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ABSTRACT

The work described in this thesis is the original work of the author
except where full acknowledgment has been made,.

The significant parameters in determining the conditions for the
growth from solution of optical quality, large single crystals of lead
tantalate have been measured. Single crystals have been prepared which were
suitable for electro-optic measurements. A model for the growth of iead

tantalate crystals from solution is proposad. The half wave voltage for

several orientations of the crystal has been measured.

The structural and dielectric properties of a new series of
tungsten bronze oxides based on the composition PBGTiZNbSOSO have been

determined and the ferroelectric behaviour of the lead rich compounds has

been established,
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CHAPTER T

1. INTRODUCTION

1.1 The Need for Electro-Optic Materials

The radio, television and telephone links betwgen two major
industrial cities in this country require a bandwidth of 200 MHz to
transmit the volume of information. This volume is growing exponentially
each year and communication systems with very large banéwidths will be
nee&ed. A communications system employing an optical frequency carrier
wave could possess bandwidth in the 'KMHz region which could accommodate
the growth in the volume of information to be transmitted for the forese—~
eable future.

Such a system is dependent upon the achievement of efficient
means of modulation. -Modulators ﬁsing the linear electro~optic effect
have been proposed. The linear electro-optic effect was first discovered
By F. Pockels (1893) and‘in this effect a change in the refractive index
of a crystal is achieved by the application of an electric field.
Although a number of materials have been discovered which exhibit this
effect, only a very few have been found to possess a sufficiently strong
effect to be of practical importance.

There is a further difficulty as the ﬁaterials rust be
available as large single crystals of optical quality. It has been found
that many of the materials exhibit a large effect but are not readily
prepared as single crystals. Comnsequently, a better understanding of the
conditions necessary for the controlled growth of good quality single
crystalg is required.

There are potential applications. for crystals exhibiting a
large electro-optic effect in other fields in addition to communications;

in high speed optical digital deflectors; in memories and in optical



display systems. All these potential uses can only be realised when
materials possessing large electro-optic coefficients can be easily

prepared as optical quality single crystals,

1.2 The Uses of Electro-Optic Materials

The two most important potential applications are as modulators
in an optical communication system and as polarisation switches in an
optical digital syétem. In a modulator configuration, é coherent light
beam which is polarised at 45° to the principal axes of the crystal, is
propagated through the crystal. The light beam is divided into two equal
components plane polarised at right angies, An electric field applied to
the crystal changes the refractive iﬁdices of the crystal, usually by
differing amounts in the two directions of polarisation. Hence, there is
‘a phase difference befﬁeén the two components which is dependent on the
applied electric field. The electric field can be applied parallel to the
light beam (longitudinalleffect) or at right angles to it (transverse
effect). By suitable choice of the apalyser orientationAand the crystal's
natural birefringence either phase modulation or'amplitude modulatioﬁ can
be achieved.

In an optical digital light deflector a series of crystals is
arr;;ged with an electro-optic crystalAalternating with a strongly
birefringent crystal. As for a modulator, a beam is propagated through
‘the crystal as two components which are given a relative phase difference
by the field. In general, an eliptically polarised light beam is produced.
However, at one value of the field, the half wave voltage, a phase
difference of 7 radians is obtained and a plane polarised beam is produced.
If the nafural birefringence of the crystal is used, so that with no field
applied there is a phase difference of 2w radians, then again a plane

polarised beam is obtained. The two resultant plane polarised waves for

2.



phase differences of w and 27 radians are polarised at right angles. Thus,
applying the field to the crystal rotates the plane of polaiisation by 90°.
The birefringent crystal is orientated so that one polarisation is trans-
mitted withouﬁ deflection and the other is deflected. Hence, for each
unit in the series there arc two possible positions for the beam which may

be switched by a voltage. This is the basis for a high speed optical

computer write-in system.

1.3 Other Non-Linear Optical Phenomena

The linear electro-optic effect is one of a number of nonflinear
optical phenomena which are of téchnological significance. The most
‘important are second harmonic generation (S.H.G.) and parametric oscil-
lation. In S.H.G. a fuﬁdamental wave of frequency & is transmitted
through a non-linear crystal and secoﬁdary components of frequen;yéb and
: LJO, are generated. Furthermore,'if two waves of frequgncy 601 andCQé are
propagated through the crystals, then components of frequenciesw1 +£02
andédé —001 are generated. Tﬁis'is of practical importagce because ifldl
is an infra red frequency andCQZ an ultra violet frequency, thenw2 —(01
will be a visible frequency. Therefore, conversion from infra red to the
visible is possible.

In parametric oscillation two waves of differihg frequencies are
propagated through the crystal. @ptical energy can be transmitted from one
to the other and the crystal then acts as a light amplifier.

In general a crystal whicﬁ exhibits one non—linear plienomenon
will also exhibit two others, but with differing efficiencies. Thus, when
a ney material is developed, even if it is poor in respect of one phenome-
non, i1t may be important with respect to another, consequently, it is

worthwhile to investigate all the non—-linear properties of the material.



1.4 Linear Electro-optic Materials Currently Under Investigatiocn

Only crystals with non—centrosymetric structure exhibit the
linear electro-optic effect (4;5). Within this constraint a very wide
range of materials has been investigated. These may be broadly classified

into five categories:

(1) AB type semiconductors

(2) hHZP 4 and its isomorphs

(3) Organic materials

(4) Oxygen-Octzhedra ferroelectrics
(5) Miscgllaneoué materials.

Table 1.1 lists the properties of typical céﬁpounds of each
-category. The oxygen-octahedra ferroelectrics have been the subject of the
most intense investigation in recent years. They can be classified ipto
three structure types;reach made up of BOn—6 octahedral units., The three

are (1) perovskilé type -structure; e.g. BaTiOB, (2) pseudo—ilmenite-type

structure; e.g. L;NbO (3) tungsten bronze structure e. g. Sr0 5 O 5Nb206.

39
The tungsten bronze structure materials have been shown to have the highest
electro-optic coefficients and the lowest half wave voltages of any of ther
groups. This has been ascribed by Wemple (1969) to the fact that these
materials have the closest packing of BO6 octahgdra. The two best
materials that have been so far developed are'barium'sodium niobate,
Ba,NaNb_ 0, . and strontium barium niobate Ba(l_x)Sr( )Nb206

1.5 The Seiection of New Materials for Investigation

In addition to the requirement that the crystal should belong to
a non—-centrosymmetric class, the following criteria define a good electro-~

optic material.

(1) Low absorption at the relevant frequencies
(2) Large electro-optic coefficients and high refractive
indices.



(3 Resistance to cptical damage.

(4) Easily‘grown as large single crystals.

(5) Resistance to atmospheric attack and possessing

long term thermical stability.

(6) Low dieiectric constént and dielectric losses.

There criteria are obvious except for (3) but are not consistent
with one another. Optical damage occurs when the crystalhis irradiated in
an electric field. The radiation excites electrons frém the valence band;
due to the internal electric field the electrons migrate through the
crystal, in the beam area, and fall into deep traps. The electrons
accumulate locally, producing a charge field which produces its own
refractive index change which in tu£n scatters light out of the crystal.

Although it is not possible to predict whetherra new material
will satisfy all or any of these‘criteria until large single crystals are
grown, there are some grounds for chosing new materials. Miller's rule
(Miller, 1964) states tﬁe electro-optic coefficient is proportional to the
linear dielectricvsusceptibiiity. Thus a material possessing tungsten
bronze structure and having a large dielectric constant should prove to be
a good electro-optic material. One such material is lead metatantaiate,
PbTa206, which is a tungsten bronze ferroelectric with'a\dielectric
constant of about 800 (Francombe 1958). No measurement of its electro-

.;ptic properties has been reported:,

It is known that stoth®metric tungsten bronzes are not opticallyt
&amaged by lasers. While a number of different tungsten bronze composi—
tions have been investigated, very little attention has been givén to
tungsten bronzes of the type (A12+)2 (A22+)4 (B14+)2 (B25+)8 O30= which is

the required composition for’ a fully-filled tungsten bronze structure.

Thus, it might be expected that the composition Pb6Tisz8030 is a tungsten

bronze ferroelectric. A study of its dielectric properties in cerdmic



form would indicate if further investigation of its growth as single
crystals and subsequent measurcment of electro-optic coefficient is

desirable.

1.6 Crystal Growth of Electro-Optic Materials

On this topic the following quotation from Bergman (1970) is
instructive. "The number of materials of any kind which can be grown as
large single crystals is very limited indeed. It is, thérefore, not
surprising that the major bottleneck is not in finding materials to grow
but in finding satisfactory ways of growing them.'" By far the most commonly
used method of preparing crystals for electro~optic purposes has been the
Czochralski technique. Virtually all the tungsten bronze ferroelectrics
have been prepared in this manner. The review of recent electro-optic mate-—
rials by Spencer (19675 mentions no other growth technique. While the

~ technique has been successful for some materials, it limits the typés of
material that can be grown. TFor example, lead is a highly polarised ion
and should have a beneficial effect when incorporated into the tungsten
bronze structure. However, lead oxide is volatile at high temperatures
@1OOOOC) and the Czochralski technique cannot be used. Similarly, non-
congruently melting materials cannot be prepared by this technique. The

solution ‘

high temperature/technique (fluxed melt technique) must therefore be used
for such materials; this has been employed with some success in.the
preparation of many materials for research purposes and has the advantage
that small but good quality crystals are obtainable. It has been applied to the

growth of potassium' tantalum niobate (KTN) from scolution in potassium

carbonate by Whipps (1970).

1.7 The High Temperature Solution Technique

High temperature solution techniques and aqueous scolution tech-



nique are both examples of the same basic principle, that is the addition

of a solvent component which lowers the melting point of the pure component
to a temperature at which it may be prepared as a single crystal. However,
as the soivent is a molten oxide or salt, the solution process must take
place at high temperatures (>SOOCC) as the solvents are liquids only at these
temperatures. The technlque has proved remarkably succesgful in the

preparation of refractory oxides which are extremely insoluble in room

_temperature solvents. (White I, 1965). Lead tantalate can only be prepared

~

by this technique (1.13). The high temperature solution technique has
limitations due to the problems in maintaining the solution at ccastant
temperature and due.to the highly corrosive nature of the solvents which can
be contained only iﬁ crucibles of platinum or irridium. TFurthermore, very
little is known of the chemical or physical behaviour of these sclutions,

and by their very nature they make difficult measuremént of their properties.
However, Elwell (1967, 1968) has: shown where an investigation of the
solution's properties is made, a very substantial improvement can be
achieved in the size and.qualitf of the crystals grown. The conditions for
the growth of large single crystals is discussed iﬁ Chapter 2. However, most
crystals that have been grown from high temperature solptions have been
obtained without any investigation of the soiute solvent system. This is

a fact deplored by reviewers of the SUBject (White I, 1965,.Roy (1968)) who
point out the great value of a syétematic study of the properties of the

solution.

1.8 The Scope of the Research

In order to grow large single crystals of lead tantalate, it 1is
necessary to find a suitable solvent (criteria of suitable solvents, 2.2).
For this reason the solubility of lead tantalate in a number of solvents

has been measured. Of these the solvent, lead vanadate Pb2V207 was most



suitable and further measurements were made on the properties of this solute-
solvent system, Experiments to grow single crystals by slowly cooling the
solution and by the temperature gradient transport technique, (White, I,
1965) have beecn performed. A model for the growth of lead tantalate from
solution was derived from the experimental evidence. Thg dielectric and
électro-optic properties of the lead tantalate crystals were miasured.

The dielectric and structural properties of the system Pb6Ti2Nb8
O30 have been measured for a varying Ti:Nb ratio. Lantﬂanum oxide was

added to provide charge compensation. Experimental attempts to grow single

v

crystals are described.

LITERATURE SURVEY

1.9 The Linear Electro-Optic Effect

The linear electro-optic effect was first méasured by F. Pockels
(1893, 1906 ) in crystals of quartz, tourmaline, potassium chloraﬁe and
Rochelle salt. Zwicker and Schirrer (1943 and 1944) reported the d.c.
electro-optic coefficients of éotassium dihydrogen phosphate and potassium
dideuterium pﬁOSphate.. The effect in these later materials was sufficiently
large for their use in practical applicatibns, and tﬁgir discovery, with
the advent of the laser, stimulated the investigation of the variety of .
maﬁerials whose properties are now known. ’

. Nye (1960) derived the dependgnce of the eleEtro-optic coefficient
<iijk on the symmetry of the crysfal. He further demonstrated that the
change in refractive index of the crystal with electric field was due to
‘the depend@nce of the dielectric polarisation orn higher orders of the
electric field. Most theoretical mode}s advenced since that time have
tried to derive a mechanism for this dependence.

In a phenomenological model for second harmonic geﬁeration

Miller (1964) assumed that the free energy of the S.H.G. was depend®nt

upon the amplitude of the polarisation waves of the secondary radiation.

8.



In this way he derived a relation:

2 201 PV IN Y
i 5k O Xii X35 Y Sk

where di'k is the cocfficient of second harmonic generation,

26 . s et g .
ii “etc. are the linear susceptibilities at the appropriate

frequencies.

§ is a constant and was found by Mille: to have a similar value

ijk

for a wide range of materials.

t

Miller then used Kleinman's relation (Kleinman (1962)) that

r = - [”T
ik T i ik
nij

to show the dependgnce of r.: on £hé linear optical susceptibilities at

the appropriate frequencies.

' ' ' The cléssical model of a dielecfric material due to Huang was

. - extended By Kelly (1966) to give a non—lineér polarisation. Huang's model
needed oﬁly dipole interactions f9r the calculation of the susceptibility

;o - dge to the lattice ions. Kelly extended the treatment to include the

i quadrupole interactions and hence obtained a polarisation dependent 6ﬁ the

- " electric field. The electronic cont;ibution was calculated using the

Y linear susceptibility and Lorentz type local effcctive field value, which -

' \ : St with

included the applied field. Experiment results/agreedftheir theory to an

accuracy of within a few per cent. | .
Kurtz and Robinson>(l967) used the anharmonic oscillator model

first derived by Bloembérgen (1965) to derive an expression for the electro-

optic éoefficient. In this model, each bonding electron is’thought to

oscillate with an ultraviolet frequency in a symmetticél potential well to

which a small anharmonic term is added. The characteristic frequency of

the electron describes the refractive index in the visible region, and the

anharmonicity gives rise to a non—linear polarisation. Kurtz and Robinson



then used this and the Kleinman relation to deduce the electro-optic
constant. They further extended their treatment to include ferroclectric
materials and concluded that the linear elcctro-optic coefficient depended
directly upon the spontaneous polarisation. Garret (1968) has shown that
the anharmonic oscillator model provides a valid descriptign for a number
of non-linear phenomena. Kurtz and Robinson's treatment is most valid for
ionic erystals and Kelley's treatment for covalently bonded crystals.
There are two distinct mechanisms by which the applied electric
field changes the refractive index of the crystal. The first is the
interaction between the field and the lattice vibrational modes, which in
turn through the lattice to bonding electron interaction changes the
polarisability at optical frequencies and hence gives a refractive index
change. The second mechanism is the direct intéraction of the applied
electric field with the>bonding electrons. Kaminow (1967) has shown that
'hin lithium niobate and lithium tantalate the lattice contributes 90% and
the electrons 10%Z. of the éffect.
The contribution of the ion of a given element to the effect has

not been studied in detail. Emmenegger et al. (1968) have studied double

sulphates of the Langbeinite structure, having the general formula MZIMZII(804

They concluded that the metallic ions contributed very little, the chief
contribution ﬁeing made by the acentric sulphate group. The exception was
for the material (NH4)2 an (804)3 in which the acentric ammonium‘group
acted in an opposite sense to the sulphate group and a relatively small

electro-optic effect was observed.

1.10 Linear Electro-Optic Materials

Tables of electro-optic coefficients can be found in the American

Institute of Physics Handbook of Physics and Chemistry and in Physical

Chemical Tables (1962). Further reviews have been published by Kaminow (1966),

1o,
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Spenéer et al. (1967). The properties of oxygen octahedron ferroslectrics
has been summarised by Wemple (1969).

Table 1.1 gives a list of typical electro-optic materials as
classified in section 1.4. The largest coefficient and the half wave
voltage is given where the data has been published. A large electro-optic
coefficient does not necessarily mean a small half wave voltage as this is

a function of difference between coefficients.

1.11 The Tungsteu Bronze Oxides

A review of tbe chemistry of the tungsten bronze oxides is given
'by A. D, Wadsley (1960).- The structure is made up of oxygen octahedra
arranged in rings to form five, four“and three sided tunnels as shown in
the unit cell, fig. 1.1. The pentavalent ions are located near the centre
of the octzahedra, the‘rnonovalent or divalent lons are located in the-
tunnel sites. Fig. 1.1 shows the tetragonal form; orthothmbic and
' hexagonal unit cells are‘also found. fhe general formula for the tungsten
bronze structure is (Al)2 (A2)4 (C)4 (Bl)2 (BZ)8 030. A detailed structural
analysis of the material Bao.27SrO.75Nb205.78 has been performed by
Jamieson (1968) who also reviewed the structure of tungsten bronze
ferroelectrics. A wide range of properties is found in the bronzes,
depending on the degree of stoichiometry and on the iomns present in the
structufe. When all the A and B sites are filled the materials are
ferroelectric. Of particular interest for electro-—optic applications are
materials in which ‘A is lead, barium, strontium, potassium, sodium or
lithium and B is titanium, niobium or tantalum. Rubin et al. (1967)
prepared and‘determined the electro-optic properties of a number of niobate
materials containing various combinations of the divalent and monovalent

ions. Little work has been published on the properties of the tungsten

bronze type (A)2+6 (Bl)lﬁ2 (B2)5+8 030. The structure of BaéTiZNb6030

11.






Electro—optic Half Wave
Material Coefificient Voltage Refercnces
( 10%cm/V) in Velts
AB Semiconductors
Cds Teq = 1.2 : Kaminow (1966)
CuC- Y T 2.0 - = do -
GaP LT T 0.35 - do -
ZnS Tu1 = 0.60 ~ do -
KCP and isomorphs
KHZPO4 Teg = 32 7500 - do -
(NHA)HZPOA . r61 = 25 9600 = do -
KHZASOA Leq = 39 6200 | - do -
Organic compounds ‘
Rochelle salt r&l = 6.0 . American Institute of
Tourmaline STy, = 0.1 Physics Handbook
C(CH20H)4 r52 = 0.5
"BOG Oxygen Octahedra
Perovskite
BaT;LO3 T,y = 8.2 Johnston (1965)
Illeminite. type
L;LNbO3 _ Tyy = 20 2800
Tungsten Bronze
Sr.75Ba.25Nb206 r33 = 10.1 37 Lenzo (1967)
BaNaNb,0, r,y = 0.3 1600 - Geusic (1967)
Kgli,Nb;Oa r , = 0.84 930 van Uitert (1976)7»)
, = ; 196
SrZI\NbZO15 riq 1.3 400 Gless (
Miscellaneous
KZMgz(SOL‘)3 T, = 0.3 Ememmengger (1968)
Bla(Geoa)3 r,p = 0.34 Spencer (1967)

Electro— Optic Coefficients and  Half- Wave

Voltages  of typical materials.

12.



has been analysed by Stephenson (1965). The X-ray evidence suggested

the material should be a ferroelectric.

1.12 Lead Tantalate PbTa296

The earliest investigations were made on ceramic discs prepared

from the two oxides.  Smolenski et al. (1954) demonstraéed that the
material was ferroelectrie with a Curie point at 260°C. TFrancombe (1958)
reported that lead tantalate was a tetragonal tungsten bronze ferroelec—
trie with a Curie temperature of 150°C. Ismailizide (1959) reported the
phase
space group as the orthorhombic Cm2m in the ferroelectric which/becomes
the tetragonal P4/mbm above the Curie po,ipt. Ismailzide (1966) confirmed
these results- with a more accufate'x—study and gave the Curie tempera-
ture as 265°C.

