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ABSTRACT

The general introduction gives a brief history of the development
of ceramic articles from early Egyptian times to the present day,
outlining the importance of the independent development of Chinese
ceramics as well as the recent development of the British pottery
industry. The value of a number of spectroscopic techniques in investi-
gating the chemistry of transition metal ions in ceramic glazes is
evaluated.

Chapzer three outlines the room temperature and liquid nitrogen
temperature MUssbauer and magnetochemistry results for a number of
Iron (III) dipyridyl complexes in order to evaluate the use of M8ssbauer
spectroscopy in the investigation of iron in weak ligand fields similar
to those encountered in a glaze environment.

Chapter four describes the MYssbauer X-ray Diffraction and Electron
Spin Resonance results for a number of iron containing glazes. Iron is
introduced in various forms and firings are performed under oxidizing
and inert conditions. The MUssbauer results indicate that the final
environment of iron in the fully matured glaze depends upon the method
of introduction. Comparison of the MYssbauer parameters for anumber of
Chinese ceramic glaze samples also serves to illustrate this point.

ESR of Copper containing glazes are also reported. Copper (II) is
found to exist in a highly distorted octahedral environment. Visible
spectra of Chromium containing glazes are also reported and compared
with some highly acidic chromium (III) solution spectra in order to
gain a quantitative estimate of the sort of ligand field strengths
normally encountered in a glaze environment. Replacement of Strontium
for Calcium in Iron, Copper and Chromium containing glazes in no way
alters the environment of the transition metal ions.

MOSSBAUER GLAZES IRON ESR
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CHAPTER ONE

A GENERAL INTRODUCTION TO THE CHEMISTRY OF

TRANSITION METAL IONS IN CERAMIC GLAZES



il THE HISTORY OF CERAMICS!

The exact date of the earliest man-made ceramic articles is not
known with any certainty. Crude clay-ware has, in recent years,
been unearthed in Northern Europe, North and South America and
Mesopotamia which can be dated back to about 5000 BC. This indicates
that ceramic technology probably developed independently in various
parts of the world from about this time. The development of ceramics
from crudely shaped to beautifully engineered articles can be sketchily

traced in many different cultures.

Egyptian pottery can be found in old tombs and temples which
have been ascribed to the Memphite period (5000 - 3000 BC). These
articles are generally crude in shape but well polished so that they
in fact appear to be glazed. The earliest example of glazing was
found on Egyptian decorative tiles from about 3500 BC which consist
of a sandy body covered in a blue copper glaze. Tableaux found on
the walls of Egyptian tombs have given detailed information on the
methods used in the production of ceramic articles in the Theban
period (3000 - 1700 BC). By the end of this period, glazed earthenware
had been developed as many examples of this type of ware have been

found in pyramids and temples.

Ceramic technology followedsimilar lines in Babylon and Assyria

with enamelling being used to add different colours. Persian pottery



succeeded this by the addition of metal oxides to an alkaline base to
give coloured glazes. Greek pottery workers, on the other hand, did
not continue along these conventional lines, but concentrated more on
delicacy of shape, preferring to cover their articles in a thin
transparent gloss. The ancient Romans also did some work of this
nature, but they are largely remembered for their bricks and tiles,
some Roman buildings being preserved to this day, many with their
original vitrified stoneware pipes and baths. Although the Romans
introduced their ceramic ware throughout Europe, the style always
remained independent of individual location but was characteristically
Roman. Two distinctive types of Roman pottery have been classified,
Samian ware which is red and the less common black Etruscan ware.

The progress of ceramic art in Europe was severely retarded for

several centuries on the decline of the Roman Empire,

On the other side of the world, the development of pottery ran
along completely independent lines. The first records of bricks and
tiles being made in China relate to the period of the Emperor Wu
(140 - 88 BC), although historians claim that the first articles were
produced in about 2500 BC. These articles were extremely crude and
the better known fine Chinese pottery probably does not date back

further than 200 BC.

