths

between the Fd3m and F43m structure refinements.

Sane sensitive reflexions.

Structure factors for the 27 Fd3m forbidden

reflexions.

Structure factors for Friedel pairs of reflexions.

Cell parameters and space groups reported for

a number of natural and synthetic maghemites.

M&ssbauer parameters for maghemite specimen M1

at room temperature and at 4.2 K.

M&ssbauer parameters for maghemite specimen M2

at room temperature and at 4.2 K.

Mdssbauer parameters found by previous authors

for maghemite.

-xii-

145

iy

108

199

111

131

139

145

146

151




Table 6.5

Table 6.6

Table 6.7

Table 6.8

Table 6.9

Table 6.1Y

MOssbauer parameters for members of the solid
solution series (l—x)FeTiOs.xFe203 at roam

temperature (after Shirane et al. 1962).

MGssbauer parameters for titanamaghemite specimen

BM1929, 1687 at roam temperature and at 4.2 K.

Calculation of the structural formula for

titanamaghemite specimen BM1929,1687.

Atom positions for titanomaghemite according to

P4332 symetry.

Final values for atam positions for titanamaghemite
specimen BM1929,1687 along with those for
LiFesoa (Tamas et al. 1983) and

Li.A1508 (Famery et al. 1979).

Final values for anisotropic temperature factors
for titanomaghemite specimen BM1929, 1687
along with those for LiFe508 (Tamas et al. 1983)

and LiAl O, (Famery et al. 1979).

-xX1iii-

155

156

159

165

168

169




Table 6.11 Bond lengths for titanomaghemite specimen

BM1929,1687 under P4332 symmetry.

Table 6.12 R-~factor breakdown for P4 332 synmetry.

-xiv-

171

172




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

1.1

102

1.3

1.4

1.5

1.6

1.7

1.8

LIST OF FIGURES

A unit cell of the spinel structure

(after Gorter, 1954).
The normal spinel structure.
The inverse spinel structure.

Variation of the cell parameter with camposition
for the solid solution series (l—x)Fe304 .xFezTiO4

(after Lindsley, 1965).
The Feo-Fe 203—T102 ternary diagram.

Variation of the cell parameter with camposition
for the solid solution series Fe O,-Fe, O,

(after Lindsley, 1976).

Variation of the electrical conductivity of Fe 39,

with temperature (after Miles et al. 1957).

Schematic diagram to represent the oxidation of
Fe?' and Fe* leading to the production of

titanamaghemite fram titancmagnetite.

—-Xy—-

Page

15

17

18

21




Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

2.1

2'3

4.1

4,2

4.3

4.4

4.5

4.0

An illustration of the difference between
the point symmetries 3m and 3m

(after Grimes and Collett, 197la).

Octahedral ion sublattice of the spinel structure

(after Grimes, 19Y73).

Atom shifts at an octahedral site in the spinel

structure yiving rise to F43m symmetry.

MOssbauer spectrum of magnetite specimen BMDML1

at room temperature.

The Cad—4 diffractometer.

Histograms for four groups of equivalent reflexions.

Histoygrams for four groups of equivalent reflexions.

Ataom shifts in magnetite giving rise to F43m

symmetry in one eighth of the unit cell.

Atom shifts in magnetite giving rise to F43m

symmetry in one eighth of the unit cell.

-XVvi-

Page

43

55

79

87

113

114




Figure 4.7

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 6.1

A unit cell of magnetite made up of figures 4.5

and 4.0.

Variation of the real and imaginary anomalous

scattering components for iron with wavelength

(after Woolfson, 1979).

Vector representation of a Friedel pair of
reflexions for a centrosymmetrical structure
in the presence of anamalous scattering

(after Stout and Jensen, 1968).

Vector representation of a Friedel pair of
reflexions for a non-centrosymmetrical structure
in the presence of anomalous scattering

(after Stout and Jensen, 1968).
Phase differences arising in a non-centrosymmetrical
structure with and without anamalous scattering

(after Glusker and Trueblood, 1972).

Histograms for two Friedel pairs of reflexions.

M&ssbauer spectrum of maghemite specimen Ml at

roam temperature.

-xvii-

115

119

121

122

129

143




Figyure

Figure

Figure

Figure

Figure

Figure

Figure

(o)}
.
[\

MOssbauer spectrum of maghemite specimen M2 at

roaom temperature.

6.3 MOssbauer spectrum of maghemite specimen ML at

4.2 K.

6.4 MOssbauer spectrum of maghemite specimen M2 at

4.2 K.

0.5 MOssbauer spectrum of titancmaghemite specimen

BM192Y, 1687 at room temperature.

0.6 MOssbauer spectrum of titancmaghenite specimen

BM1929,1087 at 4.2 K.

7.1 Potential conditions at an octahedral site.

II.1 Air driven sphere grinder.

-xviii-

144

148

149

154

158

177

211




CHAPTER 1

INTRODUCTION

1.1 Introduction

Magnetite (Fe304) is a campound of considerable scientific
importance fram the geological and technological point of view as well
as being a mineral of econamic significance as a source of iron. It
occurs in all major rock types (igneous, metamorphic and sedimentary)
and is often formed by crystallization from melts but may also form fram
high and low—-temperature aqueous solutions (Elsdon, 1975; Deer, Howie
and Zussman, 1962; Runble, 1976). Magnetite crystallizes with
essentially the same structure as that of the mineral spinel (MgAl ,Cs ).
The spinel structure is based on that of diamond with one molecule of
spinel corresponding to an atom of carbon in the diamond structure. The
general chemical formula for spinel oxides tends to conform to PQ 204 '
where P and Q represent metal cations and O an oxygen anion. One third
of the cations occupy tetrahedral sites and the remaining two thirds are
in octahedral sites. This atomic arrangement gives rise to a unit cell
with a lattice constant double that of the oxygen subcell. There are 8
of these oxygen subcells in the spinel structure, each unit cell
therefore contains 32 oxygen anions which form 64 tetrahedral and 32
octahedral sites. Eight of the tetrahedral and 16 octahedral sites are
occupied (Muller and Roy, 1974).

In the region of oxidation and weathering at the Earth's surface,

magnetite may be oxidized to maghemite (V—E‘ezOS) which also possesses,




at least to a first approximation, the spinel structure. The chemical
formula for maghemite may be re-written as Fes/3D1 / 30 x where []
represents a cation vacancy. This general formula indicates that 1/9 of
the cation sites occupied in stoichiometric magnetite are vacant in
maghemite. A complete solid solution series exists between magnetite and

maghemite, partial oxidation of magnetite leads to the production of
intermediate members of this series.

Magnetite occurs in ore deposits of iron and titanium and when
found in conjunction with haematite (ar—Fezos)—ilmenite (Fe’I‘iOs) solid
solutions it may be used as an indicator of temperature and oxygen
fugacity, leading to a better understanding of formation conditions in
the igneous and metamorphic rocks in which it occurs (Buddington and
Lindsley, 1904; Spencer and Lindsley, 1981). It is the primary carrier
of natural remanent magnetization (NRM) in rocks and as such is the most
important mineral as regards the interpretation of rock magnetic and
palaecmagnetic data (O'Reilly, 1984).

Extensive use is made of magnetite and the related campounds known
as spinel ferrites in the telecommunications industry, mainly because of
their extremely high electrical resistivity compared with that of
metals. The specific resistivity of spinel ferrites ranges fram lfdz to
l@chm which is up to fifteen orders of magnitude greater than that of
iron. The advantage of this is that in high frequency applications the
use of spinel ferrites prevents undesirable losses due to eddy currents,
whereas at such frequencies eddy current losses are the main drawback of
metals. This intrinsic property makes the spinel ferrites indispensable
materials in the telecammunications and electronics industries where

3 g
frequencies ranging fram 19 to 16'"" Hz have to be handled.




Magnetic recording uses a transducer which converts variations in
current into similar magnetic fields. These energize a moving magnetic
tape leaving a record of these currents as remanent magnetization on the
tape. For this process to give efficient reproduction it is necessary
for the magnetic recording medium to have a high remanent magnetization
and a more or less linear relationship between the strength of the
magnetic field at the tape and the remanent magnetization remaining
after the field has been removed. Fe304 and V—Fe203 are the principal
materials used in the manufacture of these magnetic recording tapes. The
discovery that same polycrystalline spinel ferrites have an almost
rectangular hysteresis loop and can therefore be used as computer memory
elements was a find of significant importance for the camputer industry.
Until 1979, nearly all main-frame camputer memories consisted of ferrite
cores, so the whole of computer development was closely connected with
the development of synthetic magnetite and its related derivatives
(Wohlfarth, 1982). The industrial applications of the spinels has been
reviewed by Grimes (1975).

The aim of the present study has been to investigate the precise
crystal structure and crystal chemistry of magnetite and of maghemite.
Although both of these materials are known to possess the 'spinel
structure', uncertainties remain as regards the exact symmetry (and
hence space group), precise atom positions and the distribution of
cations and of vacancies in both of these extremely ilmportant materials.
The techniques employed in this work have been X-ray diffraction by
single crystals of magnetite and maghemite and *’Fe Mdssbauer
spectroscopy on powdered samples of these materials. Electron microprobe
analysis has also been used to determine the campositions of the

materials studied.




The remaining sections in Chapter 1 describe the spinel structure
in general, alonyg with information on the structures of magnetite and
maghemite available prior to the present work. Campositional variations
in natural and synthetic magnetites and maghemites leading to the
production of various iron-titanium oxides are also considered.
Electrical and magnetic properties of iron-titanium oxides along with
the various models proposed to explain the cation distributions in this
extensive range of compounds are then discussed because of the close
connections between these properties and the crystal structure. The

final section in this chapter describes the organization of the thesis.

1.2 Details of the Spinel Structure

The unit cell is face centred cubic and contains eight molecules.
Each cell contains 32 anions which form a face centred cubic framework,
bound together by interstitial cations: as with most oxides the anions
are appreciably larger than the cations. One variable parameter exists,
the oxygen positional or u-parameter. The anions provide two types of
interstitial site: firstly, there are 64 sites with tetrahedral
coordination of which 8, the A-sites, are occupied. Secondly, there are
32 sites with octahedral coordination, of which 16, the B-sites, are
occupied. Conventionally the overall symmetry is described within the
space group Fd3m (International Tables for X-Ray Crystallography Vol.I).

Under Fd3m symmetry two alternative sets of tetrahedral and
octahedral coordinates exist depending upon the choice of origin. These
are 8(a) (tetrahedral) and 16(d) (octahedral) or alternatively 8(b) and
16(c). During this study both sets of coordinates have been used but the

results here are presented in terms of 8(a) and 16(d). Coordinates and

—4—-
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Figure 1.1 A unit cell of the spinel structure (after Gorter, 1954 ).The
positions of ions are shown in two octants. Dashed circles represent
ions in other octants. Large circles represent anions, small open

circles ions on tetrahedral sites and the small hatched circles ions on
octahedral sites.




Table 1.1 Atom positions for the spinel structure according to Fd3m symmetry.

The symbol u represents the oxygen positional parameter.

Origin at 43m
The face centred cubic translations:-

(000:0¥2%2,%20%2.%%% 0.+

lon Position  Point symmetry  Coordinates of equivalent positions
Fe3*  8la) 43m 000;"aVaVa.
Fe25* 16ld)  3m V878787878 8;
%%, %% %.
02_ 32(e) 3m u,u,u;]/4-u,]/4-u,]/4-u;

u.0, G;]/4~u,]/4+u,]/4+u;
0, U,G,']/4+U,]/4- U,]/4+u ;

U,G,u;]/4+u,]/4+u,]/4 -u;

Origin at centre (3m)

The face centred cubic translations:~

000;0%2%;Y2.0V2,1214 0;)+

lon Position  Point symmetry  Coordinates of equivalent positions
F3t  glb) 43m YaY838,7878%;
FeZ>% 16(c) 3m 0.00;0%4'4;
V4,0Y4,'44.0;
02" 320 3m suy;uh-ulhy;

]/4 -, U,]/4‘U ;]/4'U]/4 -U,U;
0,0.0; 034+ Yhsw;

00,034 40; 3410340 ;




site symmetries for these two sets are given in table 1l.l. The oxyyen

anions occupy the special positions 32(e), the coordinates of which must
e found by experiment. Once the u-parameter has been determined the
oxygen positional coordinates, in terms of u, can then be derived from
the 32(e) symmetry operations given in table 1.1

The u-parameter in the first case is equal to 3/8+68; in an ideal
spinel structure =Y. In practice § is often positive but negative
values do occur (Muller and Roy, 1974). The relative sizes of
tetrahedral and octahedral interstices depend quite sensitively on the
value of 6. If 6 1is positive, the anions move outwards in <111>
directions and the tetrahedral interstice is increased in size and the
octahedral interstice correspondingly decreases. Point symmetry of the
tetrahedral site is cubic (43m) and is maintained irrespective of the
value of §, but the octahedral site distorts to trigonal (3m) point
symmetry such that the anions are eguidistant from the trivalent
cations. The entire oxygen framework can eXpand oOr c<ontract to
accanmodate cations of larger or smaller ionic radii.

Each unit cell of the spinel structure is made up of two different
groups of four cubes with edges a/2 and identical atomic positions.
These atomic positions are different in two octants sharing a face and
identical in two octants sharing only an edge. The structure can be seen
more clearly if the positions of atams are drawn in two adjacent octants
only, as shown in figure 1.1 for an ideal spinel. The whole cell can be
generated by placing identical contents into octants comnected by a cell
edge. For simplicity, in the description of the structure so far it has
been assumed that & divalent cations occupy the 8(a) positions and the
16 trivalent cations the 16(d) positions. Barth and Posnjak (1931) found

that this 'normal' structure was correct for many spinels but to account










for the X-ray intensities produced by others it was necessary to define
'inverse' spinels. Here, half the trivalent cations occupy the
tetranedral sites while the octahedral sites are randomly shared by
divalent and the remaining trivalent cations. The normal distribution
may be represented by P[Q 10 and the inverse by QlPQIo, , where the
atams in square brackets are those on octahedral sites. Spinels with any
intermediate camposition may be represented by (Pha<Qx)[PxQz—x]CQ' where
X 1s the degree of i1nversion and equal to zero for a normal spinel and
unity for an inverse spinel. The normal and inverse spinel structures
are shown in figures 1.2 and 1.3 respectively.

Although the above general description of the spinel structure is
accepted, there still remain uncertainties regarding the correct space
group assignment for members of the spinel family, including the
iron/titanium oxides. Grimes et al. (1983) for example, published an X-

ray diffraction study of MgAlZO4 which showed that the space group for

this material was F43m rather than Fd3m, as is normally assumed.

1.3 The Structure of Magnetite

The room teamperature structure of magnetite was originally
determined, independently, by Bragg (1915a,b) and by Nishikawa (1915).
They found it to crystallize with the same structure as that of the
mineral spinel (MgAlzo4). Because of the similar X-ray scattering
factors of Fe?' and Fe®' ions it was not possible for early workers to
determine the true structural formula for magnetite using X-ray
diffraction techniques. Both workers therefore assumed the structural
formula to be Fe2+EFeZ+]Q:- with the oxygen positional parameter (u)

equal to ¥.375. More detailed work carried out by Claassen (1926) gave

-1Q-




u=0.379(1) while Hamilton (1958) found u=4.3798(2). Recently Fleet
(1981) found u=¥.3799(1).

Verwey and deBoer (1936) used electrical conductivity measurements
to demonstrate that magnetite is an inverse spinel with the structural
formula Fe3+[Fe2+Fe3+]Oj- (the ions between square brackets are on
octahedral sites) and a unit cell content Fe2+[Fez+Fe:+]O§;. The oxygen
ions are in equipoint position 32(e), and form a face centred cubic
framework with 8 Fe®™ ions per unit cell in tetrahedral sites, with
position 8(a), and 8 Fe®" ions and the remaining 8 Fe*" ions randamly
distributed over octahedral sites with position 16(d).

An extensive survey of existing literature shows that a number of
different values have been reported for the cell parameter of magnetite.
This variation seems to have came about because much of the material
studied has not been well characterized; these variations are probably
due to the presence of impurities in the samples. Careful X-ray analysis
of stoichiometric natural and synthetic single crystals has given values
for the cell parameter in the range 8.393 A to 8.3963 A.

Despite a  substantial amount of X-ray work, spectroscopic
measurements and studies of the electrical and magnetic properties,
uncertainties still remain as to the precise symmetry of magnetite and

to the cation distribution of titaniferous magnetites. The solution of

these problems forms a major part of this thesis.

1.4 The Structure of Maghemite

It has been proposed, on the basis of a limited amount of X-ray and
electron diffraction evidence, that the space group of maghemite is

given by the enantiomorphous pair P4132-P4332 (Braun, 1952; Smith,

-11-




1979). If small changes in atam position and the presence of cation
vacancies are ignored this proposed space group would simplify to that
normally assumed for the spinel structure (Fd3m). However, no detailed
study of the crystal structure of maghemite has been undertaken. Such a
study is one of the main aims of the present work.

On the basis of the limited amount of data available previous
warkers have assumed the cation vacancies to be restricted to octahedral
sites and the structural formula to be Fe3+[Fe?+ O 107, with a unit

67 0.337 4

3+ 3+ 3+, 2- .
cell content of Fe T(re [ )Fe1 2]O where [ ] represents a cation

1.33 — 2.67 327
vacancy and the ions between square brackets are on octahedral sites. If
the proposed structure is correct, then the atomic arrangement in
maghemite is very similar to that of ordered LiFe O, (Tanas et al.
1983), but with the 1.33 FeS” ions and 2.67 vacancies in maghemi te
occupying the positions normally occupied by the 4 lithium ions in
LiFesoa.

1.5 Compositional Variations in Synthetic Spinels

If we take the general formula for a spinel oxide as PQ,O,, there

, 2+ 3+ 2- _
are three basic types of synthetic spinel: P Q, O, (2-3 spinels),

- o . .
4+Q§+Oj (4-2 spinels) and P6+Q+204 (6=1 spinels). Other possible types

can Dbe formed fram these three by substitution, for example,
P—ﬂ/z(Pﬁ +Q3+) giving Pt,)fs QZTS Oi- r OF Pzi)Do.a:TQzTe? glving the V-Fe,0,
type cation-deficient spinels.

A wide range of cations with radii ranging from .4 to 1.9 A can be
incorporated into the spinel structure, most into both tetrahedral and
octahedral sites. Table 1.2 gives a list of these cations. The smallest

6+ 3 . 6T
cations, with valencies greater than 4, e.g. Mo and W~ , are only
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Table 1.2 Cations occurring in tetrahedral and octahedral sites in the three

basic synthetic spinel types.

Type

2-3

1-6

Tetrahedral ions

AR Ga3tF3tNi2

cu?t, Mg2 -tCo2+:Zn2+,

In3* Fe2t Mn2t 42t

si%* Gt Mg2t co?™,

Zn2t Fe2t mnZt.

Mob+,W6+.

-13-

Octahedral ions

AR*Cc3tcr3tGad™
V3+, Fe3+,Mn3 +,Co2+,
MgZt RR3TTiST N2t

Cu2+,Fe2+ 3+, Mn2+.

In

MnZty4t 14t Mt

Co?" mg2tNiZt st

ZnZt Fe2* mMn2t.

Li +,N¢:1+ ,Ag+.



found in tetrahedral sites while the large monovalent cations such as
Lit, Na© and Ag+, occurring mainly in 6~1 spinels, are confined to the
octahedral sites. It is this wide range of possible cation substitutions
that makes synthetic spinels one of the most extensive range of
campounds known, in fact more than 200 different forms exist. A summary
of the caompositional ranges for same of the most important synthetic
spinels, together with structural parameters is given by Blasse (1964),

see also Borrelli (1975).

1.6 Campositional Variations in Natural Magnetites and Maghemites

In principle, end-member magnetite should contain 48.24wt?3 Fe3t and
24 .12wt% Fe2+, but in natural specimens it 1is possible for large

3+ .
percentages of V and Cr3+ to substitute for Fe?’+ , small amounts of

3+ 2+

A13+ replacing Fe are also found. Major substitutions of Ca2+, Mg
and Mn?" for Fe?" can occur and in the extreme case it is possible for
Mg2+ to campletely replace Fe? " leading to the formation of
magnesioferrite (MgFe,O, ). Minor replacements of Fe’" by Ni*", o®" and
7n®" is not uncammon. Small percentages of si’" as an impurity have been
reported, same of this is likely to be present in the form of non—-opaque
mineral impurities but it is possible that same si?" does enter the
structure. Many magnetites are found to contain a significant amount of
titanium, in fact a camplete solid solution series exists between
magnetite and ulvOspinel (FezTioa) above 606 °C. Intermediate members of
this series are known as titanomagnetites and their oxidation products,
the titanamaghemites. The introduction of titanium into the structure

o .
leads to an increase in the unit cell parameter fram 8.396 A in

magnetite to 8.53 R for ulvéspinel (see figure 1.4). Naturally occurring
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Figure 1.4 Variation of the cell parameter with composition found
by previous authors in the (1-x) Fe50y. xFeqTiOy solid solution
series (after Lindsley, 1965 ).
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titanamagnetites usually contain divalent and trivalent cation

impurities such as Mg, Al, Cr, Mn and Zn which replace a percentage of
the iron. The concentrations of these cations can sametimes be
appreciable (Creer and Ibbetson, 197¢), Al is usually found to be the
most abundant (Ozdemir and O'Reilly, 1981).

The spinels which are the main concern of this study all lie in the
FeSC)4—Fe2TiO4—FeZTiOS—FeZO3 quadrilateral of the FeC»-FeZOS—TiO2 ternary
diagram (figure 1.5). The base of figure 1.5 represents the complete
solid solution series between magnetite and maghemite. For intermediate
members oOf this series the number of cations, when recalculated on the
basis of 32 oxyyens, is less than 24, reaching a value of 21.33 for end-
member maghemite; i.e. there is a continuous increase in the number of
cation vacancies per unit cell from ¢ (in magnetite) to 2.67 (in end-
memper maghemite) for members of this series. The low temperature
oxidation of magnetite to maghemite involves a replacement of three
ferrous ions 1in the octahedral sites of magnetite by two ferric ions.
This oxidation process leads to a oontinuous decrease in the cell
parameter fram 8.396 R in magnetite to somewhere between 8.33¢ R and
8.340 A in maghemite (see figure 1.6). Because of the continuous solid
solution series, all stages of the oxidation of magnetite to maghemite
are found in nature and consequently the optical and other physical
properties vary for intermediate members of this series. Natural
maghemites, particularly those from the Bushveld igneous camplex of
South Africa contain significant percentages of TiO2 and also
quantities of FeO (Nicholls, 1955). FeO is occasionally found to be
present in non-titaniferous maghemites (Basta, 1959).

Maghemite is metastable with respect to haematite (a-Fezoa) and

cannot be formed directly from it. At suitable pressures and at elevated
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Figure 1.5 The FeO-Feq O3-TiO9 ternary diagram showing the
major solid solution series: magnetite- ulvéspinel, magnetite- maghemite,
haematite - imenite and pseudobrookite - ferropseudobrookite. The
Fe3 Oy - FeoTi O4-Fey Ti Os- Fe,O3 quadrilateral represents the
titanomaghemites below 350C Any titanomaghemite within this
quadrilateral may be described by the parameters x and z.
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temperatures maghemite is found to invert to haematite, this means that
it is unlikely for maghemite to occur as a primary mineral in
intermediate to high-temperature deposits. Values for the transition
temperature of maghemite to haematite ranging fram 244 °c to 800°C have
been reported in the literature (see for example Kushiro, 196d; Kachi et
al. 1963; Readman and O'Reilly, 197¢). The precise temperature seems to
vary depending upon the previous history of the sample, the presence of
small amounts of impurities and for synthetic specimens, the method of
sample preparation.

The left-hand side of the Fe304—Fe2TiO4-Fe2Tios—Fe 203 quadrilateral
(see figure 1.5) represents the magnetite—-ulvéspinel solid solution
series, which is continuous at high temperatures, but exsolution occurs
below 60°C. The camposition of any spinel 1lying within the
quadrilateral may be defined by the parameters x and z, where x is the
ratio of iron to titanium and z the oxidation parameter. Spinels such as
magnetite and the titanomagnetites with z=0 are stoichiometric and
therefore have a cation to anion ratio of 3:4. Maghemite and the
titanamaghemites with 2z<1 are non-stoichiametric and the cation anion
ratio 1is therefore no longer 3:4. The general formula for any spinel

lying within the quadrilateral may be expressed by:

Fe3* Fe2* 4t O or 1.1
[2-2x+z('l+x)]R (lex)(1-z)JR xR 3(1-R)

where z=(number of Fe?" ions oxidized)/(original number of Fe?' ions),
x= FezTiO4/(FesO4 +Fe2TiO4) and R=8/I8+z(1+x)]. R is often referred to as
the spinel stoichiometry parameter, it is equal to the ratio of oxygen

ions in the stoichiometric case to that in the non-stoichiametric case.
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Titanomaghemites result from the low-temperature oxidation of
titanamagnetites, they are non-stoichiometric metastable spinels which
invert, without a change of chemical camposition, at temperatures above
356°C or at elevated pressure (Kushiro, 196¢) to a multiphase mixture of
titanamagnetite and ilmenchematite (Nagata, 1961; Readman and O'Reilly,
197¥). The products resulting fram inversion are found to be very much
dependent upon the camposition of the parent titanamagnetite. Usually
any Fe?™ in the titanamaghemite goes into an iron-rich spinel phase,
Ti%" goes to the formation of ilmenite or in highly oxidized samples,
anatase (Tioz) or pseudobrookite (FezTiOS). Haematite appears as an

inversion product of the most highly oxidized specimens.

1.7 Electrical Properties of Magnetite and Substituted Magnetites

At room temperature magnetite has an electrical conductivity (o) of
the order of 250 Q~ c:'m_1 « A plot of conductivity against the reciprocal
of the absolute temperature (T'1) covering a broad temperature range, is
shown in figure 1.7. Above 150 K magnetite behaves as a semiconductor
with thermally activated electrical conductivity. Parker and Tinsley
(1976) showed that at temperatures very much greater than the Curie

temperature (858 K), the conductivity is given by the formula:

osAT exp(-q/kT) 1.2

-1 -3
where A=49 Q@ aun K, 99(3)x10 eV and k=Boltzmann's constant. The
above equation 1is also found to predict the maximum observed in the
conductivity versus temperature curve (figure 1.7) at approximately

1190 K. Below the Curie temperature, magnetite behaves as a metal and
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Figure 1.7  Variation of the electrical conductivity of a single
crystal of FeqOy with temperature (after Miles et al. 1957)
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the conductivity departs from that given by the above equation. In the
vicinity of room temperature a second maximum in the electrical
conductivity occurs (see figure 1.7).

At low temperatures, magnetite undergoes an ordering transition.

+ + .
and Fe3 ions

Above the transition there are equal numbers of Fe?
distributed at random over the octahedral sites. Verwey, Haayman and
Ratneijn (1947) suggested that a rapid electron exchange process was
taking place between Fe?' and red" ions on the octahedral sites. This
fast electron hopping has since been oonfirmed (see for example
Bauminger et al. 1961; Ito et al. 1963; Sawatzky et al. 1969). Below the
transition a reduction in crystal symmetry provides separate sites for
Fe?™ amd Fe’ ions and the electrons move to satisfy this. This
transition is normally referred to as the Verwey transition and occurs
at approximately 119 K. The precise temperature is very much dependent
upon sample purity. The transition is accompanied by a decrease in the
electrical conductivity by a factor of 14¢, a specific heat anamaly and
a decrease 1in the ease of magnetization. Verwey, Haayman and Romeijn
(1947) proposed that the transition to the low-temperature phase, which
was originally thought to be orthorhambic, came about because of a
discontinuation of the electron hopping process accompanied by an
ordering of the Fe?"™ and Fe®" ions on octahedral sites. Orthorhambic
symmetry for the low-temperature phase was apparently confirmed by
Hamilton (1958). Since the work of Hamilton (1958) there has been much
controversy as to the structure of the low-temperature phase.
Orthorhambic symmetry has been disproved using electron diffraction by
Chikazumi et al. (1971); using X-ray diffraction by Iida et al. (1973)
and Vieland (1975); using neutron diffraction by Shirane et al. (1975)

and Iizumi et al. (1975). The most recent study, carried out using
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neutron diffraction by Iizumi et al. (1982) has shown the low-
temperature phase to be monoclinic with space group Cc. Below the
transition, down to a temperature of around 1Y K magnetite behaves as a
semiconductor with a temperature dependent activation energy. In this
region the conductivity depends upon a formula derived by Mott (1969)

given Dby:

]
O=A exp(-B/T4) 1.3

Any model which attempts to explain the electrical conductivity of
magnetite must also explain the occurrence of the Verwey transition. The
most recent models use the idea of a splitting of the electronic 3d§
levels of octahedral Fe’ in the low-temperature phase by an energy gap
of approximately #.l eV. Charge transport is then brought about by
carriers, either created by thermal activation across the energy gap or
introduced by impurities or by oxygen non-stoichiametry. These separate
energy levels form narrow sub-bands which overlap above the transition.

The presence of small amounts of impurity or oxygen non-
stoichiametry has two main effects. Firstly, the low-temperature phase
becanes imperfect, this lowers the temperature of the Verwey transition
and can even lead to its disappearance altogether at certain critical
impurity ooncentrations. Secondly, the ratio of ferrous to ferric ions
changes which introduces charge carriers into one of the split sub-bands
i.e. positive charge carriers (holes) into the lower filled band or
electrons into the higher empty bands, depending upon the impurity
present. As the ooncentration of impurities incCreases the resultant
fluctuations of the electrostatic potential makes the free motion of

charge carriers more difficult. These charge carriers may be thermally
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activated to 'hop' to other ions and thereby contribute to the
electrical transport.

The electrical conductivity of the low-temperature phase is very
sensitive to oxygen non-stoichiometry. Conversely, above the transition
the influence 1is small since both sub-bands overlap and the relative
change 1in charge carrier numbers is very small. Impurity ions have
similar effects as cation vacancies: cations with valencies 1 or 2
reduce the number of ferrous ions and introduce holes; cations with
higher valencies act as donors. In each case the effect is small above
the Verwey transition.

In conclusion, over a fairly broad temperature range the electrical

conductivity of magnetite can be represented by:
- 3
o:=AT ﬁexp(-q/kT) [5=0,1or/2 1.4

The activation energy for the conduction process to occur above the
Verwey transition is equal to the sum of the energy q, needed to remove
an electron fram the Fe® ion plus the mobility activation energy qy

required to transfer an electron between Fe’" and redt.

1.8 Magnetic Properties of Magnetite and Maghemite

Magnetite possesses a type of magnetic ordering known as
ferrimagnetism. The tetrahedral sites form a magnetic substructure (A)
and the octahedral sites a second substructure (B), these two
substructures are crystallographically inequivalent. The magnetic
moments of the two substructures align antiparallel. Néel (1948)

proposed the name ferrimagnetism for this type of magnetic ordering.
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The magnetic properties of magnetite and its derivatives arise
because of: the presence of unpaired 3d electrons; superexchange
interactions between adjacent cations; the unequal numbers of cations on
tetrahedral and octahedral sites. The oxygen ions have no net magnetic
moment, hence the magnetic properties are due entirely to the unpaired
3d electrons of the iron atams. The magnetic mament of any atam
containing 3d electrons is normally the sum of the electron spin and the
orbital moments. In any spinel oxide however, the orbital contribution
to the net magnetic mament is quenched by electronic fields produced by
the surrounding oxygen anions. The atomic magnetic mament (m) then
becomes the maoment due to the electron spin and is equal to p%n,
where }&5 equals one Bohr magneton and n is the number of unpaired
electrons (see for example Bleaney and Bleaney, 1978). The magnetic
moment of the Fe?' ion is then due to the four unpaired electron spins
and equals 4#ﬂ' The trivalent ion gives up two 4s and one 3d electron so
that Fe°" has a net magnetic moment of Spﬁ.

The cations are separated by the larger oxygen anions which
prevents direct contact between the cation orbitals. This makes direct
magnetic exchange interactions very weak indeed. Instead, indirect
exchange (superexchange) occurs via the 2p orbitals of the anions.
Superexchange involves the temporary transfer of one of the oxygen 2p—
electrons to the unfilled d-shell of the neighbouring cation. The oxygen
anion now has one unpaired spin and has became temporarily paramagnetic.
while in this state it is able to interact with the cation. The effect
results in antiparallel alignment of the electron spins of the cations
on tetrahedral and octahedral sites. Apart from the electronic structure
of cations, the magnetic exchange interactions are very much dependent

upon the distance and angles between two interacting cations and the
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intervening anion. Usually only the interactions between the two cations
in contact with the anion are considered important, the remaining
interactions are very weak and make only a minor contribution to the
magnetic properties.

Superexchange interactions exist between cations on tetrahedral or
A-sites, these are referred to as AA interactions, similarly between the
octanedral or B-site ions there are BB interactions. A third type of
interaction takes place between ions on A and B-sites and is known as
the AB interaction. All three interactions are believed to be
antiferramagnetic in character. The strength of the interaction depends
on the degree of orbital overlap of oxygen 2p-orbitals and the cation
3d—-orbitals. The interaction decreases as the distance between the
cations increases and as the angle of cation-oxygen-cation decreases
fran 180° to 9%°. According to Néel (1943) the AB interaction is the
most important in spinel ferrites since the angle is around 125° while
the BB interaction 1is negligible because the angle equals 9%°. The
interaction is such that antiparallel alignment of the magnetic moments
of the ions on tetrahedral and octahedral sites results (Néel, 1948).

