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ABSTRACT  

 The crystal structures of assorted Aurivillius compositions have been indexed 

and refined from combined Neutron and x-ray powder diffraction data.  The crystal 

structure distortions were discussed quantitatively from mainly three aspects: 

octahedron tilt, perovskite in-plane distortion and interlayer adjustment between 

perovskite and Bi-O layer.  Both A-site cation ionic radius and number of perovskite 

layers influence the structure distortion details which is decisive for the spontaneous 

polarization.  Dielectric, ferroelectric and conductivity measurements were used to link 

the structure features with electrical properties.  Besides the macroscopic structure 

information, local nano-region disorder would affect electrical properties. A series of rare 

earth Aurivillius oxides with Mn-doping was studied for possible multiferroic behavior. All 

the studied compositions turned out to be paramagnetic with (anti)ferromagnetic 

interactions at very low temperature and magnetoresistance was observed.  
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INTRODUCTION 

 

Since the discovery of Aurivillius structure, Aurivillius oxides have been studied 

for their electric and ferroelectric properties.1,2  There have been continuous interests on 

this type of materials that bring about a remarkable amount of industrial and commercial 

applications. These applications include high dielectric constant capacitors;3 random 

access memory;4 piezoelectrics;5,6 fatigue-free ferroelectrics;7 lead-free relaxors;8 

oxygen ion conductors;9,10 multiferroics;11-16 photocatalysts for hydrogen production and 

water purification;17-19 and photoluminescent films.20,21    

Aurivillius structure oxides with a general formula of Bi2Am-1BmO3m+3 are built up 

by layers of perovskite blocks interleaved with bismuth oxide fluoride structure layer. The 

complexity of the material structure at the same time enables flexibility of various A and 

B cations so that this type of material could have numerous family members. Additional 

compositions can be produced by stacking the perovskite block with different sizes.  This 

unique feature for Aurivillius oxides provides possibilities to tailor the crystals structure 

and furthermore customize properties from simply varying the compositions. 

 

Crystal structures 

 

Aurivillius oxide was firstly assigned to the crystal structure as a 

pseudotetragonal structure with orthorhombic distortions.2  Subsequently, Newnham et 

al. studied a series of Aurivillius compositions from one layer Bi2WO6 to four layer 

Bi5Ti3FeO15 and addressed exact space group A21am for two and four layer 

compositions while space group B2cb for one and three layer compositions from neutron 

diffraction refinements.22  The detailed structural studies suggested the distortions are 

related to the spontaneous polarization and an empirical formula was proposed to 

correlate the Curie temperature and displacement of B from the octahedral center.  

What’s more, Newnham et al argued that the strain energy could be the reason for 

crystal distortions.   

Thereafter, Extended X-Ray Absorption Fine Structure (EXAFS) studies on 

BaxSr1-xBi2Nb2O9 approached the tetragonal phase and found that Ba and Sr ions 

substitute each other in a solid solution.23 They concluded that Sr/Ba induces tilting and 

octahedral distortion while Bi-O layer remains highly stable and decides the unit cell 

structure.   
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On the contrary, Ismunandar and Kennedy investigated SrBi2Nb2O9 and 

BaBi2Nb2O9 using synchrotron x-ray and neutron powder diffraction methods and 

reported orthorhombic space group A21am for SrBi2Nb2O9 while initially A21am but later 

switched to tetragonal structure I4/mmm for BaBi2Nb2O9.
24,25  Both studies showed Sr on 

A site has larger distortion and tilt than Ba on the A site.  They also presented the cation 

site mixing distortion between Sr/Ba on the A site and Bi on the Bi-O layer. Many authors 

have done research work on the mechanism of this cation site mixing phenomenon.26-31 

The lattice mismatch between Bi-O layer and perovoskte layer has been attributed to be 

the major reason for the site mixing as it can can relieve the lattice strain.26,32 

The structural studies have been then extended to different A-site and B-site 

cations as well as the number of perovskite layers.  Neutron powder diffraction studies 

on Bi2Sr1.4La0.6Nb2MnO12 reported a tetragonal phase with I4/mmm space group.33  

However, another three layer composition Bi4Ti3O12 was stated by different authors in 

orthorhombic Fmmm space group and monoclinic B1a1 space group.34,35 X-ray and 

neutron diffraction analysis of PbBi4Ti4O15 was reported to orthorhombic space group 

A21am and later one Pb1+xBi4+xTi4-xMnxO15 refinements from neutron diffraction data 

matched this structure exactly.27,36 Giddings et al synthesized Bi5Ti3CoO15 and reported 

a phase transition from A21am to I4/mmm at 650oC from neutron diffraction data.37  

Kennedy’s neutron diffraction studies on BaBi4Ti4O15 show a continuous transition and 

probably an intermediate paraelectric phase.38 The five layer phases with compositions 

A2Bi4Ti5O18 (A=Ca, Sr, Ba and Pb) have been refined to orthorhombic B2cb structures 

from powder neutron diffraction data.32  Pb2Bi4Ti5O18 studied by Goff et al. with also 

neutron powder diffraction refinements fitted F2mm space group and undergone a 

complex phase transition F2mmm to I4mm and eventually I4/mmm.39  It is quite obvious 

that there is confusion about the exact structure for Aurivillius phases and quite few 

publications can be found to investigate the reasons and trends of crystalizing different 

space groups with similar compositions.   

Additionally, fabrication process plays an important role in the crystal structures.  

It has been reported that the reduction of lattice parameters a and b while enlargement 

of lattice parameter c with increasing annealing temperature.40  Sintering also affects the 

grain morphology of Aurivillius materials. Nd0.85Bi3.15Ti3O12 powders with unltrafine 

nanometer particle size were prepared from hydrolysis method.41 Compared with normal 

sintering micrometer size powders with typical platelet shape, the nano-size powders 

have isotropic grain growth and equi-axed shapes.  
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Ferroelectrics 

 

Ferroelectric ceramics are important materials which can be applied to a wide 

range in industrial and commercial fields from high dielectric capacitors to piezoelectric 

transducers, sensors, and electro-optical devices, etc.42,43  

Ferroelectricity was firstly discovered in Rochelle salt in 1920s, and then the high 

dielectric constant BaTiO3 was introduced and developed in 1940s.44  The study of 

ferroelectric origin of ceramic BaTiO3 reformed the dominant belief that ceramic with 

random orientation could not be piezoelectric.43  A new class of ABO3 type perovskite 

structure materials then came on the stage. The economic prices make this group most 

appealing in industrial world compared with other ferroelectric materials like the tungsten 

bronze or the pyrochlore materials.      

The ferroelectricity is well-known expected from the crystal structure symmetry.  

However, the reversibility of the dipoles for the ceramics with randomly oriented domain 

polarization vectors still cannot be predicted accurately in practical world.  The structural 

origin for a typical ABO3 perovskite with corner-shared oxygen octahedra comes from 

B4+ ion movement with applied field.45  The hybridization between the Ti 3d states and O 

2p states plays a key role in the ferroelectricity.45  

Besides BaTiO3, lead zirconium titanate (PZT) is also an extensively used 

ferroelectric ceramic. PZT has higher Curie temperature, higher electromechanical 

coupling coefficient and lower sintering temperature than BaTiO3.
44  Comprehensive 

studies have been made to optimize the properties of PZT for different applications with 

doping or modifiers. 44,46  For example, aliovalent Nb5+ doping in PZT could enhance the 

ease of polarization switching and lead dielectric transition to diffuse behavior.47  

Replacing Pb with La-series has also been published to induce the diffuse behavior in 

PZT and counteract the p-type conductivity of PZT which remarkably increase the 

electrical resistivity.43,48  Substitution of Sr2+ on Pb2+ would affect the structure stability 

then increases remnant polarization and coercive field.49        

Bismuth titanate soon after became one of the most promising ferroelectric 

materials as a result of large spontaneous polarization with fatigue-free characteristics.50  

Bismuth layer structured ceramics as Aurivillius oxides with a distinctive anisotropic 

structure are very appealing candidates for ferroelectrics, including both normal 
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ferroelectrics and the relaxors.8  Aurivillius oxides exhibit very high Curie temperature, 

like over 900oC for Bi2CaNb2O9.
5  The outstanding fatigue tolerance against polarization 

switching makes them foremost competitors for the nonvolatile ferroelectric memory 

applications.51 In addition, the large anisotropic electromechanical coupling factor 

enables them being utilized in high temperature piezoelectric.52         

   

Multiferroics 

 

Multiferroics refer to the coexistence of (anti)ferromagnetism and ferroelectricity 

in materials.  In other words, multiferroics have spontaneous magnetization which can 

be switched by applied electric field and spontaneous electrical polarization which can 

be switched by an applied magnetic field.53,54  Those materials have continuously 

advanced new scientific discoveries with great potential in modern technology including 

multiple state memory elements, smart sensors, magnetic probes, actuating devices, 

and electrical transformers.53,55 

However, the ferroelectricity and magnetism incline to concurrently exclude each 

other and only weakly associate in nature.  From structural symmetry point of view, there 

are only 13 out of 233 Shubnikov magnetic point groups which support the simultaneous 

spontaneous polarization and magnetization.56  Moreover, the materials falling into one 

of these 13 magnetic point group doesn’t necessarily lead to the multiferroic behavior.  In 

addition, most ferroelectric materials which are perovskite oxides enclose transition 

metal ions with a d0 configuration.  On the other hand, transition metal ions with partially 

field d or f shells are prerequisite for magnetism.   

Although ferroelectric and magnetic coupling seems to be hardly happening, 

several routes have been proposed and realized already.  One way is to develop 

multiferroic composite by alternating different layers like ferroelectric PZT mixed with 

ferromagnetic CoFe2O4.
57  Nonetheless, there are still many unsolved problems 

including the chemical interaction between the layers and high electrical conductivity at 

grain boundaries.58    

PbFe0.5
3+Nb0.5

5+O3 as an alternate route was proposed to incorporate both 

magnetic transition metal ions with d electrons and ferroelectrical active d0 transitional 

metal ions at B site in perovskite.56  The multiferroic behavior of this material has been 

proved by experiments showing an antiferromagnetic transition at 155K as a result of the 

superexchange interactions by Fe-O-Fe.59  Remnant polarization of 17.7µC/cm2 was 
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also reported in thin film form, suggesting a strong ferroelectric.60  The magnetoelectric 

coupling for PbFe0.5
3+Nb0.5

5+O3 is very weak in consequence of independently different 

origins.   

Another generally acknowledged strategy is considering perovskite materials with 

Bi3+ or Pb2+ on A site and magnetic transition metal ions on the B site.56  The (ns)2 lone 

pairs  within Bi3+ or Pb2+ ions favor sp hybridization, therefore support the polar distortion 

of perovskite and aid the ferroelectricity. BiFeO3 is one of the most popular multiferroic 

materials from this category, in which the lone pair mechanism of Bi ion at A site induces 

ferroelectricity and magnetism could be supplied by Fe magnetic ion at B site.61,62  The 

crystal structure of BiFeO3 is reported to be rhombohedra with space group R3c.56  The 

spontaneous polarization aligns along the [111] direction and could reach up to 

100µC/cm2 as single crystals.63  The ferroelectric Curie temperature resides around 

1103K and the antiferromagnetic Neel temperature is about 643K.56  Bismuth layered 

structured ferroelectrics have been newly studied similar to BiFeO3.  For instance, single 

phase Bi5Fe0.5Co0.5Ti3O15 ceramic with an orthorhombic symmetry exhibits room 

temperature ferromagnetism and ferroelectricity, with 2Pr of 13µC/cm2 and 2Mr of 7.8 

memu/g.13  

Furthermore, YMnO3 called hexagonal perovskite has been studied considerably 

for the multiferroic behavior.  The Curie temperature for YMnO3 is as high as 950K and 

Neel temperature is as low as 77K.15  The ferroelectricity origin for YMnO3 is completely 

aberrant from traditional perovskite ferroelectrics like BaTiO3.  Mn3+ ion in YMnO3 located 

in the center of the O5 bipyramids.  The tilting of MO5 bipyramids caused by close 

packing motivates the ferroelectricity, and Y-O pairs mostly arranging the dipole 

moments.15  Resultantly, the coupling between ferroelectricity and magnetism is fairly 

feeble.   
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Thesis Scope 

 This thesis work is mainly focused on the crystal structure analysis of Aurivillius 

oxides from 2 layers to 5 layers spanning a broad range of different cations doping.  The 

structural distortions and driving force behind them will be discussed. The cation doping 

effects, site mixing between cations inside the perovskite block and Bi ion in the bismuth 

oxide layer as well as the perovskite layer effect will be studied to investigate the trend 

for structural features.  The structural features tracked here primarily direct to the local 

environments around Ti, Nb, Ta, Mn and the interface between perovskite block and 

bismuth oxide layer.   

 The second major part of this thesis is aimed at linking the crystal structure 

features with their electrical and magnetic properties.  So the material properties can be 

optimized with careful controlling of crystal structures from different compositions.  

 Four manuscripts which are prepared for publications in peer reviewed journals 

have been included in the thesis to present the summary of the substantial structure-

property research work on the Aurivillius oxides.   
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Chapter 1  
Local Structure Distortion and Structural Trends in Aurivillius Oxides 

 

 

A.  Abstract 

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

were used to understand the subtle structure distortions in 3- and 4-layer Aurivillius 

oxides as a function of the A-site ionic radius.  The materials included the Ca, Sr, and Ba 

series on the perovskite-like A sites and combinations of Ti, Ta, and Nb on the B sites. 

