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ABSTRACT  

 The systematic design of materials for energy production and remediation of 

environmental concerns, based on direct knowledge of the structural and optical 

absorption characteristics of layered and traditional perovskites, is desirable for use in 

rational photocatalyst development.  Aurivillius phase ceramic oxides have been 

suggested as potential candidates for photocatalytic water splitting applications based 

on the structural similarities between this class of materials and titanium dioxide, namely, 

transition metals in octahedral coordination with oxygen.  

 Structural characterization of the three-layer lanthanide titanate Aurivillius oxides 

Bi2A2Ti3O12   (A2 = La2, Pr2, Nd2, LaPr, LaNd, PrNd) via combined Rietveld refinements of 

x-ray and neutron powder diffraction data has revealed that these materials reside in the 

orthorhombic space group B2cb.  We have demonstrated that the optical band gaps for 

the three-layer lanthanide titanates can be red shifted by as much as 0.3 eV via 

combined structural and electronegative (bismuth replacement) means and exhibit a 

Vegard type relationship between band gap and chemical composition over the range of 

compositions tested (A2 = La2, Pr2, Nd2, LaPr, LaNd, PrNd, LaBi, PrBi, NdBi, La0.5Nd0.5Bi, 

Pr0.5Nd0.5Bi, Bi2).  Additionally, the band gaps for these materials can be correlated with 

a single TiO6 octahedron and the manipulation of its Ti-O bond lengths.  

 A method of quantification of BX6 octahedral anion distortions in traditional ferroic 

perovskites and layered perovskites has been developed based on Rietveld refinement 

of neutron diffraction data and vectorial analysis.  Quantification of the octahedral 

distortion characteristics of the archetype perovskites via a survey of data contained 

within the Inorganic Crystal Structure Database (ICSD) has been completed.  A 

preliminary link between antiferroelectric double hysteresis behavior and octahedral 

distortions in traditional perovskites has been established for the compounds PbZrO3, 

Pb2WMgO6, PbHfO3 and NaNbO3.  Similar to traditional perovskites, octahedral 

distortions in the layered perovskites have been demonstrated, quantified and shown to 

trend with an average A-site cations’ ionic radius below 1.4 Å.  Anatase, the 

photocatalytic polymorph of titanium dioxide, exhibits a similar distorted TiO6 octahedral 

environment and its structure was analyzed and compared with that of the Aurivillius 

oxides. 
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INTRODUCTION 

 

 Since the start of the industrial revolution, we have more drastically altered the 

natural environment than in any other period in history.  Vast amount of pollution have 

been introduced into the earth’s water supplies.  Fossil fuel reserves, which at one time 

seemed endless, now have been shown to be finite and dwindling.  Photocatalytic 

reaction engineering has the ability to potentially reduce and in some cases remove 

man’s thumbprint from these environmental concerns.  This includes remediation of 

many common and harmful environmental pollutants, such as nitrogen and sulfur oxides, 

which can be decomposed using the energy contained within solar radiation.1 

 Approximately seventy percent of the earth’s surface area is covered by water.2  

The annual solar radiation impinging on the surface of the earth is estimated at 3*1024 J 

which is in excess of 10,000 times the current annual global energy consumption.1  

Utilization of these relatively untapped resources, via photocatalytic decomposition of 

water to produce a stable/storable form of chemical energy, will become of the utmost 

importance in the coming shift to a hydrogen-based economy.  With the continued 

investment, in terms of research time, effort, and capital, the advances necessary to 

significantly improve our environmental wellbeing in our lifetimes is within reach.  

 

 

Conditions Allowing for Photocatalytic Splitting of Water  

 Anatase is the low temperature polymorph of titanium dioxide and is the current 

standard by which photocatalytic materials for molecular hydrogen production are 

measured.  Honda and Fujishima first successfully demonstrated the cleavage of a 

water molecule via optical irradiation of anatase in 1972.3  Since that time a significant 

effort has been put forth to develop photocatalysts that can efficiently harness the 

energy contained within solar radiation and convert it to a stable/storable form of 

chemical energy, e.g., molecular hydrogen.  Most known materials capable of driving the 

photocatalytic splitting of the water molecule and subsequent reduction of hydrogen ions 

to form molecular hydrogen are only active in the ultraviolet and near-visible regions of 

the electromagnetic (EM) spectrum.  However, these regions comprise only a small 

fraction of the energy contained within the solar spectrum, therefore, the ability to alter 

the optical absorption characteristics to absorb longer wavelengths is critical to 
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increasing efficiency of solar energy harvesting.  Various methods of increasing 

photocatalytic efficiency are discussed in the following pages to give the reader an idea 

of the work that has been done previously in an attempt to harness the energy contained 

with solar radiation.  

 Recently, several good review articles on photocatalytic reaction engineering 

have been authored and the reader is directed to the following referenced articles.4-11  

One book in particular deserves mention: Photocatalysis: Science and Technology, 

edited by M. Kaneko and I. Okura.  The book, presented as a collection of articles 

written by researchers, describes the many aspects of photocatalytic reaction 

engineering from theory to practice and experimental design.  For the beginner in the 

field, this book should prove to be an invaluable reference.  

 

 

Use of Pt/Ni Cocatalysts with Semiconductor Photocatalysts 

 Additions of platinum, nickel, and other conductive metals/oxides to the surface 

of the photocatalyst powders may increase the photocatalytic activity of the 

semiconducting compositions.  These conductive solids act as catalysts to the 

photocatalytic oxidation/reduction reactions, e.g., lowering the over-potential necessary 

for them to proceed.  Most notably they are used to reduce the over-potential necessary 

for hydrogen production in water splitting applications.1,12-13 

 As an aside, due to the formation of oxides on the nickel surface which serves to 

reduce the effectiveness of the catalytic properties of the nickel, a decrease in the 

photocatalytic efficiency of this system will be seen over time.  Platinum and other noble 

metals which do not form passivating surface oxides generally are better choices for 

photocatalytic systems, but are not universally used in these applications due to cost.1 

 

 

Aurivillius Phases and Layered Perovskites 

 The first published accounts of the Aurivillius structure type were authored by 

Bengt Aurivillius in 1949.14  The structure of the Aurivillius phases can be described as 

repeat units of perovskite-like blocks, varying in number from one to five or more, 

interleaved with bismuth oxide sheets.  The general formula that describes these 

materials is M2AN-1BNO3N+3.  In this formula, A corresponds to the cation species 
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occupying the cuboctahedrally coordinated position on the corners of the idealized 

perovskite-like blocks, B is the octahedrally coordinated transition metal ion located at 

the center of the individual perovskite-like blocks, M for the purposes of this study is 

bismuth, and N is the number of perovskite-like blocks between successive bismuth 

oxide sheets. 

 The Aurivillius phases, with their layered structure, allows for the relatively unique 

opportunity to selectively remove the Bi2O3 sheets and potentially form nanoscale 

chemically exfoliated photocatalytic powders without specialty starting raw materials via 

simple solid state synthesis.  The removal of the bismuth oxide sheets is possible via an 

acid leaching procedure and results in the formation of the protonated forms of 

perovskite-like blocks.15  In addition, protonation has the ability to alter the band gaps of 

the powders and visible light absorption characteristics from that of the parent oxides.16-

17 

 

Issues Limiting Application 

 Currently, there are a number of issues limiting the efficiency of photocatalysts 

for conversion of solar radiation to chemical energy.  The three biggest concerns are: the 

availability of light of sufficient wavelength to bridge the gap between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), electron-hole recombination, and rate of back-reaction between oxidation-

reduction products.1  These current problematic issues can be considered areas of 

opportunity for future improvements to these materials. 

 

1. Visible Light Sensitization  

 Of the known photocatalysts able to induce water cleavage and subsequent 

hydrogen ion reduction via optical irradiation, a vast majority are only active in the 

ultraviolet (UV) potion of the EM spectrum.  The ones that are active in the visible (VIS) 

portion are only slightly active with low photocatalytic efficiency.  Of the total annual 

amount of solar energy reaching the surface of the earth, estimated at 3*1024 J, only 3% 

corresponds to wavelengths less than 200 nm.1  Therefore, it would be greatly 

advantageous to reduce the band gap of these semiconducting materials to harvest a 

greater portion of the available solar radiation via visible light sensitization. 
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 For some alternate circumstances the low visible light activity is not a large 

concern.  An example of this is in some environmental applications where levels of 

contaminants are low and the time necessary for their decomposition may not be 

critical.1  However, for the production of hydrogen on a marketable scale this low activity 

is a major problem.  The following are a few methods currently in use to sensitize the 

materials to longer wavelengths (lower energy optical radiation). 

 The first method is to dope transition metal ions with a valence-band energy level 

within the band gap of the host material.  This process has been shown to be a viable 

method of visible light sensitization of the host material, generally an oxide.  After 

doping, visible light (with sufficient energy) is used to promote a valence-band electron 

from the doped species to the conduction band of the host oxide, forming an electron-

hole (e-h) pair in the process.  These e-h pairs can then be used in oxidation/reduction 

reactions with absorbed species on the surface of the photocatalysts.18-21  However, this 

concept of visible light sensitization of the host via doping does not extend to large scale 

replacement (> 1%) of the cations which can result in a shifting of the entire UV-VIS 

adsorption edge.  

 An alternative method to the introduction of valence states into the band gap of 

the host oxide is the partial or complete replacement of the cationic species.  This 

method of altering the band gap may shift the entire UV-VIS absorption edge and 

provide more efficient utilization of the EM spectrum.22-25    

 

2. Electron-Hole Recombination and Back-Reaction of Products 

 Electron-hole recombination is another cause for the low efficiency seen in 

photocatalytic systems engineered to harvest light energy for hydrogen production.   

When a photogenerated electron from the conduction-band recombines with a valence-

band hole, no net chemical redox reactions occur and the energy harvested from the 

solar radiation is given off as waste heat to the system.1  There are several methods that 

can be used to extend the lifetimes of these photogenerated pairs to allow for chemical 

process to occur.  Some of these methods will be discussed in the following section.  

 Layered materials possess beneficial attributes from the standpoint of 

photocatalyst reaction engineering.  Cationic exchange in the interlayer spaces in these 

materials allow for the tailoring of the band gap and absorption edge for the potential 

photocatalyst.  Additionally, the interlayer spaces may provide a reaction site for the 
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electrons and holes to undergo oxidation/reduction reactions.  Should interlayer spaces 

with different charges be available in these structures, they may serve to separate the 

electron and hole, which would reduce the recombination rate and provide separate 

reaction sites for oxidation/reduction reactions to occur.  The availability of separate 

reaction sites is particularly attractive since there is a physical barrier to both 

recombination of the photogenerated electrons and holes, and the back reaction of the 

photodecomposition products.1,26 

 Additions of sacrificial reagents, such as electron and hole (i.e. methanol) 

scavengers, allows for an effective decrease in e-h recombination rates.  These 

scavenger species react with the e-h pairs and selectively remove unwanted 

oxidizing/reducing agents that are not involved in the desired photocatalytic half-

reaction.  In this way, the average back reaction time for the e-h pairs is increased and 

photocatalytic activity can be greatly enhanced.1 

 Aurivillius phases exist in both centrosymmetric and non-centrosymmetric 

phases. Some of these compositions reside in the ten pyroelectric crystal classes (1, 2, 

m, mm2, 4, 4mm, 3, 3m, 6, 6mm) which allow for ferroelectric hysteresis behavior to be 

generated in certain subsets of these materials.27  The naturally occurring electric fields 

present in these materials, resulting from the spontaneous polarization within the 

ferroelectric phases, potentially adds to the photocatalytic activity of this subset of 

Aurivillius oxides via an electron-hole separation mechanism: the negatively charged 

electrons and positively charged holes will naturally align themselves in the electric fields 

and separate, reducing the probability of recombination prior to reaction with the 

absorbed species.1,28  Therefore, it may be advantageous to seek crystal structures that 

allow for the generation of spontaneous polarization and use this property as a method 

to enhance photodecomposition rates. 

 

 

Physical Characteristic Effects 

 Physical characteristics, both microscopic and macroscopic in nature, greatly 

influence the photocatalytic activities seen in an experimental setting.  Two of these 

characteristics have been selected for inclusion in this abbreviated literature review; 

however, other physical characteristics such as bond length, induced strain, etc would 

need to be included in a full review of the materials available in the literature.  
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1. Particle Size/Specific Surface Area Effects 

 Particle size effect on photocatalytic reactivity have been demonstrated in 

numerous systems and in some instances been shown to profoundly increase the 

decomposition reaction rates.1  However, this as a rule cannot be extrapolated for all 

circumstances.  Photocatalytic activity becomes independent of specific surface area 

effects when all photons are effectively harvested from the incident radiation and further 

decreases in particle size will yield no net benefit to the photocatalytic efficiency.1  

Furthermore, with increased surface area, associated increases in the number of 

defective sites and electron-hole recombination rates are expected.  Therefore, the 

likelihood exists that the surface area effects may dominate as the particle size of the 

photocatalyst powders nears the true nanoscale range, which potentially could reduce 

photocatalytic performance due to an enhanced electron-hole recombination rate.1 

 

2. Amorphous Materials  

 Amorphous semiconductors harvest solar radiation similar to their crystalline 

counterparts via absorption in the ultraviolet and visible regions of the EM spectrum. 

However, in the case of amorphous semiconductors, such as amorphous TiO2, 

negligible photo-catalytic activity is observed.  This lack of activity is attributed, not to the 

over-potential necessary for hydrogen reduction as in some crystalline semiconductors, 

but to an effective increase in the electron-hole recombination rate.29  Defects, grain 

boundaries, and other terminations of crystallinity all serve as sites for electron-hole 

recombination and in amorphous materials it is theorized that defects on the particles’ 

surfaces and bulk greatly enhance the electron-hole recombination reaction kinetics.1 
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Thesis Scope 

 This thesis is a two part investigation into the application of Aurivillius phase 

oxide materials and other layered compounds for the purpose of photocatalytic reaction 

engineering.  Part one focuses on the experimental formation of the desired compounds 

and the structural characterization to prepare for future studies to link crystal-

structure/chemistry and photocatalytic activity.28  As an aside to the structural studies, a 

systematic investigation into the distortion behavior of BX6 octahedra in ferroic 

perovskites and Aurivillius phase oxides was undertaken.  Part two of this investigation 

is related to the visible light sensitization of the Aurivillius phase materials to increase 

solar capture efficiency of this class of layered perovskites.  

 Four manuscripts as prepared for publication in peer reviewed journals have 

been included in this thesis to describe the most significant findings regarding this class 

of materials.  The first manuscript illustrates the results from the Rietveld refinements of 

combined x-ray and neutron powder refraction experiments of the lanthanide containing 

three-layer Aurivillius oxides.  The second concerns the quantification of the distortion of 

BX6 octahedral environments in traditional perovskites and how this trends with the 

presence of antiferroelectric double hysteresis behavior in PbZrO3, PbHfO3, Pb2WMgO6 

and NaNbO3 as studied through examination of data contained within the Inorganic 

Crystal Structure Database (ICSD).  The third demonstrates the presence of distortion in 

the TiO6 and NbO6 octahedral environments of a select set of Aurivillius oxides through 

the methods developed in the second paper.  The final manuscript addresses the 

structural and electronegative sensitization of the optical absorption characteristics of 

lanthanide containing three-layer Aurivillius oxides and their relation to the known 

photocatalyst anatase.  
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Chapter 1 - Structural Trends in Lanthanide Titanate Aurivillius Oxides 
Bi2A2Ti3O12 

 

 

1.1 Abstract 

Combined Rietveld refinements of x-ray and neutron powder diffraction data 

were used to understand the subtle structural features of the Aurivillius oxides, 

Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd, PrNd).  Both neutron and synchrotron data 

confirm that the correct space group is B2cb for all members of the series.  Extensive 

static mixing between the A-site cations within the perovskite-like blocks and the bismuth 

sites in the [Bi2O2]
2+ layers is evident, ranging from 18-31%.  Optimization of the A-site 

cation’s first coordination sphere by octahedral tilting has been noted, with the 

magnitude of the octahedral tilts varying linearly with the average A-site ionic radius.  