As described in section 1.13, Subbarao (1960) prepared single
crystals of lead tantalate. They gave the 1at£ice constants as a = 17f68,
¢ =7.7548 and b/a = 1.002. The polar axis was normal to the [OOi] axis
and the spontaneous polarisation was 10 x 10—6 coul. cmfz. They measured
the natural birefringence along the three crystallographic axes. Their
dielectric study on the single crystals indicated a Curie temperature of
265°C. Thus a Curie temperature of 265°C is independently confirmed and
may be taken to be the most accurate value.

The sub—solidus phase diagram of the PbO—Ta205 system has been
investigated by Subbarae (1961). He concluded that ferroelectric lead
tantalate was a metastable phase formed only above 1140°C. The equili-
brium.réom témperature form is rhombohedral and non—ferroelectriec, The
transition from orthorhombic to rhombohedral is extremely slow and can be

only partially accomplished by heating the orthorhombic form at 900°C for

24 hours.

13.



1.13 The Growth of Lead Tantalate Single Crystals

Lead tantalate crystals camnot readily bte grown from the pure
melt as lead oxide is very volatile above llOOOC, the melting point of
lead tantalate being above 1590°¢ (Subbarao, (1961)). Crystals have been
grown from solution in lead vanadate, Ph2V207 by Subbarag (1960). The
best crystals obtained measured 1 = 1 x 4 mm, They were elongated along
the [001] axis and were frequently twinned. The ferroelectric phase
could only be prepared from solutions initially heated above 1140°%.

Chemical vapour phase transport is unsuitable for such a
refractory oxide as tgptalum pentoxide due to its low vapour pressure and
chemical activity. This leaves the possibility of using the hydrothermal
technique. Hill (1966) found that fgr lead niobate, which has a .very
similar - phase diagram to that of‘lead tantalate, had no stability field
for the ferroelectric phase at any.pressure below 25 atmospheres or at
any temperéture below 115000. A similar result may be expected for lead

tantalate. Hence, high temperature solution is the only effective

technique for preparation of lead tantalate crystals.

1.14 High Temperature Solution

Reviews of the high temperature solution technique have been®
published by Laudise (1963), White (I, 1965) and Roy (1968). Laudise
discusses phase relationships of solute and solvent and illustrates the
discussion with reference to the growth of barium titanate and yttrium
iron garnet. White has given a more comprehensive review, and discusses
the experimental techniques and apparatus, the criteria for the choice of
solvents, methods of determining soclubility, and finally, the crystal
quality in terms of the growth process. Roy describes recent improvements
in experimental techniques. All the reviewers state there is a great

need for measurement of the solution's properties. Kohman (1963) has
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reviewed the theory of growth of solutien. Cobb (1967) has given
theoretical requirements for the growth of large single crystals of
alumina from a lanthanun fluoride solution by slow cooling and tempera-
ture gradient traﬁsport, He also measured the density and viscosity of
the solution.

1.14.1 RNucleation

The theory of nucleation of crystals has been given by
Strickland-Constable (1968). White (I, 1965) has remarked that the
supersaturation for spontaneous nucleation is much greater than that
required for stable growth. Crystals grown by spontaneous nucleation are
characterised by cores of highly disordered dendritic type material., The
best method of obtaining godd crystal growth is to use a seed crystal
(Kohman, 1963). |

1.14.2 The rate of growth of the interface

The theory of crystal growth has been discussed by Strickland-
Constable (1968). The éonventional model of crystal growth is shown in
figure2.3. There is an unstirred layer in co;tact with the érystal face
in which there is a concentration gradient.through which the crystal
molecules diffuse. In the surface layers the molecules migrate until they
are incorporated into the crystal. There are two rate determining
processes, one is diffusion through the unstirred layer, the other is the
incorporation of the molecule into the interface. The rate determining
step for éarticle integration was thought to be the rate of production of
a two-dimensional nucleus dﬁ an otherwise atomically flat surface,
(Volmer (1931)), (Stranski (1928)), (Becker (1935)), but it predicted a
much slower growth rate than the experimentally observed omne. Frank (1949)
suggested a screw dislocation emerging from the surface would provide a
nucleus which would be perpetuated duriﬁg growth. Burton, Cahera and
Frank (1951) calculated the rate of growth of the interfaée for molecules

integrated into the lattice at a kink in such a nucleus. They derived
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a linear growth rate v = §- o at low supersaturations and v = co
1

at high supersaturations where ¢, ¢, are constants and ¢ is the relative

supersaturation. This treatment was extended by Benema (1965) to include

surface diffusion.

Bryce (I, 1967) has consié&ed non—diffusion limited solution
growth. He derives six relationships between supersaturation and growth
rate which are dependent on the nature of the surface. He considers three
situation (1) where particles are incorporated at any point, (2) where they
are attached to a nucleus on an otherwise flat surface, and (3) where there
is a spiral dislocation. ﬁe considers these at high and low super—
-saturations. He further considers diffusion limited growth (Bryce II, 1967)
and concludes that the growth rate v = kl o at high supersaturation and

2 1’

between 1 and 2 and is determined experimentally.

. n . n ' .
v.=k, 0 at low supersaturations where k k , are constants and n varies
: 2

1.14.3. The rate of production of supersaturation

The rate at which supersaturation is produced in the solution is
determined by the rate of slow cooling of the solution, the temperature
gradient or the temperature of solutien according to the technique chosen.
In general, these conditions may be chosen before by the experimenter.
Laudise (1963) has derived the linear growth rate, R, of a crystal face in
slowly cooled solution as R = %%— %%»‘ where M is the mass of solution,
A the surface area of the growing crystal face, P the density of the melt,
B the temperature coefficient of solubility, and *%% the cooling rate.
Wood (1970) has derived the relation‘for the decrease in solution
temperature with time for a linear growth rate a constant supersaturation

as.

Aet = gt

where Aé)t_”.'= 6 -06_° ec is the saturation temperature and et is the
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solution temperature at time t.

o is a comnstant given by

_ N p 3 3
o= % = °f R

r

where N is the number of seed, n the number of litres of solution, k is
the slope of the solubility curve, f3 the habit factor and p the deansity of
solution.

Both relationships require a knowledge of the solubility as a
function of temperature. While (I, 1965) desctibés methods of determining
solubility by quenching techniques. Thesé experiments are somewhat
tedious and can fail to give any consistenlt results., This was found to-be
so by Cobb (1967) who also used différential thermal analysis techniques
without success. A simple and very effective method of defermining |
solubility using a thermobalance technique has been reported by Elwell
(1967). | |

Standard thermbdynamic techniques can be used to derive an
expression for the solubility of a given solute-solvent system (Kohman,
1963) provided all the thermodynamic variables are known. This‘is rarely
the case, especially for new materials. Cobb (1969) has derived an
expression for solubility which depends only on temperature of the

solution and the melting point and heat of fusion of the solute in the pure

state.

1.14.4. Tﬁe Transport of solute through the bulk solufion

| The transport.of heat and mass through ghe bulk of the solution
to the crystal surface is a problem of fluid mechanics. Jakob (1953)
reviews the problems of heat and mass flow in systems where there is a
change of phasg. Tﬁere is an exact equivalence in thé description
between a system where there is an isothermal transport of mass and a

system where there is a transport of heat at constant composition. Thus,
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solutions of heat flow equations can be applied to equivalent problems
in mass flow. Growth by slow cooling approximately to isothermal mass
transport. Where heat and mass flow occur simultaneously the transport
is defined by the equations

|

s N N
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where a, b are the coefficients of heat and mass transfer respectively,

is some function defined by the experimental conditions,

o is the thermal diffusivity, and
-4 the mechanical aiffusivity.
1
N s N, and N, are modified Grashof .number, the Prandtl number
Gr Pr Sc :

and the Schmidt number. A glossary of these terms is given in

Appendix A.

Carlson (1958) used the similarity between heat and mass flow
to study the growth of érystals from aqueous solution. For én equal
deposition of mass to occur over the crystal surface, neglecting surface
diffusion, there must be a variation of conceptration over the surface.
For a given solution velocity there are points on the surface where the
solute concentration falls below the équilibrium concentration and a
'starvation' veil results. Carlson calculated the length which a crystal
face may grow at a given solution velocity without any veils forming.

1.14.5 Constitutional supercooling

Constitutional supercooling has been shown by Bardsley (1961)
to cause instability in the growing interface of crystal grown from
: a
slightly impure melts. Hurle (1961) has derived/theory for this effect,

the condition for stability being a negative gradient of supercooling

ahead of the interface. Mullin (1963) derived from the diffusion equa-
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tions the conditions under which an interface was stable. He agreed with
Hurle's criteria, but with the further coudition that a perturbation of
the interface will not expand if the increase in surface energy is -
greater than the decrease in free energy due to the supercooling.

White (IT, 1965) has described the conditions for constitutional
supercooling in solution growth. Tiller (1968) has extended the theory of
consgitutional supercooling from melts to solutions. lle derives a
maximum growth rate for stable growth which is dependent on the tempera-
ture gradient at the interface and the decrease in the 1iquidusvtempera—
ture caused by each component in the solution. This treatment neglected
any effect due to the increasing surface energy of an interface
pertufbation. Brice (1969) has used the criteria that if the interface
were instaﬁtaneously advanced a small distance then its growth rate
would decrease and thé interface would be stable. He derives a maximum
growth rate which depends on the temperaturé gradient, the heat of
crystallisation, and the change of the growth rate with temperature.
Unfortunately, there is insufficient experimental cvidence to test the
theories of Brice and Tiller.

White (I, 1965) and Elwell (1970) consider that dissipating the
heat éf crystallisation through the crystal, rather than through the

solution, increases the interface stability.
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CHAPTER TIX

2. THE MUASUREMERT OF THE PROPERTIES OF SOLUTIONS OF LEAD TANTALATE

2.1 High Temperature Solution Techniques

The reviews in section 1.13 noted that the high temperature
technigu:e has been used to prépare crystals of many materials, but that in
all but a very few cases very little systematic study has been made of the
properties of the solutions used and the conditions required to prepare
large crystals. The reviecws were unanimous in deploring this lack of
study and point out that the need for an investigation of the mechanisms
involved in crystal growth technique and of the solution properties which
determine these mechanisms. This need arises because there is little-cdnsistency
in the results when the same crystal growth experiment is performed in
different laboratories. This must be the case when the significant
experimentgl parameters are unknown and hence unmeasurable. In 6rder that
the high temperature techniques can be used in large scale production of
" crystals for devices a réproduciblity in experimental results must be achi-
eved and this can follow only from a measurement of the significant
experimental parameters. In order to make this specification the solution
propertics that are to be measured must first be deduced. These proper-
ties can be found from the following consideration of the techniques used
to grow crysfals from solution.

An idealised phase diagram of a solvent system to be used for

high temperature solution growth is shown in figure 2.1.
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Solid B is the desired phase to be crystallised and A is the
solvent mate;ial. If B is incongruently melting, or has a destructive
phase change between its melting point and room temperature, it cannot be
grown as large single-crystals from the pure melt. The addition of
component A to molten B.is shown in figure 2.1. It effectively lowers the
melting point of B so that solid B is in equilibrium with a melt over a
range of temperature. Thus, by variation of composition or temperature B
may be precipitated at a temperature below that of any undesirable phase
change. Although the addition of component A creates additional growth
problems over those encountered in growth from the pure melt, there are
advantages in the high temperature solution technique: growth rates are
much lower as are the temperature gradients in the crystal and environment,
and consequently crystals can be obtained with much lower defect densities
than by other techniques. This is of great importance when crystals are
required for applications using high power light beams.

.A number of different experimental configurations are used to
prepare crystals from solution. If components A and B are mixed to give
tﬁe compositioe NB and are heated to a temperature T1 to give the point P,
the solution is a single phase liquid at P. If the solution temperature
is decreased at constant composition, the slow cooling technique, the
point P describing the solution moves parellel to the ordinate and when it
reaches the phase boundary the solution becomes saturated. On further
cooling solid B is precipitated, usually at a number of different nucleii,
although a finite degree of ‘supersaturation is observed before crystal-
lisation eommenees. With further cooling, molecules ori9asor complexes
eontaining B are transported through the solution to the nucleii either by
stirring, or by a combination of convection and diffusion, and are then
incorporated into the molecule (after dissociation if molecular complexes

are formed). Supersaturation may also be produced by evaporating the
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solvent A, which is generally more volatile than the soluteB. In this case
the point P moves parallel to the abséissa untii supersaturatlion Occurs.

Crystal growth may also be achieved by the temperature gradient
technique (White, I, 1965). A temperature gradient is applied to the
vessel such that the squtioﬁ i1s coolest at the top. The vessel 1is
charged so that at the base there 1s an excess solid material B. The
solution can be divided into thrcee zones; the hottest zone at the base in
which the solutionrbecomes saturated, the middle zone through which the
saturated solution is transported by convection and diffusion, and the
third, coolest zone at the surface where the solution becomes supersaturated
and growth occurs onto a seed crystal. The reverse configuration may
also be used where the more cthentrated solution becomes.denser. In this
case the excess charge is held in a hot zone at the surface and the seed
is in a cool zone at fhe base.

Whilst the production of supersaturation in some arbitrary
manner will serve to precipitate the solute phase, a close control of the
experimental conditions is necessary for large single crystals to be grown.
Returning to the model of crystal growtﬁ by.slow cooling it was noted that
the first stage in crystal growth was the formation of nucleii; i.e.
spontaneous nucleation. Obviously, for a éiven mass of solute precipitated
larger crystals will result if fewer nucleii are formed. Tammann (1903,
1925) has shown that the rate of nucleation is a function of supersaturation

of the form shown in figure 2.2
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The straight line shows the rate of growth of a crystal as a function of
supersaturation. Clearly, once an appreciable number of nucleii form at

supersaturation A they are able to grow very rapidly and many crvstals
5 J >

.

each containing a core of dendritic material, result. However, if a seed
crystal is inserted into the melt at supevsaturations less than A; growth
can proceed with no further nucleation and a large dendfite—free crystal
results., Hence, wherever the phase diagram is accurately known, szeding
of the solution rather than spontaneous nucleation is used.
Given that a seced crystal is used, the situation in steady
crystal growth is depicted in figure 2.3. |
Solute is brought through the bulk qf solution by some mass
transport process such as stirring bf convection. The solute is tﬁen
" transported through the boundary layer (3) by diffusion only as determined
by the concentration difference between the bulk and the interface.. In
-the interface region the arriving solute molecules are redistributed by
VVVVVV surface diffusion until they are incorporated into the crystal lattice.
In addition to moving through the boundary layer into the crystal, there
may be some chemical interaction between the solute and solvent due to the
dissolution process. Each step‘(Z),>(3) or (4) may be the rate limiting
process in the crystal;s growth, ACarlson (1958) has considered the rate

of transport of solid to the crystal surface and the effect of diffusion
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through the boundary layer. He found that for a given velocity of
solution flowing past a crystal plate the solution flow could only carry
enough solute for the crystal to grow inclusion {ree to a certain

maximum length Yg This relationship between velocity and crystal size
depends on the diffusivity of the solute in the solveni, the viscosity and
density of the solution and the ratio of growth rate té the difference
between the bulk and interface concentrations. As many high temperature
solution growth experiments have been carried out usiﬁg natural convec-
tion, that is a low solution velocity, to produce the solute transport, it
would have been most informative if the experimenters had determined these
parameters as thqir results could then be extrapoiated for use in other
Vexperiments to grow the same crystél with different apparatus. Yo such
measurements have been reported.

In solutions that areﬁwell stirred either stage (2) or (3) forms
the limiting step. 1In équeous solution these stages are investigated by
measurement of growth rate as a function of supersaturation over a wide
range of conditions and the mechanism of growth is deduced. This is not
poséible in high temperature sélutions, since the measurement of solution
concentration is made by visual study of a seed crystal at a given
temperature in a solution and furthermore, very small temperature

differences must be measured. While aqueous solutions are contained in

o
e

glass vessels and very accurate temperature control is possible (better
than iO.OSOC) these measurements are relatively simple. High temperature
solutions must be contained in platinum or similar inert metal crucibles
due to their highly corfosive nature and the crucible must be heated in a
furnace which can be controlled to a temperature at best only of +1°C.
Hence direct visual measurement of small changes cannot be performed. The
rate determining step can only be deduced from examination of the grown

crystals, which are usually rods or plates or which exhibit rapid growth
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at corners for diffusion limited growth.

Figure 2.3 indicates the stable growth of a crystal interface;
but instability can arise from two sources. The first is dué to the
phenomenon of constitutional supercooling which was respensible for
instability of interfaces in the growth of materials from impure melts
(Hurle, 1961) and was further shown by White (IT, 1965).to cause instability
in solution growth. The two cases are shown in fig. 2.4 (a), (b).

In the melt case (2.4(a)) impurity atoms are-rejected at the
interface and accﬁmulate in the adjacent melt, causing a depression of the
melting point. This creates a region of supercooled melt ahead of the
interface and any vidge on the interface will enter a region of increasingly
supercooled solution which causes répid growth of the ridge. Volumes of
high impurity concentration melt are then trapped between ridges, thus
forming troughs of impure materiél in the crystal., A similar phenomenon
occuré in the soiution case (2.4(b)). There is a concentration gradient
at the interface due to the adsorption of solute intb the crystal. Any
ridge on the interface will see an increasingly supersaturated solution
and will grow rapidly, creating inclusions in the crystal between ridges.
The interface is in aAmetastable state and unless a perturbation occurs
the growth will be stable., The perturbation may be caused by a f}uctua—

tion from the temperature control mechanism or the emergence of high
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Miller index planes on the crystal due to twinning. The perturbhation will
not expand if its increase in surface encrgy is greater than the correspond-
ing decrease in the free encrgy of the chemical forces causing crystal-
lisation. Constitutional supersaturation 1s, therefore, inherent in crystal
growth in diffusion limited systems, but does not produce instability where
the surface free energy of the crystal in the solute solvent system is high,

The second case of instability is the local heating of the inter-
face by the heat of crystallisation liberated there. This is illustrated
in fig. 2.4(b) by the slight increase in the equilibrium concentration bear
the interface, This furfher enhances the effect of the constitutional
supersaturation already present. Thus, the heating .of the interface is a
perturbation likely to cause unstabié growth. Its magnitude may be
calculated if the heat of crystallisation, thermal conductivies of solution
and crystal and the specific heat of the solution are known. A similar
cause of instability may be temperatﬁre fluctuations in the solution as a
direct result of natural convection.

To conclude, an adequate description bf the growth of single
crystals from solution depends upon the measurement of certain parametérs
which determine the rate at which molecules are incorporated into the
crystal and of other parameters which determine the stability of the
interface during growth. From the above discussion of the crystal growth
there are a number of physical properties to be determined. Firstly, the
dimensicnless numbers which specify the fluid motion in the solution;
these are fuqctions of the density, viscosity, expansivity, thermal
conductivity, thermal capacity of the solutioﬁ, the diffusivity of the
solute and geometrical factors such as the temperature gradient in the
solution and the size of the crucible. Further parameters which are
needed to determine the conditions for stability of the interface are the

heat of crystallisation, the surface energy of the crystal and the rate
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of growth as a function of supersaturation.

In order to determine the initial conditions of temperature and
"composition of the melt for crystal growing experiments and for the
experimental determination of the above golution properties, the selubility
must be known as z function of temperature. No systematic investigaticn of
all these variables has been carried out and at the present time, due to
the difficulties in containing the melt in suitable measuring apparatus,
the surface energy of 'the crystal in solution cannot be measured. However,
the remaining necessary préperties have been measured as described below
énd their relative importance in the growth of crystals of lead tantalate

is discussed in Chapter 3.

