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The degree of order between octahedral site cations has been determined for the

perovskite compounds Sr2AINbO6 and Sr2AlTaO6. Each compound has been prepared by

several different methods. The affect of annealing temperature has been studied in the

range 900-1690°C. The degree of order is found to generally increase with increasing

synthesis temperature. The amount of cation ordering is, therefore, primarily controlled by

kinetic processes and not by thermodynamic equilibrium considerations. However,

annealing Sr2AINbO6 above 1400°C resulted in a small decrease in the long range order

parameter, presumably because thermodynamic equilibrium had been attained. No such

behavior was observed for Sr2AITaO6. The cubic edge of both compounds decreases

significantly with increasing order, as does the lattice strain. Ordered domains are separated

by antiphase boundaries which occur in high concentrations. The presence of antiphase

boundaries causes the cubic cell edge within the ordered domains to be smaller than the

overall cubic cell edge. The ordered domain size is found to increase with increasing

annealing temperature. Studies on Sr2AITaO6 show that this phase exists over a range of

stoichiometries. In particular it appears to be possible to introduce excess tantalum onto the

octahedral site, which is presumably compensated for by the creation of strontium

vacancies. Doping the samples tantalum rich results in a decrease in both the overall long

range order and the ordered domain size. The ordered domain size in particular is very

sensitive to changes in the stoichiometry.

The compounds LI2GeTeO6, Na2GeTeO6, Na2TiTeO6, Na2SnTeO6, and Na1 46K0 TiTeO6

have been synthesized for the first time. Li2GeTeO6 is found to be an ordered derivative of

the ilmenite structure, with ordered an ordered distribution of cations within GeTeO62 layers,

but considerable disorder in the layer stacking sequence. Na2TiTeO6 can also be derived

from the ilmenite structure, but this compounds has at least a partially disordered intralayer

distribution of cations, and hence no order in the layer stacking. Reaction of Na2T1TeO6 with

KNO3 under hydrothermal conditions results in formation of the pyrochlore, Na1 46K TiTeO6.
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Na2GeTeO6 is isostructural to L12GeTeO6 when prepared at 700°C, but transforms to an

ordered stacking sequence when heated to 750°C. In the high temperature structure, which

is an ordered derivative of the trigonal polymorph of TISbO3, the sodium octahedra share

faces with only germanium octahedra. Na2SnTeO6 adopts the ordered TISbO3 structure, but

now the sodium octahedra share faces exclusively with tellurium centered octahedra. X-ray

powder diffraction, infrared and Raman spectroscopy, and DIFFaX modeling are all used to

characterize the ordering behavior in these compounds. Madelung energy calculations are

used in order to understand the ordering behavior of these compounds.
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Long Range Order in Quaternary Oxides

Chapter 1-Introduction

Upon going from a binary oxide, to a ternary oxide, (AB)O, the A and B cations

can be distributed either randomly or in an ordered fashion onto the crystallographic site(s)

occupied by M in the parent binary oxide. Some examples of this type of behavior are the

transition from corundum to ilmenite and the transition from fluorite to pyrochlore. In the

corundum to ilmenite transformation, when the A and B cations order they segregate into

layers perpendicular to the c-axis. Studies in the system Fe203-FeTiO3 have shown that

depending upon the composition, the cation distribution ranges from a random distribution

(corundum) to a fully ordered distribution (ilmenite) (Brown & Navrotsky, 1994; Burdett,

Flynn & Gramsch, 1995). In the fluorite to pyrochiore transformation, the framework of the

defect fluorite structure, M407, segregates into two distinct but interpenetrating three

dimensional frameworks, A20 and B206 (Subramanian & Sleight, 1993). The compounds

Ln2Zr2O7 and Ln2Hf2O7, where Ln is a rare earth cation, have been shown to display cation

ordering arrangements varying from disordered (fluorite) to completely ordered (pyrochlore),

depending upon the synthesis conditions and the ionic radius of the lanthanide ion (Brixner,

1984; Michel, Perez, Jorba & Collongues, 1976). In both systems displacements and

distortions of the oxygen lattice accompany the ordering of cations, and help to stabilize the

ordered structure.

Order-disorder effects can also occur upon going from an ordered ternary compound to a

quaternary compound. In terms of cation ordering, the most commonly studied quaternary

compounds belong to the perovskite family. The ternary perovskite structure, ABO3, consists

of a three dimensional network of corner sharing B03 octahedra, with A cations occupying

the voids in this network. Although examples of cation ordering on the A site are known

(Sekiya, Yamamoto & Toni, 1984), they are rare. Therefore, the primary focus is on

ordering of the octahedral cations, in A2MM'O6 perovskites. It has been known for over thirty

years that different types and degrees of long range order exist in complex perovskite

compounds. During this time there have been several studies undertaken in which attempts

were made to identify the factors controlling the ordering behavior (Galasso & Darby, 1962;

Sleight, 1964; Patrat, Brunel & deBergevin, 1976; Wittman, Rauser & Kemmler-Sack, 1981;

Randall, Bhalla, Shrout & Cross, 1990; Anderson, Greenwood, Taylor & Poeppelmeier,

1993; Woodward, 1996). When considering the factors influencing ordering all reports in the

literature agree that the most important factor driving the long range ordering process is the



charge difference1 between M and M' ions. In general, when the charge difference is 0 or I

no long range order exists between M and M', and when the charge difference is 3 or

greater only the ordered structure is observed (Anderson, Greenwood, Taylor and

Poeppelmeier, 1993). Therefore, to study variations in long range order most studies,

including this one, consider primarily the class of compounds where the charge difference

between cations is 2.

It has generally been accepted in the literature that following the difference in charge

between M and M', the next most important factor in determining the long range order is the

size difference between the two ions (Galasso & Darby, 1962; Anderson, Greenwood,

Taylor & Poeppelmeier, 1993). Although the size difference is an important factor, a careful

examination of the literature, clearly shows that a model based solely on the charge and size

differences between M and M' is too simplistic to accurately predict and explain the long

range ordering behavior of many compounds. A recent study has shown that in addition to

charge and size effects, cation bonding preferences, oxidation state stability, and kinetic

effects all influence the degree of long range order (Woodward, 1996). Other studies have

also observed cation ordering behavior to be dependent upon the bonding preferences of

the cations (Sleight, 1963), and the synthesis conditions (Sleight, 1963; Thoret & Mercier,

1990; Setter & Cross, 1980; Reis, Jacobson & Kulik, 1993; Rao & Ghose, 1986). The

contents of chapters four and five specifically address the affect of synthesis conditions

(kinetics) on the degree of long range order observed in the perovskite compounds

Sr2AINbO6 and Sr2AlTaO6.

One area where cation ordering appears to be very closely linked to a technologically

useful physical property is in the area of dielectric materials. Electrostrictive actuators

(components which modify an electrical signal depending upon its frequency, such as a

band pass filter) are based on a class of materials known as "relaxor ferroelectrics". These

materials are similar to normal ferroelectric materials in that the application of an electric

field can cause some of the atoms to shift their positions in the unit cell. This causes a net

polarization of the material which remains even after the external field has been removed.

Relaxor ferroelectric materials differ from normal ferroelectric materials in several ways

(Randall, Bhalla, Shrout & Cross, 1990). First of all the dielectric constant changes

dramatically near the Curie temperature in normal ferroelectrics as they undergo sharp 1st

or 2nd order transitions. However, in relaxor ferroelectrics the broad-diffuse phase transition

removes the sharp temperature dependent changes of the dielectric constant. This property

1

Charge difference is used throughout this chapter to imply differences in formal
oxidation states, not actual charges. For a discussion of the differences between formal
oxidation state and actual charge see Sleight (1989).
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is of great importance in applications where the temperature may approach the Curie

temperature of normal ferroelectnc materials (BaTiO3 has a sharp spike in the dielectric

constant vs. temperature curve near 120°C (Galasso, 1969)). Another important difference

is that the dielectric constant is only weakly frequency dependent in normal ferroelectrics,

but is strongly frequency dependent in relaxor ferroelectrics. This is the basis for an

electrostrictive actuator.

The understanding and behavior of relaxor ferroelectrics is strongly tied to the research

outlined in this thesis. All relaxor ferroelectric materials (perovskite) have more than one ion

on the M site of the perovskite lattice, such as Pb(ZnNb67)O3, Pb2InNbO6 (Groves, 1986),

and Pb2ScTaO6 (Setter & Cross, 1980). There are two theories which attempt to explain

why relaxor materials behave as they do. The inhomogeneous chemical microregion model

postulated by Smolenski (1970) attributes the unusual behavior to an inhomogeneous

distribution of ions throughout the crystal. The second model proposed by Randall and

Bhalla states that regions of nanoscale order among disordered regions are responsible for

the relaxor behavior (Randall, Bhalla, Shrout & Cross, 1990). The second model if correct

directly relates the ordering behavior to the ferroelectric properties of these materials.

Furthermore, based on a study of the ferroelectric behavior and cation ordering of lead

based perovskites, it has been observed that ferroelectric materials of the relaxor type are

only observed when partial cation ordering exists and the ordered domain size is in the 20-

500A range (Randall, Bhalla, Shrout & Cross, 1990). Methods of controlling both the degree

of ordering and the ordered domain size are examined in detail in chapters four and five.

In contrast to the perovskite structure, where the cation ordering is three dimensional,

cation ordering in quaternary A2MM'06 ilmenites is decidedly two dimensional. Here the A

cations and the M/M' cations segregate into layers. Strong covalent bonding exists within

the layers containing the M/M' cations, but because the A cation is typically an alkali or

alkaline earth cation, the bonding interactions in the A cation containing layers, are much

weaker. This anisotropy in the bonding can result in anisotropy in the cation ordering

behavior. The primary driving force will be to order M and M' cations within each layer. If

intralayer ordering can be achieved then ordering between the layers can occur. Chapter six

describes studies of the ordering behavior of layered compounds in the A2M4TeO6 system.
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Chapter 2-Synthesis

2.1 General Synthetic Approach

The type of compounds studied in this work are typically synthesized using a simple

process whereby appropriate mixtures of the binary oxides, nitrates, and/or carbonates are

heated together at elevated temperatures for times ranging from several hours to several

days. This straight forward synthesis technique was also employed for many compounds

made in this study. However, in order to get single phase products, synthesize compounds

over a wide temperature range, and study the effects of synthesis conditions on the long

range order a variety of synthesis routes were explored. The details of these synthesis

routes are given in the sections that follow. All reactants used in this study were Reagent

Grade, and of 99% or greater purity. Unless otherwise mentioned divalent cations were

added in the form of nitrates A(NO3)2, while trivalent and pentavalent cations were

introduced in the form of the binary oxides, M203 and M205 respectively. No problems with

reagent contamination were encountered with one exception. Some of the Ta205 powder

used (Aldrich Chemicals, 99% purity) was found to be contaminated with Ta3O7F. No

fluoride was detected in the products by X-ray diffraction, but it did have an effect on the

morphology, and perhaps stoichiometry, of the final products. The effect of the tantalum

oxyfluoride on the final products will be discussed in greater detail in chapter five. Starting

materials were measured out on a digital analytical balance to within 0.2 mg, and all grinding

and mixing of powders was done in an agate mortar and pestle. All heating cycles were

done in Lindberg or Thermolyne furnaces in air.

During many phases of this work several samples were made under identical conditions

and only the final annealing temperatures and/or times were varied. These studies are

discussed in detail in later sections of the thesis, therefore, the specific steps used in each of

these syntheses are given in the appropriate section below.



2.2 Direct Anneal Methods

The first step in this synthesis method was to mix stoichiometric amounts of the
appropriate starting materials in an agate mortar and pestle until the reagents were

thoroughly mixed. Once mixing was complete the mixture was transferred to a crucible. In

most cases aluminum oxide crucibles were used but often times platinum crucibles were

used, particularly in high temperature treatments of compounds containing calcium. This

was found to be necessary because at temperatures equal to or greater than 1500°C highly

stable calcium aluminum oxide phases were formed. Compounds containing hydrated

reagents, particularly Ca(NO3)24H20, were heated to 250°C for 1-3 hours to drive off water

and then ground again in the mortar and pestle. At this stage of the synthesis one of two
routes was taken. Either the sample was heated to 750°C for 3 hours to decompose the

nitrates or the sample was annealed at the final annealing temperature for 1 hour. The first

route will hereafter be referred to as direct anneal method #1 (DA-1) and the second route

will be referred to as direct anneal method #2 (DA-2). The subsequent steps in the

synthesis process were the same for both methods. Those steps consisted of grinding the

sample again in a mortar and pestle and then heating to the final annealing temperature for

8 to 48 hours. In some instances the sample was pressed into a pellet before the final

annealing step while in other cases the sample was annealed as a loose powder. The

temperature ramp rates used in all heating cycles were between 300 and 500°C/hr. Specific

details are given below for four series of compounds synthesized using the direct anneal

method.

2.2.1 Sr2A!Ta06 (SAT-V)

Appropriate amounts of Sr(NO3)2, Al203, and Ta205 (99% Purity, Aldrich Chemical Co.,

contaminated with Ta3O7F) were mixed together in a mortar and pestle and heated to 750°C

for 3 hours in an aluminum oxide crucible (heating rate = 300°C/hr). The product of this

initial heat treatment was then divided up into several 1.9 g samples and each was pressed

into a pellet (1/2" diameter, 1.2 metric tons force). Each sample was then heated to its final

annealing temperature (1400°C-1690°C) for 8 hours on a sacrificial pellet of the same

composition in an aluminum oxide crucible (heating rate = 500°C/hr).



2.2.2 A2MM'06 Kinetic Study

This study involved the substitution of many different ions into the perovskite structure. In

order to compare the Long range order from one compound to the next the synthetic

conditions were identical for all compounds in this series. First the appropriate mixtures of

A(NO3)2, M203, and M'205 were measured out (in the case of Ba2ScTaO6, Ba02, Sc203, and

Bi203 were used) on an analytical balance and mixed together in a mortar and pestle. The

samples were then heated to 1000°C for 1 hour as a loose powder. The samples were

reground in a mortar and pestle, pressed into pellets (1/2" diameter, 3-4 metric tons force),

then heated to 1000°C for 48 hours. At this stage the samples were ground once again into

powders and powder diffraction patterns were recorded for each sample. The samples

were once again pressed into pellets and heated to 1200°C for 24 hours. After repeating the

process of grinding, recording a diffraction pattern, and pressing back into a pellet the

samples were heated to 1270°C for 20 hours, cooled back to room temperature, and heated

again to 1400°C for 24 hours. The heating cycle to 1270°C was necessary to duplicate a

thermocouple failure in the furnace on the first batch of samples synthesized. As before

after this annealing step the samples were ground, analyzed via powder diffraction, and

pressed back into pellets. For those samples that had not decomposed or disproportionated

into multiple phases a final annealing cycle was performed at 1600°C for 12 hours, followed

by X-ray powder diffraction analysis. In all steps the heating rates were 500°C/hr and

aluminum oxide crucibles were used except in the case of Ca containing samples at 1400°C

and 1600°C.

2.2.3 Sr2AITa06 Off Stoichiometiy Study

The compounds synthesized in this study were prepared in an almost identical fashion to

those described above in the SAT-V series except that the ratio of starting materials was

varied to alter the stoichiometry of the metal ions. In all of these samples the mole fraction

of strontium was always equal to the sum of the mole fractions of aluminum plus tantalum.

The Ta/Al mole fraction ratio was varied depending upon the desired stoichiometry. All of

these samples were annealed at 750°C for 3 hours then pressed into pellets and annealed

at 1400°C for 8 hours in aluminum oxide crucibles. It was found that the presence of

Ta3O7F, which was determined to be an impurity in the Aldrich 99% Ta205, was necessary

to favor the formation of a predominantly single phase perovskite product.
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2.3 Flux Methods

Synthesis of compounds using the direct anneal approach often required very high

annealing temperatures in order to obtain single phase products, often in excess of 1400°C.

It was found that the reaction temperature could be lowered by reacting the starting

materials in a molten salt flux. To avoid contamination the flux of choice was SrCl2. As with

the direct anneal approach the first step was to mix together appropriate amounts of starting

reagents with a mortar and pestle. A heating cycle to 250°C was the next step, if hydrated

reagents were present, followed by a one hour prefiring at the final annealing temperature.

After the prefiring was complete, dried SrCl2 was added to the product and the two were

mixed together. The mixture was then heated to the final annealing temperature for 8-24

hours and cooled back to room temperature. Unless otherwise mentioned the ratio of

Sr2MM'06 to SrCl2 was 1:1 by mass. To remove the excess flux the melt was soaked in

slightly acidic water to dissolve the SrCl2 and the product was collected on slow flow filter

paper using a Buchner funnel. The product was then washed with distilled water and dried

at 100°-120°C for several hours. Platinum crucibles were used for all heating cycles. The

range of final annealing temperatures was limited to a range of temperatures between

900°C and 1200°C by the melting and boiling points of SrCl2, 873°C and 1240°C

respectively. Furthermore, use of this technique was limited to compounds containing

exclusively strontium as the A site cation to avoid unwanted substitution of strontium on the

A site. A few syntheses were attempted for calcium and barium containing compounds

using CaCl2 and BaCl2 respectively. However, in the limited number of syntheses attempted

multiphase products were always obtained even though BaCl2 has been successfully utilized

for the synthesis of Ba containing perovskite compounds in the literature28.

2.3.1 Sr2AITaO6 (SAT-Ill)

The starting materials, SrCO3, Al(NO)39H20, and Ta205 (99.9% Purity, Johnson

Matthey), were ground together and then heated to 250°C for 150 minutes (heating rate =

300°C/hr). The product was then ground again and heated to the final annealing

temperature for 1 hour (heating rate = 300°-500°C/hr). Next, an equal mass of dried SrCl2

was added to the product, and the two were mixed together in a mortar and pestle. The

sample was once again heated to the annealing temperature this time for 8 hours (heating



rate = 240°C/hr, cooling rate = 300°C/hr). The flux was washed away and the sample was

dried as described above.

2.3.2 Sr2AINbO6 (SAN-/Il)

This synthesis route was the same as that used for SAT-Ill with the exception of the

starting reagents, Sr(NO3)2, Al203, and Nb205. The use of aluminum oxide in place of

aluminum nitrate eliminated the need for the initial heating cycle to 250°C.

2.3.3 Sr2AITaO6 (SAT-IV)

This synthesis route was also similar to the SAT-Ill synthesis with the following

exceptions. Sr(NO3)2 was used in place of SrCO3 and the 250°C heating cycle was

eliminated. Furthermore, instead of starting from scratch for each sample, a large batch of

starting materials was measured out and prefired for 60 minutes at 900°C. The product of

the prefiring process was then ground in a mortar and pestle and divided into seven equally

sized samples. Addition of the flux and the final annealing cycle (heating rate 500°C/hr)

were then performed separately for each sample.

2.4 Flux/Anneal Methods

The use of a SrCl2 flux led to the formation of single phase products more readily than

direct anneal methods in most cases, particularly at lower temperatures. However, the use

of a SrCl2 flux was limited to a maximum temperature of approximately 1200°C by the

volatilization of the flux. The need to study the long range ordering process over a wide

range of annealing temperatures led to the use of a hybrid synthesis method that combined

the best features of the flux and direct anneal methods. Fittingly this method will be referred

to as the flux/anneal method.

The flux/anneal approach consisted of first synthesizing a compound using the flux

method, usually at an annealing temperature of 900°C but in some cases at 1000°C. After

the flux has been washed away and the product dried it is annealed again at temperatures

ranging from 900°-1600°C. In some cases the samples were pressed into pellets before

annealing and in some cases they were annealed as loose powders. The advantage of this



method lies in the fact that single phase or nearly single phase products can be synthesized

at annealing temperatures ranging from 900°C to the maximum temperature capability of

the furnace. This allows synthesis and comparison of a series of compounds over a wide
range of temperatures.

2.4.1 Sr2AITaO6 (SAT-I)

The starting materials, Sr(NO3)2, Al(NO)39H20, and Ta205 (99.9% Purity, Johnson

Matthey), were ground together and then heated to 250°C for 150 minutes (heating rate =

300°CIhr). The product was then ground again and heated to 900°C for 150 minutes

(heating rate = 300°C/hr). Next, dried SrCl2 was added (34 g SrCl2 to 16 g Sr2AITaO6) to the

product, and the two were mixed together in a mortar and pestle. The mixture was heated

to 900°C this time for 8 hours (heating rate 300°C/hr). The flux was washed away and the

sample was dried as usual. Finally, the product was divided into eight 2 g samples. Each of

these samples was heated to its annealing temperature (900°-1600°C) as a loose powder

for eight hours (heating rate = 500°C/hr). Platinum crucibles were used for all steps in this

synthesis.

