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SUMMARY

Compounds which crystallize with the cubic spinel structure
are believed to be unusually anharmonic.

This work is concerned with investigating the anharmonicity
in MgA%204 and ZnFe;04 spinels. The experimental method
depends on exploiting Griineisen's law which states that in
the case of a harmonic solid, the coefficient of thermal
expansion is proportional to the heat capacity at that
temperature.

The heat capacity data of MgA2,04 and ZnFe;04 spinels are
known over the low temperature range between 77.5 K and room
temperature. Therefore if the thermal expansion is

measured over the same temperature range, the validity of
Gruneisen's law can be tested, and some measure of
anharmonicity can be derived from any discrepancies.

A combination of X-ray equipment with low temperature
attachments has been used to measure the lattice constants
of the two spinels over a range of temperature

77.5 - 300.1 K°., This experimental data, corrected by means
of an internal standard, was smoothed by curve fitting, to
provide results for the coefficient of thermal expansion

for the two compounds over a corresponding range of
temperature.

Finally, these new results are compared with the thermal
expansion and Gruneisen parameter behaviour of silicon and
related materials and with the behaviour of other spinels
where data are already available.
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CHAPTER 1

SPINEL AN ANHARMONIC MATERIAL?

1.1 Introduction

There are a great many compounds which crystallize with
the same crystal structure as the mineral known as spinel.

Many of these compounds, though not all, have the general

2-
4

a wide range of divalent and trivalent cations

formula P2+Q23+X , Where P2+ and Q3+ may be replaced by
respectively. Similarly, replacement of X2~ leads to
series classified as oxide, sulphide, selenide and

telluride spinels.

The structure is unusual in that if X is a divalent anion,
P and Q may also take valences of 2 and 4 or even 1 and 6,
and it is easily seen that, when this flexibility is added
to that already mentioned, the number of possible chemical
combinations must be very extensive indeed. It is there-
fore scarcely surprising to find that more than 200
compounds can be said to belong to the spinel series. This
enormous chemical versatility is reflected in the wide
variation of physical behaviour which can occur among the
spinel compounds. For example, oxides are usually

insulators (when stoichiometric) while sulphides and

11



selenides may be semiconductors or metallic. Similarly,
magnetic behaviour depends upon the absence or presence

of transition elements. The practical importance of the
spinel ferrites MFe204, where M may be Cu, Ni, or Co, then
arises from the property of being simultaneously boéth
ferrimagnetic and electrically insulating. Such materials
are widely exploited in the modern telecommunications
industry. Other materials used in this way include
magnetite which can form the coating for magnetic recording
tapes and single crystal magnesium aluminate used as
substrate material for the epitaxial growth of thin films
of silicon and related semiconductors (Manasevit and

Forbes, 1966; Wang et al, 1974; Ladany and Wang, 1974).

The spinels are, therefore, of considerable interest from
a technical point of view. A general review of the
industrial applications of the spinel groups of compounds

has been given by Grimes (1975).

1.2 The spinel structure

A crystal structure for spinel was first proposed by
Bragg (1915) and at the same time by Nishikawa (1915).
They showed by X-ray diffraction that spinel is cubic and

that the unit cell must contain eight formula units.

The essential features of this unit cell are shown in

12



Figure 1.1. The oxygen ions, which are physically the
largest, form a nearly close-packed cubic array within
which the metal ions occupy certain interstitial
positions. Two types of these interstices are important,
64 having fourfold coordination, of which 8, the A-sites,
may be occupied by divalent cations, and 32 having sixfold
coordination, of which 16, the B-sites, may be occupied by
the trivalent cations. The site symmetries and overall
symmetry are then usually assumed to conform with the
crystallographic space group Fd3m for which some details

are given in Table 1.1.

This table shows that when the conventional space group is
chosen the cations are in special positions uniquely
determined by symmetry, and the structure is centro-
symmetrical about the B-site. In addition, the anion
positions are completely specified in terms of a single
positional parameter u, which, for an ideal spinel with
perfect anion packing, has a value of 3/8. 1In practice, u
is often found to be larger, and for u > 3/8 the anions
move in < 111 > directions outwards from the nearest A-site.
These displacements destroy the perfect octahedral
geometry which would exist around the B-sites in perfect
packing and result in a local distortion at those

positions of symmetry 3m.

Two features have been neglected in this description.

Firstly, an ideal cation distribution over the A- and B-

13



Spinel sfructure (Gorter, 1954)

Figure 1.1
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Atom

position

No of
positions

Local
Symmetry

Position

Co-ordinates

A -

B -~

Anion

site

site

position

16

32

3m

F.C.C.

translations
+ 000; %,

5 5 5.,
' F OB

a:|m

7.
B s

iq\x
c.1m
c.1\1

qnﬂ
i

A=
+
c
-:1|—‘

I

.:1)-
i
C
#1!—‘
+

7 7 5
B B B«

1.
LN

7
'B‘

Table 1.1

Atom positions according to space group Fd3m
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sites has been assumed, a limiting case commonly described
as the 'mormal' structure. An alternative limiting case,
the 'inverse' structure has A-sites occupied by half the
trivalent cations while B-sites are randomly shared
between the remaining trivalent cations and the divalent
cations. Experimental studies of diffraction patterns
have shown that many spinels have intermediate cation
arrangements so that a more general representation of the
spinel structure would be

2+

3+
Px Q1—x [P

2+

3+
1-x Q1+x] 04

where x is a measure of the degree of inversion.

Finally, it should be emphasized that the conventional
choicelof space group is very restrictive for possible

atom positions and therefore, for the physical behaviour of
the spinel groups of materials, as will be explained later,
there is much good experimental evidence now favouring the
choice of a non-centrosymmetrical space group F43m. This
alternative symmetry allows the anion positions to be
divided into two groups with different position parameters
together with some flexibility for the position of the

cations in B-sites as shown in Table 1.2 and Figure 1.2,
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Atom No of Local Position
position positions Symmetry Co-ordinates
A - site 4 43m F.C.C.
translations
+ 0,0,0;

A2—site 4 43m =, 1,

B - site 16 3m X1, X1, X1;
21, ')21, X1;
Xip X0 X0
X,]/_)z,]/ 3(_1;

Anion

position 1 16 3m Xor X510 Xy
Xor Xy, Xyi
22, X2, -)22;
Xyr Xy X

Anion

position 2 16 3m X3r Xy X33
3(-3, §3, X3;
Xy, Xq0 X537
X3, X3, X3;

Table 1.2

Atom positions according to space group F43m
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Xy , Xz and Xzparamefers describe alom shifts

from the perfect configuration.

X1
I 5%
|
X3 | X%
/‘L /3
f I/>\
| AR
"1 g5
7
| X /
L %2 /
X1 | //
/Irxzt,\ X2 X /
7 j X1
/.

'XX

2

Figure 1.2

Octahedral sife under F43m symmetry
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1.3 Physical evidence in favour of F43m symmetry

1.3.1 Indirect evidence

Crystallographic phase transitions are extremely common
among the spinel compounds, the transformation usually
involving a change from cubic to tetragonal symmetry with
decreasing temperature. According to Dunitz and Orgel
(1957) this may be understood as a manifestation of the
Jahn-Teller ef fect, as the compounds concerned invariably
contain transition ions like Cu2+, Fe2+ or Mn3+ in which
the electronic ground states are orbitally degenerate. 1In
such spinels, it is believed that local structure
distortions develop above the transition temperature in the
cubic phase and that these increase in orientational
coherence as the temperature decreases until their
influence is eventually sufficient to induce an overall
structural change (see for example Finch et al, 1958), the
physical evidence supporting this description of the cubic
phase includes the observation of Debye-Waller factor~
enhancement in X-ray diffraction (Cervinka, 1965),
Mdssbauer spectra (Tanaka et al, 1966) and complexities in
the infra-red absorption spectra (Brabers, 1969) The latter
are particularly significant as the additional absorption
bands can be shown to correspond with those from a tetra-
gonal spinel (e.g. Mn304) by examination of the spectra

across a compOsitional range like Mane3_XO4.
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In contrast to compounds of this kind, a cubic spinel
series such as Mg[CrxAlz_x]O4 would be expected to be
physically well behaved. The Cr3+ ion has the most marked
octahedral site preference of any in the first transition
series (McClure, 1957) and an electronic ground state in
octahedral surroundings with no orbital degeneracy when
Hund's rules are obeyed, i.e. no Jahn-Teller effect is
expected. Nevertheless, X-ray diffraction studies by
Grimes and Hilleard (1970) showed that increasing x in this
series was accompanied by a substantial increase in
Debye-Waller factor in exactly analogous manner to the
earlier observations of Cervinka on the Jahn-Teller series
ManeB-xo4' The conclusion was drawn that structural
distortions must also exist in the chromite series and

moreover, that they must increase in severity with increase

in chromium content.

Very similar conclusions were reached by Lou and

Ballentyne (1968) from a study of the optical fluorescent
spectra from a series of synthetic single crystals of the
Mg[CrxAlz_x]O4 spinel group, an important feature of

these spectra being, that above a chromium concentration

of 2wt?% a new selection rule is observed which identifies
the symmetry of the octahedral site occupied by Cr3+ ions
as 3m (see Figure 1.3). The significance of the latter
lies in the fact that it is incompatible with the
crystallographic spinel group to which the spinel structure

is normally referred but consistent with the X-ray

20



d

(b)

Illustration of the difference between (a) 3m

and (b) 3m site symmetries.
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diffraction observations, for if the local trigonal
distortions had been of conventional 3m symmetry an
increase in severity would have been brought about through
an increase in the oxygen position parameter u. According
to Grimes and Hilleard, however, no change in this

parameter was detectable within experimental error.

In experiments such as these in which magnesium aluminate
is lightly doped with chromium, the local structural
distortions might be expected to be displaced among the
octahedral sites according to the distribution of the
Cr3+ ions, but it is possible, however, to envisage local
3m distortions which are organised in a regular periodic
manner throughout the whole crystal (see Figure 1.4). 1In
the latter case, it is difficult to escape the conclusion
that the distortion of the octahedral sites is something
inherent in the spinel structure which corresponds to a

change of space group symmetry to F43m.