2.2 The Choice of a Solvent for Lead Tantalate

The criteria for a good‘solvent have been given by White (I, 1965)
as:-—
l. Reasonably high solubility of the solute
2. Will not react irreversibly with the solute
3. Low melting pdint, high boiling pbint, low vapour
pressure.
4, Low viscosity
5. Low toxicity
6. High‘solubility in water or other common solvent
7. Contains common ion with the solute or ions of such
size as not to readily enter the solute crystal lattice.
There is no one universally good solﬁent, but a number of useful
ones are known and experiments must be performed to find out how suitable
they are for a given solute. lUsing the thermobalance technique (described
in 2.3) a number of common solvents were tried and the first phase to

crystallise from solution was identified by X-ray powder diffraction tech-

27,



niques as described in 2.3.

The results are given in Table
o -

9

the figures in column four refer to figure 2.5.

Table 2.1

IR

.1 in which

The Phasce Crystallising frem from various solvents.

Solvent
PbF2

PbBZO4

B1203—B203

Pb V.0,

Pb2V207

Phase
Crystallising

27

I’szaZO7

PbTaZO6

PbTa206

PbTa206

PbZTa 0

Structure

Pyrochlore
Pyrochlore
Orthorhombic

Orthorhombic

AOrthorhombic

X-ray
Photograph

(1)
(i1)
(iii)
(iv)
(v)

As-lead fluoride and lead borate reacted with the solute no

further use was made of these solvents.

The var

iation of solubility with

temperature was measured using the thermobalance technique for the

remaining three solvents which precipitated the desired phase.

- 2.3 The Determination of Solubility by the The Thermobalance Technique

Elwell (1967) first described the determination of the

crystallisation temperature of a high temperature solution using a

thermobalance.

A platinum wire was suspended from a chemical balance and

immersed to a depth of a few millimetres into a solution contained in a

platinum crucible supported in a furnace. The weight of the wire was

monitored regularly as the solution was cooled.

nucleating site when supersaturation occurred;

wire and a consequent-increase in weight was observed.

The wire acted as a
solute was deposited on the

The temperature

at which a weight change occurred was called the crystallisation

temperature and this is assumed to be the temperature at which the

solution is saturated, only a very small degree of supersaturation being

28.






required for crystallisation to be detected. The concentration of the
soluticn may be varied and a series of crvstallisation temﬁefatures are
obtained. As these are effectively the saturation teﬁperatures for given
solution concentrations, the solubility-temperature curve is obtained.
Hence the solubility ag a function of témperéture is measuread.
The apparatus used is shown in fig., 2.6. The furnace consisted

"of a recrystallised alumina tube,. thrée inches internal diameter and
eighteen inches long, mounted vertically. Kanthal Al wire was tightly
wound around the tube, and cemented into place, as the heating element.A
For later measurements on vanadate fluxeg silicon carbide furnace rods
were used due to the high failﬁre rate of the Kanthal windings. TFor
.temperature control a Eurotherm PID/SCRZS controller was used in
conjunction with a platinum/platinum -~ 13% rhodium thermocouple. A
similar thermocouplc was inserted into the mouth of the furnace tube to
monitor the solution temperature. A temperature control to within +1°
was obtained. The furnace was insulated with Morgan MI28 bricks and was
mounted on a steel frame designed to support the microbalance measuring
head, The solution was contained in a 30ml platiﬁum crucible supported on
an alumina cylinder inside the furnace. The temperature gradient across
the crucible was appfoximately 1% per cm.

A C. I. Electronics, mark II, model C, microbalance was ﬁsed,
the head of which was enclosed in a pyrex glass mounting which was positioned
above the furnace. The balance head is shown in figure 2.7. In this
instrument balance arm is mounted on a galvanometer type movement and acts
as a shﬁtter between two photo-diodes which are symmetrically placed above
and below the balance position. When the arm is displaced a differential
current is produced by the photodiodes which is amplified and fed into the
galvanometer and a restaring force is applied. Hence, a closed servo-

loop is established in which a static torque on the moving arm is directly
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properticnal to an electric curreunt, This current can be read off on a
the %
scale on the instrument case or can be fed into/input of a phart recorder.,
The right hand end of the balance arm is used for weighing and a counter—-
weight may be applied to the left hanﬁ end. The full scale measurement
is 100 mg, but using coﬁnterweights, weights of up to 1.5 g may be
weighed without loss of accuracy. A matching unit is necessary between
the balance and the recorder to filter out the flﬁctuating a.c. components
of the servo mechanism. A C, I. Electronics Universal Mateching Unit was
used. A fine gain adjustment control was fitted to allow calibration of
the chart recorder, a Smith's Servoscribe Potentiometric recorder. The
usual ranges used were 0 to 100 mg on the balance and O to 100 mV on the
recorder.

The balanée was calibrated before each solubility determination,

Scale pans were attached to each eﬁd of the balance arm and the coarse
. o _ N

medium and fine gzero adjustments were used to give a zero reading for
each balance range.' Standard weights were placed>in the right hand pan
and the reading was adjusted using the calibration potentiometer. &he |
‘chart recorder was élso calibréted ﬁsing the balance output. The balance
head worked accurately at ambieﬁt temperatures up to SOOC. It was
protected from direct furnace heating by a series_of aluminium baffles and

‘an insulating plate.

The suspension from the balance arm-to the melt was made of
platinum wires, 0.8 mm diameter and about 10 cm long, ending in hooks.
These stpension wires rapidly damped out any oscillation and were easily
threaded through the apparatus. The length of suspension was chosen so
that the end wire was ihmersed 3 mm into the melt,

The following procedure was used in the determination. The

starting materials were finely mixed in powder form and loaded into the

crucible, which was then heated at 1000°C. After complete melting of the
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powder, the crucible was removed and placed in the thermobalance Furnace.
The required length of suspension wire was measured, the baffles put in
position and the suspension wires attached to the balance, which was
countérwéighted to give a reading in mid-scale. The furnace was switched
on and the solution was-left for 16 hours at a temperature 100°C above the
expected crystallisation temperature. This was found by a process of trial
and error for each mew solvent. The balance and recorder were then
switched on and the temperaturé was reduced in 10°C intervals by resetting
the temperature comntroller. A period of 30 minutes was allowed for the
solution'to come to equilibrium before a further decrease was made. The
chart could be read to an accuracy of *0.1 mV and a kink in the weight-
time curve was readily observed at ﬁhe crystallisation temperature which
was read from the monitoring thermocouple with a potentiometer. The
crystallisation temperature could be determined to an accuracy of +3%,
This uncertainty arose due to the time required for the solutiom to come

to thermal equilibrium. When an increase in weight was observed the balance
and recorder were switched off and the solution was further cooled. The
suspension wire was then removed and the material which was precipitatéd

was examined using the X-ray powder diffraction technique.

2.4 The Solubility Determination for Bismuth Borate and Lead Vanadate

The procedure descfibed above was followed. The starting
.materiais used were the oxides of lead, bismﬁth, boron, vanadium and
tantalum. They were of Analytical Reagent quality, supplied by B.D.H.
Chemicals Ltd. A typical charge weighed 50g. For bismuth borate the
solvent oxides were in the proportion 0.55 Bi203 to 0.45 B203. Two |
compositions of lead vaqadate wvere used, PbO:V205 and 2PbO:V205. In each
case a weight loss of 0.257 of the total solution mass was experienced

due to evaporation of PbO.
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A standafd reference X-ray powder photograph of the ferroelectric
orthorhombic form of lead tantalate was taken using a ceramic disc of lead
oxide and tantalum pentoxide finely mixed in 1:1 proportioms, pressed and
fired at 1180°C. The spacings of the lines agreed with those of Subbarag
(1960). The X-ray photographs obtéined from the material grown in the
thermobalance were then compared with this standard. 1In éach case the
phase crystallising was ferroelectric, orthorhombic lead tantalate.

The graph of crystallisation temperature against concentration
for each solvent is given in figures 2.8, 2.9 and 2.10. These results are
also plotted as the log of the mole fraction of solute against the
- reciprocal of absolute temperature iﬁ figure 2.19 and a discussion of the

significance of these results is given in 2.11.

2.5 The Determination of Density~and the Coefficient of Expansion of

Solutions of Lead Tantalate in Lead Vanadate

A review of the methods of determining the density of liquids at
high temperatures has beén given by White (J. L. 1959). A robust technique
using simple apparatus must be used with high temperature solutions.

White suggests that £hevsimp1est method is the two bob Archimedean method.

In measuring the upthrust on an immersed body a correction has to
be made for the effect of surface fension on the suspenéion to the bob.
This may be eliminated if two bobs of identical suspension but differing
volumes are used. If U is the measured difference between the weight in
air and the weight in liquid, p is the density of the liquid, V the volume
of the bob and S ﬁhe surface' tension force, then

U = pvV+ 8§

Usihg subscripts 1 and 2 for the smaller and larger bob
respectively, then

Ul'

Uy

it

le + S

o+
sz S
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2 1
IZ the density is measurad a function of temperature then the
coefficient of cubical expansion § may be found from the slope of the
density temperature curve as

g = fo
p, (=T )

where T 1s the temperature and Prp and Py the density of the liquid at T and
TO respectively.

2.5.1 Apparatus and Experimental Procedure

Two platinum bobs‘were made by welding platinum wire into a ball
using an oxy-hydrogen torch. The platinum wirelﬁas 99.9% pure metal
supplied by Johnson Matthey Chemicals Ltd. The two bobs Qere of differing
volume, but had similar suspension wires (fig. 2 .11). The bobs were
wéighed in air and their volumes calculated using the density data for
" Platinum (American Institute of Physics Handbook of.Physics and Chemistry
p.2-19). Correction has to be made for the volume expansion of the bob at
the temperature of the solution, using the coefficient of linear
expansion given in tables (ibid p.4-52). The furnace and balance
previously described were used. 1In éddition, at the high temperatures used
the solution lost PbO by volatization and an air-cooled copper coil was
placed immediately above the furnace mouth to act as a site for condensation
»of‘the vapour rather than the suspension wires.

The crucible was charged as for the solubility determination.

The length of suspension required to completely immerse the bob was found
and the bob was then weighed in air. The crucible was placed in the
furnace and the suspension wires fitted. The furnace was brought to a

temperature above the erystallisation temperature of the solution and held
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at that temperature for 16 hours, The balance and recorder were swithced
on and the weight of the bob recorded at a number of temperatures. The
same procedure was used for the second bob.

2.5.2. Results of Density Decterminations

Determinations of the density of the two pure solvents PbV206

and Pb2V207 were made over a wide range of temperatures to permit an

accurate estimate of the coefficient of expanéion to be made. The density
as a function»of temperature is plotted in figures 2.12 and 2.13 for
Pb1V206 and Pb2V207 respectively.

The density as a function of concentration of lead tantalate in
the two solutes was measured and is shown in figure 2.14 and 2.15 for
PbV206 and Pb2V207 respectively. The error in the results is estimated at
*27%. This was deduced by using the measured density to calculate the
surface tension force. This is approximately constant over a small
: temperature.range and hence any variation in.its calculatea value must be
due to the error in measuring the density. The error due to changes in
the composition of the melt was negligible, since the loss of PbO was less
than 17 of the charge which produces a.comﬁositional error of less than

0.01%Z. The coefficient of expansion for va206 was (2.21 * 0.4) = 10_4 and

for Pb,V,0, was (3.5 * 0.6) x 10_4 c _1. This compares well with the

2277
published figures for the coefficients of expansion of molten salts as

shown in Table 2.2.. The figures quoted are taken from Janz (1967).
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Table 2.%

The coefficient of expansion of lead vanadate and other salts.

Coefficient of

Iatérial -1 4
expansion C = x 10

Pb2V207 3.5

va206 2.21

NaCl ) 3.5

KC1 : 4.5

PbCl2 4.10

Li,C0, S 2.0

AgBr 1.88

2.6. The Determination of Viscosity of a Solution of Lead Tantalate in Lead

Vanadate (Pb2V207]

Mackenzie (1959) has reviewed the methods of determining viscosity
in liquids at high temperatures. The simplest method which has also been
used by Cobb (1967) is the oscillating beb technique. A bob immersed in
the melt is set into rotational oscillation and the viscosity is calculated
from the damping of these oscillations by the following formula.

A=, = ot o+ o+ ¢y (my
%ﬁéfé XA is the logarithmic decr@mentythat is the
amplitude of two consecutive 6sci11ations, n is the dynamic viscosity and
p is the density of the melt. él’ CZ’ C3 are geometrical constants
de?endent on.. the shape of the bob and the clearances wiihin the melt.

This formula was derived by Fawsitt (1908) and was found to be
valid for a wide range of 1iéuids With viscositiés: up to 0.4 poise. The
constants Cl’ C2, C3 must bevfound by calibration with three known 1iquids;r

- water, alcohol and benzene were used.

35.



2.6.1. Apparatus and Procedure to Measure Viscosity

. Thie bob was made of platinum foil wound into & solid cylinder and
welded in place. The bob support is made of a platinum rhodium wire brazed
to a molybdenum foil strip. The strip was bent into a loop and the loop
threaded over a rod held 'in an adjustable clamp which could be used to
lower the bob into the melt. .

The apparatus used is shown in figure 2.16. The oscillations were
observed using an optical lever; a mirror was mounted on the molybdenum foil
to reflect the light source onto the scale. The furnace used was described
above (2.4).

To calibrate the bob a 120 ml platinum crucible was filled two-
thirds full with distilled water and élaced in the furnace. The bob was
immersed in the melt and set into oscillation by giving the mirror a small
deflection. The amplitudé of the oscillations were then observed. The
logarithmic decreément was calculated from the initial amplitude and the
amplitude five ascillations later. Consecutive amplitudes could not be
accurately measured due to the rapid oscillation of the bob., The
procedure was repeated using absolute alcohol, benzene, and with an empty
crucible to determine Ao

The crucible was then filled with an eight mole per cent mixtﬁre
of lead taptalate in lead vanadate (Pb2V207) and premelted.,  Further
charge was added until the crucible was two-thirds full. The crucible was
placed in the furnace and brought to a temperature above the crystallisation
temperature and maintained for 16 hours to allow complete solution. The bob
was then'immersed in the solution and the logarithmic decr@ment measured at

a number of temperatures.

2.6.2. Results of Viscosity Measurements
The following density and viscosity data (Kay(1959)) were used to

calibrate the bob at ZOOC
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Viscosity

Density in
. Centi-poise
Water 1.000 1.0020
Benzene  0.8787 0.647
Alcohol 0.918 1.197

The logarithmic decrements, the average of twelve messurements,
for calibration were 0.0259, 0.0279, 0.0196 and 0.0035 for water, alcohol,

benzene and air respectively. This gave the value of the constants as:

C1 = 0.158
C2 = 0.662
C3 = ~-0.,0038

-The mean logarithmic decréments of the solution as a function of
temperatﬁré are given in Table 2.3 and were used to give the stated
dynamic viscosities.

The density of the solution was taken from the data in section
2.5.2, The dynamic viscosity as a function of temperature is plotted in

figufes 2.17.

Table 2.3
The logarithmic decrement and dynamic viscosity of an

eight mole per cent solution of lead tantalate in Pb2V207

Temperature Mean logarithmic Dynamic Viscosity
in °C decrément in Centipoise
1,184 1 0.0772 2.23
1,214 - 0.0761 | 2.13
"+ 1,218 0.737‘ | 2.02
l, 1,230 0.0742 2.06
1,257 : 0.0744 2.69

" The measurements of A are accurate t0-* 0.5%; however, this small

error leads to a large error in the calibration comstants, giving an error

in the viscosity of "* 5Z.
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The value of 2.23 centipoise for dynamic viscosity is less than
that observed by Cobb (1967) for a lanthanum fluoride~ alumina selution
(8 centipoise) but agrees with the generalisation cf Bleom (1967) that

molten salts have viscosities comparable with that of water.

- 2.7 The Measurement of the Diffusion Comstant of Lead Tantalate in Solution

Thg experimental evideunce discussed in 2.11 indicates that lead
tantalate is not ionised in solution. Thus electrical methods are unsuitable
for-measuring the diffusion coefficient. Other methods of measuring
diffusivity are described by Chen (1959) using radiocactive tracing elements.
These techniques involve highly specialised apparatus and rely upon
quenching the solution. The disadvantages in quenching experiments have
been discﬁssed above (1.14.3)

A simple technique for measuring.the diffusion coefficient which
to the author's knowledge has not previously been reported, for high

" temperature solutions, has been used,. Avsmall crystal was suspended in the
solution and its weight loss as a function of time recérded. The experiment
was repeated - for a range of values of undersaturation of the solution.

Nernsts' Equation (Levich; 1963) describes the rate of isothermal mass

transfer by diffusion, Q, from a dissolving crystal as

Oalg

Q= (¢, -c¢) (2.7.1.)

s

where A is the area of thebcrystal, D is the diffusion coefficient, C, and
CO are the concentration of the solution at the interface and in the bulk of
solution, § is the thickness of the mass boundary layer. Nernst as sumed
that CS was the saturatrion concentration at the solution temperéture. The
value of § for a plate immersed in a turbulent liquid moving with a

' oL 2

1
relative velocity V is § = SD/NSC“, where 60, = 4.64 y~ » the thickness

of the momentum boundary layer (Knudsen, 1958) N.. is the dimensionless
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. . U
Schmidt number defined as N = —

sc D
where u is the kinematic wviscosity and L, a characteristic dimension of the
crystal. Hence

Ty 2 13 i
5 = 4.64(%) vt p | e (2.7.2.)

2.7.1. Dxperimental procedure

The thermobalance equipment described above was used. The
crucible was charged with the appropriate mixture of the starting oxides
and placed in the furnace after premelting. A small crystal of lead
tantalate, prepared as described in Chapter 3, was mounted at the end of
the platinum suspension wires.‘ The length of the suspension and the

counterwéight were chosen so that with the balance switched off the

- balance arm was raised and the crystal suspended just above the solution.

When the solution had been brougﬁt to temperature and éomplete sclution
achieved, a small weight was added to the crystal suspension and thus
made the crystal arm heavier than the counterweight arm. Consequently
the crystal arm swung dgwnwards, immersing the crystal in the melt. This
was found to be the most efficient method of inserting the crystal into
the melt. The weight loss was measured until the crystal was totally
dissolved. The experiment was repeated at different temperatures which
corresponded to varying degrees of un&ersaturation of the solﬁtion.

2.7.2. Results and calculation of the diffusion coefficient

The weight loss indicated on the chart had to be corrected for
the upthrust on the crystal due to the density difference between the
crystal and solution. Thus, if the weight loss on the chart was Qm, then
the true weight loss Qr was

%

Qm/(1 - “s/e )
where Py and pc are the densities of soiution and crystal.

It is noted in Chapter 3 that the crystals are elongated in the

[001Y direction and it is probable that dissolution of the crystal occurs
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prefercntially in that direction. Thus, the arca of the crystal A in
equation 2.7.1. is that of the [bOl] faces of the crystal, As all the
crystals used were very nearly of the same length, that is 4.0wnm, the
area was, therefore, pfoportional to the mass of the crystal used.