2.4.2 Sr2AITaO6 (SAT-Il)

This synthesis was identical to syntheses SAT-I with the following exceptions. Aluminum

oxide was used in place of aluminum nitrate, and the tantalum oxide used was the Aldrich

Ta205 that was later found to be contaminated with fluorine. The initial heating cycle to

250°C was eliminated and the 900°C prefire lasted for only 60 minutes instead of 150

minutes. The SrCl2 was added in a 1:1 weight ratio (16 g SrCl2 to 16 g Sr2AITaO6) instead

of a 2:1 ratio. Lastly, the samples were pressed into pellets (1/2" diameter, 1.2 metric tons

force) and annealed on a sacrificial pellet of the same composition in an aluminum oxide

crucible during the final annealing cycle instead of annealing as a loose powder in a platinum

crucible.
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2.4.3 Sr2AINbO6 (SAN-I)

This synthesis was similar to SAT-I with the following exceptions. Nb205 (99.5% Purity,

Johnson Matthey) was used instead of Ta205. The 250°C annealing cycle was eliminated

and a 1:1 flux to product ratio was used instead of a 2:1 ratio.

2.4.4 Sr2AINbO6 (SAN-Il)

This synthesis was exactly the same as synthesis SAT-Il except for the obvious need to

use Nb205 (99.5% Purity, Johnson Matthey) in place ofTa205.

2.4.5 Sr2AITaO6 Off Stoichiometty Study (Flux/Anneal)

Sr(NO3)2, A1203, and Ta205 (99.9% Purity JM) were measured out in stoichiometric

quantities, ground in a mortar and pestle, and heated to 900°C for one hour in a platinum

crucible. In all of these samples the Sr/(Ta+AI) mole ratio was kept constant at 1.0 while the

Ta/Al ratio was varied. An equal mass of dried SrCl2 was then added and the mixture

heated to 900°C for 12 hours. After the flux was taken the samples were heated to 1200°C

for 8 hours as loose powders in platinum crucibles. After grinding and taking another XRD

pattern the samples were pressed into 1/2" pellets put in A1203 crucibles and heated to

1500°C for 8 hours.

2.5 Alkoxide-Hydroxide Methods

This synthesis method was only used to synthesize one series of Sr2AITaO6 samples

(SAT-VI). To begin the synthesis, Ta(0C2H5)5 and Al(0C2H5)3 were added to 200 ml of

ethanol in a 1:1.15 ratio. (Through trial and error it was found that starting with 15% excess

aluminum ethoxide was necessary to eliminate impurity phases in the final product.) This

mixture was refluxed overnight at the boiling point of ethanol (78.5°C). Next, a

stoichiometric amount of Sr(OH)28H20 and 200 ml of acetone were added to the reaction

vessel, the mixture was stirred for 2 hours, and then refluxed overnight. After refluxing a

white powder formed which settled to the bottom of the refluxing flask. The powder was
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filtered and dried in the drying oven (100°-120°C) overnight. X-ray diffraction patterns of the

sample at this stage showed it to be amorphous. The sample was then divided into several

smaller samples for annealing studies. Each of these samples was then heated to its

annealing temperature (1200°-1600°C) for eight hours to complete the synthesis (heating

rate = 500°CIhr). This synthesis technique is very similar to a technique found in the

literature for synthesis of Ba3MgNb2O929.

2.6 Tellurates

Chapter six describes the structural characterization and long range ordering

properties of a series of quaternary tellurate compounds, A2MTeO6. All of the compounds

discussed in that chapter were synthesized from stoichiometric mixtures of the alkali

carbonates (Li2CO3, Na2CO3) and the appropriate metal dioxides (Te02, Ge02, Sn02 &

Ti02). All compounds were subjected to an initial heat treatment at 600°C for 12-16 hours

to insure that all of the tellurium was oxidized to the hexavalent state. After the initial heat

treatment at 600°C each sample was heated again to successively higher temperatures

until a single phase product was obtained. Temperature intervals were typically 50°C

beginning at 700°C, and dwell times at each temperature were 12-36 hours. Attempts to

ion exchange these materials were carried out under hydrothermal conditions at 200°C in

a sealed Teflon lined bomb.

Synthesis of Na2SnTeO6 in the conventional manner described above always resulted

in the presence of Na2TeO4 and Sn02 in addition to the desired phase. If the temperature

was increased (>850°C) in an attempt to drive the reaction towards completion, reduction

(and possible volatilization) of Te6 occurred. To circumvent this problem Sn02 and

Na2CO3 were first reacted near 1000°C. The product Na2SnO3 was then weighed and

mixed with a stoichiometric mixture of Te02 and heated, first to 600°C, and then to 700°C.

This resulted in formation of a single phase product. The same approach had previously

been used to successfully synthesize Li2SnTeO6 (Choisnet, Rulmont & Tarte, 1989).
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Chapter 3-Characterization and Modeling

3.1 Introduction

After the compounds were synthesized, characterization and modeling were necessary to

elucidate information about the structures and properties of these compounds. A variety of

techniques were employed in the study of these materials, but by and large the most

important characterization method used was powder X-ray diffraction. The X-ray diffraction

patterns were then refined using the Rietveld method to determine the structure of each

compound. In this chapter the specific details of the diffraction measurements are outlined,

the assumptions and constraints used in the Rietveld analysis are presented, results of

theoretical modeling approaches are discussed, and the details and results of various other

experimental measurements are given.

3.2 Powder Diffraction

X-ray diffraction data was obtained at 25°C with a Siemens D5000 diffractometer,

equipped with a Kevex, Peltier cooled Si(Li) energy dispersive detector, and copper Kcx

radiation source. Diffraction measurements were taken over the 20 range of 201500 using

a step size of 0.02° and a counting time of 3-6 seconds at each step. The exact counting

time was dependent upon the height of the background noise. For measurements

discussed in chapters four and five the divergence and antiscatter slits were fixed at 0.996°

and a 0.05 mm detector slit was employed. The samples discussed in chapter six were

collected measurements were collected where the width of the antiscatter and divergence

slits were computer controlled to maintain the irradiated sample length at a constant value

of 6 mm throughout the entire scan. For these measurements a 0.20mm detector slit was

used.
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3.3 Rietveld Refinements

The Rietveld method was originally developed in 1966 to refine crystal structures from

fixed wavelength neutron diffraction data (Rietveld, 1969). Since that time the Rietveld

method has been modified to perform structural analysis on powder X-ray diffraction data

(Cheetham & Taylor, 1977), and is now a very important tool for structure determination

from diffraction data (Young, 1993). It is particularly important for materials that can not

easily be grown in single crystal form and for materials whose polycrystalline properties are

different from their single crystal properties. In this method a starting model and space group

are assumed and the crystal structure is allowed to vary so that the calculated pattern most

closely matches the experimentally observed pattern. The refinement is incremental and

converges on the best fit to the experimental data via a least squares algorithm. The

Rietveld method differs from other powder refinement methods by fitting the entire pattern,

including the background, instead of just the integrated peak intensities. This approach has

its advantages and disadvantages when compared to refining only the integrated intensities.

The advantages include a consistent fit of the background over the entire scan range, and

refinement of the lattice constants in addition to the atomic positions which allows more

accurate deconvolution of overlapping peaks. On the down side the functions used to fit

peak profiles are sometimes inadequate and lead to inaccuracies in properly fitting the peak

shapes. In most cases the advantages outweigh the disadvantages and make the Rietveld

method an accurate tool for structure determination provided the number of independent

reflections is considerably larger than the number of refineable variables.

Because the Rietveld method fits the entire pattern it must refine both variables that are

related to the crystal structure, such as lattice constants, atomic positions, and thermal

parameters, as well as those that are not. Several variables are used to fit the pattern that

are not related to the contents or size of the unit cell. Today there are many different

programs that use the basic Rietveld method for structural determination. In this study most

Rietveld refinements were done with the 1991 release RIETAN-Izumi (1990, 1993) program,

although some refinements were carried out using the GSAS software suite (Larson & Von

Dreele, 1994). The RIETAN program uses a 5th degree polynomial to fit the background

(six background coefficients), and a six variable (u,v,w, asymmetry, gaussian fraction, and

FWHM gauss/Lorentzian ratio) pseudo-Voigt function to fit the peak profiles. Other non-

structural variables involved in the refinement are a zero-point shift, which accounts for peak

shifts due to errors in the sample height during data collection, and a scale factor for each

phase. In general for a given refinement there are 7+ 7n variables, where n is the number of
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phases, in addition to the structural variables associated with each phase. There are three

least squares minimization techniques available in RIETAN, but all of the refinements in this

study were done using a modified Marquardt algorithm (Fletcher, 1971).

3.3. 1 Subcell and Superstructure Reflections

Initial refinements of the perovskite compounds studied in this work, Sr2AINbO6 (SAN)

and Sr2AJTaO6 (SAT), were inadequate because the calculated peak shapes matched

poorly with the observed peak shapes. Closer investigation revealed that all of the odd-odd-

odd peaks were significantly broader than calculated while the observed even-even-even

peaks were slightly too narrow. Figure 3.1 shows the difference in peak widths between the

two classes of reflections. As discussed in more detail next chapter the hkl reflections

where h,k, and I are all odd are superstructure reflections that arise because of ordering

between octahedral cations (Nb/Ta and Al in this case). The hkl reflections where h,k, and I

are all even are subcell reflections and are present regardless of the degree of order

between Al and Nb/Ta. In contrast to the subcell reflections, the superstructure reflections

disappear if there is no long range order between Al and Ta. Although the superstructure

reflections usually become sharper with higher synthesis or annealing temperature they are

always broader than the subcell reflections. In order to overcome this complication and still

use the Rietveld method the refinements were carried out using one set of peak fitting

parameters for the hkl all odd reflections and a different set of profile parameters for the hkl

all even reflections. The refinement could be improved further by refining different cubic cell

edges for each set of reflections. The scale factors, atomic positions, occupancies, thermal

parameters and all other variables were constrained to be the same for both sets of

reflections.

3.3.2 Antiphase Boundaries

Broadening of certain classes of reflections as the long range order of a compound

decreases has been observed before in perovskites (Sleight, 1963; Nomura & Nakagawa,

1971) and other compounds as well (Hermans, Wuensch, Stalick & Prince, 1993; Warren,

1969). The shifting of only certain classes of reflections as the long range order decreases,

though not as common, has also been observed (Hermans, Wuensch, Stalick & Prince,
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Figure 3.1 : The (111) superstructure reflection (located at 19.8°) and the (200) subcell
peak (located at 22.8°) of a Sr2AlTaO6 sample. Notice how much broader the (111)
reflection is when compared to the (200) reflection.

1993). It turns out that at least for perovskites and probably in other classes of compounds

as well the two effects are caused by the same microscopic defect: the antiphase boundary.

Figure 3.2 shows two possible antiphase boundaries in an A2MM'06 perovskite. The effect

of an antiphase boundary on the observed diffraction pattern can be understood as follows.

The antiphase boundary separates two ordered domains from each other. Both ordered

domains may have a perfectly ordered distribution of M an M' ions or more commonly they

will have some antisite disorder. In either case the two ordered domains are 180° out of

phase with each other with respect to their M/M' distribution. X-rays that are diffracted by

the material and contribute to the superstructure reflections will not scatter coherently across

the antiphase boundary. These X-rays sample a domain only as large as the region

between antiphase boundaries, the ordered domain. On the other hand the X-rays that are

diffracted from the material and contribute to the subcell reflections are oblivious to the

distribution of M and M' cations. These X-rays scatter coherently across the antiphase
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Figure 3.2 : A schematic of a (100) projection where only the M (dark circles) and M'
(open circles) cations of an A2MM'06 perovskite are sown. Both a (100) and a (110)
antiphase boundary are shown. Note that even though in this two dimensional drawing
the (110) antiphase boundary appears to be M' rich in three dimensions the amount of M
and M' at the boundary are equal.
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boundary. In essence the domain sampled by these X-rays includes many ordered

domains (depending upon the concentration of antiphase boundaries) and is much larger

than any one of the ordered domains. Below a certain value (-2000-3000A) as the

domain size decreases the reflections in the diffraction pattern are broadened. Therefore,

because they have a smaller average domain size the superstructure reflections will be

broader than the subcell reflections. This domain size broadening due to antiphase

boundaries is well known for alloys (Warren, 1969) and was properly identified as the

cause of the broad superstructure reflections in the perovskite system Sr2Cr1FeTaO6 by

Nomura and Nakagawa (1971).

Whether coulombic or close packing arguments are used one comes to the conclusion

that at the antiphase boundary not only is the periodicity of the ordered lattice broken but

there is a lattice expansion as well. From a coulombic point of view there is a larger

repulsion between the nearest neighbor cations at the antiphase boundary (M5tOM5 plus

M3-O-M3 interactions, q2=34) than in the rest of the lattice (two M5-O-M3 interactions,

q2=30). From a close packing point of view if the size of the two cations are different the

stacking at the antiphase boundary will not be as efficient as throughout the rest of the

lattice. In both models a lattice expansion must take place at the antiphase boundary. The

lattice expansion in turn results in an increase in the average subcell lattice constant

because the subcell averages over all unit cells in the crystalline domain. The lattice

expansion will not affect the superstructure lattice constant, however, because the ordered

domain ends at the antiphase boundary and does average over the lattice expansion. This

effect is not as well documented in the literature as the peak broadening effect, and in much

of the literature it has probably either gone undetected or has been poorly understood.

3.3.3 Long Range Order Parameter

The previous two sections have discussed the way in which defects can cause

broadening and shifting of the superstructure reflections. Further information can be gained

from the intensity of the superstructure reflections. As previously mentioned when M and M'

are completely disordered the superstructure reflections disappear altogether, and when M

and M' are completely ordered the intensity of the superstructure reflections reaches a

maximum. For many compounds the M and M' cations are partially ordered and the relative

intensity of the superstructure reflections can be used to determine the degree of long range

order in the compound. When performing Rietveld refinements the intensity of the

superstructure reflections is varied by allowing mixing of the M and M' cations over the two



sites they occupy. If the ordering is complete one site will be fully occupied by the M cation

and the other site will be fufly occupied by the M' cation. As the degree of order decreases

mixing between the two sites is allowed but the overall M to M' ratio is usually fixed at unity.

The effect of this constraint is to force the occupancy of M on the M' site to be equal to the

occupancy of M' on the M site. From this condition the long range order parameter, S, can

be defined in the following manner:

S=2*MM1

where the symbol MM represents the occupancy of the M ion on the M site. In the case of

complete ordering MM =1 and S=100%, for a random or disordered distribution of cations

MM=0.5 and S=0%. Using this definition a long range order parameter is defined that varies

linearly from 0-100%. In order to minimize correlation between the isotropic thermal

parameters ofM and M' and the long range order parameter the B values for M and M' were

constrained to be the same.

In Sr2AITaO6 the stoichiometry was found to deviate from the ideal Sr2AITaO6

stoichiometry. In these cases, the subcell reflections were refined to determine the

approximate stoichiometry, based on the model. The value of x was fixed

by refining the subcell reflections. Once that ratio was known the cation site that was in

excess (Ta) was left alone while the other site was adjusted to have the proper Ta:AI ratio so

that at 100% ordering the stoichiometry was correct. For example if the Ta:AI ratio was

found to be 55:45 then the Ta site was set up to be fully occupied by Ta cations. On the Al

site a virtual ion, V, was defined that contained 10% Ta and 90% Al cations. Next the Ta

cations and the virtual ions were allowed to mix in order to determine the long range order

parameter in the usual manner (S=2*Vv_1). In this way despite the deviation from 1:1

stoichiometry the long range order parameter could still vary between 0-100%. It is possible

that more complicated defects exist in some of these compounds, such as oxygen

vacancies or A ions on the octahedral site, but it was concluded that not enough information

was present in the powder pattern to attempt refinements based on more complicated

defect distributions.



3.3.4 Reliability Factors

The quality of fit of a Rietveld refinement is measured by the reliability index or R factor.

There are several different reliability indices calculated by the RIETAN-Izumi program. The

R factors used to evaluate the reliability of the Rietveld fit in this work are defined by the

following mathematical expressions (Young, Prince & Sparks, 1982).

R.WP=
w:[yi_f(x)}

w,y,2

NpNrNc
w,y,2

j

R.I=
Ik('O')Ik(C)

k Ik('O')

In the above equations y and f(x) are the observed and calculated intensities respectively at

the point in the pattern, and w1 is a weighting factor associated with that point. lk(O') is the

integrated intensity evaluated from summation of contributions of the kth peak to the net

observed intensity, and Ik(c) is the integrated intensity calculated from refined structural

parameters. N is the number of data points, Nr is the number of refineable parameters, and

N is the number of constraints. R.WP is the weighted powder R factor and gives a

measure of the goodness of fit over the entire scan range. R.P is similar to R.WP except

that the points are not weighted. R.E is the expected R factor and it gives the expected

value for R.WP if the refinement is very good. R.I attempts to compare only the calculated

and observed integrated intensities for each peak. In principle R.I is independent of how

well the background and the peak profile functions refine and is only sensitive to changes in

structural variables. However, the observed integrated intensity is somewhat dependent on

the details of the pattern around each peak, including the background and impurity peaks.
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R.WP, R.P, R.E are all calculated for the entire pattern, while R.l is calculated separately for

each phase. The reliability indices were developed in order to allow comparison of results

throughout the literature and to give an indication of the reliability of the results. R.WP

should be within a few points of R.E if the refinement is good, but the absolute value of

R.WP can vary depending upon the background. The R.l term is somewhat insensitive to

changes in the background and seems to be the best for comparing results between

different compounds. Generally speaking an Ri value greater than 5.0 was a sign that the

reliability of the refinement was questionable, while an R.l below 3.0 usually indicated a very

good refinement.

3.4 Line Profile Analysis

Peaks in a diffraction pattern are not delta functions occurring at only a single d value as

suggested by the Bragg Equation, rather they are always broadened to cover a range of d

values. This broadening can be attributed to three sources: broadening due to finite particle

size, broadening due to lattice strain, and instrumental broadening. If correctly interpreted,

analysis of the peak shapes and line broadening can give important information about the

microstructure of the material being studied. Instrumental broadening is caused by such

things as slit widths, sample size, penetration depth, and imperfect focusing (Warren, 1969)

and is not related to the degree of crystallinity in the sample. Instrumental broadening is only

of interest because of the need to separate it from the other types of broadening and will not

be treated in detail. Methods for interpreting the other two sources of line broadening can be

broken down into two categories: peak width methods and Fourier methods. Peak width

methods examine the variation in peak width, usually measured at half the maximum

intensity and abbreviated by the acronym FWHM (full width at half maximum), as a function

of theta to determine the amount of size and/or strain broadening in the sample. Fourier

methods decompose the peaks into their Fourier components and use the entire peak

shape to extract information on the size and strain of the sample. Both methods are

commonly used, have their advantages and disadvantages, and were used in this study.

The peak width method used was the Williamson-Hall method, and the Fourier method used

was the Warren-Averbach method.



21

3.4.1 Williamson-HaIl Method

Probably the most commonly used peak width method is the Scherrer formula. The

Scherrer formula uses the width of a single peak, 3, to estimate the average size of

crystallites in the sample, t, through the equation (Scherrer, 1918):

CA
/3

tcos8

where A is the wavelength of the radiation and C is a constant whose value varies between

0.89 and unity depending upon the reference, and f3 is the FWHM given in radians. Because

of the imprecise nature of the Scherrer equation the exact value of C is relatively

unimportant. The Scherrer equation gives an easy way to obtain an estimate of the

crystallite size (the average coherently scattering domain size), but for most samples its

accuracy is mediocre. The major flaw with the Scherrer equation is that it assumes all line

broadening is due to particle size effects, whereas for many samples strain broadening is

also important. In fact, in many cases strain broadening is the dominant form of peak

broadening (Stokes & Wilson, 1944; Smith & Stickley, 1943). According to Stokes and

Wilson (1944) the line broadening in samples where strain is the dominant broadening

mechanism is given by the relation:

/3 =4tan8,

where
1

is the peak width (in radians), and is the maximum strain (Galasso, Barrante &.

Katz, 1961). Of course both the Scherrer and the Wilson equations neglect instrumental

broadening.

Williamson and Hall (1953) combined the two approaches to introduce a method for

calculating the contribution to line broadening from both size and strain using the integral line

widths. For Lorenztian peak shapes the two forms of line broadening add linearly to each

other and the total line broadening is given by:

/3 =4tanO+AI(tcos6),

which can be rearranged to give:
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/3 x(t/18O)xcos9 =4sinG+2/t,

where now is given in degrees. Using this expression a Williamson-Hall plot can be

generated by plotting (ir/18O)cosB vs. 4sinO, if a linear plot is obtained the slope of the line

is the average strain and the average crystallite size is equal to ?J(y-intercept). Figure 3.3

shows a typical Williamson-Hall plot.

In deriving the Williamson-Hall relationship two major assumptions were implicitly made.

First of all instrumental broadening is assumed to be negligible, and secondly the two forms

of peak broadening are assumed to add to the total peak width linearly. The first

assumption is not too bad as long as there is significant line broadening due to size and/or

strain effects. When those broadening effects diminish the instrumental broadening

becomes an important contributor to the line broadening and leads to inaccuracies in the

analysis. If the diffractometer is aligned correctly the instrumental broadening is relatively

independent of B and the major impact of instrumental broadening will be on the crystallite

size determination. Instrumental broadening will lead to a crystallite size estimate that is

smaller than the actual crystallite size. The second assumption, that the different

broadening mechanisms add linearly, is valid as long as the peak profiles can be accurately

fit with a Lorentzian (cauchy) function. If the peak profiles are more accurately modeled by

Gaussian functions the squares of the peak widths are additive (Williamson & Hall).

