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ABSTRACT
THE SYNTHESIS AND SPECTROSCOPY OF DOPED ZIRCON
AND OTHER LATTICES

The purpose of this project was to study the nature of two important ceramic pigments, vanadiumdoped ZrSi04 (zircon) which is blue and praesodymium-doped ZrSi04 which is yellow. The
investigation involved the synthesis of the pigments as powders as well as single crystals , and the
study of the defect structure of the lattice sites using model potentials, the preferred doping sites
by X-ray diffractrometry, the vibrational structure by Raman, resonance Raman and f.t.i.r.
spectroscopy, and the electronic structures by e.s.r. spectroscopy.

The solid-state syntheses of a series of host materials (ZrSi04, HfSi04, ZrGe04 and HfGe04) and
the procedures appropriate to the inclusion of dopant ions V4+,Cr3+,Pr4+ and Tb4* were examined.
The effects of the various components on the synthesis of the host materials was determined and
a mechanism for vanadium doping into ZrSi04 was suggested.

Single crystals of ZrSi04 doped with V4+, Ci3+, Pr4+ or Tb4+, HfSi04 doped with V4+ , ZrGe04
doped with V4+ and Tb4+ and HfGe04 doped with V4+ were grown using the flux growth technique.
New fluxes were derived to grow better quality crystals of ZrGe04 and enable the doping levels
in ZrGe04 and ZrSi04 to be controlled. The composition of all the crystals grown was analysed
by electron probe analysis.

The defect energies for vanadium substitution into Zr4+ and Si4+ sites in ZrSi04 were calculated
using the CASCADE computer code and potential models for the Zr-O, Si-0 , O-O, and V -0
interactions.

The doping sites for V4+ doped into ZrSi04 and ZrGe04 as well as Tb4+ doped into ZrGe04 were
examined by single crystal X-ray diffraction. It was found that vanadium doped into both Zr4+ and
Si4+ sites in ZrSi04 , into the Ge4+ site in ZrGe04 and that Tb4* dopes into the Zr4+ site in ZrGe04.

The vibrational structure of ZrSi04 doped with different levels of V 4+ was investigated by Raman
and f.t.i.r. spectroscopy. The electronic structure of V4+ doped into ZrGe04 and HfGe04 was
examined using e.s.r. spectroscopy.
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Chapter 1
1.1 Introduction

It is the aim of this study to investigate the physical nature of impurity-doped ceramic
pigments based upon the vanadium-doped zirconium silicate system patented in 1956
by Seabright (1). Zirconium silicate, also known as zircon or jargon, is a island-type
silicate or orthosilicate comprising of Zr08 dodecahedra and Si04 tetrahedra in a latticetype structure. Zirconium silicate occurs in a number of rocks and is thus of
mineralogical interest in theydating samples. The only commercial source of ZrSi04 is
as a co-product of beach-sand mining for titanium ores. A table of the current and
production of ZrSi04 in shown below(2).
Table 1.1
Country

Amounts (xlO3 metric tons)
1984

1985

1986

1987

1988

Australia

458

501

452

457

490

South Africa

153

161

140

140

150

United States

113

113

113

113

118

80

85

85

85

85

Brazil

6

21

15

18

20

Malaysia

8

12

13

18

19

India

12

15

16

16

17

China

15

15

15

15

15

4

5

6

5

9

849

928

855

867

923

U.S.S.R.

Other Countries

Total

1.2 Uses of ZrSiCXi

In 1987 U.S. consumption of ZrSi04 was divided between 59 % use as refractory
material, 11 % use as a source of Zr02 (zirconia), 4 % used in alloys, and 34 % to
miscellaneous usage. Due to its high resistance to chemical attack, low thermal
expansion and high melting point (=2550 °C) ZrSi04 is very popular as a refractory
material. Of the 59 % used as a refractory, 24 % is used in the steel industry and 9 %
is used in the form of an alumina-zirconia-silica composite. Zircon sands also form the
primary source of zirconia which is used extensively as a refractory material. Stabilised
Zr02, in which the tetragonal phase is stabilised at room temperature by the addition of
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Y3* or Ca2+ , has been used in galvanic cells, oxygen sensors and high temperature fuel
cells. Partially stabilised Zr02 is being developed as a ceramic material to replace steel
and aluminium in components for the aeroplane and car industry.

1.3 Uses for doped ZrSiO„

Naturally occurring ZrSi04 is usually doped with impurity ions such as H f4*, Th4*, IT*
and rare-earth ions. Radioactive isotope substitution in natural samples can render
samples metamict, upon which they become partially isotropic and appear amorphous to
X-rays. Radioactive substituted natural samples of ZrSi04 are also widely used for the
dating of geological samples. Synthetic ZrSi04 doped with rare-earth and transition
metal ions is formed by the reaction of Z r02, S i02 and the dopant ion oxide at high
temperatures (750-1400 °C). The three principal uses of doped ZrSi04 are as follows:i) As a neutral host material in which to trap transition metal or rare-earth ions
and study the physical properties (usually electronic structure) of doped ions.
ii) As a potential laser material(3) or phosphor^ for television screens. Vanadiumdoped ZrSi04 has been studied as a possible alternative to ruby (Cr3* in A120 3) as a laser
material or YP04 as a phosphor material.
iii) As a pigment, vanadium-doped ZrSi04 forms a blue ceramic pigment and
praseodymium-doped ZrSi04 forms a yellow ceramic pigment. Both of these pigments
are used as chromophores in glazes to colour ceramic objects (e.g. toilets, tiles, plates
etc) and are known as universal pigments due to their capability of being used in many
glaze systems. The popularity of these pigments is due to their low cost, resistance to
chemical attack, low thermal expansion and the stability of the dopant ions in the host
material. Pigments of this type are known as lattice stains because the dopant ion is
substituted into a particular lattice site present in the host material. Other pigments exist
where the chromophore is enclosed in the host material but it does not occupy a defined
lattice site, these pigments are called inclusion pigments

and examples

are

cadmium/selenium red and iron pink.

1.4 Other host materials and dopant ions

Three other host materials, HfSi04, ZrGe04 and HfGe04 were used in this study in order
to compare the effect of changing lattice sites on the dopant ions. The crystal structures
of the host materials are described at the end of this chapter. The other dopant ions used
are Cr3*, Tb4* and Pr4*. Thus one can compare the effect of doping a series of ions of
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widely different ionic radii and electronic structure on the synthesis and spectroscopy
of the host materials.

1.5 The aim of this study

The aim of this study was to understand the physical nature of impurity-doped ceramic
pigments, and in particular, vanadium doped ZrSi04. The work that has been done is
in three main areas:i) Mineralogical studies: Studies of synthetic crystal growth and comparison with
natural samples. Vibrational and single crystal X-ray diffraction studies in order to
identify samples and understand rock-forming processes.
ii) Industrial studies: Mainly studies of the powder syntheses of pure and doped
ZrSi04 in order to improve industrial processes.
iii) Physical studies.Infrared and Raman studies in order to analyse the vibrational
structure of pure ZrSi04. Electronic absorption and e.s.r. studies of doped ZrSi04 in
order to analyse the electronic structure of the dopant ion.

The aim of this study was to combine previous research with new data in order to
determine :i) The synthetic conditions for the growth of pure and doped ZrSi04, HfSi04,
ZrGe04 and HfGe04 in powder and single crystal form.
ii) To determine which lattice site/s the dopants occupy.
iii) To determine the mechanism by which the dopant enters the host material
iv) To determine the electronic structure of the dopant ion in the host material
v) To determine the vibrational structure of the dopant ion and its effect on the
host material.

1.6 The methods used

1.6.1 Synthesis of powders
The synthesis of the twelve host-material/dopant combinations was carried out as well
as that of the

four pure host materials and their subsequent examination by X-ray

powder diffraction to determine the extent of reaction and by X-ray fluorescence to
determine the dopant concentration.

1.6.2 Synthesis of single crystals

17
The synthesis of pure and doped single crystals by flux methods; and the subsequent
examination of the crystals by electron microprobe, single crystal X-ray diffraction, e.s.r.,
Raman and infrared spectroscopy.

1.6.3 Determination of the lattice site the dopant occupies
The ZrSi04 lattice is of the A B04 type and has two distinct cation sites. The A, or Zr4*,
site is eightfold and dodecahedral, and the B, or Si4*, site is fourfold and distorted
tetrahedral (both have the same symmetry,D^. Thus substituent ions could be
accommodated at both sites or either site or interstitially. It has been assumed that the
larger rare-earth ions occupy the Zr4* sites on the basis of their ionic radii. Since the
ionic radius of V4* (0.60

A)

is midway between those of Zi4* (0.79

A)

and Si4* (0.41

A), the possibility exists that vanadium could occupy the Si4* or Zr4* sites or both. There
has been much debate in the literature concerning the nature of the constituent ion site.
Evidence for all three possibilities has been provided on the basis of e.s.r.(5), electronic
absorption(5,6) and electronic Raman spectroscopy(7), but the models used to describe the
different data are conflicting. In this study the lattice site that the dopant occupies is
established by a variety of techniques, and each technique is evaluated individually to
avoid bias since the sensitivity required to determine the dopant site in each case is at
the limit of detection. The techniques are as follows
i) Calculation of defect energies. The defect energies for impurity ion substitution
into various lattice sites in ionic materials can be calculated using potential models for
the Zr-O, Si-O, 0 -0 and dopant-0 interactions. Thus by comparing the substitution
energies of the dopant ion in the different sites one can evaluate which site is the more
thermodynamically favourable for dopant ion occupancy.
ii) Electron microprobe analysis. From electron microprobe analysis of doped
single crystals one may be able to determine the concentrations of Zi4*, Hf4*, Si4*, Ge4*,
V4*, Cr3*, Pr4* and Tb4* present. Thus if one compares the ratio of the host material
components in the pure and doped materials one should be evaluate which site the
dopant enters.
iii) Single crystal X-ray diffraction. If one refines the single crystal X-ray
diffraction data from a doped single crystal as the pure host material, one may be able
to detect differences between electron densities at particular lattice sites due to the
presence of a dopant ion instead of a host material ion. Therefore it may be possible to
establish the lattice site which a dopant ion occupies if the difference between the
electron density of the dopant ion and the substituted ion is large and the dopant
concentration is of a high enough level to be detectable. In the case of vanadium-doped
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ZrSi04 a minimum level of 3 % substitution is required.

1.6.4 The electronic structure of the dopant ion in the host material
The e.s.r. and electronic absorption spectra of vanadium-doped ZrSi04 and HfSi04 have
already been recorded(5,6) but, because the lattice site that the dopant occupies has not
been established problems have occurred with the interpretation of the electronic data.
Therefore if it is possible to determine which site/s the vanadium ion occupies in these
materials it should be possible to reinterpret the electronic data. Further if the vibrational
structure of the dopant ion can be observed any distortions from the original lattice site
symmetry that would affect the electronic structure of the dopant ion can be determined.
The e.s.r. spectra of vanadium-doped ZrGe04 and HfGe04 w ill provide useful
information on the effect of changing the dopant environment in comparison with the
e.s.r. spectra of vanadium-doped ZrSi04 and HfSi04.

1.6.5. The vibrational structure of vanadium-doped ZrSiO„. HfSiCh and ZrGeCX
Dopant ions affect the polarised single crystal Raman and i.r. spectra of host materials
usually in two ways:i) If the dopant ion is very similar to the substituted ion the wavenumbers of the
host material vibrations are slightly shifted. The shift is dependant on the differences
between the masses and force constants of the dopant and substituted ions.
ii) In some cases new vibrational modes have been detected in doped materials
that are not present in the host material itself. If this is the case for vanadium-doped
ZrSi04 it may then be possible to determine more about the dopant ion environment
such as the symmetry and coordination of the dopant ion.

1.7 The crystal structure of the host materials

1.7.1 The ’Zircons*, ZrSiCX. and HfSiCX

The host materials ZrSi04 and HfSi04 both have a ’zircon* type structure with space
group Myamd. The structure of ZrSi04 was determined independently by Vegard (8),
Binks (9), Hassel (10) and Wyckoff and Hendricks(11). Kristanovic (12) refined the structure
using two dimensional methods and obtained an Si-0 bond length of 1.612

A

. The

most current work by Gibbs (13) was a three dimensional refinement that yielded an SiO bond length of 1.622

A

.The unit cell of ZrSi04 is illustrated in figure 1.1 and the

coordination of the Si04 and Zr08 units are shown in figures 1.3 and 1.4 respectively.

19

The structure is made up of a chain of alternating edge-shared Si04 tetrahedra and Z r08
triangular dodecahedra extending parallel to the c crystal axis. The chains are joined
laterally by edge-shared dodecahedra responsible for the prismatic shape of ZrSi04 .
Silicate tetrahedra are elongated parallel to c, so that the two angles bisected by the c
axis are smaller than 109.4 0 , the ideal tetrahedral angle, and the remaining four greater,
the site symmetry is DM. There are also octahedral voids present in the structure.

The Zr08 polyhedra can best be described as two interlocked tetragonally distorted
tetrahedra, one tetrahedron is compressed and the other stretched along the same S4
axis in such a way that the symmetry of each dodecahedron is also DM .

The structure of synthetic HfSi04 was elucidated by Speer°4) and compared with that of
ZrSi04. The unit cell volume of HfSi04 is 1.24% smaller than that of ZrSi04 , reflecting
the difference in the ionic radii between H f (0.83

A

) and Zr (0.84

A

).

The ionic

radius of H f is close enough to that of Zr so that the positional parameters of the
HfSi04 structure are identical to those previously reported for ZrSi04 within acceptable
error. However the H f-0 distances in HfSi04 are systematically smaller , a result
primarily of the smaller cell dimensions caused by the smaller H f atom . Hafnium
silicate is the only zircon-structure silicate with a metal atom smaller than Zr. This
suggests that vanadium doping into the metal site is either unlikely or that it requires
a high degree of distortion.

1.7.2 The germanates, ZrGeCX, and HfOeO^

The germanates ZrGe04 and HfGe04 have a scheelite type structure with space group
14,/a. The crystal structures of ZrGe04 and HfGe04 were determined by Ennaciri et al.
(1984)(15) and Martinez et al. (1979)(16), respectively, from the refinement of neutron
powder diffraction data. The single crystal structure of HfGe04 and ThGe04 scheelites
was also determined from single crystals by Ennaciri (17) The scheelite structure of
ZrGe04 and HfGe04 is very similar to that of zircon in which the larger ’A ’ ions (Zr4*
or Hf4*) are surrounded by eight oxygen atoms at the comers of two interpenetrating
tetrahedra and the smaller B ions (Ge4*) show distorted tetrahedral oxygen coordination.
The distortion of the B 04 tetrahedra is greater in the direction of the c axis for the
denser packed scheelite structure than the zircon structure . The germanate tetrahedra are
elongated perpendicular to the c crystal axis (the inverse is true for the zircon structure),
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so that the two angles bisected by the c axis are greater than 109.4 ° the ideal
tetrahedral angle ;the Ge4* site symmetry is S4. The Zr4* or H f4* site symmetry is DM in
ZrGe04 and HfGe04. The unit cell of ZrGe04 is illustrated in figure 1.2 and the
coordination of the Ge04 and Zr08 units are illustrated in figures 1.3 and 1.4
respectively.
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a = 6.604(4)

A

c = 5.979(3)

A

a = 4.860(1)

A

c = 10.55(2)
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Figure 1.1
The unit cell of Z rS i0 4
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Figure 1.2
The unit cell o f ZrG e04

The coordination o f the S i0 4 and G e04 units in Z rS i0 4 and Z rG e 0 4
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The coordination o f the Z r0 8 units in Z rS i04 and ZrG e04

T,
Z rS i0 4

ZrGe04

a ‘/°

92.23(1)

132.2(3)

a 2/°

64.83(3)

77.2(3)

dVA

2.128(2)

2.141(4)

d2/A

2.267(3)

2.265(4)

23
REFERENCES FOR CHAPTER 1

1 Seabright C.A. and the Harshaw Chemical Company, British Patent 625,448 (1949)
2 U.S. Bureau of mines minerals yearbook 1984-1988
3 Ball D. (1971), Phys.Stat.Sol.,B46,635
4 Fedoravskikh Y.A., Shulgin B.V., Emelchenko G.A., Gavrilov F.F and Ilyukhin V.V.
(1973), Inorg.Mater.. ,9, 384
5 D i Gregorio S., Greenblatt M ., Pifer J.H. and Sturge M .D., (1982), J.Chem.Phys. ,76,
2931
6 Demiray T., Nath D.K., and Hummel F.A. (1970), J.Am. Ceram. Soc. ,53, 1
7 Lyons K.B., Sturge M.D. and Greenblatt M. (1984), Phys.Rev.B.,30,4,2127
8 Vegard L. (1926), Phil.Mag., 1, 1151
9 Binks W. (1926) Mineral.Mag., 21,176
10 Hassel O. (1926), Z.Krist., 63,247
11 Wyckoff R.W.G. and Hendricks S.B. (1927), Z.Krist.,66 ,73
12 Kristanovic I.R. (1958), Acta.Crystallogr.,11.896
13 Robinson K., Gibbs G.V. and Ribbe P.V. (1971), Am. Mineral.,56,782
14 Speer J.A. and Cooper B.J. (1982), Am. Mineral., 67,804
15

Ennaciri

A.,

Michel

D.,

Perez

y

Jorba M.

and

Pannatier J.

(1984),

Mat.Res.Bull.,19,793
16 Martinez J.A., Bibiloni A.G., Caracoche M.C., Lopez-Garcia A.R., Mendoza-Zelis
L.A., Mercader R.C. and Pasquevich (1979), Phys.Stat.Sol.(a), 53.K91
17 Ennaciri A., Kahn M. and Michel D. (1986), J.Less.Common.Metals.,124.105

24
Chapter 2

The powder synthesis of pure and doped
ZrSiO„ HfSiO,. ZrGeO, and HfGeO.
2.1 Introduction

In this chapter the powder synthesis of the ZrSi04, HfSi04, ZrGe04 and HfGe04, as pure
materials and doped with V4+, Cr3*, Pr4* and Tb4+ , by molten salt methods, is described.
The aim of this work is to:1) Understand the key factors which affect the synthesis of the pigments.
2) To devise starting compositions with which to synthesise ZrSi04, HfSi04,
ZrGe04 and HfGe04 in their pure and doped forms.
3) To improve the synthesis of ZrSi04 pigments by increasing the extent of ZrSi04
formation and by increasing the quantity of dopant present.

2.1.1 Methods of powder synthesis

The three main methods of powder synthesis of ZrSi04 are:-

1)

Molten-salt synthesis

This involves the intimate mixing of dry Zr02 and Si02 powders and the firing of this
mixture at high temperatures (900-1600 °C) to form ZrSi04. The synthesis temperature can
be lowered and the extent of ZrSi04 formation can be increased by the inclusion of so
called ’mineralisers’, such as NaF and NaCl, in the reaction mixture.

Dopants such as V4+ and Pr4+ can be added to the reaction mixture in theform of the
dopant ion oxide, i.e. V20 5, N aV 03 or Pr6On. Doped ZrSi04 pigments have not been
formed by the diffusion of dopant ions into the already formed materials, onlywhenthey
have been reacted with Z r02 and Si02 in the synthesis process.

One problem in the molten-salt synthesis of ZrSi04 is the extent of ZrSi04 formation, since
the reaction of Z r02 and Si02 follows two stages :1) Association to form ZrSi04 <1650 °C.

2) Dissociation back to Zr02 and Si02 >1650 °C.
This is discussed in greater detail later.

2) The co-precipitation method

The co-precipitation method involves the solution of water soluble Zr02, H f0 2, S i02 and
Ge02 salts and their simultaneous precipitation. The precipitate is then dried and fired at
high temperatures. The advantage of this method is that one obtains a powder with a high
degree of intimate mixing. Intimate mixing is critical when attempting to synthesise high
purity stoichiometric powders, since the transport of the reactants at the high synthesis
temperatures can be very limited. Soluble salts typically used in these reactions are ZrCl^
HfClj, Na2Si03,

and Ge02. The salts are usually precipitated by varying the acidity

of the solvent. One problem with this method is that reaction conditions have to be devised
so that the solubility of the dopant ion oxide can be controlled at the same time as the
starting materials Zr02 and Si02 . Thus it is mainly used to synthesise the pure host
materials such as in the work of Ennaciri et a l.(1) to synthesise ZrGe04 and HfGe04, from
ZrC^, HfCf* and Ge02.

3) The solution-gelation method
This process involves the reaction of organic precursors to form a gel the gel is then dried
and fired at high temperatures to form ZrSi04. Typical precursors used are Zr0Cl2.8H20
and Si(OC2H5)4. The precursors are dissolved in an organic solvent (usually ethanol), the
pH of the mixture is then altered by the addition of an acid (typically HC1) which catalyses
the gel formation and the gel is left to form at a slightly elevated temperature (40 °C).
Once formed the gel is then fired at the synthesis temperature of the compound (the
organic precursors evaporate at these high temperatures) . The advantage of using the
solution-gelation method is that one obtains a stoichiometric (1:1) ratio of Z r0 2:Si02
throughout the reaction mixture. This is a more complex method of co-precipitation
yielding higher purity end products. This method has been used extensively in the synthesis
of high purity ZrSi04powders(2,3). The synthesis of ZrSi04pigments using solution-gelation
methods has also been attempted (4,5,6).
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2.2 The synthesis method used in this study

The co-precipitation and solution-gelation methods are used principally in the synthesis of
high purity ZrSi04, HfSi04, ZrGe04 and HfGe04 materials. Molten-salt synthesis is used
in industry due to its simplicity since it involves fewer processes than the other methods
of synthesis, and the starting materials are cheaper, thus cutting down costs. The addition
of dopant ions, in the form of the dopant ion oxide, adds complications to the synthesis
mechanism of the host material. In the solution-gelation and co-precipitation methods the
gelation and precipitation of the dopant ion adds another variable in an already complex
reaction. Thus this study is based around the molten-salt industrial synthesis of ZrSi04
pigments. A typical starting composition for the synthesis of the most important industrial
ZrSi04 pigment, ZrSi04 :V4+ blue is listed:

Z r02 70 g, Si02 36 g, NaF 4.5 g, NaCl 6.2 g, V 20 5 6.77 g

reaction temperature 950 °C

In order to understand the various factors that affect the synthesis of pure and doped host
materials the different reactions involved have to be investigated individually.

2.1.2 Synthesis of undoped Z tSIOa

The synthesis of pure (undoped) ZrSi04 is described by the phase diagram 2.1(7), 2.2(8>, and
2.3(9) and that of HfSi04 in phase diagram 2.4(10). The reaction of Z r0 2 (melting point 2710
°C) and Si02 (melting point 1610 °C) takes place by association followed by dissociation,
but many studies have been undertaken to understand the mechanism of this reaction and
the various factors involved. These are :-

1) The effect of impurities
2) The effect of milling and grinding the sample
3) Particle size effects
4) The polymorphs of Si02
5) The polymorphs of Z r02

Different starting materials have been used to synthesise ZrSi04 in order to obtain a greater
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The phase diagram of the Zr0 2-Si0 2 system as described by R.F. Geller and S.M.Lang(7)
(1959)
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The phase diagram of the Z r0 2-Si0 2 system as described by N.A.Toropov and
F.Y.Galakov(8) (1956)
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degree of mixing. Apart from the basic "dry" synthesis of ZrSi0 4 using Z r0 2 and S i02,
experiments have been undertaken on ZrCf* and NajSiFg (both water soluble salts) which
are dissolved and then co-precipitated. One step further is the introduction of the solutiongelation method, which involves the utilisation of organic precursors to form a gel which
is then dried and calcined at high temperatures with the evaporation of the non-refractory
compounds. Such precursors are oxozirconium(IV) nitrate octahydrate (Zr0 (N 0 3 ) 2 .8 H 20 )
or oxozirconium(IV) chloride octahydrate (ZiOC12 .8H2 0 ) and tetraethylsiloxane SiCOQH^
which are then dissolved in hot ethanol and stewed to form a gel.

The nature of the interface between Zr0 2 and Si0 2 has a large effect on the degree of
association and dissociation in the reaction to form ZrSi04. If one views the
crystallographic outlook of Kanoo(2) one can see the importance of this interface in the
reaction. Diagram 2.5 shows the unit cell of tetragonal Z r0 2 , a face-centred cubic
arrangement of zirconium atoms surrounded by eight oxygen atoms. The oxygen atoms
take the arrangement of two tetrahedra, one extended in the ’c’ crystal axis and one
compressed, forming an oxygen cage of

symmetry around the metal atom. If both the

movement of the Zr4+ ions in the directions of the arrows shown, and the formation of the
island-like lattice of Si04, by the insertion of S i0 2 were permitted the reaction between
Z r0 2 and Si0 2 i.e. zircon formation, would be propagated. This crystallographic
consideration supports the fact that an activation energy for the combination reaction
between Zr0 2 and Si0 2 is kinetically very large, so the combination reaction only occurs
at high temperatures. Another illustration of the importance of the interface and its barrier
to reactivity is the solid solution between Si0 2 in Z r0 2 which does not exceed 0.1% Si0 2
in Zr0 2 (11).

Several factors that can affect this interface to cause:-

1) A combination reaction at lower temperatures
2) A greater extent of reaction

The effect of impurities such as alkali halides or transition metals, discussed later, leads
to a lowering of the formation temperature of ZrSi04(12) by up to 850 °C compared to that
of the pure starting materials. The effect of milling is both to lower the combination

o
+4S102

a
( D)ZrSi04

Figure 2.5
The reaction between Z r0 2 and S i0 2 to produce Z rS i04

0

a

a

(D) T-'ZrO

Figure 2.9
The monoclinic and tetragonal unit cells of Z r0 2
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reaction temperature and to increase the extent of reaction. Kanoo(2) milled starting
materials for 2 days and found that the reaction temperature was lowered to 1500 °C from
1700 °C (unmilled) with a far greater extent of reaction. Kanoo thought that this effect was
due to the mechanochemical activation of the surface layer of the dried powders and by the
elevated mixing of the materials. However he was not able to obtain a 100 % ZrSi0 4
composite powder due to the topochemical reaction often observed in the reaction between
solids, and suggested that a second grinding and recalcination would be required to obtain
a 100 % ZrSi0 4 powder.

The effect of the different polymorphs of Si0 2

quartz, tridymite, cristobalite and

amorphous silica was investigated by Curtis et a l(13). They found that the use of the four
different types of Si0 2 as starting material had little or no effect on the initial temperature
of the combination reaction and the extent of ZrSi0 4 formation. The phase diagrams for
Si0 2 and Ge0 2 are shown in figures 2.6(1S) and 2.7(16).

The different phases of Zr0 2 are

monoclinic, tetragonal and cubic. The phase transitions

of Zr02, illustrated in the phase diagram figure 2.8(17), are:Monoclinic -----» Tetragonal

(900-1200 °C)

Tetragonal

(2000-2400 °C)

> Cubic

The temperature at which the phase changes of Z r0 2 occur, like those for the synthesis of
ZrSi04, can be greatly affected by impurities. The monoclinic -- tetragonal phase change
occurs with hysteresis between the cooling and heating cycles. The complete nature of the
phase changes of Zr0 2 and the relationship of these changes to external factors such as,
impurities, milling, etc. is too complex to present fully in this thesis. The synthesis Kanoo(2)
investigated involved various phase changes, metastable tetragonal Z r0 2 (formed from the
Zt0C12 .8H2 0 ) transforms to monoclinic Z r0 2 at relatively low temperatures, i.e. < 1200 °C.
The key question is whether ZrSi0 4 is formed from the reaction of monoclinic Z r02,
tetragonal Zr02, or both with Si02. Kanoo suggested that the crystallographic evidence is
that tetragonal Zr0 2 is the more favourable since the zirconium ions are in almost identical
coordination in ZrSi0 4 and tetragonal Z r0 2 (see figure 2.9). Since the coordination or Zr4*
in ZrSi0 4 and tetragonal Zr0 2 are so similar it seems likely that monoclinic Z r0 2 could
react immediately with the Si0 2 on formation of the tetragonal phase and that this
transformation gives rise to one the activation energies. The monoclinic-to-tetragonal phase
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transition is an important area of interest especially when going on to study the more
complex pigment synthesis.

2.1.3 Synthesis of doped ZrSiCX

The reaction of Z r0 2 and Si0 2 to form ZrSi0 4 is greatly affected by the addition of so
called "mineralisers" which fall into two categories:1) Alkali halide type
2) Transition metal type

ZrSi0 4 can be formed with addition of either but commercial processes normally use both.
As stated previously this reaction is sensitive to the surface conditions of the reactants and
it is the role of the mineraliser to attack the surface of the reactants; this increases the solid
solution of the primary starting materials thus providing a more intimate ZrCySiOj
interface. This effect considerably lowers the reaction temperature and increases the extent
of ZrSi0 4 formation. There has been much debate in the literature08,19,20,21,22,23* as to the
mechanism of ZrSi0 4 formation using mineralisers. The synthesis of ZrSi04, using alkali
halide mineralisers, has been studied using a variety of techniques such as X-ray powder
diffraction, marker experiments, infrared spectroscopy, thermal analysis, thermo-gravimetric
analysis and differential thermal analysis. The debate is chiefly concerned with the nature
of the reaction intermediates, which is difficult to ascertain since the reaction contents are
studied at room temperature where many of these intermediates do not exist.

2.1.4 Synthesis of ZrSiO„ using alkali halides as mineralisers

The alkali halides most commonly used as mineralisers, in the industrial synthesis of
pigments; are NaF and NaCl; others used are LiF, LiCl, KF and NajSiFg. Trojan(12) studied
the effect of various mineralisers on the temperature of ZrSi0 4 synthesis and found that
ZrSi0 4 was formed at the following temperatures with the following mineralisers; LiF:LiCl
[650-750 °C], LiF:NaCl [750-850 °C], NaF:NaCl [800-1000 °C], NaF:NaI [950-1100 °C],
KF:KC1 [1000-1200 °C] and K I:K I [1000-1300 °C]. A variety of mechanisms^ - 21 >22) for the
reaction between the mineralisers and the starting materials have been proposed based on
the reaction of Si0 2 with the sodium halide to form a sodium silicate and

silicon
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tetrahalide which then reacts with the zirconia to form ZrSi04.

(n + 3 )SiC>2(S) + 4NaX(s)

— SiX4^ +

^ ^ 4 (g) + ZrO^) + O^)

— ZrSi04(s) +

(Na2 SiO3)0) + 7 i0 ^ s)

— ZrSi04(g) + Na2 0 (j)

2

(Na2 Si0 3)(i) + n(Si0 2 )(S)

2

X 2^

2.1

2.2

2.3

X = F or CY

2.1.5 Synthesis of doped ZrSiO„ without alkali halide mineraliser

ZrSi0 4 can be formed at low temperatures by using transition metal oxides, such as V 2 0 5,

Mo03 or W 0 3 instead of alkali halide mineralisers. Similar to the alkali halides the oxides
act by attacking the refractory oxides thereby increasing the solid solution of Zr0 2 in Si02.

Matcovich et a l(24). investigated three systems by differential thermal analysis:-

1) Si0 2 + V 2 0 5
2) Zr0 2 + V 2 0 5
3) Z 1O 2 + Si0 2 + V 2 O5

They observed an endothermic peak at 730 °C in the reaction between Z r0 2 and V 2 0 5 as
well as in the reaction between Zr02, Si0 2 and V 2 0 5, which they determined as being due
to the formation of zirconium pyrovanadate, reaction 2.4, a compound which is unstable
at room temperature.