A = km
where k is a constant and m is the crystal mass. For a 1.X 1 x 4 mm
crystal, then-A = 0.02 cmz, and if P = 7.17, then k = 0.6969. The
value of p, was calculated from the X-ray diffraction data given by

Subbarao (1960);

If the mass of the crystal indicated on the chart was m, and the

: _ _ P
real mass was mr, then m.o= mll(l, s/pc)
. Therefore: 85; = SE = SE
A km km
r 1
but: 85 = D (CS - CO)
A 8
Q
therefore: —= = kD (c -c¢c).
my 8 s o]

- Hence a graph of rate of weight loss divided by the mass of crystal
(using the figures from the chart) against unsaturation should be a straight

line with slope ?2,. This graph is plotted in figure 2.18. The values of

CS were obtained by measuring the temperature of solution with the monitoring

thermocouple and finding the saturation concentration from figure 2.9.-

The plot is a straight line with a slope 2.428 x 10—4 sec-l.

2
13, syl _
s EL v (T)T - 22 w107
ﬁsing L = 4mm, v = 21 where n = 2.4 x 10_2 centipoise, p = 6.22, V = 9.0 cm

sec, a typical figure for the velocity of a liquid flowing under free
-concection in a turbulent manner, as deri¥ed in section 3.3, Hence the value

of D is D = 1.137 % 10_6 cm2 sec_l.
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This is a factor of ten less than that cbserved for diffusivitie
of ionic salts in agqueous solution. However, a lower value mizght be eupected
due to the large size of the diffusing lead tantalate molecule and due to
the higher dynamic viscosity of the solution, since diffusivity is inversecly
proportional to dynamic viscosity (Tyrell, 1961).

In Figure 2.18, the curve does not pass through the origin which
might be expected from the theory. However, if a certain supersaturation is
required for surface diffusion and particle incorporation into the lattice

. . 1 1.
the supersaturation across the boundary layer becomes C - Co where C is
. . 1. ’ .
the concentration at the interface. Then C» — C7 ig the supersaturation

required for surface diffusion and equals the intercept on the x axis in

figure 2.18.

., 2.8 Heat of Crystallisation of Lead Tantalate

In an ideal solution the molar concentration K is related to the

. 'heat of crystallisation by the following relationship

MmN =

|
I
(g

vhere AHC is the heat of crystallisation, R is the gas constant and T is

the absolute temperature. In section 2,11.3. it 1s shown that lead tantalate

2°277

been plotted against the reciprocal of absolute temperature. The slope is

dissolved in Pb,V,0, is nearly an ideal sclution. In fig. 2.19, 1bg N has

12,35 x 104 and therefore the heat of crystallisation is 11.8 * 3.0 K cal/mole.

2.9 Specific Heat of Lead Tantalate in Lead Vanadate Solution

Specific heats of solutions may be measured by standard D.T.A.
techniques. The rate at which the solution cools is compared with the rate
of cooling of a similar crucible containing aluminium oxide. If the heat
capacities were the same no temperature difference would result. In fact
there is usually a difference. A curve is therefore obtained in the
differential temperature against time. The area under tbis curve is
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related to the heat evolved by the relation

v

M o= — 6d1 (Hahn, 1963}
m rl

where AH is the heat év?lved, m the mass of material, Tl and T2 the
initial and final temperature, 6 is the differential temperature and ¢ is
a constant of the apparatus to be determined by calibration.

Two identical platinum crucibles were charged, one with 4 grm of
alumina and the other witﬁ 20 grm of sodium chloride. They were placed in
a furnace which could be slow cooled at 100 deg C/hr and their teﬁﬁérétures
were monitored with platinum - platinum 137 rhodium thermocouples commected
in opposition to a potentiometric recorder. The furnace temperature was
raised to well above the melting point of sodium chloride and ihe furnace
was then slowly cooled. The differential temperature was then recorded on
the chart. The initial and final temperatures were recorded and the area
under the curve measured. Using a value of Cp for sodium chloride.of
16.0 cal/deg mole (Janz 1967) the value of the constant ¥ was found to be

6.57 x 103.

The crucible was then cleaned and charged with 62 grm of an
- 8 mole 7 solution of lead tantalate in Pb2V207 and the experiment was

repeated. The heat capacity of the solution was found to be 9.3 x 10-—2

cal/g:‘1 C, alternatively as 58.2 * 5 cal/deg C_1 mole.

2.10 Thermal Conductivity of Lead Tantalate Solutions

Tyrell (1961) has reviewed the methods of measuring thermal
conductivities of liquids. The basic requirement in éach technique is that
a volume of liquid in which no convection takes place, should be contained
in a cell formed with at least four walls of thermally insulating material,
These requirements make the measurement of the thermal conductivity of high.

temperature solvents extremely difficult, as the solvent can only be
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contained in noble metal crucibles which ace not thermal insulators and ar
not easily formed in complex and casily demountable spparatus. The
requirement that there should be no convection places the comstreint for a
lead vanadate solution‘according to 3.3, that the total temperature
variation through 1 ecm of solution should not exceed loC, which is less
than the accuracy with which it may be measured. Thu57 the equipment to
measure thermal conductivity requifes.an inert high temperature impervious
thermally insulating material that has not yet been developed and a
temperature control better than that which is normally achieved in crystal
growth experiments. TFor these reasoﬁs it is necessary to take an average
value of thermal conductivity from the literature. A study of the table
of thermal conductivities given by Janz (1961) leads to an average value of
1 -1 measured on materials which do et preseat Che difficulbies dabove,

4.0 cal ecm ~ sec ~ C ./ This is sufficiently accurate for ensuing

calculations, which only require an order of magnitude accuracy.

2.11 The Comparison Between Experiment'and Theory for the Values of the

Solubility of Lead Tantalate in Solution

2.11.1. The theoretical relationship of solubility with temperature

Whilst it is .possible to predict the solubility from theoretical
cohsiderations, the data necessary to compute a solubility value at a given
temperature is rarely available, especially for "new" materials. As noted
in 1.l}, Cobb (1969) has derived a formula for solubility which depends on
the heat of fusion AHF, melting point Tm, the change in heat capacity on
melting of the pure solute, ACp, énd the temperature of the solution T.

The relationship is

\
. T} M ac ACp T
In X = — { _— - = + —== 1n —
T RTm R R T oo legqn. 2.11.1)
where In K is the equilibrium constant. Equation 2.1llis derived in

Appendix B.
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N o - YW
In (K) . in "

o

where vy is the activify coefficient and N the mole fraction of solute,
a, is the activity of fﬁe solute in the pure reference state and is by
definition unity; for the derivation of 2.11.1 this reference is taken as
pure molten solute at temperature T. . TIf the solute is fully ionised
the ionic fraction Xi and an ionic activity coefficient a;, must be used
instead of the molar fraction. For an oxide solute RxOy the ionic

fraction is of the cation
2%

R .
y

A + sum of the other cationstimes their charge

A

and similarly for the anions. Where all the molecules present are fully
dissociated oxides the ionic f?action_of the oxygen ions is unity.

In an ideal solution y = 1 and In (K) = 1n (N).

Where the solution is regular-yiﬁ 1 and there is a heat of mixing
term AHM’ = RT Im vy, which in general is not‘known for a new material.

Equation 2.11.1. has not been tested experimentally. However, if
proved to be valid it should be valuable in giving an estimate of the
solﬁbility from very little experimental measurement.

. 2.11.2. The theoretical estimate of solubility

None .0of the values of the constants in equation 2.11.1 is to be
found in the literature for lead tantalate and so approximations must be
made. To determine the heat of fusién AHM, molten lead oxide and molten
tantalum pentoxide are assumed to form a solution in one another, this
solution being molten lead tantalate. Comsider the following recactiocn at
the melting point of lead itantalate.

PbTaZOG(S) = Pbo(s) + IaZOS(S) = PbO(R) + Ta205(£) A PbTa206(£)

(A)
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This is equivalent to

_ — PhTa. 0, (5) B
PbTa,0,(5) = bTa,0 (%) (B)

The heat of reaction for reaction (B) which is Aﬂngy Hess's law equals the
e

total heat of reaction for reaction (A).

= A + ; +  {LH S+ AH
Y AHy (88 (L) oy o, A

[\~

AHd is the heat of dissociation of solid lead tantalate into its component

oxides, (AHM)Pbo and ( AHH)TQ 0. are the heats of fusion of the respective
A
oxides, and AHS is the heat of mixing liquid oxides. Assume that AHd = ~AH_
J
and therefore
by = (MH)ppe * (AHM)TaZOS V. 2.11.2(1)

where (AHM)PbO and (AHM)TaZO5

tantalate, Tm, which has not been reported. It was measured using a hot

are measured at the melting point of lead

stage microscope as described in section 5.4, singieAcrystals of lead
tantalate were used and a melting point of 1700 * 20°C determined. The
error was due to thé loss of lead oxide from the crystals and due to the
’failure of the thermocouple, since 1700°C was very close to its maximum
working temperature.

The heat of fusion of lead oxide is 6.3 K Cal mole_l at 886°C
(Kubochewski, 1956). No value of the heat of fusién of tantalum pentoxide
could be found. However, Kubachewski (1956) suggests thét chemically
similar compounds have similar heats of fusion. The heat of fusion of the
very similar niobium pentoxide is 30.0 Kcal per mole, and this figure was
used for the heat of fusion.of tantalum pentoxide at 1890°C. These heats
of fusion must be given at 1700°C. The heat of fusion is related to
temperature -by the equation

| T

2
(MW),, = (&), 4+ S ° acpdr : .o 2.11.2(11)
T, Tt
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where £Cp is the difference in heat capacity between liguid and selid. An
average value of ACp is-used as given by Cobl .(1969) ie. ACb = 1,0 cal dcg_‘1
<4 atom—l. Using the above values in equations 2.11.2 (i) and (ii) one obtains
AHM = 36.7 K C‘al/mole_‘1 at 170000, Thus, using the values of AHM, Tm and
4Cp the value of log (K) can be calculated as a function of absolute
temperature. In fig. 2.19 the graph of log (K) against fhe reciprocal cf
absolute temperature has been plotted. The error in the measurement of

the melting point is significant and the consequent error in log (K) is shown.

2.11.3 Analysis of the experimental data

The solubility was measured in 2.4 by finding the temperature at
which a solution of ce%fain concentration beccmes saturated. In order to
compare the experimental results witﬁ‘the theoreticai one of section 2.11.2,
the concentration of solution must be expressed in the form log (K). If
the solute is fully ionized, then _(K)I = 3 XE: + é22XTaS+, where‘a1
and a, are the activities of the ions in solution, XPb2+ and XTaS+ are the
ionic fractions of the lead and téntalum ions in the melt., In calculating
'(K)I it 1s assumed that the solution is ideal and, therefore, a) and a, are
equal to unity. The results given in section 2.5 aré used to calculate
‘(K)I and log (K)I is plotted against fhe reciprocal of absolute temperature
in figure 2.19 for each solvent. Avdifferent value of K is obtained if it
"is assumed that the solute is undissociated in the melt. If the equilibrium
in this case is (K)II’ then KII = ¥N, wheré Y i%ﬁthé édgiﬁityAéoefficient
and N is the mole fraction of solute. The solution is assumed to be ideal
and y = 1. The log (K)II is plotted- against the reciprocal of temperature
in figure 2.19 for each solvent.

2.11.3 Discussion of the corrélation bétweéen thé éxperimental and

calculated results

In fig. 2.19, while all of the KI curves show only a poor
correlation with the theoretical curve, the KII curves do show some

correlation. The KII curve for bismuth borate lies parallel to the
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theoretical curve, but is displaced from it. This deviation can be

explained if the regular solution model were usad in deducing the theoretical

£ +

curve rather than the ideal sclution molecule. A factor of log v must be

)

added to the theoretical value of log K to include the heat of mixing term
not present in the ideal cace. Measuring the difference between expevimental
and theoretical curves for lead tantalate in bismuth borate leads to a
value for the heat of mixing of 31.5 K cal molgl. This is rather large and
indicates some chemical reaction between solute and solvent. Further
support for this interaction is provided by the fact Cﬂ,Z)that single
crystals of lead tantalate grdwn from this solvent contain a high
percentage of bismuth in solid solution.
The KII curve for:the solvent PbVZOG is of interest since there

is little change in solubility with temperature." Since dissociation into
ions decreases solubility, and as the temperature increases so the degree
of ionisation of lead tantalate becomes greater ; the overall solubility
remains unchanged. To confirm this the depression in the freezing point

of pure Pszo7 was measured as a function of lead tantalate added. The
slope of the curve obtained is proportional to the number of gpecies of
molecules or ions other than those of PbV206, Eesent in the melt. Owing
to the comparatively large experimentgl error incurred by the use of simple
equ{pment, the results were not precise enough to give conclusive evidence
of ionisation. It is 1ike1§ that there is some irreversible interaction
between solute and solvent as crysfals grown from this solvent contain a
significant proportion of vanadium (0.6 mole 7).

‘The KII curve for the solvent Pb2V207‘is parallel to the

theoretical one and nearly equal in magnitudé. Thus, the solution is nearly
ideal and the crystals grown from this solvent contain only traces of

vanadium. Consequently, the density of the solution should increase

linearly with increasing concentration of solute at constant temperature;
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The graph of density against concentration is given in fig. 2.15 and the
hypothetical dencity of an ideal solution is also drawn. EHowever, the
density data is not szufficiently accurate, nor is there information over
a sufficiently wide composition range to confirm the ideal nature of the
solution.

The most important conclusion that may be drawn is that lead
tantalate exists in the solution as a molecule rather than as ions.

Therefore, a description of the crystal growth of lead tantalate must

consider the diffusion of entire lead tantalate molecules.
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" CHAPTER ‘III . .

3. THE GROWTH OF SINGLE CRYSTALS OF LEAD TANTALATE

3.1 Introduction

In this chapter the experimental growth of single crystals of
lead tantalate from solution in Pb2V207 is desecribed. The rate limiting

process is deduced from the experimental evidence and probable causes of

instability of the interface during growth are discussed.

3.2 The Growth of Lead Tantalate Single Crystals

The three soiv§nts, BiZOBfB203, PbV206 and Pb2V207 were used in
the experiments which were performed using both the slow cooling technique
and the temperature gradient transport technique which have been described
in section 2.1. The élow'cooling technique was used initially for each
solvent as this technique is simpler than the temperature gradient trans-
port technique. When tﬁe slow cooling technique was found to be
inadequate because 1t was impossible to cool the solution at a sufficiently
ﬁ*w%f~~;ﬁ*"slow‘rate;wtheJtemperatureﬁgradient*t;chniquévwas~employed because-itg = T

advantages are that growth occurs at constant temperature, hence with less
thermal strain in the crystal, and slower growth rates are possible. The
same furnace and temperature control equipment was used in all experiments
and is shown in figure 3.1.

The furnace consisted of a vertical recrystallised alumina tube
fo;r inches in diameter, heated with six silicon carbide crusilite rods
(Morgan Electroheat Ltd) and insulated with Morganite M128 refractory
brické. fhe teﬁperature was controlled by a Eurotherm PID 5CR 25 controller
using a platinum—platinum 137 rhodium thermocouple located inside the

alumina tube. A similar thermocouple was used to monitor the crucible

temperature and to determine the vertical temperature gradient in the
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furnace. A temperature programming unit was included in tﬁe temperature-
control circuit as shown in figure 3.2. A small positive d:c: voltage,
equivalent to a temperature increase,from the potentiometer was added to
the control thermocouﬁle signal and comnsequently less power was supplied>by

the SCR unit to the furnace so that the furnace temperature decreased by an

amount exactly determined by the additional d.ec. voltage. . The potentiometer

was of helical type and the variable voltage output was determined by the

pogition of a central spindle which could be rotated by an electric motor
via a variable gearbox to give a continuously increasing or decreasing
signal to the controller. The voltage across the potentiometer was
supplied b& a 1-5 Volt battery which provided édequate stability at the low
currentbused during the length of a run. The rate of cooling was
determined by the choice of the fixed resistance'Rf and by the rate of
rotétion of the spindle as set by the gearbox output drive, which could be
increased in discrete steps from 0.000B to iO r.p.m. The minimum rate of
cooling that could be used was 0.5% hr_1 because the temperature céntrol
was only stable to within limits of * 0.2°%.

‘The crucible Wés mbuntea on an alumina pedestal whiahrfested on a
firebrick, whiéh closed the lower end of the furnmace tube. The upper end
was similarly closed with a firebrick through which holes had been drilled

to admit the thermocouples and the seed support. The seed crystal was tied

~with fine platinum wire to a platinum-rhodium rod 1 mm in diameter which in

turn was fixed into a stainless steel rod. The whole seed support could be
rotated and raised or .lowered. The‘rotation was provided by a geared
synchronous motor at a set speed of 4.5‘r.p.m;

In slow cooling eiperiments the crucible was charged with the
oxides constituent{(all’were supplied by B.D:H. Chemicals Ltd.) as shown in
table 3.1 and placed in the fufnace, which was then raised to the

crystallisation temperature of the solution. The solution was maintained
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at this temperature for sixteen hours to allow complete solution to occur
and tﬁen the seed crystal was inserted so that only the‘crystal and no bart
of the support was in the melt. Seed crystals were obtained initizally by
spontaneous nucleation onto_the seed support rod. . The slow cool
programmer was then switthed'on and the crystal was then allowed to grow
while the temperature was lowered through 40°c. Cooling rates of 0.5, 1.5
and 4.0°C hour—1 were used with and without rotation of the seed. The
typical results obtained are shown iﬁ table 3.1. |
Table 3.1
Composition and cooling rates of various solutions used

to grow lead tantalate single crystals

3.1(a) Solvent 55 mole % B1203 ~ 45 moles % 3203.
Concentration o . S1o
of solution _ Charge > oW Product
in moles —_— Cooling rate ———
5 Bi,0, 324g 4:0°C hr t Many small, needle-
B,O, 3% 1.5%C hr ! like crystals up to
PbO 14.3g " 4mm in length
Tazo5 29.1g
total 405.4g
3.1(b) Solvent Psz 6
6 PbO  223.2g 4.0, 1.5,
V,0. 171.6g 0.5°C hr—1 Opaque crystalline
2”5 7
Tazo5 26.2¢g . mass 1 x 1 x 1 cm.
total 421.0g
“3.1(c) Solvent Pb,V,07
8 PbO  300g . 4.0, 1.5, Crystals 1 x 1 x 1 cm
v2'o5 116g 0.5%¢ hr ! containing
T3205 25g inclusions
total 44lg
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As indicated in table 3.1(a) for the solvent Bismutﬁr
Borate growtﬁ did not occur on the seed, but many small, needle-like
crystals grew up to 4mm long and less than 0.5 x 0.5 mm in cross section.
Tﬁe crystals were freduently cracked and contained mény inclusions. So
that slower growth rates could be used the temperature gradient transporf
technique was used, but no improvement in crystal quality was obtained.
There was no investigation to determine the optimum conditions for growth
by temperature gfadient transport as Bismuth Borate was found to be
unsuitable for the following reasons. A crystal was.examined with a
transmission polarising microscope, the light being parallel to the [OOIJ
direction, which had been identified by X-ray rotation photograph technique
as the elongated dimension of the grown crystals. The crystal was seen to
contain many antiparallel domains (fig. 3i3). Further electron microprobe
anaiysis of the cfystals showed that Bismuth was present in solid solution
in the crystals in concentrations up to IOZ.by weight. This impurity,
which possibly causes the fine domain structure by fixing domain walls,
renders the crystals unsuitable for eleétro—optic measurement, since the
domain structure scatters light out of the crystal and any variation in
impurity content would cause irreproducibility in measurements of the
electro-optic constant.

In the growth experiments by slow cooling of the va206
solution, controlled nucleation was achieved. Crystals measuring 1 x 1 x lcm
were formé& on the seed and possessed facet-like faces, although they were
frequently cracked and contained maﬁy inclusions. The crystals were a
dark brown colour and were opaque. Electron microprobe analysis indicated
a vanadium concentration of up to 0.6% by weigﬁg in the grown crystals.