According to this view a change in physical behaviour
through a spinel series can be understood as arising from
a change in the degree of structural asymmetry rather than
as a change in the proportion of distorted to undistorted
material and thus the change of space group was used by
Grimes and Collett (1971) to account for changes in the
complexity of the infra-red absorption spectrum through
the series Mg[CrXAlz_X]O4. Their observations, similar

to those of Brabers (1969) on the Jahn-Teller series

22



Figure 1.4 Octahedral ion sublattice.
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MpxFe3_xo4, were made on some polycrystalline samples
previously investigated by X-ray diffraction (Grimes and
Hilleard, 1970) and showed an increase in the number of

absorption peaks from four in MgA120 up to seven in

4
MgCr.O,.

274
Now the possibility that the chromites are alone among the
closely related spinel compounds in possessing a crystal
structure of F43m symmetry must be considered to be very
unlikely and it was therefore suggested by Grimes (1971,
19724) that the spinel structure might more generally be
referred to F43m. It had been known for many years, for
example, that some of the spinel ferrites have dielectric
constants which can rise by several orders of magnitude,
typically 102 to 104, at low frequencies (see for instance
the observations of Polder (1950) on certain Mn-Zn and
Ni-Zn ferrites) and it would seem natural to explain these
observations in terms of permanent dipoles similar to those
found in BaTiO3. However, as Fairweather et al (1952)
realised, ferroelectricity is excluded by the centro-
symmetric space group Fd3m to which the crystal structure
had conventionally been referred and consequently the
interpretation of low-frequency dielectric behaviour has
presented considerable theoretical difficulties. In some
cases, because measurements were made on polycrystalline
specimens, it has been possible to explain the experi-
mental observations in terms of a phenomenological model

(Koops, 1951) where the dielectric is considered to be

24



composed of good conducting crystallites separated by poor
conducting intersurface layers. On the other hand, the
resistivity and dielectric behaviour reported by

Van Uitert (1956) for certain Ni-Mn ferrites and by Peters
and Standley (1958) for Mg-Mn ferrite appear to be quite
different. The latter authors in particular were clearly
seeking a crystallographic explanation as they state that
(for Mgo.ano.gFe204) ... "The temperature and frequency
dependence of the dielectric constant is very similar to
that found when true dielectric relaxation is occurring
and, an explanation of the results ...... in terms of the
relaxation of permanent dipoles within the ferrite is
envisaged. An order of magnitude calculation suggests
that the high dielectric constant at low frequencies found
at 200°C may be explained by the presence of permanent
dipole moments of the order of 0.5 debye, indicating an

0
effective charge separation of the order of 0.1 A",

These observations are clearly of considerable importance
in the context of the proposed change of space group for
spinel, for the order of magnitude of the ionic
displacements envisaged by Grimes as responsible for the
change of symmetry, accounts precisely for the magnitude
of the dipole moment estimated by Peters and Standley.
Moreover, as emphasized by Grimes (1973a), the symmetry of
ionic movements in F43m, shown in Figure 1.4, is

consistent with the absence of ferroelectricity noted by

25




Fairweather et al for the dipole moments which are created
are arranged in opposite senses so that the property

should be anti-ferroelectricity.

1.3.2 Direct evidence

It is easy in principle to distinguish between the two
space groups by diffraction since hko reflexions with

h + k = 4n + 2 are forbidden by Fd3m but allowed by

F43m. When the deviations from conventional symmetry are
small, however, the Fd3m forbidden reflexions can be very
weak and difficult to confirm. Thus the first reported
observations of such forbidden reflexions in electron
diffraction from MgAl,04 (the x = 0 end number of the
Mg[CrxAlz_x]O4 series) by Hwang et al (1973), (see also
Heuer and Mitchell, 1975), were greeted with considerable
scepticism. For example, Samuelsen and Steinsvoll (1975)
have searched without success for a 200 reflexion from
MgAl,0, using a neutron time-of-flight technique and
conclude that 'to a very high accuracy such reflexions are
absent', while Smith (1978) attributes the earlier
electron diffraction observations to double diffraction
involving high-order reflexions in the first-order Laue
zone (even though Heuer and Mitchell explain that care was

taken to exclude this possibility).

Further direct evidence for F43m symmetry is provided by a

26




structure analysis of the normal 2-4 spinel Y-Ni;S5iOy
where the presence of a residual electron density in the
final Fouvr ier difference synthesis was revealed

(Marumo et al, 1974). 1In this case, intensities were
collected using MoKa X-radiation and 212 independent
relfexions were used in a least squares refinement based
on the space group Fd3m to achieve an overall residual
index R = 1.7% with individual anisotropic temperature
factors. The final Fouvier difference synthesis showed
eight quite prominent peaks 0.46 A® from the Ni ion in the
8 <111> directions. The height of these peaks was on
average about ZeAO"3 and the authors attributed their
existence to a charge density asymmetry around the ni 2t

ion. However, a simpler interpretation based on the space

group F43m now seems more likely.

The most complete evidence is provided by the recent
single crystal diffraction study of MgAl,04 in which
refinements of atom position and thermal parameters under
Fd3m and F43m symmetry were compared, using a substantial
range of intensity data (Grimes et al, 1983). This showed
that the F43m assumption leads to a significantly superior
fit to the experimental measurements especially at high
angles and with reflexions having structure factors less
than 10.0. The weak reflexions included nine that are
forbidden under Fd3m symmetry and it was shown that the

best atom positions led to satisfactory agreement between

27



observed and calculated structure factors in these cases.

1.4 Distortion mechanism

l.4.1 Introduction

As explained in Section 1.3.1, the Cr3* ion in an
octahedral environment would not be expected to be subject
to the Jahn-Teller effect when in its normal electronic
ground state. Confirmation of the latter may be obtained
from measurements of magnetic susceptibility in the case
of MgCr,04 in which it is believed that the structural
distortions are exceptionally marked . Such measurements

3* ion is indeed in its normal 'high

have shown that the Cr
spin' state (Lotgering, 1962). The Jahn-Teller mechanism
for producing structure distortions is then eliminated in
this case and, by analogy with the behaviour of small
impurity ions in alkali halides, it was suggested by

3+ jon displcements might be

Grimes (1971) that the Cr
produced through the local electrostatic potential

conditions at the B-sites.

These ideas are supported particularly by the case of

ZnFe204 where the calculations of Hudson and Whitfield

(1967) and experimental studies of 57E‘e M&ssbauer Spectrum

by Evans et al (197]) showed that the potential at the

28



centre of an octahedral site is a maximum and thus by
symmetry that there must be, in fact, two positions of
minimum energy lying either side along a [111l] axis
through the site (Grimes, 1974). A large cation in such a
situation (see Figure 1.5) would be held at the centre of
symmetry through the repulsive interactions with
neighbouring anions, but smaller cations such as Fe3* or
cr3* might be able to move nearer to positions of minimum
energy and would thus become displaced off-centre

(Grimes et al, 1971, 1972a).

1.4.2 Local atomic potential wells

For an atominqreal crystal, the potential energy will be
the sum of the potential energies of interaction of that
atom with every other atom of the solid and therefore in
general must be composed of two parts: one long range and
predominantly attractive, and the other a short range,
repulsive component. The potential energy for a simple

ionic solid, for example, might have the following form:

2
6(r) = =22 . B exp(- %) e (1.1)

dne r
(o]

where r is the nearest neighbour separation, e is the
electronic charge and A, B and Q are constants. Here, the

first term is Coulombic and attractive (the Madelung
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A = Barrier height = (14-8£05) x103 eV

Figure 1.5 Potential energy distribution along a
[111) axis through an octahedral
site in ZnFe; 0, Spinel.
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\ Repulsive inferaction

o(r) 0

Potential energy of an ion in a crystal. The
solid curve is the resultant of the sum of an
attractive and repulsive component ( both

shown dotted)

Figure 1.6
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energy), and the second, a repulsive Born-Mayer energy
term which decreases very rapidly to negligible value with
increasing r. Figure 1.6 shows the variation with r
produced by adding these components, the total potential
energy passing through a minimum value at r = a which
corresponds to the equilibrium separation of the positive
and negative ions in the crystal at OK. With moderate
amplitudes of vibration the significant part of the graph
will be that in the neighbourhood of the minimum and, if
this region is a good approximation to a parabola, the
dynamic behaviour of the crystal will be closely

represented by harmonic theory.

At high temperatures, however, the amplitude of vibration
will be greater and also more asymmetric with respect to
r = a. The deviation from the ideal parabolic curve may

be represented by the expression:
¢(r) = C(r =a)2 - D(r - a)3 - E(r - a)? .... (1.2)

where C, D and E are all positive coefficients which
become successively smaller in magnitude. Discrepancies
which are observed at higher temperatures between the
measured values of physical properties and the values
predicted by harmonic theory are then attributed to the

presence of higher order terms.
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1.4.3 Low temperature anharmonicity

The high temperature conditions described in Section 1.4.2
are not the only ones leading to anharmonicity. The
existence of dipole moments owing to polarizability of
some ions, or covalency, or, in the case of a metal, a
free electron gas, introduces much more complex
interactions. There are, in fact, a number of classes of
materials for which the harmonic approximation is actually
rather poor even at low temperatures. In some cases, it
is now believed that the resultant ¢(r) may have a form
with of f-centre valleys as shown in Figure 1.5, while in
others the attractive and repufsive parts may cancel over
an appreciable range to give a potential well which is

locally quite flat (see Figure 1.7).

Examples of substances in which this kind of behaviour
might occur have been reviewed by Dash et al (1968) and
are thought to include ferroelectrics such as BaTiO3, in
which the Ti ions occupy wells with off-centre valleys,
and high transition temperature superconductors like Nb3Sn
in which tin atoms occupy a flat-bottomed well (Shier and
Taylor, 1967, 1968). Such materials exhibit acoustic
relaxations (Testardi, 1972) and possess anomalous thermal

expansion (Smith et al, 1975) and heat capacity behaviour

(Knapp et al, 1975).
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?(r)

Figure 1.7 Potential well with locally flat
centre at atomic sife.
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The evidence reviewed here indicates that the spinel
compounds should be included among these anomalously
anharmonic materials. It is worth noting, for example,
that acoustic relaxations are common (Moran and Luthi,
1969; Kino and Luthi, 1971) while ZnFe,0, exhibits a

specific heat anomaly (Grimes, 1974).

In the metallic spinels, on the otherhand, the physical
evidence indicates that of f-centre ions do not occur
(Williamson and Grimes, 1974) but instead super-
conductivity arises. In these compounds the local
potential conditions have been shown to be similar to
those in Nb3Sn (Dawes et al, 1974) and significantly the
compound LiTi,O04 has been shown to possess the highest
transition temperature known among oxides (Matthias,

1975).

1.5 Scope of the present work

The discovery of the remarkable potential conditions at
the octahedral sites in spinels and the subsequent
discovery that the resulting atomic displacements produce
an overall change of crystal symmetry naturally leads to
comparisons with the behaviour of other anharmonic

materials. The closest analogy is with <ompounds

crystallizing with the zinc blende structure which also
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conform to the cubic symmetry F43m and with silicon and
germanium. Such compounds show strong anharmonic effects
(Dawson and Willis, 1967; Keating et al, 1971; Roberto et
al, 1973, 1974) including unusual thermal expansion
behaviour. Silicon, for example, has a negative

coefficient of expansion at helium temperatures.