Intermediate cases will fall somewhere in between. Profiles with both Gaussian and

Lorentzian components will be a mixture of the two extremes and result in lines with some

curvature near the origin. Fortunately the peak shapes in X-ray diffraction are usually

predominantly Lorentzian.

3.4.2 Warren-Averbach Method

The Fourier decomposition method most commonly used to extract information about the

size and strain broadening distribution in materials is the Warren-Averbach method, first

presented in 1950 (Warren & Averbach, 1950). The program WIN-CRYSIZE was used to

implement the Warren-Averbach method on samples in this study. The program

automatically performed many of the calculations and plots needed to carry out the analysis,

but for the interested reader a brief overview of the method is presented in this document.

For further details on calculations involved in implementing the Warren-Averbach method

see one of the references in the literature (Warren, 1969; Warren &Averbach, 1950).
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Figure 3.3 Williamson-Hall plot of a Sr2AITaO6 sample. The filled diamonds correspond
to the subcell reflections while the open squares represent superstructure reflections.

To use the Warren-Averbach method two or more peaks belonging to the same class of

reflections (any peaks in a cubic system) are needed, as well as the same number of

standard peaks, taken on samples which have no size or strain broadening. The standard

sample is used to determine the instrumental broadening which is deconvoluted from the

sample broadening after Fourier decomposition. According to Warren and Averbach (1950)

the distribution of diffracted power from each reflection can be expressed by the Fourier

series:

P'20 = K(0)N(Ancos27mh3 B sin2lrnh3),

where
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N
A = Kcos2,zmZn)

N3

N
B = --(sin27zmZn)

N3

The variables of interest in the above equations are:

K A function dependent upon the instrumental parameters, the class
of reflections chosen, the unit cell, and e.

N = The total number of cells in the crystal.

= 2(1/X)ja3 sinB where a3 is the reciprocal lattice vector
perpendicular to the hkl planes.

= The average number of cells in the a3 direction (perpendicular to
the reflecting planes) which have an flth neighbor in the same
column.

N3 = The average number of cells per column in the sample in the a3
direction (basically the average crystallite size in the a3 direction)

Z The relative distortion (in units of the a3 axis) between cells that are
n cells apart.

m = The order of the observed reflection.

The above equations break the crystal down into sets of columns of hkl planes (the exact hkl

depend upon which class of reflections was chosen for the analysis). The crystallite size,

N, is then the average length of the columns making up each crystallite, and the strain is

defined as the displacement of these planes with respect to each other. Therefore, for non-

cubic materials the size and strain values will depend upon which class of reflections is

analyzed.

If isotropic peak broadening is assumed (no shift in the integrated peak position) all of the

B terms are zero and only the cosine terms are left. All of the size and strain distribution

information is then contained in the fourier coefficients, A. The A1, terms can be broken into

two parts. The first part (N,JN3) contains information about the average crystallite size, while

the second part (cos2itmZ) contains information about the strain distribution. These two

effects can be separated by taking the logarithm of the fourier coefficients:
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In(An) = 1n(-%J+1n(cos27l7nZn).

If the strain is not too large the cosine term can be approximated by a Taylor series and the

expression becomes:

!n(cos2izmZn)1n(1_2r2m2KZn2)_2;1r2m2(Zn2)

ln(An) = 1J_22KZn2)lfl2
N)

Now plotting the natural log of the fourier coefficients, ln(A11), vs. the order of the reflection

squared, m2, should give a linear plot that will separate the size and strain effects. The data

will in general be more reliable as the number of reflections analyzed increases. As was the

case with the Williamson-Hall plot the average size is reflected in the y-intercept and the

average strain is calculated from the slope of the line. Unlike the Williamson-Hall method a

line will be generated for each of the fourier coefficients A so that a size and strain

distribution can be derived, not just two average values.

Instead of expressing size and strain in Z and N3 it is better to convert back to actual

units through the distance between planes, a3. The microstrain is expressed as:

AL a3Z

L an

where the strain (L) is expressed only as a function of the distance L between two planes.

The average crystallite size and size distribution are both calculated from fourier size

coefficients A=(N/N3) which are determined from the intercepts of the ln(A) vs. m2 plots.

Using the relation L=na3 a plot of A4 vs. L can be made. The x-intercept of the slope of the

curve at its steepest point is equal to the average crystallite size, and a plot of the second

derivative of the curve gives the probability distribution. So not only the average crystallite

size but also the probability that a given crystallite will have a certain size can be obtained

from the analysis. Figure 3.4 shows the output from the WIN-CRYSIZE program which

includes the determination of the average size, the size distribution, and the strain

distribution.
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Figure 3.4 : Output from the WIN-CRYSIZE program. Part a) shows the determination
of the average crystallite size from the x-intercept of the slope line, part b) gives the size
distribution, part c) shows the percentage of particles equal or smaller than the size L, and
part d) shows the strain distribution as a function of the distance between two points in the
crystal.
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With the software available today the Warren-Averbach method can easily be applied to

many problems, but to get meaningful results one must be aware of the capabilities and

limitations of the method. The range in which crystallite size can accurately be determined

runs from tens of angstroms up to several thousand angstroms. The range is limited at the

lower end by peaks broadening so much that they overlap strongly and it becomes difficult to

fit each peak individually. The upper size limitation results from the increasingly small

amount of broadening that takes place when the crystallite size becomes large. Strains can

be detected from values of 10 on up. The accuracy in determining the size and/or strain

will depend upon the magnitude of the other effect. If broadening is primarily caused by

strains it will adversely affect the accuracy of the size determination and vice versa. The

particle size distribution can only be computed when almost all of the crystallitesare smaller

than I000A, because of the small amount of broadening caused by larger particles. When a

significant portion of the crystallites are larger the fourier coefficients do not become small

enough to allow the summation of Ne's to have a finite value.

There are several factors which can lead to errors in the Warren-Averbach analysis. An

uncorrected constant background and a step size too large to sufficiently sample the pattern

can both lead to errors, but are easily prevented when proper precautions are undertaken. A

much more serious source of error is premature truncation of the peaks. Unlike the peak

width methods where all of the information was derived from the peak widths at half

maximum, the fourier methods extract information from the entire peak profile. The tails of

the peak are especially important in determining the fourier coefficients. Therefore, in fitting

the peaks it is important to include a fairly large region around each peak in order to

accurately fit the tails of the peak. Young, Gerdes, and Wilson found that as little as 0.5%

truncation can produce a 3% error in the average crystallite size (Young, Gerdes & Wilson,

1967). Unfortunately, in many instances it is impossible to find several peaks in a given class

of reflections that are well isolated from other peaks. The problem is partially alleviated by

using the FIT2 peak fitting routine to fit several peaks in a range and then using only the

profile for the peak of interest in the WIN-CRYSIZE program. However, if two or more

peaks are present in a range the accuracy with which the tails of the peaks are fit will

probably be worse than the case where only a single peak is present. Another complication

associated with using the FIT2IWIN-CRYSIZE software is the choice of the proper profile

function. In analysis of several Sr2AlTaO6 samples, discrepancies in the crystallite size and

the microstrains resulted depending upon whether a Pearson function or a psuedo-Voigt

function was used to fit the peaks. Figure 3.5 shows how much effect the choice of profile

function can have on the crystallite size distribution. For a series of SAT samples made in a

SrCl2 flux, the average size as determined using a psuedo-Voigt function was smaller than
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Figure 3.5 : The size distribution for a Sr2AITaO6 sample made in a SrCl2 flux at 900°C.
The solid line is the size distribution determined using a Voigt function to fit the peaks,
while the dashed line is the size distribution determined using a Pearson function.

the size determined using a Pearson function by 2-30%. Conversely the strain values

obtained with the psuedo-Voigt function were much larger. Analysis of the iron oxide

minerals geothite and maghemite showed the same trend in the strain values, but now

analysis using the psuedo-Voigt function yielded average size values 30% and 160% larger

than the same analysis with a Pearson function. Warreri-Averbach results used in this work

were derived using a Pearson function to fit the peak profiles because it gave a better fit of

the observed peak in most cases. The wide variation in results depending upon the choice

of profile function illustrates at the very least the need to be consistent in handling the data in

order to get meaningful comparisons between samples.
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3.4.3 Comparing the Williamson-Hall and Warren-A verbach Methods

Both Williamson-Hall and Warren-Averbach methods can be used to estimate the

crystallite size and lattice strains in a sample, but the strengths, weaknesses, and even the

results of the two methods are quite different. The Warren-Averbach method is more

sophisticated, gives more information, and under the right circumstances is considerably

more accurate. The Williamson-Hall method is easier to use, can be used on a wider

variety of diffraction patterns, and is less sensitive to statistical errors associated with profile

fitting.

Perhaps the most important difference between the two techniques is in the results. The

crystallite size obtained using the Williamson-Hall method is a volume average size (the

cube root of the average volume), while the average crystallite size obtained from the

Warren-Averbach method is an average column length (approximately the average

crystallite length). Figure 3.6 shows the differences in the crystallite size distribution for a

series of Sr2AITaO6 samples. Using the crystallite size distribution for the ordered domains

given by the Warren-Averbach method a volume average size can be calculated. Figure 3.6

shows that when both size values are volume averages the results from the two methods

are quite similar. The Warren-Averbach method gives a strain distribution which is

dependent upon the distance between two planes but no average strain value is given. The

Williamson-Hall method gives only an average strain.

The major drawback of the Williamson-Hall method is that it does not correct for

instrumental broadening. This particularly limits its accuracy as the crystallite size

distribution increases, making it a useful tool only when the crystallite size is below about

1 000A. The Warren-Averbach method is much more accurate when the average crystallite

size is in the range from I 000-5000A, but it suffers from the need to have smooth isolated

peaks in the diffraction pattern. This isn't such a problem for metals where the lattice

constant is small and the lines are well spaced, but for more complex materials where the

lattice constant is larger and the peaks overlapping it is a serious limitation. The other

drawback of the Warren-Averbach method is the need to accurately fit the peak profiles in

order to do the Fourier decomposition. This was discussed above where it was evident that

serious errors result if the profiles are not simulated correctly. In contrast measurement of

the FWHM is relatively easy to do reproducibly. In addition to that usually all of the peak

widths are used in the Williamson-Hall plot as opposed to only two or three in the Warren-

Averbach method. In the final analysis, the Warren-Averbach method is more sophisticated

while the Williamson-Hall method is easier to use and more robust.
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Figure 3.6 : Part a) shows the average particle size for a series of seven Sr2AITaO6
samples (synthesized in a SrCl2 flux) as determined from the subcell reflections using the
Williamson-Hall technique (squares) and the Warren-Averbach (circles) techniques. Part
b) shows the average ordered domain size as determined from the superstructure
reflections for the same samples. The black squares are determined using the
Williamson-Hall technique, the closed circles correspond to average size values from the
Warren-Averbach method, and the open circles represent the volume average size as
determined from the size distribution of the Warren-Averbach method.
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Figure 3.7: The strain values for the same set of samples show in figure 3.6. The filled
squares are average strain values determined from the Williamson-Hall technique, the
open and filled circles are the maximum and minimum strain values respectively
determined using the Warren-Averbach method.

3.5 DIFFaX Calculations

DIFFaX is a FORTRAN program that calculates diffraction intensities from crystals that

have coherent planar defects, such as stacking faults and twin boundaries. It allows the

user to build a crystal up from two dimensional sheets in any desired stacking arrangement.

Once the crystal has been generated the program calculates the powder diffraction pattern

that would be obtained from the theoretical crystal. The theoretical and mathematical details

of the program are beyond the scope of this text but are based on the ideas presented in a

paper by Treacy, Newsam, and Deem (1991). The DIFFaX program was applied to

Sr2AITaO6 in hopes of simulating the effects of antiphase boundaries on the diffraction

patterns. Although some insights were gained from DIFFaX, in the end DIFFaX's ability to

model antiphase boundaries in perovskites was limited by its inability to generate defects in

three dimensions. A sample of the results and the conclusions drawn from DIFFaX

modeling are presented in this section.



The primary goals of DIFFaX modeling were to try and determine the orientation and

concentration of antiphase boundaries and to see if their presence could explain the shifting

and broadening of peaks observed in the diffraction patterns. Although in principle the

antiphase boundaries could be oriented parallel to many different planes in order to simplify

the modeling the antiphase boundaries were limited to run parallel to either the (100), (110),

or (111) directions. These three planes are the only choices which result in the antiphase

boundary cuffing through an octahedral cation in each MM'042 layer. Before describing the

results of the DIFFaX modeling it is instructive to look at the differences between these three

different types of antiphase boundaries. If the defect is confined to the two layers bordering

the boundary the number of neighboring octahedral cations that are "wrong neighbors" (i.e.

Ta-O-Ta) is one out of six for (100) boundaries, two for (110) boundaries, and three for (111)

boundaries. Both the (100) and (110) antiphase boundaries maintain a 1:1 ratio of Ta to Al

and both types of boundaries can be created or destroyed by a slip of one half of a unit cell

vector. However, the (111) antiphase boundary must be either Ta or Al rich and cannot be

created by a simple displacement between neighboring planes. In addition the (111)

antiphase boundary is not charge neutral and must be compensated for by other defects.

Taking energetics and stoichiometry into account the (100) orientation has the lowest energy

of the three and should be favored if the one to one stoichiometry is maintained. Conversely

(111) antiphase boundaries, despite being energetically unfavorable, may form as a result of

inhomogeneities during synthesis or overall deviations from the ideal stoichiometry. It is

unclear what conditions would favor the formation of (110) antiphase boundaries. Also keep

in mind that (111) boundaries will be much more difficult to eliminate once they have formed

because ions must diffuse through the crystal to compensate for the excess concentration of

either Al or Ta at the antiphase boundary. This may lead to the persistence of (111)

antiphase boundaries even at high temperatures.

Once the orientation for the antiphase boundary has been chosen several variables in the

DIFFaX input file remain to be specified: the fault probability, the lattice expansion (if any) at

the fault, and four profile parameters which broaden the peaks independently of any fault

broadening (u,v,w, and the Gaussian fraction). All of these parameters must be optimized in

order to get the DIFFaX pattern to most closely match the observed pattern. Because the

presence and concentration of antiphase boundaries had little if any effect of the width and

intensity of the subcell reflections these peaks could be used as a standard to select the

best set of profile parameters. The Gaussian fraction was taken from the Rietveld

refinement of the observed powder pattern. Then the u,v, and w were varied until the

FWHM values of the DIFFaX subcell peaks most closely matched the FWHM's of the

observed pattern. For Sr2AITaO6 samples annealed at high temperatures the difference
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between subcell and superstructure lattice constants is quite small. For the purpose of

DIFFaX calculations this difference was neglected and no lattice expansion was inserted at

the antiphase boundary. For SAT samples made at lower temperatures the difference was

significant and the amount of lattice expansion was varied in order to give the most accurate

peak positions. Unfortunately this was not entirely successful because of the three

dimensional arrangement of faults in these samples. This limitation is discussed in greater

detail below. Finally, the concentration or frequency of antiphase boundaries was varied to

most closely simulate the broadening observed in the superstructure reflections.

Powder patterns were simulated using all three types of antiphase boundaries at varying

concentrations and compared to the observed powder patterns. Unlike the Rietveld method

DIFFaX is a simulation program not a refinement program. Therefore, the optimal

parameters and the most closely matching pattern have to be determined by the user of the

program not the program itself. In order to aid in this process the calculated patterns were

evaluated through comparison of their FWHM's and integrated intensities (and in the case of

lattice expansion the peak positions as well) to those of the observed pattern. However,

some conclusions could be drawn from a simple visual inspection of the observed and

calculated patterns. First of all the presence of antiphase boundaries caused the

superstructure reflections to broaden, but not the subcell reflections. This behavior matches

what was observed in the experimental patterns. Secondly, modeling with (110) antiphase

boundaries resulted in poorly matching profiles for the superstructure peaks. The other two

orientations give profiles which match much more closely. This seems to suggest that as

might have been expected the concentration of (110) antiphase boundaries is probably very

low, if they exist at all. In subsequent calculations only (100) and (111) boundaries were

used. Table 3.1 compares the FWHM's and integrated intensities of several (100) and (111)

DIFFaX calculated patterns with the observed pattern, and the pattern calculated during the

Rietveld refinement of a Sr2AITaO6 sample made using the flux/anneal route with an

annealing temperature of 1400°C.

Careful inspection of table 3.1 shows that although the DIFFaX patterns match the peak

broadening and intensity distribution of the observed pattern reasonably well no one single

DIFFaX pattern stands out as the unquestionable best fit. The calculations are however,

sensitive enough to estimate the fault probability to within 1-2%. Because of the differences

in the layers that stack to form the perovskite structure the (100) fault probabilities are not

directly comparable to the (111) fault probabilities. In order to compare the two

measurements the fault probability can be converted into average distance between

stacking faults. Doing that a 5-6% (100) fault probability translates into an average distance
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of 65-78A between antiphase boundaries, while a 3-5% (111) fault probability gives 45-75A

between antiphase boundaries. By comparison a Warren-Averbach domain size analysis

on the superstructure peaks gives an average ordered domain size (distance between

antiphase boundaries) of io9A and the size distribution indicates that the most commonly

occurring ordered domain size is 58A. All three results agree qualitatively that the average

distance between antiphase boundaries in this sample is in the range 50-bOA.

Simply including antiphase boundaries in the structure has only a very slight effect on the

integrated intensities of the superstructure reflections. In order to simulate the loss of

intensity in the superstructure peaks caused by antisite disorder between Al and Ta a

different set of atoms are substituted for Ta and Al. The subcell peaks will be unaffected if

the sum of the scattering powers of the two new elements is the same as the sum of the

scattering powers of Al and Ta, while the superstructure peaks will decrease in intensity as

the difference in scattering power declines. Approximating the X-ray scattering powers of the

elements by their atomic numbers, Sc/Tb were substituted for AVTa in the case of (100)

APB's and K/Ho were substituted when (111) APB's were used. In terms of the long range

order parameter Sc/Tb corresponds to S=73% and K/Ho corresponds to S80%. The long

range order parameter obtained from the Rietveld refinement was 84%.

Using the above mentioned parameters DIFFaX was able to do a good job of simulating

the observed powder pattern of SAT-6. Figure 3.8 shows the observed pattern, the Rietveld

calculated pattern, and a few DIFFaX patterns to illustrate this fact. Samples with different

degrees of long range order could also be fit in the same manner with DJFFaX, but when the

concentration of antiphase boundaries becomes too high DIFFaX encounters difficulties.

Some peaks become asymmetric and other peaks appear in the pattern that are not
observed. The crux of the problem is the limitation in DIFFaX that all faults must be

perpendicular to a single direction. This makes the crystal perfect in planes parallel to the

stacking faults. In perovskites all evidence suggests that antiphase boundaries run in all

three dimensions. To illustrate this problem consider a DIFFaX calculation where the fault

planes are perpendicular to the [001] direction. The <311> plane makes a 72.5° angle with

the <001> fault plane, while the <113> makes a 25.2° angle with the <001> plane. This will

result in a different broadening effect for the <311> peak than for the <113> peak. If faults

were allowed to run in all three directions the broadening of both peaks would be the same,

as observed. This problem must also lead to some discrepancies between observed and

DIFFaX patterns even when the degree of long range order is fairly high.
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hkl Obs. Rietveld

CaIc.

(100) APB

6% FP
(100) APB

5% FP
(111)APB
5% FP

(111)APB
4% FP

(111)APB
3% FP

111 0.517 0.559 0.700 0.592 0.643 0.531 0.425
269 247 236 236 270 272 251

200 0.135 0.118 0.135 0.135 0.144 0.143 0.144

59 48 41 41 42 43 42
220 0.139 0.135 0.141 0.141 0.141 0.141 0.141

1000 1000 1000 1000 1000 1000 1000
311 0.579 0.599 0.503 0.436 0.631 0.533 0.438

161 153 149 148 149 150 150
222 0.135 0.141 0.147 0.147 0.150 0.150 0.150

20 13 11 12 11 11 12

400 0.170 0.155 0.148 0.149 0.158 0.159 0.158

349 330 316 315 314 313 315
331 0.593 0.636 0.579 0.501 0.426 0.376 0.328

77 66 67 65 65 67 67
420 0.152 0.167 0.160 0.160 0.165 0.165 0.165

25 19 13 13 13 13 13

422 0.182 0.178 0.172 0.173 0.174 0.174 0.174

394 382 355 354 350 351 354
511 0.611 0.675 0.476 0.426 0.841 0.709 0.577

42 41 43 43 38 40 42
440 0.201 0.203 0.194 0.194 0.197 0.197 0.197

201 186 167 168 166 167 167

531 0.742 0.722 0.575 0.508 0.567 0.503 0.443

48 41 47 44 440 45 45
620 0.233 0.231 0.223 0.230 0.230 0.230 0.230

164 159 139 139 137 139 139
533 0.774 0.910 0.831 0.726 0.595 0.562 0.484

17 18 12 12 13 15 14

444 0.244 0.263 0.259 0.259 0.265 0.265 0.265

64 27 51 52 51 50 51

551 0.798 0.844 0.552 0.515 0.703 0.632 0.567

25 12 22 24 24 23 23
642 0.288 0.299 0.301 0.301 0.305 0.305 0.304

212 206 171 172 170 170 171

553 1.030 1.005 0.772 0.696 1.06 0.856 0.725

37 37 35 34 41 33 32

Table 3.1 : Results of DIFFaX calculations on a Sr2AITaO6 sample made with the
flux/anneal approach at 1400°C (SAT-6). For each reflection the first number is the FWHM
of the peak and the second number is the integrated intensity. For all of the DIFFaX
calculations the profile parameters were; u=0.09, v-0.04, w=0.022, yO.82. The differences
between the various DIFFaX calculations are the orientation of the antiphase boundary, and
the probability of a fault (antiphase boundary or APB) occurring at each layer. The (100)
APB calculations used Sc/Tb and the (111) APB calculations used K/Ho in place of Al/Ta to
simulate the antisite disorder in the ordered domains.
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Figure 3.8 : A visual comparison of the powder patterns analyzed in table 3.1. The first
two patterns are the observed and Rietveld calculated patterns for sample SAT-6. The
pattern labeled Diffaxi was calculated by DIFFaX using (100) APB's and a 5% fault
probability at each unit cell boundary. The Pattern labeled Diffax2 was calculated by
DIFFaX using (111) APB's and a 4% fault probability.