Magnetite possesses the inverse spinel structure (see section 1.3)

. . 2 + .
with &8 Fe3+ ions on tetrahedral sites and 3 Fe+ and 8 Fe3 ions on

octahedral sites.
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The magnetic structure may be represented by:

Tetrahedral sites Octahedral sites
+
Fe3 [Fe§+ Fed* ]
85, (Bealr, (3%5)
s My 185l

Since the maments of tetrahedral and octahedral sites are opposed
the resultant magneti¢ moment of one molecule of magnetite is Jjust that
of the Fe?’ ions, that is 32uﬁ per unit cell or 4[uﬁ per molecule. Smit
and Wijn (1959) found a value of 4'l'uﬁ by experiment. The discrepancy of
b.lu 3 per molecule is thought to arise because of incomplete quenching
of the orbital mauent.

For maghemite the magnetic structure may be represented by:

Tetrahedral sites Octahedral sites
3+ 3+ 3
Feg [ (Fedg3 Oy 67! Feds |
—_— < <
(8x5)u (1.33=5)uy  (12x5)ug

The resultant moment for this structural formula is 26.67,uﬁ and the

mament per molecule of V—Fe203 is 2.5,11/3.

1.9 Cation Distribution in Spinels and the Crystal Chemistry of Iron-—

Titanium Spinel Oxides

Early attempts to explain the cation distribution of spinels used
simple electrostatic theory in which the ions were regarded as charged,
polarizable, rigid spheres with a definite radius. The lattice energy

being represented by the sum of the Madelung potential, the polarization
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energy and the Born repulsive forces (Verwey and Heilmann, 1947;
Romeijn,  1953). Goodenough and Loeb (1955) realized that these
conventional  electrostatic energy considerations are a gross
oversimplification of the problem. They found tetrahedral and octahedral
covalent bonds to have a considerable influence on, not only the cation
distribution, but lattice distortion effects and the magnetic exchange
mechanisms as well. This led to the proposal of a new magnetic exchange
interaction, semicovalent exchange, in an attempt to explain the
magnetic properties of the spinels in the presence of these two types of
hybrid covalent bond.

Crystal field theory along with experimentally obtained optical
absorption data was used by McClure (1957) to calculate octanedral site
preference energies for transition metal ions in the spinel structure.
The 1ion with the largest octahedral site oreference energy occupies the
octahedral sites thereby determining whether the spinel is normal or
inverse. Cation distributions predicted by this model were in good
agreement with most of those found by experiment. Dunitz and Orgel
(1957) also discussed the cation distribution in spinel oxides in terms
of crystal field theory. The crystal field stabilization energies
predicted varied in such a way as to account for the observed cation
distributions reasonably well. Unfortunately, two important factors were
not taken into account in this model. Firstly, the variation of Madelung
energy as a function of the oxygen positional parameter (Verwey et al.
1948; Gorter, 1954) was not allowed for, and secondly, no account of the
variation in crystal field stabilization energy with atomic number for
ions in tetrahedral and octahedral sites was made, i.e. as the atamic
number increases, and the ionic radius decreases, the tetrahedral site

becanes more stable with respect to the octahedral site. Dunitz and
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Orgel (1957) were surprised that crystal field theory did give such good
agreement between predicted cation distributions and those found by
experiment. It seems that this agreement is partially due to the limited
amount of experimental data available to them at the time.

The effects of the Madelung energy and the short-range repulsive
interaction due to electron orbital overlap between neighbouring ions in
addition to the crystal field terms were included by Miller (1959). On
this basis a set of site preference energies were calculated. It was
found that, with the exception of spinels containing V3+, the results
accounted well for observed cation distributions in spinels containing
transition and non-transition metal ions and a number of previously
unexplained distributions were resolved.

Navrotsky and Kleppa (1967) studied the cation distribution in
spinels using a thermodynamic approach. They equated the entropy change
associated with the disordering of an initially normal spinel with the
configurational entropy: the molar enthalpy of interchange of ions on
tetrahedral sites with those on octahedral sites was then calculated
from previously published cation distribution data. The resulting
interchange enthalpies were then used to calculate site preference
energies for divalent and trivalent cations in spinels. The results
indicated that Zn2+, Cd2+ and In°" ions have a strong tetrahedral site

+
preference; cu®’, Nt Pd? ' Mn®" and cr® nave a strong octahedral

[ 1

2+

. + 2+ 2+
site preference and Fe3+, Ga3+, Co” , Mn? . Mg” and Fe® have a small

if not zero tetrahedral site preference. No data were available at that
time for Ti4+, but it was assumed to have a large octahedral site
preference. cr®t was found to have the largest octahedral site
preference of all the first transition metal ions. This particular model

credicts that if the difference between the site preference energies for

-29-




the two cations in a binary spinel is large then a normal or an inverse
spinel results, and if the difference is small, an intermediate
distribution with significant temperature dependence is predicted.

Camparison of the site preference energies found by Navrotsky and
Kleppa (1967) with those of Dunitz and Orgel (1957), McClure (1957) and
Miller (1959) shows that, with the exception of C02+, agreement in all
four cases is very good.

Mendelyevian type models, with scales based on pseudopotential
theory were employed by Price, Price and Burdett (1982) to predict the
cation distribution in spinels. This campletely different approach to
the problem is based on the assumption that if a physical property can
be found experimentally which has a considerable influence on the
distribution of ions between tetrahedral and octahedral sites, then that
property must be related in same fundamental way to the parameters which
determine the cation distribution. Qualitative rules result which
predict the site preferences of the various cations fram published data.

Structural sorting diagrams used by Price, Price and Burdett (1982)
showed that a plot of the core size of ions on tetrahedral sites against
those on octahedral sites, or alternatively a plot of
electronegativities of the tetrahedral site ions against those of
octahedral sites leads to a sorting of spinels into normal and inverse
structures. Of the 172 spinels studied all but four were found to have
cation distributions in agreement with that predicted by this approach.
It was concluded from these results and fram the thermodynamic approach
(Navrotsky and Kleppa, 1967; O'Neill and Navrotsky, 1983) that ionic
size and electronegativity are major factors in determining the cation
distribution in spinels, far more so than the much smaller contribution

fram crystal field stabilization energies.
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A modification to the model describing the thermodynamics of the
cation distribution in spinels, originally given by Navrotsky and Kleppa
(1967), was presented by O'Neill and Navrotsky (1983). This latter
model, based on lattice energy calculations, revealed that the enthalpy
change arising when cation disordering occurs is not linearly related to
the degree of cation disorder but is related by a quadratic equation.
Data available for the variation of cation distribution in spinels with
temperature are found to agree well with this quadratic. There are two
notable exceptions to this; namely E‘eao4 and MgAl ,0, « For Fe304 it is
necessary to include an additional term which takes account of the non-
configurational entropy. The behaviour of M<_:;A1204 could not be

adequately explained by this simple model.

1.10 Cation Distribution of Titanawaghemites

The titanamagnetites are members of the solid solution series
between magnetite (Fesoa) and ulvospinel (FezTiO4 ). Bkimoto, Katsura and

Yoshida (1957) showed that this series could be represented by:

(1-x) FeqOy. xFeqliOyzFe Ti Of 1.5
where ¥<x<1l. Titanamaghemites are single phase, metastable, non-
stoichiometric spinels, resulting fram the low temperature oxidation of
titanomagnetite. The camposition of a titanamaghemite is normally given
in terms of two parameters, the first expresses the iron/titanium ratio
and the second the degree of oxidation of the specimen. The Fe/Ti ratio
is usually given as the atamic or molar fraction of Fe O, or Fe 2TiO4

present in the parent titanamagnetite and has been shown to remain
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Table 1.3

authors to characterize titanomaghemites (after Lindsley, 1976) .

Iron/Titanium Ratio

Definition Range
X’'s F9304 0gxLl
Fe304+FeyTiOy
x s FeqliOyg 0<x<]
Fe304 + FeqliOy
2
Fe 351
Fe+Ti
q=FeqliOy 0<qx<l
Fe304+ Fe2TiO4
2
XaFe 1<X<™3
Fo T
Xz F92Ti04 O<xgl
Fe304 FeqliOg
xaFeqliOy Ogxsl
Fe3(l¢+Fe21K24
x=FeqliO4 O<gxxl
Feq04 +FeqliOg
x-FezTiO4 O<xxl
Fe304 +FeqliOy

Oxidation Parameter

Definition Range
32(Fe+Ti) 19.224
(o)

NeFeZ" oxidized per 0<n<l+q

initial 4 oxygens

V=32(Fe+Ti) 24<V<64

— o0 34X

ZsFe2t oxidized Ogzgl
Original Fe2t

NsFe2+oxidized per 0<N<¥ 7x~1.6

initial 4 oxygens

V=Excess of oxygen

Ns=Fe2+ oxidized per 0< N Hx
initial 4 oxygens
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Details of the compositional parameters used by various

Reference

Chevallier, Bolfa
and Mathieu

(1955).

Akimoto, Katsura
and Yoshida
(1957).

Akimoto & Katsura
(1959), Katsura &
Kushiro (1961),
Sasajima (1961).
Verhoogen (1962).

Zeller & Babkine
(1965), Zeller et al.
(1967a.b).

O'Reilly and
Banerjee (1966,
1967),

Schult (1968),

Hauptman
(1974),

Gidskehaug
(1975).




constant during oxidation. Table 1.3 1lists same of the parameters
suggested by various authors to exXpress the composition of a
titanamaghemite. The formula (Fe2T1Q4)/(Fe3Q4+Fe2TiQ4), for expressing
the Fe/Ti ratio of the specimen is found to be particularly useful
Pecause it applies to the unoxidized titanomagnetite as well as the
oxidation product. The oxidation parameter (z), which expresses the
ratio of Fe’" ions oxidized to the original number of Fe’' ions is the
most useful parameter for defining the degree of oxidation of the
specimen.

Oxidation of the parent titanamagnetite occurs when oxygen atams
adsorbed on the surface of the crystal are ionized by the mobile

2+ 3+ .
and Fe 1ons near to the surface of

electrons transferring between Fe
the crystal. These newly-formed oxygen ions then bond to the surface
thereby forming new octahedral and tetrahedral sites. These newly-formed
sites are then rapidly filled by the diffusion of cations from the
titanaomagnetite leaving cation vacancies. This oxidation mechanism is
basically an extension of that described by Colambo et al. (1964) for
the oxidation of magnetite. The process is shown schematically in figure
1.8. Akimoto and Katsura (1959) found that on oxidation, natural
titanomagnetites retain their Fe/(Fe+Ti) ratio which suggests that the
diffusing Fe3' ions are retained by the newly expanded structure.

Early attempts to determine the cation distribution of the
titanomaghemites led to the proposal (Dunn and Dey, 1937) of a
hypothetical end-member, cubic FeTiO,. This proposed end-member was
later renamed V—FeTiO3 by Nicholls (1955) and again by Chevallier, Bolfa
and Mathieu (1955) but was never found in nature or prepared
artificially. The concept has since been discarded. More useful models

for the cation distribution of the titanamaghemites take into account
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Figure 1.8 Schematic diagram to represent the oxidation of Fe2+
to Fe3+leading to the production of titanomaghemite from
titanomagnetite. (] represents a cation vacancy.

a) Before oxidation

b) After oxidation.
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the distribution of cations in the unoxidized titanamagnetite and their

redistribution as a result of oxidation.

It should be noted, because of the camplexity of the problem, that
the wvarious authors have found it impossible to propose models for the
cation distribution of intermediate members of this solid solution
series without making assumptions. Four such models will now be
considered and the assumptions and limitations involved in each will be
discussed. The cation distribution of a natural titanamaghemite
specimen, as found by experiment, is then camnpared with that predicted
by the fourth model, since this really results from a cambination of the

other three.

i) Model 1 (Verhoogen, 1962)

The cation distribution predicted by this model assumes that the
available Fe®' ions enter tetrahedral sites until they are all fully
occupied. Such an assumption has been supported by theoretical
calculations (Goodenough and Loeb, 1955), but has been shown by O'Reilly
and Banerjee (1965) not to be valid for same intermediate members of the
solid solution series (l-x)Fe304.xFe2TiO4, with ©.2<x<@.8. This model is
therefore too specific to be applicable to the titanamagnetites and

titanomaghemites in general.

ii) Model 2 (O'Reilly and Banerjee, 1966)

This model takes account of cation distributions in the unoxidized
titanamagnetite and the oxidation process, resulting fram the ionization

of oxygen atams adsorbed to the crystal surface by the extra electrons
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2+ . . . .
of the Fe 1ons, after their oxidation to Fe3+. The model assumes zero
mobility for tetrahedral Fe?" and Fed" ions and zero mobility for the

4+
i’

ions. Cation vacancies are assumed to be restricted to octahedral
sites.

The above model has several major drawbacks. Firstly, it has been
assumed that only octahedral Fe?' ions can be oxidized at the crystal
surface because only octahedral Fe?" can diffuse. But the oxidation of
Fe?" to Fe®" need only involve the transfer of an electron to the
adsorbed oxygen atams at the crystal surface, charge balance being
maintained by the diffusion of any sufficiently mobile cation to the
surface. Secondly, as a result of the assumption of zero mobility for
tetrahedral Fe2+, the newly-formed tetrahedral sites at the surface must
be occupied by Fe?"™ and Fe®" ions in the same ratio as the original
sites in the unoxidized titanamagnetite. This is a highly unlikely
occurrence. Sakamoto, Ince and O'Reilly (1968) for example, showed that
some tetrahedral Fe’  is oxidized. Thirdly, if only Fe?™ ions in
octahedral sites were oxidized and diffuse into the newly-formed
tetrahedral and octahedral sites, the product would be a spinel
consisting of two separate phases, a titanamaghemite core surrounded by
a mantle of maghemite, i.e. the product would be inhomogeneous. It is
therefore only an approximation to assume that no tetrahedral Fe?'
oxidation takes place. Fourthly, for high degrees of oxidation, when
only tetrahedral Fe?t  is being oxidized, it is possible for same

vacancies to occur in tetrahedral sites.
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iii) Model 3 (O'Reilly and Readman, 1971)

This third model helps to resolve same of the problems encountered
by the other two models and includes important points used in previous
models.

As stated above, ionization of the adsorbed oxygen atoms results in
the formation of new tetrahedral and octahedral sites. The newly~formed
tetrahedral sites are filled and the octahedral sites partially filled
by the Fe®" ions formed from diffused Fe?' ions after oxidation at the
crystal surface. Because of the low mobility of tetrahedral Fe?! these
ions came from octahedral sites leaving octahedral cation vacancies. The
preference of Fe3' for tetrahedral sites (Goodenough and Loeb, 1955)
results in the newly-formed tetrahedral sites being filled with Fe3' and
the newly-formed octahedral sites being filled by 5/6 Fe®' and 1/6
vacancy. The diffusion process leads to the production of a mantle of
maghemite at the crystal surface. The octahedral sublattice throughout
the specimen then Dbecames hanmogeneous because of the diffusion of

+ .
ions then

vacancies and Fe®' into the crystal interior, Fe?" and Ti*
diffuse out of the interior. Simultaneously, the tetrahedral sites
becaome hamogeneous because of a movement of electrons from the interior
which 1is equivalent to moving Fe?" fram, and Fe®' into the interior.
Electron hopping between tetrahedral sites makes a contribution to this

process but cannot account for oxidation alone since charge balance

would not be maintained.
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iv) Model 4 (Readman and O'Reilly, 1971)

Model 4 is based on Model 3 but the assumption of zero mobility for
tetrahedral Fe?! is replaced by a parameter which gives the probability
of the availability of Fe?" ions on tetrahedral and octahedral sites.
This probability factor is based on the relative concentrations of Fe?'
on each site along with an additional term which defines the
availability of Fe?' ions depending upon their mobility. It was
concluded that the availability of tetrahedral Fe?' for oxidation was
about 20% of the availability of octahedral site Fe?'.

Taking the general formula for a stoichiometric titanamagnetite as:

2+ 3+ 442 1.6
Fe“ x)Fe2(]-x)T'x+O

where U<x<l. If we define the oxidation parameter z as:

z:nymber of Fe2 jons oxidized 1.7
original number of Fe2tions

The oxidation reaction may be represented by:

Fe2*+£0 —>(1-z) Fe2*+ zFe3*+307 18

where @<z<l. The cation distribution of any titanamaghemite may then be

written as:

Fo2t Ti4* g 2- 1.9
F o :
o5 Fe%S [Fez 2xezrzx RIS S1ax(1-2IR-S Ti R 31181 O
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where R=8/[8+z(1+x)], x=Fe TiO, /(Fe,O, +Fe,Ti0,) and & is the total
number of Fe?" ions on tetrahedral sites. On oxidation the number of
octahedral Fe?" ions per molecule is reduced by z(1l+x)R and the number
of Fe®" ions increased by z(1+x)R. The number of oxygen ions added for
every four original oxygens is then equal to z/2(1+x). The number of
molecules in the sample is increased by a factor of (1/R).

If f represents the fraction of Fe*" ions formed fram the oxidation of
tetrahedral Fe2+, assuming the electron hopping mechanism to operate

then:

81 So-fz(1ex) | R 1.10

The factor £ is actually the product of a concentration factor £,

given by:

fa O 1.1
° +x)(1-z)R

where £, is the ratio of the number of Fe?" ions in tetrahedral sites to
the total number of Fe’" ions. The factor a is a quantity which
describes the availability of  tetrahedral Fe?" for oxidation.
Supstituting for f we get:

S:00(1-z)R 1.12
l-z+¢¥z

when a=1 tetrahedral and octahedral Fe’' are equally mobile and f=f_. If

the wvalue of a=J then Fe2+ in tetrahedral sites is immobile and not

available for oxidation and Model 3 results.
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1.11 Thesis Layout

Chapter 2 provides a review of the experimental evidence found by
previous workers as regards the symmetry of the spinels in general. At
an early stage of this work a body of X-ray intensity data, collected by
Fleet (198l) from a natural magnetite crystal, became available. Since
material had not been prepared for data collection at Aston an exercise
was undertaken to examine this data under the space groups Fd3m and
F43m. Chapter 3 gives details of this examination. Chapter 4 gives
details of a second refinement of the structure of magnetite under the
space groups Fd3m and F43m. The data used here were collected at Aston
fran a natural single crystal, and consisted of more than twice the
numpber of X-ray intensities available for the refinement described in
Chapter 3. This larger data set allowed a far more accurate
determination of the structure parameters than was possible previously.
A study of the intensities of Friedel related pairs of reflexions is a
test which may e used to further substantiate F43m symetry for
magnetite. Chapter 5 gives details of this study. Chapter 6 is a study
of the cation distribution and overall symmetry of a natural
titanomaghemite specimen. Missbauer spectroscopy and X-ray diffraction
are the principal techniques employed in the solution of this problem.
Chapter 7 provides a general discussion of the results obtained

throughout the thesis, their implications, and suggestions for further

work .
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CHAPTER 2

REVIEW OF PUBLICATIONS RELATING TO THE SYMMETRY

OF THE SPINEL GROUP OF COMPOUNDS

2.1 Review of Indirect Evidence in Favour of F43m Symmetry for the

Spinels

Many spinels are found to undergo a phase transition involving a
change of structure but not of chemical camposition (see for example
Ohnishi and Teranishi, 1961; Goodenough, 1964; Brabers, 1971). The
difference Dbetween the two structures above and below the transition
cames about because of a slight readjustment of atom positions. In the
spinels, a transition from cubic to tetragonal symmetry is cammon with a
decrease in temperature. This 1is observed, for example, in CuFe,0,
(Ohnishi and Teranishi, 1961), FeCr,0, (Wold et al. 1963) and in Mn O,
(Brabers, 1971). Dunitz and Orgel (1957) and Goodenough (1963) explained
many of these transitions as being due to the presence of transition
metal ions which exhibit the Jahn-Teller effect. These ions are
orbitally degenerate but as the temperature is reduced local distortions
occur which remove this degeneracy and lead to a reduction in symmetry
(Finch et al. 1957). Direct physical evidence to support the above model
has been observed by Cervinka (1965), Tanaka et al. (1966) and Brabers
(1969). A review of the Jahn-Teller effect in spinels is given by
Englman (1972) and also by Gehring and Gehring (1975).

In contrast to these campounds, spinels fram the series

Mglcr, AL, 1O

A in which cr® occupies the octahedral site are expected
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to remain free from any structural distortions since Cr3' is not a Jahn-
Teller ion when in octahedral coordination. An X-ray diffraction study
carried out by Grimes and Hilleard (197¥) showed that an increase in x
in this series led to a substantial increase in the Debye-Waller factor,

O, by Cervinka

similar to the results observed for the series Mane3 x4

(1965). Grimes and Hilleard (197¢) concluded that structural distortions
occur in chrame spinels and that these distortions increase in magnitude
with increasing chramium content. The suggestion that the anomalous
behaviour of the chrome spinel series arises because the cr® is in a
low-spin state now seems incorrect since magnetic susceptibility
measurements made on MgCr,O, by Lotgering (1962) showed that the values
correspond to the normal spin-only value. This evidence from magnetic
susceptibility measurements shows that cr®® is not a Jahn-Teller ion but
does not show that structural distortions are absent. In fact there is a
discrepancy noted by Lotgering (1962) which could only be accounted for
if the trigonal component of the local crystal field is larger than that
given by conventional symmetry.

Stahl-Brada and Low (1959) made electron spin resonance studies of
the cr®" ion in natural single crystals of spinel and found that an
exceptionally strong trigonal field is present with a [111] direction as
an axis of symmetry. As pointed out by Henning and van den Boam (1973),
electron spin resonance does not clearly distinguish Dbetween the
trigonal point symmetries 3m and 3m. The only indication of 3m point
symnetry they found was in the splitting of the c®t ion energy levels
deduced for zero magnetic field indicating a stronger trigonal field
than expected for Fd3m symmetry. Lou and Ballentyne (1968), who studied
the optical fluorescent spectra of a range of single crystals of

Mg[CrxAl2 x]q4 found that these distortions increased with increasing
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Figure 2.1 An illustration of the difference between the point
symmetries a) 3m
b) 3m (after Grimes and Collett, 1971a).
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chramium content. In addition, they noted that above a chramium content
of 2wt% the point symmetry of the octahedral site is 3m, a point
symmetry not allowed under Fd3m. Figure 2.1 shows the difference between
the point symmetries 3m and 3m. Had the local trigonal distortions been
3m then an increase in magnitude would be brought about by an increase
in the oxygen positional parameter. X-ray diffraction studies
of polycrystalline specimens of I\dg[:(lrle&lz_x]O4 by Grimes and Hilleard
(1970) showed that no such change is observed. The increase in magnitude
of the distortions with increasing chramium content shows up in an
increase in the Debye-Waller factor, which for MgCr204 is three times as
larye as that for MgAl 2O4 .

Grimes and Collett (1971a,b) pointed out that the results found
fram optical and X-ray measurements, carried out on the spinel series
Mg[CrxALz_x]O4, can be explained if the space group of these spinels is
F43m rather than Fd3m. Under this alternative space yroup, the point
symmetry of the octahedral site is 3m, as found by experiment, and
allowance 1is made for the greatly increased trigonal caaponent of the
local crystal field which is needed to explain electron spin resonance
measurenents.

Studies made on the infrared spectra of the spinel series
Zn Mg _ Cr O Dby Tarte and Preudhamme (1963) showed that a decrease in

complexity of the spectra is found with increasing zinc content.

4

Assuming that this indicates a reduction in magnitude of the structural
distortions in this series, then an almost distortion-free ZnCrz()4 is
expected. This is in fact found, since the Debye-Waller factor for this
compound is found, by X-ray work, to be 4.36 ] (Raccah, Bouchard and

Wold, 1906) which is one third of that observed for MgCr, 0, .
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So far only structural distortions in the spinel series
Mg(Cr,Al)O, have Dbeen explained by this alternative space group. It is
highly unlikely that structural distortions are restricted to this
series, Grimes (1972, 1973) has proposed that the spinel structure in
general may be more correctly described by F43m symmetry. Polder (195¢),
for example, found that at low audio and radio frequencies the values
for the dielectric constant of Mn-Zn and Ni-Zn ferrites rises by ltd2 to
ltZJ4; this seems to be due to a permanent dipole moment, similar to that
observed in BaTi10, by Kay and Vousden (1949). Such behaviour, as pointed
out by Fairweather, Roberts and Welch (1952), 1s not permitted by Fd3m
symetry.

These results indicate that the spinel structure exhibits a small
deviation from Fd3m symnetry and that this deviation is associated with
a displacement of the octahedral cations along a [l1llj direction, of the
order of 0.4l to ¥.0U5 ?\ in oxides. The magnitude of this displacement is
equivalent to that needed to produce the permanent dipole mament
estimated by Peters and Standley (1958) to account for the dielectric
constant observed in the Mg-Mn ferrites at 2@@0(2.

Ultrasonic measurements by Kino and Lithi (1971) made on ZnCrzO4
gave a softening of the shear mode elastic oonstant c » in the
neighbourhood of 44 K. Similar effects have been observed for magnetite
by Moran and Lathi (199) and for NiFe O, Dby Gibbons (1957).
Interpreting this softening using the selection rules of Nowick and
Heller (1965) and Nowick (1968), a defect with trigyonal distortion is
indicated.

The almost exact agreement in frequency observed by O'Horo,
Frisillo and White (1973) for MgAL O, between that in the Raman spectrum

at 671 an~' and the corresponding infrared absorption spectrum at
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Figure 2.2 Octahedral ion sublattice of the spinel structure
(after Grimes, 1973): arrows indicate the displacements which

lead to F43m symmetry.
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670 an~' is a ocondition not allowed in a centrosymmetrical structure
(Loudon, 1964). A similar situation has been cbserved in magnetite.
Hart, Temkin and Adams (1975) measured a Raman active mode at 550 cm™ '
and Boppart, Schlegel and Wachter (198¢) found an infrared active mode
at 550 am~'. Again this agreement petween frequencies in the infrared
and Raman spectra is not permitted under a centrosymmetrical space
group.

In order to explain the overall specific heat observed for ZnFeZLZ,
Grimes (1974) found 1t necessary to include a camponent which takes
account of the off-centre Fe®' ion 1n the octahedral site as occurs
under F43m synmmetry.

The symmetry proposed for the revised structure is F43m. The
octahedrally coordinated metal ion sublattice is modified so that
alternative groups expand and contract as shown in figure 2.2. These
displacements occur along all <111> directions simultaneously and do not
lead to the property of ferroelectricity (Fairweather, Roberts and
Welch, 1952) since the dipole maents which are created are arranged in

the opposite sense and lead to antiferroelectricity (see sections 7.2

and 7.3 for details).

2.2 Double Diffraction

The phenamenon of double diffraction 1is referred to throughout
section 2.3. This physical process will now be briefly considered to
give same insight into how it arises and the effects produced.

Generally, reflexions present in the diffraction pattern produced
by a given crystal are described mathematically by the Kinematical

theory of diffraction. When dealing with crystals of high symmetry,
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using the short wavelength radiations necessary for detailed structure
determination, it is possible for severe double diffraction to occur
(Renninger, 1937), leading to the production of reflexions theoretically
forbidden by symmetry.

Double diffraction occurs when the primary diffracted beams, formed
inside the crystal specimen, act as secondary sources of diffraction.
Many of the reflexions produced in this way colncide with existing
primary diffraction reflexions; all newly—-formed reflexions are due
entirely to double diffraction. The Miller indices of these doubly
diffracted reflexions are given by the sum of the indices of the two
component primary reflexions. Hence, a reflexion of the type h1+h2,
k1+k2, l1+l2 is now possible, where h1k111 and hzkzlz are any two
allowed primary reflexions.

Theoretically, it 1s possible to test for double diffraction by
rotating the crystal about the (h1+h2, k1+k2, l1+12) scatterinyg vector
through the azimuthal or crystal angle. If the forbidden reflexion 1s
real there should be no change in its intensity on rotation (within
experimental error). On the other hand, if the reflexion is produced by
double diffraction a large intensity variation will be observed.

Ideally, the experiment should be carried out using a long wavelength

radiation such as CrKa (1=2.291 &).

2.3 Diffraction Evidence

In theory, it should be possible to decide, using diffraction
techniques, which of the two suggested space groups correctly describes
the symmetry of the spinels since reflexions of the type {hk@} with

ht+k=4n+2 are forbidden under Fd3m symmetry but allowed under F43m.
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However, because the atamic displacements giving rise to F43m symnetry
are small, the intensities of many of these reflexions are below the
minimum detectable level. A further camplication arises since reflexions
of this type can be produced by the process of double diffraction, which
leads to the production of otherwise forbidden reflexions (see section
2.2). The next step is to look 1in detail at the evidence found by
previous authors for and against Fd3m symmetry for the spinels, using

electron, neutron and X-ray diffraction experiments.

2.3.1 Electron Diffraction Evidence

The use of electron diffraction to make a detailed study of the
Fd3dm  foroidden reflexions has been criticized because the short
wavelength radiations and high voltages employed lead to considerable
double diffraction. Whilst examining [wwl] orientated foils of MgAl O,
uslng transmission electron microscopy Hwanyg, Heuer and Mitchell (1973)
observed {200} and {420} type Fd3m forbidden reflexions. In addition,
they examined foils of MgFe204 and found 2 ¥ ¥ and 4 2 U reflexions
present in the diffraction patterns. They o<ooncluded that these
reflexions could not have been produced by double diffraction in the
orientation used and could not be caused by non-zero Laue zones. {200}
and {420} type reflexions were also detected in MgFe O, by Walters and
Wirtz (1972). They concluded that these reflexions did not arise because
of double diffraction but were produced because of superlattice
formation. It is more likely that they are due to a departure fram Fd3m
synmetry.

In an electron diffraction study of polycrystalline films of

MnFe,O,, van den Bery, Lodder and Mensinga (1976) observed the
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reflexions 2 ¥ ¥, 42 0and 6 0 4. These reflexions were not thought to
be produced by double diffraction and their Observation was taken as
support for F43m symnetry for this material.

Electron diffraction studies are not suitable for structure
analysis but Heuer and Mitchell (1975) were able to campare the
intensity ratio of the 2 2 v reflexion with that of 2 ¥ @ tor MgAlZO4.
The result indicated that any off-centre displacement of the N ion 1n
octahedral coordination was between 9.006 K and ©.d92 &.

Mishra and Thomas (1977) heated a synthetic single crystal of
MgAlzcz in the hot stage of a transmission electron microscope and found
that at approximately 450°C the Fd3m forbidden reflexions disappeared
and on cooling reappeared. From this observation they concluded that the
symmetry of MgAl,0, at roam temperature is F43m. The potential maximum
through the octahedral site suggested by Grimes (1971) is the most
likely explanation for this transition. Above 45U°C, the octahedral ion
has sufficient energy to overcome the potential barrier, the two non-
equivalent positions under F43m becane equivalent and the symmetry
changes to Fd3m because of the increase in thermal vibration.

A natural single crystal of Mgo.asEéo.usAlzch was studied by Smith
(1978) using electron diffraction, the electron beam being kept parallel
to [wel], {20v} type reflexions were observed. In order to test for
double diffraction the specimen was rotated about the [14U¥] axis and the
2 ¥ ¥ reflexion observed. As the crystal rotated the reflexion was found
to disappear and reappear. Similar results were found for a single
crystal of magnetite. Smith (1978) concluded that the observed intensity
of the 2 ¥ U reflexion for these two materials was due almost entirely

to double diffraction and that if a true Bragg peak exists then the
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intensity of this peak must be far weaker than that found by Heuer and

Mitchell (1975).

Tokonami and Horiuchi (1980) observed {200} type reflexions in
MgAlZCh using electron diffraction and realized that double diffraction
can occur not only because of reflexions from the zero order Laue-zone
but also from the first order Laue-zone. They found that these
reflexions were always observed along with (1 21 1} and {3 21 1}
type reflexions fram the first order Laue-zone. They concluded, since
the {200} type reflexions disappeared with a minute change of
orientation of the incident beam, that these reflexions were due
entirely to double diffraction. They explained the results of Mishra and
Thamas (1977) as being due to a decrease in the Debye-Waller factor with
an increase in temperature, this was thought to give rise to a steady
decrease in the intensity of the reflexion as the temperature increased.
This interpretation does not really explain the disappearence of the
2 ¥ ¥ reflexion at 450°C; if this theory is correct the reflexion should
still be present if the X-ray exposure time is increased. However, this

does not appear to be the case.

2.3.2 Neutron Diffraction Evidence

MgCr,0, was examined by Infante and Fender (1973) using neutron
diffraction. No additional reflexions were observed and no evidence was
found to indicate a displacement of the cr®™ ion along the <1ll11>
direction. They carried out two structure refinements using the neutron
diffraction data, one for Fd3m symmetry and a second for F43m. The
results obtained indicated that if the cr®’ ion was displaced, the

(o]
displacement must be less than ¥.92 A.
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Neutron time of flight studies of E‘e3Q4 (Samuelsen, 1974) and
MgAlzqz(Samuelsen and Steinsvoll, 1975) were found to support Fdim
symretry for these two materials. The crystal was rotated about the
(200) scattering vector and it was found, in each case, that the
intensity of the 2 ¥ ¥ reflexion varied. These results indicate that
this reflexion was produced entirely by double diffraction. They
concluded that any displacement of the octahedral site cation, if
present, was less than .4 A in Fe O, and less than W.0d45 A in
MgAl 0, .