Chinese pottery is generally described by association with the
various dynasties of Emperors. The Han Dynasty (206 BC - 220 AD) is
associated with a stoneware type article having either a blue or a
brown glaze. The Suli Dynasty (581 - 617 AD) saw the development of

the first translucent porcelains and also the use of kaolin to produce



opaque chinaware. This period is also the one associated with the
development of Celadon green glazes, The Tang Dynasty (618 - 906 AD)
saw the use of higher firing temperatures to improve the quality of
the porcelain, which led to great advances in the production of
procelain and stoneware sculptures. This was followed by the Sung
Dynasty (960 - 1280 AD) which produced a greater variety of glazes
and colourings and was the period when export of ware to Europe first
began. The Ming Dynasty (1368 - 1643 AD) is often thought to be the
one which produced some of the most technically perfect colours and
decorations and it was followed by the more recent Manchu Dynasty
(1643 - 1912 AD) which saw an increase in the standard of pottery ware
to the extent that some of these glazes have a quality which is

difficult to reproduce in Europe today.

After the withdrawal of the Romans from most of Europe, only
the crudest earthenware was produced until the Moorish invasion of
Spain. They introduced ware with a porous body covered in a white
opaque glaze of high lustre, which was at first reproduced in Majorca
and was therefore called Majolica. This was copied throughout Europe,
especially in Italy, where a characteristic style emerged known as
faience. The French were also able to exploit this kind of ware in
the seventeenth and eighteenth centuries as many local clays were
found that produced high quality porous pottery. The French tended
to apply a tin glaze, which gave a white matt finish. The popularity
of faience declined when the Germans developed European porcelain
after discovering their own sources of kaolin. They followed Chinese
production methods closely and thereby established their own porcelain

industry.
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British pottery, on the other hand, was relatively slow to
develop and was rather crude by comparison with European pottery even
as late as the seventeenth century. Slip ware was first manufactured
about this time in Staffordshire by the Toft brothers. Around 1690,
the Elers brothers used washed Staffordshire clays for the production
of dense ware but it was not until well into the eighteenth century
that china clay was used to give whiter earthenware bodies. This was
something of a turning point as the development of English chinaware
progressed at an extremely fast rate until the beginning of the nine-
teenth century when the production of bone china made it world famous.
In the present century, the trend has been in Britain towards greater
mechanisation in order to produce a more reproducible ware rather

than towards the development of new materials or bodies.

1.2  PRESENT DAY TECHNOLOGY2

The manufacture of ceramics can be conveniently described by two
distinct stages. The preparation and firing of the body followed by
the application and firing of the glaze. The composition of a ceramic
article usually depends upon the raw materials available to the artist
and hence is very much dependent on location, pottery centres having
grown up around abundant clay sites. The commonest types of bodies
consist of mixtures of kaolinite, quartz and various feldspathic or
micaceous materials, which are ground together and mixed with water
to form a slip. The body is then shaped either by hand or by machine,

depending on whether it is being produced by craft pottery or tech-



nologist, and then fired over a period of hours. The firing cycle is
designed to take the body through certain critical temperatures at an

extremely slow rate so as to not damage the article,

The first stage of the firing, up to about 110 oC, serves to dry
the article. Heating too fast through this temperature range will
deform or pit the ceramic. Similar care has to be taken when
chemically bound water is released at about 550 °C and also when
passing through the various phase transition temperatures of quart:z
which are accompanied by changes in volume. The maximum temperature
of this firing, called the biscuit firing, depends upon the composition
of the body and on the degree of sintering that is required. Sintering
of a single component is the process whereby particles which are in
contact combine on the application of heat in order to decrease their
surface area and thereby increase their density. This is complicated
in ceramic bodies by the presence of alkali fluxes which become molten
at relatively low temperatures and tend to dissolve the more refractory
components to a degree which is highly dependent on temperature. If
a body of maximum density is produced by heating to relatively high
temperatures, then the body is said to be totally vitrified, This
is by no means always the case as many ceramic articles, particularly
earthenware, are porous and have not therefore been fired to a high

enough temperature to allow total vitrification to occur.

Until this century, clay bodies were fired in large kilns or
bottle ovens heated by solid fuels such as wood or coal. The ware
was first of all placed in refractory containers known as saggers

to avoid contact between the articles whilst allowing them to be



stacked together to a considerable height. The saggers also served
to protect the ware from flying ash and from direct scorching by
flames. Solid fuels are now generally not used by the technologist
and only used by some craft potters in order to reproduce certain
effects, such as reduction, which can be difficult to achieve by

other means.