Bond valence sum (BVS) calculations suggest that the Bi positions are slightly 

underbonded, with all other cations in expected bonding configurations.   
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1.2 Introduction 

 

  The Aurivillius series of structures were first determined by Aurivillius in 1949 and 

can be described as repeat units of perovskite-like blocks interleaved with bismuth oxide 

[Bi2O2]
2+ layers, represented by the general formula Bi2AN-1BNO3N+3.  A and B refer to the 

cations residing on the cubo-octahedral A-site and octahedral B-site positions, 

respectively, within the perovskite-like blocks, and N refers to the number of repeat units 

of the perovskite structure contained between successive [Bi2O2]
2+ layers.1  

Aurivillius phases may incorporate a significant range of cations on the A-site 

positions, including Bi3+,1 La3+, Pr3+, Nd3+, Ba2+,2 Sr2+,2 Ca2+,2 Pb2+,3 K+,4 etc. and 

combinations such as the mixed lanthanide species studied herein (A2 = LaPr, LaNd, 

PrNd).  Common B-site cations include Ti4+,1 Nb5+,5 Ta5+,6 etc. and combinations such as 

titanium-niobates and titanium-tantalates.   

Aurivillius phases have been studied extensively, in particular in thin film form, for 

application in Ferroelectric Random Access Memory (FRAM).7-8  Additionally, others 

have been shown to be photocatalytically active for hydrogen production, water 

purification, and other similar applications.9  The present work centers on the 3-layer 

lanthanide titanate Aurivillius oxides and how A-site cationic substitutions influence the 

structural characteristics of these materials.  

 

 

1.3 Experimental Procedure 

 

1.3.1 Powder Synthesis and Characterization 

 Powder samples were prepared using conventional solid state synthesis. The 

reactants included Bi2O3 99.9% (Alfa), TiO2 – anatase 99.9% (Alfa), La2O3 99.9% (Alfa), 

Pr6O11 99.9% (Strem), and Nd2O3 99.9% (Alfa).  The powders were mixed in 

stoichiometric proportions and milled under isopropyl alcohol using a McCrone 

micronising mill, type H2A-7H, with alumina media.  The powders were air dried and 

calcined at 815°C in air for 5 hours.  After heat treatment, the sample batches were 

reground by hand and 10 grams of the material was pressed into pellets using a 1.9 cm 

die at ~60 MPa.  The remaining sample batch was then used to form a sacrificial powder 

bed for use in further heat treatments to limit bismuth volatilization at elevated 
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temperatures.  Sample pellets were then reacted at 1050 °C for a period of 12 hours in 

covered MgO crucibles, followed by sequential grinding by hand, x-ray analysis, 

pressing and reaction until a total of three high heat (1050 °C) cycles had been 

achieved.10 

 

1.3.2 Diffraction Measurements 

Neutron diffraction experiments were performed at Los Alamos National 

Laboratory utilizing the High-Pressure-Preferred-Orientation (HIPPO) time-of-flight (TOF) 

powder diffractometer.  Approximately 6 grams of the each powder were packed into 

vanadium sample cans and measured under ambient conditions utilizing the 90° and 

144° detector banks.  

 All laboratory x-ray diffraction data sets were collected using a Siemens D500 

diffractometer in Bragg-Brentano geometry with Cu-Kα radiation.  The diffractometer was 

outfitted with a graphite diffracted beam monochromator and a 0.3° fixed divergence slit.  

The following scan parameters were used in collecting data for all thick mount powder 

diffraction samples: 5-160 °2θ scan range, 0.03° step size, 5 second count time with 

power setting of 40 kV and 30 mA.  

Synchrotron x-ray diffraction measurements of thick mount powder samples 

Bi2La2Ti3O12 and Bi2PrNdTi3O12 were performed at the National Synchrotron Light 

Source (NSLS) Beamline X14A at Brookhaven National Laboratory.  The measurement 

was made using the NSLS Si strip position-sensitive detector and 0.736791 Å radiation.  

 

1.3.3 Rietveld Refinements 

 Combined Rietveld refinements of the x-ray and neutron powder diffraction data 

sets were performed using GSAS (General Structure Analysis System)11 and its 

graphical interface EXPGUI.12  X-ray powder diffraction data was modeled using the 

Thomson-Cox-Hastings asymmetry corrected profile function11 and neutron powder 

diffraction data was analyzed with the modified VonDreele TOF neutron powder 

diffraction profile fit function.13  During the course of the Rietveld refinements it was 

necessary to develop a series of constraints to enable successful refinement of atomic 

positions and occupancies.  The constraints described below were applied in all 

refinements. 
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The isotropic thermal displacement parameters (Uiso) were constrained to the 

same value for all perovskite A-site cations and all cations on the Bi position in the 

[Bi2O2]
2+ layers.  In addition, the atomic coordinates for all A-site cations were 

constrained to the same value.  However, any lanthanides on the Bi site in the [Bi2O2]
2+ 

layers were allowed to relax in all three directions.  Earlier work, including our own, has 

shown that spherical ions on the Bi site will shift with respect to the Bi position.2,14-16  

Initially, static mixing between the perovskite A-site positions and the [Bi2O2]
2+ layers 

was estimated at 20% for all compositions, based on estimates obtained from previous 

work.2,16-17  All oxygen occupancies were fixed to unity.  In order to allow refinement of 

the static mixing while constraining the overall stoichiometry, the A-site and Bi positions 

were split into two sites, each with ½ the total occupancy.   

 

 

1.4 Results and Discussion 

 

 Six members of the 3-layer lanthanide-titanate Aurivillius oxides were 

successfully synthesized as single phase powders using conventional solid state 

synthesis as demonstrated in the XRD data in Fig. 1.1.  There exists some confusion in 

the literature concerning the correct space group assignment for the n > 1-layer phases 

that contain some fraction of cations other than Bi in the perovskite A-site positions.  

Early results, including our own work, assigned the space group as tetragonal, 

I4/mmm,2,14,17 or orthorhombic, A21am.18-20  More recently, several authors have 

demonstrated that some of the phases are indeed orthorhombic, and can be indexed in 

space group B2cb (where the non-standard setting is used for convenient comparison to 

the tetragonal cell).16,21-22   
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Figure 1.1:   X-ray diffraction analysis of the solid solution series Bi2A2Ti3O12 (A2 
= La2, LaPr, LaNd, Pr2, PrNd and Nd2). Reflections markers are for space 
group B2cb. 

 

For the lanthanide containing phases, there are conflicting reports over which 

space groups most correctly describe these phases, with Bi2A2Ti3O12 refined in the 

tetragonal cell14,17 and Bi3.4La0.6Ti3O12, refined in space group B2cb.22   We therefore 

tested both the tetragonal and orthorhombic space groups against the neutron powder 

diffraction (NPD) and synchrotron data.  Figs. 1.2 and 1.3 show the Rietveld fits in B2cb 

and I4/mmm, clearly demonstrating extra and/or missing peaks in the I4/mmm model.  

For example, the (1, 2, 11), (034) and (1, 2, 13) reflections in space group B2cb are 

clearly present in the synchrotron x-ray data, as well as the (127), (0,1,14), (214) and 

(0,1,12) reflections in the neutron diffraction data.  None of these observed reflections 

can be indexed using the tetragonal setting.  
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Figure 1.2:  Rietveld fit of neutron powder diffraction data in space groups 
I4/mmm and B2cb for Bi2PrNdTi3O12.  

 
 
 
 

 

Figure 1.3:   Rietveld fit of synchrotron powder diffraction data (λ = 0.736791 Å) 
in space groups I4/mmm and B2cb for Bi2PrNdTi3O12. 
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Rietveld refinements were performed in space group B2cb using the approach 

described earlier, with the final results reported in Tables 1.I to 1.VI.  The only difficulties 

encountered during the refinements were related to the Ti thermal parameters.   

Because the sensitivity to Ti in both the XRD and NPD experiments is low, we were 

unable to refine the displacement parameters in 4 of the 6 compounds.  As shown in 

Tables 1.I to 1.VI constraining the two Ti positions to have the same value for Uiso 

resulted in stable refinements. 

 

 

Table 1.I:   Refined Structure for Bi2La2Ti3O12  
 

B2cb   a = 5.4182(3) Å, b = 5.4105(4) Å, c = 32.9783(6) Å   

Atom  Site Fraction x y z Uiso 

La A 0.76(2) 0.029(2) 1.0084(7) 0.06553(5) 0.0151(4) 

Bi A 0.24(2) 0.029(2) 1.0084(7) 0.06553(5) 0.0151(4) 

La Bi 0.24(2) 0.014(4) -0.035(3) 0.1995(4) 0.0160(5) 

Bi Bi 0.76(2) 0.029(2) -0.0059(9) 0.2131(2) 0.0160(5) 

Ti Ti1 1 0.032(3) 0 0.5 0.0025(4) 

Ti Ti2 1 0.013(2) 1.002(2) 0.37115(6) 0.0025(4) 

O O1 1 0.328(2) 0.2975(9) 0.0007(3) 0.0214(7) 

O O2 1 0.287(3) 0.251(2) 0.2484(2) 0.0069(4) 

O O3 1 0.044(2) 0.0260(8) 0.44259(5) 0.0112(5) 

O O4 1 0.024(2) 0.9582(8) 0.31784(7) 0.028(2) 

O O5 1 0.275(2) 0.240(2) 0.11270(9) 0.0121(6) 

O O6 1 0.296(2) 0.268(2) 0.8812(2) 0.0141(8) 
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Table 1.II:   Refined Structure for Bi2Pr2Ti3O12    

B2cb   a = 5.3940(4) Å, b = 5.3920(4) Å, c = 32.8540(6) Å   

Atom  Site Fraction x y z Uiso 

Pr A 0.819(4) 0.014(2) 1.0108(7) 0.06567(6) 0.0154(5) 

Bi A 0.181(4) 0.014(2) 1.0108(7) 0.06567(6) 0.0154(5) 

Pr Bi 0.181(4) -0.104(4) -0.077(4) 0.2051(5) 0.0122(4) 

Bi Bi 0.819(4) 0.023(2) 0.0017(5) 0.21130(4) 0.0122(4) 

Ti Ti1 1 0.011(3) 0 0.5 0.0080(4) 

Ti Ti2 1 0.021(2) 1.0020(9) 0.37168(6) 0.0080(4) 

O O1 1 0.325(2) 0.3004(8) 0.0055(2) 0.0198(7) 

O O2 1 0.275(2) 0.2535(8) 0.24988(8) 0.0033(3) 

O O3 1 0.019(2) 0.0481(6) 0.44307(5) 0.0105(5) 

O O4 1 0.026(2) 0.9545(7) 0.31923(7) 0.0253(8) 

O O5 1 0.264(2) 0.2379(8) 0.11114(7) 0.0100(4) 

O O6 1 0.278(2) 0.2668(9) 0.87976(8) 0.0200(7) 

 

 

 

Table 1.III:   Refined Structure for Bi2Nd2Ti3O12 

B2cb   a = 5.3874(4) Å, b = 5.3847(4) Å, c = 32.8051(7) Å   

Atom  Site Fraction x y z Uiso 

Nd A 0.80(2) 0.025(2) 1.0043(5) 0.06538(5) 0.0104(3) 

Bi A 0.20(2) 0.025(2) 1.0043(5) 0.06538(5) 0.0104(3) 

Nd Bi 0.20(2) 0.067(4) -0.050(4) 0.1985(5) 0.0147(5) 

Bi Bi 0.80(2) 0.024(2) 0.0022(7) 0.2118(2) 0.0147(5) 

Ti Ti1 1 0.017(3) 0 0.5 0.0030(4) 

Ti Ti2 1 0.0160(2) 0.995(2) 0.37222(6) 0.0030(4) 

O O1 1 0.335(2) 0.2993(9) 0.0071(1) 0.0160(7) 

O O2 1 0.283(2) 0.243(2) 0.2488(2) 0.0066(4) 

O O3 1 0.039(2) 0.0549(6) 0.44359(6) 0.0114(6) 

O O4 1 0.035(2) 0.9469(7) 0.31878(7) 0.026(2) 

O O5 1 0.280(2) 0.253(2) 0.11103(8) 0.0095(5) 

O O6 1 0.264(2) 0.244(2) 0.8813(2) 0.027(2) 
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Table 1.IV:   Refined Structure for Bi2LaPrTi3O12 

B2cb   a = 5.4077(4) Å, b = 5.4011(4) Å, c = 32.9211(7) Å   

Atom  Site Fraction x y z Uiso 

La A 0.372(9) 0.026(2) 1.0098(6) 0.06578(6) 0.0138(4) 

Pr A 0.391(8) 0.026(2) 1.0098(6) 0.06578(6) 0.0138(4) 

Bi A 0.237(9) 0.026(2) 1.0098(6) 0.06578(6) 0.0138(4) 

La Bi 0.128(9) 0.100(4) -0.080(4) 0.2008(4) 0.0166(5) 

Pr Bi 0.109(8) 0.100(4) -0.080(4) 0.2008(4) 0.0166(5) 

Bi Bi 0.763(9) 0.026(2) -0.0036(8) 0.21172(7) 0.0166(5) 

Ti Ti1 1 0.014(3) 0 0.5 0.0017(5) 

Ti Ti2 1 0.0114(9) 1.001(2) 0.37176(6) 0.0017(5) 

O O1 1 0.330(2) 0.301(2) 0.0054(2) 0.0216(8) 

O O2 1 0.292(2) 0.243(2) 0.2490(2) 0.0047(4) 

O O3 1 0.034(2) 0.0394(7) 0.44335(6) 0.0133(5) 

O O4 1 0.032(2) 0.9538(7) 0.31949(7) 0.0244(9) 

O O5 1 0.2850(2) 0.254(2) 0.11295(8) 0.0157(7) 

O O6 1 0.267(2) 0.252(2) 0.8810(2) 0.021(2) 

 

 

 

Table 1.V:   Refined Structure for Bi2LaNdTi3O12 

B2cb   a = 5.4064(4) Å, b = 5.3978(4) Å, c = 32.8972(7) Å   

Atom  Site Fraction x y z Uiso 

La A 0.33(5) 0.033(2) 1.0062(6) 0.06533(5) 0.0155(4) 

Nd A 0.36(6) 0.033(2) 1.0062(6) 0.06533(5) 0.0155(4) 

Bi A 0.31(6) 0.033(2) 1.0062(6) 0.06533(5) 0.0155(4) 

La Bi 0.17(5) 0.014(4) -0.026(3) 0.2006(4) 0.0133(5) 

Nd Bi 0.14(6) 0.014(4) -0.026(3) 0.2006(4) 0.0133(5) 

Bi Bi 0.69(6) 0.031(2) 0.0009(9) 0.2135(2) 0.0133(5) 

Ti Ti1 1 0.038(3) 0 0.5 0.0021(4) 

Ti Ti2 1 0.022(2) 1.000(2) 0.37176(7) 0.0021(4) 

O O1 1 0.331(2) 0.296(2) 0.0033(2) 0.0261(9) 

O O2 1 0.284(2) 0.252(2) 0.2489(2) 0.0073(4) 

O O3 1 0.045(2) 0.0409(8) 0.44299(6) 0.0131(7) 

O O4 1 0.029(2) 0.9518(8) 0.31778(8) 0.028(2) 

O O5 1 0.273(2) 0.2345(9) 0.11132(9) 0.0089(5) 

O O6 1 0.302(2) 0.272(2) 0.8812(2) 0.022(2) 
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Table 1.VI:   Refined Structure for Bi2PrNdTi3O12  

B2cb   a = 5.3924(4) Å, b = 5.3884(4) Å, c = 32.8298(8) Å   

Atom  Site Fraction x y z Uiso 

Pr A 0.399(9) 0.031(2) 1.0033(7) 0.06523(6) 0.0143(4) 

Nd A 0.39(2) 0.031(2) 1.0033(7) 0.06523(6) 0.0143(4) 

Bi A 0.21(2) 0.031(2) 1.0033(7) 0.06523(6) 0.0143(4) 

Pr Bi 0.101(9) 0.041(2) -0.0383(6) 0.19731(8) 0.0143(5) 

Nd Bi 0.11(2) 0.041(2) -0.0383(6) 0.19731(8) 0.0143(5) 

Bi Bi 0.79(2) 0.029(2) 0.0020(6) 0.21216(8) 0.0143(5) 

Ti Ti1 1 0.032(3) 0 0.5 0.0043(4) 

Ti Ti2 1 0.028(2) 0.999(2) 0.37225(7) 0.0043(4) 

O O1 1 0.338(2) 0.296(1) 0.0056(2) 0.0248(9) 

O O2 1 0.287(2) 0.2537(9) 0.2494(1) 0.0063(4) 

O O3 1 0.0386(2) 0.0519(6) 0.44335(6) 0.0136(7) 

O O4 1 0.032(2) 0.9466(7) 0.31835(8) 0.0249(9) 

O O5 1 0.273(2) 0.2348(8) 0.11075(8) 0.0064(4) 

O O6 1 0.304(2) 0.272(2) 0.8811(2) 0.027(2) 

 

 

  It is important to note that the average A-site ionic radii values discussed later 

are themselves refined quantities.   Based on the Shannon ionic radii listed in Table 

1.VII, the average A-site ionic radius reported in Table 1.VIII are the weighted average of 

the Shannon ionic radii for 12-fold coordination of all species present on the A-site 

position, including the bismuth present due to static site mixing.23  Note that the Shannon 

ionic radii tables for 12-fold coordinated species lack values for both Pr3+ and Bi3+; 

therefore we used values estimated by interpolation, as listed in Table 1.VII.  