All of the compounds take on orthorhombic symmetry at room temperature. The 

structural distortions away from ideal octahedra were quantitatively defined and linked to 

the calculated ferroelectric polarization. The calculated ferroelectric polarization varies 

from 16.1µC/cm2 to 8.4µC/cm2, following the same trend as that the kink angles which 

decrease with increasing A-site ionic radius.   
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B. Introduction 

 

  The Aurivillius phases with a general formula of Bi2An-1BnO3n+3 have been studied 

since 1949.1 The structure of these oxides is built up of layers of perovskite blocks 

intergrown with bismuth oxide fluorite structure [Bi2O2]
2+ layers. Herein the integer n 

represents the number of BO6 perovskite blocks between the [Bi2O2]
2+ layers. ‘A’ 

corresponds to the cations located at the cubo-octahedral A-site, which can be occupied 

by quite a large number of 12 fold coordinated cations such as Bi3+,64 La3+,65 Pr3+,66 Nd3+, 

Ba2+,67 Sr2+,67 Ca2+,67 Pb2+,68 Na+,69 K+,70 etc. ‘B’ refers to the cations on the octahedral B-

site positions and may include Ti4+,64 Nb5+,71 Fe3+,16 Co3+,12 Ta5+,29 W6+,72 etc. and 

combinations thereof.73   

Aurivillius phases have been investigated extensively for many applications, but 

most recently as possible hosts for multiferroic behavior.  The use of the Bi3+ lone pair of 

electrons to create local off-centering has been a theme of this research since Bi3+ lone 

pairs on the A site could support the distortion of perovskite and assist the 

ferroelectricity.12,13,16,56,74   Additional possible applications include hydrogen production 

photocatalysts,18 ferroelectric random access memory,75,76 piezoelectric devices,5,77 and 

multiferroic applications.11,78  Because of the flexibility of cation doping on the A- and B-

sites, it is possible to tailor the structures and therefore properties. 

Literature contains conflicting results regarding the structures and even 

properties of these materials, which is not unexpected because of their structural 

complexity and the layered nature may allow extensive stacking disorder.  Aurivillius 

oxides with identical or similar compositions have been reported in various space 

groups, including B2cb,32 A21am,27 I4/mmm,79 B1a1,80 I2cm,81 F2mm39 and Fmmm.34  

Among these reports, few structures have been refined using neutron diffraction patterns 

which allow accurate information of oxygen positions compared with x-ray diffraction 

patterns.25,82  Previously, besides many published scattered Aurivillius structures,30,83 the 

series of two layer compositions ABi2Nb2O9 and ABi2Ta2O9 (A=Ca, Sr, Ba) have been 

reported separately.25,29,84  Zhou et al indexed and described the details of 

ASrBi2Nb2TiO12 (A=Ca, Sr, Ba) structures.85  Kennedy et al studied a series of four layer 

Aurivillius phases ABi4Ti4O15 (A=Ca, Sr, Ba, Pb).27  Five layer Aurivillius structures of 

A2Bi4Ti5O18 (A=Ca, Sr, Ba, Pb) have been also refined from neutron powder diffraction 

data.32  However, there exists no comprehensive view on how the A-site, B-site, or the 

number of perovskite layer affect the Aurivillius crystal structures, especially structural 
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distortion details.  In this chapter, 14 three-layer Aurivillius compositions and 4 four-layer 

ones have been comprehensively analyzed with 7 new structures reported.  The 

extensive dimension of the different compositions enables convincing arguments to be 

put forth regarding the structure stability and links of structure to properties.  

Cation disorder between A cation in perovskite site and Bi ion in [Bi2O2] layer has 

been considered and discussed for Aurivillius phases in many publications.27,29,66,84,86,87  

The driving force for the cation disorder has been always ascribed to  size  mismatching 

of the perovskite layer and [Bi2O2] fluorite layer.84,86  This theory cannot apply to all the 

materials studied in this chapter with a wide range of A cations.  Therefore, this chapter 

suggests a new argument for the cation disorder and structural distortion. 

In addition, the relation between the material properties and crystal structure 

remain vague.  Crystal structures refined from neutron and x-ray diffraction patterns 

clarifies the the origin of the ferroelectricity in Aurivillius oxides is the structural 

distortion.22  This chapter establishes specific relationships between ferroelectricity and 

distortion features, which would realize the material modeling for the precise ferroelectric 

applications. 

This present work aims to expand upon our earlier work88 to quantify the 

structure distortions that that result in off-centering of the highly charged cations and 

static site mixing between Bi3+ and the pervoskite-like A-site cations.  This knowledge 

enables predictive ability as well as accurate quantum mechanical simulation of 

electronic band structures.  

 

 

C. Experimental Procedure 

 

1. Sample Synthesis  

 Powder samples were prepared using conventional solid state synthesis. The 

reactants included Bi2O3 99.9% (Alfa), TiO2 – anatase 99.9% (Alfa), SrCO3 99.9% (Alfa), 

CaCO3 99.9% (Alfa), BaCO3 99.9% (Alfa), Na2CO3 99.9% (Alfa), and Nb2O5 99.9% 

(Alfa).  The powders were mixed stoichiometrically and milled under isopropyl alcohol in 

a McCrone micronising mill (H2A-7H), using alumina media.  The powders were then air 

dried and calcined at 750°C in air for 5 hours.  Subseq uently, the sample batches were 

reground and pressed into pellets using a 1.9 cm die at ~60 MPa.  Part of the sample 
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powder was used as a sacrificial powder bed to bury the sample pellets to inhibit 

bismuth volatilization at high temperatures.  Sample pellets were then reacted up to 3 

times at 1050°C or 1150°C for 12 hours in covered MgO crucibles, with the intermittent 

grinding by hand using synthetic sapphire mortar and pestle between sintering cycles 

until the pure phase was achieved.89 

 

2.  TEM and Electron Diffraction Measurements 

The powder sample was carefully ground with isopropyl alcohol by hand for 20 

minutes until very fine particle size was achieved.   

Then the powder sample was loaded into a Holey carbon grid, imaged using 

Hitachi HF3300 FEG-TEM/STEM with EDS and EELS/GIF at Oak Ridge National 

Laboratory.  

 

3.  X-ray Fluorescence Measurements 

The powder sample was mixed with X-ray Mix binder (Chemplex, CAT No.690) 

and pressed into a 2.5cm diameter and 0.5cm thickness pellet. Then the concentrations 

of the elements were determined by X-ray flourescence (XRF, Bruker S4 Pioneer). 

 

4.  Neutron and X-ray Diffraction Measurements 

Neutron diffraction experiments were conducted at Los Alamos National 

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

powder diffractometer, and at Oak Ridge National Laboratory using the POWGEN 

diffractometer.  For each measurement, approximately 6 grams of powder was packed 

into a vanadium sample holder and measured under ambient conditions.   

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. 

Measurements were made using a step scan of 5-140°2 θ, 0.03° step size, and 2 second 

count time with power setting of 40 kV and 40 mA.  

X-ray diffraction in transmission mode was carried out using a Bruker D8 

Advance; with Mo-Kα radiation and step scan measurements of 4-60°2 θ, 0.015° step 

size, with power setting of 45 kV and 40 mA. 
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5.  Rietveld Refinements 

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

sets were completed with GSAS (General Structure Analysis System)90 and its graphical 

interface EXPGUI.91  X-ray powder diffraction data was modeled using the Thomson-

Cox-Hastings asymmetry corrected profile function90 and neutron powder diffraction data 

was analyzed with the modified VonDreele TOF neutron powder diffraction profile fit 

function.92  A series of constraints was developed during the Rietveld refinements 

process to allow reasonable refinement of atomic positions and occupancies.  Overall 

stoichiometric constraints were also applied. 

The atomic coordinates for all A-site cations and equivalent B-site cations were 

constrained to the same value. However, the position of the A site cation when mixed 

onto the Bi site was allowed to relax in all three directions, acknowledging the difference 

between the spherical A-site and asymmetric Bi3+ cations.67,85,86,93 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.  All oxygen 

occupancies were fixed to unity. In addition, the partial occupancies of A, B and Bi were 

constrained to allow refinement of the static mixing while maintaining the overall 

stoichiometry.                         

 

 

D.  Results and Discussion 

 

1. Crystal structure distortions of three layer Aurivillius oxide series  

Powder x-ray diffraction patterns in Figure 0.1 show the purity of three Aurivillius 

compounds Bi2A2Ta2TiO12(A2 = CaSr, BaSr, Ba0.5Sr1.5).  All reflections were successfully 

indexed in space group B2cb.  The structural models with space group B2cb and 

I4/mmm from previous diffraction studies for Bi2Sr2Nb2TiO12 were used as starting 

models in the refinements.85,94  XRF confirmed the stoichiometric compositions with a 

standard deviation of ±0.8%, as shown in Table I for Bi2SrCaNb2TiO12.       
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Figure 0.1:   X-ray diffraction powder patterns of the Aurivillius phases      
Bi2A2Ta2TiO12. Reflections markers on the bottom are for space group B2cb. 

 

 

     Figure 0.2 shows the Rietveld plot for the neutron powder diffraction pattern of 

Bi2SrCaTa2TiO12 in the orthorhombic structure.  The fitting parameters in Table III 

indicate that all the variables are reasonable as well as the estimated standard 

deviations.  The remainders of the structure descriptions are included in the 

supplementary information. The only non-physical result obtained was a slightly negative 

value for the Ti displacement parameter in, (see Table IV which is a result of insensitivity 

of neutron diffraction to Ti atom (neutron scattering length of titanium is -3.438 fm).95  

As the compositions change from Bi2SrCaTa2TiO12 to Bi2Ba0.5Sr1.5Ta2TiO12 to 

Bi2SrBaTa2TiO12, the refined A-site ionic radius gradually increases from 1.387Å 

to1.480Å to 1.513Å.  All three unit cell parameters expand accordingly and the 

orthorhombic structures approach tetragonal symmetry.  Bond valence sum (BVS) 

calculations as shown in Table VI indicate that all the cations possess reasonable 

bonding distributions.96-98  The global instability index values (GII=(∑i(di)
2/N)1/2) imply that 

the bond valence have very small deviations from the expected atomic valence.99 
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Figure 0.2:   Rietveld fit of neutron powder diffraction data in space group B2cb 
for Bi2SrCaTa2TiO12 at room temperature. The tick marks show the Bragg 
reflections positions. 

 

 

Table I:   XRF Compositional Results for Bi2SrCaNb2TiO12 with a Standard Deviation of 
±0.17%  

 

Element Composition Molar% from XRF Composition from XRF 

Bi 2 0.43 2.09 

Sr 1 0.21 1.05 

Ca 1 0.20 0.94 

Nb 2 0.41 2 

Ti 1 0.18 0.86 

O 12 2.42 11.85 

 

 

Table II:   Refined Structure Details for Bi2A2Ta2TiO12    

 
Bi2SrCaTa2TiO12 Bi2Sr1.5 Ba0.5Ta2TiO12 Bi2SrBaTa2TiO12 

sg B2cb B2cb B2cb 

a(Å) 5.4791(9) 5.5251(5) 5.5418(8) 

b(Å) 5.4779(9) 5.5252(5) 5.5421(8) 

c(Å) 33.011(5) 33.4408(32) 33.5961(4) 

t(tolerance factor) 0.97 1.00 1.02 

GOF(goodness of fit) 2.18 1.55 1.94 

Χ2 4.722 2.403 3.674 

Rwp(R weighted pattern) 0.074 0.036 0.073 
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Table III:   Refined Structural Parameters for Bi2SrCaTa2TiO12 

Atom  Site Fraction x y z Uiso 

Sr A 0.401(23) 0.0 1.02452(8) 0.06309(8) 0.0109(6) 

Ca A 0.439(19) 0.0 1.02452(8) 0.06309(8) 0.0109(6) 

Bi A 0.123(23) 0.0 1.02452(8) 0.06309(8) 0.0109(6) 

Sr Bi 0.099(23) 1.00305(8) 1.0242(8) 0.1989(8) 0.0120(4) 

Ca Bi 0.060(19) 1.00305(8) 1.0242(8) 0.1989(8) 0.0120(4) 

Bi Bi 0.877(23) 1.0064(10) 1.00141(10) 0.21346(10) 0.0120(4) 

Ta Ti1 0.7189(25) 0.01188(8) 1.00927(8) 0.37435(8) 0.0016(4) 

Ti Ti1 0.2820(25) 0.01159(8) 1.00897(8) 0.37405(8) 0.0016(4) 

Ta Ti2 0.562(5) 0.00155(29) 0.0 0.5 0.0017(9) 

Ti Ti2 0.436(5) 0.00535(29) 0.0 0.5 0.0017(9) 

O O1 1 0.70865(15) 0.2969(14) -0.00137(21) 0.0169(8) 

O O2 1 0.25435(14) 0.2675(9) 0.25006(14) 0.00612(9) 

O O3 1 -0.0095(2) 0.9691(14) 0.44279(10) 0.0279(11) 

O O4 1 0.97455(18) 1.0358(15) 0.31918(12) 0.0296(14) 

O O5 1 0.23675(15) 0.2360(11) 0.12198(12) 0.0135(8) 

O O6 1 0.26785(13) 0.2621(9) 0.88834(9) 0.0051(5) 

 

 

Table IV:   Refined Structural Parameters for Bi2Sr1.5 Ba0.5Ta2TiO12 

Atom  Site Fraction x y z Uiso 

Sr A 0.611(12) 0.0 1.00541(6) 0.06417(6) 0.0140(4) 

Ba A 0.279(14) 0.0 1.00541(6) 0.06417(6) 0.0140(4) 

Bi A 0.110(14) 0.0 1.00541(6) 0.06417(6) 0.0140(4) 

Sr Bi 0.139(12) 0.99232(6) -0.0255(6) 0.1917(6) 0.0160(4) 

Ba Bi -0.029(14) 0.99232(6) -0.0255(6) 0.1917(6) 0.0160(4) 

Bi Bi 0.890(14) 1.01043(5) -0.00054(5) 0.21407(5) 0.0160(4) 

Ta Ti1 0.7467(22) 0.01408(5) 0.99857(5) 0.37362(5) 0.0022(4) 

Ti Ti1 0.2533(22) 0.01408(5) 0.99857(5) 0.37362(5) 0.0022(4) 

Ta Ti2 0.507(4) 0.00842(33) 0 0.5 -0.0061(10) 

Ti Ti2 0.493(4) 0.00842(33) 0 0.5 -0.0061(10) 

O O1 1 0.72092(13) 0.2816(10) -0.00081(18) 0.0098(6) 

O O2 1 0.25762(11) 0.2506(14) 0.24806(15) 0.0093(4) 

O O3 1 -0.00368(15) 1.0107(14) 0.44177(5) 0.0119(6) 
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O O4 1 1.00892(19) 0.9821(17) 0.31831(7) 0.0197(8) 

O O5 1 0.26012(12) 0.2603(9) 0.11520(9) 0.0053(5) 

O O6 1 0.24332(14) 0.2380(9) 0.87977(10) 0.0071(6) 

 

 

 