In the work to be described, attention has been
concentrated on the thermal expansion behaviour of MgAl;04
and ZnFe,;0,. These materials were chosen bécause of the
extensive additional information available. 1In the case
of MgA1204, for example, the crystal structure is now

known with very great detail (Grimes et al, 1983).

Finally, the existence of measurements of the heat
capacities of these two compounds over an extensive range
of temperature (King, 1955; Westrum and Grimes, 1957)
provided the possibility of investigating the
proportionality between heat capacity and thermal

expansion. For a quasi-harmonic crystal the ratio
y = 30LV/)(SCp = 30LV/)(TCV ceee (1.3)

is a constant independent of temperature (Grﬁneisen, 1926,

Bppendix A). Here Cp and Cy are the molar heat capacity

at constant pressure and volume respectively. Xg and X

are the adiabatic and isothermal compressibility
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respectively and V is the molar volume. In Chapter 5, the
variation of y with temperature for MgAl,0, and ZnFe,0y
spinels is shown and discussed. These results are
directly compared with the behaviour for silicon and
germanium and also with corresponding results from the
superconducting spinel LiTi;O4. Chapter 6 summarizes the

conclusions and suggestions for further work.
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CHAPTER 2

APPARATUS AND EXPERIMENTAL TECHNIQUE

2.1 X-ray diffractometer

The method chosen in this study for the determination of
thermal expansion coefficients was based on the precision
measurement of a crystal lattice parameter over a range of
temperature using a well established X-ray diffraction
technique. For these purposes a Philips powder
diffractometer with low temperature attachments was used
in conjunction with a stabilized X-ray generator. A
simple schematic form and general view of the
diffractometer are shown in Figure 2.1 and Figure 2.2.

This equipment includes the following facilities:

(1) automatic continuous scanning across a range of
angles 26 (86 = Bragg angle), with output to a chart

recorder in order to identify and assess the purity of the

sample,.

(ii) automatic fixed time step scanning across a selected
diffraction line profile at different intervals of 0.01°,
0.02° and 0.05° (24) with output to a printer or tape

punch to record the intensity.

(iii) standard counting equipment including a pulse height
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analyser which had to be calibrated in the following
manner. First of all, the counter characteristic was
determined by orientating the counter (Xenon proportional
counter or NaI(T%) scintillation counter) on the (220)
line of silicon powder. Then the curve of applied voltage
(volts or scale divisions) was plotted against count

rate. The counter operating voltage was fixed at a value
slightly greater than the beginning of the plateau.
Finally the lower level and window settings of the pulse
height analyser were adjusted to give the best signal

intensity measurements.

The copper radiation (CuKo) with centroid wavelength,
equal to 1.54178 A® and the molybdenum radiation (MoKaj)
with wavelength equal to 0.7093 AC were used to determine

‘the line positions of the spinel compounds.

There was a need to use filtersvto eliminate the CuKB or
MOoKR diffraction lines which tend to overlap with the
tails of the lower orders of CuKo or MoKa respectively.
In practice, two filters, one before and one after the

sample holder, were used.

The diffractometer includes five slits, two soller slits
with fixed values, a divergence slit, receiving slit and
anti-scatter slit. The alignment of the X-ray beam and

slits was carried out according to the procedure described
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by Parrish (1965). Single and double knife edges were
used for zeroing the receiving slit and 2:1 (260) settings
respectively. The experimental conditions of the

diffractometer systems are given in Table 2.1.

Each prepared sample was ground until the average particle
size was between 30 and 60 um. The ground sample was then
pressed into the sample holder to decide the range over
which to step-scan, a preliminary chart-recording of each
profile of the sample was made and the intensity of the

profiles obtained by the step scanning method.

For the intensity measurements of a selected high angle
line, an interval of 0.02° 26 was used, while an interval
of 0.01° 26 was used for a selected low angle line. It
was found that a range of scan approximately = 1.30° 26
about the centroid for the high angle andt0.80° 26 about

the centre of the low angle lines was sufficient.

2.2 Low temperature attachments

2.2.1 The cryostat

The X-ray diffractometer cryostat (Figure 2.3) operates on
the principle of a controlled continuous transfer of

liquid nitrogen from a storage vessel to the cyxyostatg by
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Radiation 1 — Cu Ko - Nickel filter
2 - Mo Ko = Zirconium filter

—_
!

40 KV, 20 mA
2 - 40 KV, 24 mA

X-ray tube supply

Take-off angle 6°

Divergence slit 1°

X~-ray source size 1.6 mm x 12 mm
Sample size 20 mm x 10 mm x 2 mm

Aperture of
Soller-slits 2.25°

Receiving slit 0.1 mm

Source to sample

distance 173 mm
Antiscatter slits 1°
X-ray counter 1 - Xenon proportional counter

2 - (NaI[T&] Scintillation
counter

Displacement of

receiving slit

from focussing

circle < 1 mm
Inclination of

specimen plane to

goniometer axis Unknown, but small
Angular mis-setting

of 2:1 ratio Unknown, but small
Displacement of

goniometer outside

focussing circle 0.025 mm
Angular mis-setting

of receiving slit Unknown, but small
Angular mis-setting

of centroild of

X-ray beam Probably < 0.25°

Table 2.1

Experimental conditions for the X-ray diffractometer
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Flow adjustment nut

Nitrogen exhaust —— cn:mnD:

||

Vacuum/relief valve }r :

§‘

Quter vacuum case

Transfer tube

10 pin electrical

connecfor
- N,

Radiation shield

Cryogenic linear
Heat exchanger block — | j% e temperature sensor
— Heater
Sample holder ,FLH - ﬂ Mylar window
|% ———
Noe—=—=>r1u
Figure 2.3 The cryostat
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a transfer tube.

The top plate of the cryostat carries a pump-out valve,
the two multiway electrical connections (10-way) and

transfer tube entry.

To provide coarse and fine control of temperature with the
temperature controller, the heat exchanger block is fitted
with a 39 ohms heater, linear thermister and carbon
resistor. Radiation shields are connected to the centre
of the tube through a copper thermal link flange, to
reduce the heat loads on the sample block. The
temperature of the sample block may be maintained at any
temperature between 77.0 K and room temperature by
regulating the flow of liquid nitrogen through a flow

control console.

The cryostat is provided with a window of aluminised
'Mylar' for minimum attenuation of the diffracted
radiation. The form of the windows allows coverage of
virtually all the back reflection region. An additional
feature of this cryostat is the inclusion of an alignment
slit in the specimen block which can be moved into
position in the X-ray beam. This allows accurate
alignment of the specimen surface with respect to the
X-ray beam. The position of the (220) line of silicon

powder was uUsed to check the alignment. Finally, the
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alignment was checked again before taking measurements on
a spinel sample at low temperatures by comparing a chart
scan at room temperature with the cryostat fitted, to the
corresponding scan at room temperature in the absence of

the cryostat.

2.2 The flow control console

The flow of the coolant from the storage vessel through
the transfer tube to the cryostat was regulated by a flow
control console (Figure 2.4). The entry to this unit from
the cryostat leads initially to a circulating pump via a
needle valve mounted in series. The exit gas from the
circulating pump is brought back to the console to pass

through a flow meter. The flow meter gives the liquid

nitrogen consumption of cm3/hr.

2.2.3 Transfer tube

The transfer tube connects the cryostat to the liquid gas
reservoir. It is made of two metal parts connected by a
90° flexible coupling and is fitted with a pump out
valve. The temperature of the sample could be lowered by
adjustment of the flow through the transfer tube and

adjustment of the needle valve on the control console.
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2.2.4 The vacuum system

The equipment used was a diffusion pump with cold trap,
backed by a rotary pump to produce a pressure equal to
1072 torr which is important for removing any moisture

which may accumulate in the cryostat.

2.2.5 The temperature controller

The Oxford continuous flow cryostat is supplied with a

cryogenic linear temperature sensor (CLTS). This is a

small surface thermometer gauge consisting of three

sensing grids. These are laminated into an epoxy resin

matrix and connected electrically in series. The two é
alloys are special grades of nickel and manganin. The
linear temperature sensor is fabricated with integral
printed circuit terminals to provide strong, convenient
attachment points for the lead wire system. Because of
its low thermal mass and large contact area, the CLTS
accurately and quickly responds to the temperature change
in the surface to which it is bonded. The resistance of
the CLTS is 290 ohms at 300 K and had been shown by
calibration to decrease linearly with temperature reaching
a value of 220 ohms at 4.2 K. The temperature of the
sample could be maintained within # 0.5 K over the low

temperature range.
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2.3 Determination of diffraction line positions and

lattice parameters

In Bragg's law, the wavelength is single valued and
subject to diffraction by a crystal with a unique
interplanar distance d. This implies that a diffraction
maxim&" would be observed with negligible width at an angle
20 with respect to the direction of the primary beam. 1In
practice, diffraction line profiles are observed to spread
over a range of angles in the neighbourhood of the angle
20 , chiefly because of the finite width of the
characteristic emission lines. However, other
contributions can be significant, arising from both
instrumental and diffraction sources. To reduce this
effect, the width of the slits could be reduced, but this
reduces the intensity to be detected, thus a compromise

has to be made.

Accurate lattice parameters were determined using the
centroid (Pike and Wilson, 1959) as a measure of
diffraction line position. This measure has the
advantages of being statistically accurate and easily
corrected for the effects of instrumental aberrations
(Wilson, 1963). The latter fall into two groups, namely
physical and geometrical aberrations. The first must be
calculated for each centroid and added or subtracted

directly. The second group may be removed by
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extrapolation techniques. However, it has been found that
the corrections of the first kind cancel at high angles
(approximately 26 = 100° up to 150°) and the extrapolation
terms for the second kind (i.e. Cot?e and Cos@GCotB) tend
to zero, as 6 tends to 90°, Thus, for the spinel peaks
which occur at approximately 130° 26 the geometrical and
physical aberrations are negligible in comparison to
random errors in measuring the angle, as shown in Figure

2.5 (Cheary, 1971).

Finally, a value for the lattice parameter, a, could be
determined from the centroid angle 6, using a centroid
wavelength which in this study was taken to be the
weighted mean of the Ka; and Kay wavelengths. We used

a =d /h? + K2 + L2 with @ = A_/2sinf, and

Ac = (2AKG1-+AKGZ)/3 cee. (2.7)
With ZnFe,04, MoKalradiation was used and in this case the
line positions used occurred at a lower angle where the
instrumental aberrations are not negligible. However,
the use of an internal standard (see Section 2.4) provided

an effective calibration.
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0-06 -

0-05 -

0:04 |-

0-03 -

0-02 -

0-01 -

Correction for instrumental aberrations in {269

-0-01

-002 -

Figure 2.5 Centroid correction for instrumental aberrations.
(after Cheary, 1971)
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2.4 Use of an internal standard

Because in this study measurements of lattice parameters
were to be made over a range of temperature, errors arise
from temperature measurements as well as from aberrations
in the diffraction process. The thermometer had been
calibrated (see Section 2.2.5) but as an additional check
it seemed desirable to incorporate an internal standard.
This was achieved by using as diffraction specimen a fine
mixture of the spinel compound to be investigated,
together with a pure element with well known lattice
parameter and thermal expansion behaviour for the

temperature range concerned.