(700 - 850 °C) ZrC>2(S) + V 2 0 5(1) = ZrV 2 0 7(s)

2.4

They reported that the synthesis of ZrSi04, using V 2 0 5 as a mineraliser, commenced
between 730-800 °C with no appreciable increase in ZrSi0 4 formation at higher
temperature. By varying reaction times and vanadium pentoxide concentrations they found
that complete ZrSi0 4 synthesis could be achieved by the reaction of Z r0 2 and S i0 2 with

30 wt.% V 2 0 5 at 800 °C for one hour. Dependant on the firing conditions the colour of the
pigment varied between green and blue. It is important to note that the transition metal
oxides are not as effective as mineralisers as the alkali halides due to their reduced mobility
and higher charge. The rare earth dopants such as Tb4 0 9 and Pr6 On do not act as
mineralisers; in fact they have been reported as inhibiting the formation of ZrSi04.

2.1.6 The synthesis of doped ZrSiO„ pigments using alkali halide mineralisers

The mechanism for the industrial synthesis of ZrSi0 4 pigments has been described by
Trojan (19,20). Reaction of Z r0 2 and Si0 2 with the alkali halides follows steps 2.1, 2.2 and
2.3 for both V4+ blue and Pr4+ yellow pigments, but there is also the reaction between the
dopant oxides and the alkali halides. Without alkali halide mineralisers a green instead of
blue pigment forms with V4+ as the dopant ion. With NaF a blue pigment forms, with CaF2
and BaF2 a green-blue pigment forms, and with PbF2 a green pigment forms(23). Demiray
et al. (23) investigated the effect of different alkali halides on ZrSi0 4 pigments and
discovered that a considerable amount of the sodium was retained the pigment. Possible
causes of the variation in colour are suggested below:1) A combination of V4+ (blue) and V5+ (green). Thus the mineraliser acts as a
reducing agent.
2) The mineraliser affects the unit cell parameters (either shrinking or enlarging the
lattice), thus affecting the crystal field surrounding the dopant and thus affecting the colour
of the pigment.
3) Reaction of Zr0 2 with V 2 0 5 at high temperatures can yield a yellow pigment.
The most efficient mineralisers are the sodium based ones which yield blue pigments. It
is therefore possible that the green pigment is a mixture of vanadium-doped ZrSi0 4 (blue)
and vanadium-doped Zr0 2 (yellow). An excess of Z r0 2 is caused by the incomplete
reaction of Zr0 2 and Si0 2 due to the inefficiency of the mineralisers used.

2.2.1 Experimental

In this study the following topics are investigated:1) The effect of V 2 0 5, NaF and NaCl on Zr0 2 and S i02.
2) The synthesis of ZrSi04, HfSi04, ZrGe04 and HfGe0 4 as pure materials.

3) The synthesis of ZrSi04, HfSi04, ZrGe04, and HfGe0 4 doped with V4\ Cr3+,
Tb4*, and P i*.
4) The effect of the transition metals ions, Mn4+, M o * and W * on the synthesis of
ZrSi04.
5) The synthesis of ZrSi0 4 with S2" exchange for 0 2\
6

) An excess of NaF on the ZrSi0 4 synthesis.

7) The synthesis of ZrSi0 4 pigments using NajCC^ as a mineraliser.
8

) The synthesis of ZrSi0 4 pigments using Na^iFg as a mineraliser.

2.2.2 Sample procedures
A ll the samples were accurately weighed, mixed in a mortar and pestle, and then ball
milled for 1 hour. The samples were then fired in platinum crucibles with tight fitting lids.
The starting compositions and firing temperatures of the samples are listed in table 2.1.
After the samples were fired they were washed in hot concentrated acid and then dilute
acid for up to 5 hours, to remove all the excess dopant. The samples were then filtered
and dried at 120 °C for 48 hours.

2.2.3 Analysis
The samples were sent to Cooksons p.l.c. who examined them by:(i) X-ray powder diffraction
A ll the samples were examined using a Siemans D400 powder diffractometer. The primary
phases were identified by indexing the diffraction patterns using the ’refcell’ program (25).
The relative intensities of the primary phase main peaks, and therefore the extent of host
material formation, are listed in table 2.2. The lattice parameters of the ZrSi04, HfSi04,
ZrGe04 and HfGe0 4 phases formed were calculated from the diffraction patterns using the
computer program Dragon(26). The unit cell parameters of the samples analysed are listed
in table 2.3.

(ii) Atomic Analysis
Some of the samples were analysed for dopant concentrations by X-ray fluorescence and
inductively coupled plasma techniques.

Table 2.1

Starting compositions and firing conditions

Sample

Composition

Firing Conditions Temperature:Time/hours

Analysis of starting compounds
PI

Z r0 2 7.00 g, V 2 0 5 0.68 g

P2

Z r0 2 7.00 g, V 20 5 0.68 g

105005

P3

Z r0 2 7.00 g, V 20 5 0.68 g, NaF 0.35 g, NaCl 0.45 g

95005

P4

Z r0 2 7.00 g, V 20 5 0.68 g, N a ^ 0.81 g

105005

P5

Si0 2 3.55 g, V 2 0 5 0.68 g

9500:4

P6

Si0 2 3.55 g, V 2 Os 0.68 g, NaF 0.35 g, NaCl 0.45 g

9500:4

Pure Lattices
P7

Z r0 2 7.00 g, Si0 2 3.42 g, NaF 0.45 g, NaCl 0.62 g

105005

P8

H f0 2 8.00 g, Si0 2 2.34 g, NaF 0.30 g, NaCl 0.40 g

110005

P9

Z r0 2 7.00 g, Ge0 2 6.09 g, NaF 0.45 g, NaCl 0.62 g

105005

P10

H f0 2 8.50 g, Ge02 4.20 g, NaF 0.32 g, NaCl 0.44 g

110005

Vanadium-doped lattices
P ll

Z r0 2 7.00 g, Si0 2 3.42 g, V 2 0 5 0.68 g, NaF 0.45 g, NaCl 0.62 g

95001

P12

Z r0 2 7.00 g, Si0 2 3.42 g, V 2 0 5 0.68 g, NaF 0.45 g, NaCl 0.62 g

105001

P13

H f0 2 8.00 g, Si0 2 2.34 g, V 2 0 5 0.43 g, NaF 0.30 g, NaCl 0.40 g

1050‘C l

P14

H f0 2 8.00 g, Si0 2 2.34 g, V 2 0 5 0.43 g, NaF 0.30 g, NaCl 0.40 g

1100‘C l

P15

H f0 2 8.00 g, Si0 2 2.34 g, V 2 Os 0.43 g, NaF 0.30 g, NaCl 0.40 g

1100 *€5

P16

Z r0 2 7.00 g, Ge02 6.09 g, V 2 0 5 0.68 g, NaF 0.45 g, NaCl 0.62 g

950*05

P17

H f0 2 8.54 g, Ge0 2 4.35 g, V 2 0 5 0.50 g, NaF 0.32 g, NaCl 0.44 g

110005

Chromium-doped lattices
P18

Z r0 2 7.00 g, Si0 2 3.42 g, Cr2 0 3 0.50 g, NaF 0.45 g, NaCl 0.62 g

95001

P19

Z r0 2 7.00 g, Si0 2 3.42 g, Cr2 0 3 0.50 g, NaF 0.45 g, NaCl 0.62 g

105001

P20

Z r0 2 7.00 g, Ge0 2 6.09 g, Cr2 0 3 0.50 g, NaF 0.45 g, NaCl 0.62 g

105005

P21

H f0 2 8.5 g, Ge0 2 4.20 g, Cr2 0 3 0.50 g, NaF 0.45 g, NaCl 0.62 g

110005
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Table 2.1 continued

Sample

Composition

Firing Conditions

Praseodymium-doped compounds
P22

Z r0 2 7.00 g, Si0 2 3.42 g, Pr6 On 0.50 g NaF 0.45 g, NaCl 0.62 g

105001

P23

Z r0 2 7.00 g, Si0 2 3.42 g, Pr6 On 0.50 g NaF 0.45 g, NaCl 0.62 g

1100‘C l

P24

Z r0 2 6.00 g, Si0 2 3.00 g, Pr6On 0.50 g, Na^iF* 0.15 g J ^ N O , 0.40 g

P25

H f0 2 8.00 g, Si0 2 2.34 g, Pr6 On 0.40 g, Na^iFg 0.15 g,NH4 N 0 3 0.40 g 1100°C:5

P26

Zr0 2 6.00 g, Ge0 2 5.20 g, Pr6 Ou 0.50 g, NaCl 0.13 g, NJ^NO, 0.40 g

1100 °C:5

P27

H f0 2 8.54 g, Ge02 4.35 g, Pr6O n 0.42 g, NaCl 0.11 g, NH 4N 0 3 0.36 g

1100 °C:5

1100 °C:5

Terbium-doped lattices
P28

Z r0 2 6.00 g, Ge02 5.22 g, Tb4 0 7 0.40 g, NaCl 0.13 g, NH 4N 0 3 0.40 g

1100 °C:5

Other transition metals
P29

Zr0 2 7.00 g, Si0 2 3.42 g, MnOz 0.40 g, NaF 0.45 g, NaCl 0.62 g

10500:1

P30

Z r0 2 7.00 g, Si0 2 3.42 g, M o0 3 1.07 g, NaF 0.45 g, NaCl 0.62 g

1050*05

P31

Z r0 2 7.00 g, Si0 2 3.42 g, W 0 3 1.70 g, NaF 0.45 g, NaCl 0.62 g

105005

Sulphates
P32

Z r0 2 7.00 g, Si0 2 3.42 g, VOS0 4 1.00 g, NaF 0.45 g, NaCl 0.62 g

950 O l

P33

Z r0 2 7.00 g, Si0 2 3.55 g, VOS0 4 1.00 g NaF 0.45 g, NaCl 0.62 g

105005

P34

Z r0 2 7.00 g, Si0 2 3.42 g, N a ^ 2.00 g

950 0 5

NaF excess
P35

Z r0 2 7.00 g, Si0 2 3.55 g, NaF 2.00

Na2 C 0

3

P36

Z r0 2 7.00 g, Si0 2 3.55 g, V 2 Os 0.677 g N a^ O , 0.81 g, NaCl 0.62 g

95005

mineraliser
1050 °C:5

Na^iFg mineraliser
P37

Z r0 2 7.00 g, Si0 2 3.55 g, V 2 0 5 0.68 g N a ^ 0.15 g, NH 4 N 0 3 0.40 g

P38

ZrO2 7.00 g, Si0 2 3.42 g,Na 2 SiF6 0.15 ^N l^N O a 0.40 g

1050 °C:5
105005

X-ray powder diffraction
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Table 2.2 Analysis of the primary phases

Material

Number

Temperature

Relative intensity of primary phases
abo4

_V

B#

Pure Lattices
ZrSi0 4

P7

1050 °C

100

H fSi0 4

P8

1100 °C

3

ZrGe04

P9

1050 °C

100

HfGe0 4

P10

1100 °C

100

2

6
100
-

-

12
-

-

Vanadium-doped lattices
ZrSi0 4

P ll

950 °C

100

8

3

HfSi0 4

P13

1050 °C

100

22

5

HfSi0 4

P14

1100 °C

100

7

-

HfSi0 4

P15

1100 °C

100

1

-

ZrGe0 4

P16

950 °C

100

0.3

-

HfGe0 4

P17

1100 °C

100

-

-

Chromium-doped lattices
ZrSi0 4

P18

950 °C

2

100

30

ZrSi0 4

P19

1050 °C

100

25

2

ZrGe0 4

P20

1050 °C

100

1 .2

-

HfGe0 4

P21

1100 °C

100

1.7

-

Praseodymium-doped lattices
ZrSi0 4

P22

1050 °C

2

100

30

ZrSi0 4

P23

1100 °C

22

100

23

ZrSi0 4

P24

1100 °C

100

3.5

-

HfSi0 4

P25

1100 °C

100

23

12

ZrGe0 4

P26

1100 °C

100

0.7

-

HfGe0 4

P27

1100 °c

100

8

4

Table 2.2 continued

Material

Number

Temperature

Terbium-doped ZrSi0 4
ZrGe0 4

P28

1100 °C

Other transition metals
ZrSi0 4 :Mn4+

P29

1050 °C

ZrSi0 4 :Mo6+

P30

1050 °C

ZrSi0 4 :W6+

P31

1050 °C

ZrSi0 4

P32

950 °C

ZrSi0 4

P33

1050 °C

ZrSi0 4

P34

950 °C

P35

950 °C

Sulphates

Excess NaF
ZrSi0 4

NajCOa mineraliser
ZrSi0 4

P36

1050 °C

NajSiFg
ZrSi0 4

P37

1050 °C

ZrSi0 4

P38

1050 °C

* A = H f or Zr
# B = Si or Ge
Thus AB0 4 represents the host lattice
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Table 2.3 Unit cell parameters
Dopant ion

’a’/ A

’ey A

volume/ A3

P7

Undoped

6.6023(7)

5.9878(1)

261.01

0.907

P ll

y 4+

6.6065(7)

5.985(1)

261.22

0.906

P12

y4+

6.6042(8)

5.981(7)

260.89

0.906

Industrial

y4+

6.6050(8)

5.984(1)

261.06

0.906

P18

Ci3*

6.603(1)

5.982(2)

260.87

0.906

P19

Ci3*

6.6050(8)

5.983(1)

261.01

0.906

Industrial

Pr4+

6.618(2)

5.998(3)

262.70

0.906

P24

Pr4+

6.6172(6)

5.9900(6)

262.28

0.905

P31

W 03

6.6054(3)

5.9835(4)

261.07

0.906

P32

y ^ / S 2-

6.6136(9)

5.992(1)

262.10

0.906

Sample

c/a

ZrSiCX

P33

y^/S 2- *

6.6080(4)

5.9867(4)

261.41

0.906

P35

undoped/NaF excess

6.607(1)

5.982(1)

261.12

0.905

P36

V 4+/Na2C 0 3

6.6029(6)

5.9816(4)

260.78

0.906

P37

V 4+/Na2 SiF6

6.611(1)

5.987(1)

261.86

0.906

P13

y4+

6.574(1)

5.968(2)

257.92

0.908

P14

y4+

6.5770(4)

5.9690(6)

258.73

0.907

P15

y4+

6.5762(3)

5.9679(4)

258.73

0.907

P25

Pr4+

6.582(1)

5.974(3)

258.80

0.908

P9

undoped

4.8715(4)

10.536(1)

250.03

2.163

P16

y4+

4.8694(6)

10.540(2)

249.91

2.164

P20

Cr3*

4.882(3)

10.54(1)

251.35

2.160

P26

Pr4+

4.874(1)

10.555(4)

250.74

2.165

P28

Tb4+

4.873(1)

10.553(3)

250.59

2.166

P10

undoped

4.874(4)

10.482(4)

247.32

2.151

P17

y4+

4.851(4)

10.489(1)

246.82

2.162

P21

Cr3*

4.8562(7)

10.491(2)

247.40

2.160

P27

p r4*

4.857(1)

10.503(5)

247.77

2.162

HfSi0 4

ZrGeCX

HfGeO,

2.3 Results and discussion

2.3.1 Starting compounds
a)Zr0 2
No evidence of change in the monoclinic structure of Zr02, was observed by powder X-ray
diffraction after high temperature reaction of Z r0 2 with V 2 0 5. Vanadium was only
incorporated into the Zr0 2 at temperatures above the monoclinic phase transition and up
to 2.0 mole % vanadium was incorporated into the host material at 950 °C. When V 2 0 5
reacted with Z i0 2 in the presence of alkali halide mineralisers less vanadium was
incorporated into the host material. The vanadium present in the host material must have
occupied either interstitial or substitution sites in Zr0 2 since if had only reacted with the
surface layer of the host material it would have been leached out during the acid wash.

The result of reaction between Z r0 2 and V 2 0 5 is a matter of controversy, Matkovitch and
Corbett (24) state that they combine between 700-850 °C to form Zr2V 2 0 7 (zirconium
pyrovanadate) but Hucknall and Cullis(27) found no evidence of Zr2 V 2 0 7 formation in their
studies. A phase diagram for the reaction between Z r0 2 and V 2 Os has been derived (28) and
is illustrated in figure 2.10. The presence of Zr2V 2 0 7 would not have been detected during
this study as it is only stable between 700-850 °C . The presence of vanadium(TV) in the
Z r0 2 lattice has been detected previously by e.s.r. measurements (29), yet there has been no
assignment of the vanadium-doping site in Zr02. Similar studies have been carried out on
Fe3+(30) and Cr3* ^ doped Zr0 2 in which the signals in the e.s.r. spectra have been assigned
to both interstitially and substitutionally doped species (for both these ions it was found
that the dopant ion only entered the host material after the monoclinic-to-tetragonal phase
transition temperature had been reached). Trojan in his work on vanadium-doped ZrSi0 4
(19) stated that vanadium only enters the host material as the lattice forms; this seems
unlikely in the face of the evidence of vanadium-doped Z r02.

b)Si0 2
The reaction at high temperature between Si0 2 and V 2 0 5 leads to a partial phase change
of the a-cristobalite to a-quartz, yet reaction between Si02, V 2 0 5, NaF and NaCl leads to
a total transformation of the cristobalite into quartz. Previous studies on the reaction
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The phase diagram for the system S i0 2-V 2Os(32)

between V 2 0 5 and Si0 2 (32) indicated a poor V 2 0 5 -S i0 2 solid solution (see figure 2.11). No
vanadium was observed in either of the Si0 2 samples. Thus V 2 0 5 has little effect on the
action of Si0 2 in the ZrSi0 4 synthesis.

2.3.2 Synthesis of the undoned host materials

The host materials were synthesised at 1050 °C (ZrSi04, ZrGe04) and 1100 °C (H fSi04).
The synthesis of HfSi0 4 was attempted at 1100 °C, but a only negligible amount of HfSi0 4
was formed. The extent of reaction was greatest in ZrGe0 4 then HfGe0 4 then ZrSi04.

Trojan (19) suggested a mechanism for lattice formation :=

Na2 Si03(1) + ZrO^g)

ZrSi04^ + Na^O^

2.2

=

2.3

SiX4(g) + ZrO^s) +

=

SiX4(g) + 2 Na2 Si0 3(1) + nSiO ^

2.1

(n + 3) S iO ^ + 4 NaX(g)

ZrSi04(s) + 2 X 2^

X = Cl or F

Since the hafnium-based materials react at higher temperatures than the zirconium-based
materials, the state of Zr0 2 or H f0 2 at the synthesis temperature must influence the reaction
of the oxides with SiX4 or Na2Si0 3 (or germanium analogues). One difference between
Zr0 2 and H f0 2 that might affect the reaction with Si0 2 is the ability of the oxide to adopt
the correct geometry and coordination number for lattice formation, i.e. the monoclinic-totetragonal phase transition . The monoclinic-to-tetragonal phase transition occurs between
1000-1200 °C in Zr02(33) whereas it occurs between 1100- 1400 °C in H f0 2(34). Thus the
hafnium-based materials have to reach a certain critical temperature before they can react
with mobile silicate or germanate components.

The extent of reaction is higher for the germanates than the silicates at the same reaction
temperatures, which reflects the ease of germanate synthesis compared to that of silicates.
D u rif(35,36) reported almost complete synthesis of pure ZrGe04 (without mineralisation) at
1050 °C whereas only partial synthesis of ZrSi0 4 at temperatures between 1500-1700 °C
has been reported (2,13). One problem with silicate formation is the evaporation of SiX4;

therefore from a stoichiometric Zr0 2 :Si0 2 ratio in the starting materials one obtains an
excess of Zr0 2 in the end products. In the synthesis of pure ZrSi0 4 no free S i0 2 was
identified in the samples, indicating that there was an excess of Z r0 2 due to SiX4
evaporation. It is difficult to make the same comments on the germanate materials since
the free Ge0 2 should dissolve in the acid wash. Thus one has the problem with alkali
halides mineralisers in silicate formation of balancing the greater extent of ZrSi0 4 synthesis
at higher temperatures with the greater extent of SiX4 evaporation. This does not seem to
be as great a problem in germanate synthesis as ZrGe04 and HfGe0 4 form at lower
temperature than their silicate analogues thus reducing G e ^ evaporation.

For ZrSi0 4 the ’a’ unit cell parameter is slightly smaller and the ’c’ unit cell parameter
slightly larger than those reported for the other ZrSi0 4 samples in this work and those
reported from pure single crystal studies (3738,39,40). A ll the pure materials synthesised were
white.

2.3.3 Synthesis of vanadium-doped samples

Samples of vanadium doped ZrSi0 4 (blue), HfSi0 4 (deep blue), ZrGe0 4 (purple/pink) and
HfGe0 4 (purple/pink) were synthesised in this study. From the difference in colours it is
obvious that the doping sites for the vanadium in germanates and silicates are different.

The doping concentrations of vanadium in the samples are 2 mole % in ZrSi0 4 , 0.6 mole
% in HfSi0 4 and 0.3 mole % in ZrGe04. In the single crystals synthesised up to 2 mole

% vanadium has been observed in the ZrGe04 samples. The difference between the
vanadium doping concentration of ZrSi0 4 compared to that of HfSi0 4 could be due to
1) A lower solubility of vanadium in H f0 2 compared to Z r0 2
2) A lower solubility of vanadium in HfSi0 4 compared to ZrSi0 4
3) A lower solubility of vanadium in H f0 2 at the higher synthesis temperature of
HfSi0 4 compared to ZrSi04.

In previous work(22), experiments have shown a relationship between dopant concentration
and synthesis temperature and it has been found that ZrSi0 4 samples fired at 950 °C show
maximum vanadium-doping concentrations; above and below this temperature the vanadium

concentration in the host material drops off rapidly. Thus it is possible that the low
vanadium concentration in HfSi04, is due to the low solid-solution of vanadium in the host
material at the high firing temperature required .

The low vanadium concentration in the germanates is more difficult to explain, especially
since much greater doping concentrations can be obtained in crystals. This could be due
to lattice formation at low temperatures, i.e. before the vanadium concentration in Z r0 2 is
at its maximum.

The formation of the vanadium-doped materials, ZrSi0 4 (950-1050 °C), HfSi0 4 (10501100 °C), ZrGe04 (1050 °C), and HfGe0 4 (1100 °C), occurs at temperatures below those
of pure lattice formation. Trojan (20) suggested that the lower vanadium-doped ZrSi0 4
formation temperature (50 °C lower than that of the pure lattice) is due to the oxygen
release on V 5+ reduction having a beneficial effect on ZrSi0 4 synthesis.

< 600 °C

V 2 0 5(s) =

V 2 0 4(s)

+

fcOju

2.5

This oxygen is then absorbed in the ZrSi0 4 synthesis in step 2.3. It is more likely is that
attack and partial solution of Zr0 2 by V 2 Os affects the formation temperature; V 2 0 5 is a
good high temperature solvent for Zr0 2 (see chapter 3) rendering it more susceptible to
attack by SiX4 and Na^iOa.

The unit cell parameters of the vanadium-doped materials synthesised in this study are
within the e.s.d.’s of those reported for pure ZrSi04, HfSi04, ZrGe04 and HfGe0 4 powders
and crystals.

2.3.4 Synthesis of chromium-doped samples

Samples of chromium-doped ZrSi0 4 (green), ZrGe04 (pink-beige), andHfGe0 4 (pink-beige)
were synthesised. Like the vanadium-doped samples the difference in colour suggests that
the dopant ion occupies different sites in the silicates and germanates.

The formation temperature of the materials ZrSi0 4 ( >1050 °C), ZrGe0 4 (1050 °C) and
HfGe0 4 (1100 °C), is higher than for the vanadium-doped samples. Thus the oxygen
release on dopant reduction has no beneficial effect in this reaction:2 C r03(s)

=

Cr2 0 3(s)

+

^ P 2<g)

^ .6

The extent of ZrSi0 4 synthesis is very poor (25% unreacted Z i0 2 in the end products)
compared to that of the pure host materials at the same temperature, suggesting that C r0 3
has an inhibiting effect on the reaction. The unit-cell parameters for the chromium-doped
ZrSi04, ZrGe04 and HfGe0 4 materials are within the e.s.d.’s of those reported for pure
single crystals and powders.

2.3.5 Synthesis of praseodymium-doped samples

Samples of praseodymium-doped ZrSi0 4 (yellow), HfSi0 4 (yellow), ZrGe0 4 (orange) and
HfGe0 4 (orange) were synthesised.

Using conventional NaF/NaCl mineralisers it proved difficult to synthesise the silicate host
materials even at high temperatures (1100 °C). Trojan (18) reported the synthesis of
praseodymium doped ZrSi0 4 pigments with alkali halide mineralisers but did not report the
firing temperature or the extent of ZrSi0 4 formation. Switching to a Na^iFg and NH 4N 0 3
mineralisation system it was possible to synthesise praseodymium-doped ZrSi0 4 (1100 °C),
H fSi0 4 (1100 °C), ZrGeO, (1100°C), and HfGe0 4 (1100 °C).

The extent of lattice formation is high for ZrSi0 4 and ZrGe0 4 but lower for HfSi0 4 and
HfGe04, suggesting the firing temperature is too low. Using the Na^iFg / NH 4N 0 3
mineraliser system one does not have the problem of SiX 4 evaporation that one observes
using NaF/NaCl mineralisers.

Trojan (18) stated that the addition of Pr6 On to the ZrSi0 4 reaction mixture increased the
reaction temperature compared to that of the system without dopant by 50-60 °C due to
the praseodymium oxidation taking oxygen out of the system.
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2 Pr2 0 3(S)

+

=

4 PrO ^

2.7

The addition of an efficient oxidising agent such as NH 4N 0 3 should eliminate this problem
and oxidise the Pr3+ to Pr4+ before lattice formation occurs. One problem with the use of
alkali halide mineralisers in conjunction with Pr6 Ou is the formation of PrCl3 and PrF3.

Pr60 ii(S)

+ 18 NaX(1)

=

6

PrCl3(f) +

9 NajO^ +

JzQxs)

^ .8

Thus formation of SiX 4 is inhibited preventing ZrSi0 4 formation.

The unit-cell parameters ’a* and ’c’ for Pr4+-doped ZrSi0 4 and HfSi0 4 are significantly
higher than those reported for pure single crystals and powders. The unit cell parameters
for the germanates are within the e.s.d.s of those reported for pure single crystals and
powders. If praseodymium is substituted for zirconium or hafnium in the host materials,
the most likely dopant site in for Pr4+, one would expect an increase in unit cell parameters
proportional to the difference in ionic radii between the dopant and substituted ion and the
dopant concentration. In the samples analysed praseodymium doped up to 3 mole % in
ZrSi0 4 and 2 mole % in HfSi04. In the vanadium-doped system the dopant concentration
is greatest in ZrSi0 4 > HfSi0 4 > ZrGe04 if this trend is followed in the praseodymium
doped system, the low concentration of dopant would lead to lower unit cell parameters.

2.3.6 Synthesis of terbium-doped samples

The only ZrGe04 formed an orange terbium-doped pigment at 1100 °C. The orange colour
suggests a similar doping site to that for Pr4+ in ZrGe04. The poor extent of reaction
obtained from attempts to synthesise Tb4+-doped ZrSi0 4 and H fSi0 4 suggest that Tb4 0 7is
an even better inhibitor to lattice formation than Pr6 On.

2.3.7 Synthesis of ZrSiO„ with alternative transition metals

Attempts to dope Mn4+ into ZrSi0 4 were unsuccessful due to the inhibiting effect which
M n0 2 has on ZrSi0 4 formation.

The transition metal oxides M o0 3 and W 0 3 were used as additives to the reaction mixture

to form ZrSi04. These oxides act as solvents for Zri) 2 in the growth of ZrSi0 4 single
crystals (see chapter 3) so it is interesting to observe their effectiveness as mineralisers. No
doping of either Mo6+ or W 6* into ZrSi0 4 was observed in the samples.

The synthesis of ZrSi0 4 was achieved at 1050 °C with both W 0 3 and M o03 . Both M o0 3
and W 0 3 have the effect of increasing the extent of ZrSi0 4 formation compared to that for
pure and vanadium-doped samples, in the case of the ZrSi0 4 sample synthesised using
W 0 3 almost 100 % ZrSi0 4 formation occurs. This is due to the^solution of Z r0 2 by W 0 3
or Mo03 , which lowers its reaction temperature thus increasing the extent of lattice
formation.

The unit-cell parameters of ZrSi0 4 synthesised with M o0 3 and W 0 3 additives are within
the e.s.d.’s of those reported for single crystals.

2.3.8 Oxygen / Sulphur exchange in the lattice.

The synthesis of vanadium-doped ZrSi0 4 was successfully achieved at 950 °C, using
VOS0 4 as a source of vanadium instead of V 20 5 or N aV 03. The vanadium concentration
was high (2.6 mole %) and residual sulphur was detected in the lattice. Two samples were
fired with VOS0 4 in the composition, one at 950 and one at 1050 °C. The extent of ZrSi0 4
formation was greater for VOS0 4 than V 2Os at both 950 and 1050 °C.

The unit cell parameters for both samples are greater than those reported for pure ZrSi0 4
i.e.
Material
‘
'

’a’

Pure ZrSi0 4

=6.605

ZrSi0 4 formed at 1050 °C with S2"

6.6080(4)

ZrSi0 4 formed at 950 °C with S2'

6.6136(9)

V

A

=5.985

A
A

This reflects the exchange of O2- (ionic radius 1.40

A

A
5.992(1) A
5.9867(4)

A)

for S2" (ionic radius 1.84

A). It

is

noticeable that between 950 -1050 °C most of the S2- comes out of the lattice and is
replaced by oxygen and thus the lattice reduces in size.

2.3.9 Synthesis of ZrSiCX using an excess of NaF

Synthesis of pure ZrSi0 4 was achieved at 950 °C using an excess of NaF mineraliser.
Although ZrSi0 4 was formed a considerable amount of unreacted Z r0 2 was detected in the
end products. This is due to the formation and evaporation of SiX4, leaving an excess of
Z r0 2 in the reaction mixture. Although NaF is one of the most effective mineralisers (i.e.
it lowers the ZrSi0 4 formation temperature considerably), it can cause measurable SiF4
evaporation. The lattice parameters observed for this sample are within the e.s.d.’s of those
measured for ZrSi0 4 single crystals.

2.3.10 Synthesis of ZrSiCX using Na^CO, as a mineraliser.

In an attempt to synthesise vanadium-doped ZrSi0 4 without the evaporation of SiX4 ,
which is both wasteful in terms of material loss and harmful to the reaction container,
Na2C 0

3

was used as a mineraliser instead of NaF/NaCl. The pigment was formed at 1050

°C and the level of unreacted Z r0 2 found in the sample was comparable to that found using
a NaF/NaCl mineralisers; however «10 % unreacted Si0 2 was detected in the end products,
unlike the NaF/NaCl based systems where all the excess Si0 2 is evaporated in the form of
SiX4. The reaction of Si0 2 with NaX is described by Trojan (19).

(n + 3)Si02(s) + 4NaX(1) = SiX4(g) + 2Na2 Si03(1) + nCSiO^

2.1

The reaction of NajCC^ with Si0 2 transforms Si0 2 to the mobile Na2 S i0 3 component
without formation of a volatile gas .