Table V:   Refined Structural Parameters for Bi2SrBaTa2TiO12 

Atom  Site Fraction x y z Uiso 

Sr A 0.335(17) 0.0 1.00247(7) 0.06468(7) 0.0137(6) 

Ba A 0.457(19) 0.0 1.00247(7) 0.06468(7) 0.0137(6) 

Bi A 0.208(19) 0.0 1.00247(7) 0.06468(7) 0.0137(6) 

Sr Bi 0.792(19) 0.9873(4) -0.0292(4) 0.1963(4) 0.0076(4) 

Ba Bi 0.165(17) 0.9873(4) -0.0292(4) 0.1963(4) 0.0076(4) 

Bi Bi 0.792(19) 1.0067(7) 0.00556(7) 0.21494(7) 0.0076(4) 

Ta Ti1 0.7288(21) 0.00623(8) 0.99596(8) 0.37308(8) 0.00374 

Ti Ti1 0.2712(21) 0.00623(8) 0.99596(8) 0.37308(8) 0.00374 

Ta Ti2 0.583(4) 0.00105(40) 0 0.5 0.00374 

Ti Ti2 0.417(4) 0.00105(40) 0 0.5 0.00374 

O O1 1 0.71905(11) 0.2671(9) -0.00033(20) 0.0039(6) 

O O2 1 0.24955(12) 0.2525(15) 0.24897(19) 0.0074(4) 

O O3 1 -0.0086(2) 1.0114(16) 0.44170(6) 0.0079(6) 

O O4 1 0.99795(20) 0.9905(21) 0.31841(8) 0.0128(6) 

O O5 1 0.25275(12) 0.2610(12) 0.11587(8) 0.0007(5) 

O O6 1 0.23915(16) 0.2387(13) 0.87904(11) 0.0062(2) 

 

 

Table VI:   Bond Valence Sums for Bi2A2Ta2TiO12  

Site Bi2SrCaTa2TiO12 Bi2Sr1.5 Ba0.5Ta2TiO12 Bi2SrBaTa2TiO12 

A-site 1.87 2.35 2.45 

Bi-site 2.66 2.48 2.38 

Ti1-site 4.71 4.64 4.57 

Ti2-site 4.89 4.56 4.70  

GII* 0.25 0.24 0.26 

*GII (Global Instability Index) 99=(∑i(di)
2/N)1/2 

 

 

  Table VII lists all the refined A-site ionic radii calculated based on the site 

mixing results. Static site mixing between the perovskite A-site and the Bi site within the 
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[Bi2O2]
2+ layers was reported in our earlier work and other studies.84,88  Earlier studies 

reported this static mixing as a mechanism to relieve the interlayer strain between the 

[Bi2O2]
2+ and perovskite-like layers.29,30,100  According to these authors, only a limited 

range of cations can site mix with Bi ions due to size effects.   However, our studies with 

a range of compositions spanning a wide range of A-site ionic radius (from 1.29Å to 

1.51Å) show contradictory results.  Herein we find an average of 19±6% Bi  site mixed 

with A-sites. It is reported that the Bi site mixing at A site decreases with the the size of 

the A site cation.27,29,84 However, this trend only applies to the simple composition series, 

such as Bi2ANb2TiO12 with A=Ca, Sr, Ba.84  As shown in Table VII, this trend is not clear 

for all the compositions.  Bi2LnTi3O12 have the average site occupancies for Bi ion at A 

site of 23±1% while ABi2B2TiO12 of 15±1%.  The details of the cation site mixing 

mechanism will be discussed again in the following structure distortion section. 

 

Further, the site mixing also occurs between the B-site cations, among Ta5+, Ti4+ 

and Nb5+.  The Ti4+/Ta5+ or Ti4+/Nb5+ partial occupancies for five Bi2A2Nb2TiO12 and three 

Bi2A2Ta2TiO12 compounds shown in Figure 0.3 demonstrates 53±3% of the center B site 

is taken up by Ti4+ and 25±1% of the outer B site is filled with Ti4+.  While it is possible 

that the substitution of Ti4+(0.605Å101) onto the larger Nb+5(0.64Å101) site is driven by 

interlayer strain relief, it is more likely that electron configuration plays the dominant role 

in these arrangements because of the d0 cations as explained below. The center Ti site 

has a more symmetrical oxygen coordination while the outer MO6 octahedra are more 

distorted.  The Ti4+, with a 3d0 configuration, is more likely to be found in a 

centrosymmetric environment, while Nb5+/Ta5+, with a 4d0/5d0 configuration, is likely 

found in a distorted MO6 configuration because of the second order Jahn-Teller effect.86 

In addition, Ti with 4+ ionic charges would fit in better in center symmetrical 

environments.  Therefore, Ti4+ has a preference to occupy at the center Ti site.  
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Figure 0.3:   Variation of Ti4+ partial occupancies at two different B sites (Nb2Ti or 
Ta2Ti) with A-site ionic radius.  

 

Table VII:   Refined Average A-site Ionic Radius, Bi Site Mixing Radio at A-site and 
Calculated Spontaneous Polarization(Ps) for 14 Aurivillius Compositions.  

 

Composition Refined average A-Site ionic radius (Å) Bi site mixing Cal Ps (µC/cm2) 

Bi2Nd2Ti3O12 1.29102 0.20102 14.3 

Bi2PrNdTi3O12 1.31102 0.21102 13.0 

Bi2Pr2Ti3O12 1.33102 0.19102 13.7 

Bi2LaNdTi3O12 1.33102 0.31102 16.1 

Bi2LaPrTi3O12 1.35102 0.24102 14.1 

Bi2La2Ti3O12 1.36102 0.24102 16.0 

Bi2SrCaTa2TiO12 1.39 0.13 14.9 

SrCaBi2Nb2TiO12 1.39 0.14 11.4 

Sr1.5Ca0.5Bi2Nb2TiO12 1.41 0.15 10.9 

Sr2Bi2Nb2TiO12 1.43 0.13 9.8 

Sr1.5Ba0.5Bi2Nb2TiO12 1.46 0.17 11.7 

Sr1.5Ba0.5Bi2Ta2TiO12 1.48 0.11 9.6 

SrBaBi2Nb2TiO12 1.49 0.20 8.4 

Bi2SrBaTa2TiO12 1.51 0.20 8.9 
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In comparison of Bi2SrCaTa2TiO12 and Bi2SrBaTa2TiO12 in Figure 0.4, it is evident 

that the structure of Bi2SrCaTa2TiO12 is much more distorted than Bi2SrBaTa2TiO12. This 

geometrical distortion is reflected in three aspects: 1) the octahedral tilts with respect to 

c-axis; 2) the distortions inside the perovskite octahedrons; and 3) the displacement of Bi 

and O at [Bi2O2]
2+layer relative to apical O in perovskite layer interface.  These 

distortions are considered separately below. 

 

 

 

 

Figure 0.4: Crystal structure models of Bi2SrCaTa2TiO12 (left) and 
Bi2SrBaTa2TiO12 (right) in view of (100) direction. 

 

 

Tilting of the TiO6 octahedron has been reported to relieve structure strain 

caused by the size mismatch .85,103  It is also believed that the presence of small cations 

on the A-site leads to tilting of the octahedron. Consequently, the lower symmetry 

orthorhombic structure is energetically more favorable than the tetragonal 

structure.27,104,105 The tilts here are simply calculated from the angle between the c-axis 

and O4-O3 (or O3-O3 for center octahedron).27  Across the whole range of A-site cation 

radius studies, the outer TiO6 octahedrons have similar tilt angles as the center ones as 

shown in Figure 0.5. Linear fitting yields the results of Tilt(o)=56-36*IRA(Å) for center 

octahedrons and Tilt(o)=50-32*IRA(Å) for center octahedrons, with standard deviation of 
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0.98.  This is mostly due to the symmetry requirements. The tilt angles follow an inverse 

linear trend with respect to increasing refined A-site ionic radius, as has been observed 

by other studies.27,32 Thus, A–site cation size is the critical factor for the structure tilting.  

As the A-site cation radius increases from 1.29Å to 1.51Å; the tolerance factor 

t=(rA+rO)/(√2*(rB+rO)) increases from 0.94 to 1.02 and the tilt angle decreases from 8.6o 

to 1.2o. According to Goldschmidt’s theory on perovskite material, the structure with t<1 

will tilt to decrease the size of the interstices in the oxygen sublattice, therefore 

increasing rotational instabilities.106  When the tolerance factor gets close to and bigger 

than 1, the structure directs towards a tetragonal structure.  This is similar to the case of 

BaTiO3 with t=1.06, which adopts a zero tilt perovskite structure due to the close packing 

requirements.  In addition, the tilt system is adopted to reconcile the coulombic 

attractions and repulsive ion-ion interactions for A cations and O anions.105  Compared 

with pure perovskite structures, the tilt angles in Aurivillius oxides with the same A-site 

ions are about 3o smaller.88  This fact indicates that the interlayer strain from size 

mismatch of perovskite block and [Bi2O2]
2+ layer suppresses the tilt distortion. Therefore, 

tilting has been counterbalanced by both the A site cation and the interlayer strain from 

perovskite and [Bi2O2]
2+ layer to reach an energetically favorable structure.  

For the outer octahedra in the perovskite layer, as the apical O4-O3 tilt to form an 

angle with c-axis, the four oxygens in the a-b plane also direct towards the center 

octahedron like the ribs of an umbrella.  This orienting trend lessens as the A-site ion 

grows larger.  Apparently, the tilt of the structure does not simply compact the oxygen 

interstices, the A-site cations also affect the distribution of oxygen positions by attraction 

force.  Conversely, the center octahedron is less constrained by the [Bi2O2]
2+ layers and 

stays in a much more symmetrical A-site cation network.  The average O-Ti-O bond 

angles are all nearly right angles in both the c and a-b directions.  However, the O1-Ti2-

O1 angles differ greatly.  The five layer Aurivillius oxide structures reported by 

Ismunnandar et al. show the same trend described above, although there is no 

discussion about it.32  Figure 0.6 shows the a-b plane Ti-O arrangements for two 

octahedra, contrasting structures of Bi2SrCaTa2TiO12 and Bi2SrBaTa2TiO12. There is no 

apparent discrepancy for the outer octahedrons.  On the contrary, the center octahedron 

with small A-site ions (SrCa in this case) is substantially distorted, while the one with 

large A-site ions (SrBa) is not.   Because the positions of Bi and the various cations 

occupying the A-site cannot be refined independently, the A-site position is likely an 

average.  However, based on the accurate oxygen positions discussed above, it is 
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probably the Bi lone pair at the A-site oriented towards the central Ti site causing the 

distortion.  
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Figure 0.5:   Dependence of octahedral tilts angles on the A-site cation radius in 
various Aurivillius compositions. (Partial data points are re-plotted from 
previous publication88)  

 

 

Following the previous approach to describe the local coordination inside the BO6 

octahedra, six kink angles of the center octahedra have been calculated for the 14 

compositions.88,102  The results, as shown in Figure 0.7, are consistent with the 

arguments in the last paragraph.  What’s more, a distinct trend can be observed that the 

kink angle along [110] direction decreases as much as ~15o as the A-site cation radius 

increases.  The kink angles of the outer octahedra are comparably small (<10o) and do 

not follow a specific trend because of the interaction with the [Bi2O2]
2+ layers.        

The crystal structure distortion is closely related to the spontaneous ferroelectric 

polarization.  The quantitative value of the total ferroelectric polarization can be 

calculated from each component’s contribution as Ps=∑ ((mi⨯χi⨯Qie)/V).107   Herein m is 

the site multiplicity; χi is the atomic displacement along the i axis from the corresponding 

tetragonal structure; Qie is the ionic charge of the ith constituent ion, and V is the unit cell 

volume. 
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Figure 0.6:   Schematic graph of (001) view Ti-O bonding environments for outer 
octahedron (left) and center octahedron (right) from Bi2SrCaTa2TiO12 and 
Bi2SrBaTa2TiO12.  

 

1.25 1.30 1.35 1.40 1.45 1.50 1.55

0

5

10

15

20

25

K
in

k 
A

ng
le

 (
de

gr
ee

)

Average A-site Ionic Radius (Å)

 

 

 

 

~ in (110) plane

~ in (001) plane

 

Figure 0.7:   In plane kink angles depending on the A-site ionic radius for center 
octahedrons.(Partial data points are re-plotted from previous publication88)  

 

  The calculated polarization values for all the compositions are listed in Table 

VII.  Herein, χi as the atomic displacement along the i axis from the corresponding 
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tetragonal structure is defined to be positive along [100] direction, so this displacement 

could be negative is the atom dislocates from the corresponding position towards [Ῑ00] 

direction.   Only along a-axis direction, the atomic displacements contribute to the total 

ferroelectric spontaneous polarization because the symmetry cancels out the other two 

directions.  The total polarization also decreases as the A-site ions become large, which 

is anticipated because the degree of distortion decreases for large A-site ions.  This is 

clarified by examining each structural component’s contribution to the total polarization, 

as shown in Figure 0.8.  It should be noted that the large atomic displacements of the 

center octahedra are the most influential factors in the total polarization for the three 

layer Aurivillius oxides studied here.  Hervoches’ ferroelectric polarization calculation 

from the refined structure of SrBi4Ti4O15 likewise showed that TiO6 is displaced to 

greatest extent.108  Conversely, Shimakawa’s studies of the two layer Aurivillius oxide 

SrBi2Ta2O9 observed that the [Bi2O2]
2+ layers as well as O2- in TaO6 supply most of the 

atomic displacements.107  This is likely because the octahedra as well as the [Bi2O2]
2+ 

layer for the two layer Aurivillius oxides have to bear higher tension or compression 

forces compared with three and four layer ones.  Besides, Shimakawa’s crystal structure 

for SrBi2Ta2O9 did not take cation site mixing into account, which would affect the 

octahedral distortions. 
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Figure 0.8:   Schematic contribution graph for each structural part to the total 
spontaneous polarization for different compositions. 