Two other factors were of importance. Firstly, the ,
element concerned should ideally have a simple crystal

structure, i.e. a diffraction pattern with few lines.

Secondly, such lines as occur should appear between lines

corresponding to the spinel phase.

2.5 Experimental procedure at low temperature

Before making measurements it was necessary to check the
alignment of the diffractometer system including the low
temperature attachementsat both room and low

temperatures. At the same time the identity of the
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prepared spinel compounds was checked from a recording of
the line profiles at room temperature. The intensities of
the chosen internal standard lines were checked to
determine whether they were of an acceptable intensity
compared to the background intensity and if this was not
the case a different mixture of the chosen internal
standard with the spinel compound was tested until the
best intensity ratios were achieved. Finally, the mixture
of the spinel and its internal standard was cooled to

liquid nitrogen temperature.

Each time the liquid nitrogen vessel was filled to
maintain continuous flow, it was necessary to wait at
least one hour in order to achieve an equilibrium
temperature. When the temperature settled at the required
level within 4+ 0.5 K, the intensities of the chosen
internal standard and the spinel compound lines were
measured at an interval of 0.01° 28 or 0.02° 26 with
simultaneous output to a printer every 200 seconds. The
temperature was then increased by approximately another

10 K. This process was repeated until room temperature

was reached when the intensity measurements were repeated.
The time required to collect a complete spectrum from a

given spinel sample and internal standard was

approximately seven weeks.
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After collection of the data, the line positions for
certain selected diffraction peaks were determined and the
lattice parameters for the spinel compound over a range of
temperatures calculated and then corrected using the
internal standard. The temperature variation of these

corrected values for the lattice parameters was smoothed

by fitting a polynomial function in T through the

experimental data.

2.6 Determination of the linear coefficient of thermal

expansion #

The thermal expansion values for spinel compounds were

determined using the lattice parameters smoothed by
fitting a polynomial function in temperature T of the

third degree through the experimental results

ap = a_ + a T + a.T° + a.T ceee (2.2)

where ap is the lattice parameter at TK and ag, aj;, ap and
a3z are constants. The corresponding coefficient of
thermal expansion, agp, can be calculated by
differentiating the above polynomial equation with respect

to temperature (T) then dividing by the lattice parameter

at that temperature, aT'
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Op = 0g + 01T + OZTZ ceae (2.3)

where o o and o, are constants, related to aj, a, and

or 1’ 2

a3y respectively.

2.7 Experimental errors

One advantage which the X-ray technique shares with the
optical interferometric technique over other methods lies
in the aboslute nature of the thermal expansion
coefficients to which it leads. A second advantage lies
in the fact that it gives a measure of expansion
uncomplicated by dimensional changes resulting from
vacancy formation, from the presence of impurities, or
from any other cause. Offsetting these advantages to some
extent is the fact that the sensitivity is not generally
as high as those of some of the other methods

(Yates, 1972). The usual resolution for changes in
lattice parameter, a, is Aa/a = 10~°. This is sensitive
enough for determining o at temperature T > 0,/10, (Barron

et al, 1980).

In practice, the precision with which a lattice parameter
can be measured depends primarily on the precision with
which the diffraction line positions can be measured, for

the uncertainty in the wavelength of a characteristic
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X-ray line is virtually fixed. More importantly for the
present work, is the fact that, in principle, a thermal
expansion coefficient, o, is calculated from the small
difference in lattice parameter which occurs as a result
of a small change in temperature, i.e. the uncertainty

in o 1is inherently large because nearly equal quantities

have to be subtracted.

This problem was minimised, firstly by using an internal
standard (see Sections 2.4, 3.2 and 4.3) and secondly by
deriving thermal expansion coefficients from a smoothed
curve drawn through the experimental lattice parameter
data over the whole temperature range investigated. As a
result of these procedures the possible error in lattice
parameter at any given temperature was reduced to about

£ 0.00011 & and % 0.00025 & for Mgal,O4 and ZnFe,0,

respectively.

The size of the temperature drift was usually + 0.2 K, but
in the worst cases it was # 0.5 K so that the uncertainty
in temperature is considered to be £ 0.5 K. This
uncertainty is larger than the precision of the sensor and
this produced uncertainty of the order of 1% for a values

at 80 K decreasing to 0.2% at room temperature.
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CHAPTER 3

RESULTS FOR MgAl,04 SPINEL

3.1 Preparation of MgAl,04

There are a number of different methods of producing
polycrystalline spinel oxides and these are reviewed in
detail by Standley (1972). The mixed oxide method of
preparation was used to prepare MgAl,0,4. Essentially this
process involves mixing of appropriate quantities of the
pure component oxides, and firing of the mixture at a high
temperature, usually after hydraulic pressing into
suitable compacts. The firing stages are particularly
critical for obtaining the right proportions of metal ions
of the correct valency in the final product and careful
control of the furnace atmosphere both at temperature and

during cooling can be vital.

To prepare MgAl,04, oxides of magnesium and aluminium were

mixed according to the formula:
MJo + Al,03 — MgAl,04

These oxides were chemically pure (99.9%) and finely

powdered (Supplier Koch-Light & Co). These were ground
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together using a mortar and a pestle until visual
homogeneity was achieved. To obtain better results, the
mixing was continued for another three hours in a
mechanical mixer. This ground mixture was loaded into a
steel press with 15 mm diameter polished dies (Figqure 3.,1)
and was compressed into pellets in a hydraulic press under
seven tons of pressure. The furnace used to fire the
pellets was a PCA TAS furnace(Figure 3.2) having a 96 mm
'hot zone'.After ensuring that the pellets were in the
centre of the hot zone, the temperature of the furnace was

allowed to rise to the required value, by means of the

temperature controller to within an accuracy of « 20 K.

s

The pressed pellets were then fired in an oxygen

P RPAY]

atmosphere first at 1100 K for twenty four hours to obtain 4
an initial reaction between the component oxides and then :
at a higher temperature.The final stage involved refiring

first at 1300 K and then at “ 1700 K in each case for

another twenty four hours (the sample was reground and

repressed between consecutive firings to achieve good

grain size for the spinel phase). It was found, in

general, that the reaction was incomplete at 1300 K, the

result was mainly spinel phase but small amounts of the
constituent oxide phases were present as well. However,

good purity results were achieved at 1700 K. The

resulting white compound was identified with X-ray powder
photographs using copper radiation, and the results are

shown in Table 3.1.
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Index Interplanar Relative Approximate
distance intensity angular
position
(hk1l) d/A° I/Imax in 26°
111 4.66 40 19.20
220 2.86 30-40 31.31
311 2.44 100 36.90
222 2.33 V Faint 38.60
400 2.03 60 44,87
422 1.66 10 55.73
511 (333) 1.56 50 59.44
440 1.43 60-70 65.33
531 1.38 V Faint 68.73
620 1.28 V Faint 74.23 .
533 1.23 10 77.46 x
622 1.22 V Faint 78.53 '
444 1.16 10 82.76 %ﬁ
711 (551) 1.13 V Faint 85.90 iﬂ
642 1.08 Faint 91.10 e
731 (553) 1.05 10 94.25
800 1.01 5 99.51
822 0.95 V Faint 108.40
751 (555) 0.93 10 111.34
840 0.90 5 117.50
931 0.85 10 130.97
844 0.82 20 140.14
Table 3.1

X-ray data for MgA1204 spinel used to check against the
A.S.T.M. index
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3.2 Choice of internal standard

The essential characteristics for an internal standard

were reviewed in Section 2.4, Materials which have these
characteristics are typically elements and for MgA1204
possible standards were Si, Ag and Ge. Of these three, Si
was found to have certain advantages over the other two.
Firstly, there is much published data of expansivity and
thermal expansion coefficients over the temperature range
between liquid helium and high temperature (Gibbons, 1958;
Carr et al, 1965; Batchelder and Simmons, 1965; Lyon et all|93%
White1973). Moreover, the Si expansivity is relatively

small; so it is useful as a standard for the measurements

of low expansivity materials, as well as high expansivity
materials. Secondly, it has a high melting point and Tﬁ:
hence can be used over a wide temperature range. Due toO

its technological importance, very high purity Si can be

obtained. Finally, Si gives diffraction lines close to

those of MgAl,0, spinel, particularly at the high angle

range where the physical and geometrical aberrations are

negligible (Wilson, 1963).

Di fferent proportions of MgAl,0, spinel and Si were tried,
and it was found that a mixture of 70% of MgAl,O4 spinel

with 30% of Si gave the best intensity results for the

chosen diffraction lines.
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Table 3.2 presents the published expansivity and lattice
parameter measurements for Si over the temperature range

77.5 to 300.1 K (Batchelder and Simmons, 1965).

3.3 Correction method

The diffracted intensity distribution for the spinel-
silicon mixture in the high Bragg angle region is shown in
Figure 3.3. The most suitable diffraction lines for the
lattice parameter determination of the spinel were (751)
and (931). In this region there are also two good lines
from Si, namely (531) and (620) and these, therefore, were
used to correct the measured centroids of the spinel
phase. Note that although the temperature was measured by
a calibrated thermometer the use of Si as an internal

standard provides an additional check.