Rouse, Thamas and Willis (1976) made a neutron powder diffraction
study of MgAlzcz and expected to oObserve the weak Fd3m forbidden
reflexions along with an enlarged Debye-Waller factor for the
octahedrally coordinated cation, 1f  Fa3m symmetry 1s correct.
Refinements of the neutron diffraction data were carried out under Fd3m
and F43m symnetry but no indication of either of the above conditions
was found. They concluded that the space group of MgA1204 is Fd3m.

In a neutron diffraction study carried out by Thampson and Grimes
(1977) on a synthetic single crystal of MgAl,0, using a neutron
wavelength which is suitable to reveal structural details, it was found
that substantial double diffraction occurred. They realized that the
effects of double diffraction could be greatly reduced if a longer
wavelength was used, but concluded that neutron diffraction has severe
limitations and 1is not really sultable for the determination of the
space group of spinel by an examination of the weak forbidden
reflexions.

In the experiments described in this section, none of the authors
were able to positively identify any of the Fd3m forbidden reflexions.

This does not necessarily mean the space group of the spinels cannot be
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F413m, since, as pointed out by Heuer and Mitchell (1975), it is possible
O get a cambination of octahedral cation and anion shifts leading to an

intensity below background for many of these forbidden reflexions.

2.3.3 X-Ray biffraction Evidence

Electron density maps calculated from X~ray intensities for one
natural and three synthetic single crystals of MgAlZO4, by Jagodzinski
and Saalfeld (1958), showed that for all four samples there is a
displacement of the octahedral cation fram the Fd3m position, i.e. none
of these crystals strictly obeyed the rules of Fd3m symmetry. However,
no  extra intensity peaks corresponding to a lower symmetry space group
were observed.

Further evidence in favour of F43m symmetry for the spinels cames
fram a structural study carried out on V'NizSiﬁﬁ by Marumo et al.
(1974). The Fourier difference maps produced showed 8 peaks .46 a fram
the nickel atom, one in each of the 8 [111] directions, the height of
these peaks being approximately 1.4 en3. These peaks were thought to
occur because the nickel atam in the octahedral site vibrates with a
larger amplitude along the body diagyonal of the cube. Such an
Observation would be expected if this atom is restricted to an incorrect
position by an erroneous choice of space group; i.e. it is far more
likely tnat this effect is caused by the nickel atom being displaced
along the [111] direction, as it would be if the space group was F43m.

Hilleard (1975), in a re-examination of data produced for MgCr, 0O,
by Grimes and Hilleard (197¢), gave further support to F43m symmetry for
this particular spinel. The original value for the Debye-Waller factor

2 .
found by Grimes and Hilleard (197¢) of 1.1 K is rather high, a value of

-53-




around 4.3 &° is expected (Grimes, 1972). The refinement of existing
data by Hilleard (1975) under F@Snlsynnetry led to a value of U.4 gz
which 1is in good agreement with the value proposed by Grimes (1972) for
this material.

In a single crystal X-ray diffraction study of a natural magnetite,
Fleet (198l) observed weak reflexions of the type {hk¢} with h+k=4n+2.
He took these additional reflexions as being produced by double
diffraction and rejected them since their intensity was found to vary if
the conditions of diffraction were altered. Fleet (198l) therefore
rejected the possibility of F43m symmetry for magnetite.

Grimes, Thampson and Kay (1983) made a single crystal X-ray
diffraction study of synthetic MgAl,O, and oObserved Fd3m forbidden
reflexions. The data obtained were refined under the space group Fd3m
and then F53m, the forbidden reflexions being included in the latter
refinement in an attempt to obtain a measure of the suspected deviations
fran Fd3m symmetry. A far better fit to the experimental data was found
for the F43m refinement than that produced assuming Fd3m symmetry, even
the weak forbidden reflexions gave a reasonable fit between observed and
calculated structure factors. They came to the conclusion that the
synmetry of this material is F43m.

Finally, it is worth mentioning that Higgins, Speer and Craig
(1975) observed Fd3m forbidden reflexions on 1long exposure X-ray
precession photographs of four thiospinels, namely, synthetic indite
(FeInZS 4), natural carrollite (CuCOZS4), natural linnaeite (C000284) and
natural siegenite (Co,Ni)SS4. These oObservations were taken to indicate

that the symmetry of the thiospinels in general is lower than Fd3m.
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Figure 2.3 The atom shifts occurring at an octahedral site in the spinel
structure givingrise to FA3m symmetry. 31 is the octahedral cation shift,
8o and 83 are the anion shifts from their Fd3m positions. Large
circles represent anions and small circles cations.
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2.4 The Spinels Under F43m Symmetry

In order to explain the physical properties exhibited by a number
of spinels, Grimes (1972, 1973) has proposed that the symmetry of this
group of compounds can be more correctly described by the non-
centrosymmetrical space group F43m, details of which are given in table
2.1

This alternative, lower symmetry space group, is obtained from the
original by allowing the 32 anions to divide into two unique groups, the
positional coordinates of each being given by the parameters u, and u,.
The anions move along <111> directions, each group moving in opposite
directions thereby producing two separate tetrahedral sites. Cupic polnt
synmetry (43m) is retained and the cations may be regarded as dividing
up into two groups, those on octahedral sites no longer occupy the
centres of the anion octahedra but move along <l11> directions, their
displacements being given by the parameter u,. The point symmetry of the
octahedral sites changes fram the original 3m to 3m with the loss of the
d=-glide planes.

Octahedral site cation positions are now oontrolled by the
where u 1=5/8+ 6., and the two groups of anions by the

parameter u.,

parameters u,_ and u,, where u2=3/8+62 and 1.13=7/8+é3 (see figure 2.3). If

2 3’
the structure does conform to Fd3m symmetry, then 51 equals zero and 52

equals —83 .
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Table 2.1 Atom positions for the spinel structure according to F43m symmetry.

The symbols ujugy and uj represent the three positional parameters.

Origin at 43m
The face centred cubic translations:~

(000: 0V212: Y2.0Y%. V94 0)+

lon Position  Point Symmetry Coordinates of equivalent positions
Fe3*(1)  4(a) 43m 0.0.0.

Fe3*(2)  4lc) 43m Vala Y4,

F92'5+ 16 (e) 3m Uy ULy u],U],U];

Uy.uy. Oy G],U].u].
02_(1) 16(e) 3m uQ.U9.UY; u2,U2,U2,.

TU9.U9.Ug; Ug.Ug.Up.
02-(2) 16(e) 3m u3.u3.u3; U3.03.T3,

Ug.u3.Ug; U3.03.u3
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CHAPTER 3

A RE-EXAMINATION OF STRUCTURE FACTOR DATA FOR MAGNETITE

3.1 Introduction

Magnetite (Feacg), has been found to exhibit the inverse spinel
structure with Fd3m symmetry (Bragg, 1915a,b; Claassen, 1926; Verwey and
deBoer, 1936; Shull et al. 1951; Hamilton, 1958; Fleet, 198l1). Under
this centrosymmetrical space group the octahedrally coordinated cations
occupy special positions at the centres of octahedral interstices in the
oxygen framework. Grimes (1972, 1973) has proposed that the physical
properties exhibited by a number of spinels, including magnetite, can be
better explained if these cations are displaced from these ideal
positions along <l11> directions; a displacement which has the effect of
removing the centre of symmetry and giving rise to the space group F43m.

In the most recent X-ray diffraction study Fleet (1981) observed,
on long exposure films, very weak sporadic reflexions with Miller
indices of the type {hk@} with h+k=4n+2, e.g. ¥ ¥ 2 and ¥ 2 4 which are
forbidden under Fd3m symmetry. These additional reflexions were taken as
arising fram double diffraction and discarded, since their intensities
were found to change if the conditions of diffraction were varied. The
final structure parameters obtained by Fleet (198l) in this study were
similar to the values found earlier by Hamilton (1958) in a neutron
diffraction study of magnetite.

In a recent X-ray diffraction study of a synthetic single crystal

of spinel (MgAlZO4) by Grimes, Thampson and Kay (1983), it was found

~-58~




that although Fd3m symmetry gave a good fit between observed arnd

calculated structure factors, a far better fit was obtained using F43m
synmetry. As a result, they concluded that the non-centrosymmetrical
space group F43m correctly describes the symmetry of this material.

It was these observations on MgA12C2 that led to uncertainty over
the true symietry of magnetite. To try to solve this problem, a decision
was made toO re—examine the structure factor data published by Fleet
(1981), firstly assuming conventional Fd3m symmetry and then for F43m
symmetry. The use of existing data had two main advantages. Firstly, it
was Dbelieved that although the Fd3m forbidden reflexions had been taken
as due entirely to double diffraction and rejected by Fleet (198l), the
remaining data were of good quality and still contained information,
among the Fd3m allowed reflexions, on the deviations fram conventional
symmetry thought to be present in this mineral. Secondly, the long
process of refining the structure parameters could continue while a
suitable natural magnetite crystal was found, ground into a sphere as
described in Appendix II, and a series of X-ray intensities collected (a
much larger number than Fleet collected). The structure parameters
obtained from refinement of Fleet's data, for each space group, could

then be used as starting values for the refinement of the data collected

fram this new crystal.

3.2 Inspection of the Original Structure Factor Data

A copy of the structure factors calculated by Fleet (1981) for
magnetite and deposited with the British Library Lending Division as
Supplementary Publication No. SUP 35941 is given in Appendix VI. It

should be noted that these data are not in standard form, that is, they
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are not 1in absolute electron units and have not been corrected for
secondary extinction or scale.

Two  further difficulties must be mentioned. Firstly, no
measurements were made for the intensities of the Fd3m forbidden
reflexions. Secondly, under F43m symmetry there are 11 variable
parameters, that is, 8 temperature factors and 3 atom positions. Fleet's
original list of 132 independent reflexions, along with 15 reflexions
below background level, are not really a large enough number to refine
the values for these 1l variables with any deyree of accuracy. However,
as mentioned in the previous section, this re—examination of existing
data was only being used as a method of finding approximate values for
these variables. The values found could then be used as a starting point
for the more detailed refinement reported in the next chapter.

At first sight, agreement between observed and calculated structure
factors in Appendix VI appears to be quite good. Closer inspection shows
the 6 reflexions 2 4 4, 248, 446, 4410, 46 8 and 4 6 12 to have
observed structure factors which are far larger than their calculated
values. All 6 of these reflexions have Miller indices of the type
4n, 4n, 4nt+2, but under Fd3m symmetry these reflexions are produced by
scattering from oxygen ions only, and would therefore be expected to be
very weak indeed. For these to be as strong as observed here, there must
have been a considerable contribution to the scattering from the ions on
octahedral sites. This 1is only possible if the octahedral ion is
displaced from its ideal position. Such a displacement is forbidden
under Fd3m symmetry but allowed under F43m. A brief inspection therefore
shows direct evidence in favour of F43m symmetry for magnetite on the

basis of existing structure factor data.
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3.3 Crystal Structure Refinement Procedure

Refinement of the structure parameters was carried out using the
least squares program CRYLSQ fram the crystallographic software package
X-RAY 74 (see Appendix I). Because the structure factor data deposited
by Fleet (198l1) were not in standard form, it was necessary to determine
values for scale and isotropic extinction correction using the least
squares program. The 1initial refinement was carried out assuming
conventional Fd3m symmetry.

The extinction correction applied by X~RAY 74 is an isotropic
correction based upon theory developed by Zachariasen (1967) for a
mosaic crystal, the correction being given as a g-factor characteristic
of that particular specimen. In this case the least squares refinement
gave a g-factor of 3.l9(l)xlw3, a larger value than that obtained by
Fleet (198l1). This value suggests that the extinction for this crystal
is Zachariasen type 1I, the mean damain radius within the crystal being
2.2bb(ln)xlw-4 mn. Using this g-factor all the structure factors were
now corrected for secondary extinction, thereby placing the data on an
absolute scale and removing extinction as an adjustable parameter.

To maximize the sensitivity of the least squares program it was
necessary to employ a non-linear weighting scheme. The scheme chosen was
one which downweights low—angle and strong reflexions but allows more
emphasis to Dbe placed on the weak high-angle data, that is, those data
most sensitive to atom position. The structure factor data were weighted
according to the weighting scheme described in Appendix I. The variable
Z was set equal to 3v.Y

Atamic scattering factors for Fe?" and E‘e3+ ions were taken fram

the International Tables for X-Ray Crystallography Vol.IV. Because of
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the rapid electron hopping process taking place in magnetite between
Fe?t and Fe®' ions on the octahedral site, 1t was necessary tO average
the Fe®" and Fe®” scattering factors to provide a value for the
scattering produced by this site. Scattering factors for 02- were those
given Dby Tokonami (1965). Real and imaginary parts of the dispersion
correction were  taken fron the International Tables for X-Ray
Crystallography Vol.IV.

Least squares refinements were carried out for Fd3m symmetry until
optimum values were found for the 5 temperature factors and the oxygen
positional parameter. The next stage was to use the same values for

scale, extinction oorrection and weighting scheme as before and repeat
the process assuming F43m symmetry. For this second refinement the Fd3m
forbidden reflexions, rejected by Fleet (198l1), were included with
intensities taken as being below threshold. It was necessary to include
these forbidden reflexions in the refinement to give additional
information to the least squares program, because, as stated earlier,
the original data set of 147 independent reflexions does not give the
least squares program sufficient information for the refinement of 8
temperature factors and 3 positional parameters of F43m synmetry.

The original structure factor data produced by Fleet (198l) do have
same direct indications of the inadequacy of conventional Fd3m symmnetry.
If we examine table 3.1 it can be seen that there are six reflexions
with Miller indices of the type 4n, 4n, 4n+2. Under Fd3m symmetry these
reflexions are produced by scattering fram oxygen ions alone and should
therefore be very weak. As table 3.1 shows all six of these reflexions,
measured by Fleet, have observed structure factors which are far
stronger than their calculated values. This result is only possible if

there is a considerable contribution to the scattering by the ions on
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Table 3.1 Weak reflexions taken from Fleet (1981) (SUP 359901)

Aston University

Content has been removed for copyright reasons

Aston University

Content has been removed for copyright reasons




the octahedral site which, in turn, is only possible if this cation is
displaced from its ideal Position. Such a displacement is forbidden
under Fd3m symmetry but allowed under F43m.

A test has been developed by Wilson (1949) to determine the
presence or absence of a centre of symmetry in a crystal. This test
depends upon the fact that a much larger percentage of small structure
factors occurs in the diffraction pattern fram a centrosymmetrical
structure than in the corresponding pattern from a non-centrosymnetrical
structure. Therefore, if the parameters of a crystal structure are
refined under the constraints of a centrosymmetrical model when, in
fact, a centre of symmetry is absent, the calculated structure factors
for the weak reflexions tend to be too smll. Table 3.1 lists the 2¢
weakest reflexions, arranged in order of strength, and taken directly
fran Fleet's results. Here it can be seen that in 15 out of the 20
cases, the values for the calculated structure factors are too small. In
fact they are too small for the 1l weakest reflexions. This is the exact
result to be expected if magnetite is non-centrosymmetrical but has been

refined assuming it to be centrosymmetrical.

3.4 Results and Discussion

A camplete list of structure factors for the Fd3m and F43m
refinements is given in Appendix V. The final values for anisotropic
temperature factors and positional parameters (with the estimated
standard deviation shown in brackets), along with those obtained by
Fleet (198l1), are presented in table 3.2. It should be noted that the
results obtained fram this analysis under Fd3m symmetry differ very

slightly fram those obtained by Fleet (198l). On the whole, agreement
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Table 3.2 Final structure parameters.

Positional and thermal parameters are multiplied by 10°.

Temperature factorsare in the form

exp {-(Bnh2+ﬁnk2+ﬁ33l2 +2B19hk +2B3hl +2ﬁ23kl)}

Tetrahedral site 1 Fe3*

x(=y=2)
Bui(=P22=B33)
Bral=Pr3=B23)

Tetrahedral site 2 Fe3*
X (-y-l)

Br(=B22=B33)
Bral=Pr3=P23

Octahedral site Fel*

Fe3*
X(-Y-Z)

Brl=P22=P33)
Pr2(=Pr3=B23)

Oxygen site 1

x(my=z)

Bu(=Ba2=B33)
Pr2(=Pi3=PB23l

Oxygen site 2
X(mywz)

Pnl=P22=P33)
Pral=Pr3=pa3)

Overall R~factor
(omitting less-thans)

Fleet

124(5)

62500
163(5)

16(2)

37990(10)

192(9)

-1(6)

2.40%

Fd3m

136(2)

62500
176(2)

19(2)

37968(12)

172(4)

-15(6)

2.14%

-65=

F43m

138(5)

25000

134(5)

62424(12)
177(2)

17(2)

86949(38)
200(20)

-16(20)

37896(38)
155(20)
-11(20)

194%




between final structure parameters, when Ccanpared with those of Fleet
(1981), 1is really quite good. In order to reproduce Fleet's results
exactly it was necessary to assume a lower extinction correction than
was found here, but this led to a significantly higher overall R-factor.

To help with analysis of the data a program known as WIANAL (see
Appendix I) which allowed the structure factor data to be divided up
into two groups, one in terms of F, and a second in terms of sin 6/A,
was used. These two groups were then subdivided and an R-factor
calculated for each subgroup. This R-factor breakdown facility was found
to be a useful tool for identifying reflexions and groups of reflexions
which were not fitting very well during the early stages of the
refinement. It was found to be particularly useful when comparing
structure factors produced for refinements made under the two different
space groups. The structure factor data produced by the least squares
program have been divided up using WIANAL and the results for the two
refinements can be seen in tables 3.3.1 and 3.3.2.

Even though the results of the Fd3m refinement are found to be in
good agreement with those of the two previous authors, inspection of
tables 3.3.1 and 3.3.2 shows that the refinement under F43m symmetry
provides a far better fit to the experimental data. In fact, an overall
R-factor of 2.14% was obtained for Fd3m symmetry but for the equivalent
refinement under F43m this value decreased to 1.94%. This improvement
under F43m is achieved primarily by an improvement in the fitting of
weak high-angle reflexions. Particularly noticable are the 18 weakest
reflexions with structure factors less than 19.d. The R-factor for this
group changes fram 394.8% to 16.7% with the change of space group.
Because these 18 reflexions are all weak they suffer considerably fram

statistical errors; in fact, they are not expected to fit as well as the
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remaining group's but a fit as poor as 34.8% under Fd3m symmetry, when
the overall R-factor is 2.14%, does strongly suggest that incorrect
assumptions have been made in the original analysis. If we now examine
the R-factor breakdown (shown in tables 3.3.1 and 3.3.2), in terms of
sin 6/1, it can be seen that the R-factor for the group of 27 reflexions
with sin #/A1 lying between 4.9 and 1.9 changes from 2.1% under Fd3m to
1.7% under F43m. Again these data represent weak high-angle reflexions.
This poor fit in R-factor for these weak high-angle reflexions under
Fd3m implies that the atam positions imposed by this space group are
incorrect. The dramatic improvement under F43m implies that this latter
space group more correctly describes the symmetry of magnetite.

These results obtained for magnetite are similar to those obtained
by Grimes et al. (1983) for spinel. Again, certain weak reflexions
allowed under conventional symmetry are quite sensitive to the change of
space group. A list of some of these sensitive reflexions is given in
table 3.4. Six of the reflexions from this table have Miller indices of
the type 4n, 4n, 4nt2; these are 2 4 4, 248, 446, 4414, 468 and
4 6 12. For the Fd3m refinement, the fit between observed and calculated
structure factors is poor, but under F43m the fits for 4 4 1J, 4 6 8 and
4 6 12 are fairly good. Discrepancies in the other three have come about
mainly because the least squares program has been unable to optimize the
structure parameters, again this cames about because 147 independent
reflexions is not enough data to refine the 1l variables needed to
define the F43m structure.

Table 3.1 shows structure factors for the 20 weakest reflexions,
arranged in order of strength, and taken directly fram F leet's original

list. Examination of this table shows that for Fd3m symmetry the sign of

(Fo —F.) is positive for 15 of the 24 reflexions; in fact it is positlve
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15

11

13

14

12

Table 3.4 Same sensitive reflexions.

9‘6

3.8

4.2

13.3

3.3

5.8

9.6

3.3

3.3

3.3

5.0
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Fd3m

9.2

0.5

4.8

12.5

103

2'8

8.7

0.4

g.3

0.6

d.6

F43m
9.4
1.3
1.3

13.4

5.4
9.4
3.3
3.7
2.4

2.1



for the 1l weakest. This implies that the scattering given by Fd3m
symmetry 1is persistently too small to account for that measured by
experiment. This is the effect predicted by Wilson (1949) in the absence
of a centre of symmetry, 1i.e. a centrosymmetrical structure should
possess a much larger percentage of small structure factors than a non-
centrosymunetrical structure. Here 15 out of the 24 structure factors are
larger which implies that magnetite is non-centrosymaterical.

Final values found for the observed and calculated structure
factors for the Fd3m forbidden reflexions are shown in table 3.5. It can
be seen that although many of these reflexions did calculate below
Fleet's threshold of approximately 3.3 electron units, six did calculate
above. A point to note here is that the @ ¥ 2 reflexion, examined by
Sarmelsen (1974) in a neutron time of flight study, calculates out below
threshold; a result which invalidates his assumption that F43m symmetry
can be rejected for magnetite. In addition, the @ 2 4 reflexion, taken
by Fleet (198l) as being produced entirely by double diffraction, also
calculates as being below threshold.

These results for the U 0 2 and @ 2 4 reflexions tend to enforce
the idea put forward by Heuer and Mitchell (1975) that it is not
possible to reject F43m symetry on the basis of these Fd3m forbidden
reflexions not Dbeing detected, since a cambination of atam shifts to
both octahedral cations and anions can result in negligible intensity
for many of these forbidden reflexions.

In his analysis of magnetite specimen No. 633 Fleet (198l) observed
residual electron density in a second tetrahedrally coordinated
Position. This was taken to be interstitial Fe®" ions in equipoint 8(b),
with corresponding vacancies in the octahedral site. Residual electron

density was observed by Fleet (198l) at equipoints 9%6(g), 9%(h) and
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Table 3.5 Structure factors for the Fd3m forbidden reflexions.

h k 1 F,

g @ 2 0.86
4 0 6 3.9
¥ 0 1w 4.31
¥ 014 4.54
g 2 4 1.35
o 2 8 .92
¥ 2 12 .86
o 2 16 .28
4 4 6 3.38
g 4w 4.26
g 4 14 3.95
g 6 8 2.76
g 6 12 1.68
¥ 810 3.17
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32(e), and taken as being produced by local displacements of the iron
and OXygen 1ions respectively, from their ideal positions. The Fourier
difference maps produced 1in the analysis described here, under Fd3m
symretry, failed to reproduce these residual electron density peaks. Any
variations in electron density observed were due entirely to
experimental errors. The peaks 555erved by Fleet (198l) seem to be
artifacts produced because the variable parameters had not been refined
ocorrectly Dby the least squares program. Further refinement of these
parameters, as was done here, reduced these peaks to background noise.
Finally, it is worth mentioning that a similar analysis of
structure factor data produced for magnetite crystal No. 2741 by Fleet
(1982) did give a Fourier difference map with residual electron density
peaks at equipoints 48(f) and 96(h), as predicted by Fleet (1982). This
variation in electron density seems to represent a real effect
corresponding to interstitial Fe®" in a second tetrahedral and a second

octahedral site.
3.5 Conclusions

Taking the limitations of the present analysis into account, and
considering that this work was only being used as a preliminary
examination before a more detailed study was made, the results obtained
do support the idea of F43m symmetry for magnetite.

On the basis of the results found above, a decision was made to
collect a new set of X-ray intensities from a natural single crystal and
repeat the process described in this chapter, only in far more detail.

The analysis described in this chapter indicates that in order to

find accurate values for the final structure parameters it will be
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Bond

Fe¥t—0
(Tetrahedral
bond)

Fe2+' 3+ o)
(Octahedral
bond)

0-0

Fd3m

Table 3.6 Calculated bond lengths.

. (¢]
Distance (A)

1.8854(4)

2.0000(7)

2.8566(7)

2.9688(7)

3.9789(7)
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FeX(1)-0(2)
Fe3+(2$—0(l)

+ 3+
Fez’

-0(1)
Fa2t 3t

~0(2)

0(1)-o(1)
0(2)~0(2)

0(1)~0(2)

0(1)~-o(1)
0(2)-0(2)

F43m

Distance (%)

1
1

.898(2)
.875(2)

60 (2)
059(2)

.874(3)
.837(3)

.969(3)

.362(3)
«999(3)



necessary to use approximately 3 independent intensities, about twice
as many as used by Fleet (198l). It is very unlikely that the values
found for the final structure parameters, bond lengths (table 3.6) and
for the intensities of the Fd3m forbidden reflexions will agree exactly
with the values determined in this chapter. As discussed above, the
accuracy of the structure parameters given in this chapter is fairly

poor because of the limited amount of data available.
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CHAPTER 4

REFINEMENT OF THE CRYSTAL STRUCTURE OF MAGNETITE

4.1 Introduction

2.2).

In theory, it should be possible to decide, using diffraction
techniques, if the symmetry of magnetite is described by the space group
Fd3m or by the space group F43m because reflexions of the type {hkd}
with htk=4n+2 are systematically absent under Fd3m symmetry but allowed
under F43m. However, because the atamic displacements giving rise to the
difference in symmetry are small, the intensities of many of these
reflexions are below the minimum detectable level. In addition, because
of the high symmetry of magnetite, an effect known as double diffraction

can lead to the production of these forbidden reflexions (see section

It was decided to carry out three separate structure refinements;

one under Fd3m and two under F43m symmetry. The first F43m refinement

was undertaken using the same intensity data as for the Fd3m refinement

! sO that the two data sets are directly camparable, the second using a

data set including the Fd3m forbidden reflexions. The structure

parameters obtained from the two F43m refinements can then be campared

to see if the addition of the extra reflexions has a significant effect

on the refinement.
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Table 4.1 Electron microprobe analysis of magnetite specimen BMDM1l.
These results are the average of 15 spot analyses.

Oxide wt? oxides
FeO 31.04
Fezo3 68.99
A1203 3.25
MnO 3.17

Total = 10¥.45

In addition, the elements Ca, Cr, Mg, Si and Ti were analysed for
but not detected.
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4.2 Electron Microprobe Analysis

The magnetite crystal chosen for the present investigation was a
fragment taken off a larger natural single crystal from the British
Museum's Duplicate Collection (this sample will be referred to hereafter
as specimen BMDMll). Before carrying out an X-ray diffraction study of
this specimen, it was necessary to examine the specimen initially using
electron microprobe analysis and Mbssbauer spectroscopy to ensure it is
essentially end-member magnetite.

Experimental details of the microprobe analysis are given in
Appendix III. Table 4.1 gives a list of the percentages of each oxide
found in the analysis. The proportions of FeO and Fezo3 present were
calculated by initially assuming all Fe to be present as FeO. This gave
a value for the proportion of each cation present in the unit cell, fram
these values the contribution of each cation to the overall charge could
then be calculated. Assuming charge balance, the difference between
calculated cation charge and the theoretical value of 64" represents the
proportion of FeO that is recalculated as Fe203. This recalculation has
become a standard procedure for determining the proportions of FeO and
Fe ,O, in magnetite fram electron microprobe data (see for example

23
Kelly, 1985).

4.3 Mdssbauer Spectrum of Magnetite Specimen BMDMLl at Room Temperature

Figure 4.1 shows that the Mdssbauer spectrum produced by magnetite
specimen BMDMIl at roam temperature. It consists of two six peak
hyperfine patterns, a result which is characteristic of magnetically

ordered iron in two different sites. Reading fram left to right (figure
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Figure 4.1 M&ssbauer spectrum of magnetite specimen BMDMT11 at
room temperature. The solid lines represent least squares fits of the
data points to superimposed Lorentzian curves.
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Table 4.2 Values for the hyperfine field, quadrupole splitting

and 1isamer shift, for magnetite specimen BMDMl1l, found by roam
tamperature MOssbauer  spectroscopy. Isamer shifts are quoted
relative to iron metal absorber.

Site Hyperfine Quadrupole Isomer
Field Splitting Shift

(x0e) (mm/s) (mys)

Tetrahedral 486(2) -4.832(3) 3.244(3)

Octahedral 458(2) 8.925(3) 8.694(3)
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4.1), the first set consists of peaks 1, 3, 5, 7, 9 and 18 and the
second set, peaks 2, 4, o, 8, 9 and 1Y, the two peaks cambining to give
peaks 9 and 1lv are not resolved. Values for the hyperfine fields,
quadrupole splittings and isomer shifts are given in table 4.2. The
quadrupole splitting of each sub-spectrum was calculated by taking the
difference in position between lines 1 and 2 and lines 5 and 6. Fraa the
intensity ratios and the values for the isamer shifts and hyperfine
fields, it follows that the less intense spectrum is produced by Fed” in
tetrahedral coordination and the more intense spectrum by Fe®" and Fed’
in octahedral coordination. Table 4.3 shows that the spectra and these
assigrmments are in good agreement with the results found by previous
authors. The observed broadening of the line spectra fram the octahedral
site 1is due to fast electron hopping between Fe’” and Fe’ ions at this
site. The octahedral site sub-spectrum is therefore the average of that
produced by Fe’" and Fe’.

The ratio of the area of the spectrum from tetrahedral sites to
that fram octahedral sites was found to be 4.48(1). This ratio was
obtained by fitting two Lorentzian curves to peaks 1 and 2; to obtain
convergence, the areas of these two peaks were constrained in the ratio
1l:2. Wwhen approximate areas were found the constraints were removed and
the process repeated using these new values. This value of 4.48(1l) is in
good aygreement with the theoretical value of .5 for end-member
magnetite.

These results, along with the electron microprobe analysis which
indicated that this specimen contains less than ¥.3wt% impurities and
the single crystal X-ray work (which gave a lattice constant of
8.396(1) &), show that specimen BMDM1l is essentially end-member

nagnetite.
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Table 4.3 M3ssbauer parameters found by previous authors for magnetite
at roam temperature. The symbol A represents tetrahedral or A-sites and
B octahedral or B-sites. Isamer shifts are quoted relative to iron metal

absorber.

Site Natural Hyperfine
or Field
Synthetic (kOe)

A S 495(20)
B 474 (29)
A S 497(2)

B 462(2)
A N 493(3)

B 460(1)
A S 491 (1)

B 460 (1)
A S 491.8(5)
B 460.7(5)
A S 489.9(5)
B 465.3(5)
A S 495.1(2)
B 469.3(5)
A N 486(2)

B 458(2)

Quadrupole

Splitting
(mm/s)

¥.1(2)
-0.1(2)

g.92(4)
@d.02(4)

b.08(5)
b.00(5)

<Y.025
<Y.025

0.001(5)
@.24(3)

-3.432(3)
@.825(3)
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Iscmer
Shift
(mm/s)

8.27(19)
©.68(14d)

4.29(4)
4.67(4)

4.25(2)
0.65(2)

Reference

Ito et al. (1963)

Daniels and Rosencwaiyg
(1969)

Evans and Hafner (1969)

Evans and Hafner (1969)

Kundig and Hargrove
(1969)

Weber and Hafner (1971)

Annersten and Hafner
(1973)

Present Study



4.4 X-Ray Data Collection

Before choosing a specimen for investigation using single crystal
X-ray diffraction it 1is necessary to consider the problems of X-ray
attenuation by the specimen. Ideally this should be isotropic, and this
1s only possible if a spherical crystal is used. To simplify ocorrection
procedures the radius of the sphere should be such that UR<2, where M is
the linear absorption coefficient for the mineral under examination and
R 1s the crystal radius (see International Tables for X-Ray
Crystallography Vol.II, p3¢d). Applying this simple rule to magnetite,
where (=14.36 mm~', the ideal crystal radius is ©.14 mm. Unfortunately,
it 1is not possible to produce spheres of precisely this radius, because
the grinding process used to produce the spheres cannot be accurately
controlled (see Appendix II). Thus, spheres as close as possible to
radii of 4.14 mm were prepared. A sphere of radius ©¢.17(2) mm was chosen
for the present investigation.

Integrated X-ray intensities were then collected from this crystal,
at roam  temperature, using an  Enraf-Nonius CAD—4  automated
diffractameter (see figure 4.2), and employing the w-20 scan technique.
The radiation used was MoKa (A=0.71069 10\), monochramatized after
reflexion by pyrolytic graphite with the monochramator angle 9m=6.05° .
By operating the X-ray tube at 46 kV and 20 mA it was possible to
prevent harmonic breakthrough. Least squares refinement of 25 centred
reflexions gave the lattice constant for the specimen as 8.396(1) 1?\., a
value which is in good agreement with published values for
stoichiametric magnetites (see for example Hamilton, 1958; Fleet, 1981).