Na2C 03(1) + S iO ^ = Na2 Si03(1) + C O ^

2.9

The unit-cell parameters of the vanadium-doped ZrSi0 4 sample formed using Na^Oa
mineraliser are slightly smaller than those formed using NaF/NaCl as a mineraliser.

2.3.11 Synthesis of ZrSiCX using NaoSiF* as a mineraliser
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The use of Na2SiF6 as a mineraliser instead of NaF/NaCl for the synthesis of pure and
vanadium-doped ZrSi0 4 was attempted at 1050 °C. The formation of ZrSi0 4 in the
vanadium-doped pigment was almost complete, higher than that observed for the NaF/NaCl
mineraliser system at the same temperature. No ZrSi0 4 formation occurred at 1050 °C
without vanadium. Remarkably the unit-cell parameters in the vanadium-doped stain are
considerably larger than those found in pure ZrSi0 4 or vanadium-doped ZrSi0 4 formed
using NaF/NaCl as a mineraliser. The action of the Na2 SiF6 is unusual; quite how it
enlarges the lattice is unknown, but this enlargement must surely aid the doping of the
larger Pr4+ ions into the lattice.

2.4 Conclusions

The starting compositions and firing conditions have been elucidated for the following :1) The synthesis of the pure materials ZrSi04, ZrGe0 4 and HfGe0 4 at reduced
temperatures using NaF/NaCl mineralisers.
2) The synthesis of vanadium-doped ZrSi04, HfSi04, ZrGe04 and HfGe04.
3) The synthesis of chromium-doped ZrSi04, ZrGe0 4 and HfGe0 4
4) The synthesis of praseodymium-doped ZrSi04, HfSi04, ZrGe04 and HfGe04.
5) The synthesis of terbium-doped ZrGe04.

Evidence from the reactions of Z r0 2 with V 2 0 5 suggests that vanadium enters the Z r0 2
before ZrSi0 4 formation. Workers analysing vanadium-doped Z r0 2 by e.s.r. spectroscopy
have suggested that V4+ enters Z r0 2, either in a substitutional site, interstitial site, or both.
Thus one can suggest the following two mechanisms for ZrSi0 4 synthesis.

(A) nZrO^gj + \
'

~

n-1 v subw 2n(s) T

^

w 2(s) T

'4 ^ 2 ( g )

2.10

Vanadium occupies a zirconium substitutional site in Z r0 2
Z r^
V X ),2n(ss
n-l^sub®

Zrn.1V gubSin0 4n(s)

2.11

Vanadium occupies a zirconium substitutional site in ZrSi0 4

(B) nZrO^ + V£V20 5^

ZrnVO 2n+2(s) + ^

2.12

Vanadium occupies an interstitial site in Z r0 2
Zrn^ ^ 2n+2(s)+ (n-l)S i0 2

=

ZrnVSin.10 4nW

Vanadium occupies a silicon site in ZrSi0 4

2.13
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V^b = vanadium entering a substitutional site

Mechanism (A), i.e. vanadium substituting on the zirconium site in Z r02, leads to
substitution of vanadium on the zirconium site in ZrSi0 4 and mechanism (B), i.e. vanadium
doping into an interstitial site in Zr02, leads to vanadium substitution onto a silicon site
in ZrSi04. Thus if one finds out which site vanadium enters in ZrSi0 4 one may be able to
determine how it entered Z r0 2.

The best conditions in which to synthesise ZrSi0 4 pigments of high quality ( i.e. pigment
stability under very aggressive conditions, high dopant concentration and the correct
colouration) have been determined by industrial synthesists after years of exhaustive
experiments and trial and error procedures. This does not mean the chemical factors
governing the synthesis will not be of use in the synthesis of future pigments. The two
main chemical effects
A) The mobilisation of the silicate component
B) The activation of the zirconium component

The use of the alkali halide mineralisers mobilises the silicate components in the form of
a silicon tetrahalide and sodium silicate ( the degree of formation of both of these
compounds is governed by the alkali halide:silica ratio and firing temperature); they also
lower the temperature of the Zr0 2 monoclinic - tetragonal phase change.

Some transition metal oxides, V 20 5, M o03, and W 03, have the effect of mobilising the
Z r0 2 component thereby increasing the extent of ZrSi0 4 formation and lowering the
synthesis temperature by between 50 and 100 °C.

Thus synthesis of ZrSi0 4 pigments involves choosing starting compositions and firing
conditions to obtain a balance between maximum dopant concentration (high intensity),
maximum lattice formation (high stability), and minimum SDQ evaporation.
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Chapter 3
The flux-growth of single crystals of doped
ZrSiO.. HfSiCX, ZrGeCX, and HfGeCX

3.1 Introduction

After the first attempts at Raman spectroscopy on doped zircon powders it proved
necessary to synthesise single crystals of the doped materials due to problems with
impurities in the powders. Single crystals have two distinct advantages over powders:1) Purity; refractory synthesis of zircon yields many insoluble impurities such as Z r0 2,
Si0 2 etc., whereas with the flux-growth of single crystals one is dealing with a solvent
system and one obtains purer samples. It is essential to have a high level of purity when
dealing with the low levels of dopant present in the samples.

2) Information; due to the long range order present in single crystals it is possible to
obtain much more information from their analysis, such as their crystal structure as well
as their polarised vibrational and electronic spectra.

It was necessary to synthesise single crystals of ZrSi04, HfSi04, ZrGe0 4 and HfGe0 4
doped with V ^C r^Tb4*, and Pr4*. The crystals would have to grow to a reasonable size
and quality to avoid polarisation leakage and to make it possible to obtain good X-ray
data sets. For X-ray analysis a high concentration of dopant ions is required in order to
measure the small changes in electron density. For vibrational spectroscopy it is useful
to have a range of dopant concentrations in order to assign vibrational modes by
comparison. For electronic spectroscopy ( e.s.r. and u.v./visible spectroscopy) low doping
levels are required in order to gain maximum resolution. Therefore it was necessary to
be able to control the dopant concentration in the crystals synthesised.

The crystals synthesised were analysed by Raman, resonance Raman, f.t.i.r. and e.s.r.
spectroscopy, single crystal X-ray diffraction and electron probe analysis.

3.1.1 Methods of crystal growth

Single crystals of ZrSi0 4 were first synthesised hydrothermally by Frondel and Collete
in 1957(1), and first synthesised by flux growth by Ballman and Laudise in 1965(2). Since
then there have been many studies on the hydrothermal growth of ZrSi04(3A5), the flux
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growth of ZrSi0 4 aw^*iu«3„Mjs,iu7># H f S i C )4 (6.14.15.19 ZrGe04(7) and HfGe0 4 (7’19).

3.1.2 Hydrothermal synthesis

Hydrothermal synthesis involves growing crystals from zircon seeds (natural or synthetic)
from a solution of Zr0 2 (or ZrF4 or Zi^SC)^ ) and Si0 2 gels in aqueous media at
elevated temperatures (150-700 °C) and elevated pressures ( 71-15,000 p.s.i.). The
samples are placed in a small capsule of platinum or gold. This technique has four main
advantages over flux-growth.
1) The crystals tend to be larger.
2) The experiments require much less time, ranging from between 1 and 10 days
compared to between 2 to 4 weeks for flux-growth experiments.
3) The crystals are easily separated from the solvents, unlikesome fluxes which
are only sparingly soluble in concentrated acid at room temperature.
4) One does not suffer from flux impurities in the crystal.

The main disadvantages of hydrothermal growth are:
1) The partial replacement of Si0 4 groups in ZrSi0 4 with (OH ) 4 or (OF) 4
groups(3).
2) The expense of the autoclave and gold capsules required.
For these reasons we adopted flux growth as the technique to growthe crystals in this
study.

3.1.3 Flux growth
Flux growth involves placing the sample in a high temperature solvent, creating a super
saturated solution and cooling slowly. The flux growth of ZrSi0 4 involves the solution
of a mixture of Z r0 2 and Si02, their reaction to form ZrSi0 4 and the crystallisation of
ZrSi04. This is further complicated by the action of the dopant ion .

Typical solvents for ZrSi0 4 and its solubility in them were evaluated by Dharmarajan
et al.(5) and are listed in table 3.1. Thus using a simple pseudo-binary phase diagram ,
i.e. solvent / solute (flux / ZrSi04), Dharmarajan hoped to devise the best compositions
for flux growth of ZrSi04. Unfortunately, although the solutes dissolved in the fluxes,
they did not crystallise out and thus most of the fluxes were unsuccessful in producing
crystals.
Table 3.1
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Table 3.1
Natural Zircon Solubility as Mass % of Flux

Flux Composition
0.5 Li2M o0 4 - 0.5 M o0 3

1.55 at 1200 °C

0.33 Na2Mo0 4 - 0.67 M o0 3

1.71 at 1200 °C

0.5 Li2W 0 4 - 0.5 W 0 3

3.71 at 1200 °C

0.52 KHC0 3 - 0.48 W 0 3

0.92 at 1100 °C

0.5 PbO - 0.5 PbF2

18.72 at 774 °C

0.5 PbO - 0.5 PbF2

36.97 at 1100 °C

PbF2

18.72 at 1108 °C

0.4 PbO - 0.4 PbF2 - 0.2 Bi20 3

26.98 at 1100 °C

The key studies on flux growth of ZrSi0 4 were undertaken by Wanklyn et al.(7,8,9,10)
between 1976 and 1978. Wanklyn thought that the main problem in flux growth of these
materials was the differing melting points of the two solute components, i.e. Z r0 2 melts
at 2850 °C and Si0 2 melts at 1730 °C , a difference of over 1000 °C. To describe a
successful flux system Wanklyn proposed a pseudo-ternary phase diagram. The three
components of the pseudo ternary phase diagram are:
A) Refractory Oxide, e.g. Z r02, H f0 2
B) Basic Oxide / Fluoride, e.g. KF, K 20 , K 2C 0 3, LiF, Li20 , Li2C 03, NaF, or Na2C 0 3
C) Acidic Oxide / Fluoride, e.g. Si02, Ge02, B 20 3, Bi20 3, M o03, P20 5, V 20 5 or W 0 3

Amphoteric oxides such as PbO and PbF2 are usually classified as the basic oxide
component and are used in conjunction with an acidic oxide excess.The pseudo ternary
phase diagram devised by Wanklyn to describe the flux composition for growth of
ZrSi04, HfSi04, ZrGe04 and HfGe0 4 is shown below.

Basic Oxide/Fluoride

Refractory oxide

Acidic oxide

The line in the triangle represents the flux composition in with which crystals of ZrSi0 4
are produced.
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Choosing the best flux composition and conditions to grow the best crystals is the key.
Wanklyn(11) proposed four main factors in selecting starting compositions for flux growth
of these materials

1) Acid-base ratio
2) The effect of the addition of fluoride
3) Network-breaking of the acidic component
4) Use of additives

Acid - Base theory

Wanklyn’s pseudo-ternary phase diagram has three components and it is the ratio of
acidic oxide component to the basic oxide component which has a great influence on
the crystallisation of products. Ballman and Laudise(2), who discussed the system ZrSi0 4
- M 20 - M o0 3 (M =Li or Na) found that the solubility of ZrSi0 4 increased with
increasing M o0 3 concentration and reported that Na20:3M o0 3 proved to be an effective
flux for the growth of ZrSi0 4 . They suggested that, since Z r0 2 is a Lewis base , it
should be more readily dissolved by higher concentrations of the acidic oxide M o03.
On the other hand Na2Zr0 3 has been found to crystallise from 10% Z r0 2 : 56% NajO
: 34% Si0 2 + P20 5 (17). The relative concentrations of alkali oxide / acidic oxide in the
melt seem to determine whether Zr0 2 acts as a base or as an acid. In the more acidic
solution it acts as a base but in the system ZrSi0 4 - M 20 - M o0 3 , if M 20 were
increased relative to M o03, we could expect M 2Z r0 3 to crystallise instead of ZrSi04.

Wanklyn replaced basic alkali earth oxides (Na20 , K 20 ) with PbO and PbF2, which are
amphoteric. With high concentrations of PbO in the systems PbO - PbF2 - S i0 2 - Z r0 2
and PbO - M o0 3 - R20 3 (20)(R = Rare-earth), Z r0 2 or R20 3 are readily dissolved and on
cooling , the simple oxides are the primary phases to crystallise. The compounds ZrSi0 4
and R2M o0 6 crystallise only with lower concentrations of PbO relative to acidic oxide,
and it is apparent that a certain minimum proportion of acidic oxide component is
essential for their crystallisation.

Evidence from the study of the solubility of ZrSi0 4 in several PbO-based flux systems
(as listed in table 3.1), by Dharmarajan et al.(5), compounded the acid-base theory of
Wanklyn. Although the solubility of ZrSi0 4 in the PbO-based flux systems with little
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or no acidic oxide component is high ( i.e. with composition 0.5 PbO - 0.5 PbF2 - 0.2
B 20 3, 0.85 PbO - 0.15 W 03, 0.66 PbO - 0.34 B 20 3 ) the fluxes were unsuccessful for
the growing of ZrSi0 4 as the primary phase whereas systems with an acidic oxide excess
(i.e. 0.5 Li2W 0 3 - 0.5 V 20 5, 0.4 Li2W 0 4 - 0.3 M o0 3 - 0.3 V 20 5 and 0.5 Li2W 0 4 - 0.5
W 0 3 ) were successful in growing crystals, and even fluxes with no base present were
successful (i.e. 0.5 V 20 5 - 0.5 M o03)

The effect of the addition of fluoride

Nielson(21) found that PbO + PbF2 as a flux produced better quality yttrium iron garnet
crystals than PbO alone. Wanklyn (1I) found, that in all pseudo ternary systems studied
the replacement of half of the PbO by PbF2 or half of the Na20 by NaF, had three
results
1) The solubility of the refractory oxide was increased, and in some cases
trebled.
2) The crystal habit was altered so that more equidimensional crystals were
obtained.
3) The number of crystals that grew was reduced to less than half, and the
crystals that did grow were correspondingly larger.

Network-breaking in flux systems

Zachariasen (22) has reported that the following oxides can be expected to occur in
vitreous forms: B 20 3, Si02, Ge02, P20 5, As20 5 and V 20 5. Although M o0 3 is not included
in this category, Mo6* is known to be tetrahedrally coordinated in melts and to form
polymolybdates. Thus all the acidic oxides used in these systems tend to form network
systems in melts, and only tetrahedrally or triangularly coordinated anions have this
property.

Wanklyn proposed that, by controlling the degree of network formation, one could
control crystal formation and that, by reducing network formation, better quality crystals
could be obtained. The network breaking effect of basic oxides and fluorides is well
known in the glass industry(23) where it is recognised that the equivalent amount of
fluoride has twice the network breaking effect of the oxide.
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2Na20 + Si0 2

>

4Na+

+ (SiOJ4"

(1)

2NaF + Si0 2

>

2Na+ + (S i0 2F2)2'

(2)

In each case, a free tetrahedral anion (i.e. not forming a chain ) is produced, but (1)
needs four equivalents of Na while (2) needs only two.

Thus one can reduce the degree of network formation by increasing the proportion of
basic oxide to acidic oxide or by replacing the basic oxide by basic fluoride.

Additives used in flux growth

A few percent of one or more of B20 3, V 20 5, P20 5, SiO^ or M o0 3 (24,25) is commonly
included as an "additive" in fluxed melts in the growth of simple and complex oxides.
Wanklyn undertook experiments with and without the M o0 3 as an additive in fluxed
melts to grow RA103, DyFe03(26) and Dy2S i0 5 (27) and found that larger crystals were
obtained with a few percent M o0 3 present than in its absence.

3.1.4 How compositions and conditions were derived for this study

The approach used was to adapt known flux compositions ( and in some cases derive
new compositions ) in order to

1) Grow as many lattice dopant combinations as possible.
2) Control the crystal quality and dopant concentration
3) Elucidate from the conditions and compositions needed to achieve the above
two the governing factors in the flux growth of these materials.

In choosing the conditions and compositions for flux growth one has several interfering
factors:-

1) The ability of the solvent to dissolve the solute.
2) The volatility of the flux components.
3) The viscosity of the flux components.
4) The formation temperature of the product in the solvent.
5) The precipitation of the solute componentsfrom the solvent components due
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to lowering the temperature of the flux.
6

) The precipitation of the solute components due to evaporation of the solvent.

In order to be able to compare the flux systems studied we only used 3 heating cycles.
Originally a soak temperature of 1350 °C and a cooling rate of 2 °C/h was used, then
the soak temperature was lowered to 1300 °C and finally to 1290 °C ( to decrease
evaporation from the flux ), with a cooling rate of 1 °C/h for one half of the cycle and
2 °C/h for the other half.

3.2 Experimental
3.2.1 Flux growth
The samples were weighed and then mixed for one hour using a ball mill. The fluxes
that used Na2C 0 3 as the basic component were then precalcined at 600 °C for 2 hours
in an open platinum crucible to remove C 02, and were then reground. The first fluxes
of this type (F10, F ll, F17, F18) were also compressed into discs before firing, but this
process was stopped for later fluxes as it was found to have little effect. The samples
were then placed into 50 cm3 platinum crucibles with closely fitting platinum lids and
finally subjected to the heating cycles listed.

Fluxes using PbF2 were avoided due to severe problems with toxicity, reaction with the
platinum, and volatilisation. On the occasion PbF2 was used as a flux component F16,
the platinum crucible was placed in a sillimanite muffle(28) to protect the furnace.

After the heating/cooling cycle was complete the samples were rapidly cooled to room
temperature. The lead-based fluxes were then mechanically removed from the crucibles
and slowly dissolved in hot concentrated nitric acid and the crystals removed. The
sodium-based fluxes were dissolved in hot water and the crystals separated.

3.2.2 Electron probe analysis
The compositions of the crystals grown were analysed by electron probe. This was
undertaken by Dr. Steven Reed at the Earth Sciences laboratory, Cambridge.

All of the samples tested were set in a 20 x 35 x 5 mm3 araldite block and polished
with

1

|im diamond paste.

Table 3.2 Flux compositions for the growth of ZrSiCX, crystals
Flux Composition

FI

Initial

Soak

Cooling Final

temperature period

rate

1350 °C

2 °C/h

20 h

Comment

temperature

850 °C

dark

blue

Z r0 2 0.5 g (3%), Si0 2 0.225 g (3%),

X-tals

PbO 13.77 g (47%), V 20 5 11.25 g (47%)

2x2x5 mm

F2

1350 °C

20 h

2 °C/h

850 °C

blue

Z r0 2 0.5 g (3%), Si0 2 0.225 g (3%),

X-tals

PbO 17.0 g (62%), V 2Os 7 g (32%)

3x3x5 mm

F3

1350 °C

20 h

2 °C/h

850 °C

no X-tals

20 h

2 °C/h

850 °C

no X-tals

20 h

2 °C/h

850 °C

no X-tals

20 h

2 °C/h

850 °C

no X-tals

20 h

2 °C/h

850 °C

pink X-tals

Z r0 2 0.5g (2.5%), Si0 2 3.6 g (36.5%),
PbO 17.8 g (49%), V 20 5 3.6 g (12%)

F4

1300 °C

Z r0 2 3.2 g (11.9%), Si0 2 3.85 g (30%),
PbO 21.5 g (44.5%), V 20 5 0.3 g (0.8%),
N aV0 3 0.3 g (1.2%), W 0 3 5.95 g (12 %).

F5

1300 °C

Z r0 2 3.1 g (10%), Si0 2 3.8 g (25%),
PbO 17 g (29.5%), N aV0 3 0.5 g (1%),
NaF 3.2 g (29.5%), W 0 3 2.94 g (5%).

F6

1300 °C

Z r0 2 2.45 g (10%), Si0 2 3g (25%),
PbO 19 g (42.5%), V 2Os 1.82 g (5%),
NaF 0.42 g (5%), M o0 3 (3.6 g (12.5%).

F7

1350 °C

Z r0 2 0.64 g (2.9%), Si0 2 0.29 g (2.7%),

v 205 0.9 g (2.7%),NaV0 3 0.65 g (3%),
Na2M o0 4 4.52 g (13.1%), M o0 3 19.6 g (75.6 %)

2x0.25x0.25 mm
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Flux compositions for the growth of ZrSiO. crystals
Flux Composition

F8

Initial

Soak

Cooling Final

temperature period

rate

1350 °C

2 °C/h

20 h

Comment

temperature

850 °C

no X-tals

1 °C/h 1000 °C

light blue

2 °C/h

X-tals

Z r0 2 0.78 g (4%), Si0 2 0.37 g (4%),
V 20 5 0.28 g (1%), NaF 0.06 g (1%),
W 0 3 29.8 g (82%), Na2W 0 4 3.68 g ( 8 %).

F9

1300 °C

20 h

850 °C

Z r0 2 0.5 g (2.8%), Si0 2 0.74 g (2.8%),
V 2Os 0.45 g (0.5%), NaVOj 0.3 g (0.5%),
Li2M o0 4 11.5 g (15%), M o0 3 50 g (78.4%).

F10

1300 °C

20 h

1 °C/h 1000 °C
2 °C/h

850 °c

blue X-tals
4x2x2 mm

Z r0 2 0.5 g (0.8%), Si0 2 0.225 g (0.7%), V 20 5 0.5g (0.5%),
Na2C 0 3 18 g (32.2%), M o0 3 50 g (65.8%).

F ll

1300 °C

20 h

1 °C/h 1000 °C
2 °C/h

850 °c

pofyerystalline
phase only

Z r0 2 0.5 g (0.8%), Si0 2 0.225 g (0.7%), V 20 5 63 g ( 6 6 %),
Na2C 0 3 18 g (32.5%).

F12

1270 °C

20 h

1 °C/h 1050 °C
2 °C/h

800 °C

dark blue
X-tals

Z r0 2 1.0 g (1.3%), Si0 2 4.0 g (11%), V 2Os 16 g (14.5%),

grew on the

Na2C 0 3 18 g (27.8%), M o0 3 40 g (45.5%).

crucible lid

F I3

1300 °C

20 h

1 °C/h 1050 °C
2 °C/h

850 °c

ZrSi0 4 2 g (2%) [0.71 % vanadium doped], Na2C 0 3 18 g (32%)
M o0 3 50 g ( 6 6 %).

polyaystalline
phase only
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Flux Composition

F14

Initial

Soak

Cooling Final

Comment

temperature period

rate

1300 °C

1 °C/h 1050 °C

yellow

2 °C/h

X-tals

20 h

temperature

850 °c

3x1x1 mm

Z r0 2 0.5 g (0.76%), Si0 2 0.225 g (0.7%), C r0 3 0.5g (1.2%),
Na2C 0 3 18 g (32%), M o0 3 50 g (65.4%).

Table 3.3 Flux Compositions for the growth of ZrGeCX crystals
F15

1350 °C

20 h

2 °C/h

850 °C

small black

Z r0 2 0.5 g (3%), Ge0 2 0.42 g (3%),

water soluble

PbO 13.77 g (47%), V 2Os 11.25 g (47%).

X-tals.
(not ZiGeOJ

F16

1300 °c

20 h

2 °C/h

850 °C

massive

Z r0 2 0.55 g (6.2%), Ge0 2 4.6 g (58.2%), M o0 3 0.225 g (2%),

weight loss

PbO 3.55 g (6 .6 %), PbF2 5.1 g (27%).

no X-tals

F17

1300 °C

20h

1 °C/h 1050 °C
2 °C/h

no X-tals

800 °C

Z r0 2 0.83 g (1.3%), Ge0 2 0.90 g (1.6%), V 20 5 0.07 g (0.1%),
Na2C 0 3 18 g (32%), M o0 3 50 g (65%).

F18

1300 °C

20 h

1 °C/h 1050 °C

pink

2 °C/h

800 °C

microciystals

1 °C/h 1050 °C

brown Xtals

2 °C/h

of ZrGe0 4

Z r0 2 1 g (1.5%), Ge0 2 5 g ( 8 %), V 20 5 1 g (1%),
Na2C 0 3 18 g (29.5%), M o0 3 50 g (55.4%).

F19

1300 °C

20 h

800 °C

Zr0 2 1 g (1.3%), Ge0 2 10 g (15.3%), V 20 5 1 g (0.9%),

+

Na2C 0 3 18 g (27.1%), M o0 3 50 g (55.4%).

(quartz)

F20

1300 °C

Zr0 2 1 g (1.6%), Ge0 2 10 g (19.5%),
Na2C 0 3

12

g (23%), V 2Os 50 g (55.9%).

20 h

G e02

1 °C/h

1050 °C

small black

2 °C/h

850 °C

water soluble
X-tals
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Flux compositions for the growth of ZrGeO„ crystals
Flux Composition

Initial

F21

Z r0 2

1

Soak

Cooling Final

temperature period

rate

1290 °C

1 °C/h 1050 °C

pink X-tals

2 °C/h

ZrGe0 4

20 h

temperature

800 °C

(low quality)

g (1.3%), Ge0 2 10 g (15%), V 2Os 3 g (2.6%),

+Ge0 2

Na2C 0 3 18 g (26.6%), M o0 3 50 g (54.5%).

F22

Comment

1290 °C

20 h

1 °C/h 1050 °C

pink X-tals

2 °C/h

ZrGe04

800 °C

Z r0 2 1 g (1.3%), Ge0 2 10 g (17.5%),

(better qiality)

V 2Os 2 g (2%),Na2C 0 3 9 g (14.6%), M o0 3 50 g (60%).

+dcped GeOz

F23

1 °C/h 1050 °C

purple Xtals

2 °C/h

of ZrGe0 4

1290 °C

20 h

800 °C

+ doped GeO*

»» 1 g (1.4%), Ge0 2 10 g (16.5%), V 2Os 8 g (7.6%)
Na2C 0 3 9 g (14.6%), M o0 3 50 g (59.9%).

F24

Z r0 2 1 g (1.5%), Ge0 2

1290 °C

8

20 h

1 °C/h 1050 °C

deep purple

2 °C/h

Xtals ZrGe04

800 °C

+ doped GeQ

g (14.3%), V 20 5 16 g (16.4%),

Na2C 0 3 9 g (15.8%), M o0 3 50 g (52%).

F25

1300 °C

20 h

1 °C/h 1050 °C
2 °C/h

no Xtals

800 °C

Z r0 2 1 g (1.5%), Ge0 2 10 g (15.3%), C r0 3 0.3 g (0.5%),
Na2C 0 3 18 g (27.2%), M o0 3 50 g (55.5%).

F26

1300 °C

20 h

1 °C/h 1050 °C

deep red

2 °C/h

Xtals ZrGe04

Zr0 2 1 g (1.3%), Ge0 2 10 g (15.4%), Tb4 On 1 g (0.2%),
Na2C 0 3 18 g (27.3%), M o0 3 50 g (55.8%).

800 °C

66

Table 3.4 Flux compositions for the growth of HfSiCX crystals

Flux Composition

Initial

Soak

temperature period

F27

1350 °C

20 h

Cooling Final
rate

Comment

temperature

2 °C/h 850 °C

dark blue
X-tals HfSi04

H f0 2 0.81 g (3%), Si0 2 0.225 g (3%),
V 2Os 11.28 g (47%), PbO 13.77 g (47%)

F28

1300 °C

20 h

1 °C/h 1050 °C

no

growth

2 °C/h

on

HfSi0 4

800 °C

seeds

H f0 2 1.4 g (1.3%), Si0 2 1 g (3%), V 20 5 0.1 g (0.1%),
Na2C 0 3 18 g (31.5%), M o0 3 50 g (64.1%) + 2 HfSi0 4 seed crystals.

F29

1300 °C

20 h

1 °C/h 1050 °C

yellow

2 °C/h

HfSi0 4

800 °C

H f0 2 1.4 g (1.25%), Si0 2 0.48 g (1.5%), Tb4On 0.1 g (0.25%),

X-tals

Na2C 0 3 18 g (31.7%), M o0 3 50 g (65.3%).

Table 3.5 Flux compositions for the growth of HfGeCX crystals

Flux Composition

F30

Initial

Soak

Cooling Final

Comment

temperature period

rate

1290 °C

1 °C/h 1050 °C

pink X-tals

2 °C/h

HfGe0 4

20 h

H f0 2 1.4 g (1%), Ge0 2 10 g (15.3%), V 20 5 1 g (0.9%),
Na2C 0 3 18 g (27.2%), M o0 3 50 g (55.6%)

temperature

800 °C
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Each crystal was analysed with the electron probe in at least two places. The
concentrations of the various components were analysed by using the detectors in
wavelength dispersive mode. All the crystals were analysed for concentration of Pb, Mo,
Cr, Na, V, Zr, Si, Ge, Hf, Tb, and Pr. Concentrations of impurities could be measured
down to 0.02% (molar) and the detection time for V was increased so that it could be
detected down to 0.01%. Although the doping levels are accurate the total concentration
of Zr,Hf,Si, and Ge are incorrect by up to 5% , this being due to the difference in the
diffraction properties of the pure metals used as standards and the metal ions in the
crystals. This problem is dealt with in table 3.6 by normalising the concentrations of Zr,
Hf, Si and Ge in the doped crystals with respect to the pure crystals. Cases where the
backscattering intensity of one ion interfered with the detection of another, were dealt
with by selecting a detection range in which intensity from the interfering ion was not
present.

3.3 Results
3.3.1 Flux growth of ZrSiCX
The first flux compositions used (F I, F2) were derived from Wanklyn’s work^. With
these conditions and compositions we were able to grow crystals of vanadium-doped
ZrSi0 4 and HfSi04. Unfortunately we had little control over the dopant concentration and
the type of dopant ion (the fluxes contained 47 % V 20 5 and thus predominantly doped
the crystals with vanadium) and we were unable to grow ZrGe0 4 and HfGe0 4 from
these fluxes.

Wanklyn went on to develop fluxes with M o0 3 replacing all the V 20 5, and PbF2
replacing most or all of the PbO. These fluxes enabled her to control the dopant level
(by varying the M o0 3 / V 20 5 ratio ), control the dopant ion , control the crystal quality
(by varying the PbO / PbF2 ratio ) and grow ZrGe04 as well as HfGe04. Unfortunately
we were unable to use PbF2 , with its high toxicity and volatility, due to inadequate
ventilation in the furnace.