Gaseous fuels are now used extensively throughout Europe. In
France and Holland, natural gas is very cheap so is used to a large
extent while town gas is used a great deal in Britain. This has the
disadvantage that it may contain traces of sulphur which is particularly
harmful to pottery, leaving black_scorch marks. Kerosene, butane and
propane fuel sources are most consistent in composition as is North
Sea gas which is now tending to replace town gas in Britain. Electric
kilns have the advantage of giving a more controlled heat but the
silicon carbide elements are very expensive. Also some of the unusual effects
created by firing are due to the atmospheres generated by the various
fuels so that reproduction of certain finishes is sometimes difficult

using an electric kiln.

After the biscuit firing, the article is glazed. This is the
process of applying a thin layer of glass to the article to give it
greater mechanical strength and to improve its aesthetic appeal. The
glaze is applied as a slip and can be sprayed, painted or dipped onto
the fired body. The body is then fired again, carefully as before
in order to avoid damage, to the temperature at which glass formation
occurs, The temperature of the glost firing, as this second firing

is called, depends upon the sort of finishing that is required,



Generally, low temperature glazes, high in alkali metal oxide
concentration, are more brilliant than high temperature glazes which
contain a greater proportion of more refractory materials such as

silica or alumina.

Also it is important that the glaze is under compression in the
finished article to give greater overall strength. If the expansion
of the glaze were greater than that of the body on heating, then the
glaze would contract to a greater extent on cooling, putting it
under tension and hence creating small cracks known as 'crazing'.

The coefficient of thermal expansion of glazes for a given temperature
range is largely independent of composition whereas the coefficient
of the body is more easily varied by change in composition, Therefore
in order to correctly match a body and glaze, the body composition is
often modified so that it is fair to say that the body composition is

governed to a large extent by the glaze.

1.3  STRUCTURE OF SILICATES

Silicate materials have extremely complex, often polymeric,
structures which are sometimes difficult to characterise and describe.
Silicates are based on the silicon oxygen tetrahedron consisting of
one silicon atom surrounded by four oxygen atoms at a distance of
1.62 R. The bonds are quite polar although there is an element of

dm - pm bonding which diminishes the availability of the d electronic



orbitals to nucleophilic attack giving greater stability, particularly

to the more polymeric species. This is illustrated in figure 1.

The simplest silicate species of this type is known as zircon,
ZrS8i0y, where Zirconium has a co-ordination number of eight,

: . . : . ; + + Sy
Substitution of Zirconium ions by either Mg2 or Fe? gives another

simple silicate, olivine, where the metal ions are now six co-ordinated.

O

O
o o '
O
Silicon-Oxygen Tetrahedron dm - pm bonding
FIGURE 1

If two orthosilicate tetrahedra are linked together by the
sharing of one oxygen atom by two silicon atoms, then the rare
pyrosilicate anion is formed, figure 2.

o —_— 6 -

AW E\O/ Sﬁi\o

——— —

The pyrosilicate ion

FIGURE 2



This ion is only produced at high temperatures and is often found in
the slag in furnaces. If a number of silicon-oxygen tetrahedra are
linked together in a linear chain, a group of silicates known as
pyroxenes are formed with the general formula (Singh)n. These
chains are held together by charge balancing cations which sit

between them and interact ionically to give strongly bound structures.

The silicate tetrahedra can also link together to form rings
which are held together by cations as in previous examples, Beryl
consists of rings made up from six tetrahedra which are bound
together by Be?” and A1%" cations. The natural red colour of this
mineral is due to Cr®’ impurities, This fact serves to illustrate
that these silicate structures are in fact ideal structures and that

they rarely occur in nature without a certain amount of impurity.

Silicon-oxygen rings containing six silicon atoms can fuse
together to form a series of polymeric structures known as amphiboles,
with the general formula (Si40116-3n. These are ladder chains and
they are important in another sense for A1%" cations often substitute
for silicon in four co-ordinate positions. So aluminium can have
two roles, one as a charge balancing cation, usually six co-ordinated
and situated between chains or rings, and another in a substitution
role in place of silicon. Other more complex ring structures can
occur, some with a mixture of rings containing four silicon atoms
with rings containing six silicon atoms. Potash Feldspar, KA1SisOg,
has a ring structure in which the substitution of silicon by aluminium
is quite advanced and it forms an extremely rigid three-dimensional

ring structure which does not begin to melt until above 1100 °c:
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The structure of potash feldspar is illustrated in figure 3, Potassium

cations and oxygen anions have a charge balancing role and they usually

fit into interstices in the ring network. Water can play an important

role in silicate structures as is shown in the idealised structure

of Kaolinite, figure 4.