The centroid positions derived from the silicon spectrum
GC(531) and 6,(620) are summarized in Table 3.3 and these
were used to calculate experimental d spacings and hence
corrections A8,(531) and A8 (620) in accordance with
Bragg's law 2dsinf, = AC, i.e. Aec = a%agg—

(see Table 3.4). The correction AGC(SBl) was used to
correct the centroid position of the neighbouring spinel

line (751) and similarly Aec(620) was used to correct

(931) from spinel.
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TEMPERATURE
(K) A a/a' x 10° acalc. (R)
77.5 -17.69 5.42948
89.6 -18.37 5.42944
99.6 -19.39 5.42938
110.3 -18.59 5.42943
120.0 -19.23 5.42939
130.0 -19.07 5.42940
140.0 -18.82 5.42942
150.0 ~18.28 5.42944
160.0 -17.72 5.42948
171.1 -17.13 5.42951
180.9 ~16.29 5.42955
189.8 ~14.96 5.42963
199.8 -13.45 5.42971
210.3 -12.35 5.42977
220.1 -10.69 5.42986
230.3 4 -9.16 5.42994
240.0 -7.58 5.43003
250.0 -5.30 5.43015
259.6 -3.27 5.43026
270.1 ~-0.72 5.43040
300.1 +6.95 5.43082
Table 3.2

Expansivity and lattice parameter measurements for

silicon according to Batchelder and Simmons

a' = 5.43044 A (lattice parameter of silicon at

273.15 K)
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TEMPERATURE . )

(K) 9, (531) 8, (620)

77.5 57.104 63.868

89.6 57,110 63.872

99.6 57.104 63.869
110.3 57.102 63.859
120.0 57,097 63.861
130.0 57.095 63.861
140.0 57.093 63.858
150.0 57.098 63.855
160.0 57.093 63.858
171.1 57.096 63.858
180.9 57.088 63.851
189.8 57.088 63.853
199.8 57.078 63.849
210.3 57.083 63.843
220.1 57.083 63.843
230.3 57.078 63.843
240.0 57.083 63.843
250.0 57,076 63.847
259.6 57.073 63.833
270.1 57.088 63.944
300.1 57.072 63.823

Table 3.3

Measured centroid Bragg angles for the (531) and (620)

lines of silicon
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TEMPERATURE . .
(K) p6_(531) x 107% | e _(620) x 1074
77.5 4.5
89.6 . 3.9
99.6 . 4,5
110.3 . 6.1
120.0 7. 6.0
130.0 7. 5.9
140.0 . 6.5
150.0 . 6.8
160.0 6.2
171.1 . 6.0
180.9 . 7.1
189.8 8.3 6.4
199.8 6.8
210.3 7.6
220.1 . 7.4
230.3 . 7.1
240.0 . 6.8
250.0 5.6
259.6 7.7
270.1 . 5.1
300.1 .7 7.2
Table 3.4

Line position corrections found from Si (531) and (620)

lines respectively
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3.4 Determination of lattice parameters as a function of

temperature

The measured centroid Bragg angles for (751) and (931)

diffraction lines from MgAl,O4 spinel over the temperature
range 77.5 to 300.1 K are summarized in Table 3.5. The
corresponding lattice parameters obtained when these
values were corrected and used with the centroid
wavelength of CuKa radiation (1.54178 A°) are shown in
columns two and three of Table 3.6, (acorrected(751) and

acorrected(931)). The average of these lattice parameters

for MgA1204 (aave ) are presented in column four and finally,

column five presents the smoothed values (agmooth!) Which

result from fitting a polynomial equation of the third

degree in temperature T through the average lattice

parameters (Figure 3.4). The constant coefficients in the

polynomial in T which gave the best fit to the
experimental data were found to be

ag = 8.0741 = 0.0001 (A°)
a; = 0.571 x 1077 (A°)

= 0.730 x 107 (a%)

az
az = 0.2086 x 10

The root mean square deviation of the smoothed values from

the experimental values was found to be 0.00011 a° which

could be taken as a measure of the precision of the

lattice parameter results for the temperature range

covered.
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Measured centroid Bragg ang

lines of MgA1204
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TEMPERATURE 0 o
(K) 60(751) Oc(931)
77.5 55.738 65.590
89.6 55.745 65.598
99.6 55.734 65.588
110.3 55.733 65.576
120.0 55.728 65.577
130.0 55.725 65.574
140.0 55.722 65.568
150.0 55.719 65.567
160.0 55.720 65.563
171.1 55.720 65.562
180.9 55.710 65.551
189.8 55.710 65.548
199.8 55.703 65.545
210.3 55.701 65.538
220.1 55.698 65.532
230.3 55.694 65.527
240.0 55.695 65.527
250.0 55.689 65.521
259.6 55.681 65.515
270;% 55.698 65.515
300.1 55.670 65.486
Table 3.5

les for the (751) and (931)




TEMPI?IR:)\TURE a orr (751) (A°) acorr(931) (Aa°) aave (A°) smooth(Ao)
77.5 8.07465 8.07405 8.07435 8.07415
89.6 8.07441 8.07377 8.07409 8.07424
99.06 8.07481 8.07413 8.07447 8.07433

110.3 8.07473 8.07443 8.07458 8.07445
120.0 8.07473 8.07433 8.07453 8.07457
130.0 8.07482 8.07452 8.07467 8.07471
140.0 8.07498 8.07470 8.07484 8.07486
150.0 8.07586 8.07462 8.07524 8.07504
160.0 8.07525 8.07518 8.07522 8.07523
171.1 8.07560 8.07530 8.07545 8.07546
180.9 8.07577 8.07567 8.07572 8.07568
189.8 8.07595 8.07595 8.07595 8.07589
199.8 8.07586 8.07614 8.07600 8.07615
210.3 8.07654 8.07624 8.07639 8.07644
220.1 8.07698 8.07680 8.07689 8.07672
230.3 8.07690 8.07719 8.07705 8.07704
240.0 8.07759 8.07729 8.07744 8.07735
250.0 8.07759 8.07805 8.07782 8.07770
259.6 8.07829 8.07767 8.07798 8.07804
270.1 8.07829 8.07863 8.07846 8.07844
300.1 8.08010 8.07967 8.07989 8.07969
Table 3.6

Lattice parameter results for MgA1204
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3.5 Determination of thermal expansion coefficients as a

function of temperature

The values of linear coefficients of thermal expansion,X.
over the temperature range 77.5 to 300.1 K (Table 3.7)
were calculated using Equation 2.3 with constants derived
from aj;, ap and a3 as described in Section 3.4.
Therefore,

Q

]

o = 0.571 x 107°/aq
@] = 1.46 x 1077 /ap
6, = 0.6258 x 10710/a,
As MgAl,04 is a cubic material, the volume coefficients of

thermal expansion (} may be found by using the

relationship B8 = 3a.
Figure 3.5 shows the variation of o with temperature and

it was found that the value of o at 300.1 K is

5.48 x 10~ 6k~1,

12




Linear Coefficients
Temperature of
(K) Thermal Expansion
X (107° 7Y
77.5 0.81
89.6 1.04
99.6 1.24
110.3 1.45
120.0 1.64
130.0 1.84
140.0 2.04
150.0 2.25
160.0 2.45
171.1 2.68
180.9 2.88
189.8 3.07
199.8 3.28
210.3 3.50 o
220.1 3.71 e
230.3 3.93
240.0 4.14
250.0 4.36
259.6 4.57
270.1 4.81
300.1 5.48
Table 3.7

Linear coefficients of thermal expansion for MgA1204
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CHAPTER 4

RESULTS FOR ZnFe, O, SPINEL

4.1 Preparation of 7ZnFep04

Zinc ferrite spinel can be synthesized by two methods, the
mixed oxide method and the mixed nitrate method (the wet

method).

The oxide method involves the mixing of appropriate
proportions of zince oxide and ferrice oxide according to

the following equation

Zn0O + Fe203 — ZnFe204

As with the preparation of MgAl,04 spinel, these oxides
were mixed by a mechanical mixer and then compressed into
pellets in a hydraulic press under seven tons. The
pressed pellets were fired in an oxygen atmosphere several
times at temperatures of 1050 K and 1450 K until a zinc

ferrite spinel phase was obtained. An oxygen atmosphere

was used to eliminate any effect from the dissociation of

ZnFe204 at temperatures above 1450 K.

On the other hand, the wet method involves the mixing of

15



high purity powders of ferric nitrate (Fe(NO3)3.9H,0) and
zinc nitrate (Zn(NO3)2.6H20). These were dissolved in the
least volume of distilled water necessary and the solution
heated slowly to evaporate the water without loss of
solute. The mixture of dried metal nitrates was prefired
at 850 K until all the nitrogen oxides had been driven
off, leaving a residue of mixed metal oxides. This
residue, in powder form after crushing, could be
compressed and fired as before with the mixed oxide

method.

The identification of the samples prepared by the oxide
and nitrate methods was carried out with the aid of the X-
ray powder method using MoKa radiation. This showed that,
the oxide method of preparation for ZnFe;0y spinel
although more convenient, was subject to the presence of
small amounts of the constituent oxides. Moreover, it was
found that these impurities were not removed when the
pellets were reground and pressed again between firings
nor by refiring the pellets for another twenty four hours
a.t 1450 K. From these considerations, it seemed desirable
to achieve the fine scale mixture by the nitrate method as

this did not lead to detectable unreacted constituent

oxides after firing.

In the case of the mixed nitrate method, mixing of the

solutions means that the ions mix on an atomlc scale.
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This is most probably the reason why the spinel phase only
is found in the final product by the nitrate method.
Therefore, brownish black zinc ferrite spinel (ZnFe;04)
obtained by the nitrate method (see Table 4.1) was used

for lattice parameter measurements.

4.2 Choice of X-ray radiation

In the case of ZnFejy0y spinel, CuKa radiation cannot be
used because of the presence of the iron (Fe) in ZnFe;0y
which causes a fluorescence effect. To reduce the
fluorescence effect, Zr and Mn filters were placed after
the sample holder, but it was still impossible to detect
any diffraction lines of ZnFe 0y spinel except for one Or
two faint lines. Therefore, MoKa radiation was chosen for
the measurement of ZnFe,0y lattice parameters. With this
radiation, the Xenon proportional counter which was used
with CuKoa radiation was not suitable and was replaced by a

(Nal (Tg) scintillation counter.

4.3 Choice of internal standard

The MoKo radiation has a very short wavelength, therefore,
there was no other choice but to use the diffraction lines

for ZnFe,04 within the low angle range. In this
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Index Interplanar Relative Approximate
distance intensity angular
position
(hkl) da/Aa° I/Imax in 28°
111 4.87 20-30 8.35
220 2.98 40 13.67
311 2.54 100 16.05
222 2.44 Faint 16.71
400 2.10 40 19.45
422 1.72 40 23.80
511 (333) 1.62 70 25.29
440 1.49 80 27.54
620 1.33 10-20 30.93
533 1.29 40 31.91
622 1.27 Faint 32.43
642 1.13 30 36.58
731 (553) 1.10 50 37.62
800 1.06 30 39.09
751 (555) 0.97 40 42.89
931 0.89 20 46.97
771 0.85 30 49.32
773 0.82 10-20 51.25
(1022) (666) 0.81 10-20 51.93

Table 4.1

X-ray data for ZnE‘e204

the A.S.T.M.

Index
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range, the lines are close to each other and the choice of
the internal standard was difficult as the lines from both
the ZnFe,0, spinel and the internal standard tend to

overlap.

Si and Al are the only standards which are similar to the
ZnFe,0y4 spinél and have one line each suitable for line
position corrections.In the case of Si, the thermal
expansion at low temperature is very small and hence
difficult to detect in the low angle range. Therefore, Al
was chosen as the standard in this case. By experiment it
was found that a mixture of 50% of Al with 50% of ZnFe;0y
gave the best diffraction line definition for lattice

parameter measurements.

An important problem which had to be resolved was that
only Bandyopadhyay and Gupta (1978) have measured lattice
parameters for Al over the whole temperature range between
89 and 300 K but their measurements differ significantly

from those of other workers at room Or low temperatures.