 

 

Table 1.VII:   Shannon Ionic Radii for the A-site Cations.  
 

Cation Species Ionic Radius CN=12 (Å)   

La3+  1.36 

Pr3+   1.32* 

Nd3+  1.27 

Bi3+   1.38* 
 

Note: (CN) refers to the coordination number for the A-site positions * Interpolated value 
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Table 1.VIII:   Average A-site Ionic Radius Calculated from Refined Site Occupancies  

Sample Composition Refined Average A-Site Ionic Radius (Å) 

Bi2Nd2Ti3O12 1.29 

Bi2PrNdTi3O12 1.31 

Bi2Pr2Ti3O12 1.33 

Bi2LaNdTi3O12 1.33 

Bi2LaPrTi3O12 1.35 

Bi2La2Ti3O12 1.36 

 

 

 

 As would be expected, the refined lattice parameters increase with increasing 

average A-site ionic radius, as seen in Fig. 1.4.  We note three linear regions in Fig. 1.4, 

as might be expected based upon Vegard’s law.  The unit cell dimensions follow linear 

trends for the series: Nd2 – PrNd – Pr2; Nd2 – LaNd – La2; and Pr2 – LaPr – La2.  The 

overall deviation from linearity across the entire compositional series is attributed to 

tilting of the TiO6 octahedra to accommodate the size of the A site cation, while at the 

same time being constrained by the [Bi2O2]
2+ layer.  The magnitude of the orthorhombic 

distortion shown in Fig. 1.4 is similar to that of some alkaline earth containing Aurivillius 

phases previously characterized.16,18,21  
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Figure 1.4:   Lattice parameters as a function of the refined average A-site ionic 
radius.  Solid lines show Vegard’s law fit for the c-axis only for clarity. 

 

 

As noted in earlier work, all compositions exhibit a significant degree of static 

mixing between the perovskite A-site and the Bi site within the [Bi2O2]
2+ layer; see Table 

1.IX.2  This static mixing occurs to minimize the interlayer strain between the [Bi2O2]
2+ 

and perovskite-like layers.24  Stereochemical repulsive forces, existing as a 

consequence of the non-bonding Bi3+ electron lone pair, strongly influence the local 

bonding environments in both layers of the Aurivillius structure.21  Therefore, we expect 

that Bi on the perovskite A-site will decrease the local symmetry, and that the lanthanide 

ions (Ln) on the Bi-site will shift away from the Bi location to adopt a more symmetrical 

coordination.  Although the degree of static site mixing is only on the order of 25%, the 

combined XRD and NPD datasets allowed sufficient sensitivity to refine positional shifts 

of the Ln ions occupying the Bi site.  A visual depiction of this relaxation is shown in Fig. 

1.5.  We note that there is no trend in the magnitude of the displacement of the Ln ion 

away from the Bi position as a function of the Ln ion size; the displacements range from 

0.46 to 0.83Å.  Further, there is no preferential segregation of the Ln cations to the Bi 

site based upon ionic radius.  This result is inconsistent with the report of Hyatt              

et al.,17 who found that the larger Ln ions resulted in a larger degree of site mixing, with 

values ranging from 12% to 18% mixing across the series Sm to La.  We attribute the 

differences between our results to two factors:  vastly different preparation methods, 
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Hyatt, et al. used ion-exchange of Ruddlesden-Popper phases to synthesize Aurivillius 

phases; and different space groups, where Hyatt et al. refined their structures in space 

group I4/mmm.   

 

 

Table 1.IX:   Magnitude of Static Cation Site Mixing  

Sample Composition Bismuth Content of A-site (%) 

Bi2Nd2Ti3O12 20 

Bi2PrNdTi3O12 21 

Bi2Pr2Ti3O12 18 

Bi2LaNdTi3O12 31 

Bi2LaPrTi3O12 24 

Bi2La2Ti3O12 24 

 

 

 

 

Figure 1.5:   Relaxation of A-site cation on the Bi position in the [Bi2O2]
2+ layer for 

Bi2La2Ti3O12.  

 

 

Tilting of the TiO6 octahedra results in a structure of lower symmetry (B2cb) than 

that of the parent phase (I4/mmm).16  The tilts can be described using conventional 

Glazer notation as (a- a- c+) or (φX
- φX

- φZ
+).25  For clarity of discussion, however, we 
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choose to define the octahedral tilts explicitly with respect to the unit cell edges.  The 

magnitude of octahedral tilts was calculated by defining a vector connecting the apical 

oxygen ions along the c axis of the cell in each TiO6 octahedron and resolving its tilt 

angle relative to the three crystallographic axes; see Fig. 1.6.  The following set of 

equations allows calculation of the three respective tilt angles as described, using 

fractional coordinates and the lattice parameters of the unit cell:   

 

 

|���| = ���u
 − u� ∗ a�� + ��v
 − v� ∗ b�� + ��w
 − w� ∗ c���
                  (1) 

θ� = cos�� ����� ∗!|���|                                                (2) 

θ" = cos�� �#��# ∗$|���|                                                (3) 

θ& = cos�� �'��' ∗(|���|                                               (4) 

 

where |VVVVBTBTBTBT| is the magnitude of the vector connecting the apical oxygens along the c axis 

and θX, θY, and θZ are the angles between the vector (VVVVBTBTBTBT) and the three respective 

principal crystallographic axes X, Y, and Z.  The lengths of the principal crystallographic 

repeat units are given as a, b, and c respectively.  The fractional coordinates of the top 

(T) and bottom (B) oxygen positions are described by their fractional coordinates u, v, 

and w.  This method of tracking the octahedral tilting is equivalent to determining the 

direction cosines for a vector with respect to a given set of reference axes.  
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Figure 1.6:   Octahedral tilts relative to the X, Y and Z crystallographic axes for 
each of the three octahedral layers in the perovskite-like block.  

 

 

A visual depiction of the oxygen octahedral tilts is shown in Fig. 1.7.  The 

absolute magnitudes of the tilts relative to the crystallographic axes are inversely 

proportional to the average A-site ionic radius as shown in Fig. 1.8, with the Ti2 

octahedra tilting by ~5.3° to 8.1° relative to c axis, and the Ti1 octahedra tilting from 

~4.3° to ~9.1° relative to the c axis.  The tilts relative to the a axis in the inner (Ti1) 

octahedra are constrained by symmetry to zero, whereas the Ti2 octahedral tilts take on 

small values of ~0.2° to ~1.5°.  Increasing tilt with decreasing A-site radius arise from the 

relaxation of the oxygen anions to optimize the first coordination sphere around the A-

site cations, as in the case of simple perovskites.  In fact, the calculated perovskite 

tolerance factors for each composition range from 0.95 to 0.98 which indicates a tensile 

stress in the A-O plane and a compressive stress in the Ti-O plane.26  As a result, one 

would predict octahedral tilting,26-28 although the layered structure adds complexity 

because the [Bi2O2]
2+ layers might constrain the adjacent TiO6 octahedra (defined by the 

Ti2 position), and vice-versa.  
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Figure 1.7:   Schematic of the octahedral tilts as a function of the A-site cation 
radius.  

 

 

In addition, the octahedral tilt angles for the Ti1 and Ti2 octahedra are within 1°, 

demonstrating that the tilts are cooperative through the 3 octahedral layers with little 

distortion of the octahedra.  Any interlayer strain between the [Bi2O2]
2+ and perovskite 

layers must be transmitted via the O4 oxygen ion which links the Ti2 and Bi2 ions.  As a 

result of octahedral tilting, the Bi-O4 bond length varies linearly by ~4% over the range of 

A-site cation radii, as shown in Fig. 1.9.  Regardless of any interlayer strain effects on 

the bond lengths, bond valence sum (BVS) calculations, shown in Table 1.X, reveal that 

all cations are generally in comfortable bonding arrangements; the maximum deviation 

from the ideal BVS is ~8%.29-31 
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Figure 1.8:   Octahedral tilt angles θX, θY and θZ for the Ti1 and Ti2 octahedra 
(see Table 1.VIII for compositions).  
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Figure 1.9:   Bi-O4 bond length as a function of the A-site ionic radius (see Table 
1.VIII for compositions). 

 

 

Table 1.X:   Bond Valence Sum Values 

Site Bi2La2Ti3O12 Bi2LaPrNdTi3O12 Bi2LaNdTi3O12 Bi2Pr2Ti3O12 Bi2PrNdTi3O12 Bi2Nd2Ti3O12 

A-site 3.07 3.06 2.93 3.12 3.01 2.88 

Bi-site  2.80 2.80 2.81 3.05 2.75 2.74 

Ti1-site 4.11 4.06 4.19 4.06 4.16 4.09 

Ti2-site 3.77 3.93 3.71 3.92 3.75 3.83 

 

 

 

1.5 Conclusions 

 

 The continuous solid solution range over the lanthanide ions tested has been 

demonstrated for Bi2A2Ti3O12 (A2 = La2, LaPr, LaNd, Pr2, PrNd, Nd2).  Earlier reports that 

used x-ray diffraction alone suggested that these materials crystallize in tetragonal 

symmetry (I4/mmm), but the use of neutron and synchrotron powder diffraction has 

shown that an orthorhombic cell (B2cb) is correct.17  The refined structures show no 

unusual bonding, with BVS values within a few percent of the formal valences for each 

Ave. A-site Ionic Radius (Å) 
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cation and octahedral tilting that is a function of the average ionic radius on the 

perovskite A-site.   
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Chapter 2 - Buckling the Equatorial Anion Plane: Octahedral Anion Distortions 
in Ferroic Perovskites and Related Systems Resolved via Neutron 
Diffraction 

 

 

2.1 Abstract 

 

A method for the description of equatorial anion distortion in traditional 

perovskites has been developed for use with neutron diffraction data sets.  This method 

is extensible to other structures containing anion octahedra, e.g., pyrochlores, spinels, 

and tungsten bronzes.  The method also quantifies the degree of equatorial distortion in 

the anatase-rutile polymorphs.  In addition, non-planar distortions of the perovskite 

structures contained within the Inorganic Crystal Structure Database (ICSD) have been 

quantified using two terms describing the degree of distortion of the equatorial anions, 

φAB and φCD.  A preliminary link between antiferroelectricity and distortion of the BX6 

octahedra in lead based traditional perovskites has been established via a resolved 

structural difference between the end members, PbTiO3 and PbZrO3, which exhibit 

ferroelectric and antiferroelectric responses, respectively.  
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2.2 Introduction 

 

2.2.1 General Composition ABX3 

 Perovskites of the general composition ABX3, see Fig. 2.1, have been studied to 

determine if distortion of the equatorial anion environments can be resolved from the 

fractional coordinates of refined neutron diffraction data.  Traditional perovskites have a 

variety of uses based primarily on their unique responses to applied stimuli, such as: 

ferroelectricity, antiferroelectricity, piezoelectricity, pyroelectricity, electrostriction and 

magnetostriction.1-2  The responses due to the crystal structure and atomic 

arrangements can vary significantly between end members of a solid solution series,3 

and the associated atomic arrangements can be tracked via diffraction techniques such 

as x-ray and neutron powder diffraction.  

 

 

 

Figure 2.1:   Idealized ABX3 perovskite in the A-cell setting.1 

   

 

2.2.2 Historical Literature Review and Data Selection 

 Several systems have been selected for study based on a wide variety of A- and 

B-site cation substitutions, electrical response characteristics, and varying degrees of 

octahedral tilt seen in the perovskite structure.  In addition to the structural and electrical 

characteristics, select crystallographic data within the ICSD was used to minimize 

redundancy of experiments for previously characterized systems.  Compositions from 

solid solution series that exhibit ferroelectric or antiferroelectric behavior, such as Pb(Ti, 

Zr)O3,
4-9 (Ca, Sr, Ba, Pb)ZrO3

6,10-12 and (Li, Na, K)NbO3
13-16  have been examined.  
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Additionally, the antiferroelectric phases of PbHfO3
17-18 and PbZrO3

9 and their associated 

high temperature paraelectric phases have been investigated.  Archetype perovskites 

such as (Ca, Sr, Ba, Pb)TiO3,
4,19-22 some of which exhibit significant octahedral tilting, 

have been highlighted to show that tilting and octahedral anion octahedral distortions 

can occur independently.  In addition to these stated compositions select supplementary 

traditional perovskite compositions and related octahedral niobate compositions were 

examined.  

 

 

2.3 Experimental Procedure 

 

2.3.1 Neutron Diffraction 

 The anions found in most perovskites, oxygen, nitrogen, fluorine, chlorine, and 

bromine, are low in atomic number (Z), and are very poor x-ray scatterers, particularly 

when contrasted with higher Z elements.  Conversely, the coherent neutron scattering 

cross-sections of these anions are sufficient to allows accurate determination of their 

positions within the perovskite structure via Rietveld refinement of neutron diffraction 

data.  X-ray diffraction data tends to add greater accuracy in determining the lattice 

parameters and, when possible, Rietveld analysis of combined x-ray and neutron 

diffraction data will yield the most accurate descriptions of the system under study.  It is 

important to note that, while the refinement of x-ray diffraction data is suitable or 

beneficial for use in determining the physical properties of the crystal structure being 

investigated, neutron diffraction data is necessary to determine distortions of the 

octahedral anion environments in perovskites to any degree of accuracy. 