 

Figure 0.9 demonstrates the expanding distances in the [Bi2O2]
2+ layers with 

enlarged A-site ions, which suggests that large A-site ions would increase tensile stress 

in the [Bi2O2]
2+ layers and compressive stress in the perovskite layer.  The size 

mismatch between perovskite layers and the [Bi2O2]
2+ layers has been ascribed to the 

motivation for cation site mixing of Bi3+ and A ions by most authors.26,30,84   As stated in 

their arguments, only a few select cations with suitable ionic radius size (~1.34Å) would 

be able to site mix with Bi3+.  Nonetheless, our studies confirmed that the divalent and 

trivalent cations from 1.29Å to 1.51Å are steadily site mixed with Bi3+ ions, which was 

previously considered to generate too much stress in the structure.  For this reason, the 

cation site mixing can not solely be driven by the size effect.         
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Figure 0.9:   O2-O2 (in the the [Bi2O2]
2+ layer) bond distances for varied 

compositions  

 

 

To further investigate the interlayer strains, we focused on the interlayer 

structures between the [Bi2O2]
2+ layers and the perovskite layer which mainly refers to 

the bonding from Bi/A ion at the [Bi2O2]
2+ layers and O4 at the topmost position of the 

perovskite layer.  The refinements were able to let the site mixed Bi and A ions relax in 
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the structure without constraining them at the same position, which provides subtle 

differences for these two cations.  The A-O2 bond distances stay around 2.8±0.1Å 

through the entire series studied here while the Bi-O4 bond lengths along the b-axis 

change continuously (as shown in Figure 0.10).  The Bi-O4 bond lengths along a-axis 

expand slightly from 2.89Å to 3.00Å.  As the large tilts of the perovskite octahedra pull 

the Bi ions in one direction along the b-axis, the site mixed A ions support the eight fold 

coordination by shifting towards the perovskite layer and the shift of O4 positions as well.  

This action maintains the interfacial bonding between the [Bi2O2]
2+ layers and the 

perovskite layer.  Grounded on this evidence, it is suggested that the interlayer structural 

stabilization motivates the site mixing between A and Bi ions.   

 

 

1.25 1.30 1.35 1.40 1.45 1.50 1.55
2.5

2.6

2.7

2.8

2.9

3.0

3.1

3.2

Refined Average A-site IR (Å)

B
i-O

4 
B

on
d 

Le
ng

th
 (
Å

)

along [100]
along [100]
along [010]
along [010]

    

Figure 0.10:   Bi-O4 bond length as a function of the A-site ionic radius (see 
Table 1.VIII for compositions).(Partial data points are re-plotted from previous 
publication88)  
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2. Crystal structure distortions of four layer Aurivillius oxide series Bi2A3B4O15(A3 =Sr3, 

Ca1.5Sr1.5, CaNa2, Ca2Na; B4=Nb2Ti2, Nb4, Nb3Ti ) 

Powder x-ray diffraction patterns confirmed the phase purity for the four 4-layer 

Aurivillius oxides, Bi2Sr3Nb2Ti2O15, Bi2Sr1.5Ca1.5Nb2Ti2O15, Bi2CaNa2Nb4O15 and 

Bi2Ca2NaNb3TiO15 (Figure 0.11). However, the diffraction data shows noticeable 

differences for the four compositions, such as the peak splitting at 32.6o 2θ for 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 compared with the other two.   

Most four layer Aurivillius oxides have been reported either in space group 

I4/mmm or A21am. 27,109  In this work, we established the initial structure models with 

both space groups I4/mmm and A21am from reported structures of Bi4SrTi4O15
108 and 

Bi4CaTi4O15
27, respectively.  The refinements with I4/mmm space group fit very poorly for 

all the compositions, except Bi2Sr3Nb2Ti2O15.  Our measurements of ferroelectric 

polarization as well as high temperature x-ray diffraction (HTXRD) which will be 

discussed later verified these materials have orthorhombic symmetry; therefore the 

I4/mmm space group can be excluded.   

  

 
Figure 0.11:   XRD powder patterns of Aurivillius oxides Bi2Sr3Nb2Ti2O15, 

Bi2Sr1.5Ca1.5Nb2Ti2O15, Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15.    
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On the other hand, Bi2Sr3Nb2Ti2O15 and Bi2Sr1.5Ca1.5Nb2Ti2O15 did not fit the 

A21am structure model successfully.  Many over calculated peaks and incorrect peak 

intensities suggested higher symmetry than the A21am space group (as shown in Figure 

0.12). Careful indexing of the powder XRD data using Topas110 yielded the result of 

Fmm2 space group of orthorhombic symmetry.  The structural model based on the 

reported Bi4BaTi4O15 structure111 was generated; the Fmm2 space group allowed stable 

and accurate convergence of the refinements for both Bi2Sr3Nb2Ti2O15 and 

Bi2Sr1.5Ca1.5Nb2Ti2O15.  Considering the other two four-layer compositions 

(Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15), we also find evidence for loss of reflections 

and concluded these two oxides are orthorhombic in space group A21am (as shown in 

Figure 0.13).   

 

             

 
Figure 0.12:   Rietveld fit of neutron powder diffraction data in space group Fmm2 and A21am for 

Bi2Sr3Nb2Ti2O15. (x-ray data A21am has 124 peak at 37.6two theta or 2.39 d over calculated) 

 

 

The final refined values are listed in Table I, Table IX, Table X and Table XI.  All 

the refinements achieved convergence and overall stoichiometric compositions were 

constrained.  It should be pointed out that although Na+ is unlikely to partially occupy on 
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the Bi3+ site, we have to put one there for the overall constrain parameters setting.  The 

results turned out to be 2% and -8% for Na+ partial occupancy on the Bi3+ site of 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 respectively, which is acceptable.   

It can be concluded that most odd layered Aurivillius oxides crystallized in B2cb 

symmetry while even layered one formed in the A21am space group.22,112  Because the 

neighboring perovskite octahedra tilt in opposite direction along the c-axis, the even 

number zigzags makes the full structure an unbalanced construction and therefore 

possibly yielding lower symmetry setting to lower the energy.  Newnham et al. advanced 

a theory that the motive is the strain energy from the shifted apex oxygen bonded to the 

bismuth oxide layer.22  The displacement of the apical oxygen along b axis would 

destroy the (010) mirror plane of I4/mmm and choose the energetically favored 

symmetry.22  However, both Bi2Sr3Nb2Ti2O15 and Bi2Sr1.5Ca1.5Nb2Ti2O15 in this study did 

not follow the trend.  Compared with other four layer Aurivillius oxide structures such as 

ABi4Ti4O15 and ABi2Nb4O15, there is no specific cation (both A and B) size related trend 

for the structure formation.  However, it is possible that the mixed B site cation (Ti and 

Nb) affect the oxygen and A cation arrangements and form Fmm2 symmetry to lower the 

overall energy.  Likewise, another mixed B site Aurivillius oxide Bi7Fe3Ti3O21 has been 

reported with Fm2m space group from neutron diffraction refinement.113  Single crystal 

refinement also confirmed the Fmm2 space group structure for Bi5Ti3FeO15.
114 

 

 

Figure 0.13:   Rietveld fit of x-ray powder diffraction data in space group Fmm2 and A21am for 

Bi2Ca2NaNb3TiO15.  
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In accordance with the order of Bi2Sr3Nb2Ti2O15, Bi2Sr1.5Ca1.5Nb2Ti2O15, 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15, the average refined A-site ionic radius 

decreases from 1.43Å to 1.37Å (as shown in Table XII).  As a consequence, tolerance 

factors together with the lattice parameters and unit cell volumes are reduced.  Kennedy 

et al’s studies of ABi4Ti4O15(A=Sr, Ca, Ba) detected exactly the same trend.27  The lattice 

parameters here are larger compared than their reported values, because the ionic 

radus of six-coordinate Nb5+ (0.64Å) is greater than Ti4+ (0.605Å).101  All the crystal 

structures of the four-layer Aurivillius phases are displayed in Figure 0.14. 

All the structural refinements demonstrate the cation site mixing between Bi3+ in 

the [Bi2O2]
2+ layers and A1/A2 in perovskite layer. The quantity of alkaline/alkaline earth 

cation within the [Bi2O2]
2+ layers is 19±5%, and 14±7% of Bi ions site mix at the A-site, 

which is comparable to the three-layer Aurivillius series studied.  Kennedy et al reported 

~20% Bi ion residing at A1 site for Bi4ATi4O15 (A=Ca, Sr, Ba), which is slightly higher 

than structures studied here.27  The cation site mixing between Bi and A-site cation for 

four-layer compounds, similar to the three-layer compounds, doesn’t show any trend 

with A-site cation radius.  Nonetheless, the Bi ions tend to prefer the A2-site which is 

closer to the [Bi2O2]
2+ layers, particularly for Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15.  It 

is still more likely that Ti ions reside in the center octahedra the Ti1-site than the outer 

Ti2-site.  This observation is in agreement with the three-layer Aurivillius phases.  

Therefore, electron configurations of Ti4+ and Nb5+ rather than the size effects are the 

main influences for the partial occupancies.86   

 

 

Table VIII:   Refined Structural Parameters for Bi2Sr3Nb2Ti2O15 in Space Group Fmm2(42) 

Atom  Site x y z Fraction Uiso 

Sr A1 0.0 0.0 -0.0214(27) 0.864(5) 0.0225(11) 

Bi A1 0.0 0.0 -0.0214(27) 0.136(5) 0.0225(11) 

Sr A2 0.89973(6) 0.0 -0.04247(6) 0.8247(31) 0.0243(8) 

Bi A2 0.89973(6) 0.0 -0.04247(6) 0.1753(31) 0.0243(8) 

Sr Bi 0.20570(21) 0.0 -0.02956(21) 0.1432(27) 0.0043(13) 

Bi Bi 0.22135(5) 0.0 -0.01391(5) 0.7568(27) 0.0114(4) 

Ti Ti1 0.54946(10) 0.0 -0.03321(10) 0.632(4) 0.0030(13) 

Nb Ti1 0.54946(10) 0.0 -0.03321(10) 0.368(4) 0.0030(13) 
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Ti Ti2 0.34860(8) 0.0 -0.03350(8) 0.368(4) 0.0118(9) 

Nb Ti2 0.34860(8) 0.0 -0.03350(8) 0.632(4) 0.0118(9) 

O O1 0.0 0.0 0.5 1.0 0.0062(12) 

O O2 0.54786(10) 0.25 0.2177(33) 1.0 0.0300(10) 

O O3 0.25 0.25 0.7301(31) 1.0 0.0238(10) 

O O4 0.40569(13) 0.0 -0.0274(29) 1.0 0.0198(11) 

O O5 0.35590(7) 0.25 0.2242(19) 1.0 0.0112(6) 

O O6 0.69246(13) 0.0 -0.0466(24) 1.0 0.0248(16) 

 

 

Table IX:   Refined Structural Parameters for Bi2Sr1.5Ca1.5Nb2Ti2O15  in Space Group 

Fmm2(42) 

Atom Site x y z Fraction Uiso 

Sr A1 0.0 0.0 0.0056(30) 0.181(8) 0.0169(9) 

Ca A1 0.0 0.0 0.0056(30) 0.650(7) 0.0169(9) 

Bi A1 0.0 0.0 0.0056(30) 0.169(8) 0.0169(9) 

Sr A2 0.89914(7) 0.0 0.03108(7) 0.4826(34) 0.0194(7) 

Ca A2 0.89914(7) 0.0 0.03108(7) 0.362(4) 0.0194(7) 

Bi A2 0.89914(7) 0.0 0.03108(7) 0.1556(34) 0.0194(7) 

Sr Bi 0.20643(27) 0.0 -0.01789(27) 0.1773(34) 0.0083(4) 

Ca Bi 0.20643(27) 0.0 -0.01789(27) 0.063(3) 0.0083(4) 

Bi Bi 0.22087(5) 0.0 -0.00344(5) 0.7608(34) 0.0083(4) 

Ti Ti1 0.54861(12) 0.0 0.00661(12) 0.65585(27) 0.0079(15) 

Nb Ti1 0.54861(12) 0.0 0.00661(12) 0.34415(27) 0.0079(15) 

Ti Ti2 0.34964(8) 0.0 0.00763(8) 0.34415(27) 0.0079(7) 

Nb Ti2 0.34964(8) 0.0 0.00763(8) 0.65585(27) 0.0079(7) 

O O1 0.0 0.0 0.5 1.0 0.0316(15) 

O O2 0.54739(10) 0.25 0.2627(33) 1.0 0.0577(13) 

O O3 0.25 0.25 0.75691(15) 1.0 0.0176(6) 

O O4 0.40484(11) 0.0 0.0065(32) 1.0 0.0361(11) 

O O5 0.35743(6) 0.25 0.2501(17) 1.0 0.0195(5) 

O O6 0.69235(9) 0.0 -0.002(4) 1.0 0.0282(9) 

 

 

Table X:   Refined Structural Parameters for Bi2CaNa2Nb4O15 in Space Group A21am(36) 

Atom Site x y z Fraction Uiso 
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Ca A1 0.0 0.2472(20) 0.0 0.429(13) 0.00488 

Na A1 0.0 0.2472(20) 0.0 0.557(13) 0.00488 

Bi A1 0.0 0.2472(20) 0.0 0.014(13) 0.00488 

Ca A2 -0.0993(2) 0.22855(21) 0.10079(21) 0.144(8) 0.0533(28) 

Na A2 -0.0993(2) 0.22855(21) 0.10079(21) 0.698(5) 0.0533(28) 

Bi A2 -0.0993(2) 0.22855(21) 0.10079(21) 0.157(5) 0.0533(28) 

Ca Bi 0.4446(8) 0.7144(8) 0.2120(8) 0.142(8) 0.003(6) 

Na Bi 0.4446(8) 0.7144(8) 0.2120(8) 0.024(7) 0.003(6) 

Bi Bi 0.47292(9) 0.74272(9) 0.22024(9) 0.835(5) 0.0277(9) 

Nb Ti1 0.4818(13) 0.7468(13) 0.45117(7) 1.0 0.0071(5) 

Nb Ti2 0.4645(13) 0.7545(9) 0.35105(7) 1.0 0.0086(6) 

O O1 0.4486(17) 0.3263(11) 0.0 1.0 0.00294(9) 

O O2 0.4744(25) 0.7999(15) 0.69393(16) 1.0 0.0371(19) 

O O3 0.6976(14) 0.0020(13) 0.24937(13) 1.0 0.0145(8) 

O O4 0.6578(14) 0.4536(11) 0.45773(13) 1.0 0.0085(9) 

O O5 0.7455(16) 0.9576(17) 0.44689(17) 1.0 0.0245(17) 