As the dark brown colour is characteristic of vanadium compounds and as
oxygen firing failed to reduce the colour, fhis vanadium impurity probably

caused the crystals to be opaque and hence this solvent is unsuitable for
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the growth of lead tantalate for electro—optic measurements.

By slowly cooling the Pb2V207 solution controlled'nucleatibn was
achieved and the seed crystal grew to 1 x 1 xicm in size. However, as can
be seen in figure 3.4, the crystal contained many solvent inclusions. Upon
prolonged treatment in dilute nitric acid some large crystals broke up into
many smaller, transparent crystals, of which some were plates measuring
4 x 2 x i mn and were free of inclusions. A number of slow cooling rates
were used as shown in table 3.1 and the seed crystal was rotated during
growth, but no significant increase in crystal quality was observed.

In addition to linear cooling rates, a cooling rate which
followed the t3 law (séction 1.14.3) was used to eliminate any rapid
dendritic type growth when éhé seed is first lowered into the melt. Using
the relation thatq,e =. at3, 'whereﬁ 8, o and t are defined in 1.14.3, and
where ¢ = 6.6 x 10—4 using the values of the p and k given in figs. 2.15
and 2.9, a temperature progfamme was ﬁsed aé shown in figure 3.5 with a
series of linear cooling steps to approximate to the t3 dependence of
temperature oﬁ time. This experiment did not improve the crystal
quality, although no other nuclea;;on“siteé were formed in the crucible,
all the growth occurring on the seed.

As siower growth rates generally give better interface stability
(1.14.5) the temperature gradient transport technique was used with the
solvent Pb2V207. The chafges and temperature gradients thaf were used are
shown in table 3.2. Poor quality crystals grown by the slow cooling
techniqug were used as the source méterial at the crucible base, and were
encased in platinum foil to inhibit dissolution. A number of-temperature
gradients could be applied to the grucible by varying its height in the
furnace. - The crucible was placed so that the base was hotter than the top,

the furnace temperature gradient being determined during each growth

experiment using the monitoring thermocouple; the usual depth of solution
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was 4 cm. The crucible was charged by placing the platinum encased crystals

into the crucible and then adding the rest of the charge as given in the

amounts given in table 3.2.

The crucible was heated to the crystallisation

temperature of the solution and the seed was inserted after a sixteen hour

soak period. ' No rotation of the seed was used as an adequate growth rate

was observed without rotation. The grown crystal was removed after a few

days.

The variations of the applied temperatufe gradient had no appreciable effect

on the crystal quality.

The conditions used in the growth of lead tantalate from Pb

Table 3.2

solution by the temperature gradient transport technique.

Solution
concentration

8 mole 7%

Mass of Additional
source charge
material in g
20g PbO 450
, V205 174 
'TaZO5 37.5

total 661.5

Mass of
crystal
in g
13.0
8.0

1.0

Duration

of run
in hours

144
120

112

27207

Crystals very similar to those produced by slow cooling were obtained.

Temperature

ggadlegi
C cm

5
4

3

After treatment with dilute nitric acid the large crystalline

masses usually broke up into many smaller crystals (fig. 3.6) which were

plates or rods. -The rod-like crystals were most common and typically

measured 1 x 1 x 4 mm, the facets being mutually perpendicular. An X-ray

rotation photograph (fig. 3.7) taken by rotating the crystal about its

longest axis showed this axis to be the [001] axis, using the lattice

parameters given

by Subbarac (196C) to index the photog

back reflection photograph (fig. 3.8) taken of the crystal face parallel

to the fOOﬂ axis.

that the crystal facet is of an (100) type.
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Clearly, two mirror planes can be seen, demonstrating

Hence, the grown crystals are












beund by <100> faces and are elqngatedrin the [001] direction. | s

To confirm tﬁat the phase crystallising from solution was
ferroelectric and to estimate the stoichiometry of the crystal, measurement
was made of the dielectric constant of the crystal as a function of
temperature. * An inclusion~free crystal plate measuring 0.7 x 1.0 = 5.0 mm
was chosen and gold electrodes were evaporated onto the 5.0 x 0.7 mm faces.
The crystal was placed bet&een aluminium electrodes, which also had been
coated with gold to ensure good clectrical contact, and which were. connected
to a Wayne Kerr capacitance bridge. The electrode assembly to which a
nickle chrome-nickle alumel thermocouple was attached was placed in a
furnace., The - . capacitance was Fhen measured as a function of tempera-
ture and from the Qapécitance measurement the dielectric constantvwas
calculated. The plot of dielectric.constant against temperature is shown
in fig. 3.9 and a Curie-Weis plot of‘the reciprocal of dielectric constant
against absolute temperature is shown in fig. 3.10. The_dielectric
anomaly shown in figure.3.9 is typical of a ferroelectric transition and
‘the Curie;Weis’ plot gives.the Curie transition temperature of 260°C. This
agrees well with the value 265°C as’ reported by Subbarao (1960) "and =~ T
Ismailizide .(1966) within the experimental error of * SéC. Thus, the
crystals were ferroelectric with an average composition very close to the
ideal PbTa206.

The crystals were pale yellow in colour»and as oxygen defficiency
causes colouration of tungsten bronzes (Levinstéin (1967)) crystals were
fired in oxygen at 10000Cvfor sixteen hours. No change in the colour was
obgserved and it is, therefore, possible that the colour is due to traces
of vanadium in the crystal. Electron microprcbe analysis revealed the

vanadiuﬁ content of the crystals to be below the limit of detection, that

is less than 0.2% by weight. This limit is relatively high and there is

sufficient vanadium below this limit to cause the colouration.

55,



dielectng
constant

5000 }

4000

i

3000 |

- 2000 |

1000 = 140 50 220 260 300 340 380

)  FI16 3.9  THE DIELECTRIC CONSTANT OF  PbTa,0,

s, TEMPER A TURE



boxio
I
3.0
2.0
o k
0.0 | . . .
250 60 70 80 290 o
FI6. 3.10.  THE GRAPH OF THE RECIPROCAL OF

THE,VDIELECTRIC_ CONSTANT OF PbTay0p Vs TEMPERATURE



When viewed using transmitted light,hsing a polarising micro;’
scope,tﬁe crystal appeared strain free and ferroelectric domains were:
observed only at the very edge of a crystal. The polar direction was
norﬁal to the surfacé of the largest area in the plate like crystals
grown. This is consistent.with the X-ray analysis result that the
crystal fa;és are (100) type.

In summary, crys?als may be grown from the solvent PbZVZO7
which are of good optical’quaiity and of sufficient size for measurement

of their electro-optic coefficients.

3.3 A Model For The Growth Of Lead Tantalate Single Crystals From a

Solution in Pb2V207

An adequate description of, the growth:of lead tantalate single
crystals must specify the rate limiting process, the cause of instability
of the interface and should indicate how the experimental conditions may
be changed in order to‘improve‘the quality of the grown crystal.

There are three possible rate limiting processes in crystal
growth as discussed iﬁ section 2.1; these are the transport of solute
through the bulk of solution, diffusion through the bbundary layer and,
fihally, surface diffusion and incorporation into the crystal,iattice.
The rate of stirring in the melt determines which process is the rate
limiting one, as is illustrated in fig. 3.11, which sho&s the rate of

growth of yttrium iron garnet as a function of the rate of stirring of the

solution. (Laudise, 1963)
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At high stirring rates the growth rate is independent of the .
stirring and tﬁe growth rate is determined by tﬁe surface diffusion pﬁ
molecules (or ions) on the crystal interface. At lower stirring rates
diffusion through the boundary layer is the limiting step. At very low
stirring rates ;he growth rate is nearly independent of the cooling rate
and corresponds to crystal growth limited by transport of solute to the'
crystal tﬁrough the bulk of solution. In the growth of lead tantalate
the only stirring in the melt was effected by free convection, which is a
relatively slow when compared with mechanical stirring, and consequently
the first consideration must be given to transport of solute process and
the diffusion through fhe boundary layer.

It must first be established that éonvection occurs in the
crucible. The_cfiteria for the onset of convection in a 1iquia zone
‘heated ét the base is given by the inequality NPrNGr > 2000 (Tyrell, 1961)

where N . is the Prandtl number and N, 1is the Grashof number. Their full

P _ Gr

definitions are found in the glossary in Appendix A, and their values for

an 8 mole 7% solution of lead tantalate in Pb2V207 is calculated in

e et e USRS : DR g e

Appendix ATas NPr =""70,513 &nd NGr "=719"%x710 . Hence, NGr'NPr = 10°x
6 . . P ..

10°. For products NPrfNGr ;n the range 2000. < NPr'NGr <" 45,000 the liquid

forms a number of cells and within each cell elements of liquid move in a

circulatory motion as illustrated in fig. 3.12(a). If NPr'NGr > 45,000,
the cellular structure breaks down (3.12(b)) and a génerally turbulent

flow results (Tyrell, 1961) and this is the case for the lead tantalate

solution.

A turbulent liquid is characterised by a Reynolds Number
Y P N _ VL P .
NRe = 10  (Levich, 1963) where NRe' = 5 as defined in Appendix B.

Using L' = 4 cm and v = 3.48 x 10--3 poise the velocity of a fluid element is
V.= 9.0 cm sec—l. This is only an approximate calculation as there is

no established theory for calculating the velocity of a fluid under free
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convection and contained in a crucible nor is there any published
experimental evidence on which an estimate can be made. The ﬁncertainty
of V is the chief source of error in a fluid mechanical description of
4;rysta1 growth. As there is no net translation of the solution in the
crucible, the velocity V is the average velocity of an element of fluid
within an eddy of the turbulent flow and it is taken as the velocity of
the liquid relative to a crystal plate placed in the solution.

The diffusion of a solute in.a moving solution is described by

equation 3.1,

B 2 2 2 '
vx%{c_ +v_y._§_c_.+vz% = D(a;'*'az'*'a;) eee 3.1
v z ox By oz ’

where ¢ is the concentration of an eiemént in & position x,y,z and
possessing a.veiocity with componénts vx, vy, vx. This equation can be
reduced to a dimensiéﬁless form by dividing through by CqVL2 where V is a
characteristic velocity of the fluid, L é characteristic dimension of the

fluid and Co is the bulk concentration. The equation becomes

vk 3¢ . Vy C vz D [a%c . a%c . 2%
+ — o+ e = * 3.9

Vx c X
where Vx = 7o etc. C = T XTI etc.
; o
%E is dimensionless and is defined as the Péclet number NPe'

 Rewriting equation 3.2 to include the Péclet number as

Vx aC Vy 8C Vz 3C _ 1 320 320 32c
T T T 8z W A A 3.3
Pe oX oY dZ °

it may be seen that the Péclet number determines the importance of the
fluid motion relative to the pure diffusional change in changing the
solute concentration at a given point. TFor if NPe is small; the right-
hand side of equation 3.3, the pure diffusion ferms, are large compared

with the left-hand side, the fluid motion terms, and pure diffusion is the
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most significant process.. The distribution of solute and its rate of =
cﬁangGVCan then be found by solution of the diffusion equation with th;
relevant boundary conditions. If, ﬁoweVer; NPe_is large, tﬁe right-hand
side of equation 3.3 tends to zero and tﬁe fluid motion determines the
solute distribution and its rate of change. Tﬁere is no sharp boundary
between the two extreme mechanisms and no critical value of NPe has been
given for the transition. However, for NPe > 103 (Levich, 1963) the fluid

motion will certainly be dominant. JFor an 8 mole 7 sclution of lead

tantalate, V = 9.0 cm sec—l, D = 1.13 x 10_6 cm2 sec and L = 4 cm,
thus NPe‘ = 3.2 x 107, which is so large that only fluid motion.terms are
significant.

The fluid motion in the bulk of solution is extremely turbulent

as indicated by the high value of the N - NGf product. Since the fluid

P
motion determines the concentration distribution, the concentration in the
bulk of solution will be uniform, turbulent flow being very effective in

ﬁixing individual fluid elements (Levich 1963) of differping concentration.

‘Transport of solute is not the limiting process because as the solution is

cooled the rapid turbulent mixing ensures the uniformity of concentration.

The situation for crys;al growth of lead tantalate is, therefore,
depicted in 3.13. |

The bulk of.SOlutionbis at uniform concentration, which falls to -
a value near the equilibrium concentration Co at the interface through the

mass boundary layer 6. For systems with a high Schmidt number the mass
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boundary Jayer (alternatively called the diffusion boundary layer) do 1ies
within the momentum boundary'layer'ﬁl The hr?stal growtﬁ'bccérs as thé‘
supersaturated solution of the bulk flows past the crystal with velocity V
and solute diffuses through the mass boundary layer into the crystal. The
thickness of the boundary layer, and hence the rate of diffusion, is
determined by the velocity of the soluticn past the plate. At low solution
velocity the layer thickness is large and the growth is diffusion limited.
That diffusion limited growth takes place may be deduced from the maximum
size of crystal that can be grown free from inclusions. This is calculated
in the following way.

Carlson (1958) has shown that a crystal plate grows in a terbulent

flow of solution at a rate per unit area of

- 1 1 INAER o :
d = 3 Nz D(C c)(\)x) | ver 3.4

whereigg; bulk solute concentratioq, C the concentration at the interface,
and x, the distance downstream on the crystal, D the diffusion coefficient
and v the kinematic viécosity. .This assumes that the concentration is
constant over the crystal plate and leadgrto‘an uneven rate pfﬂg?oypbweygf'
the crystal as shown by the form éfﬁ?d in figure 3.14,

An irregular wedge shaped crystal will result which is inconsistent
with the observation that crystals grow with flat faces. Carlson showed that

this difficulty is removed is the concentration is allowed to vary over the

crystal plate in the form

1
C = (e - bx? ee. 3.5
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where b is a constant. By a treatment analogous.to.that of Tage (1931}

the rate of growth.becomes uniform over the plate-and

1

1

' RPNV .
1 = _ (Y _
Qd = 0.463 Db Ny 3 (L) SRR

However; the concéntration now varies over the plate in the form
shown in figure 3.14.

At some point g along the crystal the concentration falls to
that of the equilibrium concentration C0 and growth is no longer possible
at lengths of crystal greater than X Putting x = X and C = C0 in
gquatioﬁ 3.5 and substitﬁting for b in equation 3.6, the length of crystal

that may be grown is xé

0.214 VD

1
NSc3 (Qd/Cw—Co )

The value of x_ may now be evaluated. V, D and NSC have been

‘measured for an 8 mole % solution of lead tantalate and are given in
Appendix A. The value of Qd/Ce—Co is found from the slope in figure 2.18,
which is the plot of loss of weight of crystal against supersaturation.

Although figure 2.18 was drawn using dissolution data it may also be used
for the crystal growth situation since in diffusion limited growth the

chemical reactions involved are not limiting processes. Using

Qd/Cx~Co . = 3.48 x 10_4, NSC = 3.06 x 103, V = 9.0 cm sec_l,

D = 1.137 x 10_6 cm2 sec_l. in equation 3.7 one obtains xsf = 1.2 cms..

It should, therefore, be possible to grow cubes of material

/
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1.2 x 1.2 x 1.2 em free from inclusions. However, it was observed that ,
crystals rarely grew bigger than 4 x 2 x 1 mm inclusion free and t&picai
crystals measured 4 x 1 x 1 mm. The growth rate in the Cboi} direction is
therefore four times that for growth in the fblq and [10@] directions
when inclusion frce crystals are grown. Crystals were grown measuring
1x1x1cm, but contained many inclusions which were in troughs parallel
to the [OOi} direction., This indicates an abnormal growth due to inter-
face instability in the [010} and [10@ directions that is twice that for
normal inclusion free growth. Hence, a value'of 2Qd/Co-Co must be used
to calculate the length of crystal that can be grown inclusion free at the
abnofmal rate, giving x, = 0.3 cm. Thus, the maximum size of inclusion
free crystal that may be grown measuéés 1.2 x 0.3 x 0.3 em. While the
largest inclusion free crystal grown measured 4 x 2 x 1 mm, crystals were
found up to 1 em long, although generally less than 0.5 x 0.5 mm in cfoss
séction. Other crystals were found with dimensions up to 0.3 cm in the
[010] and [100] directioﬁs, but none were found to be larger than this.

To summarise, the growth of lead tantalate from solution using

-only. free convection. is .diffusion limited as demonstrated by the-correla=~...

tion between the size of inclusion free crystal grown and that expected by
a theory based on diffusionllimited growth. There 1is anAinstability in
the growth of the interface which results in a decfease in the size of
inclusion free crystal thét may be growﬁ. Before further discussion of
this instability the mechanism of diffusion limited growth should be
confirmed by reference to the temperature gradient transport technique
and by reference to the effect of rotation on the quality of the grown
crystal. |

If the growth rate is determined by diffusion through the mass
boundary lgyer, then equation 3.6 can be used to predict the rate of growth

of a crystal by temperature gradient transport. Source material is
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dissolved in the base hot zone and 1s carried by the turbulent flow to
the region of the crystal interface vhere the solution is depieted of
solvent by the diffusion into the growing crystal. The rate of growth
will be determined by the velocity of the solution which determines the
tﬁickness of the mass boundary layer. Thére is a concentration gradient
in the solution, therefore, there is also a density gradient associated
with it and this gradient acts in addition to the one caused by the
temperature gradient driving éonvection. This gives rise to a different
velocity of solution V' to that in the case of slow cooling. Assuming
that the velocity due to thermal convection VC and the velocity due to the
density difference, Vd’ are additive, then-V' = Vd + Vc ... 3.8
Vc is taken as VC = 9.0 cm sec—1 aévin the slow cooling case.

The calculation of V, is as follows. -Consider a spherical

d

element of fluid radius r. Then the viscous drag on the element is

3
Avr Apav where Apav is the

61r8V, and the upthrust on the element is

d

average density difference between the element and the rest of the solu-

tion and is caused by the concentration gradient only. Assuming that if

the solution is in thermal equilibrium at all points. then the concentration - —- . .. ..

gradient 1s directly proportional to the temperature gradient. The density
difference between an 8 mole 7% solution and 10. mole % solution is

Ao = 0.14 per mole (fig. 2.15). Thié is equivalent in solution to a
density difference of Ap = 0.004 C. .Thérefore, if A8 is the temperature

difference across the solution, then Apav = 9;9%ﬁé§ * Equating the

upthrust to the Viscous drag on the element one obtains vy = r2/4 AB using
n= 2.2 cp. As the flow is turbulent, r must be less than 0.1 cm and Vd
<0+25 cm/sec for A8 = 20 and the maximum temperature difference used.
This is insignificant cﬁmpared with V. and V' . = V_ = 9.0 cm sef—l.

It is now possible to evaluate Qd = 0.463 Pb NS;% (;;)i (3.6)

using b = 1.146 x 10—3 which was calculated from equation 3.5, using
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x = 1.2 cm and Cs - Co' = 0.18 from figure 2.18; the other constants

s
in equation (3.6) are known. Hence, it is found that Qd = 0.37 x 10“7 g

cm2 sec 1, independent of the temperature gradient. Table 3.2 records the
results of experiments to grow lead tantalate by the temperéture gradient
transport technique using a number of temperature gradients. The figures
~given in table 3.2 are used to give: an experimental value of Qd for each
temperature‘gradient_and the results are given in table 3.3. Qd is
calculated by assuming the rate of deposition of mass on the seed to be
constant in time and using the final area of the crystal to calculate the
mass flux per unit area per unit time into the crystal, since this
corresponds nearest to a steady state condition. As the grown crystal
contained many inclusions it grew with én abnormally fast growth rate,
which must be divided by a factor'of four to give the normal growth rate
for an inclusion free'crystal.
Table 3.3
The theoretical and experimental growth rates of lead tantalate

from solution by the temperature gradient technique.