 

 

2.4 Distortion of the BX6 Octahedra 

 

2.4.1 Space Group Limitations  

 Of the thirty two crystal classes, only thirteen allow for non-coplanar distortion of 

the equatorial anions in traditional perovskites.  The thirteen point groups allowing for 

non-coplanar distortions include: triclinic (1, 11), monoclinic (2, m, 2/m), orthorhombic 
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(222, mm2, mmm) and trigonal (3, 31, 32, 3m, 31m).  These thirteen point groups 

correspond to space groups 1 (P1) through 74 (Imma) and 143 (P3) through 167 (R31c) 

and exclude all tetragonal, hexagonal, and cubic crystal classes.  Although, it is possible 

that some space groups included above may not allow for refined equatorial anion 

distortion based on translational symmetry elements and Bravais lattice choice.  An 

important point to note is that, although these classes allow for the distortion of the 

equatorial anions of the BX6 octahedra, it is not required to distort the octahedra in these 

systems.  A word of caution, if neutron diffraction data is refined in a space group that 

does not allow for non-coplanar distortions and such a distortion is present, the resulting 

refined crystal structure will not reflect this nature.  For example, if a crystal that resides 

in orthorhombic B2cb is refined in its parent space group, tetragonal I4/mmm, it would be 

impossible to ascertain if this crystal exhibits distortion of the BX6 equatorial anions.  

This is due to the requirement that the refined crystal structure conform to the point 

group symmetry of the crystal class in which the data is being refined.  

 

2.4.2 Special Positions of the Equatorial Anions 

It is a necessity that the symmetry of the octahedra within the structure be able to 

be described by the point group of the crystal class in which it is being represented, 

consistent with Neuman’s Law.  This condition alone limits the ability of some 

point/space groups to allow for a refined equatorial anion distortion.  For example, in the 

tetragonal point group 4, the presence of a 4-fold rotation axis parallel to the c-direction 

limits the ability of this point group to represent distorted octahedra.  In the case of ideal 

undistorted octahedra, a four-fold axis of symmetry can be aligned parallel to a line 

running from the bottom to top anions, and perpendicular to the equatorial plane.  

However, once the equatorial anions are no longer contained within a single equatorial 

plane, this arrangement of anions destroys the 4-fold symmetry of the octahedra and 

distortions cannot be resolved within this crystal class.  A similar example of restrictions 

on the anion positions occurs in the trigonal class of crystals with their 3-fold axis of 

symmetry parallel to the c-direction and the necessity of the refined structures to be able 

to represent the distorted octahedral environments.  Due to this 3-fold symmetry it 

becomes necessary to orient the octahedra such that two adjacent equatorial anions and 

one apical anion (top or bottom) forming one 3-sided face (plane) of the octahedra is 

perpendicular to the c-axis.  Buckling of the equatorial anions in the trigonal crystal 
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classes can then occur via rotations of these two planes, perpendicular to the c-axis, in 

either opposite directions or unequal amounts in the same direction.  

Since the positions within a refined structure must conform to the symmetry of 

the point group specified by the experimenter, refined distortions are allowed only in the 

lower symmetry crystal classes described above, which allow for the alteration on the 

equatorial anion environments.  These conditions must be satisfied in order to be able to 

successfully resolve octahedral distortions in traditional perovskites. 

 

2.4.3 Definitions of Coplanar and Non-Coplanar (Buckled) 

 Typically in perovskites the anions forming the octahedral first coordination 

spheres of the B-site cations are treated, at least to a first approximation, as rigid 

unchanging structural features. This is consistent with electronegative arguments, as the 

B-site species in most cases has a greater electronegativity than its A-site counterpart 

and consequently B-X interactions are stronger than A-X.23  This gives rise to tilting of 

the BX6 octahedra in attempt to optimize the first coordination sphere of the A-site 

cation, while the coordination sphere of the B-site cation remains essentially undistorted.  

However, in reality, distortions of the oxygen first coordination sphere of the B-site 

cations do in fact occur, and in Glazer’s notation distortion of the octahedral 

environments of the tilt systems a+a+a-, a+b+b-, a+a+c-, a+b+c-, a0b+b-, and a0b+c- are 

necessary to maintain connectivity, as was pointed out by Woodward.24  There exist a 

minimum of three categories of octahedral distortions in the traditional perovskites: 

octahedral distortion, cation displacements within the octahedral environments, and 

tilting of the octahedra.24-26  It is in this first category, octahedral distortions, in which 

three sub-categories of distortion of the BX6 equatorial anions are proposed from the 

symmetric, undistorted, first approximation within these systems.  

 In the octahedral environments of the perovskite family of materials there exist 

three types of distortions associated with the equatorial oxygens within the B-site first 

coordination sphere.  These include coplanar distortions, and the two buckled classes: 

symmetric and asymmetric non-coplanar varieties.  It should be noted that the terms 

symmetric and asymmetric refer to the directionality of anion shifts relative to the line of 

intersection of the planes.  Coplanar distortions are of the type, that there exist 

differences in the distance between adjacent anion centers, or X-X distance within the 

equatorial plane; however, all anions still exist in a single plane.  Symmetric non-
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coplanar distortions involve the cooperative displacement of the anions not lying on the 

line of intersection between the two planes being displaced both in the same direction.  

In asymmetric non-coplanar distortions, anions not lying on the line of intersection 

between the two planes are displaced in opposite directions with unequal magnitudes.  It 

should be noted that no asymmetric non-coplanar distortions in which the anions are 

displaced in equal amounts are allowed as this would result in a coplanar distortion of 

the equatorial anions.  The reader is referred to Figs. 2.2 and 2.3 for further clarification.  

 

 

 

Figure 2.2:  Coplanar and distorted non-coplanar equatorial anion configurations.  

 

 

 

 

Figure 2.3:   Types of planar and non-coplanar equatorial anion distributions 
exhibited by traditional perovskites. 
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 The distinction should also be made that equatorial anion non-coplanarity is not a 

function of tilting.  Tilting of the octahedral environments in perovskites, relative both to 

one another and the crystallographic axes,24,26 is a means to optimize the first 

coordination sphere of the A-site cations.  Additionally, the tilt magnitude of the 

octahedra relative to the crystallographic axes depends not only on the space group but 

also the origin choice; this is not the case for the proposed quantitative description of 

equatorial anion distortions.  Determination of the coplanarity numbers, φAB & φCD, allows 

for the full quantification of the distortion of the equatorial anions in perovskites.  

However, in calculating a scalar value describing the distortion of these octahedra, 

directionality is lost and one needs to examine the relative positions of all anions within 

the BX6 octahedra to distinguish between the subcategories of non-coplanar distortions.  

 

2.4.4 Methodology and Mathematical Analysis 

Vector analysis is a convenient method to investigate the local equatorial oxygen 

environments in perovskites, as it allows for simplicity in defining planar orientations.  In 

addition, it permits resolution of the angle of intersection between the planes (φAB & φCD) 

with relative ease, albeit indirectly.  The distortion, or non-coplanarity number, or φAB, is 

equal to the magnitude of the angle between the two planes defined by the four 

equatorial anions in the BX6 octahedra.  The magnitude of φAB can be determined by 

resolving the angle between the normal vectors to the two defined planes; this is 

numerically equivalent to the angle of deviation from a planar anion configuration and 

related to the intersection between the planes of interest.  A zero non-coplanarity 

number describes a planar anion configuration, while a non-zero coplanarity number 

indicates a non-planar distorted anion arrangement.  The conditions that allow for this 

type of measure of distortion are discussed next.  

A minimum of three points in space are necessary in order to define two vector 

equations. Providing one point used in defining these two vectors is non-collinear with 

the other two, then this information is sufficient to describe a single planar orientation in 

space.  The ability to resolve the spatial relations between a set of two, possibly non-

coplanar, planes necessitate the incorporation of an additional spatial point and the 

generation of a third vector equation describing the system.  The spatial arrangement of 

the equatorial anions in the BX6 octahedra meets the necessary minimum qualifications 

for a distortive measurement of the type φAB & φCD.  Lastly, in order to reduce the 
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number of vector equations necessary to describe the systems to the absolute minimum 

of three, a vector lying along the line of intersection of the planes was used in defining 

both planes under study; see Fig. 2.4 for clarification.  

 

 

 

Figure 2.4:   Vectors defining the planes with which octahedral equatorial anion 
distortions are resolved.  

 

 

A set of generalized equations, independent of the crystallographic reference 

frame, have been developed to allow for the calculation of two numbers describing the 

equatorial anion distortion φAB & φCD, from refined fractional coordinates.  Transformation 

to a Cartesian basis from the natural crystallographic basis was done to simplify the 

mathematics used to quantify the distortion in the studied systems.  In the following set 

of equations, bold text indicates a vector, whereas plain text values represent scalar 

quantities.  The lattice parameters of the system under study are given as a, b & c and 

correspond to the natural crystallographic axes X’, Y’ and Z’ respectively.  The fractional 

coordinates of each of the equatorial oxygen positions are given as u’, v’, and w’, each 

corresponding to the refined natural crystallographic basis.  Transformation of the 

natural crystallographic basis to its equivalent Cartesian representation is accomplished 

through the use of the T-matrix, or general orthogonalization matrix.  Coordinates of 

specific anion positions within the Cartesian basis are given as X#, Y# and Z# with the 

number referring to the anion to which the coordinate corresponds.  Unit vectors <=, >= & ?= 

are designated as the lower case of the Cartesian axes to which they correspond.  

Subscripts on the vectors used to define plane A (VVVV21212121 & VVVV23232323) and plane B (VVVV24242424 & VVVV23232323) are 

given in such a manner as to indicate which equatorial oxygen anions were used in 
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defining each vector.  For example, vector VVVV21212121 extends in space from the position 

occupied by equatorial anion #2 to that of anion #1.  The normal to each plane is simply 

designated as NNNN with its subscript indicating the plane to which it is normal.  Finally, φAB 

is the angle resolved between the planes A & B.  For the purposes of this investigation 

the term equatorial anion planes refers to  the planes of greatest distortion within the 

octahedral units and assigned atomic positions 1, 2, 3 & 4 as illustrated in Fig. 2.4. 

Similar relationships can be developed for the case of φCD etc. by modification of 

appropriate subscripts.  

 

 B�C = D�C E,     F�C = G�C H,     I�C = J�CK  BLC = DLC E,     FLC = GLCH,     ILC = JLCK 
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hij = �B� − B�kl + �F� − F�ml + �I� − I�n=                                         (5) hij = B��kl + F��ml + I��n=                                                       (6) hio = �Be − B�kl + �Fe − F�ml + �Ie − I�n=                                (7) hio = B�ekl + F�eml + I�en=                                                       (8) hip = �BL − B�kl + �FL − F�ml + �IL − I�n=                               (9) hip = B�Lkl + F�Lml + I�Ln l                                                  (10) 

 qr = h�� × h�e                                                                  (11) qt = �F��I�e − F�eI��kl + �B�eI�� − B��I�eml + �B��F�e − B�eF��n=           (12) qu = h�L × h�e                                                     (13) qv = �F�LI�e − F�eI�Lkl + �B�eI�L − B�LI�eml + �B�LF�e − B�eF�Ln=          (14) 

wtv = 180 − KUy�� qr∗qu|qr||qu|                                      (15) 

                  qz = h�� × h�L                                                                  (16) q{ = h�e × h�L                                                                 (17) 

w|} = 180 − KUy�� qz∗q{|qz||q{|                                     (18) 

 q~ = h�� × h��                                                                 (19) q� = h�L × h��                                                                 (20) 

w�� = 180 − KUy�� q~∗q�|q~||q�|                                     (21) 

 q� = h�� × h�L                                                                  (22) q� = h�� × h�L                                                                  (23) 

w�� = 180 − KUy�� q�∗q�|q�||q�|                                    (24) 
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q� = h�� × h�e                                                                  (25) q� = h�� × h�e                                                                  (26) 

w�� = 180 − KUy�� q�∗q�|q�||q�|                                       (27) 

 q� = h�� × h��                                                    (28) q� = h�e × h��                                                    (29) 

w�� = 180 − KUy�� q�∗q�|q�||q�|                                     (30) 

 
 

An example of buckled distortion in a non-perovskite crystal structure can be 

seen and resolved in the different polymorphs of titanium dioxide, anatase and rutile; see 

Fig. 2.5.27  In rutile, the high temperature form, the anions comprising the four defined 

equatorial anion planes exist in an almost perfect coplanar configuration.  However, in 

the case of anatase, its photocatalytic polymorph, the degree of distortion between 

planes φAB & φCD is on the order of 40° (non-coplanar symmetrically distorted).   

In both polymorphs the excitation process from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) is the same: oxygen 

2p to titanium 3d.28  By altering the ligand arrangements around the 6-fold coordinated 

titanium cation, a reduction in degeneracy of the titanium 3d orbitals results, which alters 

the band edge position, band gap and photochemical properties of titanium dioxide.  

Since the difference between the photocatalytic activity between the polymorphs of TiO2 

is dictated by the structure in these materials, an accurate description of the ligand 

environments of the titanium cation becomes important in the development of 

photocatalysts based on transition metals in octahedral coordination.  
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Figure 2.5:   Anatase and rutile structural images. Note the large degree of 
equatorial anion distortion in anatase. 

 

 

2.5 Results and Discussion 

 

 In traditional perovskites it can be shown that distortion of the octahedral anion 

environment surrounding a transition metal cation is not only possible, but discernible 

using neutron diffraction data collected by previous researchers.  Solid solution series 

and temperature-controlled experiments have been examined and the results reported in 

Tables 2.I and 2.II, respectively.  It should be noted that while additional neutron 

diffraction data on the systems studied in this paper may exist in the ICSD, the number 

of authors included was kept to a minimum for consistency, i.e., some existing data sets 

were not included since variation in refinement methods of the researchers can slightly 

impact the refined atomic positions and subsequently the measured distortions; see 

Table 2.III.  Therefore, to keep inconsistencies within refinement methods to a minimum 

and have the most dependable data from which to draw conclusions, data sets were 

selected based on the author and the number/quality of experiments credited to them.  