O O6 0.4616(18) 0.1901(8) 0.09535(11) 1.0 0.0086(9) 

O O7 0.6635(15) 0.4564(13) 0.34989(13) 1.0 0.0125(10) 

O O8 0.7185(17) 0.9739(14) 0.36445(13) 1.0 0.0173(10) 

 

 

Table XI:   Refined Structural Parameters for Bi2Ca2NaNb3TiO15 in Space Group 

A21am(36) 

Atom Site x y z Fraction Uiso 

Ca A1 0.0 0.2534(26) 0.0 0.51(6) 0.0116(15) 

Na A1 0.0 0.2534(26) 0.0 0.43(5) 0.0116(15) 

Bi A1 0.0 0.2534(26) 0.0 0.06(5) 0.0116(15) 

Ca A2 -0.0993(2) 0.22862(16) 0.10085(16) 0.386(22) 0.114(4) 

Na A2 -0.0993(2) 0.22862(16) 0.10085(16) 0.366(19) 0.114(4) 

Bi A2 -0.0993(2) 0.22862(16) 0.10085(16) 0.248(22) 0.114(4) 

Ca Bi 0.4602(5) 0.7300(5) 0.2075(5) 0.358(29) 0.0098(6) 

Na Bi 0.4602(5) 0.7300(5) 0.2075(5) -0.083(26) 0.0098(6) 

Bi Bi 0.47343(5) 0.74323(5) 0.22075(5) 0.725(22) 0.0098(6) 

Ti Ti1 0.47710(8) 0.75670(8) 0.45228(8) 0.326(4) 0.0146(10) 

Nb Ti1 0.47710(8) 0.75670(8) 0.45228(8) 0.674(4) 0.0146(10) 

Ti Ti2 0.49691(8) 0.75814(8) 0.35060(8) 0.174(4) 0.0115(9) 

Nb Ti2 0.49691(8) 0.75814(8) 0.35060(8) 0.826(4) 0.0115(9) 
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O O1 0.4905(20) 0.3263(13) 0.0 1.0 0.0025(8) 

O O2 0.4646(23) 0.8094(14) 0.69218(19) 1.0 0.0199(18) 

O O3 0.7190(23) 0.0004(23) 0.24933(23) 1.0 0.0238(14) 

O O4 0.6756(17) 0.4542(16) 0.45784(18) 1.0 0.0089(11) 

O O5 0.7611(22) 0.9555(24) 0.44721(24) 1.0 0.0264(22) 

O O6 0.4908(22) 0.1874(11) 0.09508(17) 1.0 0.0131(12) 

O O7 0.6841(21) 0.4586(21) 0.35047(22) 1.0 0.0220(21) 

O O8 0.7421(23) 0.9921(24) 0.36478(19) 1.0 0.0203(14) 

  

The bond valence sums for each site in these four compositions are inherently 

connected with the cation site mixing (as shown in Table XIII).66  The cation site mixings 

between bivalent/monovalent A ion and trivalent Bi ion lead to the underbonding of Bi 

site and slight overbonding of the A site.  The bond valence sums for the Nb/Ti sites are 

consistent with the Nb/Ti ratio. Overall, the four compositions are in appropriate bonding 

frame with cation site mixing.  

 
Figure 0.14:   Schematic diagram of crystal structures of Bi2Sr3Nb2Ti2O15, Bi2Sr1.5Ca1.5Nb2Ti2O15, 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 
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Table XII:   Tolerance Factor, Refined A-site IR, Lattice Parameters and Site Mixing for 
the Four-layer Compositions  

 Bi2Sr3Nb2Ti2O15 Bi2Sr1.5Ca1.5Nb2Ti2O15 Bi2CaNa2Nb4O15 Bi2Ca2NaNb3TiO15 

t(tolerance factor) 0.99 0.97 0.96 0.96 

Ave A-site Radius/Å  1.431 1.380 1.374 1.366 

Space group Fmm2 Fmm2 A21am A21am 

a/Å 41.1497(7) 40.9859(6) 5.49859(8) 5.46767(14) 

b/Å 5.50920(25) 5.4745(8) 5.47095(9) 5.44124(14) 

c/Å 5.50964(28) 5.4743(8) 40.6207(7) 40.5849(10) 

V/Å3 1249.048(27) 1228.305(17) 1221.973(28) 1207.44(4) 

A site mixing at Bi-site 0.14 0.18 0.17 0.27 

Bi site mixing at A1 0.14 0.17 0.01 0.06 

Bi site mixing at A2 0.18 0.16 0.16 0.25 

Ti site mixing at Ti1 0.632 0.656 NA 0.326 

 

 

Table XIII:   Bond Valence Sum Values 

 Bi2Sr3Nb2Ti2O15 Bi2Sr1.5Ca1.5Nb2Ti2O15 Bi2CaNa2Nb4O15 Bi2Ca2NaNb3TiO15 

A1-site 2.1 2.2 1.7 1.85 

A2-site 2.0 2.2 1.5 2.0 

Bi site 2.6 2.7 2.6 2.6 

Ti1 site 4.5 4.6 5.1 4.7 

Ti2 site 5.0 5.0 4.9 4.8 

GII 0.19 0.15 0.22 0.14 

 

 

Distortion of the Aurivillius structure is the controlling element that impacts the 

ferroelectric, photocatalytic and multiferroic properties.18,36,37,107,115  Following the three-

layer Aurivillius series studies, all the distortion parameters were calculated for the 4-

layer phases and are listed it Table XII.  The tilt angles and kink angles of 

Bi2Sr3Nb2Ti2O15 and Bi2Sr1.5Ca1.5Nb2Ti2O15 are much lower than Bi2CaNa2Nb4O15 and 

Bi2Ca2NaNb3TiO15, consistent with their higher symmetry.  In contrast to the three-layer 

phases, Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 have considerably larger tilt angles but 

much smaller kink angles.  In addition, the outer octahedra of Bi2CaNa2Nb4O15 and 

Bi2Ca2NaNb3TiO15 are more kinked than the center ones.  
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Table XIV:   Distortion Parameters and Calculated Ferroelectric Polarization for 
Bi2Sr3Nb2Ti2O15, Bi2Sr1.5Ca1.5Nb2Ti2O15, Bi2CaNa2Nb4O15 and 
Bi2Ca2NaNb3TiO15 

 
Bi2Sr3Nb2Ti2O

15 
Bi2Sr1.5Ca1.5Nb2Ti2

O15 
Bi2CaNa2Nb4O

15 
Bi2Ca2NaNb3TiO

15 

Tilt/o 1.37 0.68 9.77 10.43 
Outer kink angle-
1*/o 0 0 1.1 2.5 

Outer kink angle-
2*/o 1.5 1.0 8.1 8.6 

Center kink angle-
1*/o 0 0 0.1 0.1 

Center kink angle-
2*/o 2.2 1.7 1.5 6.0 

Outer ∆Bondlength
 8.8 6.9 4.1 5.8 

Center ∆Bondlength 1.1 0.3 2.4 0.3 
Outer δBondAngle 27.6 35.4 64.2 97.0 
Center δBondAngle 2.8 2.3 21.9  8 
Ti1-O-Ti2 bond 

angle/o 178.2 180 161.1 158.6 

Ti1-O-Ti1 bond 

angle/o 169.7 177.9 153.2 157.5 

Cal FE/µC*cm-2 
7.7 3.8 15.1 15.0 

 * Outer kink angle-1 refers to the average kink angle on (001) plane and -2 refers to the average 

kink angle on (110) plane.  

 

The reported structures of Bi4ATi4O15 (A=Ca, Sr, Ba) in A21am space group with 

A-site ionic radius from 1.37Å to 1.46Å have been calculated here for comparison.27 The 

tilt angles range from 7.3o down to 4.1o and kink angles average from 1.1o down to 0.6o. 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 present a higher degree of structure distortion 

even though the A-site ionic radii are similar.  The structure of Bi2.5Na2.5Nb4O15 refined 

from neutron diffraction patterns in A21am space group with A-site ionic radius of 1.39Å 

tilts 9.6o along the c-axis and kink angles average about 1.1o.116  The tilt angles still have 

a general declining trend as the A-site ionic radius increases, the value of the tilt angles 

as well as the slope of the tilt vs A-site ionic radius trend are both mildly higher than the 

three layer tilt angles. The interlayer strain of [Bi2O2]
2+ layer and perovskite layer has a 

quenching effect to the tilt of perovskite octahedrons as discussed for three layers.    

When the number of perovskite layers increases, this interlayer strain from the [Bi2O2]
2+ 

layer gets weaker, so the perovskite octahedra unsurprisingly tilt more severely. 
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Besides, the four layer structures have two center octahedra, which can relieve the 

strain through a balanced structure. This probably is the reason why all four layer 

structures do not have  large kink angles as the three layer ones.   

Here we adopt Shannon’s method for bond angle and bond length distortions for 

perovskite materials: ∆=(1/n)⨯∑((ri-r)/r)
2
⨯103, where ri and r are individual and average 

bond lengths, respectively.101  And, δ=∑((θi-90)2/(n-1)), where θi are B-O bond angles.117 

Both the outer bond length variances and outer bond angle distortions are higher than 

the center ones.  The values for four layer oxides are similar with the three layers.88  It is 

also worthy to mention that the degrees of distortion are almost equivalent for 

Bi2CaNa2Nb4O15 and Bi2Ca2NaNb3TiO15 although the A-site IR of Bi2Ca2NaNb3TiO15 is 

smaller than that of Bi2CaNa2Nb4O15.  The center octahedra of Bi2CaNa2Nb4O15 are 

more distorted than  those of Bi2Ca2NaNb3TiO15 while the outer octahedron is the 

opposite. This phenomenon could be caused by Ti doping on the Nb site, as noted in 

Zhou et al’s studies on perovskite materials show the Jahn-Teller effect of B ion could 

cause different distortion behavior.118  In view of the two Fmm2 structures, 

Bi2Sr3Nb2Ti2O15 seems more distorted than Bi2Sr1.5Ca1.5Nb2Ti2O15 which is contradictory 

to our theory that smaller A-site IR leads to higher distortion.  TEM analysis (Figure 0.15) 

show that Bi2Sr1.5Ca1.5Nb2Ti2O15 has stacking disorder which is typical for the Aurivillius 

oxides with number of layers exceeding four.119 This result indicates that the refined 

structure could be an average structure which did not fully reflect the distortion details.  

Because the stacking disorder mainly occurs along c-axis, the structural distortions 

especially octahedral tilt angles flatten for Bi2Sr1.5Ca1.5Nb2Ti2O15.  
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Figure 0.15:   Electron diffraction pattern of Bi2Sr1.5Ca1.5Nb2Ti2O15 showing the stacking disorder. 

 

E.  Conclusions 

 

 In summary, accurate structural models for the series of three and four layer 

Aurivillius compounds have been built up from neutron and x-ray diffraction Rietveld 

refinements. The analysis of the structures has enabled us to determine the distortion 

degree quantitatively as well as spontaneous polarizations. 

Cation site mixing between the Bi and A-site in Aurivillius phases was 

experimentally detected, eliminating the ambiguity of many previous but contradictory 

results.30,32,84,93  For a long period of time, the driving force for this cation disorder has 

been assigned to the size-mismatching of the perovskite layer and the [Bi2O2]
2+ layers.  It 

has also been suggested that the disorder between Bi and A-sites increases as the A 

site cation size.84  However, our comprehensive experiments show that interlayer 

bonding as well as the size mismatches together define the cation disorder. For both 

three- and four-layer oxides, the degree of cation disorder remains around 18%.   

Compared with three-layer Aurivillius phases, the distortions of the four-layer 

compounds are smaller. A higher degree of distortion was detected in the outer 

octahedra for four-layer Aurivillius oxides. Further investigations will be needed to fully 

understand the four-layer series. 
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Chapter 2  

Electrical Properties of Aurivillius Oxides and Correlation with Their Local 

Structures 

 

A.  Abstract 
 

Dielectric measurements indicate diffusive ferroelectric behavior for all the 

compositions. In the Bi2Srn-1Nb2Tin-2O3n+3 and Bi2(SrCa)n-1Nb2Tin-2O3n+3 series, Ca doping 

on the Sr site increases the structural distortion, which increases the dielectric constant 

and ferroelectricity while decreasing the dc conductivity.  

A highly textured structure with 93% preferred orientation has been achieved by 

hot-forging for Bi2CaNa3Nb5O18.  Dielectric properties on both a-b plane and c-axis 

with/without oxygen annealing have been investigated from 10Hz to 1MHz. Curie 

temperature has been observed at around 240oC and ferroelectric polarization has been 

measured to have a Pr of 3.86 µC/cm2. Oxygen annealing has an effect to reduce 

dielectric constant and spontaneous polarization only at a-b plane.   

The electrical properties of BCNN series show conductivities and Curie 

temperatures decrease as the number of perovskite layer increases.  The dielectric 

constants also show a trend of decline with increase of perovskite layers.  However, 

large grain size lowers the dielectric constant for Bi2CaNb2O9.   
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B.  Introduction 
 

Aurivillius oxide as the lead-free layered structure dielectric and ferroelectric 

material has been studied since 1949.1,2,120,121  It is generally formulated as       

(Bi2O2)(An-1BnO3n+1) and comprised of layered perovskite slabs interweaved with fluoride 

structure bismuth oxide.  This type of material became an important candidate for the 

nonvolatile ferroelectric memories because of their fatigue-free ferroelectric properties 

with high ferro-paraelectric transition temperature,5,20,122,123 high piezoelectric properties 

with large anisotropic electromechanical coupling factor,5,6 and possible multiferroic 

behaviors.11,12    

The major hindrance for their practical application is the difficulty to achieve a 

dense and mechanically stable sample.  The disk shape of the particles and the 

directional crystal growth make them difficult to compact and transport mass during the 

sintering process, which typically induces massive pores in the ceramic construction.  