The replacement of V 20 5 with W 0 3 (F4, F5) and M o0 3 (F6 ) was attempted without
success. The flux composition of Ballman and Laudise (2) was used, with partial success.
From this flux small pink crystals of ZrSi0 4 (confirmed by Raman spectroscopy) were
grown: the origin of the colour centre is unknown, no impurity was detected in the
electron probe analysis, and only a faint unresolved signal was observed by e.s.r.
spectroscopy at 80 °C.
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Table 3.6 Electron probe analysis results
Lattice Dopant Flux Dopant/M4*

Formula

Normalised Formula

ratio
(in flux)
ZrSi0 4

V4* F I

15.6:1

Zr lxmHfouVj043^i^99^4

Zr.977Hfj012Si.955V jOoQ*

ZrSi0 4

V4*

F2

2.3:1

Zr1_4ooHf^14V_001Si>9440 4

Zr_9g3Hf012Si1j003Vj00iO4

ZrSi0 4

V4"

F10 0.714:1

Zr^sH f.nV x ^ S i^ ^

Zr5 78Hfj012Silj004V xxb04

ZrSi0 4

C r* F14 1.6:1

Zr ii>45Hfj0i4 Si_94 iO4

Z r 988H fX)12Si10 4

ZrSi0 4

V*

Z r ij068Hfj0i5Si.9igO4

ZTuoojHfj012Sio57s04

ZrSi0 4 Undoped

Zr LMsHf^^Si 9410

Zr^88HfX)12Si10

ZrSi0 4

Pr4*

Z r lx>45H fo 12S i ,9410 4

Zr.988HfX)12Si10 4

ZrSi0 4

Tb4*

ZrixvtsHfoi lT b jo ^ S i9 4i 0 4

Zr588HfX)12Tbj012Sia933O4

ZrGe0 4

V4* F19

Z ru ^ H f^ V ^ G e ^ O ,

Zr.998Hf.002V o o iG e i0 4

Zr112oHfooiVjoosGe^740

Zr^g^HfooiVjoosGejjooiC^

F7

1.85:1

0.692:1 (Zr)

4

4

0.058:1 (Ge)

ZrGe0 4

V

F22

1.333:1 (Zr)

4

0.114:1 (Ge)

ZrGe04

V 4* F23

57.14:1 (Zr)

ZrU36H U V j043Ge<82iO4

Z r^ io H fjo o o V m 3G e ^ o 0 4

Zr1o76HfoooTb.o39Ge.89o04

Zf^g7HfJ0ooTbo35[GeioigO4

0.485:1 (Ge)

ZrGe0 4

Tb4* F26

0.1528 (Zr)
0.012:1 (Ge)

HfSi0 4

V4" F27

15.6:1

HfGe0 4

V4" F30 0.100:1 (Zr)
0.058:1 (Ge)

^^.968^T>oi6^.009^ilj003®4
H f^ Z r^ G e ^ O ,
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A Li2M o0 4 based flux derived by Di Gregorio et al.(6) was then used with limited
success, the crystals being small and very lightly doped. This was due to evaporation
of the flux caused by the soak temperature being too high.

Finally Na2C 0 3 / M o0 3 based fluxes originally derived by Harris et al.(12) were used.
With these fluxes it was possible to control the doping levels of the dopant ions and
grow all the lattices required, i.e. ZrGe04 and HfGe04. They also had the advantage of
being readily soluble in hot water which cuts down the time and effort required to
remove the crystals from the flux. The fluxes are also much less toxic than the PbO /
PbF2 based fluxes and less damaging to the expensive platinum crucibles

Attempts were made to replace the M o0 3 acidic part of the flux with V 2Os , in order
to grow crystals of ZrSi0 4 with a large concentration of V4*, but without success.

The recrystallisation of ZrSi0 4 doped with 2% vanadium using a Na2C 0 3 / M o0 3 flux
(F I 3) was also attempted. None of the powder was found to have dissolved in the flux,
this leads to the conclusion that the flux growth of ZrSi0 4 crystals occurs due to the
dissolution of Z r0 2 and Si0 2 and then the formation of ZrSi0 4 , rather than the
formation of ZrSi0 4 which is then reciystallised.

3.3.2 Flux growth of ZrGeCX

The first attempts to grow ZrGe04 used Wanklyn (9)-type fluxes, but unfortunately no
crystals of ZrGe04 grew. The dark black crystals that grew were thought to be of some
vanadium compound , and it was thought that excess of vanadium might interfere with
the synthesis of ZrGe04.

Due to lack of success with the first type of flux a PbO / PbF2 / M o0 3 flux00 which had
previously proved successful in growing crystals of ZrGe04 was tried. This was
unsuccessful due to the high PbF2 concentration which caused too much evaporation of
the solvent.

Finally after the successful introduction of Na2C 0 3 / M o0 3 fluxes for the growth of
ZrSi0 4 , they were used for the synthesis of ZrGe04. The use of Na2C 0

3

/ M o0 3 as a

flux was combined with variation of the Z r0 2 :Ge02 ratio and compositions were used
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with a 1:1, 1:5 and 1:10 Z r0 2:Ge02 mass ratios. It was found that a 1:10 mass ratio
or 12:1 molar excess of Ge0 2 was required to grow crystals of vanadium-doped ZrGe04.
Then the control of the dopant levels by controlling the V4* / M o0 3 ratio was attempted.
It was found that, by increasing the V4* / M o0 3 ratio, one could not only increase the
doping level but the crystals obtained were of better quality (free from visible defects).

It was also possible to grow crystals of Tb4* doped ZrGe0 4 with this flux (F26)

3.3.3 Flux growth of doped HfSiO^ and HfGeO,.

Vanadium-doped HfSi0 4 crystals were successfully grown using a PbO / V 20 5 type flux
(F27). The effects of seeding on flux growth were tested in F28 where two small
vanadium-doped HfSi0 4 seed crystals , grown from the preceding melt (F28), were
placed in the crucible along with the flux, no growth around the seed crystals was
observed. Crystals of HfSi0 4 doped with Tb4* were grown using flux (F29), but the
crystals obtained were very small (0.2 x 0.2 x 0.1 mm). Crystals of HfGe0 4 doped with
vanadium were synthesised successfully using a Na2C 0 3 / M o0 3 flux (F30).

3.3.4 Electron probe results

The results of the electron probe analysis are shown in table 3.5.

One satisfactory result is the absence of flux impurities in the samples, which would
have had a large effect on the accuracy of the spectroscopic analyses.

In some samples where a colour centre is clearly visible, e.g. Cr^-doped ZrSi0 4
(yellow), V^-doped HfGe0 4 (purple), Pi4* in ZrSi0 4 (yellow) and ZrSi0 4 (pink) no
dopant was observed by the electron probe, i.e. the dopant concentration was less than
.

0 01

% (molar) (the origin of the colour centres in the chromium and vanadium doped

samples had been established as Cr3* and V4*, by e.s.r. spectroscopy).

One can see that, although the PbO / V 20 5 flux yields the maximum doping levels ( =4
% ), it is not as efficient in doping vanadium into the lattice as the Na2C 0 3 / M o0 3
flux. The normalised composition of the ZrSi0 4 with the highest V4* concentration is
Zr0977 Hf0 .012Si0 .955V 0 .M3O4 . This leads to the conclusion that vanadium dopes into the Si4*
site or possibly into both Zr4* and Si4* sites but predominantly the Si4* site.
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The doping limit of vanadium in ZrGe0 4 on the crystals tested was =4 % , but the
last batch of vanadium-doped ZrGe04 crystals grown (F24) showed deeper colouration
than those probed previously (F23). ZrGe0 4 could also be doped with up to ~ 4 %
Tb4*. Again the Na2Co0 3 / M o0 3 flux proved to be extremely efficient for the formation
of doped crystals. The normalised composition of the ZrGe04 crystal with highest
concentration of vanadium, viz. Ztj lojoGeo^Vo^C^ ,leads to the conclusion that
vanadium enters the Ge4* site. The normalised composition of the ZrGe0 4 crystal with
the highest concentration of Tb4*, viz. Zr0957Tb0 Ir39Ge1I)18O4 , leads to the conclusion that
terbium enters the Zr4* site.

The syntheses of vanadium-doped ZrSi0 4 and HfSi04, using fluxes F I and F2, are
almost identical yet the doping levels are 4.3 % and 0.9 % respectively. This indicates
a lower solubility of vanadium in HfSi0 4 than in ZrSi04.

3.4 Discussion
3.4.1 Acid-Base theory

Wanklyn stated that a slight acidic excess is required to grow high quality crystals of
ZrSi0 4 and similar materials. In this study that subject has been developed in order to
be able to predict successful fluxes for the growth of ZrGe04 as well as ZrSi04. We
have employed a Na2C0

3

/ M o0 3 type flux instead of the PbO / PbF2 type fluxes of

Wanklyn , because they are basic oxide / acidic oxide rather than amphoteric oxide /
acidic oxide fluxes and hence the acid-base ratio effects are more readily understood.

Ballman and Laudise(2) state that, under an acidic excess, ZrO^acts as a Lewis base.
Therefore one would expect it to be soluble in the acidic part of the flux, i.e. M o03,
V 20 5, W 0 3 etc. The other part of the solute Si0 2 (GeOj) , which we shall call the acidic
refractory oxide, is soluble in the basic part of the flux, i.e. N a^O ^

To grow high quality crystals one requires equal precipitation of both acidic and basic
refractory oxides in the same temperature range. Since S i0 2 is more soluble in the basic
oxide ( NajCC^ ) than Z r0 2 is in the acidic oxide ( M o0 3 ), an excess of acidic oxide
is required to increase the solubility of Zr0 2 relative to S i02, or to decrease the
solubility of S i0 2 relative to Z r02. Thus if an acidic excess is not employed only Zr0 2
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crystallises as the S i02 remains in solution.

This is shown to a greater extent in the synthesis of ZrGe04. The solubility of Ge0 2 in
Na2C 0 3 is much greater than Si0 2 in the same solvent; in fact the hexagonal phase of
Ge0 2 is soluble in hot water. Thus unless an acidic excess is employed the Ge0 2 stays
in solution and Z r0 2 alone is crystallised. This was illustrated when the Na2C 0 3 fluxes
were adapted to grow ZrGe04 instead of ZrSi0 4 and a 1:10 mass ratio of Z r0 2 :Ge02
was needed to crystallise ZrGe04. Taking this a step further we halved the amount of
Na2C 0 3 present in the flux, thus decreasing the Ge0 2 solubility even more, and obtained
crystals of greater quality.

Thus by controlling the solubility of the individual solute components one can improve
the quality of the crystals grown and predict flux compositions for the growth of new
materials.

3.5 Conclusions

1) It has been possible to grow crystals of ZrSi0 4 doped with V4* or Ci3*, ZrGe0 4 doped
with V4" or Tb4*, HfSi0 4 doped with V4* or Tb4*, and HfGe0 4 doped with V4*.

2) A flux (Na2C 0 3 / M o0 3 ) to grow all the lattices required has been developed. With
this type of flux we have been able to control the dopant ion and dopant level. No flux
impurities were detected in the crystals synthesised using this flux. It is also relatively
placid when compared to the aggressiveness and toxicity of PbF2 and PbO, as well as
being water soluble.

3) A model with which it is possible to understand the compositions of flux systems
required for crystal formation and which has been used to predict suitable fluxes for the
synthesis of ZrGe04 and HfGe0 4 crystals has been developed.

Further experiments
Na2C 0 3 /Mo 0

3

It would be interesting to see whether ZrGe0 4 is as insoluble in

based fluxes as ZrSi04, by attempting to recrystallise ZrGe0 4 powders.

Recrystallisation of powders is a more effective way of controlling dopant concentrations
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, as the dopant is present in the lattice from the start.
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Chapter 4

The Computer simulation of the defect properties
of vanadium doped ZrSiO^ and ZrQ,

4.1 Introduction

In an attempt to predict which lattice site vanadium occupies in the host materials
ZrSi0 4 and Z r0 2 the effect of doping vanadium into ZrSi0 4 and Z r0 2 host materials has
been simulated, using potential models. The simulation of the substitution of vanadium
for Zr4* or Si4* in ZrSi0 4 and for Zr4* in Z r0 2 requires several calculations.

1) Calculation of the lattice energies and other physical properties of the host materials
Z r0 2 and ZrSi04. Values for the lattice energies of the host materials are required in
order to complete the calculations of the energy necessary to substitute vanadium into
the host materials. Also calculated lattice energies and other physical properties, such as
elastic constants, can be compared with experimental values in order to test the validity
of the models used in the simulations.

2) Calculation of the energy required to produce a Zr4* vacancy in ZrSi0 4 or Z r0 2 and
a Si4* vacancy in ZrSi04.

3) Calculation of the energy required to substitute a host material ion (Zr4* or Si4*) for
a V4* ion.

Thus using the values obtained from these calculations it is possible to calculate the
energy required to substitute a host material ion for vanadium. One can determine which
site is more energetically favourable for vanadium substitution and thus predict which
site vanadium should occupy in the host materials ZrSi0 4 and Z r02.

Furthermore the simulation of the doped materials gives one information on how the
host material relaxes around the dopant ion after substitution, such as dopant-oxygen
bond lengths and angles as well as the changes of the environment of the host material
ions. This information is valuable for comparison with experimental data obtained on the
symmetry and structure of the doped materials, from vibrational, electronic and
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crystallographic studies.

4.1.1 Potential models

In order to calculate crystal properties , it is essential that the interactions between atoms
can be reliably described by potential models. In ionic and semi-ionic solids , the
electrostatic coulomb energy forms the major contribution to the cohesive energy:

q .q .

+

+ I <^(1*)

...

4.1

4rce„^riJ

- full or partial charges of the interacting species
ry

- distances between ions i and j

e,

- relative permittivity of the dielectric medium

<t>jj - short range potential between ions i and j

These short range forces act between the centres of neighbouring ions and arise through
the effects of overlap of electron clouds, induction and covalency. They are highly
repulsive forces at small values of ry and prevent the lattice collapsing in on itself.
In order to simplify the calculations, it is possible to make the approximation that
potentials will be modelled by a two bodied central force. Hence the total short range
energy for a system of particles is given by:

4>(r) = Z w <|>y(lri - rjl)

4.2

and the total energy is the sum of interaction energies between all pairs of particles i
and j. However the neglect of the mainly covalent effects may be important for some
systems.

4.1.2 Rigid ion model

For models in which the electric polarisability is ignored, the forces can be described
simply in terms of the electrostatic and short range interactions. The analytical form of
the Bom-Mayer potential has been shown theoretically to give a good representation of
the short range interactions between ions.
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4.3

The parameters A;j and py have to be determined for each pair of ions. Including the
attractive van der Waals coefficient, Cy , the potential was modified by Buckingham to
give:

<J>ij(lri - ijl) = AjjexpC-lrj - r^/p*) -

4.4

- r/

4.1.3 Polarisability and the shell model

In the presence of an effective electron field, E , at the ion a distortion of the electron
charge cloud will cause an induced dipole moment ,|x, at the ion, given by:-

p. = a E

4.5

where a is the polarisability of the ion . For high frequencies, the whole dielectric
constant arises in this way . However for low or static frequencies the ions are too
displaced , making a contribution to the dielectric constant. The most successful way of
incorporating ionic polarisability has been with the shell model of Dick and
Overhauser^. The massless electron shell , effectively modelling the valence electrons,
is given charge Y and it is coupled to the core by a spring with constant K. The
interaction between core and shell of ion i is then treated as harmonic.

4.6

where £ is the core-shell separation . The polarisability is then given by

Oi = (YJel) 2

4.7

K*

Thus treating the electron cloud as a separate species allows the ion to distort in an
electric field.
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4.1.4 The potentials modelled in this study

In order to use the potential model one has to obtain values for the constants A, p and
C for the short range potential rigid shell model and spring constant c and shell charge
Y to include the effects of polarisability. The potential terms for Zr-O, V -0 and Si-0
interactions have been calculated by empirical methods i.e optimising potential
parameters to give the best description of crystal properties such as elastic and dielectric
constants, lattice parameters and the frequencies of phonon modes. The 0 -0 short range
parameters used in this study were derived theoretically by Hartree-Fock methods(2).
There has been much work in simulating the potentials of silicates (3) and the Si-0
potential used in this study was derived by Sanders et al. (4). The initial Z r-0 potential
(Zr-O (l)) used in the ZrSi0 4 simulations was derived by Catlow and Lewis (5). It was
necessary to use a more recently derived potential for the Z r0 2 calculations. Previous
Zr-0 potentials had been fitted to cubic or tetragonal phases when in fact the low
temperature phase studied in this work is monoclinic. This is believed to be due to the
fact that the ionic radius of the zirconium cation is too small for eightfold cubic
coordination and hence lower symmetry distortions occur as the oxygen cations pack
more closely around the zirconium cation. The Zr-0 potential used (Zr-0(2)) (6), in the
simulation of pure and doped Z r0 2, had been specially derived by Cormack et al. to
describe the sevenfold zirconia monoclinic system. The V -0 potential used was derived
by James et al. (7) and has been used successfully to model V 0 2 (8> and V 0 2 (B) (8). The
set of potential parameters used in this study are listed in tables 4.1 and 4.2.

4.1.5 Lattice energy calculations
If the potentials perfectly described the crystal, the system would be in equilibrium at
0 K. However this is rarely the case and the normal procedure is to minimise the lattice
energy by relaxing the lattice ions. There are two methods by which to relax the lattice

1) The minimum energy is found with respect solely to the ionic coordinates;
this corresponds to minimisation under constant volume.
2) The energy can be equilibrated with respect to unit cell parameters; this
corresponds to minimisation under constant pressure.

The lattice energy is the binding or cohesive energy of the perfect crystal per unit cell
and is calculated using the Bom model of the solid,
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Table 4.1 Potential Parameters

A |/eV

pi/A

c j/e V

Z r-0<6>

1453.800

0.3500

0 .0 0 0 0

Zr-O™

985.869

0.3760

0 .0 0 0 0

Si-0<5>

1283.900

0.3205

10.6600

V-O®

640.690

0.4043

0 .0 0 0 0

0-0™

22,764.000

0.1490

27.8900

Table 4.2 Shell model parameters

Interaction

Shell Charge (Y)

Spring Constant (K)

0(core)-0(shell)

-2.077

27.290

A '6
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U = ^ IX j V ,

4.8

where the total pairwise interatomic potential is given by:

Vij = q i ^

+ A jj expC-rj/py) - CyRy'6

4.9

The first term represents the Coulombic interactions between species i and j and the
last two the non-coulombic short-range interactions. The problem with evaluating the
Coulombic energy is that the convergence, as the ion separation increases, is very slow.
The Ewald method where point charges are replaced by a Gaussian charge distribution
which is then transferred to reciprocal space, gives a Fourier series which is rapidly
convergent . A more detailed description of the Ewald method was written by Parked.

The lattice energies, evaluated in this study, were calculated using the PARAPOX (9)
computer program, by the constant volume minimisation method in which the atomic
coordinates are adjusted until the net internal basis strains ( i.e. the net forces acting on
a species ) are totally removed. From the lattice energy calculations one can go on to
evaluate other lattice properties such as unit cell parameters , elastic constants, bulk
moduli, and dielectric constants. From these values we can estimate the accuracy or
suitability of our potential model.

4.1.6 Defect Properties

The aim of defect calculations is to simulate lattice relaxation around a point defect and
use this to evaluate the energy of formation of the defect. In these calculations the
property calculated is dUv = uv, the change in internal energy at constant volume. The
energies are scaled such that the internal energy of a perfect crystal becomes zero ,
and hence the energy to remove a bulk lattice ion to infinity is always positive. The
approach used in defect calculations is to divide the crystal into two regions and
calculate the difference between the defective and perfect . A computer code called
CASCADE(10) ( Cray Automatic System for CAlculation of Defect Energies) has been
developed to calculate defect energies in this way.

Two regions are specified:
1) An inner region which has the defect at its centre in which the relaxations of
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the ions are treated explicitly by summing the potential and relaxing to zero force.
Typically this region contains between 100 and 200 ions.
2)

Around this an outer region (II) is placed . Here the electric field of the ion

is treated by the continuum approach of Mott and Littleton (11). The aim is to choose
this region such that it acts as a continuum with respect to the defect.

Thus the total energy is given by

E(tot) = Ej(r) + E^r,^ + E3(q)

4.10

Hence the total defect energy , which is more correctly u*, Ej(r) is the energy of region
1 , Ej(q) is the energy of region I I and E2(r,£) is the energy of interaction of the two
regions, r defines the positions of the ions in region

1

, and <; defines the positions of

ions in region 13.

4.1.7 Charged defects
For charged defects region II is subdivided into region Ila and region nb. Region Ila
is the inner region, and only these ions make a significant contribution to the short
range interaction. The long range Coulombic interactions are evaluated by treating region
lib as a continuum in which the displacements are entirely due to the electric field of
the defect. The interaction energy can then be treated by the theory of Mott and
Littleton (11) and the polarisation P at a distance r for the dielectrically isotropic crystals
is given by ;

4.11

with effective charge Q.

4.2

Results and discussion

4.2.1 Perfect lattice calculations
The calculated lattice energies and physical properties of ZrSi0 4 ( using both Zr-0
potentials), Z r0 2 and V 0 2 are listed in tables 4.3, 4.4 and 4.5. It is noticeable that for
the tetragonal lattices the a and b parameters shorten and the c parameter lengthens to
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Table 4.3 Lattice energy calculations

Lattice

Lattice energy /eV

ZrSi04(,)

-239.79

ZrSiO ^

-238.62

Z r02(b)

-109.88

Z r02(c)

-110.94

Z r0 2(d)

-115.95

V 0 2(c)

-111.05

V 0 2(f)

-112.65

'

Table 4.4 Crystal lattice parameters /A

’a’/A

’b’/A

’c’/A

volume /A3

P

ZrSiO ^

6.612

6.612

5.994

262.00

90°

ZrO, 00

5.138

5.204

5.313

142.05

99°12»

VO®

4.540

4.540

2.880

59.36

90°

ZrSi04(,)

6.481

6.481

6.194

260.14

90°

ZrSi04m

6.432

6.432

6.223

257.53

90°

Z r0 2m

5.108

5.084

5.671

147.24

98°36’

VO®

4.539

4.539

3.214

66.24

Lattice
Experimental

Calculated

90°
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Table 4.5 Elastic constants (xlO 11 dvnpcm'2)

Lattice

11

33

42.3

49.0

ZrSi04(,)

40.4

ZrSiO ^

34.5

44

12

31

11.3

7.3

14.9

62.2

10.5

6.3

18.5

55.0

9.2

7.9

19.3

Experimental
ZrSiO40
Calculated

Note :
(a) Calculated usingZr-0 potential ref 5
(b) Calculated using Zr-0 potential ref 6
(c) Calculated value from ref 12
(d) Calculated value from ref 13
(e) Calculated using V -0 potential ref 8
(f) Calculated value from ref13
(g) Experimental data from ref 14
(h) Experimental data from ref 15
(i) Experimental data from ref 16
(j) Experimental data from ref 17
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go closer to a cubic system. The difference between the lattice energy of ZrSi0 4
calculated using Zr-O (l) and Zr-0(2) potential is small. The closest match between the
observed and calculated lattice parameters of ZrSi0 4 is obtained using the Zr-O (l)
potential, whereas the closest match between the observed and calculated elastic
constants is observed using the Zr-0 (2) potential. Only the later 7 i-0 { 2 ) potential is
able to model the monoclinic Z r0 2 lattice. These calculations provide us with lattice
energies used in the defect calculations and show that the potential models used are
effective in describing the relevant lattices.

4.2.2 Defect Calculations

The energies of creating Zr4* and Si4* vacancies in the host materials ZrSi0 4 and Z r0 2
and substituting vanadium for Zr4* in Z r0 2 and ZrSi0 4 as well as vanadium for Si4* in
ZrSi0 4 are listed in tables 4.6. The calculated V-O, Si-0 and Z r-0 bond lengths for
vanadium substitution into the Zi4* site in ZrSi0 4 are listed in table 4.7 and illustrated
in diagram 4.1 , and the corresponding bond lengths for vanadium substitution into the
Si4* site in ZrSi0 4 are listed in table 4.8 and illustrated in diagram 4.2. The possibility
of vanadium occupying an interstitial site in ZrSi0 4 was checked by placing the
vanadium ion away from the substitutional sites and then relaxing the lattice, but in each
case the lattice relaxed until the vanadium ion had occupied the vacant lattice site. The
two key aspects of these calculations are which site is most energetically favourable
for vanadium substitution and how does the lattice relax around the defect.

4.2.3 Lattice site preference
There are two ways in which to analyse the data .

First, to find out which site the dopant ion ’fits’ into best. The substitutional energies
give us a measure of the stability or fit of a dopant ion into a particular site in the host
material and one can see from table 4.6 that the Zi4* site has the lowest substitutional
energy. Calculation of substitutional energies involves removing an ion from the host
material to infinity and taking the substitutional ion from infinity to the site from which
the host material ion was removed .

Second, to analyse the data in terms of a reaction cycle in which there are three steps.
The sublimation and ionisation of the dopant source, i.e. V 0 2(s) to V4*^ and 2 0 2‘(s),
which can be evaluated in terms of the negative lattice energy (-Ekt). Then the removal
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Table 4.6 Defect Energies
Defect

Relaxed Energy/eV

Unrelaxed Energy/eV

ZrSiCX
Vacancy
Vzr^

85.41

123.00

Vsi4*

105.81

163.727

Vo1

24.31

25.70

V*

0.84

0.99

V Si

16.81

19.17

Vzr4"

85.42

136.57

Voi2-

18.49

34.16

vv 0 2^

17.80

33.93

-1.51

-

Substitution

ZrO,
Vacancy

Substitution
V&

Note:
v

refers to vacancy

refers to the vanadium ion

1.02
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of the host lattice ion from the host lattice to infinity and taking the dopant ion from
infinity to the vacated lattice site (EVSi or EV^). Finally the reaction of the free host
material ion (Zr4* or Si4*) with the free 0 2 (EUtZ r02 or E^SiOj)

For Zi4* site substitution in ZrSi04;

V O *)

V

> Vw* +

20(g)2'

+ X(ZrSi04)(1)

Zr ^ +

20^(g)

> Zr^VCSiO)^ + Zr(g)4+

>

ZrO*)

-E^VO,

4.12

EV*

4.13

ElltZ r0 2

4.14

E.JeV) = E,.ZrO, + E V , - E..VO, = 2.02 eV

4.15

For Si4" in ZrSi04:

V O *)

> V^4* +

Vu4* + X(ZrSi04)(i)

Si (g) +

20(/

> ZrxSi(]1.1)V (0 )4(i) + Si^4*

2 0 2p(g)------> SiO*)

E.J e V ) = EJSiO, + EVci - E..VO, = 0.79 eV

-EutV 0 2

4.16

E VSi

4.17

EjatS i0 2

4.18

4.19
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For Zr4* in Z r0 2 :

V O *,)------> v (g)4++ 20(g)2‘

+ X C Z rO ^

-E^VO,

> Z r^ V O ^ + Zr(g)^

Zr4+(g) + 2 0 2-® ------ >

ZrO^,)

E V*

4.21

EUtZ r0 2

4.22

E JeV ) = Ei.tZrOo + E V , - E..VO, = -0.34 eV

4.23

Using this reaction cycle the total energy of vanadium substitution arises when vanadium
substitutes for Si4* in ZrSi04. The total energy of substitution in this system is governed
by the difference between the lattice energies of the oxides of the substituted ions and
thus substitution onto the Si4* is more favourable in this system because of the energy
released on removal of an Si0 2 group. If this was an accurate model of the reaction
mechanism for vanadium substitution into ZrSi0 4 then one would predict that vanadium
would substitute onto the Si4* site. Unfortunately the reaction mechanism for vanadiumdoped ZrSi0 4 is more complex. Doped ZrSi0 4 is not formed by reaction of V4* and
ZrSi0 4 , but by reaction of Z r02, Si0 2 and V4*. Vanadium initially dopes into Z i0 2
(either at interstitial or substitutional sites) which then reacts with Si0 2 to form ZrSi04.
Unfortunately we have been unable to model the interstitial sites in Z r0 2 in order to
predict whether the interstitial or substitutional site is more favourable.

4.2.4 Lattice site distortion
The effect of doping vanadium onto the zirconium site is to shorten the four equatorial
metal-oxygen bonds and lengthen the four axial metal-oxygen bonds. The lattice
compensates for this by moving the relevant silicon and zirconium ions and slightly
altering their metal-oxygen bond lengths (see diagrams 4.1 and 4.2 and tables 4.7 and
4.8 ).The net change in metal oxygen bonding on the dopant site after substitution is
that the equatorial oxygens are moved 0.08 A closer to the metal ion altering the lattice
ion bond distances from

2 .1 2

A (Zr-O) to 2.04 A (V-O)

Figure 4.1

Vanadium occupying a Zr4* site in ZrSi04

~ -0 Z r9

Figure 4.2

Vanadium occupying a Si4* site in ZrSi04
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Table 4.7 Calculated bond lengths
for substitution of vanadium onto the Zr*4- site

Metal ion
y4+

Anion

Distance /A

0li02>^3>04

2.04

axial

05 0 6 0 7 0

2.276

equatorial

0

2.100

axial

2x0

2.118

axial

0

2.129

axial

0

2.252

equatorial

2x0

2.269

equatorial

0

2.309

equatorial

2x0

2.114

axial

2x0

2.117

axial

2x0

2.271

equatorial

2x0

2.272

equatorial

2x0

1.628

bonded to V 4

2x0

1.635

2x0

1.632

2x0

1.636

,

Zr4+(1,2,3,4)

2^(5,6,7,8 )

S i^ U )

81^3,4,5,6)

,

, g
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Table 4.8 Calculated bond lengths
for vanadium substitution onto the Si^site
Metal ion

Anion

V4*
Z r"( 1 ^2 )

Zr*f(3,4,5,6)

Distance /A
1.758

2

x

0

2 .1 2 2

axial
bonded to V 4

2

x

0

2.153

axial

2

x

0

2.232

equatorial

2

x

0

2.246

equatorial

0

2.070

axial

0

2.106

axial

2.116

axial

0

2.247

equatorial

0

2.296

equatorial

2.299

equatorial

1.625

bonded to V 4

bonde

2

2

S m ,2 ,3 ,4 )

x

x

0

0

0

2

x

0

1.637

0

Si4 f(5,6,7,8)

1.634

2

x

0

1.632

2

x

0

1.633
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The effect of doping vanadium onto the silicon site is that the four oxygen atoms
bonded to the vanadium ion move away from their original positions altering the lattice
ion oxygen bond lengths from 1.63 A (Si-O) to 1.75 A (V-O), a difference of

0 .1 2

A

.This is compensated for by moving the zirconium and silicon ions bonded to those
oxygens further away from the dopant ion and small changes in Zr-0 and Si-0 bond
lengths.

Thus the greatest distortion of the lattice on doping, occurs with vanadium doping onto
the Si4* site.

4.3 Conclusions

From the simulation of the substitution of vanadium into ZrSi0 4 and Z r0 2 one can
predict that:

1) Vanadium occupation of interstitial sites in ZrSi0 4 is unlikely

2) The substitution of Zr4* or Si4* jby V4* in ZrSi04, by diffusion into the host lattice
is very unlikely due to the large amount of energy required to remove Zr4* and Si4* ions
from the host material.

3) One could predict, on the basis of the calculated substitutional energies, that the
Zi4* site is the most stable for vanadium substitution and therefore the more favourable.
One could also predict from an overall reaction scheme that substitution of vanadium
into the Si4* site requires the less energy and therefore is the more likely process. Once
the site that vanadium occupies in ZrSi0 4 has been determined it may be possible to
determine which factor, dopant site stability or overall energetics, is the governing one.
The differences between the calculated energies of the various processes for substitution
into the Zr4* and Si4* sites in ZrSi0 4 are small and it is therefore possible that vanadium
could substitute into both Zr4* and Si4* sites in ZrSi04.

4) From the relaxation of the lattice around the defects atomic parameters have been
calculated, i.e. V - 0 bond lengths of 2.04 A and 2.27 A

for the Zr4* site and 1.75 A

for the Si4* site. The distortions on substitution are taken up by small changes in metal-
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oxygen bond lengths and small movements of the surrounding silicon and zirconium
ions. Although these movements which affect the unit cell parameters would be too
small to be observable by X-ray powder diffraction, changes in the vanadium-oxygen
environment on doping as well as changes in the Si-0 and Z r-0 environment might lead
to observable changes in the vibrational and electronic structure of the doped materials.
Thus it will be of value to model the calculated dopant environment with that observed
experimentally.
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Chapter 5

The Analysis of doping sites in ZrSiCX and ZrGeCh
by single crystal X-rav diffraction

5.1 Introduction

One way to determine which sites the dopant ions occupy in host materials is to obtain
single crystal X-ray diffraction data from doped crystals and compare them with data
obtained from crystals of the pure host materials. The existence of dopant ions at
particular lattice sites may be observed by X-ray diffraction if the difference between
the electron scattering ability of the dopant ion and the ion it replaced is significant.In
this study vanadium-doped crystals of ZrSi0 4 and ZrGe0 4 as well as terbium-doped
ZrGe0 4 were examined by X-ray diffraction.