As was asserted previously there exist six planar distortion numbers describing the full 

distortion of the octahedra namely φAB, φCD, φEF, φGH, φIJ and φKL of which φAB and φCD 

represent distortion of the as defined equatorial plane.  While the equatorial plane 

distortion has been the focus of this study, all six distortive terms for the compositions 
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PbZrO3, Pb2WMgO6 and PbTiO3 have been included to illustrate the concepts presented 

in this investigation; see Table 2.IV. Note the distortion in multiple crystallographic planar 

orientations exhibited by the compounds PbZrO3 and Pb2WMgO6.  
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Table 2.I:  Equatorial Anion Non-Coplanarity Values (φAB & φCD) for the 
Traditional Perovskites for Select Compounds and Solid Solution Series 

 
Composition F/A SG Temp φAB° φCD° Author ICSD # 

                

CaTiO3 --- Pbnm 296 K 0 0 Yashima19 162908 

SrTiO3 --- ��o��    298 K 0 0 Meyer20 23076 

BaTiO3 F P4mmP4mmP4mmP4mm    280 K 0 0 Kwei21 73642 

PbTiO3 F P4mmP4mmP4mmP4mm    90 K 0 0 Glazer4 1610 
                
         

CaZrO3 --- Pcmn 473 K 0 0 Levin10 97466 

SrZrO3 --- Pbnm N.S. 0 0 Kennedy11 89354 

BaZrO3 --- ��o��    N.S. 0 0 Pagnier12 90049 

PbZrO3 A Pbam 100 K 7.14 7.25 Corker6 84559 
                
                

PbTiO3 F P4mmP4mmP4mmP4mm    90 K 0 0 Glazer4 1610 

PbZr0.601Ti0.399O3 F R3cH N.S. 0.11 0.11 Corker5 86137 

PbZr0.652Ti0.348O3 F R3cH N.S. 0.22 0.22 Corker5 86136 

PbZr0.7Ti0.3O3 F R3cH N.S. 0.35 0.35 Corker5 86135 

PbZr0.745Ti0.255O3 F R3cH N.S. 0.42 0.42 Corker5 86134 

PbZr0.796Ti0.204O3 F R3cH N.S. 0.51 0.51 Corker5 86133 

PbZr0.838Ti0.162O3 F R3cH N.S. 0.59 0.59 Corker5 86132 

PbZr0.871Ti0.129O3 F R3cH N.S. 0.89 0.89 Corker5 86131 

PbZrO3 A Pbam 100 K 7.14 7.25 Corker6 84559 
                
         

KNbO3 F Amm2 295 K 0 0 Hewat14 9533 

NaNbO3 A Pbma 22 C 2.49 2.49 Hewat13 89317 

LiNbO3 F R3cH N.S. 0.15 0.12 Iyi15 80631 

NaTaO3 F Pcmn N.S. 0 0 Ahtee29 23319 
                
         

WO3 F P 1 21/n 1 N.S. 4.42 4.42 Loopstra30 16080 
                
         

Pb2WMgO6 A Pmcn 80 K 5.23 5.21 Baldinozzi31 79787 
                
        

PbHfO3 A Pbam 10 K 5.91 5.97 Fujishita17 161707 
                

 
Note: F = ferroelectric, A = antiferroelectric & N.S. = not specified in the 
crystallographic information file. Bold text indicates a space group not allowing 
for resolved non-coplanar distortions, included to illustrate this fact.  
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Table 2.II:  Equatorial Anion Non-Coplanarity Values (φAB & φCD) for the 
Traditional Perovskites for Select Compounds as a Function of Temperature  

 
Composition F/A SG Temp φAB° φCD° Author ICSD # 

         

SrZrO3 --- Pbnm N.S. 0 0 Kennedy11 89354 

 --- Cmcm 973 K 0 0 Kennedy11 89355 

 --- I4/mcmI4/mcmI4/mcmI4/mcm    1023 K 0 0 Kennedy11 89356 

 --- ��o��    1373 K 0 0 Kennedy11 89365 
                
         

PbZrO3 A Pbam 20 K 7.57 7.50 Teslic9 59399 

 A Pbam 100 K 7.65 7.56 Teslic9 59400 

 A Pbam 150 K 7.56 7.51 Teslic9 59401 

 A Pbam 200 K 7.52 7.47 Teslic9 59402 

 A Pbam 295 K 7.49 7.45 Teslic9 59403 

 A Pbam 473 K 7.06 7.02 Teslic9 59404 
                
         

PbHfO3 A Pbam 10 K 5.91 5.97 Fujishita17 161707 

 A Pbam 100 K 5.61 5.66 Fujishita17 161706 

 A Pbam 200 K 6.00 6.07 Fujishita17 161705 

 A Pbam 296 K 4.84 4.91 Fujishita17 161704 

 A Pbam 400 K 3.11 3.32 Fujishita17 161703 

  ��o��    500 K 0 0 Fujishita17 161702 
                
         

KNbO3 F R3mR 230 K 0 0 Hewat14 9534 

 F Amm2 295 K 0 0 Hewat14 9533 

 F P4mmP4mmP4mmP4mm    543 K 0 0 Hewat14 9532 
                
         

NaNbO3 A Pbma 22 C 2.49 2.49 Hewat13 89317 

 --- Cmcm 813 K 0 0 Darlington16 280098 

 --- P 4/m b mP 4/m b mP 4/m b mP 4/m b m    888 K 0 0 Darlington16 280100 
                
         

NaTaO3 F Pcmn N.S. 0 0 Ahtee29 23319 

 --- Cmcm 803 K 0 0 Darlington16 280099 

 --- P 4/m b mP 4/m b mP 4/m b mP 4/m b m    878 K 0 0 Darlington16 280101 
               

 

Note: F = ferroelectric, A = antiferroelectric & N.S. = not specified in the 
crystallographic information file. Bold text indicates a space group not allowing 
for resolved non-coplanar distortions, included to illustrate this fact. 
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Table 2.III:  Equatorial Anion Non-Coplanarity Values (φAB & φCD) for Select 
Traditional Perovskites Measured by Multiple Groups  

 
 

Composition F/A SG Temp φAB° φCD° Author ICSD #                 
PbZrO3 A Pbam 100 K 7.14 7.25 Corker6 84559 

 A Pbam N.S. 7.16 7.23 Baedi7 162049 

 A Pbam 10 K 7.30 7.37 Fujishita8 150699 

 A Pbam 295 K 7.45 7.49 Teslic9 59403 
                
        

PbHfO3 A Pbam 10 K 5.91 5.97 Fujishita17 161707 
 A Pbam 10 K 7.26 7.16 Madigou18 89326 
        

 

 
Note: F = ferroelectric, A = antiferroelectric & N.S. = not specified in the crystallographic  
information file. 

 
 
 

Table 2.IV:   Anion Non-Coplanarity Values for all Six Octahedral Distortive 
Terms for Three Select Compositions  

 

 φAB° φCD° φEF° φGH° φIJ° φKL° Author ICSD # 
                  

PbZrO3 7.14 7.25 2.87 2.86 0.89 0.89 Corker6 84559 

Pb2WMgO6 5.23 5.21 4.41 4.27 0 0 Baldinozzi31 79787 

PbTiO3 0 0 0 0 0 0 Glazer4 1610 
                  

 

 

 

2.5.1 Substitution Series Results 

 In the archetype perovskites (Ca, Sr, Ba, Pb)TiO3
4,19-22 no instances of refined 

non-coplanarity of the equatorial anion environments contained within the octahedra 

were observed; in fact, for all of these species the calculated φAB & φCD values were 

zero.  Both barium and lead titanate are known ferroelectrics, and calcium and strontium 

titanate are both paraelectric species.  Therefore, no direct correlation between distortion 

of these octahedral environments and instances of ferroelectricity or paraelectricity can 

be drawn.  As Megaw previously asserted, tilting of the octahedral environments in 

perovskites is not a necessary condition for the development of ferroelectric response 

and  the octahedral environments merely provide a framework within which this property 
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can exist.32  It can now also be suggested that distortion of the octahedral environments 

surrounding the displaced cations is not a necessary condition for the development of 

ferroelectric/paraelectric response.  It should be noted, especially in the case of CaTiO3, 

that tilting of the octahedral units in an attempt to optimize the first coordination sphere 

of the A-site species is relatively significant although the octahedral units themselves 

remain undistorted and non-ferroelectric.  Such tilting, and the “zigzag” and “puckered” 

structures noted in the literature24-26,33-34 all exist with planar equatorial oxygens.  They 

are thus distinct from the types of distortions measured here. 

 Compositions in the Pb(Ti, Zr)O3
4-9 solid solution series were selected for study 

specifically because they represent multiple ferroelectric and antiferroelectric phases 

with progression towards lead zirconate and consequent formation of double hysteresis 

curves.3  In the ICSD data provided by Corker and Glazer4-6,22 the transition in the 

hysteresis behavior from single to double hysteresis is seen to correspond to a change, 

which may be discontinuous, from a planar (φAB & φCD < 1°) to a non-coplanar or 

distorted state. In fact, in the case of full zirconium replacement, the distortion of the 

equatorial oxygens reaches ~7° deviation from planarity; see Table 2.I and Fig. 2.6.  It is 

therefore suggested, at least in the case of the zirconates, that this distortion may give 

rise to a reduction in the degeneracy of the transition metal cation positions within the 

octahedra, and give rise to the two sublattice model for antiferroelectricity, proposed by 

Kittel.35  As was previously mentioned, both φAB & φCD are scalar quantities; therefore, to 

address the question of directionality and whether non-coplanarity could give rise to the 

two sublattice model, the refined bond lengths were examined directly.  When the bond 

lengths were scrutinized it became apparent that in stacked octahedra (not connected by 

equatorial oxygens) the directionalities of the distortions from a planar state were 

oriented in opposite directions and that the position of the associated cations 

corresponded to the direction of distortion; see Fig. 2.7.  It is thus now possible to 

explain the observed electrical response differences between PbTiO3 & PbZrO3 and 

provide an explanation for the diffraction data supporting a two sublattice model in the 

latter.  Essentially, non-coplanar distortions or buckled octahedra support a structural 

basis for Kittel’s two sublattice model and provide potential structural mechanism for the 

basis of antiferroelectricity in the zirconates. 
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Figure 2.6:   Lead titanate to lead zirconate solid solution series and the 
associated octahedral equatorial anion distortions φAB & φCD.  

 

 

 

 

 

Figure 2.7:    Two stacked octahedra from the refined crystal structure of 
PbZrO3.

6
  Note the left image shows the opposite direction of the non-

coplanarity based on the bonds highlighted. The image on the right 
demonstrates direction of polarization for the two octahedra (opposite in 
direction and correlates with direction of the non-coplanarity direction).  
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 Other, non-antiferroelectric zirconates, were examined to see if distortion of the 

octahedra could be linked to full zirconium inclusion on the B-site positions. Specifically, 

the substitution series (Ca, Sr, Ba, Pb)ZrO3.
6,10-12  It was found that φAB & φCD for these 

compositions all corresponded to a zero refined equatorial octahedral distortion and that 

the only case of antiferroelectricity seen in the alkaline earth zirconate titanates, with 

neutron data available for refinement, was in the case of lead zirconate and its distorted 

octahedra.   

 Other antiferroelectric lead based compositions such as PbHfO3
17-18 and 

Pb2WMgO6,
31 which have refined neutron structural data available for analysis, were 

examined for distortion of their BX6 octahedral environments.  It was found that a 

significant degree of distortion was present in both cases further supporting a correlation 

between antiferroelectric response and distortion of the anion octahedral environment in 

traditional perovskites and tungsten bronzes.  

 Additionally, when this approach was attempted with alkali metal niobates, 

specifically the antiferroelectric NaNbO3,
13 the extent of octahedral distortion did seem to 

correlate with antiferroelectric response as was the case with the lead based 

perovskites.  The equatorial anion distortion data for this series can be found in Table 

2.I.  

 Finally, a completely A-site deficient ferroelectric perovskite, WO3,
30 was 

investigated to see if the distortion would be greatest in a structure completely lacking an 

A-site cation.  It was found in WO3 that even though a refined non-coplanarity was 

indeed present (φAB & φCD ~ 4.4°) it behaved similarly to other ferroelectric phases 

studied, i.e., did not exhibit antiferroelectric double hysteresis behavior.  

 

2.5.2 Temperature Experiments 

 Several neutron diffraction data sets concerning temperature induced structural 

changes for the traditional perovskites exist in the ICSD database.  A few examples 

highlight alterations to the octahedral environments of perovskites with varying 

temperature (Table 2.II).  

 Four compositions, SrZrO3,
11 KNbO3,

14 NaNbO3
13,16 and NaTaO3

16,29 were 

included even though their room temperature refined distortion was essentially zero to 

demonstrate that as temperature was increased no unexpected increases in distortion 

were observed.  A large sudden increase in distortion could possibly signal an error in 
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the method of analysis and these compositions were used as an additional methodology 

check. 

 More interesting are the studies highlighting the high temperature structural 

evolution of lead hafnate,17 a known antiferroelectric composition.  In this series of 

experiments, starting from 10K and progressing in temperature past the Curie point 

(~436 K), the distortion of the equatorial anions within the octahedral environments 

decreased with increasing temperature; see Fig. 2.8.  This decrease in distortion was 

anticipated since crystal structures tend to become more symmetric with increasing 

temperature; therefore, a coupled decay in the degree of distortion of the octahedra was 

expected.  What is intriguing is that with this decay in distortion, a seemingly second-

order phase transition, from antiferroelectric to a paraelectric behavior is observed in 

lead hafnate. Although, there is some degree of speculation in this observation as the 

final data point was refined in Pm31m which this space group does not allow for 

resolvable octahedral distortions.  

 

 

 

Figure 2.8: Lead hafnate high temperature data.  

 

 Finally, similar to lead hafnate, in lead zirconate9 there is an associated decrease 

in the degree of octahedral distortion with increasing temperature; see Fig. 2.9.  

However, in the case of lead zirconate, the Curie temperature (~503 K) was not attained 

in the experiments so a complete unbuckling of the equatorial oxygens did not occur.  It 
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is suggested at this point that the structure would most likely assume an approximately 

undistorted, planar, configuration as the structure transitioned from an antiferroelectric to 

paraelectric behavior based on evidence presented herein.  

 

 

 

Figure 2.9: Lead zirconate high temperature data. 

 

 

2.6 Conclusions 

 

 Equatorial oxygen distortions have been shown to occur both in traditional 

perovskites and related systems and a method for their quantification has been 

proposed based on previously published Rietveld refinements of neutron diffraction data.  

A preliminary link between octahedral distortion and antiferroelectric response has been 

established for PbZrO3, Pb2WMgO6, PbHfO3 & NaNbO3, which is believed to be the 

result of reducing the degeneracy of available B-site cation positions within the 

octahedra.  Temperature effects on the structural configuration assumed by the 

octahedra have been explored and an unbuckling of the equatorial anions seen to occur 

with increasing temperature.  The analysis lends support to the classic antiferroelectric 

models and is applicable to a variety of oxygen octahedral structures.   
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Chapter 3 - Buckling the Equatorial Anion Plane: Octahedral Anion Distortions 
in Aurivillius Phase Layered Perovskites Resolved via Neutron 
Diffraction 

 

 

3.1 Abstract 

 

 Previously in Chapter 2, a procedure for the resolving octahedral anion 

distortions in traditional perovskites was proposed, based on Rietveld refinement of 

neutron powder diffraction (NPD) data, and a survey of Crystallographic Information 

Files (CIFs) contained within the Inorganic Crystal Structure Database (ICSD).  An 

extension to this work based on our structural refinements of the 3-layer Aurivillius 

phases Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd & PrNd), see Chapter 1,             

Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 1.0), and select data sets contained within 

the ICSD will demonstrate similar distortions in the layered perovskites as those seen in 

the traditional perovskites.  Tilting of the octahedral units within the perovskite-like blocks 

of the Aurivillius phases has been noted and quantified.  Distortion of the equatorial 

anion configurations have been quantified and correlated with a critical A-site ionic radii 

of 1.4 Å, above which significant relaxation of these anion positions from a planar state 

does not occur.  
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3.2 Introduction 

 

3.2.1 Aurivillius Phase Background 

 Bengt Aurivillius first ascertained the structural characteristics of a new family of 

layered perovskites in 1949 based on his x-ray diffraction studies of the compound 

Bi4Ti3O12.  With a general equation of the form Bi2An-1BnO3n+3 the Aurivillius phase oxides 

can be envisioned as successive layers of perovskite-like blocks, An-1BnO3n+1, interleaved 

with bismuth oxide [Bi2O2]
2+ layers.  A&B refer to the cation species residing on the 

cubo-octahedral and octahedral positions within the perovskite blocks of the crystal 

structure and n refers to the number of repeat units of the perovskite-like blocks between 

successive [Bi2O2]
2+ layers.1  Stereochemical repulsion between the non-bonding lone 

pair electrons of the Bi3+ ions within the [Bi2O2]
2+ layers and the anions forming the first 

coordination sphere of the A-site and B-site positions is characteristic of this structure 

type.  

Aurivillius phase ceramics are members of the layered perovskite family of 

structures that also include the Ruddleson-Popper and Dion-Jacobson phases.  The 

major differences between these layered perovskites lie in the layers separating the 

repeat perovskite-like structural units.  For example, Aurivillius phase materials have 

fluorite structured [Bi2O2]
2+ layers separating the perovskite-like blocks, in addition, the 

next perovskite-like slab is translated by one half unit cell in both the X&Y directions.  

The Ruddleson-Popper family differs from the Aurivillius family in that the separating 

layer consists of two alkali-metal cations in a rock salt structured configuration, instead 

of the bismuth oxide layers seen in the Aurivillius phases.   The layers separating the 

perovskite-like blocks in the Dion-Jacobson phases consist of a mono-layer of alkaline-

earth cations.  Due to this mono-layer configuration the necessity of the XY translation 

between successive perovskite-like blocks seen in Aurivillius and Ruddleson-Popper 

phases is removed.2  For the purposes of this investigation, only Aurivillius phase 

ceramic oxides have been selected for structural analysis. 