Potash Feldspar

FIGURE 3

In fact substitution of Silicon by Aluminium occurs to various

degrees depending upon the location of the Kaolinite find.

L) (a)
QO\ o o

(c)

O (d)

(e)
‘;\)\go
(@ () o) (\5\0
(e)

Kaolinite

FIGURE 4
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This structure can be considered to be a condensation between
Gibbsite, A1(OH); and SiO,. Silica itself has a number of crystallo-

graphic forms as shown in figure 5.

A OBl s T E R | [ °C , o Cristobalite
573 % 120-160 °c 200-280 °c
B Quartz B Tridymite B Cristobalite
FIGURE 5

Quartz is a helical arrangement of silicon oxygen tetrahedra and
is the only stable form at room temperature. Tridymite consists of
a ring network of silicon oxygen tetrahedra which is stable between
870 °C and 1470 °C, whilst Cristobalite is stable above 1470 °C and
is isomorphous with Diamond. These physical changes require the
breaking of bonds to occur so that the transformation between the
three forms is quite slow. On the other hand, each of these has an
o and a B form. The transition between o and B requires only a change
in unit cell dimensions and involves no breaking of bonds and is

therefore rapid and readily reversible,

1.4 THE STRUCTURE OF GLAZES

During the last fifty years, a number of theories of glass formation
and structure have been postulated, the most relevant to the study

of ceramic glazes being the crystallite theory and the random network
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theory. The crystallite theory suggests that when glass fusions are
cooling, crystallites or small crystals are formed which then make
up the main body of the glass., These crystals need only be very
small in size and they only need to merge slowly into their amorphous

surroundings so that only a limited short range order exists.

The random network theory of Zachariason and Warren® has been
the subject of much serious criticism but it does provide the
practical ceramicist with a good working model. The theory is based
upon the fact that the main building unit in silicates is the silicon-
oxygen tetrahedron, many of which can be arranged in a three dimen-
sional repeating pattern forming a network by sharing of some of the

oxygen corner atoms.

Glazes and glasses also contain other metallic cations which
according to this theory take up various positions in the interstices
of the silicate network. The silicon-oxygen tetrahedron is known as
a network former while the species from which the cations are derived
are known as network modifiers. Zachariason set out a number of
conditions which must be fulfilled for any oxide to exist in the
vitreous or 'glassy' state,

(1) The free energy of the vitreous oxide should not be much higher
than that of the crystalline oxide.

(2) The oxygen atoms in the network cannot be shared by more than
two atoms of silicon or metal.

(3) The co-ordination number of the cations should be low.

(4) The polyhedra may have common angles but not common faces or

edges,



The following oxides all exist independently in the vitreous state

as well as in mixtures with other oxides.

B,0s4 P,0, A1,0, Sb,0,
5102 GEOZ P205 ASZO 3

SbOs

The random network theory outlined above provides a good working
model for glaze technologists but the most recent ideas indicate that
this approach has to be modified for results indicate that glass
cannot be assumed to be a simple supercooled liquid since external
conditions when altered during the firing process have been found to

induce changes in structure,

Shteinberg", whilst concentrating most of her work on strontium,
challenges the basic concept that bivalent cations are modifiers but
suggests that they are in fact the chief building unit as previously
suggested by Belov®, working with X ray diffraction. The strong
silicate structure is considered to adapt itself to the cation size
rather than the cation merely filling suitable sites in a rigid lattice.
The small cations though are still considered to be modifiers, as in
the Zachariason model, although Shteinberg has shown that when a
mixture of large and small cations are involved, the small cations
can significantly alter the physical properties of the glaze, an
effect which is more noticeable at certain cation radius ratios. She
suggests that perhaps the structure is affected not so much by the
ratio of the radii of the cations as by the ratio of the strength of

their bonds with oxygen. Although Shteinberg's work involved the use
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of Strontium primarily for aesthetic reasons after the movement away
from lead containing glazes, she claims to have proved the theory of
Belov that divalent cations have a major effect on the structure of

silicate glasses,

1.5 THE ROLE OF RAW MATERIALS

Many raw materials are used in the preparation of ceramic glazes
and with the recent trend towards the use of industrial waste products
much research is being carried out to find applications for abundant
materials especially those that have no other industrial value. There
is no universal method of classification of glaze formulae, the
particular method used in a particular case depending upon the point
of view of the worker, whether he be glass technologist, craft

potter or chemist.