The structure of the host materials is well known, the single crystal X-ray structure of
a natural sample of zirconium silicate has been reported previously (1,2) as has the neutron
powder structure of zirconium germanate (3). Zirconium silicate adopts the "Zircon"
structure with space group 14/amd and ZrGe0 4 adopts the "scheelite" type structure with
space group 14/a ( for a more detailed account see chapter 1 ).

The determination of the lattice that the dopant ion occupies can be achieved in a
number of ways. Firstly before the refinement is undertaken one can observe whether
doping has any effect on the unit cell parameters by comparing those observed for the
host materials with those observed for doped crystals. Then as the data are refined one
can compare the electron density maps observed for the host materials with those
observed for the doped crystals. Electron density present at sites between host ions in
the doped material and which is not present in the pure material can indicate the
existence and position of dopant ions at interstitial sites. One can then refine the crystal
structure of the doped material by varying the occupancy of a particular ion at a lattice
site. The occupancy of a particular ion at a lattice site gives one a measure of the
electron scattering at that site. Zr4* and Si4* occupy different lattice sites in ZrSi04, so
that for a pure crystal of ZrSi0 4 the Zr4* has an occupancy of one (one Zi4* per site)
and an associated Zr4* scattering factor, and the Si4* site has an occupancy of one (one
Si4* per site) and an associated Si4* scattering factor. Thus if one refines the X-ray
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diffraction data observed for a single crystal of ZrSi0 4 in which vanadium occupies the
Zr4* site there would be a deficit of electron scattering at the site (since vanadium is
a weaker electron scatterer than zirconium) and thus an occupancy of less than one. If
vanadium substitutes for Si4* in ZrSi0 4 there would be a surplus of electron scattering
at that site and therefore an occupancy greater than one. Finally since the concentrations
of the dopant ions in all the crystals examined are known (see chapter 3) one can refine
the X-ray diffraction data with the known amount of dopant ion at each site and by
comparing the quality of each refinement evaluate which lattice site/s the dopant ion
prefers to occupy.

5.2 Experimental
Five crystals were selected from the ones grown by flux methods (see chapter 3) for
analysis by single crystal X-ray diffraction. All the crystals used displayed tetragonal
morphology and uniform extinction in transmitted polarised light. No inclusions, bubbles,
or cracks were observed in the crystals used. The crystals were broken up into particles
small enough for examination and are listed below.

Zircon 1 ( Z I )

ZrSi0 4 (Hffljoi2 V 0 .003)

Light blue

0.35 x 0.20 x 0.17 mm

Zircon 2 ( Z2 )

ZrSi0 4 (Hfflon Tbox,^

Yellow

0.20 x 0.13 x 0.14 mm

Zircon 3 ( Z3 )

ZrSi0 4 (Hf0X)12 V 0 .043)

Dark blue

0.28 x 0.15 x 0.04 mm

Scheelite 1 ( SI )

=

0.07 x 0.13 x 0.02 mm

Purple
Scheelite 2 ( S2 )

ZrGe04 (V 0 .043)

=

Deep red

ZrGe04 (Tbo.039)
0.07 x 0.13 x 0.39 mm

Three zircon crystals were used to determine the vanadium doping site in ZrSi0 4 so that
the consistency of the refinements

could be gauged, as well as the effect of small

amounts of hafnium which is present in the zirconia used to synthesise the zircon
crystals.

All the data sets were collected at room temperature using a Picker four circle
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diffractometer equipped with a conventional sealed tube providing Mo K^, radiation (k
= 0.7107

A).

Unit cell parameters were determined by least squares fitting of positions

of 20 reflections in the range 44° < 20 < 700 centred by the method of King and
Fisher

to eliminate the effect of offset errors and diffractometer aberrations . The

unconstrained cell parameters of all crystals exhibited tetragonal symmetry within the
e.s.d.’s ; cell parameters constrained to tetragonal symmetry are listed in table 5.1.

Symmetry allowed data were collected with © step scans between 0 < 20 < 80° for
all crystals with -ll< h < + ll, -ll< k < + ll and 0<1<10 (eight asymmetric units) for Z (l),
Z(2) and Z(3) and - 8 <h<+8 , -8 <k< + 8 and 0<1<17 (four asymmetric units) for S (l) and
S(2). The intensity and orientation standards collected were 532 and 352 for Z(1),Z(2)
and Z(3) , 512 and 512 for S (l) and 424 and 424 for S(2). These were recorded every
three hours and their intensities varied by less than

1

% for all the crystals examined.

The step scans were integrated, using a Lehman-Larsen algorithm to set the backgrounds
and an option to set these interactively. Reflections that would violate the c glide, as
proposed by Sutor^J were collected for Z (l) and none was observed with I > 3aIt thus
confirming 14,/amd. \j/ scans indicated the presence of absorption and extinction effects
in all of the crystals. Corrections for absorption were made using

the program of

Burnham ^ Data were averaged in point groups 4/mmm for zircons, 4/m for scheelites.
R factors for averaging are given in table 5.2. In the refinements a weight of w=[o2(F0)
+ kF^ 2] ' 1 was assigned to each reflection where ct[F0] is the e.s.d. derived from counting
statistics, and k = 0.01 . The scale factor , the extinction coefficient, positional and
thermal parameters were refined using a locally modified version of R FTNE4

(Finger

and Prince, 1974). Extinction coefficients were corrected for all crystals using Becker
and Coppens formalism (& (isotropic Lorentzian type one distribution). A ll refinements
were terminated when the average least squares shift / e.s.d. of all refined parameters
was 0.005, with the maximum shift of any parameter being 0.02 e.s.d.. Complex atomic
scattering factors were taken for neutral atoms from International tables for
Crystallography (1974)

Details of the refinement of site occupancies are given in the

next section.

5.3 Results and Discussion
5.3.1 Vanadium doped ZrSiCX
The refinements of the cell parameters are listed in table 5.1 and one can see from these
that the heavily doped zircon [Z(3)] has a slightly larger ’a’ axis than the other zircons.
The refined fractional coordinates and anisotropic temperature factors are listed in table
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Table 5.1 Cell Parameters

Dataset

/A

/A

v /A 3

c/a

ZrSiO^

Robinson(1)

6.607(1)

5.982(1)

261.1(1)

0.9054

Hazen(2)

6.6042(4)

5.9796(3)

260.80(3)

0.9054

Z (l)

6.6042(2)

5.9808(2)

260.85(2)

0.9056

Z(2)

6.6039(6)

5.9793(9)

260.77

0.9054

Z(3)

6.6063(2)

5.9832(3)

261.12

0.9057

Ennaciri(3)

4.866(1)

10.55(2)

249.80

2.1681

S (l)

4.865(1)

10.538(2)

249.41

2.1661

S(2)

4.8681(3)

10.5470(7)

249.45

2.1665

ZrGeO^
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Table 5.2 Data collection details for datasets
Z ( l \ Z ( 2 \ Z ( 3 \ S (l) and S(2)

Z (l)

Z(2)

Z(3)

S (l)

S(2)

1527

1564

1497

1551

1552

1462

1466

1450

1122

119*

Total No. of
equivalent reflections

228

243

228

391

391

No. of equivalent
reflections with
R>3a(F)

220

217

218

260

284

Density (g cm'1)

4.67

4.67

4.66

6.06

605

Absorption
coefficient (cm*1)

43.92

43.94

43.88

157.88

157.59

Transmission
coefficient

0.25-0.52

0.55-0.60

0.52-0.71

0.35-0.65

0.10-0.51

Total No. of
symmetry allowed
reflections
No. of reflections
with I>1.5a

Internal R Factors
All reflections
F

2.33

2.22

1.76

5.54

472

F2

4.62

4.08

3.38

7.12

631

F

2.26

2.11

1.65

3.79

35*

F2

4.62

4.08

3.36

6.91

619

FX3a(F)
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5.3

and one can see that there is no significant difference between the structures. The

refined bond lengths and angles are listed in table 5.5 and one can see that there are no
significant differences between the vanadium-doped and pure materials.
The electron density maps of undoped and doped zircons were compared and no
evidence of interstitial substitution was found.

The data sets were refined for occupancy as pure ZrSi0 4 and then refined as vanadium
doped ZrSi0 4 with vanadium substituting for zirconium and finally as vanadium-doped
ZrSi0 4 with vanadium substituting for silicon. The R factors, extinction parameters and
equivalent isotropic temperature factors for these refinements are listed in table 5.4. On
free refinement of the occupancy of Z(3) we can see that the Zr4* site has a deficiency
of electron density and that the Si4* site has a surplus of electron density. It is worth
noting that the change in Zr4* occupancy with doping is within its e.s.d. whereas the
change in Si4* site with doping is not.

Refining the data set Z3 as Zr0 945Hf0 j012V 0 j043Si1O4 (vanadium substitution onto the
zirconium site) and as Zro^8Hf0 j012Si0 .957V 0 jo43 0 4 (vanadium substitution onto the silicon
site) there is a reduction in the R unweighted, R weighted, and the G parameters in
comparison with the refinement as Zr0988Hf0 j012Si1O4 (no vanadium present). Comparing
the zirconium-substituted and silicon-substituted refinements the model in which
vanadium substitutes onto the zirconium site gives the best refinement; the bond lengths
and angles for this refinement are listed in table 5.5. This is consistent with the previous
refinement.

Although the difference between the refinements is very small it is evident that they can
be improved by including substitutional effects. The data suggest that vanadium
substitutes into the Zr4* site and possibly both the Zr4* and Si4* sites in ZrSi04.

5.3.2 Vanadium and Terbium-doped ZrGeO„
The cell parameters for terbium-doped ZiGe0 4 (S2) , vanadium-doped ZrGe04 (S I) and
previously recorded data sets are listed in table 5.6. The agreement between the data sets
is very close. The SI and S2 data sets are the first single crystal X-ray studies of
ZrGe04 to be undertaken.

The refined fractional coordinates and isotropic temperature factors are listed in table 5.7
and the refined bond lengths and bond angles are listed in table 5.8. Again, like the
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Table 5.3 Refined fractional coordinates and isotropic temperature factors
for datasets Z (l), 7X2) and 7X3)

Z (l)

Z(2)

7X3)

0.00171(9)

0.00125(1)

0.0019(1)

0,0019(1)

0.0016(1)

0 00122

0.0014(2)

Parameter Robinson(1) Hazen(2)

P11

0.00096(8)

P33

0 0012

Pn

0.0014(1)

0.00171(9)

P33

0.0027(3)

0 0022

y

0.0661(14)

z

0 0010 2

0.0024(1)

0.0014(2)

0 0 012 2

0 0 022 2

0.0014(4)

0.0013(3)

0.00660(4)

0.00659(4)

0.00655(4)

0.00655(5)

0.1953(4)

0.1951(4)

0.1957(3)

0.1953(4)

0.1952(4)

Pn

0.0037(2)

0.0038(9)

0.0030(4)

0.0043(5)

0.0049(4)

P12

0.0031(2)

0.0022(4)

0.0020(5)

0.0018(5)

0.0023(4)

P33

0.0029(2)

0.0020(4)

0.0023(5)

0.0016(5)

0.0033(5)

P23

-0 .0 0 0 0 ( 2 )

-0.0006(4)

-0.0002(4)

-0.0003(5)

-0.0005(4)

.

(1 )

.

* Zr x = 0, y = 0.75, z = 0.125
# Si x = 0, y = 0.75, z = 0.625
+O

x =

0

For Zr, Si and O pn =p22.
For Zr and Si p12 = Pi3 = P23 = 0

(1 2 )

.

.

(1 )

( )

.

( )

.

( )
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Table 5.4 R and G factors for datasets Z d ), 7X2) and 7X3)

Composition

Ry

Robinson(1)

Hazen(2)

Rw

Gprr

B^Zr

B^Si

B^O

0.020 0.024

0.23(1)

0.45(2)

0.53(2)

0.037 0.051

0.28(1)

0.31(1)

0.50(3)

Z (l)

Zro.988HfoJo12Si10 4

0.019 0.025

6.61

0.22

0.31

0.46

ZrSi0 4

0.019 0.025

6.61

0 .2 2

0.28

0.43

0.024 0.030

6.19

0.27

0.20

0.47

0.024 0.030

6.29

0.28

0.17

0.43

0.024 0.030

6.30

0.30

0.35

0.49

Zro.985Silj0o70 4

0.018 0.024

6.42

0.34

0.26

0.63

Zro.988Hf0.oi2Sii04

0.019 0.025

6.61

0.34

0.16

0.52

0.018 0.024

6.45

0.35

0.21

0.59

0.018 0.024

6.51

0.36

0.24

0.54

zm

Zr0 .988Hf0 j012Si1O4
Zro.977H fo jo iiT b 0.oi2S i10 4

Z r0 .9 8 9 H fo .0 1 lS lo .9 8 8 T 'b 0 o i 2 0 4

m i

Z T 0 .9 5 5 B f0 .0 i2 V 0 .043^ i l O 4

Zro.9ssHfojQj2Sio.957V0043O 4
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Table 5.5 Bond lengths and angles
for refined data sets ZO), 7X2) and Z(3)

Robinson

Hazen

2X1)

Z(2)

Z(3)

1.623(1)

1.620(2)

1.624(3)

1.625(2)

SiCX, tetrahedron

Si - 0 distance
Si -

0

[4] A

1.622(1)

0 - Si - 0 angle
"a" [2]

97.0(1)

97.0(2)

97.2(2)

97.2(2)

97.1(1)

"P" [4]

116.06(8)

115.9(1)

116.0(0)

116.0(1)

116.1(1)

ZrOBTrianeular Dodecahedron
Zr - 0 distances
Zr - O [4] A 2.131(2)

2.128(2)

2.129(2)

2.125(3)

2.126(2)

Zr - O’ [4] A 2.268(1)

2.267(3)

2.270(2)

2.270(3)

2.270(2)

92.23(3)

92.26(3)

92.25(3)

92.24(3)

157.1(1)

157.1(1)

157.2(1)

64.7(1)

64.9(1)

64.9(1)

135.52(8)

135.4(10

135.39(8;

0 - Zr - 0 angles
"a" [2]

92.23(1)

"P" [4]

0 - Zr’- 0 angles
"a" [2]

64.8(1)

64.83(3)

"p" [4]

0 - 0 Distances (A) shorter than 3.0 A
2.430(2)

2.431(2)

2.430(5)

2.437(6)

2.437(5)

2.494(2)

2.491(5)

2.497(4)

2.491(5)

2.497(4)

2.752(2)

2.749(5)

2.748(4)

2.753(5)

2.756(4)

2.842(1)

2.840(1)

2.840(1)

2.839(1)

2.840(1)
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Table 5.6 Refined fractional coordinates and temperature factors
for datasets SO) and S(2)

S (l)

S(2)

p ..

0.0024(4)

0.0019(5)

P33

0 0010

(1 )

0.0019(5)

Pn

0.0014(4)

0.0017(5)

P33

0.0008(1)

0 0 002 2

Atom

Parameter

Zr*

Si*

0+

Ennaciri

.

( )

X

0.2664

0.266(1)

0.266(1)

y

0.1726

0.171(1)

0.169(1)

z

0.0822

0.0812(7)

0.0821(5)

Pn

0.004(1)

0.005(2)

P22

0 0 02

p33

0.0013(4)

0.0007(5)

Pl2

-0 .0 0 ( 1 )

-0 .0 0 0 ( 8 )

Pl3

-0.0006(7)

-0 .0 0 0 ( 1 )

P23

-0.0007(8)

-0 .0 0 0 0 ( 1 )

Zr* x = 0, y = 0, z = 0.5
Si* x = 0, y = 0 z = 0
For Zr and Si
Pll = ^22

.

P12 = Pl3 = ^23 = 0

.

(1)

.

( )

0 00 2 2
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Table 5.7 R, G and B parameters for refined datasets S (l) and S(2)

G

ILqZr

B^Si

0.039

7.52

0.28

0.26

0.41

0.037

0.039

7.55

0.25

0.30

0.46

0.035

0.039

7.52

0.31

0.22

0.42

ZrGe0 4

0.046

0.058

11.42

0.09

0.22

0.47

Z r ^ T lw G e A

0.043

0.058

11.35

0.16

0.14

0.38

Zr iGe0.969Tb0.039O4

0.054

0.061

11.87

0.03

0.33

0.45

Composition

Ru

Ew

0 .0 2 1

0.027

ZrGe0 4

0.035

Zl*o.957V0.043^6j0 4
^1 Ge0 .957V0.0430 4

Ennaciri(22)
ZrGe0 4

S (l)

S£21

Table 5.8 Bond lengths and angles for datasets SO) and S(2)

Ennaciri(3)

S (l)

S(2)

1.771(4)

1.765(5)

1.769(7)

"a" [2]

121.4(1)

121.3(4)

121.7(5)

"p" [4]

103.9(1)

103.9(2)

103.7(2)

Ge - O’ A

2.712(4)

2.712(6)

2.727(7)

"a" [4]

98.5(2)

98.6(2)

98.5(3)

"P" [4]

115.2(1)

115.2(1)

115.2(2)

2.141(4)

2.144(5)

2.148(8)

"a" [2]

132.2(2)

132.4(3)

133.6(4)

"P" [4]

99.4(2)

99.4(1)

99.1(1)

Zr - 0 [4] A

2.265(4)

2.263(5)

2.267(8)

"a"

77.2(2)

77.2(3)

76.5(4)

"P"

127.6(2)

127.7(2)

128.0(2)

0 - 0 distances A

2.560(3)

2.56(1)

2.57(1)

less than 3.0 A

2.595(1)

2.595(4)

2.603(5)

2.693(1)

2.691(1)

2.696(2)

2.789(3)

2.780(9)

2.76(1)

2.827(3)

2.82(1)

2.81(1)

2.847(3)

2.84(1)

2.86(1)

GeO„ Tetrahedron

Ge - O A [4]

0 - Ge - 0 angles

0 - Ge’ - 0 angles

ZrOa triangular dodecahedron
Zr - O [4] A

0 - Zr - 0 angles

0 - Zr’ - 0 angles
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zircon data sets, there is no appreciable difference between the refinements. The
weighted and unweighted R factors , extinction parameters and equivalent isotropic
temperature factors of the refinements of S I, as ZrGe04, Zr0 9 57V 0 XM3Ge1O4 (vanadium
substitution onto the zirconium site) and ZrjGe0 .957V 0.043 (vanadium substitution onto the
germanium site), and of S2, as ZrGe04, Zr0 961Tb0 .039Ge1C)4 (terbium substitution onto the
zirconium site) and Zr1Ge0.961TboJo390 4 (terbium substitution onto the germanium site), are
listed in table 5.8. A ll the temperature factors are acceptable with the exception of B^Zr
in the Zr1Ge0.96iTbo.o390 4 refinement which is very low, making this arrangement unlikely.

For vanadium-doped ZrGe04 (S I) we observed that the Zr 1Ge0 .957VoJo4 3 0 4

composition

gave the best refinement. Thus for ZrGe04 vanadium-substituted into the Ge4* site gives
the best refinement in contrast to vanadium-doped ZrSi0 4 where substitution into the Zr4*
site gives the better refinement. It is of note that substitution of vanadium onto the Zi4*
site in ZrSi0 4 gives the worst refinement of all making this composition unfavourable.

The Zr0.961Tb0j039Ge1O4 composition gives by far the best refinement for the terbiumdoped ZiGe0 4 (S2) data set. This indicates that terbium substitutes onto the zirconium
site in ZrGe04.

5.4 Conclusions

The difference between the quality of the refinements, measured by the Gfit and R
values, for the different possible compositions for the same crystals is very small. There
is also the problem of the correlation between the temperature factors and the
occupancies since the electron scattering at a site can be affected by both the partial
occupancy and by reducing or increasing the thermal parameters (correlation coefficients
between the extinction parameter G and the thermal parameters vary between 0.57 and
0.71 for the Zr and Si atoms for ZrSi0 4 refinements and between 0.38 and 0.57 for the
Zr and Ge atoms in ZrGe04 refinements). On the other hand the doping levels have
been accurately determined by electron probe analysis; no impurities were detected in
the samples and since the refinements are very constrained, the differences are large
enough to have meaning.

The two factors that give rise to the total difference in electron density between a
substituted and unsubstituted site are: The total concentration of the dopant and the
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difference in electron density between the host material ion substituted and the dopant
ion. In three of the crystals analysed the dopant concentration on each site is =4%, and
the difference in the number of electrons on the lattice site atoms and vanadium is V&
= 17, V Si = 9 and

= 9 (for vanadium substitution onto the Zr4*, Si4* and Ge4* sites,

respectively) and between the lattice site ions and terbium is Tbz, = 25, TbSi = 51 and
Tbce = 33. Thus the total difference in scattering density on substitution for each site,
assuming =4% doping, is:-

V& = 1.7%,VSi = 2.7%,

= 1.1%, Tb* = 2.5%, TbSi = 14.5% and Tb^ = 4.1%

Thus itisnot surprising that thedifferentterbium-doped ZrGe0 4 refinements show the
greatest variation. What is surprising is the refinement of vanadium-doped ZrGe0 4 shows
a unambiguous composition whereas the refinement of ZrSi0 4 refines better with
substitution on to both sites , since the difference in electron densities is greater in
ZrSi0 4 and thus the difference between the refinements should be more distinct than that
of ZrGe04. This leads to the conclusion that vanadium may dope into both sites in
ZrSi0 4 and onto the Ge4* site only in ZrGe04.

These conclusions of preferred dopant site concur with the differences between the ionic
radii of the dopant ions and host material ions. The ionic radii of the ions used in this
study have been derived by Shannon et al. (10,11) :- Zr4* ( 8 -fold) = 0.89 A, Si4* (4-fold)
= 0.26 A, Ge4* (4-fold) = 0.39 A, Tb4* ( 8 -fold) =

0 .8 8

A, V4* ( 8 -fold) = 0.72 A and V4*

(4-fold) = 0.43 A. The ionic radius of V4* in four-fold coordination was derived from
the values given by Shannon (10,11) for vanadium V4* in six and eightfold coordination by
comparison with the difference in ionic radius of V 5* on going from eight-to-six to four
fold coordination. From these values one can calculate the differences between the ionic
radii of dopant and host material ions. The differences between the ionic radius of
vanadium in four- and eight-fold coordination and that of zirconium (eightfold), silicon
(four-fold) and germanium (four-fold) are listed below:

IAV* I = 0.17 A
IAVSi I = 0.17 A
IAVg, I = 0.04 A
Thus the germanate site is the most favourable with the silicon and zirconium sites
being equally favourable in agreement with the experimental evidence.
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The differences between the ionic radius of terbium in eight-fold coordination and of
zirconium (eight-fold), silicon (four-fold) and germanium (four-fold) are shown below:
lATbz, I = 0.01 A
lATbs, I = 0.62 A
IATba I = 0.49 A

In this case the zirconium site is clearly the more favourable .Thus one would predict
terbium doping into the zirconium site in both ZrSi0 4 and ZrGe04 which is in agreement
with the experimental evidence.
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Chapter 6

The electronic structure of V4* doped into
ZrSiOx. HfSiCX,. ZrGeCX, and HfGeO„

9 .1

Introduction

ii this chapter the electronic structure of the vanadium(IV) ion (conveniently abbreviated
10

V4*) is described, firstly in molecular systems then as a dopant in host materials such

is ZrSi04, HfSi04, ZrGe04, and HfGe04, and finally in a review of V4* in a variety
of lattices. The electronic structure of a transition metal ion in an oxide lattice is very
dependant on the symmetry and the coordination geometry of the dopant site and one
can attempt to predict the lattice site that a dopant occupies by studying the electronic
ipectra obtained for the ion. In this chapter the previous analysis of the electronic data,
made on the assumption that V4* occupies either a Zi4* or Si4* lattice site, w ill be
compared with the information on lattice site occupation gained from studies outlined
earlier in this thesis.

One way to determine the lattice site/s that a dopant may occupy is to model the
electronic structure of a dopant ion in a particular site and compare it with the
information gained from e.s.r. and electronic absorption measurements. The arrangement
of the ligands around the dopant ion in each site w ill affect the degeneracy of the d
orbitals on the dopant metal ion . This removal of the degeneracy of the d orbitals may
be described by the crystal field splitting model in which the central metal atom is
treated as a point charge. Therefore each dopant site w ill have a crystal field splitting
(c.f.s) associated the symmetry, bond lengths, and coordination of the ligands at that site.
In the case of V4* doped into ZrSi0 4 both the 4-fold Si4* and 8 -fold Zr4* sites have the
same symmetry (D ^ .

Previous workers (1,2’3,4,5,6) have attempted to assign the lattice site into which V 4* enters
in ZrSi0 4 on the basis of crystal field splitting as determined from e.s.r. and optical
absorption measurements. Demiray et al.(1) assigned the observed electronic data to V 4*
in an 8 -fold Zr4* site , Di Gregorio et al. (4) assigned the observed electronic data to V4*
in a 4-fold Si4* site, and Xiaoyu (6) assigned the observed electronic data to substitution
into both 8 -fold Zi4* and Si4* sites.
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One key assumption in the treatment of electronic data from doped samples is that the
symmetry and coordination of the lattice site is preserved on doping. De Gregorio et
al. (4) tried to improve their model to fit the data by including such factors as JahnTeller splitting and vibronic distortion of the ligand cage.

Another problem in assigning the electronic spectra of V4* doped into oxide lattices is
that there are no direct comparisons in molecular systems since V4* usually occurs as
V 0 2+ (oxovanadium(IV)) in molecular oxide systems . Vanadium(IV) exists in
coordination in VCUdiars)^7*, also in

6

8

-fold

-fold coordination in [VC16]2' (8,9), and in 4-fold

coordination in VC14(10). The analysis of V4* in oxide lattices gives one the opportunity
to study the vanadium ion in an environment that it would not take up in molecular
systems.

6.1.1 Other dopants in ZrSiCX
Much work has been previously undertaken on the electronic structure of dopants in
ZrSi04. The ZrSi0 4 lattice is a good medium in which to examine rare-earth and
transition-metal ions and studies have been carried out on ZrSi0 4 doped with V 4* (1-2*3’4-5,6),
Nb4* (11), Mo6* 02*, Y 3* (13),Ce4f(14), Pr4* (H15), Nd3* (16), Gd3* (17’18<19), Tb4* (K20), Dy3* (21), Er3*
(I?’21-22’23), Yb3* (16-17'22), U4* (24,25), U5* (24-25i26), Pu4* (27) and Cm3*’05*. In all of these cases apart
from V4*, with which there has been some uncertainty, the electronic structure of the
dopant ion has been modelled with the dopant ion entering the 8 -fold Zr4* site.

6.1.2 The electronic structure of V4*

6

.1.2.1 Crystal field splitting

If one uses a crystal field theory approach to the electronic structure of first row
transition metal ions then one can say that the energy of the d orbitals and therefore the
energy and polarisation of the electronic transitions is dependant upon the arrangement
of the ligand ions around the metal ion. Vanadium(TV) has a ground state of
ls 22s22p63s23p64s23d1 , and thus has an effective d1 electronic configuration. If the
vanadium ion were to occupy a site of tetrahedral symmetry one would expect the
degeneracy of the d orbitals to be resolved into an upper

triply degenerate set

(comprising of the d„, dyz and dxy orbitals) giving rise to a 2T 2 term and a lower doubly
degenerate set (comprising of the dx2 _y2 and dz2 orbitals) giving rise to a 2E term. When
there is tetragonal distortion of the tetrahedron into DM symmetry, the degeneracy of
both sets becomes further resolved, the

term splits into 2E (dM and dyj and 2B2 (c y

and the 2E term splits into 2Aj ((^2 ) and 2B1 (d *^ ). In some cases, i.e. for dopant ions
in host materials (4) , the x and y axes are chosen at 45° to their usual directions so that
the xz and yz planes contain the ligand atoms, the 2E parent term then splits into 2A X
((^2 ) and 2B 2 (dxy) rather than*Bj (dx2 y2 ). In the case of fourfold coordination of DM
symmetry the splitting of the terms depends on the distortion from tetrahedral symmetry
as in figure 6.1 . I f the angle bisected by the ’c’ crystal axis (coincident with the z axis)
is less than 109.4 °, the ideal tetrahedral angle (as is the case for the Si4* site in ZrSiOJ,
then one would expect the d orbitals dz2 and d^,

to be destabilised relative to the d^

and (1*2 .^ orbitals. If the opposite is true, i.e. the angle bisected by the ’c’ axis is greater
than 109.4

0

then, one would expect the d^ and dx2 .y2 orbitals to destabilised relative to

the d.2 and d^, d^ orbitals.
The d orbital splitting in eightfold coordination is more difficult to predict, since in
symmetry one has a dodecahedron which is comprised of two tetrahedra. One
tetrahedron is compressed and one elongated along the ’c’ crystal axis so that the angles
of the tetrahedra bisected by the ’c’ axis are 156.9

0

and 64.8 0 respectively. Calculations

(32) have been made to predict the d-d splitting for a d1 ion in dodecahedral and distorted
tetrahedral symmetry and the results of these calculations are shown in figure

6

6 .1

.

.1.2.2 The selection rules for electronic transitions

Electronic transitions in transition metals ions may occur due to electric dipole, magnetic
dipole, or electric quadropole mechanisms. In the case of V4* one is concerned only with
electric and magnetic dipole interactions. Electric dipole transitions between states of
equal parity are Laporte forbidden, i.e. d-d, p-p, and f-f transitions. In molecules withoof
an inversion centre the above selection rule is relaxed but the intensity of observed
bands is weak. In the case of V4* occupying a site of DM symmetry electric dipole
transitions are allowed between terms of 2E symmetry and terms of 2A X and ^
symmetry as well as between terms of 2A X and 2B 2 symmetry. Thus if there is a d^
ground state CB^) the only allowed transition would be from the 2B 2 term to the 2E
term.

Transitions that are

Laporte forbidden in centrosymmetric molecules may become

allowed due to the effect of vibronic coupling. If a molecule absorbs a quantum of
vibrational energy corresponding to an odd vibration, then the centre of symmetry will
be lost. The vibrationally excited molecule is no longer restricted by the parity rule and
can undergo an electronic transition. Vibronic coupling also affects the electronic

ngure o.l
The effect of distortion on the crystal field splitting of a d 1 ion in a tetrahedral site
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Figure 6.2
The crystal field splitting of a d1 ion in a site of dodecahedral symmetry and distorted
tetrahedral symmetry made on the basis of point charge calculations^ compared to the
splitting observed for V4* in ZrSi0 4
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structure of acentric molecules when an orbitally forbidden electronic transitions is
’enabled’ by a vibration.

According to the Jahn-Teller theorem when the orbital state of a non-linear molecule is
degenerate, the nuclear framework will suffer a spontaneous distortion until the ion
assumes a configuration of lower symmetry (thus resolving the degeneracy) and of lower
energy. This is an important effect for V4* ions in sites of high symmetry (i.e. VCI4)
but

dopant ions in host materials can be subject to an analogous effect namely

’Dynamic Jahn-Teller effect’ (DJTE). The dynamic Jahn-Teller effect is applied to
dopant ions in host materials and occurs when the environment of the ion in question
may keep the same symmetry as that of the ion it replaced but the description of this
environment by the device of a static crystal field is invalid.