Select Aurivillius phase materials have in the past been shown to possess 

ferroelectric and photochemical properties and have been the topic of study of numerous 

previous investigations.3-8  Due to the wide range of cation substitutions on both the 

cubo-octahedral A-site and octahedral B-site positions within the perovskite-like blocks, 

the potential to tailor both the structural and photocatalytic properties of these materials 
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is evident.  Common substitutions for the cubo-octahedral A-site positions include: Bi3+,1 

La3+, Pr3+, Nd3+, Ba2+,9 Sr2+,9 Ca2+,9 Pb2+,10 K+,11 etc.  The slightly more restrictive 

octahedral B-site substitutions include: Ti4+,1 Nb5+,3 Ta5+,12 and other similar transition 

metal cations.   

 

3.2.2 Neutron Diffraction Analysis 

 Refined oxygen anion positions within crystal structures resulting from Rietveld 

analysis of x-ray diffraction data alone are inherently inaccurate for compounds 

containing other heavier elements such as bismuth.  This ascertation is evident from the 

relative magnitudes of mass attenuation coefficients for Cu-Kα radiation for all species 

present within the crystals.  The coherent neutron scattering cross-section of oxygen, on 

the other hand, is of sufficient magnitude to allow for the accurate determination of the 

anion positions within the crystal structure via Rietveld refinement of either neutron or 

combined neutron and x-ray powder diffraction data.  The latter should yield the most 

accurate atomic description of the system under study by exploiting the specific 

advantages of each technique.  

 

 

3.3 Experimental 

 

3.3.1 Aurivillius Phase Synthesis 

 Synthesis of the phase currently under study Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, 

LaPr, LaNd & PrNd), see Chapter 1.3.1, and Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 

1.0)9 have been previously published and will not be discussed in detail.  Simple solid 

state synthesis techniques were used in both cases for the formation of the desired solid 

solution series and the reader is directed to the referenced materials for a full description 

of the method of synthesis for the respective phases.  

 It should be noted that in the article referenced regarding the 3-layer alkaline-

earth-niobium-titanates an incorrect space group assignment, tetragonal I4/mmm,9 was 

suggested and subsequently corrected by Zhou to the orthorhombic B2cb.9,13   Following 

Zhou’s example we re-refined our x-ray and neutron powder diffraction data for these 

phases in the correct orthorhombic space group B2cb, including the compositions 

Bi2Sr1.5Ba0.5Nb2TiO12 & Bi2Sr1.5Ca0.5Nb2TiO12, which were not included in Zhou’s study.  
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The calculated equatorial anion distortion data of this work will be presented and 

compared to the results obtained through the analysis of Zhou’s data.  

 Again, the reader is referred to the other authors’ original publications regarding 

synthesis route for the studies for all compositions referenced from the ICSD database.  

 

 

3.4 Quantification of Equatorial Anion Distortions and Octahedral Tilts 

 

3.4.1 Equatorial Anion Distortion  

In our previous study of anion distortion behavior in traditional perovskites the 

mathematical groundwork for this investigation was given in detail and the reader is 

referred to this work, Chapter 2.4.4, for a full description of the method of quantification. 

A brief description is as follows: 

 

 qr = h�� × h�e                                                                   (11) qu = h�L × h�e                                                     (13) 

wtv = 180 − KUy�� qr∗qu|qr||qu|                                    (15) 

 qz = h�� × h�L                                                                 (16) q{ = h�e × h�L                                                                 (17) 

w|} = 180 − KUy�� qz∗q{|qz||q{|                                    (18) 

 

 

Using the refined fractional coordinates (u, v, w), lattice parameters (a, b & c), and planar 

intersection angles (α, β & γ), the equivalent Cartesian basis representation of the atomic 

spatial coordinates of the system under study can be determined.  By defining vectors, 

as seen in Fig. 3.1, one can determine the normal vectors (NNNN) to the planes A, B, C & D 

and subsequently ascertain the angle of intersection between the sets of planes A&B 

and C&D.  This intersection angle, represented by either φAB or φCD, respectively, can be 

viewed as a degree of deviation of the equatorial anion configuration from a planar state.  
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Any non-zero result for either of the defined quantities φAB or φCD is a deviation from a 

planar configuration to a corresponding non-coplanar state; see Fig. 3.2. It should be 

noted that for the case of the layered perovskites the equatorial plane will be defined by 

the non-apical oxygens of the perovskite-like blocks this is due to a convenient frame of 

reference which is not present in the traditional perovskites where the equatorial plane 

was defined by the max distortion seen by the octahedra, see Chapter 2.4.4.  

 

 

 

Figure 3.1:   Vectors defining the planes with which the octahedral equatorial 
anion distortion φAB is resolved.  

 

 

 

Figure 3.2:   Coplanar and distorted non-coplanar equatorial anion 
configurations.  

 

 

3.4.2 Octahedral Tilt Angle Determination 

For the system under study, we have chosen to define the octahedral tilts 

explicitly with respect to the unit cell edges.  Octahedral tilt magnitudes were calculated 

by defining vectors for each of the respective octahedra connecting the apical oxygens 
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along the direction of the crystallographic c axis and resolving the angular relationships 

between these tilt vectors and the crystallographic axes; see Fig. 3.3.  This method of 

analysis is equivalent to the determination of the direction cosines of a vector in 

Cartesian space.  The following set of equations allows calculation of the three 

respective tilt angles as described. 

 

 

|���| = ���u
 − u� ∗ a�� + ��v
 − v� ∗ b�� + ��w
 − w� ∗ c���
                   (1) 

θ� = cos�� ����� ∗!|���|                                                (2) 

θ" = cos�� �#��# ∗$|���|                                                (3) 

θ& = cos�� �'��' ∗(|���|                                               (4) 

 

 

|VVVVBTBTBTBT| is the magnitude of the vector connecting the apical oxygens along the c axis and θX, θY, and θZ are the angles between the vector (VVVVBTBTBTBT) and the three respective principal 

crystallographic axes X, Y, and Z.  The lengths of the principal crystallographic axes are 

given as a, b, and c, respectively. The fractional coordinates of the top (T) and bottom (B) 

apical oxygens are described by their fractional coordinates u, v, and w (Chapter 1.1.4).  
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Figure 3.3:   Octahedral tilts relative to the x, y and z crystallographic axes for 
each of the three octahedral layers in the perovskite-like block.  

 

 

3.5 Results and Discussion 

 

 The structural differences between the B-site cation species, titanium and 

niobium, in octahedral coordination have been assumed to be insignificant with regards 

to the deformation behavior of the equatorial anions in the 2, 3, 4 and 5-layer Aurivillius 

phases.  This assumption is based both on the similar magnitudes of the 6-fold 

coordinated B-site ionic radii, 0.605 Å & 0.64 Å,14 and the Pauling electronegativity 

values, 1.5 & 1.6,15 for titanium and niobium, respectively.  Under this assumption the 

transition from the 3-layer Aurivillius phases Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 

1.0) to Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd & PrNd) should be relatively smooth 

with regards to equatorial octahedral anion distortion, is demonstrated in Fig. 3.4.  



 

Figure 3.4:   Equatorial a
titanates and alkaline earth titanium

 

 

 It is important to note that the average A

herein are themselves refined quantitie

Table 3.I, the average A-

the Shannon ionic radii for 12

position.14  The Shannon ionic radii tables lack values for both Pr

coordination; therefore we used values estimated by interpolation, as listed in Table 

Finally, it should be noted that in this system the values of 

magnitude for all of the respective octahedral environments, therefore only the 

values have been plotted in figures to maximize the clarity of trends. 
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Equatorial anion distortion values for the three-layer lanthanide 
titanates and alkaline earth titanium-niobates refined by our group.  

It is important to note that the average A-site ionic radius values discussed 

herein are themselves refined quantities.  Based on the Shannon ionic radii listed in 

-site ionic radii reported in Table 3.II are the weighted average of 

the Shannon ionic radii for 12-fold coordination of all species present on the A

The Shannon ionic radii tables lack values for both Pr3+ and Bi

coordination; therefore we used values estimated by interpolation, as listed in Table 

Finally, it should be noted that in this system the values of φAB & φCD are very close in 

magnitude for all of the respective octahedral environments, therefore only the 

values have been plotted in figures to maximize the clarity of trends.  

Ave. A-site Ionic Radius (Å) 
 

layer lanthanide 
 

site ionic radius values discussed 

s.  Based on the Shannon ionic radii listed in 

II are the weighted average of 

fold coordination of all species present on the A-site 

and Bi3+ in 12-fold 

coordination; therefore we used values estimated by interpolation, as listed in Table 3.I.  

are very close in 

magnitude for all of the respective octahedral environments, therefore only the φAB 
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Table 3.I:   Shannon Ionic Radii for the Respective Species Present on the A-site 
Positions  

 
Cation Species Coordination # Ionic Radius (Å) 

Ba2+ 12 1.61 

Pb2+ 12 1.49 

Sr2+ 12 1.44 

Ca2+ 12 1.34 

Bi3+ 12 1.38* 

La3+ 12 1.36 

Pr3+ 12 1.32* 

Nd3+ 12 1.27 

Nb5+ 6 0.64 

Ti4+ 6 0.605 
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Table 3.II:  Equatorial Anion Distortion in the Aurivillius Phase Layered 
Perovskites  

  
Average Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 

Composition ICSD # A-site 
IR (Å) φAB° φCD° φAB° φCD° φAB° φCD° φAB° φCD° φAB° φCD° 

Bi4Ba2Ti5O18 
* 150402 1.50 0.13 0.13 0.18 0.18 0.07 0.07 0.18 0.18 0.13 0.13 

Bi4Pb2Ti5O18 
* 150403 1.44 0.10 0.09 0.29 0.29 0.50 0.50 0.29 0.29 0.09 0.10 

Bi4Sr2Ti5O18 
* 150401 1.41 0.20 0.20 0.60 0.59 0.19 0.19 0.59 0.60 0.20 0.20 

Bi4Ca2Ti5O18 
* 150400 1.36 0.50 0.49 2.50 2.47 3.64 3.64 2.47 2.50 0.52 0.51 

Bi4BaTi4O15 
** 174545 1.46 0.05 0.05 1.14 1.15 1.14 1.15 0.05 0.05 --- --- 

Bi4PbTi4O15 
** 173544 1.42 0.08 0.08 1.42 1.45 1.42 1.42 0.08 0.08 --- --- 

Bi4CaTi4O15 
** 173542 1.37 0.64 0.64 1.54 1.62 1.54 1.54 0.64 0.64 --- --- 

Bi2SrTi4O15 
** 173543 1.40 0.14 0.15 0.10 0.10 0.10 0.10 0.14 0.15 --- --- 

Bi2SrBaNb2TiO12 
** 245009 1.47 0.00 0.00 0.09 0.09 0.00 0.00 --- --- --- --- 

Bi2Sr2Nb2TiO12 
** 245008 1.43 0.00 0.00 0.18 0.18 0.00 0.00 --- --- --- --- 

Bi2SrCaNb2TiO12 
** 245007 1.40 0.20 0.19 0.27 0.27 0.19 0.19 --- --- --- --- 

Bi2SrBaNb2TiO12 --- 1.48 0.04 0.04 0.32 0.32 0.04 0.04 --- --- --- --- 

Bi2Sr1.5Ba0.5Nb2TiO12 --- 1.45 0.03 0.03 0.07 0.07 0.03 0.03 --- --- --- --- 

Bi2Sr2Nb2TiO12 --- 1.43 0.01 0.01 0.12 0.12 0.01 0.01 --- --- --- --- 

Bi2Sr1.5Ca0.5Nb2TiO12 --- 1.41 0.03 0.03 0.37 0.37 0.03 0.03 --- --- --- --- 

Bi2SrCaNb2TiO12 --- 1.39 0.19 0.20 0.12 0.12 0.20 0.20 --- --- --- --- 

Bi2La2Ti3O12 --- 1.36 0.17 0.18 0.58 0.58 0.18 0.18 --- --- --- --- 

Bi2LaPrTi3O12 --- 1.35 0.12 0.13 4.52 4.52 0.13 0.13 --- --- --- --- 

Bi2LaNdTi3O12 --- 1.33 0.18 0.19 2.46 2.46 0.19 0.19 --- --- --- --- 

Bi2Pr2Ti3O12 --- 1.33 0.16 0.17 4.50 4.50 0.17 0.17 --- --- --- --- 

Bi2PrNdTi3O12 --- 1.31 0.21 0.21 4.12 4.12 0.21 0.21 --- --- --- --- 

Bi2Nd2Ti3O12 --- 1.29 0.09 0.09 5.61 5.61 0.09 0.09 --- --- --- --- 

Bi2BaNb2O9 
* 82281 1.61 0.02 0.02 0.02 0.02 --- --- --- --- --- --- 

Bi2SrNb2O9 
* 82280 1.44 0.37 0.37 0.37 0.37 --- --- --- --- --- --- 

Bi2SrNb2O9 --- 1.43 1.08 1.06 1.08 1.06 --- --- --- --- --- --- 

Bi2CaNb2O9 --- 1.34 1.08 1.09 1.08 1.09 --- --- --- --- --- --- 

         
* Authors did not report static mixing for this composition. ** Authors did not constrain the 
overall chemical stoichiometry of this solid solution series.  Refined composition varies 
from reported in Literature. 
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 Approximately half of all the diffraction data used in this investigation to study the 

equatorial anion distortions comes directly out of our group and the various combined x-

ray and neutron powder diffraction studies of the three-layer Aurivillius phase oxides 

conducted to date.  The data for these compositions will be examined in detail with 

respect to the tilting of the octahedral units within the perovskite-like blocks, in addition 

to the deformation of these octahedra when the average A-site ionic radius is below    

1.4 Å.  As previously mentioned, an incorrect space group assignment for the solid 

solution series Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 1.0) has been corrected and 

the data reanalyzed,9 the results of which are presented here. It is important to note that 

in their study Zhou et.al correctly ascertained that this series of compositions should be 

in the orthorhombic space group B2cb,13 similar to the parent composition Bi4Ti3O12.
4  

However, Zhou et.al. did not constrain the overall chemical stoichiometry during the 

course of their Rietveld refinements, so if verified using the resulting CIF files, the 

associated structures do not charge balance even though all atomic sites were 

maintained at full occupancy.  

In addition to the three-layer Aurivillius oxide compositional series discussed 

above, three related solid solution series were also examined via information contained 

within the ICSD, resulting from Rietveld refinement of neutron powder diffraction data.  

These included the two-layer phases Bi2(Ca, Sr, Ba)Nb2O9,
3,16 four-layer phases Bi4(Ca, 

Sr, Ba & Pb)Ti4O15 
17 and the five-layer phase Bi4(Ca, Sr, Ba & Pb)2Ti4O15.

18  A 

preliminary word of caution is needed regarding two of these solid solution series. In 

analyzing the four-layer alkaline-earth-titanate Aurivillius phases the authors did not 

constrain the overall chemical stoichiometry of the system under study and as a result 

the refined compositions vary from that reported17 and do not correctly charge balance. 

In the five-layer alkaline-earth-titanate Aurivillius phases, static mixing between the A-

site positions and Bi-site within the [Bi2O2]
2+ layer was not examined, therefore, the 

average A-site ionic radius reported herein are based solely on the overall chemical 

stoichiometry and is not a weighted average of ionic radii of the species present due to 

static mixing.  A summary of all systems studied and their associated φAB & φCD 

equatorial oxygen distortion values for each of their respective perovskite-like blocks is 

contained in Table 3.II.  