One customary method is to classify glaze materials into acidic,
basic and amphoteric oxides, the molar sum of each group being expressed

as an integer, as follows for potash feldspar.

K20 Al203 6 Si0;
basic amphoteric acidic
Or for a low temperature lead glaze:

0.7 PbO 0.4 Al203 2.0 Si02
0.1 MgO 0.6 B0,
0.2 Cad



The acidic oxides such as silica are described as glaze network
formers whilst the basic oxides such as calcium oxide, magnesium
oxide, etc., are described at glaze network modifiers so that the
system, although empirical, falls into line with the random network

theory.

Another method of representing glaze recipes is by the so called
Seger formula. This is of great practical importance although again
it contains no structural information. Its value lies in the fact
that it does not show the composition of the fired glaze but shows
the composition of the materials in the unfired recipe. This is of
considerable use to the craft potter and is also a sound platform
for the chemist who may then wish to proceed to describe the chemical

changes that occur during the firing process.

It is perhaps important at this stage to emphasise the fact
that the method of introduction of various species affects the
properties of the glaze®. It is quite possible for two glazes to
have the same molecular formula but different physical properties
purely because the constituent elements were introduced through the

addition of different chemical species.

The most common method of introduction of a large number of
elements into glazes is by using abundant silicate materials such
as potash feldspar, kaolinite, montmorillonite, etc.. Other
components are added as required to give the glaze its desired
properties. The silica content can be increased by the addition

or either quartz or flint while the aluminium content can be



increased by the addition of alumina, Al,0s3. Group I and II metal
oxides are used to act as network modifiers to produce low temperature
fusing mixtures by combination with various silica and alumina based
formers. The modifiers are not necessarily added as the oxides, but
often in the carbonate or nitrate form, thermal decomposition of the
anion occurring to yield an oxygen anion and liberating gaseous

products,

Borates are important glaze constituents for they fuse with
silica at comparatively low temperatures, therefore alkali borates
are often used for earthenware glazes as a convenient way of intro-
ducing group one metals into a low firing temperature glaze. Alkaline
earth metals are introduced to improve hardness, chemical resistance
and strength., Glazes with high calcium or magnesium contents are
highly refractory and care must be taken to avoid crystallization
on cooling. Strontium can be used to form brilliant glazes with
excellent ceramic properties., According to Shteinberg", these are
as good as lead glazes having a similar finish as well as excellent
chemical resistance. The colour and aesthetic properties of glazes
are governed largely by the addition of transition metal ions and by
firing under different conditions and with different metal concen-

trations, as illustrated in figure 6.

Lead has been used as a raw material in the oxide form to produce
a full range of high quality glazes, but its use has been restricted
in many countries by government legislation in order to minimise the
associated toxic effects. It is felt by many craft potters that iron

could be a possible substitute for lead, although by comparison many
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B
Cr"" " ———— green

FeII ———= blue

I1I
Fe"" " ———_3 green - brown - amber

—increase in conc ———a

COII-—-—)- blue

CuI —_— red

CuII —3 blue

—increase in conc.——>

green

Colour of some transitimmetal ions in glazes

FIGURE 6

iron glazes lack aesthetic appeal, particularly those produced under

oxidizing conditions.

1.6 THE PRESENT PROBLEM

Considerable difficulty has been experienced in the past whilst
investigating the structure of silicate species. X ray diffraction
can give some information on the general structure of silicate
lattices although this technique is quite insensitive to small
impurities and is of no value when amorphous phases are encountered.
Infra-red spectroscopy has been employed also but difficulties in

interpretation occur due to the insensitivity of this technique to
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either impurities or slight structural modifications. Any technique
used in this form of research has to be non-destructive in order to
obtain any valuable information. Considering the problem related to
the movement away from lead glazes, as described in the previous
section, towards the possible use of iron substitutes, it is felt
>7Fe MUssbauer spectroscopy lends itself very much towards this sort

of research.