"7 77 Temperature _ Qd experimental Qd Qd
Gradient C cm (abnormal) (corrected) (theoretical)
5 0.313 x 10" 7.8 x 107 0.37 x 107/
4 0.309 x 107° 7.7 % 1077 0.37 x 10/
3 1.195 x 10/ 0.3 x 1077 0.37 x 1077

All Qd are in units of g c:m_2 sec—l.

It is noted that there is good agreement between experiment and
theory for growth under a temperature gradient of 3 C-cmnl, The discrepancy
between the other resulls and the theory is probably due to the ervor in
estimating the area of the crystal. The crystals grown at temperature

. -1 -1 A -1 .
- gradients of 5 C ecm ~ are 4 C cm = were much larger than the 3 C cm = one

. and did not possess good crystal facets, and it is probable that the area
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of these crystals was underestimated due to the break do@n qf the inter~:
face to give many smaller facets, particularly on the (C01) faée. Thus;
after allowing for experimental error, the temperature gradient transport
technique results confirm that diffusion limited growth occurs.

As diffusion limited growth occurs. it is to be expected that
rotating the seed crystal would decrease the boundary layer thickness and
lead to more stable growth. This was not obscrved at the rotation rate
used because the decrease in the boundary layer was too small, That this
is so has been calculated in the following way. A body rotating in a
semi-infinite liquid with an angular velocity w‘induces a velocity
component in the liquid of O.894rfﬁﬁ (3.9) at distances greater than the
momentum boundary layer, where v is the kinematic viscosity of the liquid
and this velocity is directed towards the crystal (Levich 1963). This

rotational component Vr is assumed to be additive to the velocity due to

convection Vc' Thus, the velocity of the liquid becomes

VR = VC + Vr ... 3.10.
For an 8 mole 7 solution of lead tantalate V = 3.48 x 10—3 and w = 0,157
féd-sec—l rotation used thus from equation 3.9. Vr = 0.032 cm sec—l.
Using VC = 9.0 cm -1 as previously, then V‘Q = 9,032 cm sec—l. Substitu~
ting for V‘Q in equation 3.7 2 new value xsl for the length of the crystal
thgn can be grown is obtained such that xsl = 1,003 X where X is the

maximum length of crystal that can be grown without rotation. Thus, the
use of low rotation rates produces very little increase in crystal quality,
but the use of higher rates of rotation could result in better quality

7 crystals. From equation 3.9 and 3.10 a rotation rate of 105 r.p.m. would
have to be used to produce Xsl = sz, which is roughly the desired increase
in quality. This calculation is iﬁvalid, since equation 3.9 is only true
if the liquid is semi-infinite and the liquid in the crucible only

approximates to this at low rotation rates. As the rotation rate increases
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the diffusion boundary layer diminishes and the surface diffusion controls
tﬁe growtﬁ, but the transition stirring rate can only be found experimaufélly.

It has been demonstrated above that if the growth is diffusion
limited a crystal may cnly be grown to a certain size. As there is an
instability in the growth,crystals can only be grown to a size 1.2 x 0.3 x
0.3 cm. The diffusion limited growth process does not itself cause
inclusions in the crystal, but conditutional supersaturation is present
and will produce inclusions if a perturbation of the surface occurs, given
that surface free energy considerations do not cause the pérturbatian to
decay.

The first poééible perturbation of the surface can be caused by
local heating due to the heat of crystallisation being liberated, which may
produce a very small area of the interface of sufficiently high supersatura-
tion for a secondary nucleil to form and grow rapidly. This effect may now
be calculated for a crystal measuring 1 # 1 x1.2 cm of mass 9.8 g grown on
~ cooling a solution thrdugh 40°C at a linear cooling rate 1.7 C per hour.

The growth rate is Qd = 171 x 10_4 g sec_1 and the heat liberated per

second is Q, = %é AR where Al is the heat of crystallisation per mole of
solute.and M is the gram molecular weight of the solute. From 2.8,AH = 11.8
K cal mole_1 and therefore QT = 3.04 x 10_5 cals., If the conditions are

initially isothermal QT will be conducted away through the crystal in amount

Q . and through the solution in amount Q,. Then Q, = Q;4Q ... 3.10.
~1 2 T 152 ‘
) dT dT . el .
Let Kl’ K2 = ’ = be the thermal conductivities and

1 2

temperature gradients in crystal and solution respectively. Assuming that
the heat conducted through each is proportional to the thermal conductivity
of that medium then

Q k . .
4o h | Y
Q, 2 '
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- dr _ . fdT ‘
Q. = kl(_dx) 1 and Q, = L_Z(dx)z .. 3,12

ar %
Simplifying 3.10, 3.11 and 3.12 yields (dx 1 = (kl + kz)
. . -2 -1 -1 -1 . ..
and using k1 = 2.5 x 10 " cal em " sec ~ C ~ typical for that of an ionic
crystal and k, = 4.0 x 1072 cal em ! sec T ¢ (%g) = 1x107%¢ cm L
S 2

This temperature gradient will only exist in the thermal boundary layer for

which the thickness is
1

z 1
L s R 6 A
N ¢ v T,
pr
All terms are defined in appendix A. Hence, for an 8 mole Z solution
Ax = 3.41 x 1072 and therefore AT = 3 x 10 °C at the surface where
AT = Ti - To, Ti being the temperature of the interface and To being the

initialtisothérmal temperature. This temperature produces a change in
concentration (from fig; 2.9) of ACo = 0.0002 mole in the equilibrium
R concentration at the interface. The required concentratién difference to
drive the surface diffusion is 0.018 moles (from fig. 2.18). Therefore,
~ the effect of iqterfacemheatiﬁg is negligible and'dissipation of heat does
not form é source of inétability.

The source of.instébility is probably a two-dimensional nucleus
or a plane of high Miller indices appearing on the surface. Considering a
(010) plane shown in‘figure 3.16(a) the distfibutioﬁ of suéersaturation over

the surface is shown.
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Suppose that a,number,of.perturbations.occur on the surface, .
tﬁey’will grow-raﬁidly,depleting the solution in the boundary layer of
soluﬁe; Tﬁe solﬁtion flow can only supply enough solute to the boundary
layer for one perturbation to grow 3 mm long parallel to the flow. As
there are many perturbations depleting the solute, they will not grow to
3 mm long, but will grow rapidly outwards from the interface enclosing
approximately a volume of solvent between them. The distance between the
rapidly growing ridges will be about equal to X divided by>the number of
perturbations. The normal growth of the crystals in the fOOﬂ direction
is sufficiently fast that the perturbation grows normally in that
direction, A similar effect occurs on the {100) surface and conéequently
a pattern of inclusions is obtained as shown in figure 3.17, which is a
diagramatic simplified rgpresentation of figuré'S.é.

In conclugion, the growth of lead tantalate is diffusion
limited with an interface inétability-caused by constitutional supersatura-—
tion and the combination of these factors leads to a cfystal which can only

be inclusion free if smaller than 0.3 x 0.3 x 1.2 cm.
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'CHAPTER IV

4. °~ MEASUREMENT OF THE LINEAR ELECTRO-OPTIC EFFECT IN LEAD TANTALATE

4.1 'The Linear Electro-Optic Effect

When an electric field.is applied to a crystal there is a
change in the refractivg indices which is directly proportional to the
applied field. The effect was first noted by F. Pockels (1893) in quartz
and the effect is sometimes called the Pockels effect. The magnitude of
the effect varies with the relative orientation of the electric field to
the crystallographic axes of the crystal. If the crystal is isotropic
initially, then under the influence of the applied electric field it

becomes birefringent.

, 4,2 The Optical Indicatrix

-Before discussing defiﬁitions of the electro-optic coefficients,
the ﬁomenclature of conventional optics must be established. A crystal can
be characterised by the number of independent refractive indices it

:ﬁossesses. An isotropic crystal has one refractive‘index, a uniaxial
‘crystal has two and a biaxial crystal has three. Whether or not a crystal
is isotropic, ﬁniaxial or biaxial is determined by the crystallographic
symmetry‘class to wﬁich the érystai belongs. The optical properties of a
crystal can be described by the optical #ndicatrix, which is an eﬂipsoid
of equation:

a,.x + a, . X + a,.x =1 ees 4.1

1171 2272 3373

where Xys Xgs X are the principal axes of the ellipsoid and are directions

3

in the crystal, and

n,.
1]

where n. . is the refractive index in the direction xj of the crystal. Any.
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light ray propagated through the crystal is propagated in components; each
of wﬁicﬁ has its electric field polarised parallel to one of the principal
axes. In an isotropic crystal ai = aé = a, and the ellipsoid becomes a
sphere., In a uniaxiai crystal al’ = a, and the ellipsoid is a body of
resolution about the xéiaxis and possesses a circular croés section normal
to it. The refractive index in the X direction is called the ordinary
refractivé index and in the Xg qirection is called the extraordinary
refractive index. Biaxial crystals have algk aqu ay and hence there are
three refractive indices.

In general, the .axes of the indicatrix are not identical with

" the crystallographic axes. Referring the indicatrix to the crystallo-

graphic axes its equation becomes

a, X 2 + a- i 2 + a,.x 2 +  23a,.X,X + 2a,.,x.,x, +
1171 72272 173372 237273 7137173
-2a21x2x1, = 1 vee 4.2
where x, is the crystallographic axes, a.. = —l—-, where n.. is the
1 1] n 1]

. : ij
refractive index in the Xij direction. The cross terms aij describe the

rotation of the indicatrix relative to the crystallographic axes.

4.3 Definition of the Electro—-optic Tensor

The electro-optic tensor is defined by the equation

v

Aaij = rijk Ek _ _ | oo 4.3

where Aai. is the charge in the coefficient of the optical indicatrix for
the applied field, E, » where TSk is the electro-optic coefficient. The
general electro-optic tensor is a matrix of eighteen elements, but the
number of independent coefficients depending on the symmetry of a particular
crystal. A monoclinic crystal has all 18 independent coefficients,

whereas a cubic crystal has one.

As the subscripts ij are repeatéd on both sides of equation 4.3,
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a reduced form of notation is used. . Equation 4.3 becomes

Aaif = 1. E eee b4
The convention used is that when ij = 11, then i = 1
ij = 22 i 2
ij = 33 i = 3
ij = 23 io= 4
ij. = 13 i =5
ij = 12 i = 6

Thus, writing equation 4.4. in full:

! Ty Tpp T Ey .

Aa, T3l Ta2 To3 £

Aay _ Y31 T3z T3 F3

Aa, L Ta1 Taz Tus

bag ¥s1 52 Ts3

Aag  Te1 Ye2 Tes ce. 4.5

4.4 Change of Refractive Index with Applied Electric Field

If is not immediately appafent_that equation 4.4. 1eéds to a
change in refractive indek linearly dependent upon tﬁe applied electric
field. Consider a field applied in the Xy direction and a wave normal

propagated in the X, direction; the equation of the indectrix becomes:
1 2 f1 2 _ _
(—-2 + rllEl} Xy + (-— 2 + Yoy El) X, + 2r61 E1 X%, = 1 oo 456
n n
1 : 2
This is equivalent in a new indicatrix

2 < 2
D
n

bl

1
1
n

1 2

2r61 E1 X1X2' = 1

where the indicates the refractive index with the field applied. Now

n L. (nl + Anl) where An

1 is the change in the refractive index n

1 1°
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then '_2 = —""‘"‘“"""“‘E' L= ) +'.r11 El veoe 4,7

- Then, since An is small compared to ny by binomial expansion of (nl + An)2

equation 4.5 reduces to

1 T Al - : e 4.8

Therefore, there is a change in refractive index directly proportional to

the electric field. A similar relationship can be derived for Anz. The

term 2r61 El is equivalent to a rotation of the indicatrix about the Xy

axis.

4.5 Electro—Optic Effects in Centrosymmetric Crystals

As noted in 4.3, the number of indepenaént values of rij depends
on the crystal symmetry. In centrosymmetric crystals all Yalues of rij are
- zero. This may be seen from a consideration of equation 4.7§ with the
field in one direction a certain value of nl1 is obtained, but on reversing

the field An1 changes sign an& a different value of nll results., This is
inconsistent with the centrosymmetric requirement that the applied field
should give the same refractive index in either direction of the electric
field., Hence, all values of-rijk must.be zero. Electro—optical effects
are possible in centrosymmetric materials, but the change in refractive
iﬁdex must be a function of even powers of the applied électric field. 1In
this way symmetry requirements are satisfied and Anij  = gijkEkz’ where
'gijk is the coefficient of the second order or quadratic electro-optic

effect. The quadratic effect is observed in all materials, though it is

usually much weaker than the linear effect in non-centrosymmetric crystals,

4.6 Direct and Indirect Linear Electro-Optic Effect

The electro-optic coefficients can be measured experimentally
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under conditions of constant stress or constant .strain, which are called
respectively the indirect and direct effects. Tﬁe indirect arises through
'tﬁe addition of piezoelectric strains when the field is applied (All
linear electro—optic ﬁaterials must also be piezoelectric). The piezo-

- electric strain producés'a rétardation thréugh the elasto-optic effect.
The indirect effect can be greater or less than the direct effect and the

latter can only be measured at high frequency or by clamping the crystal.

4.7 Electro-Optic Retardation in Birefringent Crystals

In applications of the linear electro-optic effect light polarised
in two components is propagated through the crystal and the components are
given a relative retardation by the electric field. Equation 4.6 was

derived for light propagated along the X, axis and for a field in the Xy

direction, and if the wave is polarised along the X, axis and has

frequency w it is described in the crystal by

A exp 1 (wt - 2ﬂnl X, )
1 —_— 3

A .
where Ao is the wavelength in free space. The phase of the wave depends

on n,. After traversing a length of crystal, L, the change in phase, n,

. - 1

due to the field is n = 2L ( n, - n J
A 1 1
0
n= - n 3 r., EL vee 4.9
1 11 717 . 1m ~
A
"o

If E1 varies sinusoidally, there is a sinusoidal variation in the phase
delay.

.. . . o
If the incident wave is polarised at 45 to g then two equal
plane polarised components are propagated at right angles. The emergent

beams with E;é 0 are respectively described by

exp i (wt - Q_Qil') xl)

A

A
) oo 4,10

0
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and 7 exp i { wt m o - .
"o
There is a phase difference between these components and they
produce a resultant eliptically polarised wave. This resultant can be
described by two orthogonally polarised waves referred to any arbitrarily
chosen axes. If these axes are chosen as parallel and mormal to the

incident direction of polarisation, the the components have amplitudes

TL ~ T
A cos- X; (nl. n, + Anl Anz) = Acos (2)
. L _ . T
and A sin ,X: (n1 - o, + Anl Anz) = Asin (i)
Respectively, where I is the retardation.
Considering the parallel component, if- E%- (n1 - nz) i5 an even

multiple of n/2 the amﬁlitude is zero except for the component due to the
electro-optic effect.  Using equation 4.8 for Anm the value of this

component is

. L, 3 _ .3
cos o, M T i) By
which approximates to
- 1 _L 3 g 3 E,
1 T (" 1y oy I B

Thus, the amplitude modulation is small and contains even powers of E. The

same reasoning holds for the other component if E% (n1 - nz) is an odd

value of nlh.

1f L

T (n1 - nz) is an odd multiple of w/4, then the amplitude
. o
for either polarisation is
1 i . 'IlL 3 3 2
t - i * - D — 1
3 L% 2 sin o, (n2 Ty Ty r12) ElJ
{

R

1 oL

=1 o+ Iz 3. - -3

2 4 (n - l
_ VR , T217 ™M STURI |

In this case the retardatiom is larger and is linear in E. The

J
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condition that E%- (n1 - nz) should .be an odd multiple of /4 is called
the optical bias and is achieved either by using a compensator or by

utilising the temperature dependence of the crystal's birefringence.

.

4.8 The Half Wave Voltage

This is a useful measure of the effectiveness of an electro-
optic material in device applicatioﬁé. It is the voltage necessary to
produce a relative retardation of the 7 radians between the two components
propagated through the crystal. The phése difference between the two

components from equations 4.10, 4.11 and 4.8 due to the applied field only

is:
. 2L
no= oy (8mp ot ey
- (o]
mL 3 3 -
- (" xyy =1y 1yy) By
If n = 7
Ay 3 3 -1
then - E = i (n2 T,y =My rll)

’

If the distance between the electrodes is d, then the half wave voltage V"
is:

3 3 -1

(n2 Iy~ my rll) | : .o 4.12

: d
i -_)\ i’

It is desirable from a device viewpoint that VTr be as low as
possible. This can be done by choosing a large value of L and a low value
of d and large reductions in VTr are then possible. Limitations are imposed
on this reduction by the morphology of the grown crystal. In order to
quote half wave volfageé in a manner independent of the crystal dimensions
the half wavelength field path length product (E.L.))yfz is used. This
is the product of the field required to achieve a half wave phase

difference and the path length of the light through the>crysta1. Thus:
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- [B.1] M, = .10 (Ii23r21 - )t

cer 4.13

4.9 ' The Dependence of the Electro~optic Coefficient on the Spontanéous

" Polarisation

Kurtz (1967) has given a tﬁeoretical relationship between the
linear electro-optic coefficient and the spontaneous polarisétion‘of a
ferroelectric material. The refractive index in the visible region is mainly
determined by the strong ultraviolet absoption band electrons.- The model
of the electro~optic effect uses a single electron oscillating in a
potential well with an ultraviolet frequency. A small anharmonic
perturbation ié added to the potential. In the electro-optic effect the
d.c., field E(o) is added to the driving optical electrical field E(w,t) of
light wave. The equation of motion of the electron is

X + Rx + wozx + vx2==§- E(w,t) + BE(0) e hA.14

where R is a damping constant, v the electron frequency, w the light wave

frequency, v the anharmonic potential, e and m the charge and mass of the

_(k + 2)

electron, and B is a local field parameter, 3 where K is the
dielectric constant of the material. With no anharmonicity the applied

field E(o) merely shifts the equilibrium without affecting w . However,
: )

using the co-ordinate transformation

x - eBE (o) L 15
- 2
o

in equation 4.14, which shifts the origin to a new equilibrium position, a

new electron frequency is given by

(Wo')z. = w242 ve BE (o)
° 7

mw
0 .
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This gives rise to a field dependence of the refractive index on the

. . . . . . 2 -2
electric field as the refractive index varies inversely as (wo') T

Solving equation 4.14 one obtains a non-linear susceptibility for

PzL(w) = lf x§L~(w + 0,w,0) EX(W)E(O)
where 2§ix(w + o,Ww,0) = :%_gES_EEX 4.16
’ m D" (w)D(o) - e :
where D(w) = wo2 - wz - 2Rw. Using the Klienmann relation
= é% XNL (Klienmann, 1962) one obtains for r after simplification
of eqﬁZtion 4.16
(ﬁz —‘I)ZBV

ZnnANo e w
o)

For a ferroelectric material below its Curie point the local
field is augmented by the spontaneous polarisation PS and replacing the

term vx2 in equation 4.14 by ux3 one obtains

4n e N 2/3 P
: o ]
v =
m
where y = w 2N-2/3
o o
Hence, électrq—optic coefficient if given by
r = 2 0 - 1’ gt | ee. 4.18
3 n& mNA2/3w 2
"o o
4.10 The Electro-optic Tensor for m2m Crystal Symmetry

Lead Tantalate belongs to the same crystal class m2m, and Nye
(1960) has given the electro-optic temsor for each crystal.class which

exhibits the effect. The tensor for the m2m crystal class where the

axis is taken as the b axis is; 0 riz 0 (‘johnston‘lOGQ)
0 Yoo 0
0 Tqpy 0
0 0 .3
0
61

T7.