In conclusion DIFFaX modeling was not as successful as hoped because of

dimensionality limitations of the program. However, it was useful in demonstrating that the

broadening effects observed could be explained by the incorporation of antiphase

boundaries. It also gave an estimate on the spacing between antiphase boundaries that

was in fair agreement with results of line shape analyses of the superstructure reflections.

Therefore, as a qualitative tool DIFFaX was successful in supporting the antiphase boundary

3.6 Dielectric Measurements

Because of the interest in perovskites as substrates for the growth of thin film

superconductors, dielectric measurements were made on sintered pellets of several
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complex perovskites synthesized in this study. Desirable properties for perovskite

substrates include a good lattice match to the superconductor to be grown (usually

YBa2Cu3O7 ), a low dielectric constant, and low dielectric loss. Furthermore, cubic

symmetry is desirable because a non-cubic substrate can lead to unwanted multiple growth

orientations in the superconducting film (Fahey, Strauss & Anderson, 1993), and any phase

transitions between room temperature and the growth temperature (600-700°C) will

seriously degrade the properties of the superconducting film (Findikoglu et al., 1992). The

dielectric measurements were made by Dr. M.A. Subramanian (E.l. du Pont de Nemours

and Co.) on pellets sintered at 1400°C. The measurements were made at a dielectric

frequency of 1 MHz and corrected for porosity. The results are listed in table 3.2 below. All

of the compounds measured have favorable dielectric properties. By comparison alumina

has a dielectric constant of 4.5-8.4 and a loss factor of 0.0002-0.01, while Ti02 has a

dielectric constant of 14-110 and a loss factor of 0.0002-0.005 (both measured 1 MHz)

(Bronsson, et al. 1992). Sr2AINbO6 (SAN) and Sr2AlTaO6 (SAT) appear to be the most

promising materials for substrate applications because of their good lattice match with

YBa2Cu3O7 and their cubic symmetry. Ca2AITaO6 (CAT) is a better lattice match to

YBa2Cu3O7 and has slightly better dielectric properties than SAT and SAN but is not as

desirable because of its "pseudo-orthorhombic" lattice constants. There are other reports of

dielectric measurements on these compounds in the literature, but most are on reduced

single crystals or thin films both of which are subject to quite large deviations in

stoichiometry. Thin films of SAT grown on LaAIO3 via pulsed laser deposition were

measured to have a dielectric constant in the range 23-30 (Findikoglu, etal., 1992), reduced

single crystals of SAT and SAN grown with the vertical gradient freeze technique are

reported to have dielectric constants of 12 and 18 respectively and dielectric loss values of

0.000042 and 0.000097 (at 100 K) (Fahey, Strauss & Anderson, 1993). The only known

measurements on ceramic samples report a dielectric constant of 11.8 and a dielectric loss

value of 0.00168 for SAT measured at 10 kHz (Findikoglu, et al., 1992). These values are

good agreement with the values obtained in this study.
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Compound
Dielectric
Constant

()

Dielectric
Loss

(tan 6)
Ca2AITaO8 7.1 0.00032
Sr2AlTaO6 11.5 0.00043
Sr2AINbO6 9.5 0.00059
Sr2GaTaO6 11.8 0.00071
Ba2lnTaO6 15.9 0.00018

Table 3.2 : Results of dielectric measurements on sintered perovskite pellets. The
measurements were made at a dielectric frequency of 1 MHz. X-ray diffraction on these
samples revealed that minor impurity phases due to incomplete reaction were present in
some of these samples.
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Chapter 4-Sr2AINbO6: Effect of Synthesis

4.1 Introduction

Order-disorder effects in complex oxides can significantly impact physical properties, yet

these order-disorder effects are poorly understood in important perovskite based systems

such as the oxide superconductors and relaxor ferroelectrics such as Pb(MM1')O3

(Randall, Bhalla, Shrout & Cross, 1990; Kang, et a!, 1990; Newnham, 1991; Rosenfeld,

Egami & Bhalla, 1991; Rosenfeld, Egami & Bhalla, 1991). The experiments described in

this chapter focus on detailed studies of the cubic perovskite compound Sr2AlNbO6, while

chapter five is dedicated solely to a study of ordering behavior in the cubic perovskite

Sr2AITaO6. These compounds were chosen because they show partial cation ordering,

have M and M' cations with significantly different scattering powers, do not contain elements

likely to adopt multiple oxidation states, and can be synthesized over a wide range of

temperatures.

The syntheses of both Sr2AINbO6 and Sr2AITaO6 were first reported by Sleight (1963). It

was shown then that various degrees of order of the octahedral site cations could be

obtained depending upon the synthesis conditions. These materials have recently been

studied as possible substrates and dielectric interlayers for thin film oxide superconductors

(Brandle & Fratello, 1990; Cross & Roy, 1991; Fahey, Strauss & Anderson, 1993; Han, etal.

1994). In Sleight's (1963) original study he observed that higher degrees of order were

generally observed with higher synthesis temperatures, indicating that the degree of

ordering was kinetically controlled rather than limited by thermodynamic equilibrium

considerations. In the work described here a variety of synthesis approaches were tried on

these compounds in order to obtain a better understanding of the relationship between

cation ordering and synthesis conditions. Hopefully the information gained from the behavior

of these compounds can be applied to better understand and control order-disorder effects

in Sr2AINbO6 and Sr2AITaO6 as well as other perovskite compounds.
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4.2 Experimental

Three different series of Sr2AINbO6 samples were synthesized. The first two series,

SAN-I and SAN-Il were both flux/anneal syntheses where the perovskite phase was formed

initially at 900°C in a molten SrCl2 flux and then annealed for an additional eight hours at

temperatures between 900°C and 1600°C. The two syntheses were very similar with the

exception of the starting materials which differed slightly. The third series of samples, SAN-

Ill, was synthesized directly in a molten SrCl2 flux at temperatures between 900°C and

1200°C. The details of each synthesis route can be found in chapter two. All of the samples

were white powders and X-ray diffraction of these powders indicated that the structure type

was ordered cubic (space group Fm 3 m) in all cases. The ordered cubic structure is

discussed in chapter one. Structural analysis of the compounds was carried using the

Rietveld refinement method on the experimentally obtained X-ray powder diffraction

measurements. Size and strain analyses were done using the Williamson-Hall technique

unless otherwise mentioned. Both types of analyses are described in detail in chapter three.

4.3 Results

Results of Rietveld refinements and Williamson-Hall size and strain analyses are given in

table 4.1. Plots of the lattice constants for the subcell and superstructure reflections are

shown in figure 4.la. Note that the size of the lattice constants generally decreases with

increasing annealing temperature up to about 1400°C, where it levels off. Also, the lattice

constant determined from the superstructure reflections is consistently smaller than the

lattice constant determined from subcell reflections, except for samples annealed at the

highest temperatures where the two lattice constants are approximately the same. Even

though the absolute accuracy of the lattice constant determination is probably on the order

of ±0.00iA the relative accuracy in determining the superstructure lattice constant with

respect to the subcell lattice constant is much higher. From the statistics of the refinement

output, the relative uncertainty between lattice constants values is on the order of ±0.0002A

or less. Keeping this in mind one can readily see that the differences between the two lattice

constants are statistically significant, especially at lower annealing temperatures where the

two values vary by as much as o.01A.

A plot of the behavior of the long range order parameter, S, is shown in figure 4.1 b, while

the crystallite and ordered domain sizes are plotted in figure 4.2. In general both the long
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range order parameter and the ordered domain size (roughly the distance between

antiphase boundaries) increase as the annealing temperature is increased, although at

temperatures above 1400°C the long range order begins to gradually decrease. The

information contained in the diffraction pattern regarding both of these variables is

manifested in the superstructure reflections. As degree of long range order increases the

total intensity of the superstructure reflections (with respect to the subcell reflections)

increases. As the ordered domain size (the distance between antiphase boundaries)

increases the superstructure reflections become sharper. Figure 4.4 shows the behavior of

the (111) and (200) peaks as a function of annealing temperature. It is clearly evident from

this figure that as the temperature increases the (111) reflection becomes both sharper and

more intense, in agreement with the observed trends in figures 4.lb and 4.2b. The

crystallite size values in figure 4.2a indicate the average crystallite size is greater than 1 500A

in all compounds. As discussed in chapter three due to the instrumental broadening

contribution the Williamson-Hall method is prone to underestimate the size when the

crystallites becomes this large, but it should still be able to indicate relative trends from one

compound to the next. The most important piece of information provided by the crystallite

size values is that they are much larger than the ordered domain sizes. Even at the highest

temperatures where the ordering is nearly complete the ordered domains are at most half

the size of the crystallites. The cause of the sharp peak in the average crystallite size at

1100°C in both flux/anneal series is unknown, but appears to be reproducible. Warren-

Averbach size analysis also indicated a sharp increase in crystallite size at 1100°C.

Scanning electron microscope photographs of these samples were not of sufficient

resolution to confirm or refute this observation.

Finally, figure 4.3a shows the lattice strain in these samples as calculated from the slope

of the Williamson-Hall plots. The Williamson-Hall plots of the subcell reflections were used

to determine the strain values because the size broadening was smaller in these reflections

allowing for a more accurate determination of the strain. The strain values calculated from

Williamson-Hall plots of the superstructure reflections were generally quite similar to those

values calculated from the subcell reflections. With the exception of the anomalous

behavior at 1100°C in the flux/anneal samples, where the size also rapidly increased, the

general trend is for the strain to decrease with increasing annealing temperature. Figure

4.3b shows the strong correlation between the subcell lattice constant and the long range

order parameter regardless of the synthesis route. This figure clearly shows that as the long

range order increases the lattice constant decreases.
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Annealing
Temp.

(°C)

Order
Parameter

(%)

Subcell
Lattice Crystallite

Const (A) Size (A) Strain

Supercell
Lattice Crystallite
Const (A) Size (A) Strain

SAN-I

900 67(2) 7.7975(1) 1829(29) 152(1) 7.7881(8) 210(2) 126(3)
1000 74(2) 7.7960(1) 2167(43) 163(1) 7.7883(5) 246(5) 151(4)
1100 82(1) 7.7923(1) 3224(161) 194(1) 7.785(1) 294(5) 146(3)
1200 86(1) 7.7887(1) 1625(35) 140(1) 7.7840(3) 360(20) 141(8)
1300 91(1) 7.7871(1) 1620(24) 103(1) 7.7840(2) 419(10) 104(3)
1400 94(1) 7.7849(1) 1792(22) 82(1) 7.7832(2) 446(6) 75(2)
1500 92(1) 7.7851(4) 2050(26) 67(1) 7.7841(2) 630(29) 93(4)
1600 90(2) 7.7850(1) 2369(67) 58(1) 7.7845(2) 955(74) 84(4)

SAN-Il
900 63(2) 7.7978(1) 1780(40) 157(1) 7.7891(7) 255(4) 78(4)
1000 73(2) 7.7957(1) 1961(64) 163(1) 7.7865(7) 229(3) 120(3)
1100 82(2) 7.7925(1) 4896(220) 184(1) 7.7848(5) 252(4) 100(3)
1200 87(2) 7.7877(1) 2113(29) 160(1) 7.7826(4) 273(4) 122(3)
1300 91(1) 7.7860(1) 1813(37) 105(1) 7.7823(3) 383(13) 117(4)
1400 94(1) 7.7858(1) 2054(31) 82(1) 7.7834(2) 522(26) 99(5)
1500 92(1) 7.7853(1) 2540(100) 86(1) 7.7838(2) 502(6) 73(1)
1600 91(2) 7.7843(1) 2031(40) 74(1) 7.7834(2) 862(62) 98(4)

SAN-II+24

1300 93(1) 7.7855(1) 2365(84) 97(1) 7.7831(3) 433(9) 89(3)
1500 92(1) 7.7850(1) 1858(43) 72(1) 7.7847(2) 825(70) 91(5)

SAN-Ill

900 65(2) 7.7971 (1) 1647(45) 151(1) 7.7880(7) 249(6) 89(8)
1000 85(2) 7.7855(1) 2125(26) 99(1) 7.7837(3) 496(4) 78(1)
1100 89(2) 7.7827(1) 2546(63) 101(1) 7.7819(2) 616(13) 75(2)
1200 89(2) 7.7826(1) 2556(53) 84(1) 7.7814(1) 853(13) 69(1)

Table 4.1 : Results of Rietveld refinements and Williamson-Hall size/strain analyses of
Sr2AINbO6 samples. Complete refinement results including thermal parameters and R
factors can be found in appendix 1.
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Figure 4.1 : The behavior of a) the lattice constants and b) the long range order
parameter of Sr2AINbO6 as a function of annealing temperature. The squares represent
the SAN-I series, the circles represent the SAN-Il series, and the diamonds represent the
SAN-Ill series. In part a) the filled in symbols and dark lines are used to graph the lattice
constants derived from the subcell reflections and the hollow symbols are used to graph
the lattice constants based on the superstructure reflections.
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Figure 4.2 : The behavior of a) the crystallite size and b) ordered domain size of
Sr2AINbO6 as a function of annealing temperature. The squares represent the SAN-I
series, the circles represent the SAN-Il series, and the diamonds represent the SAN-Ill
series. The crystallite size is determined from Williamson-Hall plots of the subcell
reflections, and the ordered domain size from Williamson-Hall plots of the superstructure
reflections.



a) 200

180

160
Co 1400o 120

80

60

Cl') 40

20

0

800

45

7.8

C,

j 7:

7.785

-J
7.78

60%

900 1000 1100 1200 1300 1400 1500 1600 1700

Annealing Temperature (C)

65% 70% 75% 80% 85% 90% 95% 100%

Long Range Order, S

Figure 4.3 : Part a) shows the behavior of the lathce strain (derived from the subcell
reflections) of Sr2AINbO6 as a function of annealing temperature. Part b) shows the
correlation between the subcell lattice constant and the long range order parameter. The
squares represent the SAN-I series, the circles represent the SAN-Il series, and the
diamonds represent the SAN-Ill series.



2000

1800

1600

1400

1200

-c
I.-

00

600
U)= 400
C,

0

46

17 18 19 20 21 22 23

Degrees 2-Theta

Figure 4.4 : The (111) and (200) reflections of SAN-Il samples at different annealing
temperatures. The (111) superstructure reflection (left hand peak) becomes both sharper
and more intense as the annealing temperature increases

One final observation about the results contained in figures 4.1-4.3. The SAN-I and SAN-Il

series were made via very similar synthesis routes with the only significant difference being

the source of aluminum. The aluminum in SAN-I samples came from aluminum nitrate

while the aluminum in SAN-Il samples came from aluminum oxide. Despite this change the

refinement and size/strain results for the two series of compounds are almost identical. The

reproducible behavior of this compound is an indication, especially at higher temperatures,

that the samples are at or near thermodynamic equilibrium.
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4.4 Discussion

The main motivation for analyzing these samples was to study how changes in the

annealing temperature affect the long range order. Figure 4.lb shows that for Sr2AINbO6 up

to 1400°C as the annealing temperature is increased the long range order parameter also

increases. This is the opposite of expectations if thermodynamic equilibrium considerations

were limiting the degree of order. It is logical to assume from these observations that up to

1400°C the degree of long range order is kinetically determined. Based on thermodynamic

calculations (Woodward, 1996) at equilibrium the degree of order would be very high in this

compound. However, normal synthesis procedures result in a relatively fast formation of a

phase which is only partially ordered. Once this partially ordered phase has been formed

the ordering process proceeds rather slowly due to the kinetic limitations of solid state

diffusion. The ordering process is activated; thus, higher temperatures tend to produce

higher degrees of order.

Above 1400°C the degree of ordering decreases slightly as the temperature is increased.

This presumably results from the impact of entropy and is a thermodynamic rather than a

kinetic limit on the degree of order. This suggests that thermodynamic equilibrium is

attained somewhere around 1400°C. This conclusion is supported by the very similar

behavior of SAN-I and SAN-Il samples at temperatures of 1400°C and higher despite

differences in their starting materials. To test this hypothesis, the SAN-li samples annealed

at 1300°C and 1500°C were both annealed for an additional 24 hours at the same

temperatures and reanalyzed. The results of these experiments are given in table 4.1 under

the entries SAN-li + 24. From these results, it appears that at 1500°C the ordered domains

are in thermodynamic equilibrium and additional annealing does not increase the long-range

order. While at 1300°C the additional annealing results in an increase in the long range

order parameter as expected If kinetic factors are limiting the degree of long range order.

However, the additional annealing caused the ordered domain size to increase and the

strain to decrease in both samples. These trends are both consistent with the behavior

expected if the annealing resulted in elimination of antiphase boundaries between ordered

domains. The conclusion that Sr2AlNbO6 samples are in equilibrium at high temperatures,

where entropy effects cause the long range order to decrease with increasing temperature,

is further supported by the results of attempt to grow single crystals of Sr2AINbO6. When the

vertical gradient freeze (VGF) technique is used to try and grow single crystals the degree of

long range order is found to be quite low. Presumably the reduced degree of order is a
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consequence of the rapid cooling rates used in this technique which quench in the disorder

that exists at temperatures near the melting point. Furthermore, when the laser-heated

pedestal method, which cools samples even more rapidly, is used to grow single crystal

fibers no evidence of long range ordering exists at all (Fahey, Strauss & Anderson, 1993).

The decrease in lattice constant with increasing order on the octahedral site is readily

rationalized based on an ionic model. The largest repulsive terms in a lattice of these ions

would be between the Nb5 cations. If disorder was present on the octahedral site there

would be some Nb5-Nb5 distances of 3.9A, while if the degree of ordering was 100% the

shortest Nb5-Nb5 distances would be 7.8A. A similar conclusion can be reached by

modeling the system as a close packed array of hard spheres. Because the Al3 and Nb5

ions have different ionic radii, 0.675A and 0.78A respectively, the most compact way to pack

them is a completely ordered arrangement. Any disorder will lead to a less efficient packing

scheme that will occupy a greater volume and thus have a larger average lattice constant.

So not only is the ordered phase more energetically favorable, it also has a contracted

lattice. This explains the behavior of the lattice constants as the temperature increases in

figure 4.la and the correlation between the lattice constant and the long range order shown

in figure 4.3b.

As pointed out in the results section the difference in the lattice constants based on the

superstructure versus the subcell peaks is generally significant. The lattice constant within

the ordered domains is consistently smaller than the lattice constant for the overall lattice.

Also the ordered domain size is always significantly smaller than the overall crystallite size.

Both of these effects are a consequence of the presence of antiphase boundaries in the

lattice. The antiphase boundaries, as discussed in more detail in chapter three, divide the

crystallite up into several smaller ordered domains and cause the subcell lattice constant to

increase because of the lattice expansion at these boundaries. The average number of

ordered domains per crystallite can readily be calculated from the data in table 4.1. For

samples prepared at low temperatures the average number of ordered domains per

crystallite is greater than 500. Perhaps a more significant observation is the fact that

antiphase boundaries may occur on average as frequently as every 26 unit cells for poorly

ordered samples prepared at low temperatures. For highly ordered samples the average

number of ordered domains per crystallite is less than 10 and the distance between

antiphase boundaries is on the order of 120 unit cells.

At low temperatures when the concentration of antiphase boundaries is very high not only

is the average subcell lattice constant affected, but the lattice strain is expected to be quite

high as well. This strain would be in addition to the strain within the ordered domains which

would be largely caused by antisite disorder. Thus, the lattice strain might be expected to
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decrease as the degree of long range order increases and as the size of the ordered

domains increases. Generally this is the trend that is observed.

One last comment on the overall trends evident in this study. Both antiphase boundaries

and antisite defects are forms of disorder in the octahedral cation distribution. It seems

natural to think that both types of defects would decrease the long range order parameter.