M8ssbauer spectroscopy’ is the resonant non-recoil emission and
subsequent re-absorption of a gamma ray by the nucleus. This tech-
nique has to be performed in the solid state, is extremely sensitive
to oxidation state and can give detailed information about the
environment and symmetry of the nucleus. Naturally abundant iron
contains 2.2% *’Fe so that one possible disadvantage of this tech-
nique is that it requires large amounts of iron in order to obtain a
spectrum. This problem can be surmounted either by isotopic enrichment
or by low temperature measurement which increases the recoil free
fraction and facilitates easier measurement over a shorter period of
time. The purpose of the present work is to use this technique to
elucidate certain problems in the pottery industry in conjunction with
a number of other spectroscopic techniques such as X ray diffraction

and visible and electron spin resonance spectroscopy.

The research project is part technological in objective, The
craft potter in the past has often obtained high quality iron glazes
by firing iron (III) under reducing conditions and then trapping the iron (II)
formed on reduction in a glass. Reduction is usually effected by the
use of reducing fuels or by the addition at high kiln temperatures of

organic compounds such as naphthalene. Reduction to the iron (II) state



gives more desirable aesthetic effects as in Chinese stoneware and
procelain which are noted for their soft colours and greater variety

of finishes.

One of the major objectives of this work is to establish if
reduction is absolutely necessary to produce the desired efchts.
Reduction is often expensive, can be hazardous to health as well as
possibly being unreliable as reproduction can be difficult unless the
same firing conditions are repeated exactly. The possibility of using
an inert atmosphere and introducing iron in the divalent form is
investigated in this work to establish whether oxidation can be

prevented, thereby trapping Fe (II) in a glaze environment.

Also it has been found by experimental study of the visible
spectra of the large number of complexes containing various metal ions
and various ligands, that generally speaking ligands can be arranged
in a series according to their capacity to cause d orbital splittings
in octahedral complexes®., This series is known as the spectrochemical
series and for the more common ligands the order of increasing d level
splittings is I~ < Br” < C1” < OH” < NCS~ < pyridine = NH; < bipyridyl <
1-10 phenanthroline < NO, < CN~. Visible spectra of transition metal
containing glasses have been extensively studied® and the spectra
obtained have indicated that the transition metal ion is invariably
under the influence of relatively weak crystal fields, In view of
this, the use of MUssbauer spectroscopy in the study of Fe (II) and

Fe (III) in weak field environments is initially studied,

Another major objective of this work is to determine the

chemical changes affecting the transition metal environments in



ceramic glazes using M8ssbauer spectroscopy in conjunction with other
spectroscopic techniques. The work concentrates mainly on iron and
copper and attempts to reproduce ceramic glaze finishes under more
scientifically controlled conditions than those used by the craft
potter. The MBssbauer results are compared with results for similar
systems including spectral results for a selection of Chinese glazes
as reported by Hedges'®. Other spectroscopic results particularly
for the strontium containing glazes are reviewed in terms of
Shteinberg's  theory of glass structure. Electron spin resonance
studies are employed mainly to elucidate the structure and symmetry
of copper (II) in copper containing glazes whilst visible spectroscopy
is used in the study of some chromium containing glazes. Throughout
the course of this work, X ray diffraction is used in order to
identify various species that are formed at different stages of the

firing process.

1.7 THE USEFULNESS OF VARIOUS TECHNIQUES IN

SOLVING THE PRESENT PROBLEM

1.7.1 M8ssbauer Spectroscopy

MUssbauer spectroscopy is the non-recoil resonant absorption of
a gamma ray by the nucleus. The position of the absorption peak is
described by &, the isomer shift parameter, which is measured with
reference to a standard absorber such as iron metal. The actual
value of the energy of the quantized nuclear states depends upon a

contact term which describes the interaction between the nucleus and
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the electronic environment of the atom or ion. Only the s electrons
have a probability of being present inside the nucleus so that the
isomer shift is a direct comparison of different s electron densities.
This parameter is sensitive to shielding of the s electrons by d or