More than that, the main spontaneous polarization allocates in the particular direction 

depending the crystal structure (such as a-axis for three layered Aurivillius B2cb 

structures).88  This anisotropic manner gives rise to the complexity of measuring 

ferroelectric properties; high applied electric field (~100kV/cm) and high measuring 

temperature is required to saturate the loop.78,124,125  Therefore, Aurivillius oxides have 

been studied in the form of single crystals and thin film for distinctive properties, however 

the fabrication process is time consuming and high cost.2,123,126,127 Spark plasma 

sintering(SPS), strong magnetic field and tape casting have been alternatively used to 

fabricate dense ceramics with a texture of high-degree preferred orientation.5,34,128  

However, SPS and high magnetic field require quite expensive facilities and tape casting 

is slow drying and having high crack sensitivity.5,34,129  Here in this study, a more 

economical way as hot-forging was adopted  to achieve high density ceramic as well as 

make an attempt to control the texture. 

The dielectric and ferroelectric properties of different Aurivillius oxides have been 

investigated, mainly the two layer Bi2CaNb2O9 and Bi2SrNb2O9 with different A-site and 

B-site doping.5,65,122,130-138  Frit et al studied Aurivillius oxides from one layer Bi2WO6, to 

two layer Bi3TiNbO9 until three layer Bi3Ti3O12; they concluded that BO6 octahedra are 

not as influential as the A-site cations in controlling the dielectric properties because of 

the small size change in B-site cation.79  However, there have been no other systematic 
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research of perovskite layers’ effect on Aurivillius oxide’s electrical performance.  The 

information about how to create or enhance preferable properties though material 

composition choices is also limited.  In this work, we have investigated two new series of 

Aurivillius oxides with different number of perovskite layers as well as A/B site cation 

doping.   The crystal structures have been discussed and related to their electrical 

properties.  This vison angle would broaden the scope to tailor the material properties 

though crystal structure modification.  Moveover, we studied a new Aurivillius oxide 

Bi2CaNa3Nb5O18 with a very high textured structure for its anisotropic conductivity, 

dielectric and ferroelectric properties. 

 

 

C. Experimental Procedure 
 

1.  Hot Forge Sintering 

 The powders of samples were ground by hand and then milled using tungsten 

carbide milling media.  All the powders then were sieved under 72 µm size.  The green 

bodies of 15mm diameter and ~5mm thickness were prepared by uniaxial pressing 

(Carver Laboratory Press,Fred S. Carver Inc.) in a steel die at a pressure of about 

5000lbs.  The cylindrical pellets were then transferred to the hot-forging furnace as the 

starting materials.  The hot forge apparatus was built up according to Takenaka et al’s 

schematic drawing.139  The pellets were wrapped with tape-casted ZrO2 thin films (about 

0.5mm thickness totally) for easy separation from the alumina pressing rods after 

sintering.  After conventional firing at 1100oC for 1 hour, a uniaxial compression of 2000 

psi was gradually applied along the thickness of the sample and sintering was continued 

with weights for another 2 hours at 1100oC.  After dwelling at 1100oC for 3 hours, the 

weight was slowly removed and another one hour dwelling at 1100oC was maintained to 

prevent cracking.     

 

2.  Characterization 

 X-ray diffraction patterns for both the surface and cross section of the sintered 

pellets were measured with a Bruker D8 Advance diffractometer in Bragg-Brentano 

geometry with Cu-Kα radiation and variable divergence slit.  The range of 5o to 70o 2θ 

was measured with 0.03o step size and 1 second count time.  High temperature x-ray 

diffraction patterns were collected with a custom in-situ XRD systems and a Bruker D8 
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Advance diffractometer with Anton-Paar HTK1200N Furnace in air.140  Texture 

measurements were directed with Bruker D8 Discover x-ray diffractometer, together with 

MULTEX software were used for pole figure measurements.  

Scanning electron microscope (SEM) analysis was conducted with Quanta 200 

FEG SEM (FEI company, Hillsboro, Oregon).  The densities of the pellets were 

measured in DI water by the Archimedes method.  

 

3.  Electrical Measurements 

 All the sintered pellets were cut and the surfaces were polished down to 1200 grit 

SiC paper.  All the final samples are about 0.7mm thickness and then electrode with Pt 

paste, fired to 900oC to remove the binder and stored in a 100oC dry oven before the 

tests.  

Standard two point DC conductivity measurements were completed with a 

custom-built system including a Ney Centurion furnace with Pt leads.  Measurements 

were performed from room temperature up to 800oC in air with data collected at 20oC 

intervals on both heating and cooling.  Dielectric data were collected with a Solatron SI 

1260 Impedance Analyzer from room temperature up to 800oC in air at frequencies from 

10Hz to 1MHz.  The polarization was measured using a modified Sawyer-Tower circuit 

with HP 8904A multifunction synthesizer and ADC488/8SA analog-digital converter.  

  

 

D. Results and Discussion 
 

1.  Electrical Studies of Bi2Srn-1Nb2Tin-2O3n+3 and Bi2(SrCa)n-1Nb2Tin-2O3n+3 

  

The SEM microstructure pictures of cross sections for hot-forged sintered pellets 

are shown in Figure 0.1.  It is obviously perceived that the grain sizes are generally 

homogenous.  Random oriented and anisotropic typical plate block structures 

corresponding to the orthorhombic crystal structure are observed in all the samples.  

Quite few pores detected are mainly located on the grain boundaries.  The density of all 

the hot-forged samples improved to a great extent compared with ordinary sintering from 

a density less than 72%. 
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Figure 0.1:   SEM micrographs of hot-forge sintered Bi2Sr1.5Ca1.5Nb2Ti2O15 (up) and 
Bi2Sr3Nb2Ti2O15 (down) fracture surfaces.(Arrows show the pressing 
directions) 
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The grain sizes are less than 10µm.  The morphology of b-c plane preferred 

growth is related to the low surface energy of (100) plane during sintering.128  It is 

additionally noticed that there is a low percentage of the grains stacked in the same 

direction.  This is confirmed by XRD (Figure 0.2) that the hot-forging allows a small 

degree of (100) preferred orientation (Fmm2 space group) although overall the grain 

particles are still randomly distributed.  This is universally true for the four compositions 

studied here.  Takenaka et al. first applied hot forging to Aurivillius oxide sintering, and 

attained a highly textured Bi4Ti3O12 sample.139  Pribosic et al. also used hot-forging with 

a pressing force six times larger than used here to sinter BaBi4Ti4O15, but only achieved 

a low degree of ordering.141  In this sense, hot forging can be an effective way to prepare 

Aurivillius ceramics with a preferential grain orientation.  However, the sintering 

conditions, pressing force and crack resistance of pellets needs more investigations to 

get the best results.  The hot-forging technique enables densification of this particular 

layered material in an efficient way, although not necessarily with grain texture.  

 

 

Figure 0.2:   XRD patterns for the powders and polished surface of hot-forged sintered 
pellet for Bi2Sr3Nb2Ti2O15. 
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 Figure 0.3 shows the Arrhenius plot for the dc conductivity of all the samples up 

to 800oC as a function of temperature.  The behavior of increased conductivity with 

temperature confirms all the ceramics are typical dielectric materials with negative 

temperature coefficients of resistance.142  The dc conductivity at high 

temperature(>400oC) for all the compositions are very low on the magnitude of 10-9 to 

10-8 S/cm, which qualifies them for high temperature piezoelectric application also.5  An 

abrupt change in the slope of the plots at about 400oC can be recognized, which is 

considered to be related with transition temperature for different predominant conduction 

mechanisms.143  Other ferroelectric materials also exhibit this kind of transition 

temperature which is close to the ferro-paraelectric transition range.143,144    
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Figure 0.3:   DC conductivity as a function of temperature for four compositions. 
(Uncertainty is within ±7.8%) 

 

 

Generally, the four layer conductivity is just half magnitude lower than the three 

layers in the high temperature region (>400oC)(Table XV).  It is reported that Aurivillius 

oxide has dominant intrinsic defects of oxygen vacancies, especially located in the  

Bi2O2 layer.143  With every one oxygen vacancy generated, two electrons would be 

trapped behind: Ox
o � V··o + ½ O2 + 2e’.  Conductivity studies of typical Aurivillius oxide 

Bi4Ti3O12 show increasing dc conductivity with oxygen partial pressure and the effect is 
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reversible.123  So oxygen vacancies instead of cation vacancies were proposed to be 

cause the ionic conduction as p-type.123   However, first principle calculation for Bi4Ti3O12 

show that the oxygen position in the Bi-O layer has the lowest point defect energy and 

oxygen vacancy migration has very high activation energy.145  Our earlier studies 

showed that in the high temperature region (650oC), the conductivity of Bi2Sr2Nb2TiO12 

increases with decreasing oxygen pressure from pO2=1 atm. and then levels off at 

pO2<10-4 atm.146  In addition, some Sr’Bi in the Bi-O layer might be compensated by 

oxygen vacancies while some Bi·Sr in the perovskite layer may be compensated by 

electrons from reduction of Ti3+/Ti4+. It is most likely the conductivity mechanism is 

mainly from electrons instead of oxygen vacancies. As a result, the conductivity of the 

materials may be n type, in agreement with other Nb containing Aurivillius 

oxides.141,147,148  More work needs to be done to define the dominant defect and 

conduction mechanism in this system. 

Table XV lists each oxide’s activation energy over the temperature range of 

400oC to 800oC. Assuming that all the conductivities obey the Arrhenius relation above 

400oC (as shown in Figure 0.4), the activation energy for conduction was calculated from 

the Einstein-Nernst equation: σ*T=σ0*exp (-Ea/kT).  Overall, the activation energy of DC 

conductivity is around 1.45eV, which is comparable with common reported Aurivillius 

oxides around 1eV (as shown in Table XVI).149  In this series work of Bi2Srn-1Nb2Tin-2O3n+3 

and Bi2(SrCa)n-1Nb2Tin-2O3n+3, both Ca doping on the Sr-site and higher Nb ions doping 

on the Ti-site can increase the conductivity and reduce the activation energy of DC 

conductivity.  This agrees again the major conduction carriers are not oxygen vacancies 

because Nb5+ doping on the Ti4+ site decreases the oxygen vacancies. If the charge 

carriers are oxygen vacancies, higher Nb doping would decrease the conductivity.  

Published work does not indicate a trend for the compositions, because the sintering 

processes, crystallinity and solid form (thin film or single crystal or polycrystalline) etc. 

would all affect the electrical properties.  

 

Table XV: Summary of Properties: Pellet Density, Activation Energy for DC/AC 
Conductivity and Calculated Spontaneous Polarization 

Composition ρrelative σ400
o
C 

S/cm 
Ea-DC 

eV 
AC-1K 

eV 
AC-100K 

eV 
AC-1M 

eV 
Pscal 

µC/cm2
 

Bi2Sr2Nb2TiO12 89% 1.7*10-8 1.45 1.23 1.03 0.96 9.8 

Bi2SrCaNb2TiO12 80% 1.2*10-8 1.31 1.22 0.86 0.72 11.4 

Bi2Sr3Nb2Ti2O15 95% 6.0*10-9 1.53 1.43 1.08 0.95 7.7 
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Bi2Sr1.5Ca1.5Nb2Ti2O15 80% 7.4*10-9 1.51 1.36 0.98 0.85 3.8 
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Figure 0.4:    Arrhenius plot of the dc and ac conductivity for Bi2SrCaNb2Ti12 from 400oC to 800oC. 

The inbuilt picture expands the temperature range from from 30oC to 800oC. 

 

From room temperature upwards (Figure 0.5), considerably higher dielectric 

constants are observed in the high temperature and low frequency region than at low 

temperature or high frequency regions.  This temperature and frequency dependent 

dielectric behavior is a typical characteristic for ferroelectric materials.  The dielectric 

constant increases and there is not a clear maximum peak as Curie temperature. 

However, the dielectric constant showed a broad shoulder and the shoulder 

temperatures increase with increase of frequency, which indicated the possible relaxor 

dielectric behavior.122  Further analysis of the data show that the dielectric constants in 

the high temperature region (T>Tc) do not follow the Curie-Weiss law 1/εr-1/εm=(1/C)*(T-

Tm), where εm is the maximum dielectric constant and C is the Curie constant for a 

normal ferroelectric.149  However, the variation of the shoulder temperatures with 

frequencies agree with the Vogel-Fulcher relationship, which suggests again the relaxor 

ferroelectric behavior.150  This is probably caused by the local structural disorder or the 

local space charge field formation.  Both Nb5+ doping on Ti4+ site as well as Bi3+ site 

mixing with A2+ site has been reported to produce this kind of nano-polar regions.8,14,151-

153  
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Temperature dependences of the dielectric constant εr and loss factor tanδ in 

four Aurivillius oxides are shown in Figure 0.7 and Figure 0.8. The dielectric constants 

are approximately 100 to 200 at room temperature at 100kHz frequency and the loss 

factors are about 0.005. The dielectric constants follow an order of Bi2SrCaTiNb2O12> 

Bi2Sr2TiNb2O12> Bi2Sr1.5Ca1.5Nb2Ti2O15> Bi2Sr3Nb2Ti2O15 (Figure 0.7). The dielectric 

constants of the four compositions still follow the same pattern and differences up to 

1MHz. This fact implies that the observed difference at lower frequency is an intrinsic 

effect.  Other than the spontaneous polarization, dominant defects in Aurivillius oxides 

like oxygen vacancies have been reported to contribute to electrical polarization.143  XPS 

studies show that the oxygen ions in Bi-O layer are less stable than in the perovskite 

layer, therefore Bi2O3 volatilization at high temperature would induce both bismuth and 

oxygen vacancies.154 The Ca/Sr2+ substitution on Bi3+ site would also create oxygen 

vacancies.143  This can explain the apparent enhancement of dielectric constant at low 

frequency and high temperature shown in Figure 0.5.143  In addition, the four layer 

compositions have a weaker shoulder in the dielectric constant as a result of the 

structural disorder which may form local space charge area. Dielectric loss shows only 

small differences between the four compositions because of slight variance of B-site 

ionic radius.14  The impedance data of BaBi4Ti4O15 fits to an equivalent circuit model of a 

resistor and capacitor in parallel.149  A series of two circuits of a resistor and capacitor in 

parallel was proposed for single crystal Bi4Ti3O12 impedance measurements.175  Further 

investigations of complex impedance and modulus spectroscopy on compositions of 

current study would be beneficial to explain the dielectric rehavior. 