The measurements ol Straumanis and woodard (1971) only

cover the range from 40 to 160 K but are in good agreement

with the lattice parameter values reported by Figgins et

al (1956) for the range 40 to 125 K. The latter workers

also give values for the lattice parameter of Al at 273

and 298.7 K (4.04736 A° and 4.04968 A° respectively).
Further support for the validity of the earlier
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measurements is given by values reported for the linear

coefficient of thermal expansion, g,

reported by Strelkov and Novikova (1957) for the
temperature range 170 to 300 K. Therefore, in this work,
the lattice parameters of Straumanis and Woodard were
taken as the standard for the temperature range 40 to
160 K and then, values were calculated for the rest of the
temperature range till 300 K using the data of Figgins et
al and the values for a given by Strelkov and Novikova

(see Table 4.2).

4.4 Correction method

The diffracted intensity distribution for the ZnFe,0y-Al
mixture in the low Bragg angle region is shown in Figure

4.1. The most suitable diffraction lines for the lattice

parameter determination of ZnFep04 were (333) and (420).

In this region there is only one line from Al namely (220)
and this, therefore, was used to correct the measured

Bragy angles of ZnFej;04.

The measured Bragg angles for the (220) reflexion from the

aluminium spectrum, 6(220), are summarized in column two

of Table 4.3 and these were used to calculate the

experimental d spacings, and hence the correctlions

(column three of Table 4.3). These corrections were used
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TEMPERATURE

Lattice parameters for aluminium

81

(K) a(A°®)
78.5 4.03286 u
90.9 4,03337
101.9 4,03390
113.7 4.03454 Straumanis and
125.2 4.03524 Woodard (1971)
137.0 4,03601
148.9 4,03682
160.8 4.03768
171.3 4.03849 -
182.1 4.03935 ]
191.8 4,04011
201.3 4.04089
212.0 4.04178
221.4 4,04257 calculated as
231.3 4.04342 desgribed in the text
240.1 4.04419
248.8 4.04496
256.2 4,04563
269.4 4,04682 -
273.0 4.04736 «— Figgins et al (1956)
276.2 4.04744 a calculated as above
288.5 4.,04859 P
298.7 4.04968 «—Figgins et al (1956)
300.0 4.04969 ¢— calculated as above
Table 4.2
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TEMPERATURE

Measured Bragg angles for the

with the line position corrections

83

(K) 6 (220) £0° x 10
78.5 14.3888 2.40
90.9 14.3863 2.50
101.9 14.3838 2.61
113.7 14.3813 2.63
125.2 14.3800 2.41
137.0 14.3763 2,55
148.9 14.3738 2.50
160.8 14.3700 2.61
171.3 14.3675 2.53
182.1 14.3638 2.62
191.8 14,3625 2.39
201.3 14,3588 2.53
212.0 14.3550 2.62
221.4 14.3525 2.56
231.3 14.3500 2.47
240.1 14.3463 2.61
248.8 14.3450 2.36
256.2 14.3413 2,57
269.4 14.3375 2.49
276.2 14.3350 2.52
288.5 14,3300 2.68
300.0 14.3275 2.43
Table 4.3

(220) line of aluminium




to correct the Bragg angles of the ZnFe,;0, lines (333) and

(440).

4,5 Determination of lattice parameters as a function of

temperature

The measured Bragg angles for the (333) and (440)
diffraction lines from ZnFe,04 over the temperature range
78.5 to 300.0 K are presented in Table 4.4. These values
were corrected and used with the wavelength of MoKa,
radiation (0.7093 A°) to calculate corresponding lattice
parameters acorrected(333) and acorrected(440)' as shown
in columns two and three of Table 4.5. The average of
these lattice parameters (agye) are presented in column
four. Column five gives the smoothed values (agpooth)
which result from fitting by a polynomial equation of the

third degree in temperature through the average lattice

parameters (Figure 4.2). The constant coefficients for

best f£it are

ag = 8.4140 £ 0.0001 (A°)

= 0.321 x 107%(a9)

a) =
ap = —0.164 x 1077 (a%)
a3 = 0.119 x 1077 (&%)

The root mean square deviation of the smoothed values of

lattice parameters from the experimental values was found
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Measured Bragg angles for the

positions of ZnFe204

85

TEMPERATURE

(K) 5 (333) 6 (440)

78.5 12.6338 13,7750

90.9 12.6325 13.7750
101.9 12.6325 13.7738
113.7 12.6313 13.7738
125.2 12.6313 13.7725
137.0 12.6300 13.7725
148.9 12.6300 13.7713
160.8 12.6288 13.7713
171.3 12.6288 13.7700
182.1 12.6275 13,7688
191.8 12.6288 13,7700
201.3 12.6275 13.7675
212.0 12.6263 13.7675
221.4 12.6263 13.7663
231.3 12.6250 13.7663
240.1 12.6238 13.7650
248.8 12.6250 13.7650
256.2 12.6225 13.7638
269.4 12.6225 13.7625
276.2 12.6213 13,7625
288.5 12.6200 13.7600
300.0 12.6200 13.7600

Table 4.4

(333) and (440} line




N

TEMPE()?;\TURE acorr(333) (a°) acorr(440) (A°) aave(A°) asmqoth(A")
78.5 8.41652 8.41730 8.41691 8.41648
90.9 8.41695 8.41696 8.41696 8.41687

101.9 8.41655 8.41733 8.41694 8.41723
113.7 8.41724 8.41725 8.41725 8.41761
125.2 8.41813 8.41872 8.41843 8.41800
137.0 8.41842 8.41825 8.41834 8.41840
148.9 8.41860 8.41921 8.41891 8.41881
160.8 8.41901 8.41887 8.41894 8.41923
171.3 8.41928 8.41985 8.41957 8.41962
182.1 8.41977 8.412028 8.42003 8.42002
191.8 8.41980 8.42033 8.42007 8.42039
201.3 8.42011 8.42137 8.42074 8.42077
212.0 8.42060 8.42107 8.42084 8.42120
221.4 8.42082 8.42195 8.42139 8.42159
231.3 8.42199 8.42226 8.42213 8.42202
240.1 8.42224 8.42257 8.42241 8.42241
248.8 8.42240 8.42343 8.42292 8.42280
256.2 8.42327 8.42344 8.42336 8.42315
269.4 8.42357 8.42450 8.42404 8.42378
276.2 8.42424 8.42440 8.42432 8.42412
288.5 8.42447 8.42532 8.42490 8.42475
300.0 8.42541 8.42618 8.42580 8.42537
Table 4.5

Lattice parameter results for ZnFe204

86




‘a/njosedwa} Jo uoljduny D SD BAJN3 payjoouws oy ‘
y{im pasndwol gTa4uy Joj sJajowptnd @di4D] jJo sanjpA paboseap 8yl  z'4 adnbiy

00&

(M) aJnjpuadwa]

002 00l 0
I _ _ 9l4-8
8LY-8
_
=8
0248 =)
X
(@]
3
22498 =
]
(@]
4248 =
X

9298

87




to be 0.00025 A° which could be taken as a measure of the

precision of the results for the temperature range

covered.

4,6 Determination of thermal expansion coefficients as a

function of temperature

The linear coefficients of thermal expansion, o, over the

temperature range 78.5 to 300.0 K (Table 4.6) were

calculated
ajr aj and

OLO—

Rl

(12=

As before the volume coefficient of thermal expansion

is 3a.

Figure 4.3 shows the temperature dependence of a for

. ~6p—1
ZnFe204, and at300.0K, o.is found to be 6.46 x 107 °K ~,

using Equation
ay as follows

0.321 x 107%/ag

2.3 and constants derived from

~0.328 x 107 /aq

0.357 x 107%/aq
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Linear Coefficients
TEMPERATURE of
(K) Thermal Expansion

X (10”0

78.5 3.77
90.9 3.81
101.9 3.86
113.7 3.92
125.2 3.99
137.0 4.08
148.9 4.17
160.8 4.28
171.3 4.39
182.1 4.51
191.8 4.62
201.3 4.75
212.0 4.89
221.4 5.03
231.3 5.18
240.1 5.32
248.8 5.47
256.2 5.60
269.4 5.84
276.2 5.97
288.5 6.21
300.0 6.46

Table 4.6

Linear coefficients of thermal expansion for ZnFe204
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CHAPTER 5

DISCUSSION OF RESULTS

5.1 Comparison with earlier work

Measurements for the lattice parameters of MgA1204 and
ZnFe204 have been reported for a range of high temperatures
extending down to room temperature and, on the whole, these
data are in good agreement. Thus, for example, values in
the literature for the room temperature lattice parameter
of MgAl,0, vary from 8.0799 to 8.0832 A° (Grimes and
Collett 1971; Grimes and Hilleard 1970: Henderson and
Taylor 1975; Singh et al 1975; and Suzuki and Kumazawa
1980). The corresponding value reported here, 8.07969 AO,
is slightly lower but should be of higher precision because

of the procedures adopted.

Somewhat wider variations exist among the room temperature

lattice parameters reported for ZnFe204 as values varying

o
between 8.416 AC (Hudson and Whitfield 1967), 8.425 A
o LAd .
(Arkharov and Kuznetsov 1974) and 8.443 A (Konig and
Chol 1968; Evans et al 1971) have been found. Such

variation may be associated with difficulties in the

preparation of this material (see section 4.1). None of

these measurements, however, appear to be of comparable
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precision to the valve measured in this study (8.42537A°).

It should be emphasized that prior to this work no lattice
parameters for MgA1204 and ZnFe204 have been reported below
room temperature. Similarly, our data for thermal
expansion is new, so that no direct comparison with earlier
work is possible. At best we can look for continuity
between the earlier results at high temperatures and the

low temperature results reported here.

In Figure 5.1, therefore, we show all the available
information for the thermal expansion of MgA1204 for the
temperature range from 0 to 700 K. Above this temperature
range a A anomaly has been reported by Suzuki and Kumazawa
(1980) which is believed may correspond to a change of
space group symmetry from F43m at low temperature to Fd3m
(see atso Mishra. and Thomas 1971)-

Figure 5.1 shows that, although the new results seem low at
room temperature (300 K) the scatter of the earlier
results above this temperature is quite compatible with a
continuous smooth curve 'including the low temperature
region. The data of Beals and Cook deviate most from the
general trend but generally the agreement 1s good if
allowance is made for possible differences in specimen

preparation and stoichiometry and the different techniques

employed.

i thermal expansion
In the case of an?‘ezo4 the only published e p
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measurements are those carried out by Weil (1950) who
reports mean values for o in four temperature regions.
Figure 5.2 shows that the present results are compatible
with these measurements although the high temperature
results are really too few to be confident about
continuity. More generally, however, the agreement between

high and low temperature experiments on MgAle4 and ZnFe204

does seem to justify the practice of using specimens formed *

from a mixture of the spinel compound and an internal

standard.