p electrons so that for iron it is possible to differentiate between
different oxidation states. Figure 7 shows the energy level diagram
for the ground and excited nuclear states before and after interaction

with the electronic¢ environment.
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The quadrupel2splitting, A, arises from the interaction of a
quadrupelg nucleus with an electric field gradient. The ground state
nucleus (I = %) has no quadrupeoi@ moment so is unaffected by the
presence of an electric field gradient. However, the excited state
(I = 3/2) is split into two components so that two peaks are observed

as indicated in figure 8.
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Also if a permanent magnetic field is present at the nucleus,

then the degeneracy of both ground and excited nuclear states is

lifted as indicated in figure 9. :
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The magnetic field may be inherent in the crystal or may be

applied during the course of the MHssbauer experiment, The selection
rule for M1 radiation states that only transitions for which AIz= 0O
or *1 are allowed so that in practice a six line magnetic hyperfine

spectrum is observed.

In real systems, the MUssbauer spectrum of a single component
may be a superimposition of all three interactions described above.
Many workers have used MBssbauer spectroscopy to differentiate between
different oxides of iron. FeOi-x (= .14 > .10), Fes304, bulkcandy

Fe»03 as well as superparamagnetic Fe;03, all give quite characteristic

11
spectra . This has been extensively utilized in the area of minerdlogy

where iron can be present in any of the above forms as well as being
present as a substitute for either Si*" or A1®" ions in the complex
silicate structures, A good example of this is the study of the
decomposition of kaolinite by % Fe MBssbauer spectroscopy although
the idealized chemical formula for this mineral contains no iron2
Fe®" has been identified in tightly bound sites in an unfired sample,
The spectrum changes dramatically after firing to 650 °C when the
kaolinite to meta kaolin transformation occurs. The Fe3® ions leave
their tightly bound sites and the spectrum obtained after firing to
this temperature is due to the presence of many loosely bound Fe®"
sites. Changes are also observed after the meta kaolin to spinel
transformation at 980 °C and again after the spinel to mullite
transformation at 1280 °C although much controversy still exists

over the exact structure of the species involved.
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MBssbauer spectroscopy has also been used extensively to elucidate
problems associated with the nature of iron containing minerals,
Bancroft™ has published centre shift and quadrupole splitting parameter
ranges for a large number of compounds and minerals and plotted these
against co-ordination number for a variety of oxidation states of iron,
This is reproducéd in Figure 10. Reference to such data has meant
that the structure of a number of iron containing minerals can more
clearly be understood. A good example of this is the historical
investigation of the structure of tripuhyite, a mixed iron-antimony
containing mineral, Hussak™ , as lodg ago as 1897, determined the
chemical formula to be Fe;Sb,07 inwhich iron is expected to be in the
ferrous state whilst antimony is expected to be pentavalent. This
formula was confirmed in 1963 by Donnay et al® but meanwhile in 1953
Mason et al® working both with X-ray diffraction and chemical analysis
concluded that the ideal formula of tripuhyite is in fact FeSbO, so that
iron is present totally in the ferric state together with pentavalent

11';‘|

antimony. Gakiel et a in 1969 investigated this problem using

MBssbauer spectroscopy and found that tripuhyite gives a spectrum

1

with an isomer shift of 0.62 mm s ! with respect to iron metal and a

quadrupole splitting of 0,72 mm s !, These parameters are typical

of iron (III) in a site with symmetry less than cubic so that Gakiel
concluded that iron is in a trivalent state and that the correct
chemical formula is FeSbO,. Another significant result to emerge from
Gakiel's work is that although MUssbauer spectroscopy is insensitive

to small amounts of impurity (less than 5%), no large amount of
substitution of ferric ions by ferrous ions occurs. Such a formulation