An electro-optic effect may, therefore, be observed at in the following

combinations of light and field directiomns:-—

1ight.in Xy field in Zy
light in_ﬁli . field in %4
light in x2~'7 field in x, ,
light in Xq field in 3
light in x - field in x

3 2
Thus, both a traverse effect with field and light orthogonal and a

1ongitudina1 effect with field and light parallel may be observed.

4,11 The'Apparatus and Procedure for the Measurement of the d.c. Electro-

Optic'Coefficients in Lead Tantalate. -

The aéparatus used in the determination was designed and constructed
by the foFt Office Research Station, Dollis Hill. The apparatus is showm
.in figure 4.1. The apparatus records the voltage required tovrotate the
plane of polarisation of the incident wave tﬁrough 900, i.e. the half wave
voltage. The light source is a model 132 Helium Neon Laser, frequency
63288 produced by Spectra Physics Inc., with avminimum power output of
1 milliwatt. The laser and the other optical components were mounted on a
two metre optical bench. Neutral density filters.were used to reduce the
intensity of the laser radiation, as a”safety precaution and to reduce
the signal level from the detecto}-to'a suitable value for input into the
photodiode amplifier. The polariser and analyser were made of polaroid
mounted on rotating frames. The méasurement cell is sﬁown in figure 4.1.
The electrodes are bress faced with platinum. The lower electrode is
earthed. The electrodes were held in a perspex cell, which was filled with
benezene to prevent electrical bréakdown in the air gap between the

electrodes. A quartz wedge compensator which could be adjusted with a

micrometer screw was mounted after the cell and was used to correct for
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the crystal's natural birefringence, giving either maximum op‘minimum
transmission;‘ After tﬁe analyser a focussing lens is used to focus tﬁe two
1igﬁt rays from the crystal onto the photodiode detegtor.. A dark paper cone
was placed between thé lens and the detector to eliminate ;ny effects due
to tﬁe laboratory 1igh£ing. The detector output was connected to a d.c.
amplifier, which had an adjustable sensitivity. The amplifier output formed
the Y input of an XY chart recorder. The high tension source used was é
Brandenburg High Teﬁsion generator; The high tension line was connected fo
the upper electrode of the cell and the.generators earth cable to the lower
electrode. The voltage could be varied by a manual control. A potential
divider circuit in the generator gavé an output 10-—3 of the voltage across
the éell. The potential divider Eircuit output formed tﬁe X axis input of
the\XY recorder.

An electro-optic crystal'waé piaced‘between the electrodes and
the compensator set to give a minimum, polariser and analyser being crossed,
and as the voltaée was increased an increase in the transmitted light was
observed, up to a maximum and the signal then decreased again to the
minimum, and so on. A chart trace was‘recorded. A typical example is
shown in figure 4.2 (a). The diéténce between a maximum and a minimum on
the X-axis is the half wave voltage. In fhé linear electro—optic effect
the . _~ half wave voltage will be independent of the applied voltage.
However, if the crystal éxhibits a quadr;tic effect a decrease in the half
wave voltage wiil be noted fof inéreasing applied vqltage, giving a trace
of the type shown in figure 4.2 (b);

The lead tantalate crystals used were usually of dimensions

1.5 x 1.5 x 3 mn, the longest dimension being the C axis. The [106}

dimension of the crystals was usually 1ongér than the [bld dimension.
The crystals were polished on the appropriate surfaces with varying

grades of diamond paste down to lu. The crystal dimensions were then
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measured with a micrometer screw gauge. Silver dag electrodes were painted
on tﬁe grystal; wﬁicﬁ,was tﬁen placed on the lower electrode ;nd aligned in
the beam. The upper electrode was then placed on the crystal and_the higﬁ
voltage connections were made. The polariser was set at 45° to tﬁe vertical
and the analyser waé crossed. The ordinary and extraordinary rays from
tﬁe crystal wére focussed with the lens onto the front of the aperture of
the photodiode. |

The diode was mounted 2.4 cm behind the front aperture and,
therefore, the diode stand was moved forward 2.4 cm after the light had.
been focussed onto the aperture. Recorder and amplifier were then switched
on. The compensator was adjusted to give minimum transmission and the
voltage was switched on. The voltage was then increased until 5 series of
maxima and minima were obtained. The experiment was repeated at each
orientation for different positions of the beam on the same qrysfal and for
different crystals. The calibration of the x axis of the recorder was
checked using. a standard potentiometer. The average half wave voltage for
each orientation was found. A spread in the values of half wave voltages
of about 10% of the mean was found. This was probably due to lags in fhe
sérvo mechanism of the X-Y recorder, which was prone to giving an

irregular response.

4.12 Results of Electro-Optic Measurements

The results of the electro-optic measurements for lead tantalate

is given in Table 4.1. T

Table 4.1
Half wave field path length product for each orientation of a

single crystal of lead tantalate PbTaZQ6 measured at 6328°A.
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. Table 4.1 continued

Field Direction

Light ' '
18 100 010 001

Direction
100 - IV 114 N.D.
010 / .. /
001 : ‘ 1.56 0.60 /
-/ crystal symmetry indicates no effect

N.D. effect so small in cannot be measured
U.M. unable to be measured with the apparatus
Field wave products are measured in KV.

The refractive index of lead tantalate along the b axis, i.e.

+

s meéasured by the true and apparent depth method is 1.9 * 0.5. Using the

results in Table 4.1 and this value of n, in section 4.12.1. the value of

g1 is calculated to be 1.49 x 10._8 cm/V.

The retardations due to an applied electric field in the b

direction. and light in thé a and c directions are respectively

21l 4 _ 3 3
v 1 T2 T M Ty2) By
2L, 3 3
and o r = 3 n, r22} E2

Since in each case a very low half wave voltage is obtained, and

- . 960
since n;, n2<and n, are equal to the first decimal place (Subbarab%\then

if it may be assumed that 19 and Ty, are small cogpared tc;,r22 an

approximate value of r,, = 7.6 x 10—-7 em/V is obtained from Table 4.1.

22

No optical damage due to laser radiation was observed,

4.12.1 The calculation of rSl A

With light propagated in the C direction, that is with Xy = 0

and with the field in the-a direction, the equation of the index
elipsoid becomes
2 3

alxl + a2x3 + Zra Elxlxﬁ = 1 eee  4.19

B1.



" This indicates that the eliptical section normal to therx3 axis is
rotated through an angle 6 as illustrated in figure 4.3. Referring the

. elipse to new axes xll and xal the equation of the elipse becomes

112 .1 12 4.20

a; % + A, X, = 1 . e
where all and a21 are the new coefficients due to the distortion of tﬁe
elipse by the applied field. Since the axes xll and x21 are rotated by an
angle from the axes X and X, the following relationship holds between them.
(See figure 4.4)

v 1 1 ‘ '
X, = alx;. + 61x2 | ees 4,21
X, = oa,xyT 4 62x2 LA ee. 4,22

where d&,'az, 61, 82 are the direction cosines of the angles between the

- axes. From figure 4.4 -

oy = ;62 ' | e 4,23

and e, = Bl .- | ' o 4.24

Substitute for 61 and 62 from equations 4.23 and 4.24 in eqﬁations 4.21

and 4.22 and then, substituting for %) and xi-in equation-4.19 one obtains
12 2 2 o 1 2 2 '
Xy (ala1 + a2a2 + 2r6131a1a2) + %, (ala2 + a,0q 2r61E1a1a2
2 2 . 11 _
.+ 2r61E1(a1 ¢, + G 0, a,7a; ) E 1 R 4,25

a, = a; is small compared with unity and, therefore, this term may be
neglected in the calculation of G- Equations 4.25 and 4.20 are identical

and therefore

2 2 o
2r51E1 (al Gy ) = 0 . e 4.26
. 1., .
since there are no %,  x, in eguation 4,20,
1 72 .
Therefore ay = * o, and from figure 4.3 ai = cos 9 and aé = sin 0,
hence 6 = * 45° R cee 4227

. . . . L. . . o
Thus, there 1s a rotation of the optical indicatrix about the ¢ axis of 45

82.



when the field is appiied,.but independent of the magnitude of the field.
Tﬁis solution is only approximate; since if &i = &2 exactly'tﬁe elipse
becomes a circle and no electro-optic retardation is possible; Hence
&1&2(a2 - al) is important in determining the electro-optic properties of
the crystal. Since thg#e is a rotation of very nearly 45 degrees and as
the polariser had been set at 45° to the initial indicatrix, the amplitudes
of the two transmitted components are no longer equal. Hence, total
extinction will not be obtained at minima of transmitted intensity. To
calculate the retardation the new indicatrix with the field applied is

used, the retardation T being given by

- - A 27L 1 _ 1 »
1 2 |/
Using @, = 0o, = 8 1/V§ in equation 4.25, and letting a, +a, = a,
then 7 s
T = o " %e1f1 - - 27 nu 7y B . 429
= - A . 3.2 A . con .4

' ., s 1 . - = 4
~where it is assumed that a~ >> (r6lEl) ) Q Y )

From Table 4.1, when L = lcm and E, = 1.56 KV/em, T = 7 at A = 6328°4,

9

1

then re, = ¥ 0x lQ cm/V,

4.13 Discussion of Results

Equation 4.18 gives the electr;-optic coefficient in terms of the
spontaneous polarisation, dielectric constant and refractive index. Using
a value of P_ = § x 10 ° coul. em >, K =700 (Subbarao, 1960) and.
approximate values of ng l'-711023 and w ==2gn' X 1015 ((M and
ﬁé = 9.1 x‘lo—28 grm, then r = 24}] # 10—9 cm/Volt. This agrees well with
the value rg, = .3 x 1077 cm/Voltrmeasured for lead tantalate. The value

of Too is larger than this. This is probably due to an enhanced biasing of
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the.quadratic‘effect when applied.electric-field and sponfaneously polarisa-
tién are pérallel; Tﬁat.no effect determined by tﬁe r43 term céuld be
detected from the apparatus is to be expec;ed from the prediction by

Miller (1964) that thé dielectric constant and ﬁence the electro-optic

constant is an order of magnitude less for the ¢ direction than for the a

or b.
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" "CHAPTER V

-'5.0 THE STRUCTURAL AND DIELECTRIC PROPERTIES OF THE TUNGSTEN 'BRONZE

..Pb6Ti2Nb8030 .FOR.VARYING4TITANIUM:NIOBIUM RATIOS

‘5.1 Reasons for the Investigation of szTisz803O Type Material

The general formula for a filled tungsten bronze structure material

is (A')2 (A?'j4 (chH (B')2 (B2)8-030 where A! and A2 are-slightly differing
"sites and are occupied by monovalent or divalent ions. The B sites are
occupied by tetravalent or pentavalent ions. The C site is a small one
which can accommodate only small monovalent ions such as lithium and for
most materials the C site is vacant. Within the requirement of the general
formula materials have béen investigated which fprm five distinct groups,
which are classifiéd by the valeﬁcies of the ions in the structure. The
groups are:- |

(1) A By 0y e.g. PbTaZOG,'BaO.S-SrO.S Nb,0,

2+

+ .
(2) A4 A2 B10 030 e.g. BazNaNbSO15
. + 4+ .
(3) Ag €, By 04 e.g. K.LiNby 0.
2+ .
(4) A™0 XBZO5 l«<.5 e.g. PbO - 2.5 Nb205

(5) A22+ A42+ Bz4+ 385+ 0y, ©-8- BagTi,Nb0,.

Mant investigatiﬁns have been carried out on materials in groups
(1) to (4). Thé only investigation of group 5 materials has been the X-ray
study of BaGTisz803O-by Stephenson (1965), who conc}uded that ferroelectri-
city was probable in this structure. As lead is a more highl& polarisable
ion, a requirement of ferroelectric materials, than barium, the material
Pb Ti Nb, 0O, = should also be ferrcelectric. If the titanium—nickium ratio
is varied, then the Curie point of the material should also vary because
of the different numbers of Ti-0O and Nb-O bonds which possess different

polarisations. In order to vary this ratio a charge compensating ion must

be added. Burns (1968) has shown that the addition of lanthanum to a
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ferroelectric tungsten bronze reduces its Curie temperature. Ihis is
desirable as Miller's rule has establisﬁed that tﬁe dielectric constant
is directly proportional to the electro-optic coefficient. When measuredA
near the Curie point of a material where the dielectric constant is 1arge
the half wave voltage will be low. Thus, it should be possible to
synthesize a material of tungsten bronze structure with suitable 'dieléctric and
electro-optic properties.
This investigation was undertaken as a secondary project in
order to evaluate the fifth group of tungsten bronze structures as a source

of possible electro-optic materials.

5.2 X-ray Analysis of the Materials

_.The specimens for analys}s by the X—raywpbwder diffractién tech-
nique were prepared by firing the appropriatg mixtures of the constituent
~oxides. A charge of 25 grms was weighed out, mixed with 10 cm3 of distilled
wafer and placed in a ball mill. The charge was milled for sixteen hours,
then filtered and dried. Approximately one gram of material was then
placed on a plafinum sheet and heated in an oxy~hydrogen flame until molten.
The molten charge was allowed to cool, ground with é pestie and mortar and
then refifed. This process was repeated several times. The final product
was then examined by Debye-Scherrer powder diffraction technique.

Figures 5.1(a) and 5.1(b) show the results. To simplify identification, a
standard specimeﬁ of lead nicbate PbNb206 was similariy.prepared, yielding
the ferroelectric‘;rthorhombic tungsten bronze structure which was
identified by comparing the d spacings with those given in the ASTM index.
The lead-rich members of the series were found to have structures similar
to that of lead niobate. For compounds containing less lead than

Pb,La_ Ti.Nb_0O,_ _ a different strucfure was obtained as seen in figures 5.1(a)

37377575730

and 5.1(b). TFew lines were visible for these compounds, and the structure
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could not .be identified by comparison with known materials. No unréacted

" components were present, nor .were any known binary combinations of them.,

2778730

The d spacings of each of the first five strong lines for each

© 5.3 'The Structure of the Pb6Ti Nb O Series

X-ray photograph was calculated from the measurement of the diameter of

each line 'on tﬁe photograph. No correction was made for film shrinkage,
as only the low angle lines, which are the least accurate, were visible
on the film. The index of each line was deduced by éomparison with the
standard lead niobate phqtograph, and using the d spacings given by Roth
(1957). The lattice spacings measu;gd.in Angstroms for each composition

are given in Table 5.1.

Table 5.1
The lattice spacings of the first five stroﬁgest lines in

- .
Pb6¢12hb8030. type materials. -

PbLa T, PhLa,Ti_Nb,0, LaNb.Ti.O.. (h.k.1)

T:,Nb O Pb.LaTi Nb_O 57170503 gNb,Tig0,

PbgT1,bg0q, PbyLaTiNb. 04y by

6 30
3.4407 3.187 3.173 3.43 3.413 150
2.941 3.030 , 3.001 3;232 3.307 131
2.848. 2.911 2.905 2.930 . 2.995 440
2.700 2.756 2.756 2.689 2.757 350

2.548 2.582 2.573 _ | 060

As ceramic discs were used'asAthe source ﬁaferial the lines on the
'photograph w?re broadeﬁed due to the compositional variations typically
:found in specimens preﬁared in this way. Becdause of this doublets, due to
the orthorhombic structural deformation, were not resolved for lead
niobate or for any of the other materials. Hence, it was necessary to use a

tetragonal cell to calculate the lattice parameters. There was insufficient
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evidence to decide if in fact their .structure was orthorhombic or tetragonal.
Tﬁe lattice parameters were calculated for éacﬁ material and are shown in

. figure 5;2; The series appears to divide into two parts with a_pﬁase
boundary near the compositign PbBLaBTiSNbSOBO. Little change is observed

in the c parameter on varying the Ti:Nb ratio. This may be expected, since
the 0-Ti andO-Nb bonds are of similar lengths in tungsten bronze materials
(Stephenson (1965); Jamieson, (1968)). The a parameters are smaller than

for PbNb206, which is consistent with the smaller diameter of La compared

with Pb.

. 5.4 Determination of the Melting Point as a Function of Composition

In order to prepare ceramic discs for dielectric studies the
melting point of each composition was determined using a Griffin and
George Hot Stage Microscope. The heating element was a platinum 5% rhodium/
platinum 207 rhodium thermocouple junctioﬁ. The element was heated by a
chopped electric current which allowed the thermocouple temperature to be
monitored in between the heating pulses.. The temperature of the thermo-
couple could be set manually and its value was displéyed on an accurately
calibrated scale.

To determiné the melting point of each specimen a small amount
of material was placed oﬁ the thermocouple, which was then clamped in
position on the microscope; The thermocouple temperature was increased
until the material became molten. The temperature was then decreased to
solidify the material. Agaiﬁ, the temperature was increased and the
melting point was then taken as the temperafure at which the solid material

‘was in equilibrium with its 1i§ﬁid. The initial melting of the material
was necessary to ensure complete reaction of the oxides. The measurement
of melting point was performed several times for each composifion and the

average taken. The melting point as a function of temperature is shown in
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figure 5.3.

‘5.5 ‘Preéparation of Ceramic Discs

* Sintered discs of each composition were fired in tﬁe following
manner. About 2g of material was placed in a 1 cm internal diameter
cylindrical die and hydraulically pressed at three tons indicated pressure.
The disc was then removed and the die cleaned to remove material adhering
to the sides, The discs were fired initiallyvfor sixteen hours at a
temﬁerature 0.6 Tm, whére Tm was the melting temperature. The firing
temperature was then increased subsequently until a dense, impervious
disc was obtained. The weight loss on sintering was in all cases less
than 27. Table 5.2 gives the firing temperature for each disc. A number
of discs of each composition were fired at a time. One disc was crushed
;nd examined by the X—fay powder photography to ehsure the correct phase

had formed.

Table 5.2
The firing temperéture for sintering Pb6Tisz8030 type
materials.
EEEEEEEL teiéZiZ%ure
PbTi Nb 0,0 - : 1160°C
. PbSLaTiBNb7030 1180°¢C
PbyLayTiNbg0u, 1200°C
PbLaTi NbyOy 1220°C N
LagTighb, 0. 1240°¢C

"'5.6 'Measurement of the Dielectric Constant as a Function of Temperature

The dielectric constant was determined using a capacitance bridge

technique. Dielectric anomalies indicating ferroelectricity were found in
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materials that were lead rich. No anomalies were found in materials with
lead contents less than PbBLa3T15Nb7030.

The results showed & weak anomaly at 670°C for Pb6Ti2Nb803O, a
reproducible large anomaly at 375°C for PbSLaTi3Nb_/O30 and evidence of an

anomaly below room temperature for Pb3La3T13Nb7030.

With the exception of PbsLa'I‘i3Nb7O30 a wide variation in resultg
was observed for different discs of the same material. This was probably
due to an imcomplete reaction of the‘oxides and the difficulty of achieving
a uniform composition for such complex materials. However, the fact that
no ferroelectric behaviour was found for lanthanum rich members of the
series ié consistent with the observation that these materials did not
possess the ferroelectric lead niobate structure. To confirm the existence

of ferroelectricity it was clearly necessary to prepare single crystals of

the lead rich members of the series.