The variation of o with temperature for MgA1204 is
apparently well behaved over the temperature range
investigated here (see Figure 3.5) and o may be anticipated
to tend to zero as the temperature tends to 0 K. ZnFe204,
however, appears to behave anomalously in so far that «
decreases with decreasing temperature and then becomes
almost independent of temperature near 100 K (see Figure
4.3). This result was sO surprising that the
measurements of lattice parameter over the temperature
range 80 to 180 K were repeated and the thermal expansion
coefficients recalculated for the corresponding range of
temperature. Closely similar results were again obtained

and therefore it is concluded that the anomalous behaviour

is real and that o does not tend to zero as the temperature

tends to 0 K in a simple way in the case of ZnFe204.

The possibility of having such anomalous behaviour among
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spinel compounds is not new, for at least two groups of
workers have recognized the presence of unusual thermal
expansion behaviour in CdCr254 and CdCr28e4 with
characteristics similar or even more anomalous to that
found in this study (Martin et al 1969; Bindloss 1971).
The results reported by these workers describe the
variation of lattice parameter with temperature for the
compounds concerned but a rough calculation for the
corresponding variations for o (see Figure 5.3) shows that
CdCr 84 possesses negative values near 100 K while o for

2

CdCr28e4 increases with decreasing temperature below 40 K.
The proposed explanation is that in these materials there
are displacements taking place internal to the unit cell
which are not equivalent to the displacements resulting
from hydrostatic pressure. The situation in ZnFe?_O4 is
believed to be very similar and indeed there exists a well
known specific heat anomaly in this case (see Figure 5.4)
which has been interpreted by Grimes (1974) as arising from
off-centre displacements of octahedrally coordinated iron.
As mentioned previously (see section 1.4.1) the mechanism

for such displacements is believed to be associated with

the local potential conditions.

In the metallic spinels, the local potential conditions have
been shown to be different from other spinel compounds
(see section 1.4.3). Some of these materials appear to

belong to the class of strong superconductors with high
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transition temperature (Dawes , - 1975; Siripairoje
1978) . Therefore, it is useful to compare the behaviour of
one of these materials (LiTi204) with the other spinel

compounds.

Table 5.1 summarizes experimental data for the thermal
expansion coefficients of LiTiZO4 kindly made available by
Dr R W Cheary (unpublished work). The temperature
dependence of o is shown in Figure 5.5. This variation is
reasonably consistent with the value of 15.6 "\10_6}{“1) y
reported by Roy et al (1977) for the temperature range in

the neighbourhood of 660 K.

5.2 The Grlineisen parameter y

As discussed previously it can be shown that for a
quasi harmonic cubic crystal the ratio y = BV/XTCV should be
a constant independent of temperature. Therefore, the
temperature variation of y has been used as a relative

measure of anharmonicity.

In calculating y for MgA1204 and Zn}?ezo4 spinels, the
present data for thermal expansion have been used in
association with the corresponding molar volume calculated
according to the following equation V = (él3 x Av.No.)/8
(see Tables 5.2 and 5.3). The molar heat capacities for

these spinels were reported by Grimes (1972c and 1974) and
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Linear Coefficient
TEMPERATURE of
(K) Thermal Expansion

a (10771

80 1.40
90 1.44
100 1.63
110 2,45
120 3.41
130 4,39
140 5.38
150 6.13
160 6.24
170 6.24
180 6.61
190 6.72
200 6.81
210 7.38
220 7.78
2130 7.79
240 7.99
250 8.17
260 8.10
270 7.91
280 8.10
290 8.30
300 8.50

Table 5.1

Linear coefficients of thermal expansion for LiTi,

(after Cheary)
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TEMPERATURE

(K) V(10 0m3) (J;;)

77.5 39.6290 12.32

89.6 39,6303 17.54

99.6 39.6317 22.08
110.3 39.6334 27.80
120.0 39,6352 33.01
130.0 39.6373 38.72
140.0 39.6395 44,43
150.0 39.6421 50.15
160.0 39.6449 55.86
171.1 39,6483 61.94
180.9 39,6516 67.28
189.8 39,6546 71.85
199.8 39.6585 76.97
210.3 39,6627 81.85
220.1 39.6669 86,40
230.3 39,6716 90.67
240.0 39,6762 94,73
250.0 39.6813 98.49
259.6 39.6863 102.11
270.1 39,6922 105.64
300.1 39,7106 114.91

Table 5.2

The molar volume data and molar heat: capac_ities

(Grimes, 1972c) for MgAl,0,
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TEMPERATURE Cy
(K) V(10'6m3) (J/K)
78.5 44.8864 29.35
90.9 44.8926 38.85

101.9 44,8984 46,82
113.7 44,9044 55.39
125.2 44,9107 63.59
137.0 44,9171 71.62
148.9 44,9236 79.11
160.8 44,9304 86.37
171.3 44,9366 92.03
182.1 44,9430 97.69
191.8 44,9489 102.25
201.3 44,9550 106.62
212.0 44,9619 110.93
221.4 44,9682 114,63
231.3 44,9751 118.04
240.1 44,9813 121.07
248.8 44,9875 123.65
256.2 44,9932 125.84
269.4 45,0033 129.34
276.2 45,0087 131.06
288.5 45.0188 133.90
300.0 45,0287 136.43
Table 5.3

The molar volume data and molar heat capacities

(Grimes, 1974) for ZnFe204
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this data also is presented in the above tables. Some
values for the elastic constants of these materials are

summarised in Table 5.4.

The Griineisen parameters calculated from these data are
presented in Tables 5.5 and 5.6 while Table 5.7 presents
Gruneisen parameters for Li’]?izo4 reported by Cheary
(unpublished work) using data for molar heat capacities from
Siripairoje (1978). Figures 5.6, 5.7 and 5.8 show the

variation of y with temperature for the above spinels.

The elastic constants used to evaluate y for MgA1204 were
the values reported at room temperature by Chang and
Barsch (1973). However, Pointon and Taylor (1968) have
reported that these values increase with decreasing
temperature being about 7% higher at 4.2 K and if this is

taken into account the graph of the variation of ¥y

(Figure 5.6) will be slightly steeper between 80 and 150 K.

The only published values of y for spinel compounds are
those for MgA1204, where a calculated value of 1.41

(for T > eé) has been reported by Chang and Barsch (1973)
while Suzuki and Kumazawa give 1.13 at room temperature.
The agreement with the present results is therefore
satisfactory for we find 1.11 at room temperature and, by

extrapolation, a value above 1.4 near 60(863 X) .

In the case of ZnFe, 4 the calculation of y is complicated
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—
\

by factors arising from the crystallographic structural
anomaly previously described (see section 5.1). For
example, if full experimental values for Cv are used then
this includes a contribution from the Schott ky anomaly at
72 K. Therefore Grimes' (1974) theoretical estimates for
the lattice vibrational contribution to Cv were used.
Similarly because of similarities between Zn}?ezo4 and
ZnCr204 it seems likely that elastic relaxations occur with
decreasing temperature (Kino and Luthi, 1971: Kino et al,
1972) and strictly this also should be taken into account.
The effect might be to produce a somewhat less steep
variation of y at low temperatures. However, the effect of
this possibility is likely to be small and has therefore

been neglected.

105



ANEO\cmv 0l) spunodwod TauTds OTQNO I0F BIEP OT3SeTd V'S o[ded

106

¢l
(aglel)
sewtad | 0€6°1 | 00S€°1l | 0L5°L |0069°z | Yoleguz
(s961)
SiM37) g6V €51 1SN 6L T
(8961) (€L6l)
I0TAR]L yosaeg
pue : pue
uo3luTog L60°2 G9° 1 91 66°C bueyp LS6° 1 89¥s°1 zes" 1 8082 Vol 1ybn
— x/1 | 7% 2l Ll - 1oy X/1 A2 A Ll
M Z2°v = & aanjexsdwoly wWOOX = I




TEMPERATURE [

(K) T/eO Y
77.5 0.09 1.52

89.6 0.10 1.37
99.6 0.12 1.30
110.3 0.13 1.21
120.0 0.14 1.15
130.0 0.15 1.10
140.0 0.16 1.06
150.0 0.17 1.04
160.0 0.19 1.02
171.1 0.20 1.00
180.9 0.21 0.99
189.8 0.22 0.99
199.8 0.23 0.99
210.3 0.24 0.99
220.1 0.26 1.00
230.3 0.27 1.01
240.0 0.28 1.02
250.0 0.29 1.03
259.6 0.30 1.04
270.1 0.31 1.06
300.1 0.35 1.11

I

Table 5.5

The Gruneisen parameters for MgA1204,as a function of

= 863 K reported by suzuki and

temperature with eo

Kumazawa (1980)
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3.34
2.55
2.14
1.84
1.63
1.48
1.37
1.29
24
1.20
1.18
1.16
1.15
1.14
1.14
1.14
1.15
l.16
1.18
1.1.9
1.2 1
1.2 3

| Gnd

TEMPERATURE

(<) T/8

78.5 0.14

90.9 0.16
101.9 0.18
113.7 0.20
125.2 0.23
137.0 0.25
148.9 0.27
160.8 0.29
171.3 0.31
182.1 0.32
191.8 0.35
201.3 0.36
212.0 0.38
221.4 0.40
231.3 0.42
240.1 - 0.43
248.8 0.45
256.2 0.46
269.4 0.49
276.2 0.50
288.5 0.52
300.0 0.54

L_’,—/L/—_.#_m__l_,

Table 5.6

The Gruneisen parameters for ZnFe,O, as

temperature with 68 7 555 K reported by

108

a function of

Gr imes (1972b)




N

Table 5.7

TheGrineisen parame

0

O

599 K (Siripairoje,

TEMPERATURE j
T/6 Y
(K) ©
10 0.02 26.08
20 0.03 13.41
30 .05 3.58
40 0.07 2.13
50 0.08 1.66
60 0.10 1.34
70 0.12 1.12
80 0.13 0.98
90 0.15 0.84
100 0.17 0.81
110 0.18 1.06
120 0.20 1.28
130 0.22 1.46
140 0.23 1.61
150 0.25 1.66
160 0.27 1.54
170 0.28 1.42
180 0.30 1.39
190 0.32 1.32
200 0.33 1.26
210 0.35 1.29
220 0.37 1.31
230 0.38 1.26
240 0.40 1.24
250 0.42 1.24
260 0.43 1.20
270 0.45 1.14
280 0.47 1.14
290 0.48 1.15
300 0.50 1.15

[ I 3

ters for L1T1204

1978)

109

(after Cheary) with
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5.3 Discussion

The fact that cubic crystals must by symmetry, possess but
one coefficient of thermal expansion makes anomalous
behaviour in these materials especially intriguing.

Model calculations for various simple crystal structure
types have been performed by Barron (1955, 1957) and by
Blackman (1958) which indicate that unusual behaviour may
be expected in certain circumstances. In particular, it
seems that negative volume expansion coefficients are more
likely to occur with open structures rather than close

packed ones.