All reflexions of the type h+k, k+l, 1l+h=2n in one hemisphere of

[o] .
reciprocal space, out to an angle of =70 , were collected using a scan
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speed of 24/6 deg min~', giving a total of 5631 non-Friedel related
reflexions.

During data collection, intensity and orientation control were
maintained using the reflexions 4 4 8 and 4 2 2. These two reflexions
were measured every 7200 seconds of X-ray exposure time and allowed the
diffractometer to check the crystal orientation and, if necessary, stop
data collection if the crystal was found to have moved significantly
from its original position. In addition, after measuring every 244
reflexions the machine again returned and measured the intensity of the
two control reflexions. Any fall-off in the intensity of the standards
could then be used to correct all intensities by linear interpolation to

the two control reflexions.

4.5 Treatment of the X-Ray Data

Magnetite 1is a member of the cubic crystal system, therefore many
of the observed intensities are crystallographically equivalent. In the
measurements reported here one camplete hemisphere of reciprocal space
was examined, therefore reflexions of the general form {hkl} contain 24
equivalents, while {hk¢} and {hhl} contain 12, {hh@} contain 6, {hhh} 4
and {hwd} only 3 equivalents. This means that the original list of 5631
Observed integrated intensities can be collected into groups and reduced
to 330 independent reflexions by averaging the equivalents within a
group. Among the 336 unique reflexions, 27 were of the type {hk#} with
h+k=4n+2 and hence forbidden by conventional Fd3m symmetry (for example
002 w24 and V@ 6). It should be noted that the intensities of

these 27 additional reflexions are all very low.
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For a number of the 336 groups of independent reflexions, a small

number of weaker reflexions within those groups were found to have
intensities inconsistent with those of the rest of the group. These
inconsistencies are due tO oounting statistics. Similar intensity
variations have been reported by Jagodzinski and Saalfeld (1958) and
also by Grimes, Thompson and Kay (1983) for MgAl,0, .

In order to obtain a data set of high quality it was necessary to
use an averaging process for the groups of weak and inconsistent
reflexions described apbove. The following procedure was adopted for
groups of weak reflexions containing 12 or more equivalents. The range
of the observed intensities within each group was divided up into a
numper of intensity intervals and a histogram plotted with the frequency
of 1intensity agailnst the intensity interval as the y and x-axes
respectively. The results of this analysis showed that the intensity
variations within a group are approximately Gaussian, despite the small
amounts of data involved. Integrated intensities for the structure
refinement were taken to be the mean of the intensities enveloped by the
Gaussian curve, any symmetry related reflexions lying outside this curve
were rejected. Typical histograms obtained in this analysis are shown in
figures 4.3 and 4.4. Use of the above criterion led to rejection of less
than 3% of the measured data. For reflexions containing less than 12
equivalents a straightforward average intensity was taken. The number of
equivalents used to calculate the observed intensity for each reflexion

are shown in colum 4 of Appendix VII.
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Figure 4.3

IS~~~

IIIIIIIIIIIII

|

7
.

0

lllllllllllll

Histograms for four groups of equivalent reflexions showing the

intensity distribution observed within a group. The shaded region indicates
equivalents used to calculate the average intensity for each group. Any

equiva

lents not shaded were rejected.

L4




___________
T2 o0~ 0T ON - O

AONIN O34

. //////w
. ////////////////////,

%l

NI
- ////////////,
o ////////////////
/////////// -
///////////1.@

/A///////I

T T 1 T
77777777

________
9999999999

_ NN
) ///////:m
- /////////////////////,
; AANNNNYE

NN
" /////////////////‘
. ////////////////Mﬂ/ﬁ/u

the

INTENSITY

RELATIVE

Figure 4.4 Hist

showing

observed within a group.The shaded region indicates

ograms for four groups of equivalent reflexions

intensity distribution

ity for each group. Any

ge intens
jected.

the avera

equivaients used to calculate
equivalents not shaded were re




4.6 Crystal Structure Refinement

Refinement of the structure parameters was carried out using the
crystallographic least squares program CRYLSQ fram the crystallographic
software package X-RAY 74 (see Appendix I for details). The initial
refinement was restricted to Fd3m symmetry and the cation arrangement
was assumed to Dbe that of an inverse spinel. To begin with, only
reflexions with intermediate range intensities were used so that
approximate values for scale factor, oxygen positional parameter and
anisotropic temperature factors could be found. These factors were then
fixed, the remaining reflexions added and the extinction correction or
g-factor refined separately. It was not possible to refine scale and
extinction corrections simultaneously because of the close connections
between these two parameters.

The least squares refinement gave a g-factor of l.45(l)xl®3, a
value which suggests that the extinction for this crystal is Zachariasen
type 11, the mean damain radius within the crystal being
l.®3(l)xlﬂ-4'mm. Using this g-factor, all the structure factors were
ocorrected for secondary extinction thereby placing the data on an
absolute scale.

To maximize the sensitivity of the least squares refinement it was
necessary to employ a non-linear weighting scheme. The scheme chosen was
one which dowrweighted low—angle and strong reflexions but allowed more
emphasis to be placed on the weak high-angle data, that 1is, those data
most sensitive to atom position. The structure factor data were welghted
according to the weighting scheme described in sub-section I.3 of
Appendix I. The variable parameter Z 1in this weighting scheme was set

equal to 20¥.4 for this refinement.
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Atomic scattering factors for Fe?' and Fe®' ions were taken from
the International Tables for X-Ray Crystallography Vol.IV. Because of
the rapid electron hopping process taking place in magnetite between
Fe® and Fe®" ions on the octahedral site (see section 1.7), it was
necessary to average the Fe?" and Fe’" scattering factors and use this
new value as the scattering produced by this site. Scattering factors
for 0°” were those given by Tokonami (1965). Real and imaginary parts of
the dispersion correction were taken fram the International Tables
for X-Ray Crystallography Vol.IV. Absorption corrections applied were
those given by Weber (1969) for spherical crystals. Least squares
refinements were repeated until optimized values had been found for the
scale, extinction correction, five temperature factors and the oxygen
positional parameter.

The next step was to fix the scale and extinction correction at the
values found in the Fd3m refinement, to use the same welghting scheme as
pbefore and repeat the process, this time for F43m symmetry. Under this
alternative space group the number of variables increases fram 6 (under
Fd3m), to 11, camprising of 8 temperature factors and 3 positional
parameters. In an attempt to find approximate values for the 3

positional parameters, u g0 U and Uy, it was necessary to take the 76

ot
most sensitive reflexions, all of which were weak and at high angles,
and use them in a separate refinement. Here, only the positional
parameters were refined, this process gave approximate values for all 3
parameters. These values were then used as starting positions for a
refinement of all variables using the complete data set.

Because of the problems encountered in trying to obtain reliable

intensity measurements for the 27 Fd3m forbidden reflexions, it was

necessary to make two separate refinements under F43m symmetry to see if
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these values had any significant effect on the final structure
parameters produced, assuming this alternative space group. In the
first, the data set was exactly the same as that used for the Fd3m
refinement. For the second, the extra 27 reflexions were added and the
refinement repeated as before. The results produced by the former F43m
refinement ocould therefore be campared directly with those produced in
the refinement made assuming Fd3m symmetry. It was then possible to see
if the goodness of fit of the structure improved with the change of
space group.

Again, for these two data sets, a series of least squares
refinements were made until values for the 11 variables had been

optimized. The results obtained are discussed in the next section.

4.7 Results and Discussion

A camplete list of structure factors along with the number of
equivalents used to calculate the observed intensity of each reflexion
1s given in Appendix VII. The final values for atom positions and
anisotropic temperature factors for all three refinements, along with
those found by Fleet (1981), have been summarized in table 4.4. As can
be seen fram this table, the results for the Fd3m refinement are in good
agreement with those of Fleet (198l) who also worked on a natural
magnetite crystal. The oxygen positional parameter of ¥.3798(2) found by
Hamilton (1958) for synthetic Fe, O, is also in good agreement with the
value found here.

To help with analysis of the data a program known as WIANAL (see
Appendix I), which allowed the structure factor data to be divided up

into two groups, one in terms of F, and a second in terms of sin 6/A,
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Table 4.4 Final structure parameters.
Positional and thermal parameters are multiplied by 10°.
Temperature factors are in the form
exp {"(ﬁnh2+ﬁ22k2+ﬁ33l2 +2P1ohk +2By3hl + 2ﬁ23k|)}
Fleet (Fd3m) Fd3m F43m F43m’

Tetrchedral site 1 Fe3*
x(-Y-l) 0 0 0o
Bu(=P22=B33) 124(5) 149 1) 120(1) n9(1)
Bral=Pr3=P23) 0 0 0
Tetrahedral site 2 Fe3*
x(my=2) — 25000 25000
Bn(=B22=B33) — 182(1) 183(1)
Bral=Br3=P23) — 0 0
Octahedral site  FeZ*

Fe3*
X(my =1) 62500 62500 62480(6) 62483(6)
Pr(=p22=P33) 163(5) 194(1) 196(1) 195(1)
Pral=pr3=B23l 16(2) 17(1) 19(1) 19(1)
Oxygen site 1
x(my=z) 37990(10)  38005(5) 37972(18) 37968(18)
Bry(=Bao=B33) 192(9) 196(2) 208(5) 206(5)
Pral=Pi3=P23) -1(6) -0(3)  2(7) -1(7)
Oxygen site 2
x(my=z) — 86988(18) 86977(18)

? Prl=Bag =B33) — 188(5) 190(5)

’ Bral=Pi3 =B23) -24(7)  -20(7)
Overall R-factor 2.40% 2.30% 1.55% 163% -
lomitting less~thans)

*Structure parameters in this column were calculated with the 27 Fd3m forbidden

L reflexions included in the refinement
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was used. These two groups were then subdivided, and an R-factor
calculated for each subgroup. This R-factor breakdown facility was found
to be a useful tool for identifying reflexions and groups of reflexions
which were not fitting very well during the early stages of the
refinement. It was found to be particularly useful when camparing
structure factors produced for refinements made for the two different
space groups. The structure factor data produced by the least squares
program were divided up using WIANAL, the results for the three
refinements can be seen in tables 4.5.1, 4.5.2 and 4.5.3.

Even though the results of the Fd3m refinement are in good
agreement with those found Dby previous authors, inspection of tables
4.5.1 and 4.5.2 shows the refinement under F43m symmetry to provide a
far better fit to the experimental data. An overall R-factor of 2.3U%
was obtained for the Fd3m refinement, for the equivalent refinement
under F43m synmmetry this value decreased to 1.55%. This improvement in
fit under F43m was achieved primarily by an improvement in fit of the
weak, high-angle reflexions. Particularly noticable are the group of 76
weakest reflexions with structure factors less than 164.9, the R-factor
here changing from 49.2% to 14.8% with the change of space group. These
76 reflexions are all weak and do suffer considerably fram statistical
errors, in fact they are not expected to fit as well as the remaining
groups, .but a fit of 49.2% under Fd3m symmetry when the overall R-factor
is 2.30% does strongly suggest that incorrect assumptions have been made
in this original analysis. It is now necessary to consider in same
detail why such a dramatic improvement in fit should occur to this
particular group of reflexions.

Firstly, we must consider how the intensities of strong and weak

reflexions are affected by atom positions. Strong reflexions occur when
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all the atoms of a crystal scatter X-rays cooperatively. If a number of
atamns are slightly displaced fram these positions then the change 1n
intensity that results is small, making strong reflexions insensitive to
small changes in atom position. Low-angle reflexions are also
insensitive Dbecause the interplanar spacings associated with them are
large compared with the displacements themselves. On the other hand,
weak high—-angle reflexions are extremely sensitive to small shifts in
atam postion.

The fact that the group of weakest reflexions fits so badly under
Fd3m symmetry tends to support the idea that the atam positions imposed
on the structure by the conventional space group are incorrect. Changes
that occur in the remaining groups in terms of F  are not as dramatic as
with this first yroup, but they do cause the R-factor for all groups to
become more evenly distributed than before. If we now examine the R-
factor breakdown (tables 4.5.1 and 4.5.2) in terms of sin #/A, it can be
seen that for all groups of reflexions with sin 0/1 lying between 9.9
and 1.3 the R-factor for each group is approximately halved by the
change of space group. Again, the data in these groups correspond to
weak high - angle reflexions. This result, therefore, tends to reinforce
the idea that the space group F43m more correctly describes the symmetry
of magnetite.

It seems that these 1nconsistencies were not noticed by Hamilton
(1958) or Fleet (1981), primarily because they failed to carry out
sufficient numbers of measurements to high enough angles in reciprocal
space. Fleet (1981) for example, measured reflexions out to 9=450,
whereas the measurements here were made out to 9=7®°. Hamilton (1953),
in his neutron diffraction study did measure reflexions out to 0=70",

but he only measured strong reflexions and his camplete data set
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consisted of Jjust 60 reflexions, toco small a number to reveal any

consistent discrepancies.

The suggestion that the structure of magnetite is non-
centrosymmetrical, with space group F43m, can be further substantiated
by applying a statistical test. Because a centre of symmetry does not
produce systematic absences among the X-ray intensities, it is necessary
to perform a statistical survey of the distribution of these intensities
to reveal the presence or absence of this symmetry element. The
distribution taking a different form in each case.

If the structure factors of a crystal are plotted in the complex X,
y—plane then they exhibit a Gaussian distribution. If the structure 1s
centrosynmetrical, and the centre of symmetry taken as the origin, then
the structure factors are confined to the x-axis alone, again with a
Gaussian distribution. This occurs because the projection of the
imaginary parts of the structure factor on the y-axis for two atoms
related Dby a centre of symmetry cancel each other out. When the crystal
lacks a centre of symmetry, there are projections of the structure
factors on both x and y- axes. For a centrosymmetrical structure the
projection of the structure factor on the x-axis must be small for a
weak reflexion to occur. In the non-centrosymmetrical case, the
resultant projections on both axes must be small to produce a weak
reflexion, but here, when one is small the other is likely to be large.

The above means that if the reflexions are plotted against their
intensities, then a centrosymmetrical structure will possess a much
larger percentage of reflexions with small structure factors than a non-
centrosymmetrical structure. Theoretically, the difference between the
two distributions is sufficient to determine the presence or absence of

a centre of symmetry. Using this statistical test, known as Wilson's
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criterion (Wilson, 1949), it should be possible to determine whether the
structure of magnetite is centrosymmetrical or non-centrosymmetrical by
making a survey of the {hkl} type reflexions.

Unfortunately, because of lattice centering, three quarters of the
possible reflexions in magnetlte are systematically absent.
Additionally, because the <changes in atom position fram the
centrosymmetrical structure are small, it is found that any statistical
survey of X-ray intensitles normally suitable for detecting the presence
or absence of a centre of symmetry (see for example Wilson, 1949, 1952;
Howells et al. 1950; Srinivasan et al. 1966) proves inconclusive. The
failure of these statistical tests under such conditions is well known,
see for example Srinivasan and Vijayalakshmi (1972).

Particularly interesting reflexions are the 40 shown in table 4.6
with Miller indices of the type 4n, 4n, 4n+2, for example 2 4 12, 4 8 1y
and © 12 12. Under Fd3m symmetry, these reflexions are produced by
scattering fran oxygen 1ions only. Because of the low atamic number of
02-, we would expect the observed structure factors for these 44
reflexions to be simall. This is not so; in fact, in all 44 cases the
observed structure factor for the Fd3m refinement 1s far stronger than
the calculated value. This result could only occur 1f there is a
considerable contribution to the structure factor fram the cations on
the octahedral site, a situation only possible if this cation is
displaced fraam its ideal position. Such a displacement is forbidden
under Fd3m symmetry but allowed under F43m. Inspection of the colum
labelled F, for the F43m refinement, again in table 4.6, shows the
greatly improved fit obtained using this non-centrosymmetrical space
group. It is worth noting that the improvement in fit for all 44

reflexions is achieved by an increase in F,, which is the result
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Reflexions produced by oxygen only scattering under Fd3m

Table 4.6

symmetry,
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expected by Wilson's criterion if magnetite lacks a centre of symmetry
because a centrosymmetrical structure contalns a larger percentage of
smaller structure factors than a non-centrosymmetrical structure.

Table 4.7 shows the structure factors for the 76 weakest
reflexions. Examination of the colum labelled (F,-E. ) shows that for
the refinement made assumng Fd3m symmetry, the sign of (E -F,) is
positive for ©5 of the 76 reflexions. Prima facie, cne would expect a
value of approximately 38, i.e. even numbers of plus and minus signs.
This result implies that scattering given assuming Fd3m symmtery is
persistently too small to account for that measured experimentally. For
the F43m refinement, the balance of plus and minus signs changes to the
ratio 34:42, 1l.e. it becames more evenly distributed. Again, this is
not an exact balance but it is reasonable considering the number of data
points taken into account. Such an opbservation 1s not really a
statistical test, mainly because of the small number of reflexions
considered, but it 1is the effect predicted by Wilson's criterion if
magnetite lacks a centre of symnetry.

It is a well-known fact that in any crystal structure refinement,
the introduction of extra variables into the least squares refinement
will wusually lead to a better fit between observed and calculated
structure factors, simply because there are fewer constraints on the
model. This means that it is not possible to came to any statistically
valid oconclusions regarding the symmetry of magnetite by just examining
the final structure parameters and estimated standard deviations
produced by the least squares refinement. To decide whether the
improvement in fit under F43m is statistically significant, or just a
consequence of the addition of extra variables into the argument, two

standard statistical tests have been applied to the experimental data.
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Table 4.7 Structure factors for the 76 weakest reflexions.
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The first of these tests was devised by Hamilton (1965) and is used
to examine the crystallographic R-factor. In this particular test, the
ratio R1/R0 is examined using linear hypothesis theory. Theoretically,
this analysis should be made using the generalized R-factor (RG) which

is given by :

RG= Zl:%' Wii (IFiIo'lFilc)“Filo'[Fi|c) ]/2 4.1

%‘?Wii[Fi A

Hamilton (1965) states that the ratio R1/R0 is relatively
insensitive to the method of calculation of the R-factors and that it is
therefore permissible to use the conventional crystallographic R-factor.

Application of this ratio test to the data produced for magnetite
specimen BMDMll, taking R, as the Fd3m R-factor and R as the F43m R-
factor, showed the hypothesis that the space group of magnetite is F43m
to be correct with at least 99.50% certainty.

The second test involves the examination of bond lengths calculated
for each space group. This is necessary because, before any definite
oconclusions can be drawn, it 1is important to initially make an
estimation of any errors occurring. Unless a standard procedure is
followed for this estimation, it is possible that conclusions drawn may
be based on differences which are due entirely to experimental errors.

Assuming that the experimental and computational errors have been
estimated correctly, then the probability distribution of these errors

is Gaussian.
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Table 4.8 Camparison of bond lengths calculated in the refinement under

Fd3m s
are in

Bond

Fe3t-0
(Tetrahedral
bond)
Fe2t, 37 0
(Octahearal
bond )

0-0

Present
Study

1.8912(2)

2.0575(2)

2.8485(3)

2.9696(3)

3.0884(3)

Hamilton (1958)

1.8871(29)

2.0599(16)

2.8538(46)

2.9689(3)

3.9817(46)

Fleet (1981)

1.8883(17)

2.9584(9)

2.8519(27)

2.9689(3)

3.4836(27)

try with those found by previous authors (all distances given
gstrom units).

Fleet*

1.8854(4)

2,060 (17)

2.8566(7)

2.96838(7)

3.9789(7)

* This refers to the re—examination of data collected by Fleet (198l),
as discussed in Chapter 3.
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The probability that the error lies between x and x+dx is given by :

_1___exp(-x2/202)dx 4.2

(27!02)7/2
where ¢ is the standard deviation of the error.

In the results shown in table 4.9, it has been found that a bond
length under F43m symmetry, with standard deviation Oy differs fram a
similar Jond lehgth under Fd3m symmetry, with standard deviation Og s by
an amount 81. It is then necessary to ask the question: is there a real
difference between these two bond lengths or does the difference occur
ecause of randam errors? To test this the numerical significance levels
suggested Dby Cruickshank (1949), which are ideal for crystallographic
purposes, may be used.

If P represents the probability that a bond length under F43m
symmetry, having standard deviation Op s is observed as differing fraom
the same bond length under Fd3m symmetry with standard deviation o_,

B
then :

If P > 5% 8l 1is not significant
If 5% > P > 1% 41 is of possible significance
If P < 1% 61 is significant

If P < 0.1% 81 is highly significant

1 .
If a=(0A2+ 082)/2 for the various values of P for a Gaussian

distribution and if 8l/0=42.xthen :

X
P-‘/z-_]_,& e'*zdh]/:z D-erf(X)] 4.3
Jrdo
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Bond

Fe3+—0
(Tetrahedral
pond )
rat 3 _g
(Octahedral
ond )

00

FA3m

. o
Distance (A)

1.8912(2)

2.9575(2)

2.8485(3)

2.9690(3)

3.0884(3)
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Bond

Fedt (1)-0(2)
redt(2)-0(1)

F82+’ 3+_O(l)

F82+, 3+_O(2)

0(1)-0(1)
0(2)-0(2)

0(1)-0(2)

0(1)-0(1)
0(2)-0(2)

Table 4.9 Calculated bond lengths.

F43m

. (o]
Distance (A)

1.8923(2)
1.8864(2)

2.0584(2)
2.0586(2)

2.85603(3)

2.8463(3)

2.9696(3)

3.0805(3)
3.8941(3)



Table 4.14 The significance (P) of differences in bond lengths between

the FA3m and F43m structure refinements.

Bond
Fedt (1)-0(2)
Fe®" (2)-0(1)

Fe2+, 3+ —O(l)

re?™ 3" —0(2)
0(1)-0o(1)
0(2)-0(2)
0(1)-0(1)

0(2)-0(2)

Difference

.11

n.w48

08% 5%

0.0d11

0.378

017

0.2379

L7

(R)
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2.75
12 .00
2.25
2.75
13.00
2.83
13.17

2.83

v.1%

Y.1%

9.1%

g.l%

0.1%

J.1%

g9.1%



14

12

12

11

11

19

11

19

11

1o

15

16

14

14

15

19

19

12

le

12

15

11

13

12

Table 4.11 Same sensitive reflexions.

Number of
Equivalents
20
24
24
12
24
24
24
22
24
21
12
24
24
24
20
19
12
19
21

21

6.50

2.98

9.01

8.76

3.22

4,27

3.13

3.22

3.27

3.01

4.56

2'%

2.77

3.32

3.01

3.09

4.38

4.5@

3.05

3.13
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Fd3m

5.860

1.87

8.45

8.14

3.21

2.36

¥.19

.48

0.14

g.1a@

3.%

2.02

¥.35

4.33

g.34

2.49

2.27

2'@9

20%

J.25

F43m
6.42
2.79
8.95
8.68
3.04
4.46
3.19
3.39
3.17
3.23
4.30
2.9%4
2.96
3.21
3.25
3.16
4.49
4.45
3.97

3.11



Bord lengths for the two refinements along with their estimated
standard deviations are shown in table 4.9. Inspection shows them to
differ by ©.00d9 g to 0.0079 A from the corresponding Fd3m values. The
bond length differences found between the two space groups have been
canpared with the numerical significance levels suggested by Cruickshank
(1949), and the results of this camparison are shown in table 4.19.
Examination of these bond length differences using Cruickshank's
significance tests showed all differences to be highly significant; a
result which again supports the idea that magnetite is more correctly
described by the non-centrosymmetrical space group F43m.

All of the calculations described above were performed on the data
produced in the refinement made under F43m symmetry and not including
the additional 27 Fd3m forbidden reflexions. This was done so that the
various statistical tests were applied to two directly camparable data
sets (1.e. two data sets with the same number of data points), the only
difference being the space group used for the calculations in each case.

Table 4.4 gives atom positions and temperature factors for all
three refinements. The structure factors for all three refinements are
given in Appendix VII; R-factor breakdowns for all three refinements are
given in tables 4.5.1, 4.5.2 ard 4.5.3. Structure factors for the 27
forbidden reflexions, after convergence of the least squares program,
are given in table 4.12. Table 4.4 shows that the temperature factors
for the F43m refinement remain practically unaltered when the 27
forbidden reflexions are included in the refinement. The three atam

positions u u, and u, do change slightly with the addition of these

1! 2
extra reflexions, but again this change is very small. The R-factor

breakdown is practically unaltered and the overall R-factor changes fram
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Table 4.12 Structure factors for the 27 Fd3m forbidden reflexions.
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1.55% to 1.65%. On the whole, the addition of these forbidden reflexions
seems to make very little difference to the final analysis.

The 27 Fd3m forbidden reflexions are again direct evidence in
favour of F43m symmetry for magnetite. Structure factors for these
reflexions are given in table 4.12, 12 of the 27 were found to have an
intensity below the minimum detectable level of 140 counts. Agreement
between observed and calculated structure factors for these reflexions
really is quite good, especially when it is considered how weak they
are. Of the reflexions calculated as less than threshold only three,
namely ¥ 2 26, 9 8 14 and ¢ 8 18 calculated above, and then only
marginally so. The overall R-factor for these reflexions is 17.9%, which
is reasonable since it 1is only slightly worse than the group of 76
reflexions with structure factors less than 14.9¢

Finally, the small atom shifts which give rise to F43m symmetry in
magnetite can be seen in figures 4.5 and 4.6. Figure 4.5 shows both
tetrahedral sites and figure 4.6 shows the surroundings of the
octahedral site ion, which is normally located at 5/8, 5/8, 5/8. The
arrows indicate the displacements that occur along <111> directions,
giving rise to the lowering of crystal symmetry fran Fddm to F43m. These
diagrams are drawn for the ideal configuration, with the origin at an
octahedral site. Figure 4.7 shows how the two sections of the structure

labelled R (figure 4.5) and S (figure 4.0) relate to the unit cell.
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Figure 4.5 Atom shifts in magnetite giving rise to F43m symmetry
in one eighth of the unit cell are shown. The symbols 8, 89 and
83 represent the shifts of the octahedral site cations and the two

anions respectively , adlong <Il1> directions, from their Fd3m
positions. The small hatched circles represent iron atoms in

tetrahedral sites, the small dotted circles iron atoms in octahedral
sites and the large open circles oxygen atoms. This diagram
represents the regions labelled R in figure 4.7.
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Figure 4.6  Atom shifts in magnetite giving rise to F43m symmetry
in one eighth of the unit cell are shown. The symbols 8y, 9 and
83 represent the shifts of the octahedral site cations and the two
anions respectively, along <IlI> directions, from their Fd3m
positions.The small dotted circles represent iron atoms in octahedral
sites and the large open circles oxygen atoms. This diagram
represents the regions labelled S in figure 4.7.
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Figure 4.7 Aunit cell of magnetite. The regions labelled R and S are the
one eighths of the unit cell shown in figures 4.5 and 4.6
respectively.
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CHAPTER 5

THE USE OF X~-RAY ANOMALOUS SCATTERING IN STUDIES

OF THE SYMMETRY OF MAGNETITE

5.1 Introduction

X-ray anamalous scattering techniques have attracted increasing
interest in crystal structure determination in recent years, mainly
because the increase 1in precision of intensity measuring procedures
means that the small effects produced can be measured with reasonable
accuracy. The most common use of anamalous scattering is in the
determination of phase angles and absolute molecular configurations. A
less cammon use of anamalous scattering 1s in distinguishing between
centrosymmetrical and non-centrosynmetrical structures. It 1s this
latter application which is discussed in this chapter. Before
considering how anamalous scattering can be used, 1t 1s necessary to
look at the effects it has on the structure factors of Friedel related
pairs of reflexions in centrosymmetrical and non-centrosymmetrical
structures.

Normally in a diffraction study, the wavelength of the radiation
used is samewhat different to that of an absorption edge of any atam in
the structure. If this is the case then the intensities of a Friecel
pair of reflexions, that is to say, reflexions with Miller indices hkl
and Eii, are equal even in a non—centrosymmetrical structure. This is

Friedel's law and may be stated as: the diffraction symmetry of a

crystal is the point symmetry plus a centre of symmetry. Nishikawa and
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Matukawa (1928) and Coster, Knol and Prins (1936) were able to
demonstrate, in a non-centrosymmetrical structure, that as the
wavelength of the incident radiation approaches that of an absorption
edge of one of the atoms in the crystal, then the scattering factor
becanes camplex, a phase change results and Friedel's law breaks down.
The intensities of a Friedel pair of reflexions with Miller indices
hkl and hkl are no longer equal.

The anomalous phase shifts and the differences in intensity between
the reflexions hkl and hkl are greatest when an ¥X-ray wavelength
slightly shorter than an absorption edge of one atam is used. Honl
(1935a,b) was able to show that these effects are still appreciable even
at much shorter wavelengths; a result which means that with accurate
intensity measurements, the most commonly available radiations can be
used to examine differences between Friedel related pairs of reflexions
in non-centrosymmetrical structures.

For any mineral crystallizing in the cubic system, in one camplete
hemisphere of reciprocal space the general reflexion hkl has 48 symmetry
related equivalents. If the mineral is non-centrosymretrical and
contains one or more anamalous scatterers in the unit cell, then these
equivalent reflexions divide into two separate groups, each containing
24 equivalents. A unique intensity is found for each group. An extensive
search through the literature on anamalous scattering has revealed much
confusion in the terminology used to refer to the equivalent reflexions
within a group. To prevent further confusion the term 'Friedel pair' is
used throughout this chapter to refer solely to the reflexions hkl and
TkI and the term 'Laue-equivalents' is used to refer to the equivalent

reflexions making up a specific group. The intensity of one member of a

~117-



Friedel pair is calculated by averaging the Laue—-equivalents for that

particular reflexion.
We will now consider in detail how anamalous scattering arises and
what effect it has on the structure factors of Friedel pairs of

reflexions in centrosymmetrical and non-centrosymmetrical structures.

5.2 Anamalous Scattering

When  calculating structure factors, it 1is assumed that the
scattering factor for an element is independent of the wavelength of the
incident radiation, provided sin 6/A is constant. This is not true if
the wavelength of the incident radiation is near to that of an
absorption edge for the scattering element. In this case, an anamalous
phase change occurs on scattering. Physically, this change arises
because of a resonance effect induced in the K-shell electrons by the
incident radiation. It has the effect of advancing the phase of the wave
scattered by this atom relative to that scattered by other atams in the
structure. This effect is known as anamalous scattering and causes the
scattering factor to became complex (Woolfson, 1979). Figure 5.1 shows
how the real and imaginary components of anamalous scattering for iron
vary with the ratio ,l/lk where A is the wavelength of the incident

radiation and Ak is the wavelength of the K-absorption edge.
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Figure 5.1 Variation of the real (A¢’) and imaginary (A4”) anomalous
scattering components for iron with « .from quantum mechanical
theory {after Woolfson, 1979).
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The scattering factor (f) can be represented by :

faf +AF+HATF+iAF 5.1

where f0 represents the normal scattering factor, Af  and Af"~ are the
real and imaginary camponents of anamalous scattering. An important
point to note here 1s that because the diffracting power of an ataa
decreases with increasing sin 6/i, the anamalous scattering effects,
which are approximately independent of angle, are much greater for weak
high-angle reflexions than those which are strong and at low angles.

It 1is possible to represent anamalous scattering by a series of
vector diagrams. Figure 5.2 shows the situation in a centrosymmetrical
structure which coonsists of several atams which do not, and two ataus
which do scatter anomalously. F, represents the scattering produced by
the atoms which do not scatter anamalously, t£  and Af~ are the real and
imaginary parts of the scattering factor for each atam which scatters
anamalously. Fram figure 5.2 1t can be seen that the phases of the
Friedel pair of reflexions hkl and hkl are still equal but that they now
differ from ¢ ar n. The structure factors became camplex but Friedel's

law still holds and IFhkll =|F l.

1

h

A similar situation for a non-centrosymmetrical structure is shown
in figure 5.3. As above F,, represents the resultant of scattering fram
the atams without anamalous scattering but £ and Af” are now the

resultants of scattering fraom one or more identical atams which scatter

anamalously. Figure 5.3a shows Fh and FB pp on the same diagram but in

kl

figure 5.3b FB is reflected across the real axis so that the

ki

difference between IFhkll and IFF\R'II can be easily seen. Fram these
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Figure 5.2 Vector representation of a Friedel pair of reflexions for a
centrosymmetrical structure when anomalous scattering is present;

|Fhk|| z lFELiI (after Stout and Jensen, 1968).
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(b)

Figure 5.3 Vector representation of a Friedel pair of reflexions for a
non-~centrosymmetrical structure when anomalous scattering is present;

\Fhk|\ % 1 FF"J‘ (after Stout and Jensen,1968).
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() WITHOUT ANOMALOUS SCATTERING
hkl

PHASE DIFFERENCE=2p PHASE DIFFERENCE=2p
|Fhid | = | FRid|
(b) WITH ANOMALOUS SCATTERING
hkl
""""" hkl
h
PHASE DIFFERENCE=2p+q PHASE DIFFERENCE=2p-q
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Figure 5.4 Phase differences arisingina non-centrosymmetrical structure
(@) without (b) with an anomalous scatter (after Glusker and Trueblood,

1972).
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diagrams it can be seen that Friedel's law is violated in a non-
centrosymmetrical structure with one or more atoms that scatter
anamalously and thk” *IE%RTl'

Diffraction with and without anamalous scattering by a non-
centrosymmetrical structure is shown schematically in figure 5.4. Figure
5.4a shows the arrangement if no anamalous scattering is present. Here
the phase differences on scattering for the hkl and hkl reflexions are

both 2p and |Fhk|| = IFH(T

| . Figure 5.4b shows the situation when an
anamalous  scatterer is present. For a particular reflexion, the
anamalous scatterer (shown as the dark atam) causes a phase difference
of g in addition to the original value of 2p. In this case the phase
difference for the hkl reflexion is 2p+tq and for hkl it is 2p-g. Because
the intensity of the diffracted beam depends on the phase difference
between waves scattered by various atoms within the unit cell, the

result is that Friedel's law is violated in a non—centrosymmetrical

structure in the presence of anomalous scattering and |Fhk” kIEhRTI.