  

 

Table XVI: Summary of Conductivity, Dielectric and Ferroelectric Properties from Related 
Compositions. 

composition σ400
o
C 

S/cm 
Ea-DC 

eV 
Tc 
oC 

εr at Tc Pr 

µC/cm2 
Ec 

kV/cm 
Ref 

 
Bi2SrNb2O9 ~10-6 0.52 418 ~950 2.2 20 122 

Bi2SrNb2O9 1.4*10-7  ~440 ~900   65 

Bi2.2Sr0.8Ti0.2Nb1.8O9   500 ~1000   155 

Bi2.4Sr0.6Ti0.4Nb1.6O9   600 ~700   155 

Bi3TiNbO9   905 ~1000   6 

(Bi2SrNb2O9)0.35(Bi3TiNbO9)0.65 ~8*10-8 1.8 750 ~900   6 

Bi2SrTa2O9 ~8*10-7 0.79 311  2.5 20 156 
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Bi2Sr0.7Ca0.3Nb2O9 7.5*10-8  >600    65 

Bi2CaNb2O9 ~10-9 1.73 860    157 

Bi2CaNb2O9 9*10-9 1.3 943 ~650 7.5 120 5,131 

Bi2NaNb2O8.5 ~10-6 1.4 860    158 

Bi2Sr2Nb2TiO12  1.6 220    146,159 

Bi2CaNaNb3O12   403 ~200 3 30 160 

Bi4SrTi4O15   530 ~2000 6.2 27 155 

Bi4SrTi4O15 ~3*10-9 1.73 535 ~1200 0.35 10.6 161 

Bi4CaTi4O15 ~10-5 0.8 787 ~1300 ~6 ~80 162-164 

Bi8CaTi7O27   ~700 ~1500 3.3 58 165 

Bi8SrTi7O27   ~550 ~1300 3.9 48 165 

*  SI unit conversion: S/cm= 100 s3 A2 m-3 kg-1 ;    µC/cm2= 10-2 s A m-2 
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Figure 0.5:  Temperature dependence of the dielectric constant (εr) for Bi-
2SrCaNb2Ti12.  
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Figure 0.6:   Temperature dependence of the dielectric loss (tan δ) for 
Bi2SrCaNb2TiO12. 
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Figure 0.7:   Comparison of the temperature dependence of dielectric constant 
for different compositions at 100 KHz.  
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Figure 0.8:   Comparison of the temperature dependence of dielectric loss for 
different compositions at 100 KHz. 
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Figure 0.9:    P-E measurements of Bi2SrCaTiNb2O12 and Bi2Sr1.5Ca1.5Nb2Ti2O15 
at RT temperature and 10Hz. 

 

 The polarization measurements of Bi2SrCaTiNb2O12 and Bi2Sr1.5Ca1.5Nb2Ti2O15 

measure at room temperature under the same conditions are displayed in Figure 0.9.  

Both are lossy-capacitor shapes, which may be due to the limitation of the applicable 

electric poling field of the equipment (<100kV/cm) and low sample breakdown.  This type 
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of  material is commonly troublesome to pole because of the very high coercive fields.5,79  

Nonetheless, it can be confirmed that those materials are possible ferroelectrics with 

orthorhombic crystal structure, and the calculated polarization from structure may be 

used to estimate and compare the ferroelectricity of the oxides.  As discussed in Chapter 

1, the polarization can be directly linked with crystal structural distortions.  As stated in 

Chapter 1, smaller A-site ions would lead to larger structure distortions, increasing the 

ferroelectric spontaneous polarization.  On the other hand, defects like oxygen 

vacancies which may contribute to space charge region and domain wall pinning would 

enlarge leakage current,  coercive field and hinder the material from reaching complete 

saturation.61  Besides, this type of material has spontaneous polarization along a 

particular direction.  Obtaining highly textured samples would assist in the ferroelectric 

measurements. 
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2.  Highly Textured Bi2CaNa3Nb5O18  

  

 

 

Figure 0.10: XRD pattern of Bi2CaNa3Nb5O18 oxide showing phase purity and 
inbuilt picture of (00l) peak shift disorder.  

 

 

The XRD pattern of Bi2CaNa3Nb5O18 shown in Figure 0.10 proves the absence of 

other impurity phases.  The Rietveld refinement was carried out from the x-ray data 

using Topas110 under orthorhombic structure B2cb space group (a=5.5026(8)Å; 

b=5.4753(7)Å; c=48.360(9)Å).  Bi has a site mixing of 15% on the A-site.  The inset in 

Figure 0.10  demonstrates the (0014) peak right shifted while other (00l) peaks are not 

shifted.  In addition, the x-ray analysis by William-Hall plot didn’t follow a linear trend 

which indicated that the peak broadening are not directly depending on the strain and 

size effect.166  It seems that there are stacking faults in the structure which is quite 

common for layered perovskite  structures with high number of layers.79,119  The TEM 

micrograph of the powder sample (as shown in Figure 0.11) shows visually the stacking 

faults along the c-axis direction and regular growth on the a-b plane.  Regarding the 
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crystal structure determination, the detailed oxygen position could not be obtained due to 

the complications of neutron diffraction pattern containing this kind of stacking disorder.  

 

 

 

Figure 0.11: TEM image of Bi2CaNa3Nb5O18 nanoparticles showing the stacking disorder 
for the perovskite layer. 

 

 

 Traditional solid state sintering with uniaxial powder pressing can only achieve up 

to 72% density for the pellets while hot-forging improved the density to 88% which is 

dense enough for electrical characterization (Figure 0.13).  The significant anisotropic 

feature was confirmed by X-ray diffraction experiments performed along parallel plane 

and perpendicular direction as shown in Figure 0.12.  The XRD pattern of horizontal 

plane shows strong (00l) diffraction peaks while the perpendicular plane displays strong 

(220) and (200) peaks.  The (00l) lines are nearly absent in the perpendicular plane 

diffraction patterns.  The highly textured structure was confirmed with preferred oriented 

grains.  The SEM pictures of surface and cross section for the BCNN pellet were shown 

in Figure 0.13, the highly oriented thin plates stacked up along the forging direction. 

Typical plate block structures corresponding to the orthorhombic crystal structure are 
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observed and grain size is around 15µm, quite few pores detected are mainly located at 

the grain boundaries. The length over thickness ratio is about 12:1, this morphology of a-

b plane preferred growth is related to the low surface energy of (001) plane during 

sintering. 128   

  

 

Figure 0.12: X-ray diffraction patterns for Bi2CaNa3Nb5O18 powders; hot-forged pellet 
surface (┴ to forging direction) and the fracture surface (// to forging 
direction).  
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Figure 0.13: SEM micrographs of Bi2CaNa3Nb5O18 pellet fracture surface from traditional 
sintering (left); and hot-forging sintering (right). 

 

 

X-ray pole figures of (0012) measured on the surface, and (200) on the cross-

section are shown in Figure 0.14 respectively.  The contour lines define the normalized 

intensity of the hkl orientation. The intensity is measured as an operation of two angular 

coordinates (ω and φ), which are the goniometer rotation angles along different 

directions.  It is shown that the concentrated intensities for (0012) and (200) planes 

located at the center and the remaining directions are completely unpopulated.  The 

orientation factor calculated from orientation distribution function (ODF) for 5-layer 
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composition is about 93% which agrees with the observation of massive directional 

orientation shown in Figure 0.13. 

 

 

 

 

Figure 0.14: Texture pole figures of the 0012 direction projection from the surface (left), 
and 200 direction projection from the cross section of the 
Bi2CaNa3Nb5O18 pellet 

 

 

The temperature dependence of the dielectric constant and dielectric loss along c 

axis at various frequencies is shown in Figure 0.15.    The room temperature dielectric 

constants are around 200, with dielectric losses less than 1%. All the curves have broad 

maxima which do not shift largely with frequency, indicating the diffusive-ferroelectric 

behavior.  The study of BaBi2Nb2O9 attribute the near-relaxor diffusive behavior to the 

Nb5+ ordering inside perovskite layer of Aurivillius phase which would promote relaxation 

of polar clusters at the B site and lead to ferroelectric behavior.167  They proposed that 

although the crystal structure is tetragonal, there are local orthorhombic distortions.  Our 

previous neutron diffraction work and ferroelectric measurements confirmed the correct 

crystal symmetry of orthorhombic, which disproves the possibility of tetragonal-

orthorhombic local structure inhomogeneity.   However, the formation of local 

nanometer-size polar regions from mixed-ion B site displacements is still possible.  Pair 
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distribution function studies on Pb(Mg1/3Nb2/3)O3 found that both Pb2+ shifts and B site 

displacements cause the dynamic polarization cloud at high temperature then condense 

to local nano polar regions.168  Most relaxor ferroelectric studies on Aurivillius phases 

suggested cation site mixing between Bi3+ and A2+ changed the bonding environment 

and created defects and local polar regions to cause inhomogeneous ferroelectric 

ordering.8,149,153,169  Electron diffraction work of Bi2K0.5La0.5Ta2O9 observed the local 

cationic ordering on A-sites brought from the charge and size differences between K+ 

and La3+.153  In this system, it is most likely the disorders from both Bi3+/Ca2+ and 

Ca2+/Na+ induce the local nano polar regions.  In addition, the concentration of the nano 

polar region would also affect the normal ferroelectric or relaxor ferroelectric behavior for 

Aurivillius phases.151  This is probably why many Aurivillius oxides with site mixing are 

still normal ferroelectrics.5,112,170  The peak temperature is consistent with the 

ferroelectric-paraelectric phase transition temperature measured by HTXRD (Figure 

0.16).  This Curie temperature Tc at about 240oC is mildly lower than other reported five 

layer Aurivillius phases, Bi4Sr2Ti5O18  at 267oC and Bi4Ba2Ti5O18  at 324oC.2,140  The fact 

that Nb replacement on Ti site entails the diminution of Tc coincides with other report of 

Nb doping effect on Ti site.20,124  The slightly lower dielectric constant of Bi2CaNa3Nb5O18 

compared with Bi4Sr2Ti5O18 can be attributed to decreased internal stresses with much 

larger grain size which would exceed the critical value of ferroelectric domain nucleation 

(15µm versus <5µm).133,171  The studies of PbTiO3 show that there is a maximum 

dielectric constant at a critical grain size.172  At first, the dielectric constant increases with 

the grain size as a result of increasing internal stress.173  When the grain size exceeds 

the critical size for ferroelectric domain nucleation, the internal stress would decrease 

and so does dielectric constant.173  
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Figure 0.15: Temperature dependencies of electric permittivity and dielectric loss of 
Bi2CaNa3Nb5O18, measured at several frequencies on the horizontal 
plane of preferred-orientation sample. 

 

 

 

Figure 0.16: In situ HTXRD patterns of Bi2CaNa3Nb5O18 powder from room temperature 
to 700oC. 
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Figure 0.17: Temperature dependence of DC conductivity of Bi2CaNa3Nb5O18 fitting to 
the Arrhenius equation. (The inset displays the low temperature DC 
conductivity in ab plane of Bi2CaNa3Nb5O18) 

 

Dielectric constants on the a-b plane are larger than along the c axis as expected 

because of the high ionic polarizability (Figure 0.18).  At 1kHz low frequency as stated in 

relaxation loss mechanism, the higher dielectric loss along ab direction proves that the 

ion jumping/ electron hopping rate is higher than along the c direction.65  The interesting 

phenomenon is the dielectric constant measured on the ab plane direction shows two 

broad peaks at 260oC and 355oC.  The anomalous second peak has also been reported 

for Bi4Sr2Ti5O18, both dielectric permittivity and loss show a peak after Tc around 

420oC.140   We also observe the presence of a second peak upon cooling; this may 

indicate the second transition happens on the a-b plane.  Other Aurivillius oxides like 

Bi4Ti3O12 have shown the intermediate phase (Fmm2 or Cmca) between room 

temperature orthorhombic phase B2cb to high temperature tetragonal phase I4/mmm.153   

Our HTXRD phase transformation study (Figure 0.22) on Bi2CaNa2Nb4O15 also shows 

the intermediate phase.  

Oxygen vacancies are reported to inhibit the domain wall movement and can 

lower the dielectric constant.133  On the other hand, oxygen annealing of 

Bi2CaNa3Nb5O18 decreased the dielectric constant even up to 1MHz, especially on the a-

b plane.  Wu et al. also observed the reduced dielectric constants and loss of SrBi2Ta2O9 

and SrBi2Ta1.8V0.2O9 after decreasing oxygen vacancy concentrations.174  It is possible 
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that the oxygen vacancies here can form a space charge region to induce the diffusion-

related dielectric relaxation; hence induce electrical polarization.143,174,175  
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Figure 0.18: Dielectric constant and dielectric loss as a function of temperature for 
Bi2CaNa3Nb5O18 before and after quenched in O2 atmosphere. 

 

 

The DC conductivity along the a-b plane and c axis of hot forged 

Bi2CaNa3Nb5O18 is shown in Figure 0.17.  The two predominant conduction mechanisms 

indicated by activation energy changes in two different temperature regions with a 

transition temperature of 300oC are observed.  Even after years of intensive study, the 

conduction mechanism bismuth layer-structured ferroelectrics compounds still have not 

reach a consensus.  Many theories have been proposed to explain the conductivity 

properties: electronic conduction, oxygen ionic conduction and electronic ionic mixed 

conduction.  These mechanisms work very well with certain compositions but none of 

them is widely accepted.  In the low temperature region, the conductivity is generally 

believed to be dominated by extrinsic electronic conduction resulting from impurity ions 

presented in the lattice.144  It agrees with the observation of the low activation energy 

(~0.3eV) below 300oC.  As expected from the highly textured nature of the sample, the 

conductivity along c axis is much lower than the a-b plane.  More interestingly, after 
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annealing the sample in 100% O2 [at 650oC for 12 hr], the low temperature conductivity 

in the ab plane and activation energy was significantly decreased (~0.2eV) which 

indicates an n-type semiconducting mechanism associated with oxygen vacancies.  

Previous study has revealed that the oxygen vacancies were preferentially sited in the 

(Bi2O2)
2+ layers, which is also acting as insulating layers for conductivity.176,177  By 

annealing Bi2CaNa3Nb5O18 in oxygen, elimination of oxygen vacancies leads to less n 

type charge carriers as well as enhanced insulating effect of the (Bi2O2)
2+ layer.  Above 

the transition temperature, however, the conductivity shows very high activation energy 

(~1.5eV)  (as shown in Error! Reference source not found.) and the annealing in 

oxygen showed little change on the conductivity.  Though it is generally accepted that 

the conduction in the high temperature paraelectric phase of bismuth layer-structured 

ferroelectrics with such high activation energies is normally associated with the motion of 

oxygen vacancies, the insensitivity to oxygen annealing process and lack of anisotropy 

indicate a different mechanism is governing the high temperature conductivity.  Further 

study with impedance spectroscopy and seebeck effect may reveal more details on the 

conduction mechanisms.   