However, at temperatures above 1400°C the degree of long range order decreases while

the concentration of antiphase boundaries also decreases. Is this phenomenon a result of

antisite defects being created at a faster rate than the antiphase boundaries are

disappearing, or is the long range order parameter independent of the concentration of

antiphase boundaries? Warren (1969), in his book X-ray Diffraction, performs a theoretical

calculation on the Cu3Au structure and reaches the conclusion that antiphase boundaries

broaden the superstructure reflections but have no effect on their integrated intensities. The

result he claims can also be extended to more complicated systems of antiphase

boundaries. He cautions, however, that if the ordered domains are too small the reflections

will be broadened to such an extent that some of the peak area will be lost in the long tails of

the reflections. In such cases antiphase boundaries will seemingly cause the integrated

intensity of the superstructure reflections to decrease. These observations appear to be

consistent with the behavior of the Sr2AINbO6 system. At low temperatures where the

superstructure peaks are broad and the degree of long range order is low it would be difficult

to separate the contributions of antiphase and antisite defects to the overall disorder. On the

other hand at higher temperatures where the superstructure peaks are much sharper and

the degree of order is high the concentration of antiphase boundaries and the long range

order parameter behave independently. At these temperatures the long range order

parameter appears to be a measure of the antisite concentration and the ordered domain

size a measure of the antiphase boundary concentration.

Both flux/anneal syntheses, SAN-I and SAN-Il, gave very similar results. As previously

mentioned this is a result of thermodynamic equilibrium considerations at temperatures near

or above 1400°C. Even at temperatures slightly less than 1400°C because equilibrium is

being approached small differences in synthesis will probably not have a significant impact

on the structure of the products. At 900°C and 1000°C the SAN-Il samples appear to have

a slightly lower degree of long range order. This is probably related to the lower reactivity of

A1203 as compared to Al(NO3)39H2O at these temperatures. Differences at higher

temperatures are probably more of a measure of the precision and repeatability of the

synthesis and analysis process than an indicator of any real differences in the two synthesis

routes.
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The flux technique used to synthesize the compounds in the SAN-Ill series produced

samples with the same general trends as the other two series, but highly ordered samples

were prepared at lower temperatures than was possible with the flux/anneal approach. By

comparing the flux/anneal samples prepared at 900°C with the flux sample prepared at

900°C, it appears that the additional 8 hours of annealing at 900°C after the flux had been

washed away had little effect on the crystal properties of the samples. Samples made at

higher temperatures in the SrCl2 flux show smaller lattice constants, larger ordered domains,

and increased long range order when compared to flux/anneal samples made at the same

temperature. The difference between samples prepared by the two techniques becomes

smaller as the annealing temperature is raised to 1200°C. Presumably, this is because as

the temperature increases to values close to the true equilibrium situation, the assistance

provided by the flux to overcome kinetic limitations becomes less important.

4.5 Conclusions

The ordering behavior of Sr2AINbO6 samples has been shown to be kinetically limited

below 1400°C and thermodynamically limited above 1400°C. The long range order

parameter reaches a maximum value of 94% at 1400°C. Antiphase boundaries, which

separate ordered domains which are out of phase with each other, are found to be present

in all samples. The concentration of antiphase boundaries decreases as the annealing

temperature is increased, even above 1400°C where the long range order parameter begins

to decrease. The presence of antiphase boundaries causes the lattice constant which

corresponds to the supercell reflections to be systematically smaller than the lattice constant

corresponding to the subcell reflections. This is thought to be due to a lattice expansion at

the antiphase boundary. The value of the subcell lattice constant and the lattice strain are

both observed to decrease as the concentration of antisite defects and antiphase

boundaries decreases.
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Chapter 5-Sr2AITaO6: Effect of Synthesis and
Stoichiometry

5.1 Introduction

The preceding chapter discussed in detail the ordering behavior of Sr2AINbO6 as the

synthesis conditions and annealing temperatures were changed. Substitution of tantalum

for niobium gives the related compound Sr2AITaO6. Because the ionic radii of Nb5 and Ta5

are identical (Shannon, 1976) one might expect Sr2AlTaO6 to exhibit ordering behavior very

similar to that displayed by Sr2NbAlO6. However, the melting points of the two compounds

are different. Sr2AlTaO6 melts at 1900°C, while the melting point of Sr2AlNbO5 is 1790°C

(Brandle & Fratello, 1990). This is significant, because the rate of solid state diffusion

typically increases considerably as the melting point is approached. Therefore, the ordering

behavior may remain kinetically limited to higher temperatures in Sr2AITaO6 than was

observed for Sr2AlNbO6. This same effect will presumably also make Sr2AlTaO6 more

sensitive to differences in the synthesis conditions. The experiments described in this

chapter constitute a very thorough study of Sr2AITaO6. Over fifty different samples were

synthesized from a variety of synthetic routes and beginning stoichiometries. Their behavior

is described below.

5.2 Synthesis

The synthesis of Sr2AITaO6 samples was described in chapter 2, details of the methods

of analysis are given in mostly in chapter 3, and to some extent in chapter 4. The flux

(SrCl2) and flux/anneal methods were both used, as they were for Sr2AlNbO6. In addition,

samples were also synthesized using an alkoxide/hydroxide precursor route, and by direct

annealing of the starting reagents. It should be noted however, that direct synthesis was

only successful when tantalum oxide, which was later found to be contaminated with

Ta3O7F, was used as the source of tantalum. When pure Ta205 was as a starting reagent,

the direct anneal method always resulted in rather high concentrations of impurity phases.

The results described below indicate considerable variability in the stoichiometry of

strontium aluminum tantalate. In order to study the effect of nonstoichiometry on the

ordering behavior a series of compounds were made where the beginning stoichiometry was
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intentionally varied. In all cases the Sr/(Al+Ta) mole ratio was kept at unity, while the Al/Ta

mole ratio was varied from 0.6667 to 1.5. This corresponds to changing the beginning

Sr/Ta/Al ratios from 2.0/1.2/0.8 to 2.0/0.8/1.2. Two batches of samples were prepared. One

set of samples was synthesized directly at 1400°C (using the Ta205 contaminated with

Ta3O7F), while the second set of samples was synthesized intially in a SrCl2 flux at 900°C,

then later annealed at 1200°C and 1500°C. Details of both synthesis routes are given in

chapter 2.

5.3 Results

The results obtained for Sr2AITaO6 are given in figures 5.1-5.3 and in table 5.1.

Somewhat unexpectedly, an additional complication arose while refining the XRD patterns of

the Sr2AlTaO6 samples. The thermal parameters for the Al/Ta site routinely became

negative. Since a negative thermal parameter is physically unrealistic, it suggested the

possibility that the site occupancies were not as expected. Based on the requirement of

charge balance and the results of refinements of neutron powder diffraction patterns of

Sr2AlTaO6 (Woodward, 1996), the thermal parameter for this site was set to zero, and the

data was refined using the stoichiometry Sr2Ta1+Al1O6. The results in figure 5.lb indicate

that especially for the sample prepared using the flux/anneal method the deviation from

stoichiometry was significant. Such behavior was not observed for Sr2AlNbO6.

The observation of nonstoichiometry in Sr2AlTaO6 prompted a study where the

stoichiometry was intentionally varied, as described in the synthesis section. Changes in the

X-ray diffraction patterns as the beginning stoichiometry is varied are shown in figures 5.4 to

5.6. The relationship between the beginning stoichiometry and the structural parameters,

which characterize the ordering behavior, are plotted in figures 5.7 through 5.9, and listed in

table 5.2. The behavior of the samples synthesized using direct anneal and flux/anneal

methods are quite different. Even after annealing at 1500°C, the flux/anneal samples show

lower impurity levels, higher defect concentrations and are less ordered, both in terms of the

long range order parameter and the ordered domain size.
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Synthesis
Condition

Annealing
Temp.

(°C)

LRO
Parameter

Defect
Conc.

x

I Subcell
Edge
(A)

Superceil
Edge
(A)

Crystallite
Size
(A)

Ordered
Domain
Size (A)

Strain
x105

SAT-I 900 73% 0.016 7.8061 7.794 1005 105 157

SAT-I 1000 78% 0.021 7.8029 7.7905 1048 105 192

SAT-I 1100 78% 0.022 7.8004 7.7904 1258 121 173

SAT-I 1200 78% 0.025 7.7973 7.7896 1292 176 119

SAT-I 1300 83% 0.027 7.7951 7.7895 1109 139 86

SAT-I 1400 85% 0.025 7.7933 7.7885 1136 181 72

SAT-I 1500 90% 0.029 7.788 7.7852 1109 279 58

SAT-I 1600 94% 0.024 7.7841 7.7836 1493 488 50

SAT-li 900 66% 0.028 7.8092 7.793 1388 88 172

SAT-Il 1000 72% 0.031 7.807 7.791 1723 118 211

SAT-Il 1100 74% 0.026 7.8038 7.792 1336 114 185

SAT-Il 1200 76% 0.039 7.8001 7.7884 1419 130 134

SAT-Il 1300 77% 0.037 7.7998 7.7901 1535 128 113

SAT-Il 1400 85% 0.026 7.7953 7.7932 2589 298 55

SAT-Il 1500 84% 0.036 7.7977 7.7929 2470 206 82

SAT-Il 1600 87% 0.038 7.7959 7.7944 2353 495 64
SAT-Ill 900 76% 0.018 7.807 7.798 664 97 140

SAT-Ill 1000 82% 0.012 7.8003 7.7927 735 128 131

SAT-Ill 1100 82% 0.009 7.7922 7.7865 861 182 104

SAT-Ill 1200 86% 0 7.7917 7.7877 1217 261 89

SAT-IV 900 74% 0.011 7.8089 7.792 631 69 163

SAT-IV 950 74% 0.01 7.8046 7.794 648 88 148

SAT-IV 1000 78% 0.006 7.7959 7.7904 770 152 110

SAT-IV 1050 81% 0.001 7.7933 7.7895 811 206 86

SAT-IV 1100 82% 0 7.7906 7.7871 1621 274 118

SAT-IV 1150 84% 0.002 7.7901 7.7868 1760 298 119

SAT-IV 1200 84% 0.002 7.7894 7.7868 1678 347 103

Dir. Anneal 1400 90% 0.002 7.7846 7.7835 3058 1270 63

Dir. Anneal 1400 89% 0.001 7.786 7.7853 3084 1048 46
Dir. Anneal 1400 89% 0.002 7.7855 7.7843 2800 760 68

SAT-v 1400 88% 0.004 7.7872 7.7861 3307 756 68

SAT-V 1500 89% 0 7.7866 7.7859 2957 1029 47
SAT-v 1600 90% 0.006 7.7886 7.7883 2982 1093 50

SAT-V 1690 92% 0.011 7.7876 7.7876 2780 1106 49
SAT-VI 1200 68% 0.024 7.7966 7.779 681 84 167

SAT-VI 1400 84% 0 7.7859 7.7839 1989 1092 49

SAT-VI 1600 88% 0.01 7.7894 7.7881 2270 1330 68

Table 5.1 Results of Rietveld refinement and Williamson-Hall analysis of Sr2Al1Ta1+O6
samples.
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Figure 5.1 : The behavior of a) the long range order parameter and b) the defect
concentration, x, of Sr2Al1Ta1+O6 samples. The squares represent the flux/anneal
series SAT-I (open squares) and SAT-Il (closed squares), the diamonds represent the
flux series SAT-Ill (open diamonds) and SAT-IV (filled diamonds), the open circles
represent the direct anneal series SAT-V, and the filled circles represent the
alkoxide/hydroxide series SAT-VI.
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Figure 5.3 : The behavior of a) the ordered domain size and b) the lattice strain of
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(open diamonds) and SAT-lV (filled diamonds), the open circles represent the direct
anneal series SAT-V, and the filled circles represent the alkoxide/hydroxide series SAT-
VI.
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5.4 Discussion

The behavior of the samples which were synthesized from stoichiometric starting

materials behave qualitatively quite similar to Sr2AINbO6. As the annealing temperature is

increased the long range order parameter gradually increases, while the cell edges and the

strain decrease. The difference between the subcell and supercell lattice constants

decreases, and by 1500-1600°C this difference is negligible. In fact at the highest annealing

temperatures (>1400°C) the values for these parameters appear to be relatively insensitive

to the exact synthesis route. Figure 5.10a shows the correlation between the long range

order parameter and the subcell lattice constant. The correlation between the two variables

is very high, clearly indicating that disorder between aluminum and tantalum results in an

expansion of the average unit cell edge. The same effect was observed for Sr2AlNbO6 and

is explained in chapter 4. A similar correlation can also be observed between the lattice

strain and the long range order parameter. Figure 5.1Db shows that when large ordered

domain sizes (low antiphase boundary concentrations) are observed, a contracted lattice

constant also results. This is consistent with arguments given for Sr2AINbO6 in chapter four.

In contrast, the ordered domain size and defect concentration are observed to be highly

dependent upon the synthesis conditions even after annealing treatments at very high

temperatures. Samples prepared by either the direct anneal method, or the alkoxide/

hydroxide precursor route have significantly larger ordered domains (smaller concentration

of antiphase boundaries) and lower defect concentrations. Both of these synthetic routes

have the common feature that the crystalline perovskite phase is formed at elevated

temperatures, rather than the lower formation temperatures associated with the flux

methods. Apparently, once the antiphase boundaries, formed initially in the SrCl2 flux at low

temperatures, are present it is quite difficult to anneal them out. The values observed for the

defect concentrations suggest that the high concentration of antiphase boundaries formed in

the flux at 900°C, may be at least partially related to deviations in the stoichiometiy.

Furthermore, the composition always tended to go tantalum rich, rather than aluminum rich.

If excess tantalum were present on the octahedral site it could be accommodated for in

tantalum rich antiphase boundaries running perpendicular to the [111] direction, as

discussed in chapter 3. Of the possible compensating defects, which are necessary to

maintain charge neutrality, strontium vacancies at the tantalum rich antiphase boundaries

would seem to be the most reasonable possibility. If the antiphase boundaries are in fact

largely due to excess tantalum on the octahedral site it is not surprising that they can not

easily be annealed away.
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Figure 5.4 : A portion of the X-ray diffraction patterns of samples made intentionally off
stoichiometry in a SrCl2 flux and annealed at 1200°C. The patterns from top to bottom
had initial stoichiometries of a) Sr2A112Ta08 (40 mole % Ta), b) Sr2Al11Ta09 (45 mole %
Ta), C) Sr2Al10Ta10 (50 mole % Ta), d) Sr2AI09Ta1,1 (55 mole % Ta), and e) Sr2Al08Ta12

(60 mole % Ta). The first peak is the (111) peak whose intensity is related to the long
range order parameter and width is related to the ordered domain size.
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Figure 5.5 : A portion of the X-ray diffraction patterns of samples made intentionally off
stoichiometry in a SrCl2 flux and annealed first at 1200°C, and then at 1500°C. The
patterns from top to bottom had initial stoichiometries of a) Sr2Al12Ta08 (40 mole % Ta),
b) Sr2Al11Ta09 (45 mole % Ta), c) Sr2Al10Ta10 (50 mole % Ta), d) Sr2Al09Ta11 (55 mole
% Ta), and e) Sr2Al08Ta12 (60 mole % Ta). The first peak is the (111) peak whose
intensity is related to the long range order parameter and width is related to the ordered
domain size.
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Figure 5.6 : A portion of the X-ray diffraction patterns of samples made intentionally off
stoichiometry and fired directly at 1400°C. The patterns from top to bottom had initial
stoichiometries of a) Sr2Al12Ta05 (40 mole % Ta), b) Sr2A111Ta09 (45 mole% Ta), C)

Sr2Al105Ta095 (47.5 mole % Ta) d) Sr2A110Ta10 (50 mole % Ta), e) Sr2A1095Ta105 (52.5
mole % Ta), f) Sr2Al09Ta11 (55 mole % Ta), and g) Sr2Al08Ta12 (60 mole % Ta). The first
peak is the (111) peak whose intensity is related to the long range order parameter and
width is related to the ordered domain size.
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Initial Mole
% Ta

Annealing
Temp.

(°C)

LRO
Parameter

Defect
Conc.

x

Subcell
Edge
(A)

'Supercell
Edge

(A)

Crystallite
Size
(A)

Ordered
Domain
Size (A)

Strain
x105

40% F/A 900°C 64% 0.006 7.8109 7.7935 2268 47 199
45% F/A900°C 65% 0.011 7.8108 7.773 2456 36 194
50% F/A 900°C 74% 0.007 7.8006 7.7907 1845 133 199

55% F/A 900°C 68% 0.042 7.8128 7.784 1240 53 153
60% F/A 900°C 66% 0.05 7.8135 7.798 919 60 145

40% F/A 1200°C 71% 0.018 7.8009 7.785 1806 69 118

45% F/A 1200°C 74% 0.013 7.8001 7.786 1716 68 104

50% F/A 1200°C 81% 0.019 7.7953 7.788 1668 142 131

55% F/A 1200°C 74% 0.064 7.805 7.788 2091 77 169
60% F/A 1200°C 70% 0.07 7.8084 7.793 1045 82 169

40% F/A 1500°C 83% 0.016 7.7937 7.7927 1655 278 44
45% F/A 1500°C 85% 0.02 7.7943 7.7913 1866 244 51

50% F/A 1500°C 85% 0.021 7.7927 7.7903 1754 315 54
55% F/A 1500°C 83% 0.056 7.8021 7.7973 2197 171 87
60% F/A 1500°C 75% 0.057 7.8019 7.7973 1792 196 80

40% DA 1400°C 93% -0.007 7.784 7.784 2577 1706 56
45% DA 1400°C 93% -0.002 7.7838 7.7838 2992 1735 58

47.5% DA 1400°C 91% -0.008 7.7847 7.7845 3340 1469 62
50% DA 1400°C 88% 0.004 7.7872 7.786 1 3307 756 68

52.5% DA 1400°C 86% 0.01 7.7894 7.7865 2244 534 90
55% DA 1400°C 83% 0.013 7.7924 7.7886 2720 323 103

60% DA 1400°C 82% 0.019 7.7956 7.7916 2659 203 119

Table 5.2 : Results of Rietveld refinement and Williamson-Hall analysis of Sr2Al1Ta1+O6
samples, whose initial stoichiometries were intentionally varied from Sr2AI12Ta08 to
Sr2Al08Ta1 2
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The results of the off stoichiometry study show quite different behavior depending upon

the synthesis conditions. The flux/anneal samples appear to be most highly ordered when

the beginning Al/Ta ratio is unity. This is evidenced by a maximum in the long range order

parameter and the ordered domain size, and a minimum in the subcell lattice constant. This

behavior is as expected if the structure can incorporate either excess tantalum or excess

aluminum, because in either case deviation in stoichiometry would be expected to introduce

both antisite defects and antiphase boundaries. However, the refined defect concentrations

are relatively constant on the aluminum rich side, but go up sharply on the tantalum rich end.

This would seem to indicate that the structure can incorporate excess tantalum more easily

than excess aluminum. Furthermore, after annealing at 1500°C the apparent decrease in

order falls off much more sharply on the tantalum rich side than it does on the aluminum rich

side.

The samples prepared directly at 1400°C behave in a somewhat different manner. Those

samples where the initial mixture is aluminum rich have very high order parameters and

ordered domain sizes. Consistent with the high degree of order, contracted lattice constants

and relatively low values of strain are observed for these samples. The refined defect

concentrations for these samples show a relatively constant, slightly negative value of x.

Upon going to the 50:50 mixture and onto the tantalum rich starting mixtures, the defect

concentration rises sharply. This rise in the defect concentration is accompanied by an

decrease in the order parameter, and ordered domain size. The increase in the antiphase

boundary concentration is striking, as the ordered domain size decreases from

approximately 1800A to 200A upon moving from the aluminum rich to the tantalum side of

figure 5.9. Consistent with the increase in antisite defects and antiphase boundaries, the

lattice constants and strain both increase. Figure 5.11 shows the relationship between the

defect concentration and the ordered domain size for all strontium aluminum tantalate

samples synthesized. It is apparent from this figure that all of the samples with large

ordered domain sizes also have small defect concentrations.

Both flux/anneal and direct anneal syntheses seem to indicate that excess tantalum can

be incorporated into the structure, presumably resulting in a Sr2Al1Ta1+O6 stoichiometry.

This substitution when it occurs leads to a decrease in both the long range order parameter

and the ordered domain size. These increases in the defect concentration cause an

expansion in the lattice constants and strain for reasons described in chapter tour. However,

when an aluminum rich starting mixture is used there are some discrepancies between the

two synthetic routes. Despite the apparently lower solubility of the structure for excess

aluminum, there are almost no impurity phases present in the XRD patterns of the aluminum



rich phases prepared using the flux/anneal method. In contrast the samples made directly

at 1400°C show Sr/Ta/O impurities when the beginning stoichiometry is tantalum rich, and

Sr/Al/O impurities when the beginning stoichiometry is aluminum rich (see table 5.2). How

can this be explained? Apparently, some aluminum (and some strontium?) is lost during the

process of heating in the SrCl2 flux, and the subsequent washing away of the flux. This

does not occur when the reagents are directly heated to 1400°C, so that increasing amounts

of Sr/Al/O phases must accompany the increased aluminum content in the starting

materials. Notice that the impurity concentrations increase faster on the aluminum rich side,

consistent with the hypothesis that it is easier to dope tantalum rich rather than aluminum

rich2. However, partial incorporation of fluorine into the perovskite lattice may increase the

solubility for aluminum. This would help to explain the lower defect concentrations found for

the samples prepared from Sr(NO3)2, A1203, and Ta2O5ITa3O7F.