5.3 Practical Difficulties Arising When Using Anamalous Scattering

In practice, to determine whether magnetite lacks a centre of
symmetry using anamalous scattering it is necessary to Imeasure, with a
high degree of accuracy, groups of very weak Friedel related pairs of
reflexions in a mineral which strongly absorbs X-rays. The problems of
making consistent intensity measurements of equivalent reflexions in
absorbing crystals are well known. These problems arise partly because
of difficulties arising over inaccuracies in the absorption corrections

applied and partly because of the differences in the quality of the
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outer layers of the crystal produced in the grinding process

(Boehm, Prager and Barnea, 1974).
In order to draw significant conclusions fram an examination of
Friedel pairs of reflexions, it is necessary to look at the factors

which lead to errors in the X-ray intensity measurements and how these

errors may be overcane.

5.3.1 Absogption

Anisotropic absorption can have a significant influence on the
intensity of Friedel related pairs of reflexions and must therefore be
avoided. This was achieved in the present study by using a spherical
crystal specimen for data collection, which meant that the reflexions
hkl and hkl had the same absorption correction. In addition, a short
wavelength radiation (MoKa) was used which helped to reduce X-ray

absorption by the specimen.

5.3.2 Extinction

The effect of anisotropic extinction differs for the Friedel
related reflexions in a non-centrosymmetrical structure. To reduce this
problem it is necessary to make measurements on weak reflexions which
are not affected by extinction. This problem was easily resolved because
the Friedel pairs showing the largest differences are all extremely

weak .
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5.3.3 Double Diffraction

The effects of double diffraction depend upon geametrical factors
such as crystal orientation. This means that the effects of double
diffraction can be reduced by measuring the reflexions hkl and hkl under
identical experimental conditions. Double diffraction is not really a
propolem for weak reflexions at high angles so again this is overcame by

the nature of the reflexions being measured.

5.3.4 Thermal Diffuse Scattering

Errors due to thermal diffuse scattering were overcame by using
identical experimental conditions to measure each member of the Friedel

pair.

5.3.5 Counting Statistics

Counting statistics were improved by using a counting time of &Y
seconds for each reflexion. The use of a small crystal reduced X-ray
absorption by the specimen and also helped to improve counting

statistics.

5.3.6 Inhamogeneous X—Ray Beam

Using a graphite monochromator placed between the X-ray tube and
sample can cause the incident beam to became inhamogeneous. Hope (1975)
found that this effect could be minimized by using a crystal specimen

less than @.4 mm in diameter. The specimen used was ¢.34 mm in diameter.
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With all these possible sources of error minimized the intensities
of a number of Friedel pairs of reflexions produced by a natural single
crystal of magnetite were measured. If magnetite does lack a centre of

symuetry then the intensities of each member of a Friedel pair should

not be equal.

5.4 Data Collection

For consistency, the same spherical crystal specimen (specimen
BMDM1l), used for the structure refinement described in the previous
chapter, was used in the study of anamalous scattering. Integrated X-ray
intensities were c<ollected fram the crystal at room temperature, using
the CAD—4 diffractameter. Structure factor calculations predicted that,
for MoKa radiation, 13 pairs of Friedel related reflexions have
differences 1in intensity between each member of the pair that are large
enough to Ye detected. This 1is a far greater number showing such a
difference than arises for any other cammonly used radiation. If
magnetite is non—centrosymmetrical, then in the presence of anomalous
scattering these 13 pairs of reflexions became 26 unique reflexions,

since Ih is no longer equal to I . MoKa radiation which had been

ki hkl
monochromatized after reflexion by pyrolytic graphite was therefore
chosen. The X-ray tube was operated at a voltage of 44 kV and a current
of 20 mA.

Normally, for a cubic mineral which is non-centrosymmetrical, in a
camplete sphere of reciprocal space the general reflexion hkl contains
48 equivalents. In the presence of anamalous scattering, these divide

into 2 groups, each group containing 24 Laue~equivalents. The first

group corresponds to the hkl reflexion and the second to nkl. For
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reflexions of the type {hhl}, which normally contain 24 equivalents, in
the presence of anamalous scattering, we get 2 groups, each containing

12 Laue-equivalents. The first group corresponds to hhl and the second

to hhl.

All of the Laue-equivalents for each of the 26 reflexions were
measured using a scan time of &dd seconds for each reflexion, this gave
a total of 48J intensities. These intensities were then collected into
26 groups, each group containing all the Laue-equivalents for that
particular reflexion. Because all 2o reflexions were extremely weak, a
numoer of reflexions within these groups were found to be below
threshold; these data consisted of 27% of the data set and were
rejected. In addition, for several groups a small number of reflexions
within a group were found to have intensities inconsistent with those of
the rest of the group. These inconsistencies appear to be due to poor
counting statistics, despite the long scan time used. In order to opbtain
a data set of the extremely high quality needed, it was necessary to use
an averaging process for the groups of reflexions found to exhibit these
inconsistencies. The following procedure was adopted: the range of
observed relative intensities within a group was divided up into a
number of intensity intervals and a histogram plotted with the frequency
of intensity against the interval as the y and x-axes respectively.
Typical histograms produced in this analysis are shown in figure 5.5. As
can be seen from these four histograms, the results of the analysis gave
an intensity variation within a group which 1s approximately Gaussian,
despite the small number of reflexions used in each case. Integrated
intensities for the calculations were taken to be the mean of the
intensities enveloped by the Gaussian curve. Any reflexions lying

outside this curve (those in figure 5.5 not shaded) were rejected. Use
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Figure 5.5 Histograms for two Friedel pairs of reflexions showing the
intensity distribution of the Laue~equivalents for each member of the pair.




of this criterion led to the rejection of 2% of the observed intensity

data.

5.5 Results and Discussion

Observed and calculated structure factors for all 26 reflexions,
along with the number of Laue—equivalents used to calculate the observed
intensity 1in each case, are shown in table 5.1. These structure factors
were calculated using the atam positions and temperature factors found
in the F43m structure refinement reported in the previous chapter. The
calculations were performed using the data reduction program DATRDN, the
atan loading program LOADAT, and the program FC to calculate structure
factors, all fram X—~RAY 74.

These 26 reflexions were all weak with structure factors less than
5.4, despite using a oounting time of & seconds they still suffer
considerably fram statistical errors. Nevertheless, table 5.1 shows that
agreement between observed and calculated structure factors for all 26
is really quite good. In fact, the R-factor of 18.6% is only slightly
worse than that of 14.8% obtained for the 76 reflexions with structure
factors less than 1U.0 reported in the previous chapter. Agreement
between observed and calculated structure factors as to which member of

the Friedel pair, either F%k or F%RT , has the larger structure factor

I
is correct in 11 out of 13 cases. Ideally we would expect agreement for
all 13 pairs but considering that the reflexions are all very weak, the
results are still very satisfactory. Of the two pairs of reflexions
which disagree, the 9 11 1l pair have observed structure factors which

are so close, that their relative magnitudes could be reversed within

experimental error.
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Table 5.1 Structure factors for Friedel pairs of reflexions.

Number of
Equivalents

12
12
19
16
11
13
24
16

12

12
15
12
14
15
18
18
15

15

12

12
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4.12
3.79
2.97
3.15
3.26
3.43
2.99
3.54
3.16
3.76
3.91
2.96
3.48
3.75
3.59
3.43
2.93
3.48
3.85
3.93
3.37
2.93
3.4
3.41
2.77

2.73

4.13

3.9

2.80

4‘11

3.55

2.69

2.12

3.93

2.01

3.92

4.00

2.97

2.69

3.77

4.41

2.64

4,52

3.92

3.86

4.72

4.50

2.46

4.46

2.19

2.35

3.34



e e

If magnetite does possess a centre of symmetry, then the values of
observed structure factors for each Friedel pair should be equal, at
least within experimental error. Table 5.1 shows that this is not the
case, the difference in intensity between each member of a pair is far
greater than could be explained by experimental error. The results
optained therefore support the idea that the crystal structure of
magnetite  1is non-centrosymmetrical since there are significant
differences in intensity between Friedel pairs; a result which is only
possible in a non-centrosymmetrical material. The results found here,
along with those of the last chapter, strongly support the idea that the

space group of magnetite is F43m.
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CHAPTER 6

THE CRYSTAL STRUCIURE OF TITANOMAGHEMITE SPECIMEN BM1929,1687

6.1 Review of Publications Relating to the Symmetry of Maghemite

The fact that V—Fezo3 1s a polymorph of Fe2 O3 was realized by
Sosman and Posnjak (1925). In this paper they described a number of ways
of preparing V—Fe203 and were the first to record its occurrence as a
inineral, in a specimen taken from a gossan deposit at Iron Mountain,
Shasta County, California. Sosman and Posnjak (1925) also studied the
physical properties exhibited by this mineral and noted that the X-ray
powder diffraction patterns it produces are practically identical to
those of magnetite. The name maghemite was suggested by Wagner (1927)
for naturally occurring V-Fe O, .

Welo and Baudisch (1925) found that they were able to campletely
oxidize magnetite at 206°C without any change in magnetic properties. An
examination of the X-ray powder diffraction pattern of the oxide
revealed that a chemical change had occurred but no change in structure.
On further heating, the oxide was found to retain its magnetic
properties until 55¢0°C where a transformation took place and the
structure reverted to that of a—Fezoa. The idea was put forward that the
unit cell of maghemite is similar to that of magnetite but with four
additional oxygen anions. This suggestion was investigated in greater
detail by Thewlis (1931) who used X-ray intensity measurements, atamic
dimensions and rules of coordination to determine the symmetry of

maghemite. Only two space groups were found to agree with the measured
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X-ray intensities. Thewlis (1931) was unable to distinguish between the
two Dbecause both gave the same calculated intensities. It was concluded
that the space group of V-Fe O, was either the enantiamorphous pair
P4 ; 32—94332 or P2 ;3 and that the iron and oxygen ions occupy the same
sites as in magnetite but that there are four additional oxygen ions in
the structure. It was pointed out by Verwey (1935a,b) that the measured
density of V—Fe203 is in good agreement with a unit cell containing 32
oxygen ions and that the addition of four extra oxygens is contradictory
to all previous crystallographic results found for similar structures.

Hagyg (1935a,b), Kordes (1935) and Verwey (1935a,b) independently
proposed that maghemite is an iron-deficient spinel with the chemical
formula Fe, .. O, Higg (1935b) concluded fram X-ray intensities that
the cation vacancies were randamly distributed over the octahedral sites
and that the structural formula 1is Fe3+[Fe?T67 O o. 33]05-, where [
indicates a cation vacancy. The unit cell is found by multiplying the
above formula by eight since each cell contains eight molecules. The new
structure was found to agree well with both X-ray data and the physical
properties exhibited by maghemite.

An X-ray powder diffraction study of ordered LiFe Og made by Braun
(1952) revealed that this campound is primitive cubic with space group
P4132(or P4332) and that the structure is that of a spinel but with
cation vacancies. This alternmative space group, apart fram small changes
in atom position, corresponds to that normally assumed for the spinel
structure, but with a special arrangement of iron and lithium ions on
octahedral sites. BRBraun (1952) proposed an ordered arrangement of
lithium and iron atoms in the ratio of 1:3 over octahedral sites. The 16
octahedral sites are occupied by 4 lithium and 12 iron atams in such a

way that each lithium atam is surrounded by 6 iron atoms in a deformed
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octahedron and each iron atam is surrounded by 4 iron and 2 lithium
atans. Braun (1952) also noted that samples of V—Fe203 give a very
similar powder diffraction pattern to that of LiFesoa‘ To account for
this he suggested that the iron and the vacancies on octahedral sites
are arranged 1in a similar manner to the iron and lithium atoms in
LiFe O . The proposed unit cell for V-Fe,0, is Fe [Fe = D2.67 lo,,
(Hagg, 1935b) with the ratio of vacancies to iron atoms being 1:5. Braun
(1952) realized that the ideal ratio of 1:3 would occur if water
molecules were encorporated into the structure giving the camposition
Fee[Fe12H41032 and also noted that his specimens did contain same water
but did not give details of the amount.

A detailed study carried out by David and Welch (1956) showed
V-Fe 5203 could not be prepared by oxidation of Fe 304 without the presence
of a small percentage of water. From this observation they concluded
that water forms part of the structure. They suggested that this water
is present in the structure in the form of hydroxyl ions and proposed
the formula Fee[Fe12D4](OE{)4 0,q for V-Fe,O,.

Henry and Boehm (1956) used a sample motion ballistic method to
determine the magnetic mament of V-Fe O,. A mament of l.l8(2)/il3 (,uﬁ=Bohr
magneton) per atom of iron was found in comparison with the value of
l.l9,uﬁ predicted if the vacancies were restricted to octahedral sites. A
value of 1l.eoU is predicted fram theory if the vacanclies are
distributed randamly over tetrahedral and octahedral sites. These
results disagree with Braun's formula given above since a value of l."o',uﬁ
per atam of iron would be expected if his formula were correct. The
formula given by Braun (1952) was supported to same extent by Davey and

Scott (1957) who found that their samples contained 3 to 4wt3 water
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which 1is in reasonable agreement with the value of 2.2lwt? predicted by
Braun's formula.

A maghemite prepared by van Oosterhout and Rooijmans (1958) was
found to be tetragonal and contained less than ¥.5wt% water. The unit
cell was found to be based on that of spinel but contained 32 molecules
of Fezos' the ratio c/a = 3, and the space group 1is P41(or P43) which is
a sub-group of P4132(or P4332). If we take the unit cell proposed by
Braun (1952) to be Fea[( Eb1 ] )F€123032, then this is trebled in

.33 " 2.67

the tetragonal case and the 3x1.33=4 iron atoms and 3x2.67=8 vacanciles

are ordered on the 3x4=12 available octahedral sites. van Oosterhout and
Rooijmans (1958) expected to produce a verification of their proposed
structure but this was never published.

Strickler and Roy (196l) attempted to confirm Braun's formula,
HFe O, for maghemite but found their results were inconclusive. The
problem was approached in two ways: firstly they studied the weight loss
of their samples with increase in temperature, and secondly attempted to
prepare HFeSO8 under high water pressure and at low temperature. Neither
technique allowed unquestionable confirmation of Braun's formula. They
came to the conclusion that if maghemite does contain 2.2lwt?% water,
even after removal of that water the structure and magnetic properties
remain unaltered.

A great deal of confusion seems to exist as to whether synthetic
V—Fezo3 contains water molecules in the structure. It appears that water
helps in the formation of maghemite but it seems to serve only as a
catalyst. Colambo et al. (1964, 1965) for example were able to oxidize
magnetite to maghemite without the presence of water.

The intensity ratio of the 4 ¥ reflexion to that of 4 4 ¥ was

examined by Ferguson and Hass (1958) in a neutron diffraction study of
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V-Fe,O,. If the cation vacancies are distributed randomly this ratio is
W.402, for vacancies on tetrahedral sites only it is v.58¢ and for
vacancies restricted to octahedral sites W.433. A ratio of ¥.443 was
observed indicating that the cation vacancies are largely restricted to
octahedral sites.

X-ray and neutron diffraction was employed by Ueda and Hasegawa
(1962) in a further attempt to determine the vacancy distribution of
maghemite. Intensity calculations were performed to estimate the effect
of various vacancy distributions on the diffracted intensities. Cation
vacancies were found to be restricted to octahedral sites but in a
manner leading to P2 3 symetry.

Armstrong, Morrish and Sawatzky (1906) carried out a MOssbauer
study of V-Fe .0, in applied magnetic fields. This allowed a direct
determination of the vacancy distribution since the relative numbers of
iron atoms on the tetrahedral and octahedral sites can be obtained by a
direct comparison of the intensity ratio of Lorentzian curves produced
by each site. An average intensity ratio of tetrahedral to octahedral
sites of ¥.62(5) was found. A value of ¥.33 is expected if the vacancies
are entirely located on tetrahedral sites and ¥.ef) for octahedral
vacancies. They concluded that the vacancies are restricted to
octahedral sites.

Takei and Chiba (1966) made an X-ray diffraction study of single
crystal films of V-Fe 203 epitaxially grown onto MJO and found no
evidence of vacancy ordering. They found a net magnetic mament per izon
atam of 1'45%' a value of l.66,uﬁ is predicted by Henry and Boehm
(1956) for a maghemite containing a randam distribution of vacancies on

tetrahedral and octahedral sites. This measured magnetic moment suggests
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that 20% of the cation vacancies occur on tetrahedral sites and the
remaining 8J% are on octahedral sites.

High purity magnetite was reacted with sulphur by Kullerud and
Donnay (1967) who found that iron was removed from the magnetite to form
stoichiametric pyrite and an iron-deficient magnetite. An X-ray
diffraction study of the iron-deficient magnetite showed that the cell
parameter remains unchanged and that approximately 50% of the cation
vacancies occur on tetrahedral sites. Kullerud, Donnay and Donnay (1968,
1969) proposed that natural maghemites are amission solid solutions
between magnetite and two end-members; one with all vacancies on
tetrahedral sites which they named 'kenotetrahedral magnetite'; and a
second with vacancies restricted to octahedral sites which they called a
'kenoctahedral magnetite'. A Mossbauer study of the vacancy distribution
of a kenotetrahedral magnetite was made by Weber and Hafner (1971). Here
the intensity ratio of the two magnetic hyperfine patterns were examined
and they concluded that the vacancies were statistically distributed
over tetrahedral and octahedral sites with a ratio of 1:2 respectively.

Haul and Schoon (1939) carried out an X-ray powder diffraction
study of a nunber of synthetic maghemites and observed reflexions
forbidden by the space group FAd3m normally assigned to the spinels.
These additional reflexions were thought to be due to ordering of the
cation vacancies on octahedral sites leading to an alternative symmetry
fram that previously assumed.

Four different maghemites were prepared by Bernal, Dasgupta and
Mackay (1959); one with the spinel structure; one which was tetragonal
with c/a = 3; one which was primitive cubic with space group
P4132(or P4332); and a fourth which was also primitive cubic but showed

reflexions such as ¥ @ 2 and @ ¥ 6 not permitted by P4132(or P4332).
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Table 6.1 Cell parameters and space groups reported for a number of
natural and synthetic maghemites

Cell
Parapeter
(A)
8.30
8 .44
8.339
8.32
8.343
8.333
8.342
8.337
8.33
8.3405
8.35
8.322
8.33
8.34
8.320
8.33
8.35

8.39

Crystal

System
Cubic
Cubic
Cubic
Cubic
Cupic
Cubic
Cubic
Cupic
Cubic
Cubic
Cubic
Tetragonal
Tetragonal
Tetragonal
Cubic
Tetragonal
Cubic

Cubic

Synthetic

Space Natural
Group or
Fd3m S
P4132(P4 32) S
-3
or P2 3
FA3m S
N
N
S
S
N
P4132(P4332) S
S
S
S
P41(P43) S
P41(P43) S
S
P41(P43) S
S
P4132(P4332) N
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Welo and Baudisch
(1925)
Thewlis (1931)

Hagg (1i935b)

Newhouse and Glass
(1930)

Newhouse and Glass
(1930)

Haul and Schoon (1939)

Mason (1943)

Mason (1943)

Braun (1952)

David and Welch (1950)
Davey and Scott (1957)
Behar and Collongues
(1957)

van Oosterhout and
Rooijmans (1958)
Rooksby (1961)

Ueda and Hasegawa
(1962)

Schrader and Blttner
(1963)

Takei and Chiba (1906)

Smith (1979)



Natural maghemite was studied by Smth (1979) using electron
diffraction. The structure was found to be similar to that of ordered
lithium ferrite with the vacancies taking the place of the lithium
atoms, the space group was found to be given by the enantiomorphous pair
P4132—P4332.

A range of values have been reported for the unit cell parameter of
maghemite; this variation seems to arise because much of the material
under examination was not adequately characterized chemically. A list of
sane reported cell parameters for maghemite along with the reported
space group is given in table 6.1. A continuous solid solution series
exists between magnetite and maghemite so many of the higher cell
parameters reported are probably due to the samples containing same
Fe304. A realistic cell parameter for pure end-member maghemite seems to
be sanevnere between ©.33¢ and 8.344 A.

An extensive search through the existing literature has revealed
that no previous attempts have been made to determine the space group of
a natural or synthetic titanamaghemite specimen. The purpose of the work
reported in this chapter is to carry out such a determination using a
cambination of Mdssbauer spectroscopy, X-ray diffraction and electron

microprobe analysis.

6.2 Mossbauer Spectrum of Maghemite

Bauminger et al. (1961) and Kelly et al. (1961) made the first 're
MSssbauer studies of maghemite (V-Fe,0,). They found that the sub-
spectra  produced by tetrahedral and octahedral sites at roam
temperature campletely overlapped, that is, they observed a single six-

peak hyperfine pattern instead of two, as would be expected if the
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tetrahedral and octahedral sites were distinguishable. Similar
observations have been made in other oxides containing Fe®' ions. This
overlap arises primarily because the Fe" ion is relatively insensitive
to its environment and therefore exhibits similar splittings whether in
tetrahedral or octahedral coordination.

Armstrong, Morrish and Sawatzky (1966) found that it is possible to
separate the two sub-lattice contributions by the application of an
external maynetic field, thereby allowing unambiguous assignment of the
patterns to each site. Cations on tetrahedral and octahedral sites were
found to align parallel and antiparallel respectively to the applied
field. The resulting two fields differ in magnitude and therefore became
distinguishable.

The site occupancies of a maghemite specimen may be determined from
the areas of the sub-spectra produced by iron atoms on each of the two
sites, provided the absorber is thin, the temperature low and the recoil
free fractions of tetrahedral and octahedral sites equal. This latter
assumption was investigated by Sawatzky, van der Woude and Morrish
(1969) who studied the recoil free fraction of irua in tetrahedral and
octahedral sites in the spinel structure. They made a camparison of the
relative areas of the respective sub-spectra and found a ratio of recoil
free fraction for tetrahedral to that of octahedral sites equal to
¥.94(2) at room temperature and ¥.99(1l) at ¥ K. Sawatzky et al. (1969)
concluded that the site populations could not be simply determined at
room temperature but at liquid helium temperatures the recoil free
fractions of tetrahedral and octahedral sites were approximately equal.
This result means that a camparison of the relative areas of the sub—

spectra fram tetrahedral and octahedral sites gives a good estimate of

the respective site occupancies.
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It is the aim of this Mdssbauer study to use maghemite specimens M1
and M2, which are essentially end-meambers, to obtain values for the
relative areas of the spectra produced by tetrahedral and octahedral
sites and then use these values to make a camparison with the areas
found for titanamaghemite specimen BM1929,1687 and hence determine the
cation and vacancy distribution of this latter specimen. The results
obtained are then campared with those found for this specimen by single

crystal X-ray diffraction.

6.3 Mdbssbauer Spectra of Maghemite Specimens ML and M2 at Room

Temperature

The room temperature Mdssbauer spectra of maghemite specimens M1l
and M2 can be seen in figures 6.1 and 6.2 respectively. Each spectrum
consists of two superimposed six-peak hyperfine patterns, a condition
which is characteristic of magnetically ordered iron in two different
sites. The outer two peaks in figure 6.1 arise because of the presence
of a small percentage (approximately 12%) of a-Fe 05 These two peaks
actually form part of a six-peak hyperfine pattern due to the presence
of Fe®' ions on octahedral sites in a=Fe,0,. Because of overlap with the
macghemite spectrum it was not possible to fit these remaining four
peaks. Attempts to fit two six-peak hyperfine patterns to the spectra
for specimens Ml and M2 proved unsuccessful, mainly because the
difference in splittings between the spectra fram tetrahedral and
octahedral sites is too small. The rather poor value for the goodness of
fit of the spectrum for specimen Ml (X 2=1254) arises firstly because it
was not possible to fit two six-peak hyperfine spectra to the data and

secondly because of the presence of the four unfitted peaks due to the
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Figure 6.1 Massbauer spectrum of maghemite specimen M1 at room
temperature. The outermost doublet is due to the presence of a small
percentage of a-Fe,Oz. The solid lines represent least squares fits

of the data points to superimposed Lorentzian curves.
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Figure 6.2 Méssbauer spectrum of maghemite specimen M2 at room
temperature. The solid lines represent least squares fits of the data

points to superimposed Lorentzian curves.
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Table 6.2 MoOssbauer parameters for maghemite specimen M1 a) at roam
temperature b) at 4.2 K in an applied magnetic field of 4.2 T. Isomer

shifts are quoted relative to iron metal absorber.

a)
Ion Hyperfine  Quadrupole Isamer
Field Splitting Shift
(kOe) (mm/s) (m/s)
Fedt* 496.7(5) 6.1 (5) 8.309(5)
(A and B-sites)
b)
Ion Hyperfine Quadrupole Isamer
Field Splitting Shift
(koe) (mm/s) (m/s)
Fe 553.3(5) g.4915(5) ©¥.348(5)
(A-site)
Fedt 499 .4(5)  —~0.008(5) ¥.489(5)
(B~site)

* At roam temperature the A and B-sites were not resolved.

-145-

Relative
Area

190 .

Relative
Area

39.53

od.47



Table 6.3 MOssbauer parameters for maghemite specimen M2 a) at roam
temperature b) at 4.2 K in an applied magnetic field of 4.2 T. Iscmer

shifts are quoted relative to iron metal absorber.

a)
Ion Hyperfine Quadrupole Isamer
Field Splitting Shift
(koe) (rm/s) (rm/s)
Fe3t* 494.7(5) V. 003(5) ¥.313(5)

(A and B-sites)

b)
Ion Hyperfine Quadrupole Isamer
Field Splitting Shift
(kOe) (mm/s) (mm/s)
Fe3t 553.7(5) 3.403(5) 0.356(5)
(A-site)
re3t 490.6(5) 2.002(5) %.487(5)
(B-site)

* At room temperature the A and B-sites were not resolved.
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a—Fe203 impurity. The goodness of fit (Al=1595) for specimen M2 is again
poor and also arises because it was not possible to fit individual
spectra due to tetrahedral and octahedral sites to the data.

The spectra were fitted with four variable parameters, the line
position, hyperfine field, isamer shift and quadrupole splitting (€),
where 4€=(6-5)-(2-1), the numbers 1,2,5 and 6 refer to line positions.
The quadrupole splittings are very close to zero, a result expected for
a polycrystalline ferrite. Area ratios of the lines were constrained to
the theoretical values of 3:2:1 initially, when approximate areas had
been found these constraints are removed. Values for the hyperfine
field, quadrupole splitting and isomer shifts for each specimen are
given in tables 6.2 and 6.3. All of these parameters quoted are
effectively an average of the values produced by tetrahedral and
octahedral sites since the individual sites are unresolved. These
parameters are found to agree well with those found by previous authors

(see table 6.4).

6.4 MdSssbauer Spectra of Maghemite Specimens ML and M2 at 4.2 K in a

Longitudinal Magnetic Field of 4.2 T

In order to resolve the sub-spectra produced by tetrahedral and
octahedral sites the temperature was reduced to 4.2 K and a longitudinal
magnetic field of 4.2 T applied to each specimen. These new experimental
conditions cause the spectrum to split into separate Fe® (tetrahedral
site) and Fe®' (octahedral site) patterns. In a strong external magnetic
field the spins of ions on tetrahedral and octahedral sites align

parallel to the direction of the applied field. If all spins align
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Figure 6.3 Mdssbauer spectrum of maghemite specimen Mt at 4.2K
in a longitudinal magnetic field of 4.2T. The solid lines represent

least squares fits of the data points to superimposed Lorentzian

curves.
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Figure 6.4 Mdssbauer spectrum of maghemite specimen M2 at 4.2K
in a longitudinal magnetic field of 4.2T. The solid lines represent
least squares fits of the data points to superimposed Lorentzian curves.
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parallel then peaks 2 and 5 of tetrahedral and octahedral site sub—

spectra are absent. This effect has been observed in bulk specimens of
V-Fe,O, (Coey and Khalafalia, 1972). Inspection of the spectra produced
by specimens ML, M2 and BM1929,1687 in an external field (figures 6.3,
6.4, 6.5) show clearly that peaks 2 and 5 are present in all three
cases, though greatly reduced in intensity. This arises because the
spins of 1ons in the core of each specimen arrange themselves parallel
to the applied field whereas those at the surface are inclined at an
angle to the applied field. This effect is known as spin canting and
occurs in other ferrimagnetic materials and specimens consisting of
ultrafine particles (Coey and Khalafalia, 1972).

The spectra produced by specimens ML and M2 can be seen in figures
6.3 and ©6.4. Two sets of hyperfine patterns can Dbe clearly seen
indicating the presence of two magnetic substructures with ions arranged
antiparallel. The six-peak hyperfine pattern due to the a-Fe, O, impurity
in specimen Ml was not resolved. This additional spectrum is produced by
octahedral Fe3+ in the a-Fe, 0, and 1s superimposed on top of the
spectrun due to octahedral Fe>* in the V—Fezos. Because of almost
camplete overlap of these two spectra it was not possible to fit peaks
to the @-Fe,0, spectrum. The presence of the unresolved a-Fe, O, spectrum
therefore introduces an error into the value for the relative area of
the spectrum produced by octahedral Fe>' for maghemite specimen Ml.

To fit the experimental data it was necessary to assume that each
of the doublets was the sum of two Lorentzian curves superimposed on a
linear background. The lines comprising each doublet were constrained to
have equal halfwidths initially and then the constraints were removed.
The outer lines of each spectrum are found to correspond to Fe®" on

+ . .
tetrahedral sites and the inner to Fe3 on octahedral sites. This 1s
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Table 6.4 MOssbauer parameters found by previous authors for maghemite.
The symbol A represents tetrahedral or A-sites and B octahedral or B~
sites. Isamer shifts are quoted relative to iron metal absorber.

Site Tanperature Hyperfine Isamer Reference

(K) Field Shift

(kOe) (mm/s)

A and B 34 565 (20) ¥.31(5) Bauminger et al. (1961)
A and B 30 496(29) ©.32(9) Kelly et al. (196l)
A K1%%] 499 .35 Coey et al. (1971)
B 55 .46
A 4,2 488(5) ¥.36(4) Armstrong et al. (1966)
B 499(5) @.50(4)
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confirmed from the relative areas of these lines since a larger number
of ions must occupy the octahedral sites than tetrahedral sites,
regardless of the vacancy distribution. Values for the hyperfine field,
quadrupole splitting and isamer shift for each specimen are shown in
tables 6.2 and 6.3. Values for isamer shift are quoted relative to iron
metal. The M&ssbauer parameters shown in tables 6.2 and 6.3 are in good
agreement with those found by previous authors (see table 6.4).

The goodness of fit (X%#952) for specimen Ml is rather high but as
stated earlier this arises because of unresolved peaks due to the
presence of a small percentage of <1—Fe203. The fit for specimen M2
LXg=56ﬂ) is quite good.

The vacancy distribution of each specimen was determined fram the
results shown in tables 6.2 and 6.3. This was possible because the
relative numbers of Fe®' ions on each of the two sites is given by the
ratio of the area of the line fram the tetrahedral site to that fram the
octahedral site, assuming the recoil free fraction for each site to be

equal (see section 6.2). This ratio was found to be 4.65(5) for each

specimen. If all vacancies are located on octahedral sites this value
would be .6, @.33 for all vacancies on tetrahedral sites and 4.5 for
equal numbers of vacancies on each site. The result found here suggests
that within experimental error the cation vacancies in maghemite

specimens Ml and M2 are restricted to octahedral sites.
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6.5 Mossbauer Spectrum of Titanamaghemite Specimen BM1929,1687 at Room

'I‘em@;r ature

The roam  temperature spectrum of titanamaghemite specimen
BM1929,1687 is shown in figure 6.5. This spectrum consists of three six-
peak hyperfine patterns along with two superimposed quadrupole split
doublets. The first of these doublets has an isaomer shift of
1.963(5) mm/s and a quadrupole splitting of ¥.476(5) mm/s and the second
an isamer shift of #.365(5) mu/s and a quadrupole splitting of
4.360(5) mm/s.

Examination of a polished block of this specimen using reflected
light microscopy indicates that there is an additional phase present
with optical properties characteristic of ilmenite (FeTiOs) i.e.
brownish grey in colour, exhibits weak reflection pleochroism and is
strongly anisotropic. These optical properties along with the isamer
shifts and quadrupole splittngs found in the Mdssbauer work indicate
that this additional phase 1is in fact an intermediate member of the
solid solution series (l—x)FeTiOa.xFezos, with a value of x lying
between @.12 and ¥.21 (see table 6.5). Because the two end-members of
this series, ilmenite and haematite, contain Fe?"  and Fe®"  ions
respectively, this intermediate member must also contain iron in the two
valence states. The former central doublet therefore corresponds to Fe?t
and the latter to Fe®' in this additional phase.