 Prior to examining the individual data sets based on number of repeat units of 

perovskite-like block contained between the bismuth oxide layers, some general 

observations based on the data contained in Table 3.II should be made.  A systematic 
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stepwise reduction in the  average A-site ionic radius for the individual compositions 

from 1.50 Å to 1.29 Å was accomplished with a rather limited number of A-site cation 

species (Ba2+, Sr2+, Ca2+, Pb2+, Bi3+, La3+, Pr3+ & Nd3+).  For all studied compositions, the 

outer-octahedra and the corresponding inner-octahedra sets, the equatorial anion 

distortions values, φAB & φCD, mirror one another about the (002) plane.  For example, in 

the 5-layer series, the magnitude of φAB & φCD in layers 1&5 and 2&4 is equal, as is the 

case for layers 1&4 and 2&3 in the four-layer series, 1&3 in the three-layer series and 

layers 1&2 in the 2-layer Aurivillius oxides.  Also, the degree of equatorial anion 

octahedral distortion increases as the distance from the [Bi2O2]
2+ layers increases.  This 

relationship may indicate a relaxation mechanism existing between the outer-octahedra 

and the [Bi2O2]
2+ layers.   

The lack of significant distortion from a planar state for any of the layer-1 

octahedra, for any of the compositions contained within Table 3.II, regardless of the A-

site ionic radii, should be noted; see Fig. 3.5.  The greatest degree of distortion is seen 

in the octahedra on or immediately adjacent to the (002) plane.  Finally, the n=2 layer in 

all compositional series represents the first octahedra not immediately adjacent to a 

[Bi2O2]
2+ layer within the crystal, except for the case of the 2-layer Aurivillius phases 

where the n=2 layer is in fact adjacent to one of the two [Bi2O2]
2+ layers within the as-

defined unit cell.  When the n=2 layer distortion value, φAB, is plotted versus the average 

A-site ionic radius for the three-, four- and five-layer Aurivillius oxides, a distortion of the 

equatorial anion environments in the Aurivillius phase oxides can be seen to correlate 

with an average A-site ionic radii below ~1.4 Å; see Fig. 3.6.  

 



Figure 3.5:   Equatorial anion 
three-, four- and five

 

 

Figure 3.6:   Equatorial anion 
three-, four- and five
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Equatorial anion distortion values for all layer-1 data sets for the 
and five-layer Aurivillius oxides examined in this investigation. 

Equatorial anion distortion values for all layer-2 data sets for the 
and five-layer Aurivillius oxides examined in this investigation. 

Ave. A-site Ionic Radius (Å) 

Ave. A-site Ionic Radius (Å) 

 

1 data sets for the 
layer Aurivillius oxides examined in this investigation.  

 

2 data sets for the 
layer Aurivillius oxides examined in this investigation.  
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 For the systems Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 1.0) and Bi2A2Ti3O12 

(A2 = La2, Pr2, Nd2, LaPr, LaNd & PrNd) the magnitude and direction of the tilts with 

respect to the three principal crystallographic axes were examined in detail.  Octahedral 

tilting in these systems is mechanistically related to the optimization of the first 

coordination sphere of the A-site cation similar to the case of traditional perovskites.19-20  

Additional complexity results from the layered nature of these materials and the 

associated differences in local strain distribution and bonding environments present 

within the crystal.  An increase in the absolute magnitude of the tilts is correlated with 

decreasing average A-site ionic radius.  Over the range of cation substitutions in the 3-

layer Aurivillius phases, tilting of the inner octahedra varies linearly from ~1.7° to ~9.1° 

relative to the c-axis.   The octahedra directly adjacent to the [Bi2O2]
2+ layers exhibit 

tilting over the range of ~0.8° to ~8.1° respective to the c axis, although linearity is lost in 

these outer octahedra; see Fig. 3.7.  The loss of linearity may be a consequence of the 

interactions with the [Bi2O2]
2+ layer and the local bonding environment surrounding this 

octahedron’s associated apical oxygen.  Finally, the values of refined equatorial anion 

distortion φAB & φCD in the series Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 1.0) are 

seen to be in line with those calculated from Zhou’s series of refinements in the 

orthorhombic B2cb; see Table 3.II.13 
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Figure 3.7:   Octahedral tilt values for the three-layer lanthanide titanates and 
alkaline earth titanium-niobates refined by our group. Note: these values are 
taken in reference to the three principal crystallographic axes.  

 

 

 MO6 octahedra are usually treated to a first approximation as rigid, non-distortive 

structural features.19-20  In our work to quantify the equatorial anion distortions of the MO6 

octahedra in traditional perovskites, a method was developed that would allow us to 

determine if a similar distortive structural feature was present in the layered perovskites.  

In the three-layer Aurivillius phase solid solution series Bi2Sr2-xAxNb2TiO12 (A= Ca, Ba, x 

= 0.0, 0.5, 1.0) and Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd & PrNd) it was confirmed 

that indeed there was a structural distortion present that varied inversely with the 

Ave. A-site Ionic Radius (Å) 
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average A-site ionic radius.  The distortion values φAB for the inner octahedra in these 

systems ranged from ~0° to 5.6°, whereas the degree of equatorial anion distortion φAB 

exhibited by the octahedra immediately adjacent to the [Bi2O2]
2+ layer assumed an 

almost planar configuration, ~0° to 0.2° distortion; see Figs. 3.5 and 3.6.  

 An in-depth study of the information contained within the ICSD was undertaken 

to determine what other systems were available for study without resorting to additional 

neutron diffraction experiments to confirm our results.  Structural studies based on the 

Rietveld refinement of neutron diffraction data for 2-,3,16 3-,9,13 4-17 and 5-layer18 

Aurivillius oxides were found and examined explicitly through their associated 

crystallographic information files.  Not surprisingly most of the compounds found within 

the ICSD were based on the different alkaline earth A-site substitution series.  The 

disadvantage to this is the lack of significant number of compounds with a refined 

average A-site ionic radius below 1.4 Å, which was present in the three-layer lanthanide 

titanates.  

 In a general sense, it has been confirmed through the examination of the ICSD 

data that distortion of the octahedral units within the crystal structure does indeed occur 

and is associated with reduced average A-site ionic radius.  Examination of the φAB 

distortion values for the 2-, 3- and 5-layer series demonstrate this deviation from a 

planar equatorial anion arrangement; see Figs. 3.4 and 3.8.  It should be noted that the 

4-layers exhibited some larger than expected distortions within the higher average ionic 

radii regimes although this may have been influenced by the authors not constraining the 

overall stoichiometry of the system during their refinements of the structural 

characteristics.   For example, Bi4PbTi4O15 as reported,17 refined to a chemically non-

stoichiometric Bi2.86Pb0.82Ti4O15 and this may influence the calculated distortion we found 

in this series, and others, as noted previously. 

 



Figure 3.8:   Equatorial anion distortion in the 5

 
 
 
3.6 Conclusions 

 

 Similar to the case of traditional perovskites, equatorial anion distortion has been 

established in the Aurivillius family of the layer perovskites.  Tilting of the octahedral 

units within the Bi2Sr2-xA

La2, Pr2, Nd2, LaPr, LaNd & PrNd) Aurivillius phases has been quantified and presented.  

As in the traditional perovskites, octahedral tilting in these phases has been attributed to 

the optimization of the first coordination sphere of the A

inversely with average A

has been established, below which distortion of the octahedral environments within the 

crystal structure becomes significant.  Distortion up to ~6° has been seen to correlate 

with an average A-site ionic radius of ~1.3 

within the ICSD have been investigated and their respective distortion values 

reported along with those of the three

0.0, 0.5, 1.0) and Bi2A2Ti

our group.  
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Equatorial anion distortion in the 5-layer Aurivillius oxides. 

Similar to the case of traditional perovskites, equatorial anion distortion has been 

established in the Aurivillius family of the layer perovskites.  Tilting of the octahedral 

AxNb2TiO12 (A= Ca, Ba, x = 0.0, 0.5, 1.0) and Bi

, LaPr, LaNd & PrNd) Aurivillius phases has been quantified and presented.  

As in the traditional perovskites, octahedral tilting in these phases has been attributed to 

the first coordination sphere of the A-site cation and shown to vary 

inversely with average A-site ionic radius.  A critical average A-site ionic radius of 1.4 

has been established, below which distortion of the octahedral environments within the 

structure becomes significant.  Distortion up to ~6° has been seen to correlate 

site ionic radius of ~1.3 Å.  The structurally refined Aurivillius phases 

within the ICSD have been investigated and their respective distortion values 

reported along with those of the three-layer phases Bi2Sr2-xAxNb2TiO12 

Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd & PrNd) directly studied by 

Ave. A-site Ionic Radius (Å) 
 

 

Similar to the case of traditional perovskites, equatorial anion distortion has been 

established in the Aurivillius family of the layer perovskites.  Tilting of the octahedral 

(A= Ca, Ba, x = 0.0, 0.5, 1.0) and Bi2A2Ti3O12 (A2 = 

, LaPr, LaNd & PrNd) Aurivillius phases has been quantified and presented.  

As in the traditional perovskites, octahedral tilting in these phases has been attributed to 

site cation and shown to vary 

site ionic radius of 1.4 Å 

has been established, below which distortion of the octahedral environments within the 

structure becomes significant.  Distortion up to ~6° has been seen to correlate 

.  The structurally refined Aurivillius phases 

within the ICSD have been investigated and their respective distortion values φAB & φCD 

 (A= Ca, Ba, x = 

, LaPr, LaNd & PrNd) directly studied by 
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Chapter 4 – Structural and Electronegative Sensitization of Band Gaps in the 
3-Layer Lanthanide Titanate Aurivillius Oxides 

 

 

4.1 Abstract 

 

Twelve members of the 3-layer lanthanide titanate Aurivillius oxides have been 

successfully formed as phase pure compositions and their respective band gaps 

reported.  Cation substitutions on the perovskite-like A-sites positions allowed for the 

systematic manipulation of the band gaps and have been shown to shift the optical 

absorption edge by as much as 0.3 eV for the 3-layer lanthanide titanate Aurivillius 

oxides.  Band gaps of the solid solution series studied ranged from 3.61 to 3.28 ± 0.02 

eV. A Vegard-type relationship between crystal chemical composition and band gap has 

been noted over the range of compositions studied.  In addition to the structural 

manipulation of the optical absorption characteristics, an electronegative method for 

increasing solar capture efficiency has been proposed based on intentional substitution 

of Bi3+ ions on the perovskite-like A-site positions.  
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4.2 Introduction 

 

 The Aurivillius phase layered perovskite structure was first ascertained by Bengt 

Aurivillius in the late 1940s and consists of successive repeat units of perovskite-like 

blocks interleaved with bismuth oxide layers.1  Since then numerous investigations have 

been undertaken to understand the subtle structural features and promising 

photocatalytic activity of this class of materials.2-8  The current study has been designed 

to systematically probe the optical absorption characteristics of the 3-layer lanthanide-

titanate Aurivillius oxides, in an attempt to red-shift the band gaps and increase the solar 

capture efficiency of this class of materials. 

Since the first successfully documented case of the photocatalytic cleavage of a 

water molecule via optical irradiation of TiO2 by Honda and Fujishima in 19729 there has 

been an explosion of research into the use of photocatalysts as a method for molecular 

hydrogen production.  A large amount of this research has been focused on the tailoring 

of the optical band gap of materials to efficiently harvest the energy contained within 

solar radiation.  Most known photocatalysts today have optical band gaps in the UV 

portion of the electromagnetic (EM) spectrum, so the ability to alter the band gaps to 

allow absorption of longer wavelengths is critical to increasing the efficiency of the 

proposed systems.10  

Small structural changes, such as how the anions arrange themselves around 

the cations, can result in crystal field effects that can alter the band edge positions and 

associated photochemical properties.  Such is the case for the polymorphs of TiO2, 

where anatase is photocatalytically active and rutile is not.  In both polymorphs the 

excitation process from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO) is the same: oxygen 2p to titanium 3d.10  By 

altering the oxygen arrangements around titanium cation, a reduction in degeneracy of 

the titanium 3d orbitals results, which alters the associated band gap, relative band edge 

positions and the photocatalytic properties of the polymorph. 

Similar to titanium dioxide, Aurivillius phase oxides also exhibit transition metals 

in octahedral coordination with oxygen, which is a structural feature common to the 

oxide based photocatalysts.  Extension of the concept of crystal field alteration of 

photocatalytic activity based on manipulation of the local bonding environments within 

Aurivillius phase oxides has been suggested as a means of tailoring the activities of 

these materials for water splitting applications.11  In this investigation, manipulation of the 
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Ti-O bond lengths via A-site spectator ion substitutions has been investigated as a 

method of tailoring the optical absorption characteristics of a select set of Aurivillius 

phase materials.  

   

 

4.3 Experimental 

 

4.3.1 Powder Synthesis and Characterization 

Conventional solid state synthesis methods were used in the formation of all 

samples.  Precursor powders included Bi2O3 99.9% (Alfa), TiO2 99.9% (Alfa), La2O3 

99.9% (Alfa), Pr6O11 99.9% (Strem), and Nd2O3 99.9% (Alfa).  The powders were mixed 

in stoichiometric proportions, under isopropyl alcohol and homogenized using a 

McCrone micronising mill, type H2A-7H, with alumina media.  Calcination of the raw 

materials was carried out at 815 °C in air, once all isopropyl alcohol had been 

evaporated from the precursor reactants.  Post calcination all powders were reground by 

hand using a mortar and pestle and 10 grams of the resulting powder was pressed at 

~60 MPa using a 1.9 cm die.  The remaining material from the original 25 gram batch 

was used as a sacrificial powder bed to limit bismuth volitization during the high heat 

sinter cycles.  Sample pellets and their respective sacrificial powder beds were then 

sintered in covered MgO crucibles for a period of 12 hours at 1050 °C.  Following the 

high heat sinter cycle, the samples and powder beds were reground by hand and phase 

purity checked using x-ray diffraction analysis. This procedure was followed by 

sequential repressing, sintering and x-ray diffraction characterization until a total of three 

sinter cycles had been achieved.12  The samples pellets were then reground prior to 

diffuse reflectance measurements.  

 

4.3.2 Diffuse Reflectance Measurements and Band Gap Determination 

Following phase formation, the individual sample powders were compacted to 

achieve a flat sample surface and their diffuse reflectance spectra analyzed using a 

Perkin Elmer Lambda 900 UV/Vis/NIR spectrometer (Perkin Elmer, Waltham, MA).  UV-

Vis diffuse reflectance spectra were obtained for all samples with a scan range of 200-

800 nm.  The diffuse reflectance spectra collected were subsequently converted to an 

absorption curve and normalized prior to band gap determination.  The normalization 
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region for all samples was held consistent and chosen such that the optical absorption 

edge, corresponding to the band gap region, for all studied phases was fully bracketed 

within the region of normalization.  This region corresponded to the energy range of 2.85 

to 3.85 eV or ~320 to 435 nm.   

The “band gap” for these materials was defined as the 50% absorption level of 

the normalized optical absorption data.  A somewhat conservative error estimate of ± 

0.02 eV, based on a re-synthesis and repeat measurement study has been suggested.  

These calculated band gap values were then used to track the optical absorption edge 

progression towards the visible as a function of A-site chemistry.  This method proved a 

good reflection of optical absorption characteristics of the studied phases and alleviated 

any slope dependence of the calculated band gaps which may have convoluted the 

trends within the UV-Vis data.  

 

4.3.3 X-ray Phase Purity 

 X-ray powder diffraction analysis of all studied phases was conducted using 

either a Siemens D500 or D5000 diffractometer in Bragg-Brentano geometry with Cu-Kα 

radiation to ascertain the phase purity of the samples.  All compositions reported herein 

formed single phase Aurivillius oxides without any detected impurities throughout the 

range of A-site cation substitutions tested.  A subset of the compositions studied in this 

investigation, Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd and PrNd), and their 

representative x-ray diffraction patterns demonstrating phase purity has been included in 

Chapter 1, Fig. 1.1.  