On the experimental side the greatest effort seems to have
been devoted to investigating compounds crystallizing with
the zincblende structure which are well known to show strong
anharmonic effects (see section 1.5). Hence it has been
shown that many such crystals do indeed possess unusual
thermal expansion behaviour including negative coefficients
of volume expansion at low temperature. Simildrly, vy also
can be negative, and the variations of y with temperature
for a range of these crystals are shown in Figure 5.9.
According to Smith and White (1975) there is a correlation
with the degree of ionicity and this point has been taken
up by Gilat (1977) who has argued that when the interatomic
forces are mainly central two body interactions, the sign

of the thermal expansion coefficients can be negative only
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v (T) for crystals of zincblende structure

Figure 5.9
(after Barron et al, 1980)
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for solids that lack symmetry of inversion.

The importance of this debate for the present work lies in
the close relationship between the crystal structures of
spinel and diamond. This was first emphasized by Bragg
(1915) who imagined each carbon atom in diamond replaced by,
for example, one molecule of MgA1204, so that the overall
pattern is that of a nearly close packed cubic array of
oxygen ions within which the metal ions occupy interstitial
positions. In point of fact the analogy with zincblende
structure is closer as the space group symmetry F43m is then

identical and there is no centre of symmetry.

The similarities between these two systems of chemical
compounds are more than merely crystal symmetry. For
example, Daniels (1962) has emphasized the very low values
for volume expansion among zincblende related materials but
the magnitude of B8 for MgA1204 and ZnFe204 lies in the

range 16 to 19.5 (10'6K_1) compared with 12 to 22 (10_6K—1)
for zincblende materials at ordinary temperatures.
Similarly, although positive values for B8 have been found in
this study negative thermal expansion does apparently occur,
as we have seen, in CdCr254. By contrasf, as we show in

Appendix A, a simple model for an ionic crystal predicts

y = 13/6.

Figure 5.10 compares the variation of y with temperature for

the spinel compounds investigated here with the
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corresponding variation in si and Ge. We see that there is
indeed some similarity which may be connected with the
common crystal symmetry and it may be that lower values of
vy indicate either a greater degree of anharmonicity or
possibly a difference in the repulsive part of the intexr-
atomic interaction. The mechanism in Si and Ge can not be
quite the same since in these cases all atoms within the
crystal structure are equal whereas, as we have seen, the
spinel materials possess a crystal structure in which one

atomic location is anomalous.

This point is emphasized by the difference between the
behaviour of LiTiZO4 and other spinel oxides. If the
octahedrally coordinated location in LiTiZO4 is a site with
a flat bottomed potential well then anomalous behaviour at
very low temperature should be expected. 1Indeed, if the full
experimental values for CV for ZnFe204 had been used, i.e.,
we include the Schottky contribution, then there would be

a small dip in the graph of y in the neighbourhood of

T/eo = 0.12.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

6.1 Conclusions

In the present investigation of two oxide spinels it has
been shown from measurements of thermal expansion that the
Gruneisen law relating thermal expansion to heat capacity 1is
not valid over the temperature range 77 to 300 K. 1In both
cases the linear coefficient of thermal expansion is found
to be low and there are apparently great similarities to the

compounds crystallizing with zincblende structure.

The thermal expansion behaviour of MgAl2O4 seems to be
unexceptional in the low temperature range investigated
although a A anomaly has been reported at much higher
temperatures than used in these experiments. There is good
continuity between the new low temperature results and

published data for the high temperature region.

ZnFe204 is shown to behave differently from MgA1204 in so
far that the linear coefficient of thermal expansion becomes
independent of temperature at the lowest temperatures

investigated and it is clear that this coefficient can not

tend to zero as the temperature tends to 0 K as normally
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anticipated. By comparison with anomalous expansion
behaviour noted by previous workers in CdCrZS4 and CdCr28e4
it is concluded that the behaviour of ZnFe204 is connected
with the occurence of internal atomic displacements
associated with anharmonic potential conditions at the site

occupied by octahedrally coordinated iron.

The local potential conditions at the octahedral site in the
metallic spinel LiTiZO4 are believed to be anharmonic in a
different way from insulating ZnFe,O, and a comparison of
the results obtained by Dr R W Cheary for the Gruneisen
parameter with those found here for MgA1204 and ZnFe204
indicates that LiTiZO4 is certainly not a typical spinel
although the linear coefficient of thermal expansion does

apparently tend to zero without marked anomalies.

6.2 Suggestions for further work

In calculating the Gruneisen parameter y for the materials
investigated in this thesis it has been necessary to neglect
any variation of the elastic constants with temperature as
generally speaking very few measurements héve been made of
these parameters. Clearly, for a more precise study more

experimental data for the elastic behaviour is needed.

A considerable amount of experimental data exists
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in the literature for the heat capacities of many spinel
compounds and this suggests that there is further scope for
extending the present studies to other compounds in the
spinel series. It would be useful to establish more firmly,
for example, the exact relationship between off-centre
octahedral site displacements and anomalous expansion

behaviour.
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Appendix A

(1]
THERMAL EXPANSION:GRUNEISEN'S LAW

To derive a simple relation between thermal expansion and
specific heat, it is based on the existence of an
asymmetrical potential energy curve for the whole crystal
in terms of the separation between atoms. We consider
here only the potential energy ¢ between one atom and its
neighbour and ignore the problem of coupled

interactions. The potential energy curve is shown in
Figure 1.6; we transpose it to axes as shown in Figure
l(a) and express ¢ in terms of the displacement r of the
atoms from their equilibrium separation a. We assume that
at 0 K the energy is zero (ignoring zero—-oint energy) and
that the addition of thermal energy increases ¢ according

to a power law which is used by Tabor, 1969.

¢ = Ar + Br2 + Cr (1)

Since O is the origin where %% = 0 we obtain A = O. Then
¢ = Br2 + Cr¥ + .... (2)

If we used only ¢ = Br2 , the curve would be symmetrical

about the ¢ axis and the restoring force for small
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Figure 1 (a) Potential energy transposed fo different
axes so that the minimum has coordinates 0,0.

(b) Force - separation curve for situation

described in(a).
(after Tabor, 1969)
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displacements, - ?% = -2Br, would be proportional to r,
so that the atoms would oscillate with simple harmonic
motion. We now assume that the cubic term is sufficient

to match the real asymmetric potential energy-curve
s = B2 + Cr3 (3)

At a value of energy ¢ . there are two possible values of

r, we call them ry and Yy

It

2 4 3 = 2 _ 3
¢l Brl Crl Br2 Cr2

B(rlz - r22) = -C(r 3 + ¢ 32) (4)

When adding rj and r, they can be considered as being

almost equal. Equation 4 becomes
) = -Cr? (5)

Oscillations between P and Q are not strictly simple
harmonic because of the cubic term in r. The mean
position, however, is approximately the mid-point of PQ.

Its distance e from the ¢ axis is z(rl - r2).

Hence from Equation (5)

e = 25 2 (6)
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The quantity e is the thermal expansion of the lattice
when the mean vibrational amplitude is r. Its variation
with temperature is

d -C
S = 55 (r2 ) (7)

Now the thermal energy of vibration in one dimension is
approximately ¢ = Br2 so that the specific heat for a one-
dimensional vibration is

3¢ _ 5 d 2

57 - B gr (F)-

Since this involves only the vibrational energy, it is the
specific heat for constant volume. This makes no
assumptions about equipartition of thermal energy so that
for this model it holds however far the material may be

from the Debye temperature. The specific heat per atom in

three dimensions, Cv is three times this, so that

- d_
C, = 3B 3§ (r?) (8)
Hence from equation 7
de -C
adT = 6F Cy (9)

The coefficient of linear expansion a is given by

o |

d -C 1
St~ 5% (10)
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Since a varies little with temperature we see that a 1is
directly proportional to the specific heat at that
temperature. The greater the specific heat, the greater
the thermal expansion and the greater the effect of the
cubic term in augmenting the expansion. This is the main

feature of the Gruneisen's treatment.

It is possible to express B and C in terms of other bulk
properties of the solid. For example, for a simple cubic
array B is equal to Ea/2, where E is Young's modulus. The
other parameter chosen by Gruneisen is the rate of change
of vibrational frequency with lattice expansion. The
natural frequency of vibration v is proportional to (force

- 32443
, i.e. to (57;J . Hence

1
constant)?

92
log v = constant + 3 log 5?%

g—f(log v] =3 (1/5—?5—) gfg (11)
From equation (2) we have
%g. = 2B + 6Cr = 2B; gir‘f# = 6C (}2)
Hence 5% log (v) = 3 x %% = %%
But a%—(log a) = % (13)
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Since on the force-displacement curve (Figure 1(b)), the

displacement of the equilibrium distance dr is the change

in the spacing . Consequently
_d logv _  3Ca (14)
d log a 2B

is usually defined in terms of

The Gruneisen constant vy
Since v 1is

the change of frequency with atomic volume v.

proportional to a3, then

d log v _ d logv _  Ca
T3 Togv- " 3d log a 7B (15)

Substituting from equation (16)

Ea in Equation (10) we obtain

forC=_2ﬂandB=_
a 2

(16)

For a simple cubic structure Noa3 is the volume V of a
gram—-atom and NOCv is the specific heat CV of a gram-

atom, hence

2y C
- (17)

The coefficient of cubical expansion is 3 so
2y C

that g8 = M
EV

A more rigorous model gives
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B::{__C..y_
KV

where K is the bulk modulus.

We see that a is expressed solely in terms of measureable
bulk quantities. As a matter of interest we may
calculate y for an ionic solid for which the potential

energy between a pair of ions is

1 aB
¢ = -KF - —gp) (18)
3% 2 10a8 8
¢ =5 = Kz -1 = Kgatr=a
ey 334 -6 . 110a8, _ 104
o =g = K ¥ Tmr ) = kg atr =

From Equations (11) and (13) we see that

¢
& (19)

_ - dlogv _ -_dlogv _ _
T = d Iog v ~ 3d log a

o

Consequently for an ionic solid

-4+ 2 1048 _ + 13
Y = 6 * ~8atr =~ 6

The above treatment has one basic defect; namely that it
treats the solid as though its behaviour were exactly
analogous to that of a pair of atoms. By contrast when we
consider the behaviour of an assembly of a large number of
atoms as in a solid crystal, an entropy factor arises

which is not accounted for by the simple treatment. It
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may indeed be shown that even if the atomic vibrations
were perfectly harmonic, thatisi?ﬁw-potential energy curve
were perfectly symmetrical, the increase in free energy of
the crystal as its temperature is raised would lead to an
increase in volume. However, the thermal expansion due to
this factor appears to be small compared with that arising
from the asymmetric nature of the potential energy curve

considered above.
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