The three hyperfine patterns are found to have isamer shifts and
hyperfine fields characteristic of Fe®" in tetrahedral coordination,
Fe®™ in octahedral coordination and Fe?" in octahedral coordination.
Values for the Mdssbauer parameters along with the relative areas of

each sub-spectrum are given in table 6.6 and are found to be in good
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Figure 6.5 Méssbauer spectrum of titanomaghemite specimen BM1929,

1687 at room temperature. The innermost pair of doublets arise because

of the presence of a small percentage of an intermediate member of
the solid solution series (1-x) FeTiO5-xFe05. The solid lines represent
least squares fits of the data points fo superimposed Lorentzian curves.
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Table 6.5 MGssbauer parameters for members of the solid solution series
(l—x)FeTlos.xFeZO3 at room temperature. Isamer shifts are quoted
relative to iron metal absorber (after Shirane et al. 1962).

Fe3t Fe2t
X Isomer Quadrupole Isamer Quadrupole
Shift Splitting Shift Splitting
(mm/s) (mm/s) (mm/s) (mm/s)
1.0 .38 b.24 - -
b.7d d.40 3.25 - -
.50 .46 @.25 1.11 ¥.35
.33 V.41 J. 20 1.11 .35
©W.21 .30 V.24 1.11 4.35
.12 .30 ¥.20 1.11 4.35
7 19% 7] - - 1.49 ¥4.33
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Table 6.6 Mdssbauer parameters for titanamaghemite specimen BM1929, 1687
a) at roam temperature b) at 4.2 K in an applied magnetic field of
4.2 T. Isaner shifts are quoted relative to iron metal absorber.

a)
Ion Hypgrfine Quadrupole Isamer Relative
Field Splitting Shift Area
(x0e) (rmm/s) (mm/s)
Fe3t 491.2(5)  —0.043(5) ¥.352(5) 25.86
(A-site)
Fedt 54.5(5) —.1421(5) ¥.338(5) 64 . 9%
(B-site)
Fe?" 489.5(5)  —4.002(5) ¥.281(5) 13.25
(B-site)
b)
Ion Hyperfine Quadrupole Isarer Relative
Field Splitting Shift Area
(k0e) (mm/s) (mm/s)
Fe3t 551.3(5) ¥.012(5) ¥.364(5) 46.38
(A—site)
Fe3t 492.4(5)  —0.928(5) ¥.514(5) 48.35
(B-site)
Fe?*t 433.6(5) 3.069(5) ¥.486(5) 11.27
(B~site)
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agreement with those found for maghemite specimens Ml and M2. The
fitting procedure was similar to that described in section 6.3. The
goodness of fit (X 2=895) is rather poor but when the camplexity of the
spectrum 1is taken into account this value is quite acceptable. No peaks

corresponding to tetrahedral site Fe’" were observed.

6.6 MOssbauer Spectrum of Titanamaghemite Specimen BM1929,1687 at 4.2 K

in a Longitudinal Magnetic Field of 4.2 T

In order to improve the resolution of the tetrahedral and
octahedral site sub—spectra and thus accurately determine the vacancy
distribution of this specimen it was necessary to repeat the experiment
at 4.2 K in a magnetic field of 4.2 T. The fitting procedure adopted has
already been described in section 6.4. MOssbauer parameters obtained are
given in table 6.6 and the spectra in figure 6.6. A goodness of fit (Xz)
of 6W7 was obtained which is a great improvement on the value of 895
obtained at room temperature.

An electron microprobe study of this specimen has shown it to
contain 54.36wt® iron and 3.82wt% titanium (these values represent the
average of 14 spot analyses). The elements Al, Ca, Cr, Mg, Mn and Si
were also analysed for but not detected (see Appendix III for
experimental details of this study). Unfortunately, *Fe MSssbauer
spectroscopy does not detect the presence of titanium. A review of
existing literature reveals that the titanium 1is likely to occupy
octahedral sites. Neutron diffraction studies, for example, made by
Ishikawa et al. (1971) along with magnetic measurements (0'Reilly and
Banerjee, 1965; Stephenson, 1969) indicate that it always occupies

octahedral sites in titanamagnetites and titanamaghemites. In addition,
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Figure 6.6 Méssbaver spectrum of titanomaghemite specimen BM1929,
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Table 6.7 Calculation of the structural formula for titancomaghemite
specimen BM1929,1687 fram Mossbauer and electron microprobe data.

Oxide wt% of Mol. prop. Atam. prop. No. of anions No. of
oxides of oxides of oxygen on basis of ions 1n
fram each 32 per unit formula
mol. cell
Fe O 34.49 9.2164 ¥.06480 11.67 7.78
(TetraRedral)
Feécg 35.96 9.2195 3.6585 11.85 7.91
(Octahedral)
FeO 7.36 d.1924 3.1924 1.84 1.84
(Octahedral)
TiO 14.71 g.1841 d.3682 6.63 3.32
(Octahedral)

By difference, the number of cation vacancies = 3.15

The apbove calculation leads to the structural formula:

3+ 2+ g3+ T4+ 2
Fe778 Lo.22 [Fe1.84 Fero1 T3.32 Ezgs] 32 61

where [ represents a cation vacancy.
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existing models for cation distributions in titanamaghemites (see
section 1.10) have suggested that all Ti*" occupies octahedral sites.

Initially, it was assumed that the amount of Fe3" on tetrahedral
sites 1is the same as in end-mamber maghemite i.e. 24.12wt%. This is a
reasonable first approximation since the relative area of the
tetrahedral site spectrum for maghemite specimen M2 of 39.43, which is
essentially end-member, agrees within experimental error with that of
49.38 found for this titanamaghemite specimen. The remaining octahedral
site iron (3@.24wt%) found in the microprobe study was then divided up
in the ratio 48.35:11.27, a ratio given by the relative areas of the
sub—spectra produced by Fe®" and Fe?’ on octahedral sites. The
concentration of octahedral Fe,O, and FeO could then be determined. The
amount of TiO2 was taken directly fram the microprobe data. The results
cotained have been tabulated and are shown in table 6.7. Using these
results and the procedure described by Deer, Howie and Zussman (19060,
p515) the structural formula of titanamaghemite specimen BM1929,1687 was
calculated, details of this calculation are shown in table ©.7.

In order to see if this titanomaghemite does conform to P4 32
symmetry, to confirm the presence of cation vacancies on tetrahedral
sites, and to determine the distribution of cations and cation vacancies
over the two octahedral sites, it was necessary to carry out a detailed

examination of this specimen using single crystal X-ray diffraction.

6.7 Data Collection

The titanamaghemite crystal chosen for the present investigation
was a fragment taken fram British Museum specimen BM1929,1687, which was

ground into a sphere using the procedure described in Appendix II. A
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preliminary examination, made using the CAD-4 diffractameter, indicated
that the Bravais lattice is primitive cubic and the reflexions observed
are consistent with the space group P4 ; 32(or P4 332) . No reflexions of
the type thé®} with h=2n, e.g. ¥ 9 2 and ¥ ¥ 6 were observed and so the
alternative space group P2 3 was immediately ruled out. It is possible
that other natural and synthetic titanamaghemites exhibit a variety of
structures as was found to occur for end-member maghemite (see section
6.1), depending upon the geological history or, for synthetic material,
the method of preparation.

The assumed space dgroup (P4 332) was then used in a crystal
structure refinement of X-ray intensity data collected fram this
specimen. Observed and calculated structure factors were campared to see
if this space group does correctly describe the symmetry of this sample.
Results fram the analysis were then used to determine the cation and
vacancy distribution over tetrahedral and octahedral sites.

Integrated X-ray intensities were collected fram this crystal, at
roan temperature, using the CAD—4 diffractameter and employing the w-260
scan technique. The radiation was MoKa (A=0.710%9 ) monochramatized
after reflexion by pyrolytic graphite with a monochramator angle
9m=6.!05°. The X-ray tube was operated at 4¢ kV and 20 mA. Least squares
refinement of 25 centred reflexions gave the lattice constant for the
specimen of 8.341(1) K, a value which is in good agreement with that
found by Basta (1959) for a titanamaghemite specimen taken from the same
locality.

All reflexions in one hemisphere of reciprocal space out to an
angle of 9=3g° were collected, using a scan time of 29/6 deg min~
giving a total of 3543 non-Friedel related reflexions. Under P4,32

symmetry reflexions of the type {he@} with h=4n are systematically
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absent, these reflexions were still measured as a check to ensure they
really are of zero intensity. In fact, reflexions of this type were
found to be absent and were therefore rejected from the data set.

During data collection, intensity control was maintained using the

reflexions 5 1 1, 53 3 and 8 4 4, and orientation control using 4 44,
71 3 and 8 4 4. After measuring every 208 reflexions, the
diffractometer returned and measured the intensity of the three
intensity control reflexions. Any fall-off in the intensity of these
standards detected was then employed to correct all intensities, using
linear interpolation to the control reflexions. The three orientation
control reflexions were measured every 7240 seconds of X-ray exposure
time and allowed the diffractameter to check the crystal orientation,

and if necessary, stop data collection if the crystal was found to have

moved significantly fram its original position.

6.8 Treatment of the X-Ray Data

It has been established that the titanamaghemite specimen 1is
primitive cubic, this means that many of the observed intensities are
crystallographically equivalent. In the measurements reported here, one
camplete  hemisphere of reciprocal space was examined, therefore
reflexions of the general form {hkl} contain 24 equivalents, while {hko}
and {nhl} contain 12, {nhd} contain 6, {hbhj 4 and {hov} only 3
equivalents. The original list of 3543 cdbserved integrated intensities
could therefore be collected into groups and reduced to 197 independent
reflexions by averaging the equivalents within a group.

For several of the 197 groups of independent reflexions, a smell

number of weaker reflexions within these Jroups were found to have
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reflexions inconsistent with the rest of the group. These consisted of
less than 1% of the data, too small a number to have any significant
effect, therefore all measured intensities were included and the

integrated intensity was taken to be the average intensity for each

group.

6.9 Crystal Structure Refinement

Refinement of the structure parameters was carried out using the
crystallographic least squares program CRYLSQ fram X-RAY 74 (see
Appendix 1 for details). To begin with, only reflexions with
intermediate range intensities were used so that approximate values for
the scale factor could be found. Initial parameters for atom positions
and anisotropic temperature factors were taken fram those published by
Tamas, Laruelle, Dormann and Norques (1983) for ordered LiFe O, . This
compound 1is found to have the same space group and a very similar
arrangement of atoms to that of maghemite (Braun, 1952).

The least squares refinement gave a small extinction correction (or
g-factor) of z).n3(1)xw3. This result indicates that the arrangement of
the mosaic blocks within the crystal is such as to approach that of the
ideally imperfect crystal as described Dy Zachariasen (1967). The
averaged intensities were then corrected for secondary extinction using
the above g-factor.

As with the refinement of the structure of magnetite, it was
necessary to employ a weighting scheme which downweights low-angle and
strong reflexions but allows more emphasis to be placed on the weak

high-angle data which is more sensitive to atam positions. The weighting
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scheme used is described in Appendix I, the parameter Z used in the
equations was set equal to 4.4 for the refinement reported here.

Atamic scattering factors for Fe?', Fe®" and Ti*" ions were taken
fram the International Tables for X-Ray Crystallography Vol.IV and those
for 02" from Tokonami (1965). Real and imaginary parts of the dispersion
correction were taken fram the International Tables for X-Ray
Crystallography Vol.IV. Absorption corrections applied were those given
by Weber (1969) for spherical crystals. The value of UR=2.3.

Least squares refinements were repeated until optimized values had

peen found for scale, the 7 atam positions and 16 temperature factors.

6.1Y Results and Discussion

Under P4332 symmetry, two separate octahedral sites exist, these
are represented in table 6.8 by the synbols Fe(l) and Fe(3), with
positions 12(d) and 4(b) respectively. The presence of three different
types of cations (re?", Fe>" and Ti“) and cation vacancies on the two
unique octahedral sites, along with the similarity in scattering factors
for the three ions meant that it was impossible to determine the precise
distribution of individual cations between these two octahedral sites.

In order to simplify this problem it was necessary to make several
assumptions, this will introduce errors into the argument but unless
some form of simplification is made the problem becames insoluble using
simple techniques. The precise distribution of individual cations on
each of the two octahedral sites has no real bearing on the problem
since we are concerned primarily with the overall symmetry of the
specimen and to same extent the vacancy distribution. The average cation

distribution is therefore sufficient for present purposes.
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Table 6.8 Atom positions for the titanomaghemite specimen according to

P4332 symmetry. The symbols x.xy.x9.x3.y and z represent the 6 positional

parameters.

lon Position Point Symmetry Coordinates of Equivalent Positions

. 1 3, _3 51, 3
Fe(]) 12(d) 2 7B, x],/4-x1: /8, x1./4-x|: % 8./2-x] ) 4+x1:7/8,]/ 2+x1!/4+x];

1 1 3 3 3
7 = 1 1 7.1
4"‘1'/8 X /4"‘1' /8"‘]2 /4+X1,5/8,/2-x1:/4+x]/9,/ 24xy;

1 1
X1/ 4-x].’3:i] ,34 -xﬁ/ 8:"‘2-)(],3 /4+x],s/ 8:]/‘2+x1 ,1/4+x1}8.

Fe(2) 8(c) 3 X9, XQ.XQZI/ 4~x2}/ 4-X2,]/4-x2!"‘2+x2}/2-x2.i2:3/ 4-x2.]/4+x2%+x2:
-1 ] 3 3
x2/‘2+x2,/ 2-x0:744x9. /4-x2.]/4+xgzl"2- x9. )'(Q,I’Q+x2:]4+x2?/4wx2,

Yoy

olt 8(c) 3 X3,X3,X3;]/4-X3:|/4 -X3.l/4-x3:]/ 2+X3:|/Q-X3,)—(3.'3/4-)(3}/4#3,3/41-)(31

i3,]"2+:(3]’§-)(3:3/4+x3,%-x3!4+xg,"‘2—x3,i3 ,1/‘2+x‘3:]/4+xg ,3/4+X3.

Yy

ol2) 24le) 1 xy. 1:‘/2+x.]/'2-y,'i:i}/7+y,l/2- z:l’ﬁ-x,'y',l 7z
z,x,y:"‘2+z,]’§-x,?;i,]/7+x]/ 2-y:]/‘2-z,i,1/ 2y
y,z,x:]"by,]/ 2-z,i’:71/‘2+z.]/ 2-x:]/'2-y. I!/ 2+x:
1/4-x}/4-z}/ 4-y:3/4¢x.3 7A-1 }/ 4sy:
1/4_¥1/4-x ,1/4-1 ;3/4+y,3/4-x]/4+1:
1/4-11/4--)/,]/4-:(:3/44»1.3/4-)1,1/44»(:
3/4-x,]/4 + %w;%«rx?/hz?/ 4-y:
3/4.y‘/4+x 3/4+z:]4+y3/4+x?/4 -z
34-1]4+y%+x:14+1,3/40y3/4 -X.

Fol3) 4b 2 e Ys Ve V8 e Ve 8187878 38%.
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No lines corresponding to tetrahedral Fe?' were observed in the
Mossbauer study and the presence of Ti*' on tetrahedral sites is highly
unlikely (see section 6.6). Initially it was assumed that the
tetrahedral sites were occupied by 8 Fe3" ions. The population parameter
for this site was then refined and converged on a value of 4.96,
indicating the presence of 4% tetrahedral vacancies, that is 7.67 re3"
tetrahedral cations per unit cell, a value which is in good agreement
with that of 7.73 found in the Mdssbauer work. The numbers of octahedral
Fe2+, Fe3+, Ti4+ ions and cation vacancies were taken to be 1.84, 7.91,
3.32 and 2.93 respectively (the values found in the Mossbauer and
microprobe studies). As a first approximation it was assumed that 2.67
cation vacancies were present on octahedral site Fe(3). This is the
nunber of cation vacancies present on this site in end-member maghemite
and is therefore likely to be a reasonable initial value. The remaining
¥.20 cation vacancies were assumed to be present on octahedral site
Fe(l). Octahedral sites Fé(l) and Fe(3), when fully occupied contain 12
and 4 cations respectively. We have already assumed Fe(l) to have 0.26
and Fe(3) 2.67 sites vacant, the remaining sites must therefore be
occupied by Fe?", Fe®" and ti*t ions. The 1.84 Fe?", 7.91 re’” and
3.32 Ti%t octahedral cations found in the Mdssbauer and microprobe
studies were therefore divided between the octahedral sites Fe(l) and

Fe(3) in the ratio 11.74:1.33, where this ratio represents the numoers

of each octahedral site occupied.
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The following structural formula results:

Feye7 033 [( Fedlo Pl Tigse Dor) Feles Feio Tizos DO.%] O3 62
where [] represents a cation vacancy. Atomic scattering factors for each
octahedral site were calculated on the basis of the above formula.

The population parameter for octahedral site Fe(3) was then
refined, the results obtained indicated that the cation distribution
given in the above formula underestimated the scattering produced by
this site by approximately 27%. This result meant that the number of
cation vacancies on site Fe(3) was less than the value of 2.67 assumed
initially and the number of cations greater than the assumed value.
Keeping the overall number of octahedral cations and vacancies constant
(at the value found in the Mdssbauer and microprobe studies), the

3t and 7i*t  ions on octahedral site Fe(3) were

numpers of Fe2+, Fe
increased by 27%, and those on octahedral site Fe(l) reduced by the
appropriate amount, to account for the observed population parameters.
The number of vacancies for sites Fe(l) and Fe(3) were found by
difference. The following structural formula results:

3+ 2+ g3+ 14t 2+ 3+ 14t O ]o2—
Fez67 033 [(Feo.zb Fe3f Tig 47 lane! Fe158 P80 1285 —077 [732

The arrangement of cations and cation vacancies on the two
octahedral sites is similar to that doserved in LiFe Oy Dy Famery et al.

4+ . .
(1979), i.e. (!d.26Fe2++l.llFe3++ﬂ.47T1 +2.160]) and

(1.58Fe2 +6.80red T +2.85Ti* +9.770]) occupy the octahedral positions 4(b)
and 12(d) in a statistical manner. NO evidence of ordering of cations or

cation vacancies on the octahedral sites, leading to a lower synmetry
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Table 6.9 Final values for

Titanomaghemite
c) LiAl Og4 (Famery et al. 1979).

a)
Atcm Position X
Fe(l) 12(d) 9.12500
Fe(2) 8(c) - H0444(6)
o(1) 8(c) 4.3862(3)
0(2) 24(e) $.1179(3)
Fe(3) 4(b) ¥ .6259

b)
Atom Position X
Fe(l) 12(ad) ¥ .12506
Fe(2) 8(c) -3 .440235(7)
0(1) 8(c) ¥.3353(3)
0(2) 24(e) 9.1166(3)
Li(1) 4(b) ¥ .62500

c)
Atom Position X
a1(l) 12(d) ¥.1250
A1(2) 8(c) -5 .425(1)
o(1) 8(c) 4.3859(1)
o(2) 24(e) @.1146(1)
Li(1) 4(Db) ¥ .6254
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0.36623(6)
~0 . 444 (0)
0.3862(3)
¥.1364(3)

¥.62500

Y

9.36735(6)
—.296235(7)
9.3853(3)
¥.1284(3)

@.62500

Yy

¥.3636(1)
-5.925(1)
8.3859(1)
¥.1329(1)
6.6250

. atom positions obtained
specimen BM1929,1687 b) LiFe O,

&E&é.é.‘

G€<Sé(é,

for a)

(Tamas et al. 1983)

Z

.11623(0)
.0444(6)
.3802(3)

.3837(3)

. 02500

Z

.11735(6)
.00235(7)
.3853(3)
.3839(3)
. 6250

Z

.1186(1)
.825(1)
.3859(1)
.3847(1)
6250



Table )6.%ﬂ.tanFina.}l1 yilues for anisotropic temperature factors obtained

g a 1 cnaghemite specimen BM1929,16 '

_#1:.853) c) LiAl O (Famery etpil. 1979). 87 b) LiFe0q (Tomas et al.

a)
Atom Pia Paa Pas Prz Pra Paa
Fe(l) 335(9) 203 (5) 200(5) -28(5) -28(5) =77(7)
Fe(2) 183(3) 183(3) 183(3) ~3(5) -3(5) -3(5)
o(1) 203(18) 2@3(18) 293 (18) 36(25) 36(25) 36(25)
0(2) 225(26) 535(33) 233(28) -40(22) 24(24) 76(35)
Fe(3) 381(14) 381(14) 381(14) 8(16) 8(16) 8(16)

b)
Atan /511 ﬁzz //”733 "312 513 ‘523
Fe(l) 191(14) 151(9) 151(9) 14(9) 14(9) -43(11)
Fe(2) 146(9) 146(9) 146(9) 3(9) 3(9) 3(9)
o(1) 286(34) 286(34) 286(34) -23(43) -23(43) -23(43)
0(2) 263(54) 465 (54) 274(51) -43(49) ~-14(49) 43(57)
Li(l) - - ~ - - -

c)
Atom Pir Par Pas P1a P1a P23
Al(l) 182(14) 231(8) 231(8) -30(8) -30(8) 32(19)
A1(2) 188(2) 188(2) 188(2) g(1) ?(1) 2(1)
O(1) 241 (8) 241(8) 241(8) 12(19) 12(19) 12(19)
0(2) 249(12) 429(12) 265(140) -26(19) 22(8) 89(12)
Li(1) 138(29) 138(249) 138(20) -20(203) -20(20) -20(20)
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gpace group was found. New atomic scattering factors for each octahedral
site were then calculated on the basis of the new cation distribution
predicted by the above formula. Refinement of the population parameters
for each octahedral site indicated that the observed parameters agreed
with those given Dy this above formula to within 2%. The population
parameter for tetrahedral sites was found to agree within 2% of that
predicted by the Méssbauer and microprobe studies.

A complete list of Jbserved and calculated structure factors
cotained for the specimen under P4332 symmetry is given in Appendix
VIII. Atom positions (table 6.9) are found to be in good agreement with
those found by Tamas et al. (1983) and Famery et al. (1979) for the
campounds LiFeSO8 and LiAl O respectively, which are each found to
crystallize with the same space group as this particular titanamaghemite
speclmen. Anisotropic temperature factors for all three structures are
chown in table 6.19, agreement in all three cases 1s good. Calculated

bond lengths are shown in table ©6.11l.

Inspection of the R-factor preakdown (table 6.12) in terms of the
doserved structure factor and sin 0/4 for the refinement shows that
agreement between observed and calculated structure factors for P4332
symmetry is good. Apart fram the group of 43 weakest reflexions, with
R=14.3%, the R-factors for the remaining groups are all similar
indicating no ancmalies. These weakest reflexions are expected to give a
high R-factor because they suffer considerably fram counting statistics.

The overall R-factor found in the analysis was 2.38%.
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Table 6.11 Bond lengths calculated for titanamaghemite specimen
BM1929, 1687 under P4332 symmetry.

Bond Distance (&)
Fe(2)-0(2) 1.8789(2)
Fe(2)-0(1) 1.9938(2)

(Tetrahedral cation
to oxygen)

Fe(1l)-0(2) 1.9581(2)
Fe(l)-0(2) 2.0209(2)
Fe(1l)-0(1) 2.9673(2)
(Octahedral cation
to oxygen)
Fe(3)-0(2) 2.1327(3)
(Octahedral cation
to oxygen)
0(2)-0(2) 3.0641(3)
0(2)-0(1) 3.0928(3)
0(2)-0(2) 2.8672(3)
0(2)-0(2) 2.9198(3)
0(2)-0(2) 2.9678(3)
0(1)-0(2) 2.7265(3)
0(1)-0(2) 2.8722(3)
0(1)-0(1) 2.9549(3)
0(1)-0(2) 3.0928(3)
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6.11 Summary of Conclusions

The space group of titanamaghemite specimen BM1929,1687 is P4332
(no. 212). The presence oOf 4(1)% tetrahedral cation vacancies is
confirmed by both single crystal X-ray diffraction and *"Fe Mossbauer
spectroscopy. The octahedral site as a whole contains 18(2)% cation

+

vacancies. There 1is no evidence of tetrahedral Fe?t or Ti%*". It is not

possible to accurately determine the distribution of Fe2+, Fe3+ and Ti4+
between the two unique octahedral sites using X-ray diffraction because
of the similar scattering factors for each ion, neither can the site

populations of Fe2t and Fe®" be resolved by Mdssbauer spectroscopy of

iron in these two very similar sites.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

7.1 Summary of Major Conclusions on the Structure and Symmetry of

Magnetite

According to the conventional description, magnetite possesses the
inverse spinel structure with the centrosymmetrical space group Fd3m.
Under Fd3m symmetry the metal cations on octahedral sites occupy special
positions at the centres of the octahedral interstices. This description
has been shown in this work to be an oversimplification of the
situation. The octahedral site cations have been found to be displaced
along <111> directions leading to the non-centrosymmetrical space group
F43m.

This conclusion results fram a study of existing X-ray intensity
data, which is described in Chapter 3, and also from a study of a newly
collected, more extensive data set (see Chapter 4). Values for atam
positions and anisotropic temperature factors for the refinement of
existing data are listed in table 3.2. Table 3.6 gives values obtained
for the bond lengths and a complete list of structure factors determined
in this particular refinement is given in Appendix V. Table 4.4 lists

values for the atam positions and anisotropic temperature factors

determined in the study of new X-ray data, collected from natural

magnetite specimen BMDMLL. Bond lengths determined in this latter study

are given in table 4.9 and a 1ist of structure factors is tabulated in

Appendix VII. Further support for F43m symmetry for magnetite cames from
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the observation of 27 reflexions with Miller indices of the type {hky}
with h+k=4n+2, forbidden under Fd3m symmetry but allowed under F43m. The

observed and calculated structure factors for the 27 Fd3m forbidden
reflexions are given in table 4.12

Measurements of the intensities of Friedel related pairs of
reflexions, known fram structure factor calculations to show significant
differences 1in intensity between each member of the pair if magnetite
is non-centrosymmetrical, have also shown the structure to be non-—
centrosymmetrical. Observed and calculated structure factors obtained by

studyinyg Friedel related pairs of reflexions are given in table 5.1

7.2 A Proposed Displacement Mechanism giving rise to F43m Symmetry in

Magnetite

It has been established that the metal cations occupying the
octahedral sites in magnetite are not situated at the geametrical
centres as was previously thought, but are displaced along <l1l>
directions fram these symmetrical positions leading to F43m symmetry.
The mechanism leading to the displacement seems to be very similar to
that responsible for the displacement of small impurity atams in the
alkali halides. Lambardo and Pohl (1965) realized that the dielectric
behaviour observed in single crystals of KCL doped with lithium could
only be explained if the small lithium ions occupy a position off-centre
fram that normmally exactly filled by the larger K" ion in ideal KCl. The
doped material was found to exhibit a permanent dipole mament not
possessed by the parent campound (sack and Moriarty, 1965). In addition,

it was noted that the ionic conductivity of KCl was unaltered by the

addition of the lithium impurity. To explain this observation Lambardo
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and Pohl (1965) suggested that this dielectric behaviour could only
occur if the lithium ion occupies a position off-centre fram the
conventional lattice site. This proposal was confirmed by Byer and Sack
(1966) who found that acoustic relaxations occur in doped KCl, but only
at velocities involving the c,, elastic constant. They concluded that
the lithium ions were displaced along the <111> directions. Calculations
performed by Wilson et al. (1967) showed that the potential conditions
at the site occupied by the lithium ions is such that a weak maximum
occurs at the centre of the site giving rise to two equivalent positions
of minimum energy. A large ion such as K+ is held at the centre of the
site but Li', which is small, moves to one of the positions of minimm
energy.

The results of the X-ray diffraction studies reported in Chapters
3, 4 and 5, along with a relaxation of the 4 elastic constant reported
by Moran and Lithi (1969), indicate that the octahedral site cations in
magnetite are displaced in a manner similar to that described above for
alkali halides containing impurities. This cames about because of the
existence of an electrostatic potential maximum along the 1117
direction at the centre of the octahedral site. The potential conditions
at the octahedral site can be seen in figure 7.1. The potential maximum,
of height A, forces the cation to sit in either of the two positions of
minimum energy. The precise position is determined by a balance between
the local potential gradient and the repulsive interactions of the ion
cores, while the ions surrounding the cation relax to positions of
minimum enerygy. This distortion produces fields at all ion sites which

polarize the ions and produce electronic dipole moments. A cation with

large ionic radius would be held at the centre of the octahedral site

because of the repulsive interactions with neighbouring anions, but
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Figure 7.1 Potential conditions which exist at the octahedral site

a) at room temperature
b) at elevated temperatures.
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smaller cations such as Fe?"

and et are found to move to the positions
of minimum energy and thus becamne displaced. Because most natural
spinels have cations with a small ionic radius occupying the octahedral
sites it is likely that they exhibit F43m symmetry at room temperature,
Fd3m symmetry would then be possible in synthetic spinels with cations
of larger ionic radii occupying octahedral sites. It is likely that at
elevated temperatures the off-centre octahedral cations possess
sufficient energy to overcame the potential barrier, effectively making
the two possible positions of minimum energy equivalent, and resulting
in a second-order solid state phase transition to FA3m symmetry (figure
7.1).

A second-order phase transition such as this arises when a second
structure is derived from the original by a continuous and ordered
process of atamic displacements, these displacements being small enough
so that no bonds involved in the cohesion of the structure are broken.
An important feature of such a transition is that a change of symmetry
occurs and the low-temperature structure closely resembles the high-
temperature structure. Atcmic displacements required for the transition
are propagated by the same sort of mechanism as a thermal wave and not
by atomic diffusion. The transition will occur rapidly and the path from
the F43m structure to the Fd3m structure is reversible. Close to the
transition, atomic positions became indeterminate and fluctuating and

the structure no longer vibrates as if it were truly periodic. As the

temperature increases, the amplitude of vibration of the octahedral site

cation increases until it reaches a critical value at the transition

temperature. Unless a change in frequencCy occurs then there is an abrupt

increase in energy, and by Roltzmann's principle a redistribution of
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energy must occur and the two minima in the potential energy curve
change to a single minirum at the transition point (figure 7.1).

This transition 1is simular to that observed by Mishra and Thamas
(1977) in MgAl,O,, 1.e. it was found that at room temperature the
structure of Mgal,O, conforms to F43m symmetry but above 454 °c the
structure reverts to Fd3m. It is possible that most spinels containing
octahedral site cations with a small ionic radius exhibit the F43m to
Fd3m reversible transition, but in some cases it may take place below
room temperature.

A second mechanism, known as the co—operative Jahn-Teller effect,
can also lead to off-centre displacements of the cations in spinels.
This effect leads to a phase transition and occurs when transition metal

2+

ions such as Cu2+, Fe or Mn3+, which have orbitally degenerate ground

states, are present in the structure. An interaction between the
degenerate states ana the lattice vibrations ( phonons) leads to a
coupling between the electronic states of different cations. If the
Jahn-Teller active ions are present in sufficiently high concentrations
and the coupling is strong, then the electronic states order and a phase
transition fram cubic to lower symmetry occurs. This transition is of
the first-order and the lower symmetry phase is only stable below a
critical temperature (T\J T ). When the Jahn-Teller active ions occupy the
octahedral sites the lower symmetry phase is tetragonal with an axial
ratio c¢/a>l, as 1is the case 1in Mn 0, (Brabers, 1971) and CuFe,O,
(Chnishi and Teranishi, 1961). If the Jahn-Teller active ions occupy

tetrahedral sites the situation tends to pe more varied. Tetragonal

symmetry with c/a>l and c/a<l may occur as is found in the series

Fes_xCrxo4 (Goodenough, 1964); orthorhambic symmetry has also been

. , . . 9 . If
reported for the series Fe NiCr, O, (Armott, Wold and Rogers, 1964)
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the concentration of the Jahn-Teller active ions is less than the
critical value then the macroscopic symmetry remains cubic but local
displacements, due to the Jahn-Teller effect, can still occur (Kubo et
al. 1969; Kozhuhar et al. 1973).

Ultrasonic measurements made on magnetite by Moran and Litthi (1969)

indicate a softening of the shear mode elastic constant (c¢,, ). If this

44
is interpreted using the selection rules of Nowick and Heller (1965),
this implies a distortion with trigonal symmetry and not tetragonal as
would be expected if it arises because of the presence of Jahn-Teller
active Fe?t ions in the octahedral sites. The presence of a distortion
with trigonal symmetry tends to rule out the possibility of Jahn-Teller
distortions leading to F4sm symmetry 1n magnetite. It is possible,
however, that the potential maximum is surrounded by more than two
positions of minimum energy because of local distortions due to the
Jahn-Teller effect, in addition to the distortions due to the local
potential conditions.

Magnetic exchange interactions in spinels exist mutually between the
octahedral (B-site) cations, these are referred to as BB interactions.
Similarly, between the tetrahedral (A-site) cations there are AA
interactions and between the ions on A and B-sites, AB interactions (see

section 1.8). If both the tetrahedral and octahedral sites are occupied

by transition metal ions the AB interaction is far stronger than either

the AA or BB interactions. The resultant effect of these interactions is

that the spins of octahedral site ions align antiparallel with those of

tetrahedral site ions, the net magnetic mament arises because the

octahedral site contains twice as many cations as the tetrahedral site.