 

4.3.4 Rietveld Refinements 

 Combined Rietveld refinement of x-ray and neutron powder diffraction data for 

six members of the 3-layer lanthanide titanate Aurivillius oxides, Bi2A2Ti3O12 (A2 = La2, 

Pr2, Nd2, LaPr, LaNd and PrNd), have previously been discussed in Chapter 1.  The 

reader is referred to Chapters 1 and 3 for further enumeration of the structural aspects of 

these phases, including: lattice parameters, static mixing behavior, and octahedral-tilting 

and   -distortion for these phases.  
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4.4 Results and Discussion 

 

 During the course of this investigation, twelve phase pure members of the 3-layer 

lanthanide titanate Aurivillius oxides were successfully formed and their associated 

optical absorption characteristics analyzed.  Utilizing the results from our Rietveld 

refinements of the phases Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, LaNd and PrNd) and 

previous researchers’ structural studies of the parent composition Bi4Ti3O12,
13 it is 

suggested that the correct space group associated with this solid solution series is most 

likely B2cb (orthorhombic).   

For the purposes of this investigation, the average A-site ionic radii (IR) for the 3-

layer lanthanide titanates reported is based on the stoichiometric average of ionic radii of 

all cations present on A-site positions and the Shannon ionic radii values contained in 

Table 4.I.  They are not based on the Rietveld refinements of the static mixing behavior 

due to a lack of neutron powder diffraction data for the phases A2 = LaBi, PrBi, NdBi, 

La0.5Nd0.5Bi, Pr0.5Nd0.5Bi and Bi2.  Additionally, the Shannon ionic radii tables lack 12-fold 

coordinated radius values for the Bi3+ and Pr3+ cations, therefore, values based on 

interpolation of data contained within the Shannon tables has been used, see Table 4.I.  

 

 

Table 4.I:   Shannon Radii for the A-site Species14  

 
Species CN Ionic Radius (Å) Pauling Electronegativity  

Bi3+ 12 1.38* 1.90 

La3+ 12 1.36 1.10 

Pr3+ 12 1.31* 1.13 

Nd3+ 12 1.27 1.14 

 

Note: CN refers to coordination number and ionic radius refers to the Shannon ionic 
radius for the respective A-site species.  * Indicates interpolated values for the ionic 
radius of the species. 
 

 

 The results from the UV-Vis diffuse reflectance measurements and the 

associated calculated band gap values for the 3-layered lanthanide titanate Aurivillius 

oxides studied have been summarized in Table 4.II, in conjunction with their average A-

site ionic radii values.  Two methods of increasing the solar capture efficiency, or visible 
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light sensitization, will be addressed based on structural and electronegative methods.  

Structural sensitization refers to compositions where the A-site cation positions are 

populated only by members of the lanthanides, barring static mixing considerations 

which were not examined explicitly, as previously noted.  Electronegative sensitization 

refers to the intentional isovalent replacement of lanthanide ions on the A-site positions 

with Bi3+ cations (ex. Bi3LaTi3O12) which largely influences the site specific average 

electronegativity.  

 

 

Table 4.II:   Calculated Band Gap Values and Average A-site Ionic Radii for the 
full Solid Solution (Bi2A2Ti3O12)  

 

A-site Species Ave. A-site Ionic Radius (± 0.01 Å) Band Gap (± 0.02 eV) 

Bi2 1.38 3.28 

La2 1.36 3.61 

Pr2 1.31 3.31 

Nd2 1.27 3.43 

LaPr 1.34 3.44 

LaNd 1.32 3.49 

PrNd 1.29 3.35 

LaBi 1.37 3.39 

PrBi 1.35 3.29 

NdBi 1.33 3.33 

La0.5Nd0.5Bi 1.35 3.34 

Pr0.5Nd0.5Bi 1.35 3.30 

 

 

 

4.4.1 Structural Sensitization of the 3-Layer Lanthanide Titanates 

 Using the lanthanide contraction and its systematic decrease in ionic radius as 

one progress from lanthanum to neodymium, it was attempted to isolate any potential 

structural contributions to the band gap for the 3-layer lanthanide titanates.  The Pauling 

electronegativities for the rare earth elements lanthanum, praseodymium and 

neodymium are all very similar in magnitude (1.10, 1.13 and 1.14, respectively),15 

therefore mixing between these species should result in an almost purely structural 
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impact to the band gaps for the members of the mixed lanthanides.  It was initially 

hypothesized that a linear, or at least systematic, relationship between band gap and 

average A-site ionic radius might be observed.  An interesting point to note is the 

decidedly non-linear influence of A-site cationic radii on the band gaps of these 

materials; Table 4.II and Fig. 4.1.  As this figure demonstrates, the band gap is not a 

simple function of ionic radius, and ionic radius alone does not explain the optical 

absorption edge progression observed.  However, an almost perfect Vegard-type 

relationship exists between band gap and composition within the 3-layer lanthanide 

titanates, and a red-shift of optical absorption edge of ~0.3 eV is possible from 

manipulation of the lanthanide ions residing on the A-site positions alone; Table 4.III and 

Fig. 4.1.  

 

 

Table 4.III:   Band Gaps for the End Point Compositions and the Associated 
Mixed Lanthanide (Bi2A2Ti3O12) 

 
A-site Species Ave. A-site Ionic Radius (± 0.01 Å) Band Gap (± 0.02 eV) 

Nd2 1.27 3.43 

LaNd 1.32 3.49 

La2 1.36 3.61 

Nd2 1.27 3.43 

PrNd 1.29 3.35 

Pr2 1.31 3.31 

Pr2 1.31 3.31 

LaPr 1.34 3.44 

La2 1.36 3.61 

NdBi 1.33 3.33 

La0.5Nd0.5Bi 1.35 3.34 

LaBi 1.37 3.39 

NdBi 1.33 3.33 

Pr0.5Nd0.5Bi 1.35 3.30 

PrBi 1.35 3.29 
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Figure 4.1:   Bi2A2Ti3O12 band gaps as a function of chemistry and average A-site 
ionic radius for the mixed lanthanide compositions.  

 
 

 

4.4.2 Electronegative Sensitization of the 3-Layer Lanthanide Titanates 

It has been proposed that incorporation of highly electronegative ions, such as 

lead, into the Aurivillius phases can cause an associated red-shift of the optical 

adsorption edge.16-18  Previously this concept was demonstrated with the 2-layer alkaline 

earth titanate Aurivillius phases CaBi4Ti4O15 and CaBi2Nb2O9, where lead was 

incorporated as an isovalent substitution into the structure in place of the alkaline earth 

A-site cations.16  Extension of this work to the 3-layer lanthanide titanate Aurivillius 

phases has been investigated, with the incorporation of bismuth in place of the rare 

earth cations.  Bi3+ has an ionic radius similar to that of the first few members of the 

lanthanide series, albeit slightly larger, and a Pauling electronegativity nearly double that 

of these rare earth elements.  In addition, Bi3+ exhibits stereochemically active lone pair 

electrons, similar to lead, which may have an influence on the first coordination sphere 

of the titanium cations.  This, when taken in conjunction with its slightly larger ionic 

radius, compared to the lanthanides studied, may lead to a degree of structural 

sensitization in addition to electronegative mechanism suggested.  

 

 

Ave. A-site Ionic Radius (Å) 
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Band gaps in the bismuth replacement series were observed to decrease with 

increasing Bi3+ content of the A-site positions.  The largest relative decrease in band 

gap, or increase in solar capture efficiency, was seen in the lanthanum containing 

Aurivillius phases and decreased in the following order La > Nd > Pr; see Table 4.IV.  All 

bismuth replacement series, regardless of end point compositions, exhibited Vegard-

type behavior between the endpoints, for example A2 = La2 and Bi2 and the associated 

mixed lanthanide species A2 = LaBi, see Fig. 4.2.  Similar to the purely structural 

investigations undertaken, the electronegative studies yielded band gap sensitization of 

up to ~0.3 eV over the range of A-site cation substitutions.  Increased solar capture 

efficiency (a decrease in band gaps) was observed to correlate with increased bismuth 

content of the site. 

 

 

Table 4.IV:  Band Gaps for the End Point Compositions tested and the 
associated Bismuth Replacement Subsets (Bi2A2Ti3O12) 

 

A-site Species Ave. A-site Ionic Radius (± 0.01 Å) Band Gap (± 0.02 eV) 

Nd2 1.27 3.43 

NdBi 1.33 3.33 

Bi2 1.38 3.28 

Pr2 1.31 3.31 

PrBi 1.35 3.29 

Bi2 1.38 3.28 

La2 1.36 3.61 

LaBi 1.37 3.39 

Bi2 1.38 3.28 

PrNd 1.29 3.35 

Pr0.5Nd0.5Bi 1.35 3.30 

Bi2 1.38 3.28 

LaNd 1.32 3.49 

La0.5Nd0.5Bi 1.35 3.34 

Bi2 1.38 3.28 
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Figure 4.2:   Bi2A2Ti3O12 band gaps as a function of chemistry and average A-site 
ionic radius for the bismuth replacement compositions.  

 

 

4.4.3 Correlation of Band Gaps with Structure 

The Vegard-like relationship between crystal chemical composition and band gap 

observed during this investigation holds for all members of the 3-layer lanthanide 

titanates studied.  We conjectured that the relaxation behavior of the Ti-O bond lengths 

as a function of the spectator ions residing on the perovskite A-site may be influencing 

the optical absorption characteristics of this select materials set.  This hypothesis was 

investigated through the use of neutron diffraction experiments, which have the ability to 

accurately measure oxygen anion positions and establish accurate Ti-O bond lengths for 

the system under study. 

 

 

 

 

 

 

 

 

Ave. A-site Ionic Radius (Å) 
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Utilizing the results from our previous structural study of the system Bi2A2Ti3O12 

(A2 = La2, Pr2, Nd2, LaPr, LaNd, and PrNd), reported in Chapter 1, it has been 

determined that the band gaps of these materials can be correlated with a single TiO6 

octahedron, specifically the Ti2 octahedron. This information lends further support to the 

idea that that the band gaps for these materials can be controlled by structural means 

and influenced by the local bonding environments surrounding the active B-site cation, 

via manipulating spectator ions on the A-site positions. The bond lengths associated with 

the Ti2 octahedron, immediately adjacent to the [Bi2O2]
2+ layers, correlate well with the 

optical absorption edge progression (La2 > LaPr > Pr2 > LaNd > PrNd > Nd2) as seen in 

Figs. 4.3 and 4.4.  

 

 

Figure 4.3:   Optical absorption edge progression as a function of chemistry.  
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Figure 4.4:   Band gap vs. bond length for the series Bi2A2Ti3O12 (A2 = La2, Pr2, 
Nd2, LaPr, LaNd, and PrNd) based on Rietveld refinement of combined x-ray 
and neutron powder diffraction data.  

 

 

Since the difference in optical absorption characteristics of these materials is 

influenced by the structure in these materials, an accurate description of the ligand 

environments of the titanium cation becomes important in the development of 

photocatalysts based on transition metals in octahedral anion coordination, such as the 

Aurivillius phase materials.  The ability to systematically alter these spatial arrangements 

of the anions in transition metal octahedra to match those of anatase would be beneficial 

from the standpoint rational photocatalyst design.  We have previously demonstrated 

that the alteration of the crystal field environments in layered perovskites similar to 

anatase is possible through the use of spectator ions on the perovskite A-site position, 

see Chapters 2 and 3.  We were not able to distort the octahedral anion configurations in 

the Aurivillius oxides to the same degree as seen in anatase due to the structural 

instability observed in these systems with cations much smaller than neodymium.  
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4.5 Conclusions 

 

The combination of structural (mixed lanthanides) and electronegative (bismuth 

replacement) methods of band gap sensitization allowed for the tailoring of the optical 

absorption characteristics of the 3-layer lanthanide titanate Aurivillius oxides.  All 

compositions studied exhibited Vegard-type behavior between band gap and crystal 

chemical composition and shifting of the optical absorption edge by as much as 0.3 eV 

has been reported.  Band gap values for the series Bi2A2Ti3O12 (A2 = La2, Pr2, Nd2, LaPr, 

LaNd, and PrNd) have been shown to correlate with the bond lengths of the outer Ti2 

octahedra measured using Rietveld refinement results of combined x-ray and neutron 

powder diffraction data, presented in Chapter 1.  The capability to systematically predict 

the optical absorption behavior of the three layer lanthanide titanate Aurivillius oxides 

based on the crystal chemistry has been demonstrated and is a critical step forward in 

the rational design of photocatalysts based on this class of materials.   
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SUMMARY 

 Instead of reiterating the material presented as major findings within the 

abstracts and conclusions of the individual chapters, I would like to share my thoughts 

on how the material presented relates to the overall broader thesis topic of rational 

photocatalyst engineering.  The original basis of this work can found in “Experimental 

and Computational Study of Local Cation Environments in Oxide Photocatalysts,” NSF 

Grant # DMR-0606246, by S.T. Misture and A.N. Cormack.1  In the proposed study, the 

authors outlined a systematic approach to rational photocatalyst development based on 

the manipulation of local bonding environments of octahedrally coordinated B-site 

cations in the layered perovskites.  This thesis work is in direct response to the 

experimental section of this investigation, although, is it also directly applicable to the 

future computational studies as they require accurate structural descriptions of the 

systems under study.  

 The initial x-ray and neutron powder diffraction studies of the 3-layer lanthanide 

titanate Aurivillius oxides were undertaken to understand the subtle structural changes 

resulting from cation substitutions on the A-site positions within the perovskite-like 

blocks.  Manipulation of these local cation environments via cation substitutions yielded 

insights into the structural influences of the optical absorption characteristics of this class 

of materials, as was presented in Chapter 4.  The ability to systematically and 

predictably tailor how certain Aurivillius structured materials interact with light, based on 

structural and crystal chemical considerations, is an important step forward in the 

process of rational photocatalyst design for the layered perovskites.  Although, a band 

gap is in its nature a difference measurement, and as such, it does not yield absolute 

information about the valence and conduction band edge positions.  Information such as 

this would be greatly beneficial from a photocatalyst development perspective and 

methods, for example x-ray photoelectron spectroscopy (XPS) and electrochemical 

testing, should be considered as a logical extension to the work presented herein.   

 Octahedral distortions, in the traditional and layered perovskites, can greatly 

influence the local bonding environments of the photocatalytically active B-site cations.  

Distortions of this type may result in crystal field effects which have the potential to 

manipulate both the optical absorption characteristics and photocatalytic activities of 
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these materials.  The ability to alter the octahedral anion configurations in the TiO6 and 

NbO6 octahedra, based on A-site cation substitutions, for the Aurivillius structured oxides 

was presented in Chapter 3.  Extension of the method of analysis reported herein for 

calculating the degree of octahedral distortion should be considered for other potential 

photocatalyst materials sharing this common structural feature, including pyrochlores, 

spinels, and the tungsten bronzes.  In addition, other methods of altering the ligand 

arrangements surrounding the transition metal cations in attempt to replicate or improve 

upon the photocatalytic activity of anatase should be investigated.  

 The goals of the future computer simulation study are three-fold.  Foremost is to 

understand the crystal chemistry contribution (local cation environments) to the optical 

absorption characteristics and photocatalytic activity of the layered perovskites.  Next, to 

determine the strains present within the crystal lattices due to cationic replacement 

within the layered perovskites.  Finally, to develop a predictive phenomenological model 

describing the theoretical relationship between the measured structural/electronic 

characteristics and catalytic activity.1  The combination of these computational studies 

with the experimental work reported should provide valuable insights into rational 

photocatalyst design of related systems.  
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