5.5 Conclusions

The behavior of Sr2AlTaO6 is qualitatively similar to Sr2AINbO6, but several significant

differences are observed. Sr2AlTaO6 does not seem to reach thermodynamic equilibrium

below 1600°C, whereas Sr2AINbO6 does so near 1400°C. This may be partly attributable to

the higher melting point of the tantalate. Synthesis in a SrCl2 flux at 900°C causes

Sr2AITaO5 to deviate from its ideal stoichiometry. This deviation appears to be of the form

Sr2Ta1+Al1O6, and leads to a decrease in the long range order parameter and ordered

domain size, even after annealing at elevated temperatures. It is postulated that excess

tantalum on the octahedral site is accommodated through antiphase boundaries running

perpendicular to the [111] crystal direction. The overall crystal structure may then be

thought of as the 1:1 ordered compound Sr2AlTaO6, with occasional intergrowths of the 2:1

ordered compound Sr512AlTa2O9. Adding excess aluminum, or small amounts of fluorine, to

the starting materials discourages this nonstoichiometry and results in highly ordered

samples with very large ordered domains.

In terms of relaxor ferroelectrics, where the ordered domain size is a critical parameter

affecting the dielectric properties (Randall, Bhalla, Shrout & Cross, 1990), the ability to

2 The impurity peaks in figures 5.6 do not appear to be higher on the aluminum rich side
than they are on the tantalum rich side, somewhat in conflict with table 5.2. The reason
for this effect is that the Sr/Al/O phases diffract X-rays less efficiently than Sr2AlTaO6 and
Sr/Ta/O phases because of the increased scattering power of tantalum in the latter two
cases.



control the concentration of antiphase boundaries by slightly varying the stoichiometry could

prove to be a very useful tool. It may also be applicable to nonstoichiometric ordering in

compounds such as Pb3MgNb2O9 (PMN) and Pb3ZnTa2O9 (PZT). To substantiate the

results of this XRD study, further studies using techniques such as transmission electron

microscopy and electron microprobe analysis should be undertaken.
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Chapter 6-Structural Studies and Order-Disorder
Phenomenon in a Series of New Quaternary Tellurates

A2 M4Te6O6

6.1 Introduction

Several different structure types can be found among the ternary alkali antimonates,

ASbO3. LiSbO3 possesses staggered chains of edge sharing Sb06 octahedra (Lacorre,

Hervieu & Raveau, 1984). The most common polymorph of NaSbO3 adopts the ilmenite

structure, containing two dimensional sheets of edge sharing Sb06 octahedra (Wang,

Chen & Greenblatt, 1994). KSbO3 also crystallizes in the ilmenite structure under typical

synthesis conditions (Spiegelberg, 1940), but transforms to a cubic phase after prolonged

heating (Spiegelberg, 1940) or in the presence of high pressure (Goodenough & Kafalas,

1973). The cubic KSbO3 structure is built up of pairs of edge sharing Sb06 octahedra

linked at the corners to form a three dimensional network. NaSbO3 can also be
synthesized with the cubic KSbO3 structure through ion exchange of the potassium

compound (Hong, Kafalas & Goodenough, 1974). Additionally, both sodium and

potassium antimony oxide have been reported with the pyrochlore structure (Schrewelius,

1938; Piffard, Dion & Tournoux, 1978). The diversity of structures observed among the

ASbO3 compounds strikingly demonstrates the way in which the size and electronegativity

of the lower valent "charge compensating" cations can influence the structure and

dimensionality of the higher valent metal oxide network.

The A2M4Te6O6 family of compounds is a quaternary analog to the ASbO3 family.

The average valence of the large and small cations are still one and five respectively.

However, now several additional degrees of freedom have been introduced. Not only can

the average size of the higher valent cation site be varied by substituting tetravalent

cations with different radii, but the difference in radii of the two higher valent cations can

also be controlled. Furthermore, differences in metal-oxygen bonding interactions are

likely to exist between the M4 and Te6 cations. These factors along with the A cation

size all play a role in determining the lowest energy structure. An additional parameter

present in the quaternary system, is the possibility of ordering between tellurium and the

various tetravalent metal cations.

Many compounds in the A2M4Te6O6 family have been synthesized and structurally

characterized. Li2TiTeO6 and Li2SnTeO6 crystallize in a structure which can be derived
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from the LiSbO3 structure by superposition of ordering between Ti/Te and Sn/Te

respectively (Choisnet, Rulmont & Tarte, 1989). Li2ZrTeO6 and Li2HfTeO6 also have

ordered M4/Te6 distributions, but instead of being ordered derivatives of the LiSbO3

structure they are ordered derivatives the LiNbO3 structure (Choisnet, Rulmont & Tarte,

1988). Among the A2M4TeO6 compounds where A is either sodium or potassium, only

two references can be found in the literature. Na2ZrTeO6 is a monoclinically distorted

perovskite, with an ordered distribution of zirconium and tellurium (Bayer, 1969;

Woodward, 1996). K2GeTeO6 (as well as Rb2GeTeO6 and Cs2GeTeO6) possesses the

pyrochiore structure with a disordered distribution ofGe4 and Te6 (Amarilla, et aL, 1989).

Based on the possible combinations of A and M4 cations it is clear that many

members of the A2M4TeO6 family have not yet been prepared and studied. The work

described in this paper is an attempt to expand the family of known A2M4TeO6

compounds and properly characterize their structure. In this way it is hoped that a more

thorough understanding of the structure determining forces in these compounds can be

realized. The occurrence of compounds with cation distributions ranging from fully

ordered to disordered also provides a good opportunity to study order-disorder

phenomena and the factors which dictate the ordering behavior of the M4/Te6 cations.

6.2 Cation Ordering in Compounds Containing Te6 and Sb5

In these and other ternary and quaternary oxides containing Te6, there is a strong

tendency for the cations to be distributed in an ordered fashion. This is presumably due to

the high degree of covalency in the Te-O bond. In particular the bonding interaction

between hexavalent tellurium and oxygen will be considerably different than bonding

interactions between transition metal ions and oxygen. Just as differences in formal

charge, and ionic radii, promote cation ordering so do differences in bonding interactions

(Woodward, 1996). The general rule of thumb, being that as the differences between

cations increase (charge, size, bonding, etc.) the probability that they will order onto

crystallographically distinct sites also increases. This line of thought is supported by the

observation that A2MM'06 perovskites containing Sb5 or Te6 on the octahedral site, are

generally found to have a highly ordered distribution of octahedral site cations

(Woodward, 1996).

However, the cation ordering behavior of a compound will depend not only upon the

properties of the cations, but also upon the crystal structure. Because the ionic radius,
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oxidation state, and bonding preferences of Te6 are very similar to those of Sb5,

examination of the ordering behavior in Sb5 containing compounds is useful to

understand Te6 containing compounds. For example, the compound Sr2CrSbO6 has the

distorted perovskite structure, with approximately 1800 Cr-O-Sb bonds, and is observed to

show almost complete ordering between chromium and antimony (Woodward, 1996).

Whereas, CrSbO4, which has the rutile structure (Unknown ref.), and Gd2CrSbO7, which

has the pyrochlore structure (Casado, Mendiola & Rasines, 1985), both have a random

distribution of chromium and antimony. In both of these compounds the Cr-O-Sb bond

angles are significantly distorted from 180°. The different ordering behaviors of these

compounds are presumably driven in part by the need for Sb5 to effectively polarize the

electron cloud about oxygen. This polarization cannot be readily achieved for 180°

Sb-a-Sb interactions, therefore, in structures with M-O-Sb angles near 180° an ordered

distribution is highly favored (Woodward, 1996). In compounds where the bond angles are

nearer to 900 anion polarization is more easily achieved, and the driving force for cation

ordering is reduced. Furthermore, the geometrical arrangements of certain structures,

such as pyrochlore, are not conducive to three dimensional ordered distributions.

Therefore, a study of A2MTeO6 compounds, where for a given M cation the structure type

can be changed by substituting different A cations, provides a good opportunity to study

structural factors which influence cation ordering behavior.

6.3 Experimental

Synthesis was performed as described in chapter two. X-ray diffraction analysis was

performed with a Siemens D5000 diffractometer, equipped with a Kevex, Peltier cooled

Si(Li) energy dispersive detector, and copper Ka radiation source. Measurements for

Rietveld analysis were collected from 2°-150° two-theta, with a step size of 0.02°, and a

count time of 3 seconds/step (150 seconds/degree). The width of the antiscatter and

divergence slits were computer controlled to maintain the irradiated sample length at a

constant value of 6 mm throughout the entire scan. The measured intensity of each point

was then divided by sine to yield intensities consistent with a measurement performed

with fixed slits. In measurements using samples with very well known structures this

procedure has been found, in our lab, to be optimal for obtaining accurate intensities at

low angles, good statistics at high angles, and realistic thermal parameters. In addition,

synchrotron X-ray diffraction was carried out on selected samples on beamline X7A of the
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National Synchrotron Light Source at Brookhaven National Laboratory. For these

measurements the samples were loaded into 0.2mm diameter capillaries, which were

freely rotated during data collection to eliminate possible preferred orientation effects. A

wavelength of 0.50275A and a position sensitive detector were employed. Most scans

were from 3°-47° two-theta, although the Li2GeTeO6 data collection covered the range 2°-

65° two-theta. Absorption corrections were applied using the formula suggested by

Hewat (1979). Rietveld analysis of the laboratory samples was carried out with the 1991

release of the program RIETAN (Izumi, 1989; Izumi, 1993). The GSAS software package

was used to refine the synchrotron patterns, and selected laboratory diffraction patterns

(Larson & Von Dreele, 1994). Occasionally both software packages were used to refine

the same pattern, in these cases the results were always in good agreement, with the

exception of the standard deviations on the positional parameters. The values reported

by RIETAN were generally 2-3 times higher than those reported by GSAS. This effect

has been previously noted and discussed (Woodward, Sleight & Vogt, 1995). The

difference arises because the values given by RIETAN are based on R1 (R6) rather than

This approach tends to give more realistic estimates of the uncertainty associated

with each variable.

Strain values were calculated from a Williamson-Hall plot (Williamson & Hall, 1953)

using the peak widths determined by either RIETAN or GSAS and a peak profile that was

purely Lorentzian. The Williamson-Hall method for determining the crystallite size and

strain is based on the following relationship:

FWHM*cost9= +n6sinO

where I is the wavelength of radiation, D is the crystallite size, e is the strain, and n is a

constant. Williamson-Hall plots are discussed in more detail in chapter three. In the

various applications of this method the value of n is found to vary between 1 and 4

(Howard & Preston, 1989; Williamson & Hall, 1953; Larson & Von Dreele, 1994).

Because of the difficulties in obtaining an independent measurement of the strain it is

unclear which value gives the most accurate results. However, to make relative

comparisons of the strain parameters between various samples it is necessary only to be

consistent in choosing the value of n. To be consistent with strain determinations carried

out in previous chapters a value of n=4 was chosen. In addition for measurements taken

on the Siemens D5000 system, the strain value determined for the NIST line broadening
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standard LaB6 (12x105) has been subtracted from all experimentally determined strain

values. This subtraction is an attempt to eliminate any component in the strain term

associated with instrumental broadening (Larson & Von Dreele, 1994).

6.4 Structure of Layered ASbO3 Parent Compounds

With the exception of the pyrochlore compound Na15K5TiTeO6, all of the other

compounds synthesized in this work were found to have structures that could be derived

from either NaSbO3 or TlSbO3 (P3 ic polymorph). In each case the parent antimonate

structure can be constructed beginning from a hexagonal close packing of oxygens, with

both Sb5 and K cations occupying octahedral holes in the oxygen lattice. In both

structures the A cations and the antimony ions are segregated into layers, and the oxygen

ions are always found to be shifted along the c axis toward the smaller Sb5 ions.

Because the Sb-a bonding interactions are much stronger than the A-O bonding

interactions, the antimony oxide layers can be thought of as the basic structural building

block of these compounds. This structural unit, shown in figure 6.la, is essentially the

same in all three structures. The antimony ions occupy 2/3 of the octahedral holes in the

layer, while the remainder of the octahedral holes are vacant. Each Sb06 octahedron

shares edges with three other Sb06 octahedra to form an infinite sheet in two dimensions.

Both antimony ions and the vacancy are located on threefold axes located at x,y

positions of (0,0), (1/3,2/3), and (2/3,1/3). In order to accommodate the larger A cations,

while maintaining reasonable Sb-O bond distances the layers are stretched in the ab

plane, and flattened in the c direction. This leads to a flattening of the 5b06 octahedra.

The smallest O-Sb-O angles in NaSbO3 (Wang, Chen & Greenblatt, 1994) and TISbO3

(Bouchama & Tournoux, 1975) are 79.7° and 78.9° respectively.

The stacking of the antimony oxide layers and the arrangement of the A cations

between the layers are what make the three structure types distinct from each other.

TlSbO3 exists as two polymorphs, one with symmetry consistent with space group P3 ic,

and the other with space group P6322 (Bouchama & Tournoux, 1975). The metal

positions and unit cell size are nearly identical in both structures, but they differ in the

arrangement of oxygen ions. Both structures contain the Sb03 layers described in the

preceding paragraph, but now instead of the octahedral vacancies lining up in columns
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Figure 6.1 : Structural features of ASbO3 compounds. a) The Sb03 layer with the
antimony ions shown in black and the oxygen ions in white, b) the three layer NaSbO3
(ilmenite) structure, c) the two layer TlSbO3 (P3 ic) structure, d) the one layer Pb5SbO3
structure. In each case the antimony octahedra are shaded, and the A cation octahedra
are in white.
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parallel to the c-axis, one of the two antimony sites forms uninterrupted columns along the

threefold axis which passes through the origin. The other antimony site, the thallium

atoms, and the octahedral vacancies are all confined to lie on the threefold axes located

at (1/3,2/3,z) and (2/3,1/3,z). This results in one antimony octahedron which does not share

faces with the thallium polyhedra, and one antimony octahedron that shares two faces of

its octahedron with thallium polyhedra. Each thallium ion is then shifted along the c-axis

away from the neighboring antimony and toward the octahedral vacancy. The difference

between the two polymorphs is that in the P3 ic structure the oxygens are arranged so

that the thallium is in octahedral coordination, whereas in the P6322 structure the oxygens

surround thallium in a trigonal prismatic coordination. The unit cell of both structures

contains two Sb03 layers. The P3 ic structure with thallium in octahedral coordination is

the structure which is relevant to compounds synthesized in this study. A polyhedral

representation of it is shown in figure 6.lc.

Although NaSbO3 has several polymorphs, the compound that will be considered here

is the ilmenite polymorph. In this structure each layer can be related to the previous layer

by a rhombohedral translation vector (2/3,1/3,1/3), as can the positions of the sodium and

oxygen ions. This leads to a structure where all of the antimony ions are
crystallographically equivalent. Each Sb06 octahedron shares one face of its octahedron

with a neighboring Na06 octahedron. As in the TlSbO3 structure the A cation shifts away

from the antimony and toward the octahedral vacancy. This stacking sequence has

symmetry elements consistent with space group R 3. Although the primitive cell contains

only one formula unit, the triple hexagonal cell contains three Sb03 layers. A polyhedral

representation of the ilmenite structure is shown in figure 6.lb. Throughout the rest of

this chapter the NaSbO3 (ilmenite) structure will commonly be referred to as the three

layer stacking, and the TlSbO3 (P3 ic) structure will be referred to as the two layer

structure. These classifications obviously refer to the number of Sb03 layers present

along the c axis of the unit cell.

6.5 X-ray Diffraction Results

6.5. 1 Three Layer NaSbO3 (Ilmenite) Derivatives

Structural refinements using the Rietveld method (Young, 1993) were carried out for all

compounds synthesized. Table 6.1 lists the cell constants, long range order parameter,
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Figure 6.2 : The structure of Li2GeTeO6. The small shaded circles represent lithium
ions, the open circles represent oxygen, the larger shaded circles represent the
germanium rich octahedral site, and the black circles represent the tellurium rich site.



Compound Synthesis
Temp. (°C)

Structure
Type

Space
Group

Long
Range
Order

a (A) c (A) a/c

LI2GeTeO6 750°C NaSbO3 R3 60% 5.002 14.329 1.047
Na2TiTeO6 750°C NaSbO3 R3 0% 5.218 15.822 0.989

Na2GeTeO6 700°C NaSbO3 R3 24% 5.100 15.956 0.959
Na2GeTeO6 750°C TlSbO3 P31c 76% 5.096 10.635 0.958

Na2SnTeO5 700°C a-TISbO3 P31c 100% 5.336 10.696 0.998

Nai5K0.5TiTeO6 200°C Pyrochlore Fd3m 0% 10.182

Table 6.1 : Structure types, lattice constants, and order parameters for A2MTeO6 and
AGeTeO6 compounds.

space group, and structure type for each compound. In fully ordered and partially ordered

compounds one of the small octahedral sites is preferentially occupied by Te6 and the

other small octahedral site by M4. Assuming the Te6:M4 ratio is 1:1 and both sites are

fully occupied, then the tellurium site will have an occupancy of (TeM1), while the other

site will have an occupancy of (Te1M). The long range order parameter, S, is then

defined as S=2x-1. By defining the long range order parameter in this way the value of S

is constrained to vary between 100% for a fully ordered compound to 0% for a disordered

compound. The a/c ratio in table 6.1 is calculated using the c value corresponding to a

unit cell containing one MTeO62 layer (5A).

Table 6.2 contains the refinement results for the three compounds which adopt three

layer ilmenite stacking. The structure of Li2GeTeO6 is shown in figure 6.2. All of these

compounds were first refined in space group R beginning from the atomic coordinates

of the NaSbO3structure, with the antimony site occupied by a statistical mixture of Te and

Ge/Ti. In each case this led to a stable refinement. Next the inversion center was

eliminated lowering the space group to R3, thereby allowing ordering of Te and Ge/Ti to

occur. When the symmetry was lowered in this fashion, with the exception of Na2TiTeO6,

lower residuals were obtained. However, even for Li2GeTeO6 and Na2GeTeO6 a

completely ordered distribution of Te and Ge was never observed. Another consequence

of eliminating the inversion center is that the higher valent octahedral cations are no

longer constrained by symmetry to be coplanar. The refinements were found to be quite

sensitive to the z coordinates of the Te and Ge ions relative to each other. The distances

in the c direction, that the Te and Ge ions are found to be displaced from each other, are

0.13A in Na2GeTeO6 and 0.20A in L12GeTeO6.
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Three Layer NaSbO3 (Ilmenite) Derivatives
Data Collection/Refinement: Synchrotron/GSAS
Space Group: R3(R3)

Atom Site x z B Occupancy
A(1) 3a 0 0 A1(z) B(A) 1.0
A(2) 3a 0 0 A2(z) B(A) 1.0
Te(1) 3a 0 0 M1(z) B(M) 0cc.
M(1) 3a 0 0 M1(z) B(M) 1-0cc.
M(2) 3a 0 0 M2(z) B(M) 0cc.
Te(2) 3a 0 0 M2(z) B(M) 1-0cc.
0(1) 9b 01(x) 01(y) 01(z) B(0) 1.0
0(2) 9b 02(x) 02(y) 02(z) B(0) 1.0

Compound jJ,GeTeO6 Na2GeTeO6 (700CC) Na2TiTeO5

Goodness of Fit Indicators
4.14% 4.40% 6.70%
10.20 8.10 11.98

R(F2) 6.64% 4.41% 6.29%
Overall Parameters
a 5.00628(3) 5.10027(3) 5.21781(2)
c 14.3374(2) 15.9559(1) 15.8219(1)
Strain 95 50 35
0cc. 0.797(8) 0.62(1) 0.50
Positional Parameters
Al (z) 0.139(3) 0.1430(9) 0.1398(1)
A2(z) 0.133(3) 0.8606(9) 0.8602
M1(z) 0.34036(4) 0.33726(6) 0.34036(4)
M2(z) 0.65964(4) 0.66236(6) 0.67369
01(x) 0.308(2) 0.266(2) 0.2736(4)
01(y) -0.029(2) -0.066(2) -0.0515(4)
01(z) 0.2621(8) 0.2607(5) 0.2628(1)
02(x) 0.726(2) 0.702(2) 0.7264
02(y) 0.038(2) 0.027(2) 0.0515
02(z) 0.7459(9) 0.7314(4) 0.7372
Thermal Parameters
B(A) 4.0(4) 1.20(5) 0.85(3)
B(M) 0.292(6) 0.298(8) 0.546(8)
B(0) 0.22(6) 0.35(6) 0.47(4)

Table 6.2 : Rietveld refinement results for those compounds adopting the three layer
ilmenite structure. Both of the germanium containing compounds were refined in space
group R3, while Na2TiTeO6 was refined in space group R. The atomic positions all
three compounds are listed in a form consistent with space group R3 for ease of
comparison.
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Figure 6.3 : The X-ray diffraction spectra of Na2GeTeO6 after annealing at 700°C (lower
pattern) and 750°C (upper pattern).
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There are two ways in which the disorder between Te6 and M4 can manifest itself. The

first possibility is that the disorder between cations is uniformly distributed in all three

dimensions. A second possibility is that the degree of order within individual MTeO62

layers is quite high, but a considerable amount of disorder is present in the layer stacking.