The aobove description is known as the uniaxial model and was proposed by

Néel (1948) in his theory of ferrimagnetism. Since the work of Néel
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(1948), however, a number of different modifications to his theory have
peen proposed in an attempt to fully explain the magnetic properties
exhibited by the spinels. These theories have been of increasing
canplexity and have led to the inclusion of more camplex interactions;
unfortunately, no theory has proved entirely successful.

The magnitude of the AB interaction depends strongly on the degree
of cation-cation overlap and decreases rapidly with increasing
separation of the cations. It has been suggested (Bloch, 1966) that the
strength of this interaction varies as the inverse tenth power of the
cation—-cation separation. The small displacements of the octahedral
cations in spinels (~@.@3d42 Zi) would therefore have a considerable
effect on the magnetic properties of these materials and may well
account for sane of the anamalies Opserved. It is likely that these
displacements show up as anamalies in the magnetostriction
(magnetostriction is a general term applied to a phenamenon which occurs
when ferrimagnetic materials are magnetized and undergo small changes in
dimensions) . In fact anamalously large magnetostriction has been
dbserved in ulvSspinel (Fe,TiO,) (Ishikawa and Syono, 1971; Klerk et al.
1977). An explanation of this observation, based on the presence of Fe?"
ions 1in tetrahedral sites which produce a co-operative Jahn-Teller
distortion, has been put forward, but long-range magnetic order tends to
suppress this distortion. Nevertheless, a distortion does still occur.
Similar anomalous magnetostriction is observed in members of the solid
solution series between Fe O, and Fe,TiO, (syono, 1965).

Much of the detailed work on the magnetic properties of the spinels
has been restricted to studies of the chromium chalcogenides, mainly
because they are normal spinels with the chromium ions exclusively

Occupying the octahedral sites and usually a diamagnetic ion on
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tetrahedral sites, 1.e. the only magnetic exchange interactions present
are those Dbetween octahedral site cations. Srivastava (1969), for
example, studied the volume dependence of the exchange interaction in
cdcr,se,, H9Cr,Se,, CdCr,S, and HgCr,S, and found the properties of
HgCr, 5, to be quite different to those of the other three compounds, an
unusual result considering the similarity of all four materials. Martin
et al. (1909Y) observed large shifts in the optical absorption edges of
CdCr284 and CaCr,Se, as the temperature decreased below the Curie
temperature. These shifts were taken to arise because of large local
distortions occurring during exchangestriction (exchangestriction 1is a
quantity which gives a measure of the variation of the exchange
interaction with strain). Bindloss (1971) studied the variation of
lattice constant with temperature and the pressure dependence of the
Curie  temperature 1in OdCr254 and CdCrZSe4 and noted that the
exchangestriction was considerably less than that given by thermodynamic
predictions. Bindloss (1971) realized that this anamalous behaviour
arises because of small atomic displacements within the unit cell which
have the effect of modifying the magnetic exchange integral.

The presence of these small atomic shifts leads to the possibility
of a simplified interpretation of the magnetic exchange interactions in
spinels. The possibility then emerges of a self consistent interaction
scheme capable of accounting for the properties observed across the
whole range of spinel compounds, Or at least a unified theory for

specific groups such as ferrites or thiospinels, without the need to

consider the more complex exchange interactions.
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7.3 Physical Properties Exhibited by a Non-Centrosymmetrical

Material

It has Dbeen established that magnetite, and probably many other
spinels, conforms to the non-centrosymmetrical space group F43m.
Entirely new properties which cannot arise in centrosymmetrical
materials such as ferroelectricity, piezoelectricity, pyroelectricity
and non-linear optical properties like frequency doubling, are now

possible. Each of these properties will now be considered briefly.

7.3.1 Ferroelectricity

A crystal which possesses the property of ferroelectricity shows a
spontaneous polarization. This polarization may Dbe reversed by the
application of a sufficiently large electric field. The electric field
causes a small relative shift of the atams in the crystal and sO
reverses the direction of polarization. Ferroelectricity disappears
doove the Curie point (T, ). At this temperature, the crystal changes
fram its low-temperature polarized form to its high—-temperature
unpolarized form. A crystal in its ferroelectric state, with a
spontaneous polarization, is in a lower symmetry form than the same
crystal in its non-polarized state.

It has been shown in magnetite that the octahedral site cations are
displaced from their Fd3m positions, SO that neighbouring rows of ions

are displaced in the opposite sense, leading to F43m symmetry. This

arrangement will give rise to a special form of ferroelectricity known

as antiferroelectricity. Unlike ferroelectricity, antiferroelectricity

does not give a spontaneous polariZation pbut it is accampanied Dy an
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increase in the dielectric constant of the crystal. Has such an increase
peen oObserved 1in spinel oxides? Such an increase has been observed in
Mn~-Zn ferrites, i.e. a rise in the dielectric constant of 1@2—1404 occurs
at low radio and audio frequencies (Polder, 195¢). The occurrence of
such unusually large low-frequency dielectric constants in these
materials tends to infer the presence of antiferroelectricity, which in

turn means that they must be non-centrosymmetrical.

7.3.2 Piezoelectricity

This is a property which arises whereby a material, when placed in
an electric field, undergoes a mechanical strain and conversely when
mechanically strained it becomes electrically polarized and produces an
electric field. The detection of piezoelectricity denotes the absence of
a centre of symmetry. Unfortunately, the inability to detect
piezoelectricity does not necessarily mean the material 1is

centrosymmetrical since in many cases the effect is very weak.

7.3.3 Pyroelectricity

Non—-centrosymmetrical crystals have the property of developing an
electric polarization when the temperature is changed. Alternatively, if
a spontaneous polarization 1s already present a change in temperature
alters it. A pyroelectric crystal possesses a permanent polarization
which suggests the presence of electric dipoles within the crystal. The
additional polarization which arises on heating is due to asymmetric

oscillation of these dipoles. This effect occurs at all temperatures,

including room temperature. In practice the polarization does not
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persist because imperfect insulation leads to its neutralization by the
migration of charges to the crystal surface. The presence of

pyroelectricity in spinels may therefore be difficult to detect without

careful measurements.

7.3.4 Frequency Doubling

Light 1s propagated 1in materials by inducing vibrations in the
charged camponents (usually electrons) of the material. If there is same
form of asymmetry around a small element of charge then the vibration
induced by this element is anharmonic. The effect is that when a beam of
light of frequency v passes into the crystal then a second harmonic of

frequency 2v is generated. This harmonic generation is only appreciable

at very high intensities of incident light, it therefore requires light
from a pulsed laser for the effect to be observed. This effect is known
as frequency doubling and can only occur in a non-centrosymmetrical
structure. The detection of frequency doubling can therefore be used as
a means for detecting a lack of a centre of symmetry in spinels.

The detection of any one of the above properties in a campound

means that the structure of that campound must be non—-centrosymmetrical.

There are no reports in the literature of any of these properties being
observed in spinels (apart fram the presence of large dielectric

constants in Mn-Zn ferrites, which implies the presence of

antiferroelectricity in these campounds ), but because it is generally

accepted that spinels are centrosymmetrical, it is unlikely that

serious attempts have been made to detect such properties.
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7.4 The Structure and Symmetry of Titanomaghemite: Major Conclusions

A single crystal X-ray diffraction study of titanamaghemite
specimen BM1929,1687 has shown it to possess a primitive cubic Bravais
lattice with the space group P4332. Atom positions, temperature factors
and bond lengths found in the structure refinement under P4332 symmetry
are listed in tables 0.9, 6.14 and 6.1l respectively. A camplete list of
structure factors obtained in this refinement is given in Appendix VIII.
The structural formula determined for this specimen, by a combination of

Mdssbauer spectroscopy, X-ray diffraction and electron microprobe

analysis, 1s given 1in section 6.14. This formula shows that cation
vacancies are present within the structure on both tetrahedral and
octahedral sites, the majority being restricted to octahedral sites, and
that no tetrahedral site Fe?' or Ti*" occurs.

Because this space group does not contain any symmetry operations
involving inversion or reflection it is possible for the crystals to
exist in both right and left-handed forms. These two forms have
different space groups, in this case P4, 32 and P4,32. Two space groups
such as this are referred to as an enantiamorphous pair. Without having
to resort to precise measurements of Friedel related pairs of reflexions
it is impossible to distinguish between the two different forms of the
structure, so for simplicity, the space Jroup P4,32 was assumed

throughout the study described in Chapter 0.

It 1is possible for the two enantiomorphous forms of such a

structure to exist within an apparent single crystal, as is found in

LiFesOB (van der Biest and Thamas, 1975). These two forms occur as small

domains, the exact domain size is dependent upon the previous history of

the sample but is usually of the order of ¥.1 um in dlameter. The
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interface between the domains can be described by a set of geometrical
operations which convert the structure on one side of the interface into
the structure on the other side.

A damain structure as described above has been observed in dark-
field electron micrographs of a natural maghemite crystal (Smith, 1979).
These damains arise because of a phase transition involving a decrease
in overall crystal symmetry fram Fd3m to the enantiomorphous pair of
space groups P4 32-P4,32. The damain structure observed by Smith (1979)
was identical with that found in ordered LiFe Og by van der Biest and
Thomas (1975), which also arises because of a symmetry change fram Fd3m
to P4, 32(or P4332) . Within the crystal it is possible for a total of
seven crystallographically distinct types of domain boundary to occur,
three of these involve translation, three inversion and translation and
one involves pure inversion (for details see van der Biest and Thamas,
1975) .

If additional information is required, such as the characterization
of damain boundaries and the positions of specific damains, then it is
possible to use contrast electron microscopy (dark-field imagery) to
characterize the interface between any two damains. There is a
difference in the phase-angle of a particular reflexion for the two
forms of the structure (i.e. Friedel's law is violated ), which means
that it is possible to identify the two enantiamorphous forms on either
side of a damain boundary (van der Biest and Thamas, 1975).

For present purposes it is sufficient to know of the existence of
the two enantiomorphous forms within an apparent single crystal. The

precise details of the positions of damain boundaries and the

identification of the space group Of specific damains has no t eal
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pearing on the overall symmetry and cation distribution of the crystal
under investigation.

A synthetic maghemite which was tetragonal with the axial ratio
c/a=3, showing reflexions forbidden by the space group P4332 was
prepared Dby van Oosterhout and Rooijmans (1958). In this tetragonal
modification, the basic primitive cubic unit cell was trebled and the
vacancies and iron atoms on octahedral site 4(b) were ordered leading to
the space group P4, (or P43), which is a sub-group of P4 32(or P4,32). No
reflexions inconsistent with P4 32 symmetry were observed in the study
of titanamaghemite specimen BM1929,1687 and so the possibility of
vacancy ordering, leading to a tetragonal unit cell was ruled out. It is
possible, however, that synthetic titanomaghemites exhibit vacancy
ordering on octahedral sites leading to a tetragonal unit cell, as is
observed in synthetic maghemites. Unfortunately, no previous attempts
have been made to determine the symmetry of synthetic titanomaghemites
using X-ray diffraction and so at the present time no data are available

to confirm or deny this possibility.

7.5 A Camparison of the Observed Cation Distribution in

Titanamaghemite Specimen BM1929,1687 with that Predicted by

Theory

The work carried out in Chapter 6 leads to a model for the cation

distribution in titancmaghemite specimen BM1929,1687. This observed

distribution can now be campared with that predicted by Readman and

O'Reilly (1971) (see Model 4 in section 1.14). This particular model is

generally accepted as giving the most reliable predictions for the

cation distribution in titanomaghemites. TwoO different formulae for the
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cation distribution in the parent titanamagnetite can also be determined
using two recently proposed models and the merits of these models will
now be discussed.

According to Readman and O'Reilly (1971) the general formula for

the cation distribution of any titanamaghemite is:

Fe2t ;4 2-
Fer-5 Fe? 5 [ Fe(2 -2x+z+2x)R- 1+5 (1+x)(l z)R-& XRD3 (1- R] 4 7

where X expresses the iron/titanium ratio, z gives the degree of
oxidation , R is the spinel stoichiametry parameter and § represents the
nuber of Fe?' ions on tetrahedral sites (see section 1.1¢ for further
details of these four parameters). The four parameters X, z, R and § are
sufficient to define the camposition of any titanamaghemite. The above
equation assumes that cation vacancies and Ti*" ions are restricted to
octahedral sites. This latter assumption agrees with the experimental
evidence presented in Chapter 6.

Fran the study reported in Chapter 6 it has been established that

the structural formula for titanamaghemite specimen BM1929,1687 is:

+ + 4+ 2— 7.2
Fedos 004 [Fe%.zs Fedbho Tigaz Joa7 | O4
with a unit cell content of:
2_
3+ 2+ o3t 144 Fe2t 3t Tidt [ ]o 7.3
Fese7 Do.33 [( Fea6 Fein Tio.a7 D ) €58 680 '2.85 —077 |32
ows that

Substituting values fram equation 7.2 into equation 7.1, it foll

x=0.47(2), z=09.82(2), R=0.88(2) and 6=4.
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Titanomaghemites  form, under suitable conditions, fram the
oxidation of titanamagnetites; the oxidation process is referred to as
‘maghemitization'. Neéel (1955) and Chevallier et al. (1955) each
proposed models for the cation distribution in titanamagnetites in which

.4+ .
all the T1 enters the octahedral sites and the FezJr first replaces the

re®” in octahedral sites and only then Fe’ in tetrahedral sites. This

model leads to the following structural formulae:

Fe3+E:e1+x Fedln, T|:+] of 0<x<0.5 7.4
Fe3 ox Faxa [Fehix %] of 0.5<x<10 75

In the Néel-Chevallier model, no tetrahedral Fe?" exists in the parent
titanamagnetite for x<©.5. It has been established that Xx=J.47(2) in
titanamaghemite specimen BM1929,1687, this value for x also applies to
the titanomagnetite parent. The above model therefore stipulates that no
tetrahedral Fe®' should occur inl either the parent titanamagnetite or
the titanamaghemite; the latter is as observed experimentally.

Substituting values for x into equation 7.4 gives:

+ + .4+ - 7.6
Fe3* [Fefi7 Felioe Tiga7) O

for the parent titanamagnetite.

Unfortunately, this model does not fit many of the physical properties

observed in titanamagnetites particularly well. This led to the proposal

of another model by O'Reilly and Banerjee (1965). In the O'Reilly-

Banerjee model the tetrahedral Fe?" begins to occupy the tetrahedral

sites at x>v.2. This model is similar to the Néel-Chevallier model over

the compositional ranges g<x<Qd.2 and Q.8<x<l.1o’ put varies continuously
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over x*%.2 and 4.8 with no discontinuities at x=4.5. The following

structural formulae result:

+ . -

Fe?* Fed!, Felty, Tidt] O 0<x<0.2 7.7
+ + . -

Fel%  Fearog [Felg Fedp T 0F" o2<x<08 7.8

F'%tzx F%;_l [Fe%fx Tiﬁ*] O 0.8<x<1.0 7.9

There 1is a significant amount of evidence indicating the
correctness oOf the latter model, found fram the physical properties
exhibited by the titanomagnetites: graphs of the electrical
conductivity, activation energy of conduction, unit cell dimensions and
Curie temperature all show a change in gradient near x=¥.2 and ¢.8. In
the vicinity of x=¢.2 there are changes in the coercive force, remanent
magnetization in uniform fields, and in magnetostriction and
magnetocrystalline anisotropy constants (for a detailed study of the
variation of these properties see Readman and O'Reilly, 1972). The
O'Reilly-Banerjee model, because oOf the good agreement with observed
physical properties, appears to give a more accurate prediction of the
cation distribution in titanamagnetites than the Néel-Chevallier model.
On the assumption of the O'Reilly-Banerjee model the following

structural formula results for the parent titanamagnetite:

+ 1.4+ -
Fed'73 Fed'y7 [Fe%fz Fed33 T'0.47] O3 7.10

2+ .
Unfortunately, the presence of tetrahedral Fe in the parent

titanomagnetite, predicted by the above formula, implies that it should

' 2+
also occur in the titanamaghemite, but no tetrahedral site Fe” was

detected in the titanomaghemite. This inability to detect the presence
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2+ .
of tetrahedral Fe® does not necessarily mean that it is absent. It is

possible that all the tetrahedral Fe?' present in the parent
titanomagnetite has been oxidized during the formation of the
titanamaghemite. This 1is highly unlikely since the availability of

2+ )
tetrahedral Fe in the parent titanaomagnetite for oxidation is 20% that

2+ . .
of octahedral Fe (see section 1.1), which implies that as long as

octahedral F‘ezJr

remains there should always be a percentage of
tetrahedral Fe?" present. It 1is possible that a small percentage of
tetrahedral Fe?" does occur which was not detected 1in the M&ssbauer
study, 1i.e. the corresponding peak was not resolved since it is low in
intensity and superimposed on the other iron peaks. O'Reilly (1983)
gives a table of é values (6§ equals the number of re?" ions per molecule
in tetrahedral sites) for titanamaghemites for various values of x and
z. For the composition found here x=4.47(2) and z=4.82(2), § should be
approximately equal to @.2. Because .23 Fe?" ions per molecule of
titanamaghemite on octahedral sites were detected in the MOssbauer
study, it seems probable that ©¥.2 tetrahedral Fe2+, if present, should
also have been detected. The inability to detect the presence of
tetrahedral Fe’’ suggests that the Néel-Chevallier model for the cation
distribution of the parent titanamagnetite gives a more accurate
description than the O'Reilly-Banerjee model. Since the Néel-Chevallier
model predicts that no tetrahedral Fe?’ occurs in the parent

. 2+
titanamagnetite for x=4.47(2), then no tetrahedral site Fe® will occur

in the oxidation product, i.e. in the titanomaghemite. Because errors

occur in the calculated values of x and z the possibility of the

O'Reilly-Banerjee model accurately describing the cation distribution 1n

the parent titanomagnetite cannot be ruled out entirely.
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During oxidation of the parent titanamagnetite, octahedral site
rFe?t diffuses to the crystal surface where it is oxidized by adsorbed
oxygen ions forming new tetrahedral and octahedral sites (see section
1.14 for details). The majority of these vacancies are then filled by
diffusing Fe3+ ions, but for high degrees of oxidation same tetrahedral
sites will remain vacant. The presence of tetrahedral site vacancies in
the titanomaghemite, although not allowed for in equation 7.1, was not
ruled out entirely as a possibility by Readman and O'Reilly (1971). They
found it necessary to make assumptions in the formulation of this model,
in order to simplify an already camplex problem, and one such assumption
was that all cation vacancies were restricted to octahedral sites, but
they noted that tetrahedral site cation vacancies were likely in highly

oxidized samples.

7.6 Suggestions for Further Work

During the ocourse of the present study, use has been made of the
violation of Friedel's law which occurs in a non—~centrosymmetrical
structure, in the presence of anamalous scattering. This involves making
a comparison of the intensity of each member of a Friedel pair of
reflexions, i.e. a camparison of the oObserved intensities Ihkl and I.h i
and provides a relatively quick method for determining if a structure

lacks a centre of symmetry. Similar studies of the Friedel pairs could
be used to search for other spinels which may also conform to F43m

symmetry. Because the spinels are such an extensive range of campounds

(more than 200 are known toO exist), it would be necessary to make a

study of selected spinels. A study, for example of spinels contalning

octahedral site cations with large ionic radius and a similar study of

-193-




> s

spinels containing octahedral site cations with small ionic radius might
prove to be the most useful approach. Spinels such as FeAl O, , ZnAl O
274 274’
FeCr,O, and MgCr, O, containing octahedral site ions with a small ionic
radius would then be expected to show displacements leading to F43m

symmetry, whereas, MnRh,O,, CuRh0, and WNa,0,, containing octahedral
site cations which fill the available interstice, would not be expected
to show any significant difference in intensity between Lo and Ip...
Because the Friedel pairs showing the greatest difference in intensity
are all weak, it would be more practical to carry out the measurements
at low temperatures, since a reduction in temperature has the effect of
reducing the loss in diffracted beam intensity due to thermal vibration,
leading to a higher count rate and thus improved counting statistics.

A study of the structure of magnetite at elevated temperatures
could also be made to see if the Fd3m forbidden reflexions disappear on
heating and reappear on cooling as is observed in MgAl .9 (Mishra and
Thamas, 1977). This is due to a reversible transition from F43m to Fd3m,
brought about because the off-centre cation has sufficient energy to
overcame the potential barrier at elevated temperatures. If such a
change is observed, it should be accompanied by a change in the magnetic

properties and oould confirm the proposed displacement mechanism

(section 7.2).

Magnetite and its derivatives are used extensively in the

determination of natural remanent magnetization (NRM) 1in rocks. An

increase in hydrostatic pressure Or a decrease in temperature, leading

J to volume contraction, is expected to lead to a reduction of the

displacement of the octahedral site cation. This is observed in KCl

doped with lithium (Wilson et al. 1967) where it is found that a uniform

hydrostatic pressure forces the displaced ion to return to its original
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position. This result indicates that the effect of increased hydrostatic
pressure can be sufficient to force the displaced cation to return to
its FPd3m position (see section 7.2). Considering the usefulness of this
extensive range of minerals and the fact that their magnetic properties
are very much dependent upon the positions of the cations, a study of
the structure and magnetic properties of magnetite, at high pressure
would be interesting.

Aluminium 1is the most abundant cation species, apart fram iron and
titanium, found in titanamaghemites. A clear understanding of the cation
distribution, oxidation process, and magnetic properties of
titananaghemites, is necessary for an accurate interpretation of
palaeamagnetic data. A study of the crystal structure and hence cation
distribution of a series of aluminium substituted titanamaghemites
should help to give a better understanding of the physical properties
exhibited by these materials. An X-ray diffraction study, preferably
carried out in conjunction with neutron diffraction, since the neutron
scattering cross-sections for iron, titanium and aluminium are
sufficiently different, would allow a precise determination of the
distribution of individual cations within the structure.

Finally, it is known that the cation distribution of a
titanamaghemite is not a unique function of camposition, but depends
upon the path by which maghemitization has taken place (O'Reilly, 1983).
In addition, it has been found that the process of maghemitization in

nmature is not the same as that which has been simulated in the

laboratory. A study of the cation distribution in natural and synthetic

titanamaghemites, for a range of campositions, would be expected to

lead to a better understanding of natural and laboratory simulated
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maghemitization mechanisms and in turn the magnetic properties exhibited
i

by these materials.
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APPENDIX I

DATA REDUCTION PROCEDURES AND THE CRYSTALLOGRAPHIC

SOFTWARE USED IN THE STRUCTURE REFINEMENTS

I.1 Introduction

All of the crystallographic calculations reported in this thesis,
with the exception of data reduction, were carried out using the
crystallographic software package X-RAY 74 (Stewart et al. 1974) which
is stored at Manchester University's Regional Camputer Centre.

Files containing the data necessary to perform the calculations
were 1initially stored at Aston on an ICL 19445 camputer and then
transmitted to Manchester using the UASWAN link. At Manchester they were
queued on a second, front-end, ICL 1944S pefore being processed on a CDC
7o camputer system. Replacement of Manchester's 1904S with an AMDAHL
470/V8 in April 1985, before completion of the titanamaghemite crystal
structure refinement gave direct access fraom Aston to Manchester. The
AMDAHL, was therefore used for storing data files for the final stages of
the CIC

the titanomaghemite refinement before they were processed on

Too.

I.2 Data Reduction

Integrated X-ray intensities collected using the four circle

diffractometer form the raw data from which a crystal structure 1S

determined. These intensities represent all the information which 1s
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ootained by physical measurements made on the crystal and the solution
of a structure is dependent upon the accurate retrieval of this
information. The initial manipulation of the data is referred to as data
reduction.

Data reduction was carried out at Aston on a HARRIS 544 camputer
system using a program written by DR. T.A. Hamor and modified by D.J.
Stops. The program takes raw intensity data and applies corrections for
packground counts, Lorentz and polarization effects and corrects for any
drop in intensity of the X-ray beam during data collection. Output from
the program is in the form of the Miller indices for each reflexion, the
relative  structure factor (FR) and its standard deviation O (FR)
calculated on the basis of counting statistics and including a
correction for variation of the X-ray beam with time.

The next four sub-sections describe the corrections applied using

the data reduction program.

I.2.1 Subtraction of Background Counts

The raw intensity data were corrected for pbackground using the
method described by Stout and Jensen (1968) . The background 1is measured

on either side of the peak for one half the time used to count the peak.

The net peak count is given by :
NPK' Nr-"(NBL" NBR)

' 3 background
where N_ is the total peak count and Ny and Ng. are the gr

counts to the left and right of the peak respectively, each collected

over a period of 1/r x peak count time.
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1.2.2 Standard Deviation of Peak

ard deviati ' ' isti ‘ i
The stand ion 1in NPK due to counting statistics is given

by the expression :

2 .52, 02 52
IpKk T+ BT TBR 1.2

2 a [ .
where OF =NT and Og*r NBL. The expression for the standard deviation
of the peak must include an additional expression which takes account of
any variation of the X-ray Dbeam with time, this is carried out as

follows :
o+ i+ (iNpy 2 .3

where f is a parameter which depends on the constancy of the X-ray beam

and is dependent upon the X-ray generator and mains supply used.

I1.2.3 Intensity Control and Orientation

During data oollection, two control reflexions are measured
repeatedly. If a monotonic decrease in intensity of these reflexions is
observed this indicates a deterioration of the crystal in the X-ray
beam, and for a sudden drop in intensity a change in crystal aligrrent
is indicated. Any small change in the intensity of the control
reflexions is then used to estimate a value for the parameter f of
equation I.3. This is achieved by attributing any part of the variation
by counting

in intensity of the control reflexions not accounted for

statistics, to variation in intensity of the main beam.
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If N is the mean count for n measurements and g %N) the variance of

the counts (a value expected on the basis of counting statistics to be

N / n-1) then :

rearranging equation 1.4 we get :

— 1
L (0%N) = )2 5

Using equation I.5 it is possiple to find an accurate value for f.

1.2.4 Ilorentz and Polarization Corrections

The relationship between the opserved structure factor, F ., and the
square root of the intensity measured for each reflexion depends upon a
number of geametrical factors which relate to the individual reflexion
and to the apparatus used to measure the intensity. Two such factors are

important, the Lorentz factor (L) and the polarization factor (p). The

Lorentz factor arises because the time required for a reciprocal lattice

point to pass through the sphere of reflexion is not constant but varies

with its position in reciprocal space and with the direction in which 1t

approaches the sphere. The polarization factor arises because of the

nature of the X-ray beam and the manner in which its reflecting

efficiency varies with the reflexion angle.

; echni and
The Lorentz factor depends on the precise measurement t que

is a function of 20 (see International Tables for X-ray Crystallography

Vol.II, p266).
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For the w=-20 scan technique used here :

L1 1.6
Sin 26

In the presence of a graphite monochramator, the polarization

factor is given by :

P2Cos28m + Cos220 L7
2

where 6 is the monochromator angle.

Combining equations I.6 and I.7 we get :

LP' Cos2 Om + Cos228 1.8
2 Sin 26

Output fram the data reduction program for each reflexion consists
of the Miller indices, the relative structure factor (FR)and O‘(FR). The
structure factor data are not on any fixed scale and must therefore e
rescaled to convert into observed structure factors (F, ). Scaling
between F o and is by comparison of F, with the calculated structure
factor, EF, (see section I.3.3). This procedure adds an additional
parameter, the scaling factor, which is dependent upon the crystal size
and the beam intensity, but does not affect the accuracy of the final

results.

1.3 X-RAY 74

X-RAY 74, camonly referred to as the X-RAY SYSTEM, is a library of

programs, written in FORTRAN, and designed to carry out the calculations
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required for the solution of a crystal structure fram diffraction data.
The following description gives a brief outline of the programs used and

‘ the calculations performed by each.
i) DATRDN

The raw intensity data, after being corrected for Lorentz and
polarization effects as described in section I.2.4, were arranged into
groups of equivalent reflexions and an average intensity found for each
group (for details see section 4.5 and 6.8). Using the data reduction
program DATRDN these data were then organized into a condensed form to
allow all the remaining programs to run autamatically. The program

requires the following data :

a) Unit cell dimensions.

b) Atamic scattering factors.

c) The general symmetry operations of the space group.

d) Identification of the unit cell as centric or acentric and the
lattice type.

e) Dispersion corrections.

f) The physical orientation of the crystal.

g) Absorption corrections.

h) Intensity data.

(i1) LoADAT

' tomic
The atamic parameters such as atom type, scattering factor, a

loaded
coordinates, population parameter and temperature fagtors are loa

-202-




>

into the X-RAY SYSTEM using the atom loading program IOADAT. This

program places all these parameters into their appropriate arrays and is

needed before structure factor calculations may be performed.
(iii) WILSSQ

In order to achieve rapid convergence of the least squares prograin
individual weights were assigned to each reflexion according to the

expression :

Wi = XY;
If sin # > 1 then X = 1 otherwise X = sin 6 /A,

and if F > Z then Y =2 / F, but if F < Z then ¥ = 1.9

This non-linear weighting scheme was applied using the weighted

least squares program WILSSQ.
(iv) CRYLSQ

Refinement of the structure parameters was achieved using the
crystallographic least squares program CRYLSQ. To achieve convergence

the program attempts to minimize the function :

Ry 5 Wil [Fol - [Fel)? 1.9

1a
exion and S is the numoer

where Wi is the weight applied to the ith refl

of reflexions measured.
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Tne refinement is carried out in a number of cycles. After each
1 cycle values for anisotropic temperature factors, atom positions along
| witil estimated standard deviations, overall R-factor, R-factor for the

reflexions below threshold (less—thans), weighted R-factor and various

intensity statistics are given.
(v) WIANAL

Analysis of the R-factor for various groups of reflexions was
achieved using WIANAL, a program designed to examine ZwilAFl2 and IAFI2 as
a function of Ej and sin 6. During various stages of the structure

refinement WIANAL allowed any groups of reflexions with an abnormally

large R-factor to be identified.
(vi) BONDLA

The objectives of this program are to calculate bond lengths and
pond angles within the structure, including those of atoms related by
symretry, and to estimate the errors in these calculated quantities

based upon results obtained in the least squares refinement.

(vii) FOURR

The refinement procedure was helped DY the use of various FOUrier

maps. Any reflexion flagged as a less-than was excluded from the Fourler

summations. The maps were produced with a suppressed background so as to

lmprove resolution.
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1.3.1 Atamic Scattering Factors

output fram the data reduction program serves as ilnput to the X-RAY
SYSTEM. This program is used to perform structure factor calculations on
the basis of an assumed atomic arrangement, these calculated structure
factors are then campared with those observed experimentally.

In order to carry out the necessary calculations the program must
firstly be given a table of scattering factors for each atom type.
values for these scattering factors, taken from the International Tables
for X-ray Crystallography Vol.IV are read into the X-RAY SYSTEM for a
series of values of sin 6/1, a table is then stored for each atom.
Accurate values of the scattering factor for each reflexion are then
determined by a four point interpolation using Aitken's method as

described by Milne (1949).

I.3.2 Temperature Factors

Usually atamic scattering factors are calculated with the

assumption that the atam is at rest, in reality it vibrates about a mean
position. This vibration must be taken into account in any structure

factor calculation where observed and calculated values are beling

canpared. The magnitude of the vibration is dependent upon the

temperature, the mass of the atom and the strength of the atamic bonds .

i ‘ an
The overall effect of this motion is to cause the scattering power of

atom to fall off more rapidly than it would if the atom were at rest.

The effect of thermal vibration on the diffracted intensitles was

.. . : ic
treated by Cruickshank (1956) by introducing the concept of anisotrop

. owed in the
Vibrations. A number of different conventions have been foll

-205-




o

crystallographic literature for the definition of temperature factors
within the X~-RAY SYSTEM the Debye-Waller Beta factor for the anisotropic

mode is used. The temperature factor is given by :
~(Byyh?+ Bogk®+ Bzl '
exp =B+ Book™+ gl + 2Byphk +2By3hl + 2Bo3kl )} 110

The anisotropic thermal motion of each atom is represented by a
vibrational ellipsoid for which the individual temperature factors ﬁ ,
11

, ' ' and define th incij i ' ‘
ﬁ22 ﬁ33 ﬁ]Z ﬁ13 523 e principal axes and thelr direction
cosines. These six parameters form a nine element matrix in which the
numoer of independent parameters may be reduced by the symmetry of the

environinent of each atam.

I.3.3 Absorption Correction

Incorrect absorption corrections can lead to large systematic
errors in a highly refined structure. It is therefore important to
minimize these errors in the work carried out here.

In order to make an accurate correction, it 1is necessary to
calculate the absorption arising for the actual path length travelled

within the crystal by the beam reflected off each plane and to integrate

these values over the entire crystal volume. This calculation is far too

complex for a crystal of random shape. The practical approach enployed

here to simplify the calculation was to use a spherical crystal for data

collection sorption by th imen a

llection. In addition, to reduce X-ray absorption y the spec

penetr i ectio lied
netrating radiation (MoKa) was used. The absorption corr n app

was that given for spheres by Weber (1969) .
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1.3.4 Extinction Correction

In addition to absorption,

a second physical process leads to a

reduction in intensity of the diffracted beam. Darwin (1922) named this
effect extinction and realized that two different types occur, these are
primary and secondary extinction.