Spin-orbit coupling, the coupling between the orbital and spin angular momenta of an
electron, may affect the degeneracy of orbitally degenerate states resulting in the
broadening or even splitting of an absorption band, but this effect is small in comparison
to the crystal field splitting for d1 ions (X=spin-orbit coupling constant= 248 cm 1(28).

6

.1.2.3 The e.s.r. spectra of d1 ions

The e.s.r. experiment involves the observation of the energy required to reverse the spin
of an electron in the presence of a magnetic field. The electron possesses a magnetic
moment by virtue of its spin and in the presence of a magnetic field the two potential
orientations (a

and (3) have different energies. Thus in an e.s.r experiment

electromagnetic radiation of a appropriate frequency is applied (usually in the microwave
region) and the sample is swept with an applied magnetic field until the radiation is
absorbed. The energy of the transition can be related to the applied magnetic field by
the g factor:-

g-MflB = h\)
Where

1

6.1

is the Bohr magneton, B is the applied magnetic field and u is the frequency

of the radiation. The free ion value of g = 2.0023 but values for paramagnetic transition
metal ions vary from this number due to the local field induced by the ligand
environment. The value of g depends upon the electronic structure of the paramagnetic
ion. One can determine whether a paramagnetic ion occupies a site of axial symmetry
by determining the anisotropy the g factor for an orientated single crystal.

Hyperfine structure in the e.s.r spectra of a paramagnetic species arises due to the
interaction between the unpaired electron and any magnetic nucleus present. The
magnetic nuclei give rise to a local magnetic field which, depending on the relative
orientation of the nuclear spin, generates, an increase or decrease in the local field
experienced by the electron spin. The interaction of the unpaired electron of the V4* ion
with the 1=7/2 spin of the 51V nucleus yields eight lines. The hyperfine interaction is
usually described by the A factor, the splitting between the observed lines. Like the g
factor the hyperfine splitting is dependant on the electronic structure of the dopant ion
and can be anisotropic depending on site symmetry. The hyperfine splitting of a
paramagnetic ion can be described by the following spin Hamiltonian:-

H = g||BHzSz + gxB(HxSx + HySy) + A||SZIZ + AX(SXI, + S ^ )

6.2

The electronic ground state can be determined by crystal field theory (28). In the case of
V4* on a site of D u symmetry one has the choice of dz2 or dxy (see diagram 6.1) as the
orbital of lowest energy. If the dz2 orbital is of the lowest energy then g|| = 2.0023 >gx
and IA||I < IAJ. If the dxy orbital is of the lowest energy then 2.0023>gx>g||. Abragam(28),
using crystal field theory calculated the spin hamiltonian parameters for a d1 ion with
a djy ground state

Ag|| = g||-& = -8a ||

6.3

Agx = g±-go = -2ax

6.4

A|| = -K + P[Ag|| - 4/7(1 + 3 /2 a J

6.5

Ax = -K + P[Agx + 2/7(1 + 3 /2 a x]

6.6

Here go = 2.0023, K is the isotropic contact hyperfine interaction due to unpaired spin
density at the nucleus, P = 2gnppn<r'3) (where gn is the nuclear g factor, p = the Bohr
magneton, and pn is the nuclear magneton),

a

||

= A.||/A||,

ax

= A,x/Ax, X\\, A,x are the spin-

orbit parameters, Ax = the difference in energy between the ground state orbital d^ and
the highest excited state orbitals d^ and dyz, and A|| = the difference in energy between
the ground state orbital d^ and the second highest excited state orbital dx2 y2 .
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6.1.3 The electronic structure of V4* in molecular compounds

In fourfold coordination compounds of vanadium have tetrahedral symmetry, the key
example being VCI4 . A band at 9000 cm' 1 is observed in the electronic spectrum of
VCI4 , in the vapour phase(10). This band can be resolved into three components at 6,600,
7,850 and 9,250 cm' 1 , which has been interpreted as the effect of Jahn-Teller splitting.

Other examples of V4* in 4-fold coordination are VL 4 (L= OBu4, NMea and NEtj) (29),
which are blue/green and have DM symmetry. Two d-d bands are observed in these
systems, the first between 11,000-13,000 cm' 1 and the second between 14,000 - 18,000
cm'1. The crystal field splitting model used for the tetrahedral coordination splits the
upper *r 2 term into an 2E term and a 2B 2 term and the lower 2E term into a 2Bj and an
A t term. Thus 2BX is the ground state and 2B2 the highest excited state. The lowest

2

wavenumber transition is assigned 2E <—2Bj and the highest

<—2B 1 .

In 8 -fold coordination V4* complexes such as V(dtpa)4, V(dta)4, V(dtb) 4 and V(dtt) 4 (30,31),
are red and have DM symmetry. Three bands are observed, in the case on V(dtpa) 4 the
first at 12,000 cm'1, the second at 13,400 cm' 1 and the third at 18,500 cm'1. The crystal
field splitting model used is the same as in the 4-fold case and the bands are assigned
to the transitions 2A X < - 2BX , 2E <- 2Bj and

B2 <—

2

in order of increasing

wavenumber. The wavenumbers of V4* transitions for several compounds are listed in
table

. .

6 1

6.2 The electronic structure of V4* in ZrSiCX, type host materials

There have been several papers on the electronic structure of V^-doped ZrSi0 4 materials
(17). Demiray et al. (1) carried out the first study by observing the optical absorption
spectrum of vanadium-doped ZrSi0 4 powders. On the basis of bands observed at 6,750,
16,000 and 37,500 cm' 1 Demiray suggested that vanadium occupies the dodecahedral
8

-fold Zr4* site. Demiray calculated a value of =11,000 cm' 1 for the crystal field splitting

of vanadium in the Si4* distorted tetrahedral site by the scaling up the crystal field
splitting observed in VC I* (32). Since a dodecahedron of DM symmetry is made up of two
tetrahedra , Demiray assumed that the crystal field splitting for vanadium in the Zr4*
site would be approximately twice that of vanadium in the Si4* site =22,000 cm'1. This
latter splitting fitted the data better and Demiray proposed therefore that vanadium
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Table 6.1 Electronic transitions of V4*. in fourfold and eightfold coordination, in
molecular compounds

Compound

Colour Charge-transfer

Crystal field

bands /cm' 1

bands /cm' 1

Tetrahedral D;2d
V(OB u)4

Blue

28,000

10,930, 13,900

V(NMea)4

Green 22,000

13,300, 17,900

V(NEt2 )4

Green 22,000

13,300, 17,400

Dodecahedral DM
V(dta) 4

Red

22,900

12,800, 13,400, 15,300, 16,401
18,200 and 19,200

V(dtpa) 4

Red

21,300

12,000, 13,400, 18,500

V(dtb) 4

Red

23,500

11,800, 15,200, 16,000, 19,700

V(dtt) 4

Red

23,200

12,800, 15,100, 19,300

(OBu)4 =tetra-t-butoxide, (N M e^ = tetra-dimethylamide, (N E t^ = tetra-diethylamide.

(dta) = CH3-CSS-, (dtpa) = C6H5-CH2-CSS\ (dtb) = C6H 5-CSS\ (dtt) = O V C ^ -C S S '

V(dta)4 has a complicated spectrum due to the presence of two independent vanadium
ions in the unit cell.

occupied the dodecahedral Zr4* site.

Ball et al. (2) studied the e.s.r. spectra of V4* in a single crystal of ZrSi0 4 , assuming
that V4* occupied the Zr4* site. He also looked for the presence of the other vanadium
ions V2* and V s* . Since the vanadium occupies a site of axial symmetry the different
vanadium ions (V2*, V 3*, V 4*) would be distinguished by the presence of fine structure,
V4* has an effective spin of a half giving no fine structure , as observed whereas the
other ions would both produce fine structure. By virtue of gx<g||

and AX>A||

the

ground term derives from the (1,2 .^ orbital. Ball calculated the crystal field splitting of
the d orbitals using e.s.r parameters.

A± = E C d ^ ) -

= 9,970 cm 1

A|| = E(d*y) - E(dx2 y2 )

= 11,200 cm 1

6.7
6 .8

Ball had problems interpreting the data . Since the spectra could only be observed
below 77 K, a short relaxation time was proposed . This suggested the existence of
excited states close to the ground state but the g values predict splittings too large to
account for such a short relaxation time. Also since the temperature dependence of A
is problematical, A varies with temperature whereas the associated g values do not.
These two problems could not be accounted for using the traditional models. Ball(3)
later tried to explain the data using the dynamic Jahn-Teller effect (DJTE). The principal
values affecting g values are : configuration interaction by 4s and 4p excited electronic
states , covalence effects , and Jahn-Teller interactions. Covalence effects were presumed
to be small by virtue of the simplicity of the observed e.s.r spectrum. Ball assumed that
Jahn-Teller effects were larger than either tetragonal or spin-orbit interactions and placed
Jahn-Teller operators into the crystal field equations (6.3, 6.4, 6.5 and

. ) and new

6 6

values for the hyperfine constants K and P were calculated. Jahn-Teller effects seemed
significantly stronger in ZrSi0 4 type materials than other hosts such as garnet or Si02.

Greenblatt et al. (4) made the most complete study to date of vanadium doped into
ZrSi0 4 type materials . The polarised optical absorption and e.s.r. spectra of orientated
single crystals of vanadium-doped ZrSi0 4 and isostructural HfSi0 4 , ThSi0 4 and ThGe04
were recorded (see table 6.2). Instead of choosing traditional cubic axes on which to
base their crystal field model, axes were selected in which the xz and yz planes contain
the ligand atoms , thus rotating the conventional axes by 45°.
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Table 6.2 The wavenumbers and polarisations of the observed electronic bands for
V44 in ZrSiCL HfSiO,. ThGeO, and ThSiO,.

Lattice

6 K

300 K

ZrSi04{1)

6,750

Powder

16,000

Polarisation

A,

4||

A

37,500

37,500

ZrSi04(4)

6,188
6,350 7,040

13,600 6,400

11,200

14,900 6,700

12,200

13,700 6,000

11,100

13,400 6,200

11,000

n

6,730

HfSi04(4)

12,700 12,500

a

15,550 15,720

a

6,310
6,470

n

7,000

ThSi04(4)

13,600

a

16,200

a

5,882
5,889
5,970 5,950

n

6,370

ThGeO;4)

13,000 12,500

a

14,340 14,650

a

5,540
6,025

K

6,400
12,830

a

14,500

a

Using e.s.r. data and theory they assign the ground term to 2B 2 (dxy). In all four doped
materials there are two main absorption bands, one at * 6000 cm'1, which is n polarised
and another band at = 13,000 cm'1, which is a polarised. The absorption band observed
by Demiray at 37,500 cm*1 was not observed in this study (this may be due to the
difficulty in observing optical transitions in single crystals at high wavenumber, in fact
De Gregorio(4) did not observe any transitions above 25,000 cm'1) . The 7t polarised
transition is split at low temperature

(6

K) into bands at 6,188, 6,350 and 6,730 cm' 1

(for ZrSi04). De Gregorio assigned these bands to a

2

B1

^

transition , which is

assumed to be allowed by vibronic mixing of 2Aj into *B2 . The higher wavenumber
a polarised band is split at room temperature , and this splitting increases at low
temperature to yield bands at 12,500 and 15,720 cm'1. These bands are assigned to the
2E <—2B2 transition. The splitting of each band was interpreted in terms of Jahn-Teller
distortion. Using DJTE Greenblatt et al. were able to analyse the e.s.r. data, predicting
the mixing of the A2 term into the 2Bt term and therefore the partial allowance of the
2B i <r-2B2 transition. Also that the e.s.r. spectrum is only observable at low temperature

due to low lying excited vibronic states causing fast relaxation times . However the
DJTE analysis was unable to explain :

1) The vibronic splitting of the 2E

*B2 transition .

2) The assumption that the crystal field splitting of the 2E term is small compared to hco
(-300 cm'1, co is an average effective frequency for the 2e(parent) "mode" of the ligand
cage) is implausible in view of the large splitting of *T2C (the splitting of

into 2E

and 2Bj) and absence of strong temperature dependence in the optical absorption spectra.

Greenblatt went on to propose a new model for such systems in which a spontaneous
local dynamic distortion of the V 0 4 tetrahedron might account for the differences
between the observed spectra and the proposed crystal field model. This more general
class of distortion includes the DJTE as a special case, and should have qualitatively
similar effects without the constraints of symmetry

and parameter restrictions of the

DJTE theory. Greenblatt tentatively assigned the V 44 to the tetrahedral site for the
following reasons :

1)

The cubic crystal field splitting was calculated to be around 11,000 cm' 1 in

all four crystals. This value is in the region

of that expected for tetrahedral

coordination, i.e. of other 3d1 ions in tetrahedral coordination, and with theoretical
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calculations for the V 0 43 ion (33)

2) The average interatomic spacing in the dodecahedral site varies by 10% on
going from ThSi04 to ZrSi0 4 while that of the tetrahedral site varies little throughout
the crystals studied. Thus, the virtual constancy of A is evidence against substitution at
the dodecahedral site.

3) Point charge calculations (34) were also used to support the tetrahedral
assignment (see diagram 6.2) . They predict the near degeneracy of the ^B2 and 2A X
levels, though in the wrong order; the 2E and the 2B 1 levels are in the correct order and
their large separation is predicted.

4)

The^of V4* - V4* pairs in the e.s.r. spectrum , even in the most heavily doped

samples which contained enough V4* to produce about 10% nearest neighbour pairs. This
points to a tetrahedral site since neighbouring dodecahedral sites share an oxygen ligand,
while tetrahedral sites do not.

The most recent paper on the electronic structure of V4* in ZrSi04, is by Xiayo et al.
(6). This theoretical study is based on the previous e.s.r. and optical absorption data
obtained by Demiray (1) and Di Gregorio (4). Here a model for V 4* substitution into both
the Zr4* site and the Si4* site simultaneously was suggested using the superposition model
(35) to account for the optical and e.s.r. parameters , making use of X-ray crystal data.
They were able to account for the 2E ^ - 2B 1 (of the fourfold site) band moving to the
red as the temperature is increased and the 2E

^

band of the eightfold site moving

to the violet. The assignments of the observed electronic bands are listed below .

The observed wavenumbers (cm1) of electronic transitions in vanadium-doped ZrSi0 4 and
ThSi0 4 and their assignment are as follows.
Fourfold Si4*
Symmetry

2Ai

Eightfold Zr4*

2

2E

b2

*b 2

2E

ThSi0 4

5,882 5,889

5,970

13,000

6,370

14,340

ZrSi0 4

6,188

6,350

12,700

6,730

15,500

X

37,500

Conclusions
Evidence from chapter 3 and chapter 5 indicates that vanadium(IV) occupies both the
4-fold Si4* and

8

-fold Zr4* lattice sites. This evidence is in agreement with the
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calculations, performed by Xiayo (6), to predict the complex electronic structure of
vanadium in this medium on the basis of V4* substitution into both sites.

6.3 The electronic structure of V4* in ZrGeQ, and HfGeCX

6.3.1 Experimental
Powdered samples of V4* doped ZrGe0 4 and HfGe0 4 were examined by e.s.r.
spectroscopy at University College Cardiff. Eight-line spectra, due to the presence of V 4*,
were observed at room temperature for both ZrGe0 4 and HfGe04. Problems were
encountered in analysing the spectra because of the overlap between the parallel and
perpendicular spectra and the possibility of impurities, although the levels of Z r02, H f0 2
and Ge02 observed in the powder X-ray diffraction spectra of these compounds were
very low.

A pink vanadium-doped crystal of HfGe0 4 , grown from flux F30 (see chapter 3 for
synthesis and analysis), was selected for examination by e.s.r. spectroscopy. The total
V4* concentration in the crystal was measured by electron probe analysis and found to
be below the detectable limit of 0.01 mole %. A purple crystal of ZrGe04, grown from
flux F23 was also examined by e.s.r. spectroscopy. The doping level in this crystal,
determined by electron probe analysis, was *0.71 mole %

Electron spin resonance

spectra were recorded with an X-band Bruker 200D spectrometer operating using the
absorption derivative mode using field modulation. The klystron frequency was * 10,000
GHz. All the spectra were recorded at room temperature. The crystal was orientated on
a goniometer and spectra were recorded at

1 0

° intervals as the crystal was rotated

parallel and perpendicular to the c crystal axis.

6.3.2 Results
The e.s.r. spectra

of V 4* doped into HfGe0 4 and ZrGe04, recorded parallel and

perpendicular to the ’c’ crystal axis, are illustrated in figures 6.3 and 6.4, respectively.
The

8

lines are due to the hyperfine splitting of 51V (I = 7/2), with natural abundance

99.8 %. The values found for the e.s.r. parameters are listed below.

HfGe0 4

g|| = 1.920

gx = 1.978

A|| = 82*

Ax = 41*

ZrGeO,

g|| = 1.930

gx = 1.990

A|| = 80*

Ax = 22*

* xlO'6 cm' 1
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Figure 6.3
The e.s.r. spectra of V 4* in H fG e 0 4 observed II and

to the c crystal axis

lie

A

r jA ^

M V'

i\
t

A '*''

The e.s.r. .spectra o f V - in ZrGeO, observed II and ^ ,o the c crystal axis

6.3.3 Discussion
The first question to ask is which site the V 4* ion occupies? Preliminary evidence is
based upon
1) Synthesis. Vanadium substitutes for Ge4* in Ge0 2 , in large amounts (>2%),
therefore it is likely to occupy Ge4* site in HfGe04.
2) Electron probe analysis indicates that V4* substitutes for Ge4* in ZrGe04.
3) Single crystal X-ray diffraction indicates that V 4* substitutes for Ge4* in
ZrGe04.

The e.s.r. spectra observed for V4* in HfGe0 4 and ZrGe0 4 powders and crystals are
unlike those observed for V 4* in Z r0 2 and ZrSi0 4 in that they are observable at room
temperature. Spectra of V4* in Ge0 2 are also observable at room temperature indicating
a similarity between the nature of V4* doped into Ge0 2 , ZrGe0 4 and HfGe04. As a
general rule e.s.r. spectra of 3d1 ions in tetrahedral or slightly distorted tetrahedral
symmetry are only observable at low temperatures (*80 K). This has been attributed to
the existence of a low lying excited state in tetrahedrally distorted species, which leads
to a short relaxation time (36,37). Spectra of V4* doped materials observable at room
temperature is said to be due to either 1) the presence of VO2* (oxovanadium(TV) ion)
not V4* or 2) distortion of tetrahedral symmetry such that the energy of the first excited
state is raised.

6.3.3.1 VO2* ?
The nature of the spectra of V 0 2+-doped materials is dominated by the presence of
VO2* rather than there being major effects due to the other ligands coordinated to the
vanadium ion. The values for the g parameters calculated for VO2* (38) : g|| = 1.940,
gx = 1.983 and <g> = 1.962. The value of the g and A parameters obtained from a
series of V^-doped materials are listed in table 6.3. A graph of g|| plotted against gx,
for a variety of vanadium-doped materials, is shown in figure 6.5. One can observe that
all the V 0 2*-doped materials have very similar g values, close to the calculated values,
and that the g values for V4* doped materials are very widely spread. Only the g values
for V^-doped Si0 2 m fall close to the VO2* region. The g values for V^-doped A1P04
(in both a-cristobalite (40) and a-berlinite (41) phases) fall around the edge of the VO2*
region and are observable at room temperature. This suggests that the ligand environment
of V4* in A1P04 is approaching that of VO2*. There is a wide spread of g factors for the
V^-doped materials out of the VO2* region this suggests that the magnetic environment
of the dopant ion is greatly affected by the dopant environment.

Table 6.3 The observed e.s.r. data parameters for V4* in variety of host materials
Number

Host

gx

gx

A ,

gy*

[

X

A ,

A y*

Ref

10* cm' 1 ]

1

ZrSi0 4

1.893

1.969

81.6

29

2,4

2

HfSi0 4

1.903

1.962

60

29

4

3

ThSi0 4

1.843

1.985

164

33

4

4

ThGe04

1.831

1.980

166

32

4

5

Si0 2(l)

1.934

1.987

109

45

39

6

S i0 2(2)

1.942

1.989

98

42

39

7

Garnet

1.856

1.979

152

31

48

8

M o0 3

1.867

1.970

179

60

49

9

W 03

1.815

1.928

169

54

10

SrTi0 3

1.942

1.894

146

44

50

11

HfGe0 4

1.920

1.978

82

41

This work

12

ZrGe04

1.930

1.990

80

22

This work

13

Ge0 2(am)

1.929

1.976

175

68

51

14

Ge0 2(tet)

1.963

1.921

134

36

51

15

Ge0 2(tet*)

1.964

1.946

1.921

134

18

37

44

16

T i0 2

1.956

1.915

1.913

142

32

42

46

17

Sn02

1.943

1.939

1.903

140

21

37

45

18

A1P04 (3)

1.916

1.983

188

75

40

19

A1P04 (4)

1.928

1.976

175

66

41

20

VOCl2

1.93

2 .0 0

189

70

52

21

NaCl

1.925

1.996

177

64

52

22

KNO 3

1.935

1.974

186

73

53

23

RbAl

1.939

1.968

188

64

54

24

NH 4CI

1.925

1.977

174

68

54

1.945

49

43

V 0 2+

* When V4* occupies the axial site gx = gy = gx and A* = Ay = A±
Si0 2( l) and (2) are different sites in Si0 2 (a cristobalite)
Garnet = CaNaMgV30 12
Ge02 am = amorphous, tet = tetragonal (powder), tet* = tetragonal (crystal)
AIPO4 (3) = a-cristobalite
AIPO4 (4) = a-berlinite
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Table 6.4 Observed and calculated e.s.r. parameters for V4*
in a variety of host materials

Host Lattice

Lowest Energy Site

Symmetry

orbital

P

K

[ xlO'4 cm 1]

Temperature
observed

56

44

70 K

31

42

6 K

Si4*

Dm
Dm
Dm

130

68

70 K

131

67

70 K

ZrSi04

Zr^S i4*

HfSi04

H f^S i4*

ThSi04
ThGe04

d,y

Ge4*

dm

S i02(l)

d»y

Si4*

Td*

! 71

64

| 70 K

Si02(2)

d»y

Si4*

Td*

62

59

70 K

---

Td.

! 63
91

77 K
77 K
77 K

Garnet
M o03
W 03

d,,

Mo6*

Oct*

122
127

d,y

W6*

Oct*

128

79

SrTi03

d,2

Ti4*

Td*

139

165

293 K

HfGe04

d*y

Ge4*

33

63

293 K

ZrGe04

d*y

Ge4*

s4
s4

67

37

293 K

Ge02 (am)

tl.y

Ge4*

—

121

99

293 K

Ge02(3)

---

Ge4*

Da,

128

61

293 K

Ge02 (4)

d „V -H 2

Ge4*

Da

101

76

293 K

T i0 2

d yV - H *
d,2y2 -Xd,2

Ti4*

Da

139

62

293 K

Sn4*

Da,

104

78

293 K

<Uy2

Al3*

Td.

! 138

108

293 K

1A1P04(4)

dx2,2

Al3*

Td.

97

VOCl2

dxy

—

Da,

1 123
128

| 293 K
293 K

NaCl

d*y

—

—

121

98

293 K

—

—

124

105

293 K

—

—

127

99

293 K

Sn02

V 02+

A1P04 (3)

KN03
RbAl

* Distorted

dxy

106

2.0

15

14

1<

6

+

5

+

+

4 13

12
21

10

+ 22

+

20

+

17

23

+

19
24

+

11
18
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Figure 6.5
of g|| verses g1- (showing the anisotropy of the g factor) for V4* in variety of host materials
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A graph of A|| verses A 1- (showing the anisotropy of the A hyperfine parameter) for V4* in a variety of host
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A graph of Ax plotted against A|| is shown in figure 6.6. One can see the V^-doped ions
show a great variation in the anisotropy of the hyperfine A parameter i.e. Ax varies
between 30-55 xlO'4 cm'1 and A|| varies between 60-180 xlO"4 cm'1 , whereas for VO2*
ions Ax » 65xl0*4*cm'1 and A|| = 190X10"4 cm'1.

The isotropic hyperfine parameter A ^ can be related to the g factor by (425:A^ = (Ax + Ay + AJ/3 = -K + (gtv - gJP
Where K is the hyperfine contact interaction due to. unpaired spin on the nucleus, & .=
2.0023 and P = 2grip(3n< r3>. Hirose et al. (43) plotted values of A ^ versus g^ for a
variety of materials doped with V4* and V 0 2+ in order to fit the above function to the
graph obtained. Hirose was able to fit the A^ and g^ values to the above equation and
that they fell on two lines one for V4* and one for VO2*. The reason that V4* and VO2*
fell on two different lines is that they each had their own K value. There is a plot of
A^ versus g^ for V4* and VO2* for a variety of materials doped with V4* and VO2* (
about twice as many as Hirose) in figure 6.7 and one can see that there are no lines
due to a ratio of AUo vs. g^. Not surprisingly, similar to the plots of gx/g|| and Ax/A||
there is a region associated with VO2*. Differences in gx and g|| as well as Ax and A||
due to dopant ions in different environments can be explained by the effects of
coordination of ligand ions in different environments. When one compares the isotropic
e.s.r. parameters A ^ and gUo of V4*, in different materials, the effects of different
coordination and symmetry should be averaged out this is clearly not the case. Therefore
there is strong evidence for covalent effects which have previously been ignored. This
could be due to n bonding between the 3d orbitals of V4* and the 3p orbitals of the
oxygen.

6.3.3.2 Tetragonal distortion

Vanadium(IV) may be detected in ZrGe04 and HfGe04 at room temperature because
the distortion of the Ge04 tetrahedron to S4 symmetry does not yield a low lying first
excited state. In the case of ZrSi04, the orbital of lowest energy is d*y and the first
excited one is dz2 , these two orbitals being degenerate in tetrahedral symmetry. In the
Si04 (ZrSiOJ tetrahedron the four oxygen atoms are closer to the z axis than the xy
plane, i.e. the two O-Si-O angles bisected by the ’z’ axis are 97° compared to 109.4°
for a perfect tetrahedron, thus the d*y orbital is of a lower energy than the dz2. In the
Ge04 tetrahedron ( ZrGe04 and HfGeOJ the four oxygen atoms are closer to the xy
plane than the z axis, i.e. the two O-Ge-O angles bisected by the z axis are 121°4 and

therefore greater than the tetrahedral angle. Thus one would expect the dz2 orbital to be
of the lowest energy and the dxy to be the first excited one. Simple crystal field analysis
(28) predicts that the orbital of lowest energy is dxy if gl>g|| and IA||I>IAJ or dz2 if
gll=2.0023>g1 and IA||l<IAJ.Thus the orbital of lowest energy for V 44 in HfGe04 and
ZrGe04 is dxy. This may be due to the other four oxygen atoms being bonded to the
Ge4* at 2.7 A, with the two O-Ge-O angles bisected by the z axis of 98.5 °, destabilising
the dz2 orbital.

6.3.3.3 Prediction and calculation of various parameters using e.s.r. parameters

As previously explained the symmetry of the ground state of a dopant ion in a host
material can be predicted by comparing the A and g values gained from e.s.r.
experiments. In the case of a distorted tetrahedron one has the choice of the d^CBj),
d ^ A j), dx2 .y2 (2B,) and the degenerate cb and d^ orbitals (2E). If in distorted Td
symmetry All>Ax and gx>g|| then the orbital of lowest energy is d^ or (1,2^ if the
opposite it is either d / or d^, d^. For all the V4* doped materials in distorted tetrahedral
symmetry as well as the V 0 2+-doped ions the dxy orbital is observed to be of the lowest
energy. Baisi(40,41) predicted a dx2 .y2 ground state for V4* in A1P04 ( both a-berlinite and
a-cristobalite), though this^unlikely. In the case of V^-doped Ge02 (rutile phase)(44),
Sn02(45) and T i0 2 (46) the dopant ion has D3h symmetry and the ground state is an
admixture of dx2 y2 and dz2 .

From the g and A values K, P and X, the orbital mixing parameter, can be calculated
(see equations 6.3, 6.4, 6.5 and 6.6). The values calculated for V44 in a variety of
materials, using the above equations are listed in table 6.4. The free ion value for P =
172xl0'4 cm'1 (47) and one can see that the values listed in table 6.4 vary greatly from
this value especially the P values calculated for V44 in ZrSi04, HfSi04, ZrGe04 and
HfGe04. One can estimate Ax and A|| , the crystal field splitting, if one obtains a value
for the Xt the spin orbit interaction, and vice-versa. The free ion value of X=248 cm'1
(28) but values of X calculated from A (obtained from electronic absorption experiments)
vary between 218 cm'1 (V44 in ZrSi04) to 79 cm'1 (V44 in A1P04). These variations in
spin-orbit interaction make calculations of A from e.s.r. parameters alone, as in (48),
unreliable. Thus one needs a combination of e.s.r. and electronic absorption data to
obtain a full picture of the electronic structure of the dopant ion.

The variations in the P, K and X parameters from free ion values are dependent on
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1) Covalence effects
2) Jahn-Teller distortion
3) Static distortion

Placing a 3d1 ion in a site with a symmetry and coordination that is not observed for
that ion in molecular species, will obviously lead to some kind of instability. The result
could lead to a dynamic distortion , as described by Di Gregorio et al.(4) or in extreme
cases a static distortion. That is to say that some of the variations in the parameters
observed could be due to a static distortion of the ligand cage surrounding the dopant
ion leading to a lowering of symmetry of the dopant ion in the lattice.
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6.3 CONCLUSIONS

Through e.s.r. and optical absorption spectroscopy it has been possible to confirm the
doping sites V4* occupies as Zr4* and Si4* in ZrSi04 and Ge4* in HfGe04 and ZrGe04.
Measurements made using electron probe analysis and single crystal X-ray diffraction
confirm the previous assignments made by Xiayo (6) for the electronic transitions of V 4*
in ZrSi04.

Many variations in the e.s.r. parameters g, A, P, K and X are observed for V 4* in a
variety of materials. This is partly due to variations between V4* and V 0 2+ , but also due
to the effects of :1) Covalence
2) Dynamic distortion
3) Static distortion

Some information is available about the first two effects but little has been reported
about static distortion. More data are required from such techniques as EXAFS and
vibrational spectroscopy to give an indication of possible distortion of the ligand
environment. The analyses of V4* in

silicate or germanate

type hosts, in previous

studies, are based upon the examination of the final products such as ZrSi04, ZrGe04
and HfGe04 rather than upon the study of the starting materials such as S i02, Z r0 2 or
Ge02. Single crystals of vanadium-doped monoclinic Z r0 2 and tetragonal Ge02 have
been grown as a result of the synthesis of vanadium doped ZrSi04, H fSi04, ZrGe04 and
HfGe04 (see chapter 3). One could observe the e.s.r. and electronic absorption spectra
of these materials and thus observe how their electronic structure is altered on lattice
formation ( i.e. on formation of ZrSi04, etc.).
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Chapter 7
Vibrational spectroscopy of pure and doped ZrSiO„. HfSiCh and ZrGeCX,

7.1. Introduction

In this chapter Raman and infra-red spectroscopy are used to examine the vibrational
structure of the pure and doped host materials ZrSi04, HfSi04, ZrGe04 and HfGe04. The
aim is to observe vibrational spectra of doped species in order to gain information on
the environment of the dopant ion i.e. the symmetry and the coordination geometry of
the site the dopant occupies. It also important to measure changes in the vibrational
structure of the host materials on doping with impurities.