Structural refinement using the Rietveld method is well suited to the first type of disorder,

but may not properly model the second type of disorder. This point will be discussed in

much greater detail in the next section.

6.5.2 Two Layer TISb03 (P3 Ic) Derivatives

In the Na2GeTeO6 sample which had been prepared at 70000 there appeared to be

several weak impurity peaks. In an effort to eliminate this unknown second phase, the

sample was heated to 750°C for 36 hours. An X-ray diffraction pattern obtained after the

750°C anneal showed a single phase pattern, but surprisingly it was not the same phase

that dominated the pattern prior to the heating cycle. However, the new phase that

appeared at 750°C corresponded to the impurity peaks in the 700°C sample. (A

subsequent two phase refinement showed that after annealing at 700°C the powder

contained 96% of the ilmenite polymorph and 4% of the high temperature phase). The X-

ray diffraction patterns of Na2GeTeO6 annealed at 700°C and 750°C are shown in figure

6.3.

Closer inspection of the phase formed at 750°C revealed that the new unit cell was also

trigonal/ hexagonal with the same a axis and a c axis which was 2/3 the value of the old c

axis. The values of the lattice constants suggested that the structure contained the same

GeTeO62 layers as the ilmenite structure, but the unit cell now contained two layers in the

c direction instead of three. Of the five space groups which corresponded to the

observed extinction conditions (P31c, P31c, P63mc, P62c, P63Immc) atomic positions

consistent with a two-layer stacking were consistent only with P31c and P3 ic. On the

basis of electrostatic considerations a starting model was chosen where the NaO6

octahedra share faces only with Ge06. This led to a stable refinement with low residuals

and good agreement with the data. Allowing the Ge and Te sites to mix resulted in a

marginally better fit to the laboratory X-ray data, but a more pronounced improvement in

the fit to the synchrotron data. Removing the inversion center and dropping to space

group P31c did not improve the fit, however, the refinement did seem to be stable in the

noncentrosymmetric space group. Table 6.3 contains the refinement results of both



Two Layer TISbOJf31 c) Derivatives
Data Collection/Refinement: Lab X-rays/Rl ETAN or Synch rotron/GSAS

Space Group: P3 ic
Atom x z B Occupancy

A 4f 2/3 1/3 A(z) B(A) Occ(A)
Ml 2d 2/3 1/3 1/4 B(M) Occ(M)
M2 2d 2/3 1/3 1/4 B(M) 1-Occ(M)
M2 2a 0 0

1/ B(M) Occ(M)
Ml 2a 0 0 / B(M) 1-Occ(M)
0 121 0(x) 0(y) 0(z) B(0) 1.0

Compound Na2GeTeO6 (750CC) Na2GeTeO6 (750°C) Na2SnTeO6

Goodness of Fit Indicators
Data CoIl. Synchrotron Laboratory Laboratory
Software GSAS RIETAN RIETAN

4.56% 13.03% 12.54%
9.57 7.51 7.05

R(F2) 4.19% 3.26% 4.10%
Overall Parameters
a 5.09605(2) 5.09436(4) 5.3358(1)
c 10.63487(5) 10.6311(1) 10.6960(3)
Strain 15 30 135
Occ(A) 1.0 1.0 0.91(2)
0cc (M) 0.880(1) 0.984(9) 1.0
Ml Ge Ge Te
M2 Te Te Sn
Positional Parameters
A(z) 0.9616(1) 0.962(1) 0.952(1)
0(x) 0.0491(4) 0.051(3) 0.052(3)
0(y) 0.7145(4) 0.712(3) 0.702(4)
0(z) 0.6474(2) 0.649(1) 0.654(2)
Thermal Parameters
B(A) 1.03(2) 1.0(2) 0.5(5)
B(M) 0.279(5) 0.28(5) 0.46(5)
B(0) 0.56(4) 0.2(3) 1.0(4)

Table 6.3 : Rietveld refinement results for the two layer compounds, Na2GeTeO6 and
Na2SnTeO6.
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Figure 6.4 : The structure of Na2SnTeO6. The small shaded circles represent sodium,
the open circles represent oxygen, the larger shaded circles represent tin, and the black
circles represent tellurium.



laboratory and synchrotron X-ray data collections. The agreement between the two is

excellent with the exception of the Ge/Te mixing parameter.

Na2SnTeO6 has extinction conditions and lattice constants which suggest that it is

isostructural with the two-layer variation of Na2GeTeO6. Refinements show that although

the structures are quite similar they differ in one important aspect, in Na2SnTeO6 the

Te06 octahedra share faces with Na06 octahedra, rather than the Sn06 octahedra. This

is confirmed not so much from the occupancies of the Sn4 and Te6 which are

isoelectronic, but from the positions of the oxygen ions which are displaced away from the

bigger tin ion toward tellurium. This result is surprising because it is in contradiction to

what would be expected from a preliminary consideration of the ionic charges in the

compound. This behavior will be further examined in the discussion section. The

structure of Na2SnTeO6 is shown in figure 6.4.

Several points of the Na2SnTeO6 refinement merit discussion. First of all the residuals

could be decreased if the occupancy of the sodium site was allowed to refine, indicating

the presence of sodium vacancies. Because the sample was heated to over 1000°C

before adding the Te02 it is certainly possible that some sodium was volatilized during the

synthesis. Unless oxygen vacancies are present, this would suggest that the actual

stoichiometry is Na2Sn1Te1+O6. Unfortunately, because they are isoelectronic the

relative occupancies of tin and tellurium could not be refined from X-ray data. From the

refined value of the sodium position a stoichiometry of Na1 8Sn09Te1 can be inferred.

The nearly identical scattering factors of tin and tellurium also made it impossible to

achieve a stable refinement of the long range order parameter. Nonetheless, the metal

oxygen bond distances to the 2d and 2a sites were refined to be 1.90(1)A and 2.03(1)A

respectively. These distances agree quite well with the bond distances of 1 .91A (Te6t

02) and 2.04A (Sn4t02) predicted from ionic radii (Shannon, 1976). This suggests an

ordered distribution of tin and tellurium. The residuals could also be reduced by refining in

the noncentrosymmetric space group P31c. However, the oxygen positions obtained in

this space group led to unrealistic bond distances, causing this model to be rejected. One

possibility is that the improved fit achieved using the noncentrosymmetric space group is

associated with the presence of some disorder in the layer stacking. This type of disorder

affects the peak intensities in ways that cannot be accurately modeled using the Rietveld

method, but the increased number of positional parameters available in P31c allows

some improvement in the fit to the observed X-ray pattern. The affect disorder in the layer

stacking has upon the X-ray diffraction patterns is examined in more detail later in the

DIFFaX modeling section. However, to eliminate the remaining ambiguities further study



is desirable. Neutron diffraction in particular would be useful to accurately determine the

oxygen positions and confirm the space group.

6.5.3 Pyrochlore Derivative

The last compound studied was prepared by reacting excess KNO3 with Na2TiTeO6

(20:1 mole ratio) in 15 ml of H20 in a hydrothermal bomb at 200°C for 37 hours. The

corresponding product was a two phase mixture of the starting phase Na2TiTeO6 and a

new cubic phase with unit cell dimensions and extinction conditions consistent with the

pyrochlore structure. This product was then reacted again with excess KNO3(30:1 mole

ratio) under the same conditions for 48 hours. This led to a single phase pyrochlore

product. Refinement of the structure as a normal pyrochlore with stoichiometry

K2NaTiTeO6 did not lead to a good fit to the data. Once some electron density was

placed on the 8b site, normally occupied by 0' in a normal A2M2O60' pyrochlore, the

observed fit was significantly improved. The refinement at this stage indicated that both

the 16d (%,%,1/2) and 8b (/8,/8,/8) sites were partially occupied, but the thermal

parameter of the 8b site was very large. If the atom occupying this site is split into

equidistant atoms on the threefold axis (32e site)3, the thermal parameter becomes more

reasonable and the fit to the data is equally good. The final step in the refinement was to

determine the identity and occupancy of the ions on each site. It is not possible to refine

the electron density on all sites of the lattice simultaneously. Therefore, some

assumptions must be made. Since no separate titanium or tellurium containing phases

were present the Ti:Te ratio was fixed at unity. The cubic cell constant of 10.182A is also

suggestive of a Ti:Te ratio near unity, when compared to 10.06A for KTi05Te15O6 (Castro,

Rasines & Turrillas, 1980) (the six coordinate ionic radii for Ti4 and Te6 are 0.605A and

0.56A respectively (Shannon, 1976)). Assuming that the 48f site is fully occupied by

oxygen and the 16d and 32e sites are occupied by either Na, K, or a combination of the

two in a quantity sufficient to produce a charge balanced compound, results in a starting

model with stoichiometry Na2KTiTeO6. Using this model as starting point refinements

were carried out for four separate cases: both 16d and 32e sites are occupied only by

sodium, both sites are occupied only by potassium, the 16d site is occupied by potassium

For example if the 8b site (0.375,0.375,0.375) was occupied by a potassium ion with an
occupancy of 0.5, then this site would be replaced by potassium ions on two 32e sites
with positions (0.375+x,0.375+x,0.375+x) and (0.375-x,0.375-x,0.375-x) and occupancies
of 0.0625 for each site.
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Figure 6.5: The observed, calculated, and difference patterns for Na1 46K 54TiTeO6. The
observed pattern is marked in crosses and the difference pattern is shown below the
observed and calculated patterns.
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Figure 6.6 : A (001) layer of the pyrochiore Na1 46K54T1TeO6. The Ti/Te ions are
represented by black circles, the oxygens by open circles, the potassium ions by the large
shaded circle, and the sodium ions are represented by the smaller shaded circles. The
potassium ion is raised up in the z-direction out of the (001) plane, along the (111) axis.
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NaKMTiTeO6 Pyrochiore Structure
Data Collection/Refinement: Lab X-rays/GSAS
Space Group: Fd 3 m (Origin Choice #2)

21.65%
16.85

R1 5.86
a 10.1822(1)A
Strain xltJ5 39

Atom Site x z B Occupancy
Na 16d Anisotropic 0.730(9)
K 32e 0.411(2) 0.411 0.411 5.5(16) 0.068(2)
K 32e 0.339 0.339 0.339 5.5 0.068
Ti 16c 0 0 0 0.26(2) 0.5
Te 16c 0 0 0 0.26 0.5
0 48f 0.3214(5) 1/8 1/8 0.47(8) 1.0

Bond Distances and Selected Angles Na Anisotropic Thermal Parameters
Ti/Te-O Distance: 1.941(2)A B11=B22=B33 = 2.7(2)
Na-O Distance: 2.559(3) A B12=B13=B23 = 0.6(3)
K-O Distance: 3x2.77(2)A

3x3.22(2)A
K-Na Distance: 3x2.49(2)A
O-Ti/Te-O Angles: 86.5°/93.5°

Table 6.4: Rietveld refinement results for Na1 46K 54TiTeO6.

and the 32e site by sodium, or the 16d site is occupied by sodium and the 32e site by

potassium. These refinements led to values of 22.18%, 22.16%, 21.51%, and

21.65% respectively. Discarding the first two possibilities and concentrating on the

models with both sodium and potassium present, the smaller coordination sphere of the

16d site should be preferred by sodium, while the larger coordination sphere of the 32e

site would seem to be better suited for potassium. To confirm this bond valence

calculations on both sodium and potassium on the 16d site give values of 0.77 and 1.88

respectively. Based on these considerations the stoichiometry of the compound refines to

Na1 46K0 54TiTeO6, with potassium ions displaced, in a disordered fashion, 1 .57A from the

16d site along the threefold axis. Refinements where the charge balance constraint has

been removed suggest that the occupancy on the 16d sodium site is actually slightly

higher (1.62 sodium ions on this site rather than 1.46). This indicates that either the Ti/Te

ratio is larger than one, or that some potassium is present on the 16d site. Without an

independent chemical analysis these possibilities cannot be differentiated. Results of the



refinement are given in table 6.4, figure 6.5 shows the observed and difference patterns

from the Rietveld refinement, and figure 6.6 shows a (001) cutaway view of the structure.

The bond distances in table 6.4 are fairly reasonable except for the potassium

coordination. Almost certainly the potassium ions are fairly disordered and the position in

table 6.4 represents an average position and is not representative of the true local

coordination. Further work is necessary to determine the structure of this compound with

greater certainty, but the results in table 6.4 are consistent with all of the experimental

data available at this time. Furthermore, in agreement with previously know quaternary

tellurate and antimonate pyrochiores, the cation distribution in Na146K054TiTeO6 is

disordered.

Returning to the two phase mixture present after 37 hours in the hydrothermal bomb a

refinement of the X-ray pattern was carried out. The refinement results indicate that the

mass fraction of the ilmenite phase was 85% and the mass fraction of the pyrochlore

phase 15%, and the cell constants for the two materials were the same, within

experimental error, as the single phase end members. This suggests that under the

conditions present in the hydrothermal bomb both the ilmenite and pyrochlore phase have

a limited compositional range. Similar reactions were attempted with both Na2GeTeO6

and Na2SnTeO6 but in both cases the starting material was observed to be unaffected by

the hydrothermal treatment. Attempts to directly prepare K2TiTeO6, K2GeTeO6, and

K2SnTeO6 by conventional methods were unsuccessful. Attempts to ion exchange

Na2TiTeO6 in a boiling solution of KNO3 showed some sign of shifts in the lattice constant,

but segregation of separate NaITi/O and K/TWO phases was always a problem. This

problem was even more pronounced when ion exchange Na2TiTeO6 was attempted in

molten KBr.

6.6 DIFFaX Modeling

The results of the previous section indicate that partial cation ordering exists in most, if

not all, of the layered AMTeO6 compounds studied. One possibility is that the disorder is

distributed uniformly throughout the crystal. Another possibility is that the disorder can be

primarily attributed to faults in the c direction. The Rietveld refinement approach is not

able to differentiate between these two forms of disorder, and strictly speaking it is not

capable of modeling anisotropic disorder. On the other hand, the program DIFFaX was

written specifically for modeling diffraction patterns of compounds where disorder is



introduced through imperfect stacking of ordered layers (Treacy, Newsam & Deem,

1991). Using DIFFaX powder patterns were simulated for three possible scenarios:

1) The layer stacking is perfect, but disorder is introduced
statistically with in the layers.

2) The cation distribution within the layers is perfectly ordered,
but stacking faults are present which interchange the M4
and Te6 positions. However, the spatial distribution of the
octahedral vacancies is not disturbed by the stacking faults.

3) The cation distribution within the layers is perfectly ordered,
but stacking faults are present which interchange the M4,
Te6, and octahedral vacancies.

From comparison of the simulated powder patterns several general conclusions can

be drawn. First of all, those peaks which are common to the patterns of three layer and

two layer compounds are insensitive to the concentration and nature of the stacking

faults. They are not broadened nor is their intensity diminished by the presence of

stacking faults. Furthermore, even intralayer disorder (model 1) does not seem to affect

the intensity of these peaks. The most straightforward way to identify these peaks is to

index the pattern using a three layer unit cell, then identify those peaks which satisfy the

rhombohedral extinction condition (-h+k+l=3n) and the condition l=3n. These peaks will

hereafter be referred to as the invariant peaks. Considering now the remaining peaks in

the spectrum it was found that all three models affect these peaks in slightly different

ways. The presence of disorder results in a decrease in the intensity of the remaining

reflections, regardless of the model. The exact amount of the decrease depends upon

the peak, the model, and the degree of disorder. Secondly, beginning from the

rhombohedral three layer ilmenite structure, both models 2 and 3 give rise to a few weak

peaks which are not observed in model 1. These peaks correspond to peaks which are

present in the two layer stacking structure, and are presumably observed because the

stacking faults violate the rhombohedral translational symmetry of the lattice. Finally,

model 3 results in measurable peak broadening, with the exception of the invariant peaks.

This effect was not observed for patterns simulated from models 1 and 2, regardless of

the degree of disorder.

In an attempt to determine which of the three models best describes the behavior of

the layered A2MTeO6 compounds under study the X-ray diffraction pattern of the



Na2GeTeO6 sample prepared at 700°C (partially ordered ilmenite structure) was analyzed

in detail. To begin with the peak widths of the first 23 peaks were determined using the

program PROFILE4. The peak widths were plotted in a Williamson-Hall style plot

(Howard & Preston, 1989; Williamson & Hall, 1953) to look for any hkl dependent trends

in the peak broadening. The plots revealed no statistically significant trends among

different classes of hkl reflections, essentially eliminating model 3 from consideration.

Next the observed and calculated intensities for the same set of peaks were extracted

using GSAS. Simulated patterns were then generated for varying degrees of disorder

using the first and second models. The peak intensities of the simulated patterns were

determined by fitting the peaks in PROFILE and then compared to the observed peak

intensities. To evaluate the quality of fit to the observed pattern, the Bragg R factor, RB,

was calculated from the formula (Young, 1993):

RB

Ik(calc)j

Ik(ObS)

Using this approach the RB value for the first 23 peaks calculated by GSAS was 3.83%.

The best RB obtained using model I was 3.65%, for an intralayer long range order

parameter of 20% (60%/40% occupancy on each metal site), while the best RB obtained

with model 2 was 3.59% for a 50% fault probability (complete disorder in the stacking

sequence). Considering only those peaks whose intensities vary with the degree of order

(excluding the invariant peaks) the RB values for models 1 and 2 are plotted against the

long range order parameter in figure 6.7. From the plot it is apparent that differentiating

between the two models based X-ray diffraction is nearly impossible. Especially if the

degree of order is either very high or very low. Figure 6.8 shows the observed pattern and

both calculated diffraction patterns generated in DIFFaX. This figure further illustrates the

point that both types of disorder have very similar effects on the X-ray powder diffraction

patterns.

One final comment on the DIFFaX modeling results. It was mentioned that models 2

and 3 generate "additional" peaks in the diffraction patterns. These peaks correspond to

peak positions observed in the two layerTISbO3 structure. Examination of the diffraction

' PROFILE is a commercially available software package written by SOCABIM, and
contained in the Siemens DIFFRAC AT software suite.
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Figure 6.7 : The R8 residual for the noninvariant peaks (those peaks which are sensitive
to changes in the layer stacking sequence) for DIFFaX simulated powder patterns of the
Na2GeTeO6 sample after annealing at 700°C. The filled diamonds represent disorder
introduced via model 2, and the open circles disorder introduced via model 1. The long
range order parameter is defined as S=20-1, where 0 is the fault probability in model 2,
and the occupancy of Te on the tellurium rich site in model 1.
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Figure 6.8 : The observed synchrotron X-ray diffraction pattern of Na2GeTeO6 (700°C
anneal, three layer stacking) and the powder patterns simulated using DIFFaX. A) The
DIFFaX simulated powder diffraction pattern using model 2 with a 50% fault probability, B)
the DIFFaX simulated powder diffraction pattern using model 1 with a stoichiometry of
Na2(Ge06Te04)(Te06Ge04)06, and C) the observed diffraction pattern.
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Figure 69 : Portions of the X-ray diffraction patterns of Li2GeTeO6 after annealing at
700°C (lower pattern) and 800°C (upper pattern). The extra peaks which arise after
annealing at 800°C are thought to be due to imperfections in the layer stacking sequence.
The peaks marked with an asterisk appear in DIFFaX simulated patterns, using a three
layer stacking model with intergrowths of the two layer stacking structure.
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patterns of the three ilmenite compounds synthesized reveals the presence of these

peaks for Na2GeTeO6 and Li2GeTeO6, but not for Na2TiTeO6. However, the peak shapes

of these extra" lines are different in Na2GeTeO6 and Li2GeTeO6. In Na2GeTeO6 these

lines are sharp and quite symmetric indicating a two phase mixture, or at least large

regions consisting of either three layer or two layer stacking. On the other hand, these

peaks are broad and very asymmetric in Li2GeTeO6, as shown in figure 6.9. Upon heating

to 800°C and returning to room temperature, these peaks become stronger but remain

broad and asymmetric. Furthermore, after the 800°C anneal, line splitting and broadening

was observed in the invariant peaks, particularly the (001) reflection. This behavior is

suggestive of intergrowths between two layer and three layer stacking structures, with

slightly different interlayer separation distances depending upon the stacking sequence.