Primary extinction 1is an interference process which reduces the
intensity of the X-ray beam as it passes through the crystal; it is said
to occur 1in crystals which are ideally perfect. Experiments have shown
that primary extinction effects are negligible even for the strongest
reflexions of most crystals. In reality crystals are made up of small
mosaic blocks so that the concept of an ideally imperfect crystal is
entirely theoretical. Attenuation of the diffracted beam between these
mosaic blocks is known as secondary extinction. sSmall crystals suffer
less fram secondary extinction than large ones and crystals in which the
mosaic blocks are not well aligned suffer less than those in which the
alignment is more or less parallel. Secondary extinction is more
prevalent at low angles where the intensities tend to be stronger.

Secondary extinction effects can be quite large, especially for low

angle strong reflexions, and result in the observed structure factors

for strong reflexions being lower than their calculated values.

X-RAY 74 applies an isotropic extinction correction to the

calculated structure factors using the procedure described by Larson

(1967), which is based on theory developed Dy zachariasen (1967) for a

' : condary
mosaic crystal. The symool g 1S used to represent the secon Y

' s gi ‘ own below
extinction factor, its value 1s given py the two equations sh

and may be refined, using CRYLSQ, &S a least squares parameter. The

i i connected
value found for y during least squares refinement 18 closely
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with the scale and temperature factors and camnot be refined

simultaneously with these parameters.

If FC_ represents the calculated structure factor corrected for

secondary extinction then :

1
FCg+|FC|(10+20gAFC2) 11

where A is obtained from a knowledge of physical and diffraction

parameters and is given by :
Aalp2A,T) 1
(v2p sin26) '
where p,= 1 + (cos 29)n , T 1is the average path length through the
crystal, V is the volume of the unit cell and p is the classical radius
of an electron.

Zachariasen (1967) realized that two types of real crystal exist;
he named these type I and type II. For type I the extinction depends
upon the mosaic spread of the diffracted beam and in type II 1t depends
on the mean damain radius of the mosaic blocks. For both types of
crystal the extinction depends on the mean path length through the
crystal (T), i.e. it depends upon the shape of the crystal. The use of a

spherical crystal for data collection therefore makes the calculation

far simpler since T can be considered constant.

I.3.5 Scale Factor

. bserved
The necessity for a scale factor arises because the O

| . the calculated
lntensity data are not initially on the same scale as

-208-
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data. In the X-RAY SYSTEM the scale factor applied is such as to place

lues of the relative

the va structure factor (FR) on the same scale as
the calculated structure factor (FC) as described in the International
rTaples for X-ray Crystallography Vol.I. Scale is a quantity which is

refined using the least squares program.
1.3.6 Less—Thans

This term is used throughout this thesis to refer to reflexions of
very low intensity but 1t does not apply to space group dependent
systematic absences. As the name suggests it is used to set a threshold
of observability. This threshold is set on the basis of counting
statistics. When the estimated standard deviation of the intensity is of
the same order of magnitude as the intensity then a reflexion 1is

considered to e a less—than.

-209-




APPENDIX II

SPECIMEN PREPARATION FOR SINGLE CRYSTAI, X-RAY STUDIES

spherical crystal specimens of magnetite and titanomaghemite used
for the crystal structure refinements were produced by grinding small
crystal fragments taken fram much larger single crystals. The grinding
apparatus 1s based on that described by Bond (1951) and is shown in
figure II.l.

The air driven grinder consists of a square brass plate of sides
4 ma and 5 ma thick with a 2J mn diameter hole drilled through its
centre. Emery paper 5 mm wide lining the 20 mm hole was used as the
abrasive. One end of the emery paper was pushed into slot S, thereby
preventing the compressed air from passing under the paper, the other
end was held in place by soft wax placed between the paper and the brass
plate. Two perspex plates cover the faces of the prass plate, one having
a 1Y mm diameter hole drilled in it with a fine silk screen across the
hole. This prevents any build up of pressure by allowing the air to
escape fram the equipment.

Campressed air was brought into the apparatus tangentially as shown
in figure II.l1 through a 0.5 mm diameter air jet labelled H. The air

intake and the slot S enter the 20 mm hole slightly above the lowest

. o ir i or
point  thus preventing the crystal fram falling into the alr intake

. ] i rtant
the slot when the air is switched off. This latter feature 1s 1IMPO.

than
because the crystals used in the work reported here were smaller

either the air hole or the slot (S).
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Figure 1.1 Air Driven Sphere Grinder.

_211-



several small crystal fragments of the order of ] mm in diameter
were broken off the larger single crystals and ope individual fragment
at a time was placed into the air driven sphere grinder. The
introduction of more than one fragment at a time proved unsuccessful,
i.e. it was found that the fragments tended to splinter because of
contact with one another during the grinding process. Campressed air at
a pressure of 7¢ p.s.i., fram a compressed air cylinder, was injected
into the device through air intake (H). Initially 240 um grade emery
paper was used as an abrasive, this was found to be ideal for removing
any rough edges but did reduce the size of the fragments quite rapidly.
when the crystal was approximately spherical the 246 um grade emery
paper was replaced by 49d um which was used to produce the finished
spheres, the air pressure being reduced to o) p.s.i. for this final
stage. It was necessary tO use a lower pressure here because it was
noted that the spheres, now approximately ©.4 mm in diameter, tended to
disintegrate if higher pressures were used.

The apparatus was checked periodically and the crystal examined
under an optical microscope to ensure that cracks had not developed
during the grinding process. It was found that a good sperical crystal

could be produced in approximately six hours using the procedure

described above. The grinding process was repeated several times until a

. : amination
number of spherical crystals of each specunenl suitapble for ex

by single crystal X-ray diffraction, had been produced .




APPENDIX III

ELECTRON MICROPROBE ANALYSIS

Electron microprobe analysis of magnetite specimen BMDMIL and
titanomaghemite specimen BM1929,1687 were carried out using a Cambridge
Instruments Microscan MK5S microprobe.

A fragment of each of the crystals was mounted in separate araldite
blocks and polished using 6 um, 1 um and finally 1/4 um diamond paste
antil the surface was relatively free from scratches. Specimen and
standard were each coated with a carbon film approximately 250 um thick.
This allowed the specimen to conduct, thereby preventing a build up of
charge which could lead to a deflection of the electron beam and also
prevented any errors due to a difference in thickness of the carbon coat
petween standard and specimen. The accelerating voltage was 15 kV with a
beam current of approximately 9.95 uA. A counting time of 1dY seconds
was used for each analysis. Background readings for each element were
taken 2° either side of the peak.

Peak and background counts were corrected for dead time. Each count
was then corrected for atomic number, absorption and fluorescence
effects (Z.A.F.) using the procedure described by Sweatman and Long
(1969) .

Fe
Pure metal standards were used to analyse for the elements Cr,

~ tic
and Ti. For Al a synthetic AlO, standard was used, for Mg synthetl

r Mn synthetic MngO . The
g. 10wt

MJO, for Ca and Si synthetic CasiO, and 0
ini . % to
Minimm detectable level was found to vary from 0.05wt

depending upon the atamic weight of the element.
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APPENDIX 1V

MOSSBAUER SPECTROSCOPY

Magnetite specimen BMDMIL and titanamaghemite specimen RM1929,1687
were studied using 57Fe MGssbauer spectroscopy. A constant acceleration
type spectrometer was employea in which a range of velocities 1s scanned
linearly and repeatedly. The }-rays were detected using a gas fillea
proportional counter, counts being recorded on 512 channels of an Ino-
Tech 52¢J¢¥ multichannel analyser such that the velocity interval per
channel is constant. The source was *’co diffused into a palladium foil,
the spectrometer being calibrated relative to iron metal (all iscmer
shifts quoted are relative to iron metal).

Assuming the absorption 1line shapes to be Lorentzian the
parameters; position, height, area of each line and standard deviation
of these three parameters were obtained Dy camputer fitting the
experimental data on an ICL 1944S camputer system using a prograi
written by A. J. Stone which follows the procedure described by Bancroft
et al. (1967). This program uses Gaussian non-linear regression analysis
with a facility for constraining any set of parameters oOr canbination Of
parameters in order to dbtain convergence.

The absorber consisted of a crushed single crystal, prepared by

b ' h that the
grinding under acetone, spread out to a disc Of thickness suc

2 i gidly between thin
average sample concentration was 25 mg/cam” and held rigidiy

card.
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APPENDIX V

EXPERTMENTAL DATA PUBLISHED BY FLERT (1981)
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APPENDIX VL

STRUCTURE FACTORS FOR MAGNETITE PRODUCED BY FLERT (1981)

n k 1 o ke h k1 18 138 h k 1 F, F

Cc
g o 4 467 473 2 2 4 285 234 ‘
s 0 8 582 645 2 2 6 212 272 i ﬁg 18273 Loy
g o 12 203 211 2 2 8 196 199 4 4 14 2 83
J 916 292 315 2 216 19 193 4 6 6 175 171
g 2 2 323 314 2 212 136 132 4 6 8 8
g 2 6 241 249 2 214 130 132 4 610 142 142
g 210 164 168 2 216 9% 95 4 612 12 o
g 214 18  1u8 2 4 4 9 1 4 6 14 91 83
J 4 4 630 648 2 4 6 226 225 4 8 8 27 214
4 4 8 293 343 2 4 8 14 Y 4 314 ¢ 0
g 412 402 421 2 410 148 147 4 812 340 342
g 416 129 129 2 412 @ ¢ 4 814 @ o
g 6 6 202 207 2 414 112 111 4 19 10 % 9%
g 610 129 13v 2 416 ? ) 410 12 @ ¢
g 614 111 113 2 6 6 230 229 5 5 5 344 343
4 8 8 447 465 2 6 8 16l 1lel 5 5 7 48 46
¢ 812 155 162 2 618 164 166 55 9 % To
g lw1d 125 126 2 612 120 119 5 511 197 1%
1 1 1 145 147 2 614 118 120 5 513 205 199
1 1 3 437 424 2 8 8 0 1 5 515 12 9
1 1 5 422 432 2 81 125 127 5 7 7 232 227
11 7 51 50 2 812 @ 1 5 7 9 221 218
1 1 9 71 74 2 814 91 9l 5 711 11 9
1 111 223 227 219 16 128 132 5 713 29 29
1 113 215 219 2 14 12 94 9% 5 9 9 224 220
1 115 4 6 3 3 3 44 398 5 911 19 2
1 3 3 73 72 3 3 5 38 377 5 913 49 48
1 3 5 88 89 3 3 7 32 27 51111 132 135
1 3 7 334 327 3 3 9 49 47 6 6 6 197 192
1 3 9 291 29 3 311 206 204 6 6 8 153 ldo
1 311 16 15 3 313 195 195 6 61g 148 140
1 313 39 40 3 315 s 1 6 612 185 102
1 315 144 146 3 5 5 363 3 6 614 109 llg
155 99 1ol 237 Ty o wm es88 o
1 5 7 301 307 3 509 58 58 6 810 M; 0
159 284 288 3 511 200 199 6 812 119 12
1 511 22 22 3 513 199 196 6 10 10 peg
1 513 51 51 3 515 9 5 6 19 12 Y 7
1 515 143 144 3 7 7 238 237 77 17 19
177 23 21 3 7 9 220 22 [ ? 152 150
L7y 36 37 3 711 14 5 77 i3 144 146
L 71 175 180 3 713 23 22 ! ; 9 36 34
L 713 172 176 3 9 9 26 218 ! g 11 145 146
L 715 0 1 3 911 14 15 7 s g 389 372
1 9 9 58 59 3 913 39 38 S g 14 0 9
Lon 17 175 3111 135 137 5 ol 18 1
1 913 177 181 4 4 4 383 3® 8 016 189 18
11111 % 9 4 4 6 8 0 8 9 -9 58 54
22 2 277 289 L 4 8 53 523 9
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STRUCTURE FACTORS

APPENDIX VII

FOR MAGNETITE SPECIMEN BMOMIL

Number of
Equivalents

12
12
19
12
12
12
12
12
12
12
19

E1

319.74
334.89
87.14
129.94
32.03
174.37
114.93
69.77
43.85
33.63
2¢.%4
495.24
131.72
183.83
54.95
82.33
88.40
54.43
4o.04
20.53
215.94
04.88
108.43
26.93
51.66
29.71
34.8Y
129.31
32.56
33.66
67.89
280.99
234.9%9
22.74
36.0
95.22
89 .80
4.77
14.23
49.76
43.93
30.45

Fd3m

311.86
338.13
86.24
131.88
32.63
166.22
149.94
79.21
44,20
33.601
21.14
478.71
129.80
185.25
51.16
83.22
88.31
54.91
45.67
26.29
214.78
65.14
109.02
26.19
51.27
29.34
30.69
119.73
32.72
33.67
71.08
267 .52
232.95
20.34
30.16
95.72
91.29
2.01
13.45
a8.71
43.15
29.53

*
IEEErUQture factors in this column were produced
exions included in the refinement

F

c
F43m

311.89
334.01
80.31
131.78
32.01
166.18
109.85
79.13
44 .16
33.58
21.17
473.62
129.87
185.13
51.24
83.20
88.24
53.83
45,02
26.24
214.65
65.16
1v8.96
26.14
51.22
29.25
39.74
119.65
32.71
33.79
78.73
267.57
232.56
20.66
29.99
95.78
91.%0
4.12
13.46
49.89
43.93
29.91

with the Fd3m forP

Fz3nﬁ

311.9¢
330.09
86.31
131.76
32.60
166.19
149.84
74.13
44.14
33.59
21.17
474.61
129.87
185.11
51.19
83.2¢
88.260
53.85
45.64
26.22
214.64
65.16
148.9%4
26.12
51.25
29.22
30.77
119.64
32.74
33.73
79.73
267.56
232.56
20.63
30.%0
95.76
oL.
3.%
13.49
49.87
43.04
29.%

idden




e

Nuroer of E, F,
rquivalents - _
By Fd3m Fa3m F43m*
k 1
" 22 37.91 37.25 37.11 37.11
135 24 147.46 147.49 147.71 147.71
1 37 24 127.18 128.72 128.44 128.43
139 2 6.50 5.86 6.42 6.38
1 31 24 16.63 16.04 15.99 15.89
] 313 24 58.57 59.2 59.19 59.21
1 315 24 59.35 59.95 59.78 59.77
1 317 24 2.98 1.87 2'23 2.69
19 .27 6.68 . .
i 321 2 42.48 42.13 41.9% 41.%
1593 L 136.42 136.13 136.01 135.99
7 2 4.27 124,00 123.98
1> 24 125.18 12 27 .00 3%
] 212 24 ZZ'gi 2.3 20.49 24,49
513 24 7,31 58.12 58.12 58.10
L3 24 ol 61.29 61.27
151 e 60 .66 61.44 L2 Y
1 517 4 2.94 90.963 9.24 b
1 519 ” 8.76 9.05 0.24 226
L 12 210 i.}ig 14.76 14.73
LT i 15.01 14.76 1470 g
L7 Sa 71.01 71.76 154 b
L 713 o < 3.23 1.11 211 i
R 24 4.32 7.3 35.58 35.60
1 717 ” 35.37 35.31 .58 o
s 12 25,01 24.00 71.33 71.31
b2 24 1.0 L2 74.16 74.12
Lo 74.11 74.28 16 o
P T 4. 04 2.31 13.44 13.45
PO ; 12.93 13.30 -4 Lo
oY o 3.32 9.99 et 5.89
11111 14 - 5.63 . 12.23
351 42.21
11113 24 , 41.91 41.10
' 42.49 41.11
111 15 24 41.04 41.21 S 3.08
111 17 24 2.57 . 15.23
2.74 15.23
11119 24 7 15.99 46.55
14.9 , 44,56
11313 12 44.62 44.43
- 4@.71 44.49
11315 24 43.96 44.41 5.95 2.%
11317 24 e 2.49 ) 126.33
12 390 26.32 126.33 132.62
; l‘;’ l; 4 132.900 132'72 132.65 5o
22 4 12 135%; 124.03 132'23 84.89
3 1220 . 34
12 84.88 82.3
; % S 12 gggé 82.29 ?ig‘z 54.2}}
* ‘ 53.
22l 12 53.87 ?‘31'% 53.55 RS
2 214 12 2551 3;3,94 76 e
2 213 12 oo 26.38 L 6d
2 2 2 12 " 0. o
2 4 4 16 < 4. rbidd

uc
. were prod

* Structure factors in this O?inmemment
feflexions included in the re
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* Structure factors in this column were produced with
reflexions included in the refinement

Number of
Equivalents

24
22
24
22
24
24
24
24
12
24
24
24
24
24
24
24

9
24
13
24
21
24
24
12
24
24
24
24

9
24
24
24
12
24

4
12
12
14
12
12
12

9
12
12
12
24
24
24
24
24

98.55
< 4.00
6l.13

3.61
44 .86

3.22
29.81

4.06
99.58
©67.68
68.82
49,24
48.35
34.44
33.88
25.11
< 3.75
52.63

3.42
37.01

3.49
29.15

2.77
53.04
38.57
49.29
39.93
29.21

4.49
32.34

2.9¢
21.9¢
31.73
23.02
203.73
181.96
19.88
19.18
84.39
79.92

3.32

7.2
38.47
38.19
166.84
13.89
23.01
81.88
8Y.0l

3.27

-222-

Fd3m

97.58
9.23
61.36
0.24
45.09
.21
29.81
.20
19d.29
©67.52
69.65
48.97
48.39
34.52
34.05
25.05
.38
52.36
J.38
36.79
g.38
28.79
.36
53.78
38.80
49.28
30.53
29.00
.46
32.02
6.49
22.14
31.50
23.18
202.53
180.95
11.99
18.86
85.28
84.41
1.01
8.61
38.32
38.65
165.905
14.73
23.44
82.22
80.90
1.36

FC

F43m

97.55
1.83
61.22
2.78
44,98
3.04
29.73
3.39
106.32
©67.38
©69.50
49.01
48.57
34.42
33.91
25.24
2.72
52.36
2.74
36.66
3.48
28.88
3.21
53.95
38.67
43.13
30.67
29.39
3.50
32.13
3.18
22.09
31.82
23.13
203 .47
180.81
12.97
18.76
85.59
8d .45
3.98
8.79
38.55
38.43
164.77
14.99
23.39
382.18
8a.77
2.68

F43m*

97.56
1.99
61.2¢
2.84
44.98
3.15
29.73
3.53
1vd.32
67.36
©9.49
49.92
48.57
34.40
33.91
25.25
2.74
52.37
2.85
36.65
3.59
23.88
3.30
53.95
38.65
44.12
3d.67
29.44
3.60
32.12
3.27
22.19
31.82
23.13
203 .05
180.83
12.04
18.79
85.57
8 .09
3.93
8.72
38.55
38.50
le4.706
14.9
23.29
82.21
8d.75
2.53

the Fd3m forbidden



Number of Eb E;
Equivalents
h k 1 Fd3m F43m F43m*
3 517 22 11.16 11.09 11.57 11.56
3 519 24 37.32 37.53 37.02 37.07
3 521 24 38.93 39.56 39.0¢ 39.59
3 7 7 12 191 .54 141 .06 191 .47 141 .40
3 7 9 24 92.65 92.78 92.52 92.57
3 711 24 3.55 1.79 4.39 4 .44
3 713 24 8.93 8.31 8.42 8.43
3 715 24 49,94 49,99 50.21 54.21
3 717 24 49.78 49.16 48.84 48.92
3 719 21 2.87 2.4 4,51 4.52
3 9 9 12 91.97 91.22 91.04 91.901
3 911 24 4.85 5.36 5.76 5.72
3 913 24 lo.04 15.35 15.25 15.23
3 915 24 48.47 48.36 48.26 43.32
3 917 24 51.09 51.31 51.34 51.34
3 919 22 < 2.80 1.27 2.78 2.02
3 11 11 12 54.99 54.92 55.27 55.27
3 11 13 24 53.33 53.12 52.85 52.93
3 11 15 24 4,27 2.36 4.46 4.50
3 11 17 24 2.87 2.54 3.45 3.38
313 13 12 56.46 56.06 56.49 56 .34
3 13 15 29 < 2.91 ¥.80 2.64 2.47
3 13 17 24 9.18 8.99 8.95 8.93
3 15 15 12 31.64 31.92 31.32 31.35
4 4 4 4 139.58 18¥.34 184.49 180 .49
4 4 o 9 < 4.19 3.19 1.18 1.65
4 4 8 12 262.38 258.27 258.13 258.13
4 4 19 9 3.75 3.48 3.45 2.73
4 4 12 12 74.88 74.31 74.36 74 .36
4 4 14 12 < 3.37 .04 2.42 2.9
4 4 16 12 118.91 119.69 119.59 119.58
4 4 18 19 3.01 - 3.93 3.6l 3.45
4 4 209 12 29.67 29.24 29.19 29.18
4 6 6 12 73.25 72.15 72 .90 71.97
4 o 8 24 3.83 ¥.19 2.69 2.54
4 o6 1Y 24 58.16 58.38 58.35 58.37
4 o 12 1° < 3.48 J.19 2.64 2.85
4 o 14 24 36.08 35.84 35.66 35.64
4 o 16 24 3.13 3.19 3.19 3.30
4 o 18 24 32.30 32.20 32.25 32.27
4 o 20 24 2.80 9.18 3.42 3.50
4 8 8 12 87.53 86.28 86.34 86.34
4 8 19 20 3.54 .12 2.31 2.08
4 8 12 24 146.64 146.17 146.95 146.34
4 3 14 22 3.22 J.08 3.39 3.26
4 8 lo 24 49 .40 40 .84 40 .84 49.83
4 8 18 22 2.99 J .96 3.14 3.45
4 8 20 24 68.78 69.89 69.89 69.89
4 19 10 12 38.89 38.38 38.23 38.19

* Structure factors in this colum were produced with the Fd3m forbidden
reflexions included in the refinement
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Number of F, F,
Equivalents _

h k 1 Fd3m F43m F43m*
4 14 12 24 3.27 4.14 3.17 3.16
4 ly 14 24 39.14 38.96 39.00 39.92
4 19 16 23 2.98 g.15 3.39 3.52
4 14 18 24 2J.18 20 .5 19.94 19.93
4 12 12 12 46.76 45.71 45.72 45.72
4 12 14 21 3.41 9.19 3.23 3.47
4 12 16 24 83.33 83.31 83.27 83.27
4 12 18 24 3.87 .97 3.28 3.33
4 14 14 12 21.27 21.01 2 .92 20 .99
4 14 16 24 2.77 dg.11 3.10 3.29
5 5 5 4 154.48 154.51 154.24 154 .20
5 5 7 14 20.35 18.79 18.7¢ 18.67
5 5 9 12 29.46 28.67 28.09 28.59
5 511 12 80V.55 80.49 80.38 8d.35
5 513 12 82 .00 82.37 82.23 82.18
5 515 12 4.56 3.0 4.30 4.9
5 5 17 12 15.27 15.12 15.22 15.23
5 519 12 36.75 37.92 37.97 37.%4
5 7 7 12 97.09 95.89 95.88 95.91
5 7 9 24 91.89 91.25 91.45 91.92
5 711 2J 3.49 3.17 3.806 3.89
5 7 13 24 11.98 11.54 11.54 11.46
5 7 15 24 49.14 48.99 48,99 49.93
5 7 17 24 54 .36 49,99 49,92 49.89
5 7 19 24 2.84 2.42 2.94 2.85
5 9 9 12 92.73 92.23 92.19 92.04
5 911 24 5.84 8.04 8.29 8.20
5 913 24 12.63 19.49 19.57 19.56
5 9 15 24 47.74 48.21 48.18 48.14
5 9 17 24 53.02 52.92 52.94 52.88
5 919 24 2.77 .35 2.96 2.78
511 11 12 53.79 53.72 53.82 53.86
511 13 24 53.61 53.49 53.39 53.36
5 11 15 21 2.98 l.69 2.53 2.47
5 11 17 24 4.01 4,33 4,062 4.54
5 13 13 12 58.26 57.82 57.85 57.78
5 13 15 24 4.06 2.23 3.30 3.14
5 13 17 24 11.061 11.55 11.79 11.79
5 15 15 12 3.49 3d.16 30.38 34.43
6 o © 4 83.3¢ 82.32 32.19 82.18
6 6 8 12 01.38 04,81 0d.81 od.82
o o 1¢ 12 6d.85 60.58 oY.74 od.73
6 o6 12 12 42,87 41.73 41 .09 41.57
6 o 14 12 44.28 44 .91 43.86 43.84
6 o6 lo 12 33.91 33.56 33.68 33.69
6 o 18 12 31.59 31.45 31.79 31.78
6 o0 20 12 22.07 22.18 22.16 22.14
6 8 8 9 < 3.0l iJ.29 2.37 2.60
6 8 1v 24 43.16 42 .54 42.38 42 .35

* Structure factors in this colum were produced with the Fd3m forbidden
reflexions included in the refinement
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Number of Fy E,
Equivalents _ _
h k 1 Fd3m F43m F43m*
o 8 12 24 3.32 ¥4.33 3.21 3.206
6 8 14 24 38.79 38.33 38.39 38.49
6 8 1o 20 3.401 d.34 3.25 3.36
6 8 18 24 22.88 22.74 22.66 22.65
o 19 19 12 49,27 43.44 48.39Y 48.28
6 lvw 12 24 39.47 38.92 39.41 39.92
6 1lv 14 24 37.12 37.93 37.38 37.36
6 lv 10 24 26.37 25.96 25.88 25.86
6 10 18 24 20.84 20.83 26.82 26.81
6 12 12 19 3.99 V.49 3.16 3.27
6 12 14 24 26.37 26.16 26 .06 26.45
6 12 1o 24 2.83 .44 3.49 3.64
6 14 14 12 29.35 29.11 29.05 29.04
o 14 lo 24 23.77 24.01 24.22 24,22
7 7 7 4 6.37 2.77 5.04 5.97
7 7 9 12 7.93 6.86 7.11 7.10
7 7 11 12 ©61.96 04d.78 6l.2¢ 6l.2¢
7 713 12 59.21 58.49 58.10 58.18
7 715 12 4.38 2.27 4,49 4,54
7 7 17 19 4.16 3.26 3.94 3.89
7 7 19 12 31.27 33.93 31.25 31.27
7 9 9 12 12.83 13.47 13.43 13.39
7 911 24 58.72 53.45 58.31 58.38
7 913 24 0d.1d 59.79 59.73 59.69
7 915 24 < 3.02 J.49 2.40 2.24
7 917 29 6.42 7.59 7.00 7.56
7 11 11 14 4.5¢ 2.99 4.45 4.53
7 11 13 21 3.05 2.90 3.97 2.97
7 11 15 24 37.55 30.50 36.87 36.89
7 11 17 24 34.40 34.56 34.35 34.45
7 13 13 12 7.78 3.73 8.74 8.74
7 13 15 24 34.87 34.47 34.36 34 .46
3 8 8 4 166.43 163.44 163.30 163.29
8 8 1Y 9 < 3.37 J.20 3.2d 3.13
8 8 12 12 52.06 51.23 51.24 51.24
8 8 14 12 4,37 J.14 3.95 3.33
8 8 16 12 94.62 91.02 9(.95 99.96
8 8 18 12 2.80 Jg.11 3.49 3.41
8 1Y 19 12 42.86 42 .42 42.47 42.48
3 19 12 21 3.13 .25 3.11 3.30
8 1lv 14 24 25.31 25.27 25.15 25.13
8 1v 1o 24 2.87 ib.27 3.3¢ 3.45
8 1lv 18 24 26.15 26.27 26.43 26.44
8 12 12 12 199 .04 99.57 99.48 99,48
8 12 14 24 4.11 .19 3.34 3.41
8 12 16 24 25.74 26.26 26.18 26.18
8 14 14 12 28.47 28.77 28.91 28.93
9 9 9 4 22.78 22,19 22.26 22.25
9 911 12 58.63 58.60 58.51 58.47
9 9 13 12 03.54 63.27 63.29 63.21

* Structure factors in this colum were produced with the Fd3m forbidden
reflexions included in the refinement
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h

9
9
9
9
9
9
9
10
19
190
19
19
19
11
11
11
11
12
12

k

9

9
11
11
11
13
13
19
19
19
1
12
12
11
11
11
13
12
12

1

15
17
11
13
15
13
15
19
12
14
16
12
14
11
13
15
13
12
14

Number of
Equivalents

12
12
19
24
24
12
24

4
12
12
12
12
24

4
12
12
12

4
12

4.16
13.14
3.10
4.21
35.46
15.19
33.94
41.15
28.45
31.19
26.19
2.94
28.25
42.49
37.65
3.92
38.09
39.48
2.73

Fd3m

2.80
13.04
.63
0.01
34.84
14.71
34.49
44.31
27.65
31.52
26.28
.33
28.38
39.08
37.57
2.78
38.38
29.34
9.24

F

[o]
F43m

3.74
13.26
2.34
6.22
34.87
14.92
34.50
44.67
27.53
31.46
26.47
3.38
28.55
40 .99
37.42
4.66
38.47
29.27
3.34

F43m*

3.57
13.26
2.21
6.14
34.95
14.91
34.52
44 .64
27.51
31.44
26.47
3.50
28.55
44.11
37.53
4.74
38.42
29.27
3.45

* Structure factors in this column were produced with the Fd3m forbidden
reflexions included in the refinement
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244 .88
272.74
24.01
23.48
25.11
11.98
8.39
27.49
12.49
34.15
< 3.73
< 3.62
23.05
155.32
18.14
< 4.21
34.Y1
196.43
< 3.93
< 3.82
15.76
6l.24
3.54
11.95
26.62
15.26
< 3.99
31.85
18.94
3.08
13.87
< 3.48
387.88
17.06
< 3.93
12.74
81.18
< 3.64
< 3.54
5.59
14.95
16.49
5.22
24.66
15.66
73.59
19 .50
< 3.63
16.22

F
c
237.909
2640.15
21.64
25.49
25.95
13.97
8.7¢
25.64
11.54
33.409
4.08
g.67
23.05
156.52
18.1v
g.31
29.93
144 .83
1.92
©0.69
15.28
59.28
2.22
11.59
29.11
13.89
1.18
31.88
18.50
4.04
14.45
3.806
388.79
17.43
@.58
12.24
8 .34
©0.72
b.52
4.58
14.89
15.92
5.78
24.10
16.32
73.52
19.77
1.55
16.64
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36.32
16.58
11.99
16.63
29.66
24.69
14.41
4.21
15.52
12.87
7.96
114.63
13.064
141 .69
< 3.58
12.43
30.43
1J.0l
11.11
24.56
12.95
14.56
15.02
16.73
22.86
197 .80
5.21
91.34
29.59
8.29

53.18
3.23
27.5¢
8.69
157.43
29.14
30.93
221.74
8.16
i91.44
17.7¢
2.74
8.83
190.99
7.75
69.49
19.29
9.44
26.99
37.69
16.98
12.77
16.57
29.84
24.48
13.70
3.51
14.99
12.55
6.64
112.97
13.32
141.51
3.27
19.23
31.94
9.98
19.50
24,17
12.74
13.93
15.36
15.20
22.02
197.99
5.86
91.85
29.50
8.74
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9.41
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23.50
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5.99

124.25

7.48
72.7¢

6.75
76.29

9.70
47.16

< 3.48
13.88
13.93
24.27
22.43
18.93
13.57
24.84
15.92
17.64

4 .06
21.1¢
36.41

8.53

5.20
l6.64
55.74
35.28
24 .64
14 .06
15.56
29.05
17.75
59.48

7.38
61.53

9.31
20.78

7.92
17.29

159.52
29.69

145.42

8.77
13.26

5.28

5.14

5.
17.52

3.83

FC
14.89
24,04
14.86
16.79

4.20
27.54
51.98

5.72

125.84

5.46
71.27

8.27
76.00

9.72
46.86

g.o7
13.60
13.42
24.28
22.45
19.72
13.84
24.49
15.52
17.72

3.51
2¢.67
86.78

9.27

4.3¢
lo.44
560.44
35.68
23.36
13.51
15.9¢
28.99
17.92
58.49

7.52
6l.31

9.76
20.87

9.7¢
17.39

158.35
29.25
147.29

9.00
13.64

6.72

5.89

3.40
17.67

8.13
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6.55
33.01
6.23
6.J6
131.32
17.93
< 3.73
11.51
6.15
9.78
7.43
12.68
11.88
19.15
69.73
19.25
121.89
3.99
< 3.82
23.64
195.95
13.68
< 3.47
17.58
19.91
12.70
23.34
< 3.52
69.74
5.12
< 3.54
9.16
24.89
17.06
114.22
27 .54
5.14
< 3.56
6.%4
45,50
15.34
48.44
13.62

16.94
7.18
32.79
9.37
7.34
132.20
16.39
2.55
11.21
©.90
10.77
8.53
12.85
18.87
18.68
©69.13
19.83
121.98
4.89
2.0
23.78
196.45
14.19
l.16
18.53
20 .45
12.56
22.33
2.57
74 .04
©6.5¢
3.45
9.43
25.25
16.2¢
116.44
26.89
4.35
4.05
6.19
47.55
15.97
43.33
18.46
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