The study is divided into three sections:-

1) Investigation of the host materials. Although the vibrational spectra of ZrSi04
crystals (1,2,3) as well as HfSi04 (4) and ZrGe04(5) powders have been observed it was
important to repeat these measurements on the pure samples grown in chapter 3, so that
the sensitivity and accuracy of the experiments undertaken in this study could be
compared with those of previous work. The sensitivity required in these experiments is
very high since the doping levels are low (<0.7 mole %) and some of the modes
observed are very weak.
2) Investigation of the low temperature/low wavenumber modes due to JahnTeller type distortions of the host materials. These types of mode have been observed
for V 4* in A120 3 by i.r. spectroscopy (6) by Raman spectroscopy (7) and for V4* in ZrSi04
by Raman spectroscopy(8)
3) Observation of vibrational spectra of doped materials. If one records the
vibrational spectra of doped single crystals and observes bands unseen in the spectrum
of the host material, the analysis can give information on the nature of the dopant.Such
bands (unlike those arising from Jahn-Teller active modes) should be observable over
a wide temperature range and their wavenumbers should be dependent upon the mass
of the dopant ion and the nature of the dopant oxygen bond.

7.2 Experimental
Initially vanadium-doped and praseodymium-doped powders of ZrSi04 and HfSi04 were

studied in the form of pressed discs, but there were problems with impurities such as
unreacted Z r02 and Si02 as well as fluorescence (for Pr4* doped powders). Powders of
vanadium-doped ZrGe04 and HfGe04 (for synthesis see chapter 2) were analysed by
Raman spectroscopy and the problems due to impurities found in the silicates were not
observed for the germanates.

Single crystals of pure ZrSi04 were obtained from Dr. Barbara Wanklyn (Clarendon
Laboratories, Oxford) but all the other samples were grown at U.C.L.(see chapter 3) The
characteristics of the samples studied are listed below.

Dopant

ZrSi04

Flux
*

ZrSi04

F2

ZrSi04

Sample

Dopant concentration

Size

—

5x2x3.5 mm?

y4+

0.015 %

4x22x1.6mm3

F10

y4+

0.050 %

3x25x2 mm?

ZrSi04

FI

y4+

0.715 %

2x25x3 mm?

ZrSi04

C i*

<.010 %

2.5xlxl mm?

ZrSi04

F14
*

Tb*

0.200 %

3x3x2 mm3

HfSi04

¥11

y4+

0.150 %

2x0.5xl mm?

¥22

y4+

0.330 %

2x1x1 mm3

F23

y4+

0.715 %

2x1x1 mm3

ZrGe04
ZrGe04

Pure

* Obtained from Barbara Wanklyn
# Mole % (Dopant concentrations determined to + 0.005 mole %)

All the crystals have a tetragonal bypyramidal habit but the crystals of ZrSi04 and
HfSi04 are more prismatic in nature. Thus to make the ZrSi04 and HfSi04 crystals into
rectangular prisms, with which one can observe the polarised Raman and i.r. spectra, the
pyramids were cut off ( using a diamond saw) perpendicular to the ’c’ crystal axis. This
was not possible with germanate type crystals , since the prisms were too small; they
were cut parallel and perpendicular to the four fold axis (the four fold axis is in the ab
plane) to yield rectangular prisms.The faces of the crystals were then ground with
corundum and polished with diamond paste ( down to 1 pm).

Spectra were recorded at room temperature, liquid nitrogen temperatures (=80 K) and
sub liquid nitrogen temperatures (=65 K). For liquid nitrogen temperatures a simple coldfinger-type cryostat was adequate whereas for sub liquid nitrogen temperatures an Oxford
instruments MD4 bath type cryostat was used. Temperatures were measured using a
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Rh/Fe thermocouple.The crystals were orientated on a goniometer so that the observation
face was perpendicular to the direction of propagation of the laser beam and the exit
face was parallel to the entrance slit of the spectrometer. Powder samples were placed
on a liquid nitrogen cold-finger at 45 0 to the direction of propagation of the laser beam
and 45 0 to the entrance slit of the spectrometer.

The Raman spectra, observed at 90 °, were recorded using a Spex 14018/R6 double
monochromator. The signals were detected on a RCA 31034 photomultiplier and the data
collected digitally using a BBC microcomputer. Laser excitation was provided with a
Coherent krypton ion laser (CR3000) for the 337.5, 406.7, 520.8, 530.9 and 647.1 nm
lines and Coherent argon ion lasers (Innova 70 and CR12) for the 363.8, 501.7 and
514.5 lines.The power of the laser beam varied between 10 and 100 mW. For some
experiments low laser powers were used to minimise laser heating of the sample, but
usually a minimum of 90 mW was required in order to obtain a reasonable signal-tonoise ratio. Raman spectra of silicates are usually very weak, in fact the first workers
on ZrSi04 (1) used laser powers of =1 W. The spectrometer was calibrated by reference
to the Rayleigh line in each case. The polarisation of the scattered light was analysed
with Polaroid film and a polarisation scrambler was placed between the analyser and the
spectrometer. The directions X,Y and Z that are used to describe the various
polarisations refer to the crystal a, b and c axes, respectively.

The infrared spectra were observed parallel and perpendicular to the c crystal axis. For
wavenumbers above 300 cm

a Specac diffuse reflection attachment was used . A ll the

spectra were observed at room temperature using a Bruker 113V Fourier transform
spectrometer. The polarisation was analysed using a polarising filter.

7.3 Results and discussion

7.3.1 The Host Materials

(i) ZrSi04 and HfSi04

ZrSi04 and HfSi04 form crystals of a zircon type structure with space group D^19 or
I4j/amd. Spectra were recorded of pure ZrSi04 and vanadium doped-HfSi04 at room
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temperature (*293 K) and liquid nitrogen temperature (* 80 K) in the Y(ZZ)X; Z(YY)X;
Y(ZY )X and Y(X Y)X polarisations. In the standard notation Z(Y Y )X indicates that the
incident light is directed along the crystal Z-direction with Y-polarisation and the
scattered light is observed along the X-axis with Y-polarisation. The spectra of ZrSi04
at room temperature in Y(ZY)X, Y(ZZ)X and Y (X Y )X

polarisations are shown in

figure 7.1 and in the same polarisations at low temperatures in figure 7.2. The spectra
of vanadium-doped HfSi04 in X(ZZ)Y and X (ZX )Y polarisations at room temperature
are shown later in figure 7.3. In some cases there is leakage of a band of one
polarisation into the spectra of another polarisation, due to misalignment of the crystal
and incomplete polarisation of the laser beam. This is most apparent for the high
intensity bands which can be up to lxlO 3 times more intense than the low intensity
bands. The assignments of the observed bands in ZrSi04 and HfSi04 are listed in tables
7.1 and 7.2.

Zircon

(ZrSi04) has been studied by Raman spectroscopy as early as 1939 (Hibben

1939

but no attempt was made to assign the bands .Griffith 1969 (1<U1) in his review

of Raman and i.r. spectra of minerals covered the Raman spectrum of the SiCV- complex
in ZrSi04 and ThSi04 , and compared it with the infrared data obtained by Moenke
(1963)(12,13) More recently Syme et al. (1977)(3) undertook a complete assignment of the
Raman spectra of single crystals of synthetic zircon and thorite , taking for the basis of
their work ; i) an earlier assignment by Dawson et al. (1971) (1) of the spectrum of a
single crystal of natural zircon , ii) the work of Gervais (2) on the temperature
dependence of the infrared spectrum of the extraordinary ray of this crystal, and iii) a
further Raman study on powdered samples of zircon and hafhon (HfSiOJ by Nicola and
R utt(9). Crystals of a zircon structure have space group D^19 or 14/amd . There are two
formula units in the unit cell and therefore thirty-six normal modes of vibration with
wavenumber k=0 . The number of modes N,
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Figure 7.1

The single crystal Raman spectra of pure Z rS i04 in Z(Y Y )X [blf+alg], Y (ZY )X [egJ and
Z(XY)X

[b2g] polarisations. (293 K, spectral bandwidth=1.8 cm '1, step size= 0.5 c m 1,

100 mW, 514.5 nm radiation at sample: sensitivities Z(Y Y )X = 32,140, Y(ZY)X =
66,580 and Z(XY)X = 41,217 counts per second.
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Fieure 7.2
The single crystal Raman spectra of pure ZrSiCb in Z(Y Y )X [b^+ajJ, Y(ZY )X [e j and
Z(XY)X

[b2J polarisations . (80 K, spectral bandwidth=l .8 cm'1, step size =0.5 c m 1,

100 mW, 514.5 nm radiation at sample: sensitivities Z(Y Y )X = 41,217, Y(ZY)X =
96,894 and Z(XY)X = 56,853 counts per second.
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Table 7.1

Wavenumbers/cm1, polarisations and assignments of the
lattice modes of ZrSiCX at various temperatures

This work

Dawson(1)

Svme(3)

Room Temperature (293 K)

This work

Svme(3)

Symmetry

Low temperature (80 K)

205.0

201.0

202.5

202.5

202.5

214.5

214.0

214.5

216.5

216.5

eg(ID*
blg(II)*

225.0

225.0

225.0

225.5

225.5

eg(M )*

266.0

266.0

266.0

266.0

265.0

357.0

357.0

357.5

360.0

360.0

e«

393.5

393.0

393.5

395.5

395.0

K

439.5

439.0

439.5

442.0

441.5

ai«

546.5

547.0

548.0

547.0

e«

641.5

641.5

642.0

642.0

bn

925.0

925.5

927.0

927.0

e«

975.5

974.0

975.5

978.0

978.0

ai«

1009.0

1008.0#

1009.0

1012.5

1012.5

K

* Internal modes.
# Dawson assigned this band as both blg and eg

X (Z Z )Y

X (Z X )Y
I

1100

1050

1000

950

900

850

800
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Wavenumbor/cm
Figure 7.3
The single crystal Raman spectra of vanadium-doped H fS i0 4 in X (Z Z )Y [aIg] and
X (Z X )Z [e j polarisations. ( 293 K, spectral bandwidth=2.0 cm'1, step size = 0.3 cm'1,
100 mW, 514.5 nm radiation at sample: sensitivities X (Z Z )Y = 3,000 and X (Z X )Z =
300 counts per second.

700

Table 7.2 Wavenumbers, polarisations and assignments of the lattice modes of HfSiCX,
at various temperatures

Assignment

Polarisation

Wavenumber
Nicola(4)

This work

293 K

293 K

This work
80 K

e,(n)
blg(n)
eg(m )

XZ,YZ

148.0

157.5

157.5

Y Y ,X X

159.0

166.0

169.0

XZ,YZ

215.0

213.5

215.0

b2g

XY

e«

XZ,YZ

350.0

350.0

353.5

big

Y Y ,Y Y

403.0

405.0

408.0

aig

XX,YY,ZZ

448.0

447.0

451.0

933.0

937.0

250.0

XZ,YZ
big

X X ,Y Y

e«

XZ,Y Z*

aig

ZZ,YY,XX

984.0

985.0

988.0

big

X X ,Y Y

1018.0

1020.5

1024.0

* One band of eg symmetry is observed at 933.0 cm'1 (273 K), it could due to be either
the missing eg symmetry mode or a mode arising from the vanadium present.
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belonging to each of the irreducible representations of

, the point group isomorphous

with the factor group, may be determined by unit cell group analysis (Bhagavantum and
Venkataragudu 1941 (14)) .The resultant decomposition of the reducible representation of
the crystal is given in table 7.3.

To a first approximation , the 36 normal modes can be further divided into different
types of vibration , as well as into symmetry species. The modes can be classified into
internal and external vibrations by considering the silicon-oxygen bonds to be much
stronger than the metal-oxygen bonds. The internal modes refer to silicon-oxygen
movements within the silicate complex , whereas the external modes involve lattice
motions of the silicate tetrahedron as a unit . The vibrations within the complex are
expected to be higher in wavenumber than those of the lattice because the external
vibrations involve motions of the massive silicate complex . The decomposition of the
internal modes is given in table 7.3. The external modes can be further subdivided into
two groups , those that involve rotatory motion of the silicate complex (Nrot) and those
motions that are purely translatory (N ^ ). These decompositions are also given in table
7.3.

The wavenumbers and polarisations of the observed lattice modes of ZrSi04 and HfSi04
are displayed in tables 7.1 and 7.2 respectively. In table 7.1 the assignments ,
polarisations and wavenumbers observed in this study are compared to those of Syme(3)
and Dawson (1). One can note that the observations made in this study closely match
those found by Syme et al.(3>. Recording spectra at two different orientations and four
different polarisation combinations , Syme et al. were able to work out the symmetry
of the Raman bands . The internal modes were assigned on the basis of results obtained
from Raman measurements of other silicate groups (10) , and from the expectation that
pairs of modes arising from the t2 (u3) and t2 (D j modes of the free tetrahedral ion will
be close in wavenumber to that of the parent mode

In table 7.3 the wavenumbers observed for V4* doped HfSi04 single crystals are
compared to those published in an earlier study of pure HfSi04 powders. Differences
between the two studies, of the wavenumbers observed may be due to laser heating of
the sample as the laser power used in the powder study (1 W) was somewhat higher
than that used in the present investigation (40 mW). Assignments are made on the basis
of comparison of the

Table 7.3 The zone centre normal modes of ZrSiCX,. as well as HfSiO>.. and
their i.r. and Raman activity
Number of Vibrations

Selection rules

D4h

N

N.c

Ntnni

Nrot

Njnt

Raman

I.R

a^

2

0

0

0

2

P

f

o^+o^+o^

a2g

1

0

0

1

0

f

f

b i«

4

0

2

0

2

p

f

C^-Otyy

b2g

1

0

0

0

1

p

f

a*y
e«

5

0

2

1

2

p

f

0^,0*
a iu

1

0

0

0

1

f

f

a 2u

4

1

1

0

2

f

Pll

b iu

1

0

0

1

0

f

f

b 2u

2

0

0

0

2

f

f

eu

5

1

1

1

2

f

P-L

i r. r „ t = a jll) + 2eu(_L)

Tint = 23*01) + 2eu(x)

Raman r „ t =

^int = 2alg + 2blg + bjg + 2eg

2

b g + 3eg

N = Number of modes, NK = acoustic modes, Nrot. rotatory modes, N ^ = translatory
modes,
N^ = internal modes.
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wavenumbers and polarisations observed for V^-doped HfSi04 with those of ZrSi04.

All of the twelve predicted Raman-active bands are observed in the Raman spectrum of
ZrSi04. Of the 12 predicted Raman-active modes of HfSi04 : all five of the predicted
external modes are observed but only five of the seven predicted internal modes have
been identified. These bands are very weak in the spectrum of ZrSi04. One eg symmetry
band is observed at 933 cm'1 for V^-doped HfSi04, which could be either the missing
eg band in this region (this band occurs at 925 cm*1 for ZrSiOJ or could be due to the
presence of V4*.

There are five external modes to consider in ZrSi04 and HfSi04 , 3eg and 2bg modes.
One mode is an eg rotation , since this involves no motion of the cations , the
wavenumber of the band should not vary excessively on going from ZrSi04 to HfSi04
, thus the eg (iii) (rotation) is assigned as the band at 225.5 cm*1 (ZrSiOJ and 213.5 cm*
1 (HfSi04).The other translational modes are split into blg(i) and eg(i) and blg (ii) and
eg(ii) .
(ii) ZrGe04 and HfGe04

It has not been possible to obtain pure single crystals of either ZrGe04 or HfGe04 of
the high quality required to undertake a polarised vibrational analysis, but V^-doped
crystals of ZrGe04 were grown (see chapter 3) of a size suitable for vibrational analysis.
Polarised Raman and i.r. spectra have been observed for two crystals of vanadium-doped
ZrGe04 (one with 0.33 % and the other with 0.71 % V 4*. The Raman spectra of a
crystal of vanadium-doped ZrGe04 (V^O .71 mole % ) observed in Z(X X )Y , X (ZX )Y
and X(ZZ)Y polarisations are shown in figure 7.4. The polarised infrared spectra of two
crystals of V^-doped ZrGe04 (high concentration =0.71 mole% and low concentration
=0.33 mole%) were recorded II and 1 to c and shown in figure 7.5. The previous
assignments of the vibrational spectra of ZrGe04(5), based on powder spectra, are shown
in table 7.4 in comparison with the Raman spectra of vanadium-doped ZrGe04 powder
recorded at low temperature (=80 K). The polarisations and assignments of the Raman
and i.r. spectra of the vanadium doped ZrGe04 and a comparison with the powder based
assignments is shown in tables 7.5 .

The host materials ZrGe04 and HfGe04 form a ’Scheelite’ type structure with space
group

X ( Z X )Z

t
x

to

x25

c

c

X (Z Z )Y

1000

900

800

700

600

S00

W a v enumbcr/cm

400

300

200

*

Figure 7.4
The single crystal Raman spectra of vanadium-doped ZrG e04 in Z (X X )Y [bs+ag],
X (Z X )Z [eg] and X (Z Z )Y

[ a j polarisations . (293 K, spectral bandwidth=1.8 cm'1, step

size = 0.4 c m 1, 100 mW, 475.9 nm radiation at sample: sensitivities Z (X X )Y = 2,865,
X (Z X )Z = 7,996 and X (Z Z )Y = 1434 counts per second.

100

0.33 mole %

0.71 mole % V 4*

0.33 mole % V 4

0.71 mole % V 4"

Wavenumber /

Figure 7.5
The diffuse reflectance i.r. spectra of vanadium-doped ZrG e04 (vanadium concentrations
i)low =0.33 mole % and ii) high =0.71 mole %), recorded parallel [a j and perpendicular
[eu] to the ’c’ crystal axis.

Table 7.4 Calculated and experimental wavenumbers of Raman-active
and i.r.-active modes for ZrGeCX,

Symmetry

Calculated

Observed Wavenumber

Potential

Distribution^
Wavenumber^ Ennaciri(5)

This work*

ag

806

804

803

84d0)+4d(3)+3(1(2)

bg

786

792

782

7Sd^H-7d(3)+3(1(2)

eg

732

737

730

78 d(1)+6 d(2)+5d(3)

b,

569

565

565

31a+28d(2)+108

eg

500

497

497

32d(2)+32d(3)+19Y

ag

410

419

406

26a+25d(2)+17d(3)

bg

382

394

379

36p+21d(3)+ 1 6 5 + lla

eg

311

311

306

35p+225+20y4-l 9d(2)

bg

298

286

295

44d(3)+295+lld(1)

ag

259

257

255

3984-28y+-14d(3)

eg*

202

209

—

23d(3)+235+22d(2)+l 8 y

bg

186

190

180

438^17a+14Yfl0d(2)

eg

176

175

172

428+27y+20e

bu

793

inactive

86

2^

760

778

81 d(i)+7d(3)+3d(2)

eu

710

726

80d(1)+7d(2)+5d(3)

a,

600

599

29d(2)+21a+17d(3)+12Y

bu

503

inactive

26yt-l 8 d(2)+l 7a+l 3 ^

eu

460

502

31 d(2)+30d(3)+9P+9Y

a„

365

387

32p+23a+135+12d(3)

eu

305

291

37P+30d(2)+15Y

a,

305

288

328+27d(3)+14a+10y

bu

287

inactive

6l84-10d(3)+9Y

eu

235

228

378+17d(3)+16Y+10e

d(1)+3d(2)+3d(3)

(*)This study values obtained from powder sample of vanadium doped ZrGe04 at =80
K

Table 7.5 The wavenumbers, polarisations and assignments of bands observed in the i.r. and Raman
spectra of vanadium doped ZrGeCX at room temperature
Raman bands
Calculated

Calculated

Experimental

Wavenumber

Symmetry

Wavenumber

806

ag

786
732
—

Svmmetrv

Polarisation

799

ag

XX ,Y Y ,ZZ

bg

780

b,

X X ,Y Y

eg

728

e«

XZ,YZ

652

e«*

XZ,YZ

—

569

bg

564

b.

X X ,Y Y

500

eg

494

eg

XZ,YZ

410

ag

404

b,

X X ,Y Y

382

bg

383

a«

X X ,Y Y ,ZZ

311

e«

306

eg

XZ,YZ

298

bg

293

b,

X X .Y Y

259

a*

259

a«

XX ,Y Y ,ZZ

202

e«

—

—

186

b.

182

b,

X X ,Y Y

176

e,

171

e«

XZ,YZ

—

Infrared modes
Calculated
Wavenumber

Calculated

Observed WavenumberCcm'1)
Low V4+ cone

Polarisation

Observed svmmetrv

High V4* cone

LO

TO

LO

TO

760

K

770

710

770

705

a«

710

eu

845

681

845

683

e«

—

—

—

—

655

650

e
cu*

600

au

645

538

645

535

a«

460

eu

520

435

519

435

eu

390

330

387

336

a«

365
305

eu

326

295

327

292

eu

305

au

323

294

326

290

a«

235

eu

256

242

256

240

e«

LO Longitudinal optic branch. TO transverse optical branch, * modes not present in host

Table 7.6. The zone centre normal modes of Scheelite and their Raman and i.r. activity

Selection rules

Number of vibrations
N

N.„
0

Nrot
0

NjHj

1

0

Raman

i.r.

P

f

a«+ayy+a=
P

f

< V a«
eg

5

0

2

1

2

P

f

K

4

1

0

0

3

f

Pll

bu

3

0

0

1

2

f

f

eu

4

1

0

1

2

f

PJ-

ri.r.

Text = au + 2eu

Tint = 3a„ + 2eu

Raman Text = ag + 2bg + 3egTint = 2ag + 3bg + 2eg

Table 7.7 Correlation diagram for MGeO„ ’Scheelites’ assuming isolated GeO„ grouos
Mode

T,, svmmetrv

G.,. svmmetrv (crystal)

Internal modes
Ge-0 Stretching

a^O R

O-Ge-O Bending

e(t)2)R

ag(u,)(R) + b ^ X In )

ag(0)2)(R) + b^UjXIn)
bg(\>2)(R) + au(,o2)(i.r.)

Ge-0 Stretching

t2(t)3)R,i.r.

bg(u3)(R) + au(t)3)(i.r.)
eg(\)3)(R) + eu(u3)(i.r.)

O-Ge-O Bending

t2(\)4)R,i.r.

bg(\)4)(R) + au(v4)(i.r.)
eg(\)4)(R) + eu(u4)(i.r.)

External modes
Ge04 rotation

t! In

ag(R) + bu(In)
eg(R) + eu(i.r.)

Ge04 translation

t2, R,i r.

bg(R) + au(i.r.)
eg(R) + eu(i.r.)

M translation

t2 R,i r.

bg(R) + au(i.r.)
eg(R) + eu(i.r.)
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I4 1/amd or C^. There are two formula units in the unit cell and therefore 36 normal
modes of vibration with wavenumber k=0. The number of modes, N , belonging to
each of the irreducible representations of Qh, the point group isomorphous with the
factor group may be determined by cell group analysis (14). The resultant decomposition
is given in table 7.6. The irreducible representation for a lattice of this symmetry is :-

FZrGe04 = 3ag(R) + 5bg(R) + 5eg(R) + Sa^Lr.) + 3bu(F) + 5eu(i.r.)

If one removes the acoustic modes Tac = au + eu and the inactive modes Tin = 3bu as
well as the i.r. active modes Ti.r. = 4a„ + 4 eu one is left with a total of thirteen
Raman-active modes TR = 3ag + 5bg + 5eg. In the Raman spectra of vanadium-doped
ZrGe04 and HfGe04 shown in figure 7.4 , twelve out of the thirteen predicted bands are
observed. The Raman /i.r. spectra of ZrGe04 and HfGe04 powders were published by
Ennaciri et al.(5), where the spectra were interpreted using the Shimanouchi method (15)
derived from the Wilson theory(16). This involves a model to predict force constants and
thus wavenumbers. The procedure is put crystallographic values for the sample in a
computer program which will calculate the wavenumbers of the vibrational modes.

The model, used by Ennaciri(5), was built up by considering three types of interaction
which define a set of 15 internal coordinates (see table 7.7). These coordinates were
related to the Ge-O, M-O, 0 -0 and Ge(M)-M interatomic distances reported for the
M Ge04 compounds (17,18). The three interactions are:1) Stretching of the cation-anion bonds associated with distances dx, d2 and d3
(see table 1).
2) Oxygen-oxygen repulsion is taken into account when considering the ten
oxygen neighbours located around each anion (0 -0 distances < 3.2 A). This effect is
introduced as nine bending coordinates related to O-Ge-O (a and p), O-Ge-O’(y) and
0 -M -0 (8 ) angles.
3) Additional bending coordinates M -O-M and Ge-O-M correspond to the angles
defined by the oxygen atom and its three neighbouring cations , and also represent the
displacement of Ge and M atoms.

Five coordinates were found to make a major contribution to the calculation of the
wavenumbers and polarisations of the vibrational bands . They are the Ge-CXdjXM M O (d2 and d3) stretching constants and the bending constants of the a and p angles. In
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late refinement it was necessary to introduce

interactions between

the five

force

constants of which only the interactions between Ge-0 bonds and Ge-0 angles within
the Ge04 groups are significant. The model was refined until a satisfactory agreement
was reached between experimental and calculated wavenumbers. Table 7.4 illustrates the
experimental and calculated wavenumbers, the wavenumbers observed for V 4* doped
ZrGe04 powder (this study), the calculated potential energy distribution and the predicted
symmetry of each band. Table 7.8 shows the splitting of the bands on going from
tetrahedral symmetry to one of

symmetry using an internal/external mode

approximation. Table 7.7 is an attempt at producing a correlation diagram for the
internal/external modes of (Ge04)4\ illustrating the problems of the internal/external mode
approximation in this case .

In table 7.5 one finds that the assignments made for the i.r. spectra of vanadium-doped
ZrGe04 crystals, on the basis of the wavenumbers and polarisations of the bands
observed, are in reasonable agreement with the assignments made for the i.r. spectra of
a powder^, on the basis of the calculation of the wavenumbers and polarisations of the
i.r. active bands. However the assignment of the symmetry of the Raman-active bands
on the basis of the of the polarisations of the observed bands is in part different to that
predicted from calculations (5). No band is observed at *200 cm'1 in the single crystal
spectra , although this is the weakest mode observed in the pure powder study. The
symmetry of the bands observed in the single crystal study differs in some cases from
that predicted from calculations

modes are observed in the single crystal study at 404

cm'1 (bg), 383 cm'1 (ag), 182 cm'1 (eg) and 171 cm'^b,) whereas the calculated
wavenumbers and polarisations are 410 cm'1 (a,), 382 cm'1 (bg), 186 cm'1 (bg) and 176
cm ^e,). Also the bands are observed between 2 and 15 cm'1 away from those observed
by Ennaciri(5). A certain amount of caution is needed when assigning these single crystal
spectra since there was polarisation leakage due in part to the smallness of the crystals.
The presence of vanadium may have some effect on the wavenumbers of the lattice
modes but it is unlikely to change the polarisation of a vibrational mode. The difference
in the wavenumbers may in part be due to the greater resolution of a polarised single
crystal experiment, or may be due to laser heating of the sample.

One can see from table 7.7 that for modes above 700 cm*1, the external/internal mode
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Table 7.8 Internal coordinates defined in the normal coordinate analysis
of ZrGeCX by Ennaciri(5)
atomic Distance

Internal coordinate

Notation

ZrGeO,*

HfGeO

Ge-0

Ge-0

do)

0.1771

0.1781

M -0

M -0

d(2)

0.2141

0.2133

M -0

M -0

d<3)

0.2265

0.2249

0 -0

O-M-O

So)

0.2560

0.2534

0 -0

O-Ge-O

Yo)

0.2595

0.2585

0 -0

O-M-O

8(2)

0.2595

0.2585

0 -0

O-Ge-O

7(2)

0.2693

0.2679

0 -0

O-M-O

8(3)

0.2693

0.2579

0 -0

O-Ge-O

p

0.2789

0.2804

0 -0

O-Ge-O

p

0.2789

0.2804

0 -0

O-M-O

8(4)

0.2827

0.2821

0 -0

O-Ge-O

7(3)

0.2847

0.2847

0 -0

O-Ge-O

a

0.3089

0.3105

Ge-M

Ge-O-M

e<i)

0.3441

0.3438

M -M

M-O-M

^2)

0.3588

0.3577

Ge-M
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*
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approximation is reasonable but that below this region there is extensive contribution of
the Zr-0 modes to the Ge-0 stretches, bends etc. Although one can make assignments
below 700 cm'1 in terms of an external/internal mode approximation this is less valid
than in the case of ZrSi04. It would be interesting to carry out such calculations for
ZrSi04 to see how much contribution from the Zr-0 modes to the Ge04 tetrahedron
is calculated. In his paper on the vibrational structure of ZrSi04(3) , Syme suggested that
ZrSi04 was on the limit of the internal/external mode approximation. This was because,
although the lowest Raman active internal modes that can interact with external modes
are well separated i.e. = 200 cm'1 (the closest modes that could interact e, mode
at 547 cm'^internal) and 357.5 cm*1 (external)), the situation is not clear for the in 
active eu modes at 430, 389.5 and 287 cm'1. For ZrGe04 and HfGe04 the tight binding
approximation is not acceptable due to the fact that the Ge04 tetrahedron is larger (less
tightly bound) than the Si04 tetrahedron and therefore much more susceptible to the
influence of vibrations of the metal .

Two bands, one Raman-active the other i.r.-active, are present in the spectra of
vanadium-doped ZrGe04 that have not been reported for the pure material. The Ramanactive band at 650 cm'1 is observed in X (ZX )Y polarisation and is therefore of eg
symmetry. The i.r.-active band at 650 cm'1 is observed _Lc and is therefore of eu
symmetry. It is quite possible that this band is due to a vibration of the V -0 bond of
the dopant ion. The band at 650 cm*1 is both Raman and i.r.-active thus the dopant site
symmetry has changed from Oh to C4, on occupation of the dopant ion.

7.3.2. Observation of Jahn-Teller type distortions and Electronic effects

Experiments have been conducted on V^-doped ZrSi04 and HfSi04 and terbium-doped
ZrSi04 in order to observe electronic transitions that are facilitated by Jahn-Teller type
distortions. Modes of this type have been reported for V4* in A120 3(7) and in ZrSi04(8) and
Tb3* in Tb3Al50 12 (19,20).The spectra observed for V 4* doped into ZrSi04 at 65 K in
X (Y X )Z polarisation are shown in figure 7.6 and the spectra observed for terbium doped
into

ZrSi04 ,recorded at 65 K, unpolarised and Z(X X )Y and Z(X Z)Y polarised are

shown in figure 7.7.