Nonetheless, even after heating at elevated temperature the three layer ilmenite stacking

still appears to be predominant. Attempts to model this behavior using DIFFaX were

rather unsuccessful. Those "extra" peaks marked with an asterisk in figure 6.9 were

generated in DIFFaX, by modeling the structure as three layer stacking with some two

layer intergrowths. However, the rest of the "extra" peaks in the observed pattern and the

overall shape of these peaks could not be duplicated in DIFFaX, and some peaks

generated in DIFFaX were not present in the observed pattern. This would seem to

indicate that the behavior is more complicated than a simple intergrowth of three and two

layer stacking sequences.

6.7 Vibrational Spectroscopy

Interpretation of vibrational spectra of complex solids can be a formidable task.

However, the vibrational spectra of several complex oxides, containing hexavalent

tellurium, have been recorded and interpreted with some degree of success, primarily by

Tarte and coworkers (Choisnet, Rulmont & Tarte, 1988; Choisnet, Rulmont & Tarte, 1989;

Amarilla, et al., 1989; Tarte, Gabelica-Robert, 1983; Archaimbault, Choisnet, Rulmont &

Tarte, 1992). Furthermore, due to the ambiguity associated with characterizing the

disorder in these systems using X-ray diffraction, a complementary structural analysis

technique was needed. These factors prompted a study of the vibrational spectra of the

quaternary tellurium oxides synthesized in this work.

Figures 6.10 and 6.11 show the infrared and Raman spectra respectively of

Li2GeTeO6, both forms of Na2GeTeO6, and SrGeTeO6. This last compound contains the



SrGeTeO6

Na2GeTeO6
7500

Na2GeTeO6 7000

LI2GeTeO6

950 850 750 650

Wavenumbers (cm1)

Figure 6.10: The infrared spectra of AGeTeO6 compounds.

C
0
0
0
Cl)

-UI

550 450



97

.I,Ii

ii:',',]

1600

1400

1200

1000

800

;iii.i

200

200 700

Wavenumber (cm1)

Figure 6.11 : The Raman spectra of AGeTeO6 compounds.



Na2TiTeO6

eTeO6
750C

Na2GeTeO6 7000

950 850 750 650 550 450

Wavenumbers (cm1)

Figure 6.12: The infrared spectra of Na2MTeO6 compounds.

C
0

0
Cl)



800C

7000

6000

5000

4000

3000

2000

1000

0

250 450 650 850

Wavelength (cm1)

Figure 6.13: The Raman spectra of Na2MTeO6 compounds.
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same GeTeO62 layers, but now strontium cations sit directly above and below the

octahedral vacancies in the layers5. Unlike the other compounds, in SrGeTeO6 the A

cation does not share faces with either germanium or tellurium octahedra. This

compound is isostructural with PbSb2O6 and has contains only one layer in the unit cell.

Figures 6.12 and 6.13 show the infrared and Raman spectra respectively of the

compounds Na2MTeO6 (M=Ti,Ge,Sn). Considering first the germanium containing

compounds the most striking feature evident in figures 6.10 and 6.11 is the great similarity

between the various compounds in both the infrared and especially the Raman spectra.

The band widths are comparable across the entire series of compounds. The band

positions and to some extent the intensities are also quite similar from one compound to

the next, but small variations and shifts are present. Comparing the structures of these

compounds the common structural feature is the GeTeO62 layers, while the space group,

identity and concentration of the A cation, and stacking arrangement of the layers all vary

significantly from one compound to the next. With this in mind two points can be

immediately inferred from the vibrational spectra. First of all, the intralayer vibrations

dominate the infrared and Raman spectra of these compounds. Secondly, the layer

structure, in particular the degree of cation order within each layer, appears to be quite

similar throughout this series of compounds. The sharp bands present in these spectra

are indicative of an ordered distribution of Ge and Te (Choisnet, Rulmont & Tarte, 1989).

Considering the Na2MTeO6 spectra in figures 6.12 and 6.13 the differences between

spectra are more pronounced. This is not too surprising because the composition of the

M1e062 layers (which dominate the vibrational spectra) is now changing from one

compound to the next. However, among the compounds with M=Ge or Sn, the band

widths and band overlaps are quite similar. This particularly true in the Raman spectra

where the bands are inherently sharper. On the other hand, in both the infrared and

Raman spectra of Na2TiTeO6 portions of the spectra, where in the other compounds

sharp well resolved peaks are observed, appear to be superpositions of several peaks. In

the Raman spectra there also appears to be a slight broadening of the lines. This

behavior is consistent with the existence of TiTeO62 layers where the distribution of

titanium and tellurium is not completely ordered.

The structure of SrGeTeO6 has been determined from Rietveld refinements of the X-ray
powder diffraction pattern. It is also reported in the literature (Robert & Tarte, 1976), but
their assignment of trigonal prismatic coordination about the strontium ion is incorrect.
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Layer Stacking Cation
Distribution

Space
Group

Number of Active Modes
Infrared Raman Coincident

3 Layer "NaSbO3" Disordered R3 8 10 0

Ordered R3 18 18 18
2 Layer "TISbO3" Ordered p ic 23 5 0

Ordered P31c 28 28 28
1 LayerPbSb2O6" Disordered P31m 7 6 0

Ordered P312 13 11 8
Isolated MTeO6 Layers Disordered P Im 6 0

Ordered P312 11 10 7

Table 6.5 : Number of vibrational modes predicted by factor group analysis for several
possible structure types built up from trigonal MTeO62 layers.

Compound Layer
Stacking

Number of Active Modes
Infrared Raman Coincident

Li2GeTeO6 3 layer 3 12 2
Na2GeTeO6 (700°C) 3 layer 5 11 2

Na2TiTeO6 3 layer 6 14 1

Na2GeTeO6 (750°C) 2 layer 4 10 2
Na2SnTeO6 2 layer 3 8 1

SrGeTeO5 1 layer 5 12 2

Table 6.6 : The number of vibrational modes observed for several AMTeO6 compounds.
Raman spectra were collected down to 200 cm1 and infrared spectra to 400 cm1. The
layer stacking assignment is made based on the unit cell determined from X-ray
diffraction.

Based on the symmetry of the space group and the symmetry of the occupied sites in

each structure the number of infrared active, Raman active, and coincident modes can be

predicted (Farmer & Lazarev, 1974). Table 6.5 lists the predicted number of each type of

mode for several real and hypothetical structures. While table 6.6 lists the number of

each type of mode observed in the compounds under study. Because the infrared

spectra were only collected to 400 cn-1 the total number of infrared active modes and

coincident modes may be higher than listed in table 6.6. All of the compounds analyzed

were found to have modes coincident to both the Raman and infrared spectra. Barring an

accidental coincidence this implies the lack of an inversion center in each structure.

Furthermore, the number of Raman modes observed for each compound was in every

case larger than predicted for a disordered cation distribution and the layer stacking
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observed with X-ray diffraction. Both observations along with the Raman line widths and

the X-ray diffraction results indicate ordered distributions of Ge4/Sn4 and Te6 cations,

the situation is not as clear in the case of Na2TiTeO6.

6.8 Discussion

6.8. 1 Order-Disorder Behavior

The results discussed above clearly indicate that the order-disorder behavior in these

compounds is highly anisotropic. The results of Rietveld refinements indicate partial

ordering between M4 and Te6 cations. DIFFaX modeling, though it is not able to

differentiate between uniform disorder throughout the crystal and disordered stacking of

ordered layers, clearly shows that the X-ray diffraction results are not inconsistent with

either model. However, the results of infrared and Raman studies of these compounds

show that the MTeO62 layers are highly ordered. Therefore, only a model which has a

high degree of order within the layers, but considerable disorder in the layer stacking is

consistent with all of the experimental results. The abrupt structure change in the

Na2GeTeO6 system also seems more reasonable using such a model, as opposed to the

uniform disorder model.

The possible exception to this model is Na2TiTeO6. This compound does not show

any sign of stacking order at any annealing temperature and refines just as well in R 3 as

it does in R3. Hence the X-ray diffraction analysis gives no evidence for cation order and

so that interpretation of the vibrational spectra becomes critical. The Raman and infrared

spectra both show the presence of several overlapping peaks where only a few sharp

peaks appear in the spectra of germanium and tin containing compounds. This could

result from differing local coordination environments within each layer, due to the disorder

between titanium and tellurium. When two cations disorder it often leads to an increase in

the crystallographic symmetry, because their positions, which were crystallographically

distinct in the ordered structure, often times become equivalent in the disordered

structure. In A2MTeO6 compounds this results in the space group changing from R3 for

ordered MITe distributions, to R 3 for disordered distributions. Infrared and Raman

spectroscopy however, are more sensitive to the short range coordination environment. In

contrast to the situation in diffraction where sampling the disorder over a large volume

averages out local differences, from a short range coordination point of view, disorder
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actually lowers the symmetry. This is due to the differing local coordination environments

seen by each ion. Examining the infrared and Raman spectra of Na2TiTeO6 and the

number of predicted modes in table 6.5, it is found that Na2TITeO6 actually has more

peaks than predicted for either a disordered or an ordered three layer stacking sequence.

From this behavior one can conclude that the Ti4 and Te6 are disordered to some

extent. Whether this compound has a random or a partially ordered cation distribution

within the layers is not known. Structure refinements of Li2TiTeO6 indicate a long range

order parameter of 88%8. Even if this small amount of disorder between Ti4 and Te6

may be sufficient to frustrate any order in the layer stacking, and produce the effects seen

in the vibrational spectra.

The clear observation of coincident bands in the infrared and Raman spectra for all

compounds, indicating a noncentrosymmetric space group, is consistent with the X-ray

diffraction refinements for all compounds except for the P3 ic compounds Na2GeTeO6

and Na2SnTeO6. In order to try and reconcile these results the refinements were carried

out using the noncentrosymmetric space group P31c. This led to an unrealistic solution in

the case Na2SnTeO6 and no improvement to the fit in the case of Na2GeTeO6.

Furthermore, it is uncertain what structural feature could be responsible for destroying the

inversion center. The most likely possibility would seem to be a buckling of the layers,

which was observed in the ilmenites Li2GeTeO6 and Na2GeTeO6. However, refinements

did not show any evidence that this actually occurs. Thus there appears to be a

contradiction between the infrared and Raman and the X-ray diffraction results. However,

the inversion center is not present within a layer but relates neighboring layers.

Therefore, the presence of disorder in the layer stacking will destroy the strict

centrosymmetry of the lattice. This may be sufficient to allow violation of the selection

rule which prohibits coincident modes in the infrared and Raman spectra.

Both the ordered ilmenite structure and the structure adopted by Na2SnTeO6 and

Na2GeTeO6 (P3 ic polymorph) represent cation ordering arrangements that have not

previously been observed. Figure 6.14 illustrates various known ordering arrangements

for a hexagonal close packing of oxygen with 2/3 of the octahedral holes filled. The

simplest member of this family is the corundum structure, where the octahedral vacancies

are evenly spread throughout the lattice. If the octahedral cation sites are occupied by

two distinct cations in a 1:1 ratio they can be arranged in two possible configurations

without disturbing the spatial arrangement of octahedral vacancies. Those two

possibilities are represented by the ilmenite structure and the LiNbO3 structure. Other

cation ordering derivatives of the corundum structure such as Ni3TeO6 (Newnham &
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Figure 6.14 : Cation ordering schemes derived from M203 compounds based on
hexagonal close packing of oxygen with all cations in octahedral coordination. The
notation, which only shows the metal ions in each layer (at x,y positions of 0,0, 1/3,2/3 and
2/3 1/3) is standard for describing such structures.
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Meagher, 1967) and Mn4Nb2O9 (Bertaut, et al., 1961) are not considered here because

they do not have a 1:1 cation ratio. By introducing a 1:1 mixture of two different cations

onto the higher valent cation site we move from a ternary system to a quaternary system

and introduce an additional ordering parameter. The compounds Li2ZrTeO6 and

Li2HfTeO6 have previously been shown to be ordered derivatives of the LINbO3 structure

(Choisnet, Rulmont & Tarte, 1988), but no ordered derivative of the ilmenite structure had

previously been known to exist. This gap in the ordering tree of the corundum family has

now been filled by Li2GeTeO6 and Na2GeTeO6. However, neither of these compounds is

completely ordered in that they all show significant disorder in the c direction. If the ionic

interactions within this structure are considered it becomes clear why such anisotropy in

the cation ordering is observed. Both M4 and Te6 cations share a single face of their

octahedron with an A cation, resulting in A-M and A-Te distances which are quite similar

in the ordered and disordered structures. Therefore, the M-Te interaction will be largely

responsible for stabilization of the ordered structure. In L12GeTeO6 each Te6 ion has

three intralayer Ge4 neighbors 2.90A away and one interlayer neighbor 4.58A away. In

Na2GeTeO6 these distances are 2.95A and 5.19A respectively. A very crude calculation

based on these distances reveals that in Li2GeTeO6, 88% of the total coulombic energy

gain realized by complete ordering can be achieved with a random stacking of ordered

layers. In the case of Na2GeTeO6, which has a larger separation between the layers,

90% of the total ordering energy is associated strictly with intralayer ordering. This

analysis has neglected any contribution to the energy stabilization of the ordered state

due to covalent bonding interactions, but these factors will also be much stronger within

the layers.

The TISbO3 structure (P 3 ic poiymorph) has many similarities to the ilmenite and

LiNbO3 structures. It is also based on a hexagonal close packing of oxygens with 2/3 of

the octahedral holes filled by a 1:1 ordered arrangement of cations. It cannot be derived

from corundum however, because the distribution of octahedral vacancies is different.

The individual layers are the same in both the TISbO3 and ilmenite structures, but the two

structures are differentiated by the stacking arrangement of these layers. In NaSbO3

(ilmenite polymorph) all of the antimony centered octahedra share one face with a sodium

centered octahedron. This results in all of the antimony ions being chemically and

crystallographically equivalent. In TISbO3 half of the antimony centered octahedra share

two faces with thallium centered octahedra, while the other half of the antimony centered

octahedra do not participate in face sharing. This creates two crystallographically and

chemically distinct antimony sites. Because the two antimony sites are nonequivalent



Figure 6.15 : A view looking down on a SnTeO62 layer.The triangle represent the
possible octahedral faces for the A cations which occupy positions directly above this
layer.
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even in a ternary compound, this structure is ideally suited to accommodate a further 1:1

ordering of cations substituted onto the antimony site. This situation is realized in

Na2SnTeO6 and Na2GeTeO6.

It is quite interesting that Li2GeTeO6, Na2GeTeO6 (P3 ic polymorph), and Na2SnTeO6

all adopt slightly different structures. Li2GeTeO6 has the ordered ilmenite structure where

both Ge and Te octahedra share one face with a lithium octahedron. Both Na2GeTeO6

and Na2SnTeO6 are ordered derivatives of the TISbO3 structure (P 3 1 c polymorph) where

one of the small octahedral cations shares two faces with sodium octahedra, and the

other cation has no face sharing neighbors. However, in Na2GeTeO6 the lower valent

germanium octahedra share faces with sodium octahedra, while in Na2SnTeO6 the higher

valent tellurium octahedra share faces with sodium octahedra. The first arrangement will

hereafter be referred to as the P 3 1 c structure and the second arrangement as the

inverse P3 ic structure. How can we understand the competition between these three

structures? First of all, consider the coordination environment seen by the A cation.

Figure 6.15 shows a view of the SnTeO62 layer in Na2SnTeO6. Three triangles are

outlined which represent the octahedral face associated with each of the three possible

octahedral sites available for the A cation. In each layer two of these sites will be filled by

A cations while the other site will be empty. Since no metal-metal bonding is expected in

these compounds the A cations will in general want to position themselves as far as

possible from the M4 and Te6 cations. For this reason in all three structures each A

cation will have a vacancy located either directly below or directly above it and a M4/Te6

cation neighbor in the other direction. This arrangement allows each A cation to shift off

of the center of its octahedron toward the vacancy. (In Li2GeTeO6, Na2GeTeO6, and

Na2SnTeO6 this shift is O.40A, O.41A, and O.52A respectively.) Since the Coulombic

repulsion between the Te6 and K will be larger than the M4-A repulsion one would

expect the A cation to preferentially share faces with the tetravalent cation, as it does in

the P3 Ic structure. To estimate the magnitude of the energy differences between

structures some Madelung energy calculations were performed using the program

EUTAX (O'Keeffe, 1996). Figure 6.16 shows how the energy of the ordered ilmenite and

P31c structure change with respect to a disordered cation distribution in the ilmenite

structure as the charge difference between cation is increased. In agreement with earlier

estimates this figure shows that the major Madelung energy stabilization is achieved upon

intralayer cation ordering, and only a small contribution is dependent upon the cation
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Figure 6.17 : The Madelung energy difference between A2M4M6O6 compounds in the
three layer ordered ilmenite structure, the two layer P 3 1 c structure (adopted by
Na2GeTeO6), and the two layer inverse P3 ic structure (adopted by Na2SnTeO6). The
more negative the energy becomes relative to the P 3 1 c structure the more stable the
structure.
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arrangement in the c direction. Nonetheless, as expected the P31c structure has a

lower energy than the ordered ilmenite structure.

The above calculation was done for oxygen ions located equidistant from the

tetravalent and hexavalent cations. What effect will removing this constraint have on the

overall lattice energy. Referring once again to figure 6.15, if the A cation shares faces

with the larger ion the shared octahedral face is expanded. This moves the oxygen ions

away from the A cation and reduces the shielding between cations. This is also

undesirable for the A cation from a coordination point of view, because it has already

shifted away from the oxygen ions in this face due to the repulsion with the MITe cation.

Conversely, the opposite effect will be true if the A cation shares a face with the smaller

ion. Therefore, the A cation will prefer to share faces with the cation that is not only lower

valent, but also smaller. In the case of Na2GeTeO6 the germanium ion fills both

requirements and correspondingly the P31c structure is observed. However, in

Na2SnTeO6 the lower valent cation and the smaller cation are different. To study this

competition in greater detail Madelung energy calculations were carried out on a series of

idealized structures. For these calculations the lattice constants and z parameters of all

ions were held constant. Only the oxygen x and y values were changed to vary the M4-O

and M6-O distances, but the sum of these two distances was maintained at a constant

value of 3.834A. The other parameters were all chosen to match the structure of

Na2GeTeO6. The results of this calculation are shown in figure 6.17. One can see that

when the hexavalent cation is the same size or smaller than the tetravalent cation the

P31c structure is more stable than either the ordered ilmenite or the inverse P31c

structures. The energy difference between the three structures decreases until the M4-O

distance is approximately O.12A larger than the M6 bond distance, at which point the

energy of all three structures are degenerate. As the size of the M4 cation continues to

increase while the M6 ion gets smaller the inverse P 3 1 c structure becomes the most

stable configuration. The size differences between Te6 and Sn4, Ti4, and Ge4 are

shown in figure 6.17 with dotted lines. According to the data in figure 6.17, Sn4 is large

enough relative to Te6 to stabilize the inverse P3 ic structure.

6.8.2 Comparison with Parent Antimonate Structures

Among the A2M4TeO6 compounds previously known and prepared in this work, when

M=Ti4, Ge4, or Sn4, the quaternary tellurate compound can always be derived from a
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ternary ASbO3 compound. In many cases the structure of the tellurate compound is

analogous to the antimony compound with the same A cation, with the additional feature

of ordering between M and Te cations superimposed on the basic antimonate structure.

Examples of this are Li2TiTeO6 and Li2SnTeO6 which adopt the LiSbO3 structure

(Choisnet, Rulmont & Tarte, 1989), as well as Na2TiTeO6 and Na2GeTeO6 (R3

polymorph) which adopt the ilmenite structure of NaSbO3. However, some of the

compounds prepared in the course of this study did not follow this trend. These

compounds were Li2GeTeO6 which crystallizes in the ilmenite structure, Na2GeTeO6

(P31c polymorph) and Na2SnTeO6 which adopt one of the TISbO3 structures. Both

Na2GeTeO6 and Na2SnTeO6 adopt different structure types due to cation ordering and

have been discussed in great detail above. The structural preference of Li2GeTeO6 for the

NaSbO3 structure rather than the LiSbO3 structure may be attributed to the simple fact

that the average ionic radii of the germanium/tellurium pair is smaller than the ionic radius

of antimony. This fact may have important consequences on the physical properties. In

particular structure and thermal parameters suggest that the Li ion conductivity will be

much higher in Li2GeTeO6 than it is in LiSbO3.

6.9 Conclusions

Five new compounds in the A2MTeO6 family have been synthesized and structurally

characterized, using X-ray diffraction as well as infrared and Raman spectroscopy. One

of these compounds is a pyrochiore while the other four have trigonal MTeO62 layers as a

common structural unit. Among the layered structures cation ordering is very high within

individual layers when M=Ge or Sn, but considerable disorder exists in the stacking of the

layers. The compound Na2TiTeO6 appears to have significant disorder in within the

hexagonal TiTeO62 layers. Ordered derivatives of the ilmenite and TlSbO3 structures

have been prepared for the first time. Madelung energy calculations have been carried

out which help to explain the structural preferences of these compounds. The ionic radius

of the M cation (with respect to the Te6 and A cations) was found play a critical role in

determining the lowest energy structure of each compound. All attempts to ion exchange

K for Na and maintain the integrity of the MTeO62 layers were unsuccessful.
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