5.7 The Growth of Single Crystals

From the dielectric study the material PbSLaTiBNb7030 exhibited
the most sharp dielectric anomaly. As it had a melting point of 1305°¢C
and appeared té melt coherently, it was capable of preparation as single
crystals by the Czochralski techniqué.  However, when moltenr, the material
rapidly lost lead oxide by evaporation. An attempt to encapsulate the melt
by‘floating boric oxide, B263, on the surface was made to suppress the
evaporative loss of PbO - undesirable because of its toxicity and because
of the change in melt composition. This attempt was unsuccessful, as lead
oxide diffused into the boric oxide layer, which then mixed with the melt
within a period of about an hour, after which lead oxide was again evolved.
No satisfactory method of overcoming this problem was found, and the

Czochralski technique was discarded as being unsuitable for the preparation

of lead rich members of the series.
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The high.temperature solution technique was then emyloyed; as
this offers tﬁe advantage that the growtﬁ could be carried out at é cénstant
temperature by evaporation of tﬁe solvent. With such complex materials,
temperature variations would not only result in a variation in tﬁe Erystal
composition), but might.élso lead to the precipitatioﬁ of secondary phases
within the crystal. The problem was to find a volatile solvent which did
not react irreversibly with the solute. In order to test the solvent a
trial run was carried out in a 30ml platinum cruéible using a solute
solvent ratio of 1:5 by weight. The first two solvents to be used were
lead fluoride and lead oxide. Both precipitated an unwanted pyrcchlore
type phasé,'rich in lead oxide. The next solvents tried were molybdenum
triodixe, lithium molybdate Li2M0207 and lithium molybdate, Li2M004. The
first two of these precipitated lead molybdate over a wide range of
compositions and solution températures. Using LiZMOO4 as solvent, a
mixture of lead molybda?e and the desired tungsten bronze phase was
precipitated. However, the results were inconsistent, as seen when an
experiment was repeated, additional phases were present and the tungsten
‘bronze phase absent. 1In order to obtain a more easily reproducible system
the slow cooling technique with a non-volatile solvent was used. The
solvent used wés potassium carbonaté gnd the tungsten bronze phase was
precipitated. However, a pyrochlore phase was also present in the crystals
and sometimes only this- phase formed. The tewmperature and composition at
which the pyrochlore phase formed could not be determined from the
experimental results as the solution was cooled over a range 6f témperatures.

Thus, there appeared to be two problems in the preparation of
PbSLaTi Nb.O,, from solution. One is the reaction of the component oxides

3777730

with the solvent, and the other the phase change from tungsten bronze to

~

pyrochlore structure. The first problem may be overcome by a series of

trial and error experiments with possible solvents. The second may be
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overcome by a.study of the phase diagram of the PbO—LaZO3 T10 kaOS
system:‘ A.protracted series of tedious experiments is, therefore, necessary
before single crystals can be prepared. As this-study was undertaken as a
topic of secondary intérested, exténded work bf this kind could not be

- undertaken and the invéstigation ended.

5.8 Concluéion

From the structural and dielectric e&idence, therseries divides
into two parts, each possessing differing structure and properties. The
lead richvpart is ferroelectric and possesses a structuré very like the
orthorhombic tungsten bronze structure. * There is no evidepce for
ferroelectricity in the lanthanum-rich part and the structure is not
tungsten bronze. The phenomenon of two structural t&pes in a series of
sclid solutioné of varying composition has been previously observed by:
Subbarao (1960), who studied the systems Pb(Ta;Nb)206, (b, Ba)Nb2 6 2 and

(Pb,Sr)NDb,0 In each case two different structural groups were found

276°

with structures similar to the end members.
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- CHAPTER VI

" 6.1 'The Growth of Single Crystalé of Lead Tantalate

The control of the growth of optical quality single crystals is the
principal barrier to tﬁe development of new and improved non-linear optical
materials. The high quality of crystals obtainable from high temperature
solugion growth makes this an attractive tecﬁnique for the preparation of
optical materials, but very little work of a fundémental nature has been
directed to the study of either the properties of high temperature solutions
or the mechanism of cryst;l growth by this technique. - In the present work
a systematic investigation of the propefties of lead tantaiate solutions has
been made. It has been shown that the variables which determine the
principal mechanisms in crystal growth can be meésured, and in particu}ar
the thermobalance has been used effectively for the solubility and
diffusivity measurements. 'Density,'viséosity and heat capacity of the
solution have been measured by conventional techniques.

The theoretical‘modei for estimating solubiiities proposed by Cobb
(1969) has been ﬁested with the experimentally measured solubilities. Good
agreement was obtained for lead tantalate dissolved in lead vanadate,
fb2V207, but the theory had only a poor predictive value where there was
interaction between solvent.and solute as for solutions.in bismuth borate
and Pby206.

The measurement of solution‘properties made possible the growth of
single crystals of lead tantalate by controlled nucleation on a single seed.
In this was a crystal 1 x 1 x 1 cm could be grown. However, the crystals
were of very poor quality even when the optimum slow cocling programme was
used. The crystal growth was found to be diffusion limited and this led to

instability of the interface due to constitutional supersaturation. The

effect of local heating of the interface by the liberated heat of crystallisation
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was found to.be.negligible. It was.deduced that the maximum size of good
quality érystal tﬁat could .be grown under diffusion limited ;onditiOns was
1.0 x 0.3 x 0.3 cm. It was found that rotating tﬁe seed crystal marginally
improved the quality of the grown crystal and it was deduced that higﬁer
rotation rates would further improve crystal quality.

The crystal gorwth experiments were successful in producing
crystals of good-optical quality with dimensions 4 x 2 x 1 mm which were

suitable for electro-optic measurement.

6.2 The Measurement of the Transverse Linear Electro-Optic Effect in

Leéd Tantaléte

Lead tantalate possesses a large transverse electro-optic effect
for light propagated in the fOOl] direction and the field applied in the

{OlOJ direction, the half wave voltage being 600V for a cube of material.

An approximate value of f22' = 7.2 x 10—7'cm V—1 and a measured value of

r6i' = .3 x 10—c cm V_l were‘determined.. Good agreement was found
" between this value of r61Aénd that given theoretically by Kurtz (1967).
Its low half wave voltage makes lead tantalate a promising material for
device applications. A crystal of dimensions 1.2 x 0.3 x 0.3 cm, thaf is
the 1argést that could be grown using the apparatus in this study, would

~possess a half wave voltage of 150V which may be generated in standard

electronic circuits,

6.3 Propertles of Pb6T12Nb8030 Type Materials

The series of compounds based on Pb6Tisz803o was shown to possess

tungsten bronze structures in either the orthorhombic or tetragonal form.

~

The series exhibited a typical phenomenon of tungsten bronze solid solutions
in dividing into two structural types, the lead rich being ferroelectric,

and the lanthanum rich, non-ferroelectric. An adequate method of growing
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single crystals was not found due to the high volatility of . lead oxide,
the reactive nature of the component oxides with common high temperature

solvents and the formation of a pyrochlore phase at certain temperatures.

FUTURE WORK

6.4 The Growth of Lead Tantalate and its Non-Linear Optical Properties

As lead tantalate is a good electro-optic material it may be
expected to strongly exhibit other non-linear electré-optic phenomena,
In particular, it should be a good source for second harmonic generation
as it should possess a large coefficient .of second harmonic generation
and it sﬁould exhibit non—criticalAphase metching due to its tungsten
bronze structure. A measurement of its S.H.G. coefficients should,
therefore, be valuable. ‘

It is desirable tovgrow larger crystals of lead tantalate than
those obtéined in this study. A possible method is to "pull' the
crystal from high témperature solution as described by Elwell (1968), in
the growth of nickle ferrite crystals. This method has the advantage
that growth occurs in one direction. Thus, growtﬁ could be achieved in-
the fboi] direction with only a small growth rate in directions normal to
it. This corresponds to the normal growth, which is énisotropic for lead
tantalate. The slow growth rates used would enhance the stability of the
interface to constitutional supersaturagioq Gﬂullin; 1964). In addition,

the rotation of the crystal necessary in this technique would increase the

crystal quality as predicted in section 3.3.
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" "APPENDIX A

"THE DEFINITION OF DIMENSIONLESS NUMBERS

Dimensionless ﬁumbers are used in the solution of problems wﬁere
the fluid mechanical equétions which define the system under study are so
‘Complex that direct analytical solution is impossible. The well known principle
of similarity is used in the solution. In a geometrical problem, if there
are n triangles which are similar, and if the lengths of sides as bl’ c;
of the first trianglé and of the-a sides of the other triangles are known{
then the léngths of the b #nd c sides of all the others ﬁay be found by
multiplying by the ratio of ak/al. By the same principle, if the fluid
flow through two systems is similar, then if a relationshiﬁ is true in one
system it will be true in the other. In this way relationships between
variables may be established experimentally for a simple sﬁstem and theﬂ
~generalised for the solution of more complex problems. The two systems are
© similar if‘the dimensionless numbers specifying the systems are equal.
The value-of the application of~this’principlé can be seen in the

case of flow through an infinite tube of diameter L. The flow along the

tube in the one dimension is characterised by the Navier Stokes equation:

2 .

o, 0 M o= - p o+ aPa'x veee (AD)
e ot X 9X : X 3 ax2

where p is the density of the fluid, M the wviscosity, p the
pressure at the point x and Vx fhe veiocity of flow; This equation cannot
be solved analytically. For two systems to be simiiar they must exhibit
geometrical, kinematic and dynamic similarity. Geometrical similarity
exists if the surfaces in the. two systems in contact with the fluid are
similar, i.e. both infinite tubes or infinite plane surfaces. Kinematic
similarity occurs if all combinations of products and ratios of lengths and

distances in the Navier Stokes equation have the same proportionality

Al.



" C is known as the Reynolds number N

. constants. Thdsi

S0 AT
Vose S O 1 vee. (A2)
and .,azvX v
55 = C2 G cee. (A3)
X

Dynamic similarity occurs if the ratio of the different forces in

the equation are the same. That is,
BVX 3 v,
DVX'E}?‘ = CBF——_“ [P (A4)

Cl’ C2, C3 are dimensionless constants found fér one system. From (A2),

(A3) and (A4) then, (v is_)‘ké kinewalic vistosil‘ﬂ)

Vol CCg vev. (A5)
AYJ

Re and any two systems with the same

Reynolds number will have similar flows. Thus, a Reynolds number‘of 2300

in_any systems corresponds to the transition form lamellar to turbulent flow.
Tﬁis method may be applied to the problem of éonvective heat

transfer, where the relevant equations are more complex than the Navier

Stokes equation. The relevant equations are:

dq . = —kgﬁ 'dA = 'hoes dA ’ veen (46)
v, By _ 3V, v,
5e F Vx X vy P + Ve y -
M 32V ' 32V BZV
z z 3 z
i T + gpep cev. (A7)
2 2 2
X oy 0z .
7
W, v v, g s
3x dy oz U

A2



pCp stV =tV =ty . . el (A9)
5t x X y 9y zZ 5z Exz 43y2 322

L0, -’1@-;1{(’8‘26;526;’&??0
wﬁere dq is the heat flow across and element dA of surface with normal in
direction n, E is the thermal conductivity of the fluid, h the coefficient
of conveétive heat transfer,-es the temperature difference across the surface,
.Cp the heat capacity of the fluid, 6 thé fluid temperature at the point
%,¥,%, B the coefficient of expansity, g the acceleration due to gravity and
the other'terms-have been previously defined.

Assuming that a similér.geometry exists for two systems designated

by subscripts 1 and-2, then if the systems are similar the following

relations hold:

X, = lxz; Yy = Ayz, 2y = Azlvaz = ALl
& = Fty
8, = ¢0,, 05, ¢85,
vXZ =@ v, etc
By " bgy
: LRI (A].O)
P, = Vpy
By = 8
Py T 0y
My =y
sz = e Cp1
k, = Kk

2 1

Rewriting (A7) for caseé 1 and 2

: ' 2 2 2
szl_ V1 V1 3 Va1 o Vo1 3V,
IJ1 + —

P 37 +v + v = +
t x10x w1 A ; ~ 5)
1 Tl ax, < ay. © ax, ©
: 1 Y1 *1 ‘/
t 8 Byo 8 ceee (A1)

A3



v v v o EC A T T
z2 .z2 . 22 . 2 Z g z_ 4 .72
and p2 .ot +"vx2 .9x * Yy2 ox SRy ,’L‘“z' .2 .2 s 2
. .2 2 2. <2 X 9y oz
. o o 2 2 2
+ g, 82P2 82 .. (A12)
i tuti = ax = - c in Al2
Now, substituting for X, Akl, vx2 szl etc in .
o Ta gl (T, T Ty e [
1 b; ox; A\ oexp ax Ay ) A 3z) A2
2 2, 2, -
0 “x1 , 9 "yl 9 “z1 ' _
w2 2 * .y *OEX09By By Py By vee. (A13)
1 1 1, :
(A13) and (All) must be identical and this only occurs if
2 n .
Woaoe oL B oy eee (A14)

JAE A

- Other relations may be found in the same way using equation (A9)

ged ; 19 ¢ _ K¢
4 v

From, (Al4) and (A15) the following relations hold

n = AC

)
Y

v o= wzq

n2 = 13¢502X

K = n.

Equation (Al6) yields

Pilyvy o Boly¥y
R

(A15)

(Al6)
(A17)
(A18)
(A19)

(A20)

As pfeviously defined (A5) this is the Reynolds number. Hence,

one requirement for similarity of heat flow is that both systems should

possess the same Reynolds number.

A4



0 ﬁ.Z p.;.z .
Equation (A.18) yields lPl D= 2P2
1 2

that is, the ratios of kinetic energy to pressure must be constant in

similar systems. %X- is called the Euler number and is of little

significance in problems of free convection.

.tlv1 t2v2
Equation (Al7) yields i i which is an obvious
1 2 '
requirement for similarity.

Equation (Al9) yields

2.3 2.3
8P 1P L %1 BBaPy Ly Oy

2 - 2 , ... (A21)

! R

This is termed the Grashof number NGr’ and is important because it is a
measure of the driving force for convection,-i.e. gBAlagainst the viscous

forces apposing convection v = Mo

u,Cp u,Cp
Equation (A20) yields 11 . 272
k k
1 2
- and the relation EER is called the Prandtl number, NPr’ and can also be
expressed as Np. = ﬁ- where o is the thermal diffusivity. The Prandtl

number relates the thermal flow to the momentum flow. If the Prandtl
number equals unity, then isotherms and streamlines are identical.

A further relation may be derived from equation (A6) if
h,L h. L '

h, = ih., then ohe obtains K . i, that is L1 __22 . The
2 1 prawns y Ky k,
dimensionlesé-%L is called the Nusselt number, NNu’ The Nusselt number

contains the coefficient of heat transfer by convection, h, which is the
quantity that has to be determined for the solution of many heat flow

problems.

The heat flow problem has been reduced to three variables, i.e.

the Prandtl, Grashof and Nusselt numbers, of which only two are independent.

A5



Thus, NNu' = ¢ (NGr’ NPr) where ¢ 1s some.power .function of NGr and NPr'

The principle of similarity may also be applied to systems in

which the concentration of a moving fluild solution varies in time. The

equations of mass transfer are

om - -D 3c
5 = 3o , | cees (A21)
: 2 2 2 v
3¢ , v_ 9c , v_.9c , v_ dc _ {Bc 3 p 30) ,
and ST+ Koo+ y 5§»+ X o = D\B 5735 53 eee. (A22)
x y z
ac + dc + dc  _ b | .e.e (A23)

Ty T e
where ¢ is the concentration at the bbiﬂ£ X, ¥, 2 and D, -the coefficient of
&iffusion. These equations are exactly #imilar to eqﬁations (A6), (A8), (A9) and
~equation (A7) also applies to the maés transfer problem, except the term
\gﬁep‘is replaced by gBAa where Ap i§ the change in density imposed by the
concentration differences. Hence, iﬁ is possible to derive Prandtl,

Grashof and Nusselt numbers for the mass transfer where the appropriate
thermal variables are replaced by their mass equivalent. Thus, the Prandtl

and is usualiy called the Schmidt number N The

3

number becomes NPr =

Sc’
gAgL %? , where b is the

a - 4
coefficient of mass transfer defined by %%'=,b(CS~CO) and § is the thickness

o<

Grgshdf number becomes and the Nusselt numbgr
of the mas§boundary iayer, Cs and C0 arethe concentrations at the surface.
‘and bulk fespectively.

A further dimensiqnless number 1is bbtained fme equation (A22) in
the following way. Dividing through by CoVLz, where Co is the bulk
concentration, V and L a characteristic fluid characteristic fiuid velocities

and lengths, then (A22) becomes (A23)

<
@
(@]
@
(@]

™
o

+

<
«

%

+
N< :
28

|

). Q) QU
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v
Fﬁ; ,¥X=2,¢="5/Co. etc.

(b5

where V | =
x

-

The term-y% 1s dimensionless and is called the Peclet number, NPé

Tﬁis number determines the relative importance of fluid motion to pure
diffusion in the mass transfer process, The thermal equivalent is.o-éE
where ¢4 = vBEE- the thef;al diffusivity, and measures the relative
importance of convection to conduction in heat transfer. At large Péclet
numbers the fluid motion terms are dominant,

Table Al summarises the principal dimensionless numbers for

both heat and mass transfer systems.

Dimensionless
number Symbol Thermal Mass
VL VL
Reynolds NRe 5 v
. VL VL
Péclet NPé e D
Prandtl N 2 ~
_ Pr o
Schmidt . N v
Sc - —
3 D
gRo4L 3
Grashof NGr g ' gAPg
v '
hL Lb
Nusselt NNu T 5

For an 8 mole % solution of lead tantalate at 11800C.
Table A2 lists the values of the relevant dimensionless number

using the data derived in Chapter 2,

Table A2

N 10*

Ype " 31.8 x 10°
N - 3.06 x 10°
N, | 0.513

NG£ (Thermal) 19 x 10°

A7



" "APPENDIX B

. “THE - DERTVATION -OF THE -RELATTONSHTP -BETWEEN - THE - SOLUBILITY -OF ‘A REFRACTORY

. OXIDE -AND ‘THE -TEMPERATURE OF SOLUTION

The derivation of solubility foll§WS from a consideration of
figufe B.1, ‘in which a cycle of the states of the oxide is shown. Pure
solid oxide is in equilibrium with the solution ‘at temperature T OK, where
N moles of oxide is the saturated concentration in solution at temperature
T °K. To derive the solubility N moles of pure oxide are melted at
femperature T with a free energy chargevAGF and fhen mixed with the solvent
with a free energy cha;ée AGS = 0.

By standard thermodynamics.

A6, = RT ImK = RT In gﬂ | e.. (B1)
. 0 R :

" where K is the equilibrium constant, y the activity coefficient of the oxide
in the solution and a, is the activity of the oxide in the pure molten state.
This pure molten state is taken as the reference state for the free energy

change and therefore, a, = 1.

If AGM is known, then N can be fbund, but AGM cannot be deduced

from first principles. However, considering figure B1l, the total: free
energy change aroung the cycle must be zero. Therefore
.AGM = —AGF ' : . . «ees (B2)

AGF may be derived by standard thermodynamics. -

AGF_ = (AHM)T + T (ASM?T o : | sees (B3)
where (AHM)T and (ASM)T are the heat and entropy of mixing at the
temperature T. If AH and AS are the heat and entropy of mixing at the
melting point Tm and ACp is the differénce in heat capacity between solid

and liquid oxide, then

B1
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- "I ., B .
o= + . = T-T - e v
(AHm)T. AHm iT ACp .dT _AHm + Cp ( m) (BA)
ST :
AN ..
(A8 )q. = 45, ; T T * T + ACp In T ... (85)
m

Substituting from B2, B3, B4 and B5 into equation B1l, then

- » AHm ACp (Tm . Tm
log 'YN = ﬁ;l- - = 'T—"']. + ACp ln—,f— «e.. (B6)

If the solution is ideal y = 1 and

: ' | T .
_ AHm ACP_ Tm -1 + ACp 1n =
lee ¥ =l ®_ ~ X T . T
RT :
If the solution is regular then
| [ -\ ' T ‘
_ m _ ACp ) m m AH'
Log N = L iT;' —if- (T 1) + ACp In 7t E;f
where AH' is the heat of mixing and AH' = RT ln ¥.

B2
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