could be achieved by the presence of antimony in two oxidation states

thereby preserving charge balance,
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Reproduced from Bancroft et al, Geochim.Cosmochim.Acta. ,
31,2219 (1967).
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Another example of the application of MHssbauer spectroscopy to
minerology is in the study of the mineral neptunite LiNa,K
(Fe,Mn,Mg), Ti»02(Sig0s2). This mineral contains titanium in one
octahedral site and iron and manganese in another slightly lgrger
octahedral site. Titanium is assigned to the smallest octahedral
hole purely on the basis of the fact that it is thought to be present
as Ti*" whilst iron is thought to be present as Fe2+, the difference
in ionic radii dictating the position of the two ions. However, it
could well be the case that iron is present partially as Fe®" with
charge balance being achieved by the substitution of Ti®' for Ti%",
The ionic radii of Fe®' and Ti*" are quite similar (0.68 % and 0.64 R
respectively), so that if such a formulation occurred no longer
could titanium be expected to exclusively occupy one type of octahedral
site and iron another but a distribution between the two sites is more
likely. The MUssbauer spectrum of neptunite resolves this question
immediately for Bancroft et al® report a single doublet with an
isomer shift of 1,42 mm s™' with respect to iron metal and a quadrupole
splitting of 2,65 mm s !, This conclusively proves that the majority
of iron is present as Fe2" and therefore titanium is present almost
totally at Ti*" so invariably the titanium ions occupy the smaller

of the two octahedral sites,

MYssbauer spectroscopy has also been used extensively to monitor
solid state reactions, particularly those involved with ferrite
formation, Duncan® has shown that zinc oxide reacts with iron (III)
oxide by a straight forward reaction without the formation of any

observable intermediate compounds as follows:

Zn0 + Fe;03 —m8 —— ZnFe; 0,
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The kinetics of the reaction were studied and the results were
compared with those obtained by X-ray diffraction. The two techniques
give similar results except in the early stages of the reaction where
the agreement is not good. Duncan explains this in terms of the
physical differences inherent in the two techniques, MYssbauer
spectroscopy is sensitive to the immediate environment of the iron (I1I1)
ions and it can therefore record more subtle changes in structure than
X-ray diffraction which is sensitive to the inter ionic spacing

within the oxygen sublattice,

Similarly, a study of the formation of both CaFe,0, and CasFe, 05
has been performed ?°. Gallagher and Kurkjian?' have studied the
thermal decomposition of Fez (C204)3; 6H,0, Bas[Fe (C204)3]2 8H,0
and Sr 3 [Fe (C204)3]2 2H20 and have followed the change in oxidation
state of iron by both isomer shift and quadrupole splitting parameters,
On decomposition of the oxalates, the iron (III) is reduced to iron (a1 iy S
Above 300 °C oxidation of the iron (II) occurs as iron (III) becomes
the predominant species. After firing to 700 °C a significant
proportion of the iron (III) is further oxidized to iron (IV) ,although
on further increase in firing temperature, the tetravalent species

disappears,

Gallagher et al*® has also shown the presence of iron (IV) during
the firing of Barium ferrates in which it is reported that a hexagonal
BaFeO3-x phase with as much as 90% Fe"+, is present with a completely
trivalent phase, BasFe0Oz.s in which there are an equivalent number of
octahedral and tetrahedral sites, Ichida®?® has also followed this

system using MYssbauer spectroscopy starting with BaFeO, in which the
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iron is present in the oxidation state VI. Firings were also
performed under different atmospheres as well as under different

oxygen pressures in order to effect varying degrees of reduction.

MBssbauer spectroscopy has also been used extensively in
archaeology to solve problems related to manufacturing techniques
and the dating of ceramic finds. Such information is invaluable in
assessing the technological skill and development of ancient cultures
and can also be used to determine migration patterns of different
races, The high iron content of many ancient pottery samples means
that data can be conveniently accumulated, although the fact that
the results pertain to only one element can be sometimes considered
to be a serious disadvantage when assessing the value of this technique
in comparison with other methods of analysis. One of the first
investigations of this type was undertaken by Cousins et al?* who
fired a number of clays local to the Cheam area of Surrey and attempted
to review the M8ssbauer results in such a way as to both date articles
and describe the kiln firing conditions used in their manufacture.
A uniformly coloured sandy clay was found to give MUssbauer parameters
typical of light coloured sandy bodies found in this area dating back
to mediaeval times. A sample of fired clay from this area gave
M8ssbauer parameters which vary regularly with firing temperature so
that an estimate of body firing témperature of ceramic finds was
possible. This effect was particularly noticeable in the variation
of the quadruple splitting parameter. These workers also report the
M8ssbauer parameters for a body with a red surface and a black interior.
Results show that the surface colour can always be found whenever

either Fe;0; or Fe30y is present whereas the internal colour is due