Di Gregorio et al.(8) observed bands, in vanadium-doped ZrSi04 at 23 (strong), 54 (weak)
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The single crystal Raman spectra of vanadium-doped ZrSi04 in X (Y X )Z

[b^]

polarisation at sub-liquid nitrogen temperatures. (65 K , spectral bandwidth=1.8 c m 1,
step size= 0.3 cm'1, 50 mW, 501.7 nm radiation at sample: sensitivity X (Y X )Z = 562
counts per second.
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The single crystal Raman spectra of terbium-doped ZrSi04 unpolarised and in Z(X X )Y
[bf+ a,] and Z(XZ)Y [ef] polarisations . ( 65 K, spectral bandwidth = 1.1 cm'1, step
size = 0.4 cm'1, 100 mW, 647.1 nm radiation at sample: sensitivities unpolarised =
3,300, Z(XX)Y = 2200 and Z(XZ)Y = 1,050 counts per second.
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and 171 cm'1 (weak) that were not observable in the pure host lattice. A ll these bands
were observed in the Z(X Y )X spectrum and therefore of b^ symmetry. These bands
were only observable at low temperature and the temperature dependence of the three
bands varied

the 23 cm'1 band was

observed at temperatures up to 132 K

but

weakened at temperatures above 70 K, the 54 cm'1 band was observed up to 62 K and
the 171 cm'1 band was observable up to 70 K. The nature of the 23 cm'1 band was
assigned to a low wavenumber b2 symmetry distortion of the ligand cage surrounding
the doped V^ion (a sort of distortion of which dynamic Jahn-Teller distortion is a sub
group). De Gregorio et a l.(8) suggested that this low wavenumber distortion accounts for
the interpretation of previous optical absorption and e.s.r. data(21) on this system i.e. the
ground state 2B2 mixing with the first excited state 2A X.

In this study Raman experiments at low temperature were carried out on a number of
V^-doped ZrSi04 and HfSi04 crystals, but only on one crystal of V4* doped ZrSi04 (
with the lowest V4* concentration =0.02 %), were the low wavenumber modes observed.
This could be due :1) The dopant concentration affecting the nature of the distortion. For instance
instead of a small localised distortion at low concentration one obtains a gross overall
distortion.
2) Laser heating of the sample. When the Oxford instruments bath type cryostat
is used in conjunction with liquid N2 the lowest available temperature is =65 K, at
which temperature the low wavenumber modes are seen. It was not possible to observe
the low wavenumber modes at =80 K, on the same crystal using an ordinary liquid N2
cold-finger type cryostat. Thus the temperature range over which these bands are seen
is very small. The absoiption of the laser beam is greatly affected by impurity ions such
as vanadium. Thus it is possible that localised heating caused by vanadium impurity ions
raises the temperature of the crystal above the temperature at which the bands
attributable to low wavenumber modes are observed. Like the previous study a band
is observed at 25.5 cm'1 in Z(X Y )X polarisation and is thus of

symmetry. Another

band was observed at 187.6 cm*1 this band is of b^ symmetry. Similar behaviour has
been observed in V4* doped-Al20 3 . The dopant ion V 4* occupies a site of distorted
octahedral symmetry (D^). Electronic transitions due to Jahn-Teller splitting of the
ground state are observed at 30 and 56 cm'1 in the low-temperature Raman spectrum.

Low temperature electronic bands have also been observed , in this study, for terbium
doped ZrSi04. These bands occur at 80, 134, and 306 cm'1 and are observable at =80

K. The oxidation state of terbium is unknown in this sample but previous studies on
Tb* doped materials have reported several bands between 60 and 400 cm'1 (at =85 K),
due to 7F6 intramanifold electronic transitions.

7.3.3 Raman and i.r. modes observable for V^-doned ZrSiCX and HfSiCX
as well as Ci3* doped ZrSiO,

Raman, resonance Raman and i.r. studies were carried out at room temperature on
crystals of ZrSi04 doped with differing vanadium concentrations, i.e. 0.015(5), 0.040(5)
and 0.715(5) mole %. Raman experiments were also carried out on these samples at a
variety of temperatures 65-273 K and with a variety of laser exciting lines (337.5, 363.8,
406.7, 501.7, 514.5, 520.8, 530.9 and 647.1 nm). Raman spectra were also recorded of
HfSi04 doped with vanadium and ZrSi04 doped with chromium. For all of these
samples, at temperatures between 65-273 K, bands were observed between 700 -1000
cm'1 that were not observed for the pure host material. The Raman spectra of the
vanadium-doped ZrSi04 in high, medium and low concentrations and in X (Y Y )Z,X (ZX )Y
and X(ZZ)Y polarisations are illustrated in figures 7.8, 7.9 and 7.10. The i.r. spectra of
ZrSi04 doped with high, medium and low concentrations of V4* polarised II and ± to
c, are shown in figures 7.11 and 7.12. The spectra of vanadium-doped ZrSi04 recorded
using ultra-violet excitation are shown in figure 7.13 in X (Z X )Y and X (ZZ)Y
polarisation, the spectra of vanadium-doped HfSi04 in X(ZZ)Y and X (Z X )Y polarisation
is shown

figure

7.3 and the spectra of chromium-doped ZrSi04 in X (ZZ)Y and

X(ZX )Y polarisation are shown in figure 7.14. A ll the spectra have one thing in
common, a band of high intensity observable only in the X (ZZ)Y spectrum between 917960 cm1. The wavenumbers of the observed modes are listed in tables 7.9, 7.10 and
7.11. Intensity measurements on these bands have proved difficult due to 1) The low
intensity of the bands 2) The alignment of the crystal has a large effect on Raman
intensities, therefore small changes in alignment may give misleading results 3) There
is no internal standard with which to compare the intensity. One can compare the
intensity of the band with that of a host lattice mode of the same symmetry but this
leads to two problems, firstly the dopant modes may not be of the same symmetry as
a lattice
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Table 7.9 Observed bands for vanadium doped ZrSiCL
Wavenumber/cm1

Activitv

Polarisation

Svmmetrv

Assignment

70 K

293 K
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Raman

X X ,Y Y
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Si04>Host lattice \)3
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i.r.

lie

a2u

Si04, Host lattice
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974

Raman

XX,YY,ZZ

a«

Si04, Host lattice
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953

Raman

ZZ

?

?
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—
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X X ,Y Y

7

?
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?
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7
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Table 7.10 Raman active bands observed in vanadium doped HfSiCX
W avenumber/cm'1

Polarisation
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Assignment
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XX ,Y Y

bl8

Si04 Host Lattice Da
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Si04 Host Lattice “Oj
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Table 7.11 Raman active modes in chromium doped ZrSiCL
W avenumber/(cm'*)

Polarisation

Svmmetrv

Assignment
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XX,YY,ZZ

917
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?

1)3

Si04 Host Lattice v l
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mode and secondly the dopant ion causes absorption of the laser beam thus decreasing
the intensity of the Raman scattering. Temperature measurements have also proved
difficult since the crystals are very poor conductors of heat, therefore it is quite probable
that the temperatures measured by thermocouples in the cryostats used are lower than
those in the part of the crystal which is under observation. Nevertheless most of the
bands attributable to dopant modes referred to in tables 7.6, 7.7 and 7.8 have been
observed at =80 K. Using exciting lines in the ultra-violet (363.8 and 337.5 nm) the
intensities of the ’dopant’ bands seem to increase relative to that of the lattice bands.
In particular the X(ZZ)Y polarised band at =950 cm'1 is almost twice as intense as the
974 cm'1 lattice band using 476.1 nm excitation but, when using 337.5 nm excitation on
the same crystal, the 950 cm'1 band is five times as intense as the 974 cm'1 lattice mode.
This indicates that the ’dopant’ mode is coupled to some sort of electronic transition of
the dopant ion in the ultra-violet. This could be the so called d-d transition observed at
2fj0dfcm'1 by Demiray et al(22).

7.4 Discussion
Possibilities as to the origin of the ’dopant’ bands.
1) Fluorescence. Although the ’dopant’ bands resemble fluorescence the fact that
the spectra are observable with a variety of exciting lines excludes this possibility.
Fluorescence is observed at a particular wavenumber whereas the ’dopant* bands are
observed with the same Raman wavenumber but with different absolute wavenumbers
using different exciting lines.
2) Electronic Raman bands. This is a possibility but very unlikely since
electronic Raman bands are usually only observable at low temperatures 4-80 K and are
usually much broader than the bands observed for vanadium-doped and chromium-doped
ZrSi04 and vanadium-doped HfSi04.
3) Second-order effects. The bands may occur due to second order effects such
as combination bands, overtones, or other second order features. The bands observed
do not fall in a region where they could be assigned to be a combination or multiple
or any of the observed host lattice modes. That is not to say that they may be due to
the combination of a host lattice modes that is not observed in the first order Raman
spectrum with one that is or a multiple of a host lattice mode that is not observed in
the first order Raman spectrum. This seems an unlikely assignment for all the bands
since it does not explain the X(ZZ)Y polarisation of the 950 cm'1 band, the increase in
intensity of the ’dopant’ bands with an increase in dopant concentration, and the

intensities of the bands at 80 and 273 K seem too high to be attributed to a combination
or overtone band.The bands could be due to the lowering of the symmetry of the unit
cell due to vanadium siting in a particular site. This lowering of symmetry could lead
to a change in the selection mles so that a second order mode that is not allowed in the
pure lattice becomes active in the doped material. The measurement of the ’dopant* band
at different temperatures would give an indication of the nature of the ’dopant band’ and
the intensity of the ’dopant’ bands would seem to increase with increasing temperature
indicating a second order effect. The measurement of the intensities of the ’dopant’
bands at low temperature is difficult since the alignment of the crystal in the cryostat
is not as precise as that at room temperature.

4) Vibrational Raman
i) Are the bands due to distortion of the Zr-0 or Si-0 bonds on doping of an
impurity? The Zr-0 modes are found in the external bands at low wavenumber, i.e. 202350 cm'1 , thus it seems very unlikely that bands observed between 700-960 cm'1 could
be due to distortion of the Zr-0 bonding system in ZrSi04. The Si-0 modes in the
region of the ’dopant’ bands are at 925 cm'1 which is of eg symmetry, 974 cm'1 which
is of d,%symmetry and at 1006 cm*1 which is of blg symmetry, thus it is possible that
the ’dopant’ bands arise due to distortion of the Si-0 bonds due to doping of impurities.
Thus if the vanadium sat in a Zr4* site it would draw the oxygens surrounding it closer
to itself and thus distort the bonding of the silicon ions bonded to the same oxygens
atoms. Problems with this argument are 1) That it does not explain the X(ZZ)Y
symmetry of the 950 cm'1 dopant mode 2) The intensity of the 950 cm'1 ’dopant’ band
is very high compared to that of the 974 cm*1 lattice band of the same symmetry.
Silicate bands are usually very weak due to the ionic nature of the silicon oxygen bond:
thus the intensities of the bands do not match the concentration of affected Si4*. 3) The
Si-0 bands observed at lower wavenumbers , such as the 440 cm'1 band of alg
symmetry, do not have equivalent ’dopant’ band satellites.
ii) The bands are due to vibrations of dopant ion, that is the bands arise due to
the stretches of the vanadium-oxygen bonds in ZrSi04 and HfSi04 and the chromium
oxygen bonds in ZrSi04. The intensities of the bands would be stronger for V -0
stretches rather than Si-0 stretches since V -0 bonds are more covalent and thus have
a greater change in polarisability on vibration. If these modes were due to V -0
vibrations it would indicate a bond strength in between that of a single V -0 bond and
a double V =0 bond and therefore quite a strong covalent bond. The polarisations of the
observed bands would indicate that the dopant ion occupies a site that is no longer of
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D m symmetry. The strongest ’dopant’ band in the spectrum, the X (ZZ)Y polarised band
at 953 cm'1, indicate that a short strong V -0 bond is present parallel to the c crystal
axis also indicating distortion from the original D2 symmetry.

7.5. Conclusions

All twelve of the Raman-active modes of ZrSi04 have been observed and the previous
results of Syme et al.(3) have been confirmed. The first polarised single crystal study of
HfSi04 has been undertaken and 10 of the 12 Raman active bands have been observed
and assigned by analogy with the assignments for ZrSi04. The first single crystal
vibrational analysis has been carried out on ZrGe04. The polarisations of the observed
modes have been analysed and assigned according to their symmetry. It has been found
that the assignment of the observed modes on the basis of their polarisations is different
from that predicted in previous calculations^. It is important therefore to carry out
further studies on pure single crystals of ZrGe04 in order to clarify the assignments of
the vibrational modes. In the assignment of the vibrational modes of ZrSiCVHfSiC^ an
internal/external mode approximation is made, this approximation is no longer valid for
ZrGe04 and HfGe04 crystals.

Low-wavenumber, low-temperature, bands were observed in V4* and terbium-doped
ZrSi04. These bands were assigned to electronic transitions, due to dynamic Jahn-Teller
type splitting in the V4* sample and intramanifold transitions in the terbium-doped
sample, bands of this sort were not found in V4* doped HfSi04 crystals at 65 K, and it
was thought that lower temperatures were needed (the e.s.r. spectrum of V4* is only
observable at ~6 K).

’Dopant’ bands were observed for V^-doped ZrSi04 (between 700-950 cm 1), for V4+doped HfSi04 (900-950 cm'1), for V^-doped ZrGe04 (650 cm1 (e,), 650 cm '^ej and for
Cr^-doped ZrSi04 (917 cm'1). The origin of these bands is uncertain but there existence
(or intensity ) is due to the presence of the dopant ion. Proposed assignments:1) Second-order effects. The presence or vanadium of chromium in the unit could
affect the symmetry of the unit cell in such a way as to change the selection rules. This
change could enable a previously inactive second-order mode to become allowed.
2) Dopant-ion occupation of the Zr4* site should affect the Si-0 or Ge-0
bonding, since the silicon ion would be coordinated to the vanadium ion through the
oxygen. It is possible that the vanadium oxygen bonding could affect the silicon oxygen

bonding in such a way that the Si-0 bond lengths are altered and the symmetry of the
Si04 tetrahedron is changed. Thus new bands would appear in the Si-0 stretching area
of the spectrum (900-1020 cm*1).
3) Vibrational modes of the dopant ion itself. If this is the case it indicates:i) Severe distortion of the lattice site on doping
ii) The dopant ion does not retain the symmetry of the lattice site.
iii) A considerable degree of vanadium oxygen covalent bonding
iv) A different doping environment for V4* in ZrSi04 and ZrGe04, since
the main dopant mode shifts from 650 cm*1 in ZrGe04 to 950 cm*1 in ZrSi04.

It is clear that further work is required to confirm whether the observed dopant modes
are first or second order by recording spectra using increasing laser power. Since if the
’dopant mode’ is second order the intensities of the ’dopant’ bands should increase more
rapidly with increasing laser power than the host lattice modes.
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Chanter 8. Conclusions

8.1. Introduction

In this work it was hoped that one would obtain information on the physical properties
of the important ceramic pigments vanadium and praseodymium doped ZrSi04. In
particular it was important to determine :-

1) The lattice site the dopant occupies
2) The mechanism by which the dopant enters the host material
3) The effect of the host material on the dopant ion
4) The effect of the dopant ion on the host material

A range of host materials were chosen , ZrSi04, HfSi04, ZrGe04, and HfGe04, so that
one could compare the effects of altering the dopant ion sites (i.e.on going from
to a

Hf4*

a Zr4*

site or going from a Si4* to a Ge4* site.) Vanadiumistheionstudied most

since :-

1) It is the most important ceramic pigment in this system.
2) More is known about the synthetic and electronic nature of vanadium-doped
materials
3) It interesting to study V4* in an oxide system instead of VO2* which usually
occurs.

Other studies were carried out on Cr5*-, Pr4*- and terbium-doped systems, but these
studies are not as extensive.

8.2 Synthesis

8.2.1 Synthesis of powders

The temperatures at which the host materials were formed, with the aid of alkali halide
type mineralisers, and the colours of the pigments are displayed in table 8.1. The easiest
host material to form was ZrGe04 followed by HfGe04 * ZrSi04 and then H fSi04. It
was found that the hafnium-based materials formed at =100 °C higher than the
zirconium-based ones or not at all. Of the dopants V 4* acted as a catalyst

to host
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material formation, lowering the pigment formation temperature (compared to that for
the pure host material) by =50 °C. Chromium dopant ions did not seem to affect the
synthesis temperature of the host materials whereas praseodymium and terbium acted as
inhibitors to pigment formation. Praseodymium and terbium in some cases prevented host
material synthesis and the pigments were only formed at temperatures exceeding those
appropriate to the pure host material by over 100 °C. It was found that the mechanism
derived by Trojan (1,2) to describe the effects of alkali halide mineralisers on ZrSi04
formation fitted the observed results.

Table 8.1 Synthesis temperatures and observed colours for pure and doped
ZrSiCX HfSiCX.ZrGeCX, and HfGeCX

ZrSi04

HfSi04

ZrGe04

HfGe04

Pure Host Material
Synthesis temperature

1050 °C

1050°C

1100 °C

Colour

White

White

White

V4* doped
Synthesis temperature

950-1050 °C

1050-1100 °C 950 °C

Colour

Blue

Blue

Pink

1100 °C
Pink

C t* doped
Synthesis temperature

>1050 °C

Colour

Green

Synthesis temperature
Colour

1050 °C

1050 °C

—

Beige

Beige

1100 °C

1100 °C

1100 °C

1100 °C

Yellow

Yellow

Orange

Orange

Pr4* doped

Tb4* doped
Synthesis temperature

1100 °C

Colour

orange

—
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The mechanism for ZrSi04 formation always followed three major steps:-

SiO ^

+

NaX(1) =

NajSiO^j)

+

Na2SiO3(0

+

ZrO^,) =

ZrSiO ^

+ Na20 (1)

822

=

ZrSiO^,)

+

823

S iX ^

+ ZrO^,) +

S iX ^

8.21

NaX = NaCl or NaF

That is, the alkali halides act as an interface between the highly unreactive and immobile
Z r02 and Si02. The effect of V4* in lowering the reaction temperature of pigment
formation is proposed as being due to the reaction between V 20 5 and Z r0 2. Vanadium
pentoxide is a good solvent for Zr02 and therefore increases its reactivity at lower
temperatures. Other effective Zr02 solvents such as M o03 and W 0 3 have similar
mineralising effects on ZrSi04 formation but do not dope into the host material.

The inhibiting effects of Pr6On and Tb40 7 ,on the formation temperatures of the host
materials, is proposed as being due to:1) The reaction of the rare-earth oxides with the alkali halides to form unreactive
rare-earth halides, thus reducing their mineralising ability.
2) The reducing effect of Pr3* and Tb3* , since these ions have to be oxidised to
enter the lattice sites.
These problems are overcome by using silicate-based mineralisers and oxidising agents
such as NH4N 0 3.

The unit-cell parameters of ZrSi04 can be increased by using V 0 S 0 4 as a source of
vanadium instead of V20 5. This is thought to be due S2" exchange for O2' , since S2"
(0.184 A) has a larger ionic radius than O2" (0.140 A) one would expect an increase in
lattice parameters. At temperatures above 950 °C the S2" starts to diffuse out of ZrSi04
and the lattice parameters reduce in size. The replacement of V 20 5 seems to have a
beneficial effect on pigment formation, i.e. the synthesis temperature was lowered and
there was a greater extent of ZrSi04 synthesis with V 0 S 0 4 than found with V 20 5.

Experiments were carried out to study the reaction of the starting materials Z r0 2 and
S i02 with V 20 5 /NaF/NaCl mixtures, in order to obtain insight into the doping
mechanisms involved. It was found that there was no reaction between S i02 and V 20 5

instead the V 4* reacted exclusively with Z r02 and levels of up to 2.0 mole % vanadium
were present in Z r02 at a reaction temperature of around 950 °C. This suggests that
vanadium enters Z r02 before ZrSi04 is formed. Two possible doping mechanisms are
suggested:(x)Zr02(s)

+

W 20 4(])

=

Zri^ViO^.)

+

ZrO ^ 8.24

Vanadium occupies a Zr4* substitutional site in Z r02
iO^,)

+

(x)Si02(i)

=

Zr1.xV 1Six0 4x(i)

8.25

Vanadium occupies a Zr4* substitutional site in ZrSi04

(x)Zr02(i)

+

^V 20 4(1)

=

Zr*V 10 2x+2(*)

8.26

Vanadium occupies an interstitial site in Z r0 2
+

(x-l)Si02(f)

=

ZrxSix.1V i0 4x(i)

Vanadium occupies a Si4* substitutional site in ZrSi04

The first two reactions suggest how vanadium could be incorporated into a Zr4* site in
ZrSi04 by substimting into a Zr4* site in Z r0 2 and the second two reactions suggest how
vanadium could be incorporated into a Si4* site in ZrSi04 by occupying an interstitial
site in Z r02. The likelihood of either reaction depends on
1) The difference in stability of the two sites.
2) The reaction temperature
3) The effect of the monoclinic-tetragonal phase transition on the structure of the
lattice sites.

8.2.2 Crystals

A flux system was developed in order to grow doped crystals of ZrSi04, H fSi04,
ZrGe04 and HfGe04. The crystals grown are listed below:-

ZrSi04:doped with V4* :0.71, 0.05 and 0.71 mole % dopant concentration : Blue
HfSi04 doped with V4* : 0.15 mole % dopant: Blue
ZrGe04 doped with V4 : 0.02, 0.71 and >0.71 mole % dopant: Pink to Purple
HfGe04 doped with V4* : <0.02 mole % dopant : Pink
ZrSi04 doped with Cr3* : <0.02 mole % dopant : Pink
ZrGe04 doped with Tb4* : 0.65 mole % dopant : Pink

The system was developed from previous flux concepts derived by Wanklyn et al.(3,4,5).

180
The system was made up of four components an acidic oxide (M o03,V20 5), a basic
oxide (Na2C 0 3), a refractory oxide (Zr02 or HfOj) and an acidic refractory oxide (S i02
or GeO^. A solvation theory is proposed in which the refractory oxide is dissolved by
the acidic oxide and the acidic refractory oxide is dissolved by the basic oxide. Thus
by varying the acid:base ratio one can control the solubilities of the host material
components and thus control crystal growth. This theory also fits in with previous
powder experiments, where only the Zr02 ( not the SiO^ was attacked by V 20 5, M o03
and W 0 3 (acidic oxides). The system was developed from problems incurred trying to
grow crystals of ZrGe04. It was discovered that the difference between the solubilities
of Z r0 2 and Ge02 was preventing crystallisation, due to the unequal precipitation of
these two components.

Using this flux system it was possible to develop fluxes in which crystals of ZrSi04,
HfSi04, ZrGe04, and HfGe04 were grown with a variety of dopant ions and in which
the concentration of dopant ions could be controlled.

8.3. Which site/s do the dopant ions enter ?

8.3.1 Computer simulation of vanadium-doped ZrSiO„ and ZrO,

The lattice energies of Zr02,V 0 2 and ZrSi04, the defect energies of creating Zr4* and Si4*vacancies in ZrSi04 and Zr4* vacancies in Zr02 and the defect energies of substituting
vanadium into Zi4* and Si4* sites in ZrSi04 and Zr4* sites in Zr02 were calculated using
potential models. It was found that the vacancy energies for both Zr4* and Si4* in ZrSi04,
85 and 105 eV respectively, were very high. Thus it is unlikely that vanadium can
substitute into ZrSi04 once the host material has formed. This is backed by negative
experimental evidence in that no vanadium-doped pigment has been formed by reaction
of vanadium salts with ZrSi04. The calculated substitution energies of doping V4* into
Zr4* and Si4* sites in ZrSi04 and into Zr4* sites in Z r02 are 2.02 eV, 0.79 eV, and -1.51
eV respectively. The degree of lattice distortion incurred on doping is greatest for
vanadium in the Si4* site in ZrSi04. It is therefore suggested that vanadium doping into
both sites is plausible but that vanadium doping into the Zr4* site in ZrSi04 is the more
favourable.
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8.3.2 Evidence from electron probe, single crystal X-rav and electronic spectroscopy
experiments.

8.3.2.1 Vanadium-doped ZrSiO^ and HfSiO^

Evidence from electron microprobe analysis indicates that V4* occupies the Si4* site as
well as possibly the Zr4* site. Evidence from single crystal X-ray diffraction experiments
indicates that V4* occupies the Zr4* site as well as possibly the Si4* site. Observations
on the ionic radii of Zr4* (eightfold coordination), ^(fourfold ), V4* (eightfold) and Si4*
(fourfold)(6,7), suggest that the ionic radius of V4* is midway between Zr4* and Si4*. Thus
it is suggested that V 4* substitutes into both Zr4* and Si4* sites in ZrSi04 , which
confirms an earlier assignment (8) of the electronic structure of V4* in ZrSi04 and in
ThSi04 based upon substitution of V4* into both sites. This in turn suggests that both
doping mechanisms 8.2.4 and 8.2.6 could act simultaneously, that is, V4* enters both
interstitial and substitutional sites in Zr02.

8.3.2.2. Vanadium-doped ZrGeCX. and HfGeO„

Evidence from electron microprobe measurements indicates that V4* occupies the Ge4*
site only in ZrGe04. Evidence from single crystal X-ray diffraction experiments indicates
that V4* occupies only the Ge4* site in ZrGe04. This fits in with comparisons of the
ionic radii between the dopant ions and the substituted ions, i.e. the ionic radius of
Zr4* is 0.89 A (eightfold), the ionic radius of V 4* is 0.72 A (eightfold), the ionic radius
of V4* is 0.43 A (fourfold) and the ionic radius of V4* is 0.39 A (fourfold)(6,7). Therefore
the ionic radius of V4* in fourfold coordination is very similar to that of Ge4* in fourfold
coordination and thus substitution of vanadium into the Ge4* site is more favourable
than substitution into the Zr4* site.

8.3.2.3 Rare-earth ions doped into the host materials

Many measurements have been determined on rare-earth ions doped into ZrSi04-type
materials (see chapter 6). The bulk of the experiments are e.s.r. and optical absorption
measurements which have been analysed on the basis of dopant ion substitution onto a
Zr4* or Hf4* site. There have been no previous experiments to determine which site the
dopant ion occupies, presumably because of the difficulty in obtaining samples with high
enough dopant concentration for analysis. Using the flux system described earlier, (see
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chapter 3), it has been possible to grow crystals of ZrGe04 doped with 0.65 mole %
terbium. The analysis of electron microprobe and single crystal x-ray diffraction
experiments on these crystals has confirmed the previous assumptions that terbium can
occupy the Zr4* site.

8.3.3 Further Experiments

Although thorough examinations have been carried out on vanadium-doped ZrSi04 and
ZrGe04, it would be valuable and interesting to examine single crystals of vanadium
doped Z r02 and Ge02. It is important to understand how vanadium enters the starting
material and which lattice site it occupies (whether substitution or interstitial). From
these measurements it may be possible to determine a doping mechanism for vanadium
in ZrSi04 and ZrGe04. Information of this type can be obtained from X-ray analysis of
vanadium-doped crystals. One problem that will be encountered in the analysis of
vanadium-doped monoclinic crystals of Zr02 is the degree of twinning.

8.4. The electronic structure of V4* doped into ZrSiO„. HfSiCh. ZrGeCX and HfGeQ,

The electronic structure of V4* doped ZrSi04 and HfSi04 is described in chapter 7.
Previous assignments of the e.s.r. and electronic absorption spectra of V 4* doped into
ZrSi04 and HfSi04 have been problematical and both Zr4* (H f*)(9) and Si4* 105 sites have
been separately suggested as the substitutional site for V4* on the basis of crystal field
splitting. A later theoretical study by Xiayo et al. (8) suggested that vanadium occupies
both Zr4* and Si4* sites in ZrSi04 simultaneously and that the observed spectra were due
to the superposition of the two spectra of the dopant ion in both sites on one another.
The results of the electron probe and single crystal X-ray diffraction studies on
vanadium-doped ZrSi04 confirm Xiayo’s analysis. The first electronic transition (groundstate to first excited state) for V^-doped ZrSi04 is split at low temperature (6 K) into
three bands at 6,188, 6,350 and 6,730 cm'1. De Gregorio(1Q) suggested that this was due
to a dynamical distortion of the V4* ligand environment, later confirmed by Lyons et
al.(11). A band at 25 cm'1, of B2g, symmetry was observed by Lyons et al.(11), in the low
temperature Raman spectrum of vanadium-doped ZrSi04, and assigned as the vibrational
mode responsible for this splitting. In this study the same band was observed in crystals
of low dopant concentration, similar studies were carried out on ZrSi04 doped with
higher concentrations of vanadium and on vanadium-doped HfSi04 but no lowwavenumber low-temperature modes were observed.
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The e.s.r. spectra of vanadium-doped ZrGe04 and HfGe04 have been recorded and the
presence of vanadium as V4* has been confirmed. The spectra of V4* in both materials
are observable at room temperature indicating quite different ligand environments from
that of V4* in ZrSi04, HfSi04, ThGe04, Z r0 2 and Si02. The observation of V 4* e.s.r.
spectra at room temperature indicates a V 0 2+ (oxovanadium(TV)) rather than a V4* ion
but the anisotropy of the g and A parameters indicates that the dopant ion is V4* and
that the energy gap between the ground and first excited state, in ZrGe04 and HfGe04,
is too large to accommodate the relaxation processes responsible for the e.s.r. spectra of
V4* ions usually being only observed at low temperature.

Again it is important to study the starting materials and e.s.r. and electronic absorption
measurements on vanadium-doped Z r02, S i02 and Ge02 would provide an important
basis for the analysis of the electronic structure of vanadium-doped ZrSi04, H fSi04,
ZrGe04 and HfGe04. If the electronic structure of vanadium in the starting materials was
understood one could go on to understand the changes in the electronic structure of the
dopant on material formation and one may be able to determine the vanadium
concentration in the Zr4* and Si4* sites individually. It would also be of value to observe
the polarised electronic absorption spectra of vanadium-doped ZrGe04 and HfGe04
crystals, since from these measurements it would be possible the crystal field splitting.
One other experiment would be to measure the e.s.r. spectra of single crystals of V4*
doped ZrGe04 with increasing concentrations of V4* in order to determine whether
dopant concentration has any effect on electronic structure.

8.5 The vibrational structure of vanadium-doped ZrSiQ,. HfSiCX. and ZrGeO„

In chapter 7 the vibrational structure of pure and doped single crystal of ZrSi04, HfSi04
and ZrGe04 is described. Of the twelve predicted Raman-active vibrational modes of
pure ZrSi04 twelve give rise to observed bands, of the twelve predicted Raman-active
modes of pure HfSi04 ten give rise to observed bands and out of the thirteen predicted
Raman-active modes of pure ZrGe04 twelve give rise to observed bands. A series of
bands are observed in the Raman and i.r. spectra of vanadium-doped ZrSi04, H fSi04 and
ZrGe04 that are not observed in the pure host material and the intensities of these bands
increase with dopant concentration. These bands are polarised and are observed between
650 and 950 cm1 at temperatures between 80-293 K. The spectra of vanadium-doped
ZrSi04 and HfSi04 reveal a band of high intensity that is polarised X (ZZ)Y only, a

polarisation that is not allowed in the first-order for the lattice ions. The Raman and
i.r. spectra of vanadium-doped ZrGe04 reveal a mode at 650 cm'1 polarised Z(XZ)Y ,
[eg], in the Raman spectrum and polarised xc, [e j, in the i.r. spectrum. In chapter 7
three possible causes of these bands are observed
1) Vibration of V4* on its lattice site
2) Changes in the vibrational spectrum of Si4* due to vanadium doping
3) Second-order effects brought about from a change in lattice symmetry due to
vanadium doping.
It is clear that vanadium affects the vibrational structure of the host material and that
some sort of distortion of the lattice sites occurs. It is important that a theoretical study
of the observed spectra should be undertaken to interpret the origin of the observed
bands.
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