 

The ac electrical conductivity was calculated using an empirical equation 

σac=ωεrε0tanδ, where ω is the angular frequency, εr is the relative dielectric constant, ε0 

is the free space permittivity and tanδ is the dielectric loss.  The conductivity obeys the 

Arrhenius relation especially at high temperature; and the activation energy Ea can be 

calculated from Nernst-Einstein relation σT=D*exp(-Ea/(k*T)) where D is a constant.171  

The activation energy for the dc conductivity σdc is about 1.5 eV in the 400oC to 800oC 

temperature range (as shown in Table XVII).  The conductivities on a-b plane are higher 

than along c-axis which confirmed the jumps of oxygen ion on a-b plane (Table XVII).163  

Likewise, conductivity studies of single crystal Bi4Ti3O12 specified that conductivity in the 

a-direction is 30 times larger than in the c-direction at 700oC.178  

 

Table XVII: Activation Energy of DC and AC Donductivity as well as Remnant 
Polarization (Pr) and Coercive Field (Ec) of Textured Bi2CaNa3Nb5O18 Oxide. 

  ab c ab-O2 c-O2 

DC conductivity at 400oC S/cm 9.6*10-9 5.0*10-9 4.6*10-9 1.2*10-9 

Ea (DC) eV 1.52 1.59 1.56 1.64 
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Ea (1KHz) eV 1.34 1.44 1.36 1.44 

Ea (100KHz) eV 0.95 1.01 0.88 0.95 

Pr  µC/cm2 3.86 1.49 2.87 1.61 

Ec kV/cm 40.6 52.0 40.6 55.0 

 

 

The ferroelectric behavior was confirmed by the polarization hysteresis loop.  

Figure 0.19 shows the measured ferroelectric hysteresis loop of Bi2CaNa3Nb5O18 at RT 

and 10Hz in both along ab plane and c axis directions.  A great increase in remnant 

polarization is observed for ab parallel plane (3.86µC/cm2) compared with perpendicular 

to ab plane direction(1.49µC/cm2), which is consistent with the symmetry that  

polarization is along a-axis direction.  Moreover, the perovskite octahedra are continuous 

in ab plane while blocked by Bi-O layer at c direction.  The grain boundaries are also 

more numerous in c-direction than a-b plane.  The coercive field Ec for c direction is 

slightly higher than for a-b direction (52kV/cm versus 41kV/cm), both are much less than 

the reported value for Bi2CaNb2O9 SPS sintered pellet (>100kV/cm).5  Lightfoot et al. 

reported the calculated polarization of Bi4Pb2Ti5O18 from the Fmm2 crystal structure at 

room temperature is 8.4 µC/cm2. 178  Zhang et al obtained the Pr of 5.0 µC/cm2  and Ec 

of 45kV/cm for Bi4Sr2Ti5O18 thin film.123  Aurivillius measured single crystal Bi4Ba2Ti5O18 

at room temperature which exhibits Pr of 2 µC/cm2 and Ec of 10kV/cm.2  These reported 

polarization values of five layer oxides are close to our observation.2,123   Reece et al.  

reported that Ti on the B site has a larger Ec than Nb because oxygen vacancies induce 

domain wall pinning and then impede the domain walls’ movements and enlarge the 

coercive field.133  In our case, the oxygen annealing does not increase the coercive field 

at all.  Considering the large size (15µm) of the grains with highly preferred orientation, 

the domain wall width could be broad also.172  Therefore, this unfavorable stabilization of 

trapped charge at domain boundaries caused by oxygen vacancies could not exert a 

substantial effect.  Cation vacancies at the A site induced by substitution of Bi on the Ca 

site, would enhance the structural distortion of octahedra and increase local 

polarization.179,180 
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Figure 0.19: Polarization-electric hysteresis loops of Bi2CaNa3Nb5O18 measure at RT and 
under 10Hz frequency. 
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3.  Electrical Properties of 2-, 3-, 4-, 5-layer Aurivillius oxides  

  

Figure 0.20 shows the XRD patterns of Bi2NaNb2O9 (BCNN2), 

Bi2NaCaNb3O12(BCNN3), Bi2Na2CaNb4O15(BCNN4), Bi2NaCa2Nb3TiO15(BCNNT4), 

Bi2Na3CaNb5O18(BCNN5).  The patterns prove less than 1% presence of impurity 

phases.  The (00l) peaks apparently shifts to lower angle from 2 to 5 layers.  Figure 0.21 

shows the lattice parameters and unit cell volume increase with number of perovskite 

layers.  The c unit length as well as unit cell volume increases linearly with number of 

layers while a and b unit lengths stay around 5.48Å.  BCNNT4 with smaller A-site and B-

site IR has a smaller unit cell compared with BCNN4.  

 

 

 

  

Figure 0.20: XRD patterns of BCNN 2, 3, 4, 5 layer compositions showing the 
gradual changes of the unit cell.  
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Figure 0.21: Gradual changes of unit cell parameters as a function of number of layers in 
BCNN series. Errors are within ±0.05%. 

 

 

 
Figure 0.22: In situ XRD patterns for BCNN4 from room temperature to 700oC. 
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Figure 0.23: Diffraction-derived lattice parameters and crystallite size for BCNN4 from 
room temperature to 700oC. (Errors from Rietveld refinements are within 
±1%.)Å 

 

 

 In order to confirm the orthorhombic structure and better understand the phase 

transition behavior, the high temperature x-ray measurements of BCNN4 were 

performed from RT to 1073K as shown in Figure 0.23.  The peak splitting appears 

around 32.7˚ 2θ assigned to (200), (020), (202) and (022) peaks in B2cb structure 

progressively merge into one sharp peak corresponding to (110) peak in the I4/mmm 

structure.  Furthermore, the small peaks located around 19˚ and 38˚ 2θ respectively 

corresponds to the (015) and (215) vanish eventually at 773K.  The Rietveld refinement 

fitting results from models of A21am space group were shown in Figure 0.23.  The lattice 

parameters (a and b) display a merging point near 400oC.  The crystallite size increases 

progressively from 64nm to 77nm.  The I4/mmm space group model fit well for the XRD 

patterns after 450oC.  It is possible that an imperceptible intermediate stage remaining 

in-between 300oC to 450oC in view of the change of slope coefficient.  HT synchrotron 

XRD studies of Bi4Ti3O12 from Zhou et al. likewise identified intermediate phase between 

space group B2cb and I4/mmm and they proposed the intermediate phase could be in 

space group Fmm2 or Cmca.181  Herein the intermediate phase was not described well 

by either space group.  In either event, the crystal structural phase transition of Aurivillius 
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oxide is firmly associated with the transformation from ferroelectric to paraelectric state, 

which has about the same transition temperature.  

Figure 0.24 shows the SEM picture of fracture surface from the BCNN2 sample 

with hot-forge sintering.  Plate-like grains are observed for all the samples, which is the 

typical morphology of Aurivillius phases.17,170  The grain size has a distribution around 

20µm and the thickness is around 3µm.  All the samples achieved over 88% density 

after hot-forging sintering.  Other study observed that grain growth decreases as the 

number of perovskite layers increases.171  Compared with other compositions, the 

BCNN2 do have the largest grains. 

 

 

 

 

 

Figure 0.24: SEM micrograph of fracture surface for BCNN2 sample (arrow indicates the 
during hot forging direction).   

 

The plots of dc conductivity of BCNN series as a function of temperature are 

presented in Figure 0.25.  As other Aurivillius oxides discussed in previous sections, the 

BCNN series are still insulators with negative temperature coefficient of resistance.142  

The curves in the range of 400oC to 800oC fit the Arrhenius equation certainly where the 

activation energies Ea≈1.52eV (Table XVIII).  It is most likely to expect intrinsic conduction 
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in this temperature regime. Some work suggested the conduction in this regime stem 

from the thermally activated oxygen vacancies.144,170  Other studies proposed the 

intrinsic conduction are mainly electronic.144  Our previous studies on three layer phases 

show different conduction mechanisms depending on the composition and 

atmosphere.146  The donor type Bi2Sr2Nb2TiO12 behaved as an electronic conductor at 

high oxygen pressure. 146  As shown in Table XVIII, the conductivity at 400oC decreases 

as the perovskite layer expands.  This is consistent with Shrivastava et al.’s studies on 

doped Bi2Sr0.7A0.3Nb2O9 that dc conductivity is inversely proportional to the c/a ratio, and 

it is attributed to the tetragonal strain effect.132  The distinct slope changes from high 

temperature to low temperature can be noted for all the compositions and it is related 

with the transformation of conduction mechanism from intrinsic to extrinsic mechanism.    
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Figure 0.25: The variation of dc conductivity of BCNN series from 400oC to 800oC. The 
inbuilt picture shows the dc conductivity from room temperature to 
400oC. 

 

 

Table XVIII: Summary of Properties: Pellet Density, Activation Energy for DC/AC Conductivity 

and Calculated Polarization 

composition ρrelative σ400
o
C 

S/cm 

Ea-DC 

eV 

AC-1K 

eV 

AC-100K 

eV 

AC-1M 

eV 

Pscal 

µC/cm2
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BCNN2 89% 2.9*10-8 1.27 1.14 0.96 0.87 24.9 

BCNN3 87% 8.4*10-9 1.56 1.42 1.15 0.84 14.9 

BCNN4 97% 3.2*10-9 1.61 1.32 0.77 0.52 15.1 

BCNNT4 93% 2.6*10-9 1.56 1.41 1.03 0.80 15.0 

BCNN5-c 88% 6.3*10-9 1.59 1.44 1.01 0.83  

BCNN5-ab 88% 1.1*10-8 1.52 1.34 0.95 0.76  

 

Typical dielectric behavior of BCNN3 was shown in Figure 0.26.  The dielectric 

constants increase progressively with the temperature and display a step or to say a 

broad peak at the temperature range of 440oC to 590oC.  The dielectric constants in the 

high temperature region(T>Tc) do not follow the Curie-Weiss law as do normal 

ferroelectrics, in which 1/εr=(T-Tm)/C.170  All the compositions display the frequency 

dispersion of the dielectric constant, which could be the possible relaxor ferroelectric 

behavior.  A modified Curie-Weiss relationship was applied here to determine the 

diffuseness of the ferroelectric material: 1/εr-1/εm=(1/C)*(T-Tm)γ, where εm is the 

maximum dielectric contant, C is the curie constant and γ(1≤γ≤2) is the degree of the 

diffuseness.149,152  γ=1 follows the normal ferroelectric material’s Curie-Weiss law and 

γ=2 indicates the relaxor type ferroelectrics. The γ value for BCNN3 at 100kHz 

frequency from fitting modified Curie-Weiss relationship is 1.72, which disclose the 

nature of the material is near relaxor ferroelectric.  It was proposed that the bonding 

environment change caused by the cation site mixing between Bi3+ and A2+ creates the 

defects and local polar nanometer-size regions, which would cause inhomogeneous 

ferroelectric ordering.8  Other work proposed the B-site ordering results in the local 

random electric fields and promote the relaxor behavior.153    
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Figure 0.26: Dielectric constant of BCNN3 from RT to 800oC at various frequencies. The 
inset plot show the dielectric loss of BCNN3 from RT to 800oC at various 
frequencies. 
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Figure 0.27: Temperature dependence of dielectric constant  for different compositions at 
100KHz. 
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Figure 0.27 and Figure 0.28 shows the dielectric constant and dielectric loss at 

the frequency of 100kHz where space charge and orientational polarizations wind up but 

ionic and electronic contributions remain.132 The Curie temperatures decrease with the 

increase of perovskite layers.  Other studies reported Curie temperature for BCNN2 at 

the temperature higher than 900oC which exceed our test limit.5,131  The Curie 

temperature trend is consistent with other observations in the Aurivillius family.22,171,182  It 

can be attributed to the changes in the lattice strain from c/a ratio.65,132    When the 

number of perovskite layers increases, this interlayer strain from the [Bi2O2]
2+ layer gets 

weaker, the B-O-B angles increase accordingly, then the energy needed to overcome for 

phase transformation from an orthorhombic phase to a tetragonal phase would be 

decreased.  
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Figure 0.28: Temperature dependence of dielectric loss  for different compositions at 
100KHz 

 

The dielectric constant versus frequencies at room temperature is shown in 

Figure 0.29.  BCNN2 has the lowest dielectric constant, mostly because of the large 

grain size.  It is reported that the dielectric  constants have a maximum value at a critical 

grain size.172  When the grain size exceeds this limit, the nucleation of ferroelectric 

domains would lower the internal stresses and dielectric constant.  Besides, the 

dielectric constants for all the samples are almost constant from 10Hz to 1MHz, which 

show no sign of relaxation absorption from space charge polarization and resonance 

absorption phenoemena.132  BCNN2, BCNN3 and BCNN4 all exhibit slightly decrease of 



72 

dielectric constant with increasing frequencies while BCNNT4 show less frequency 

dependent behavior from 100Hz to 1MHz.  The Ti doping on Nb site would generate 

oxygen vacancies which would cause the domain wall pinning effect and therefore the 

dielectric constants of BCNNT4 are weakly affected by frequencies while others behave 

as soft ferroelectrics.133,146    A small drop in the dielectric loss from 10Hz to 1KHz can be 

observed for all the compositions (Figure 0.30) which confirms the samples could have 

small space charge contributions from defect dipoles.132  
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Figure 0.29: Dielectric constant of four compositions at 40oC at various frequencies. 
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Figure 0.30: Dielectric loss of four compositions at 40oC at various frequencies. 
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Figure 0.31: AC conductivity of BCNNT4  from 400oC to 800oC at 1kHz. 

 

In order to understand more about the conduction mechanism, the activation 

energy of ac conductivities were calculated as in the previous section (as shown in 
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Figure 0.31).  At temperatures lower than 600oC, the ac conductivities vary notably with 

frequency, which indicates that the conductivity below 600oC is likely related to the 

extrinsic conduction.170  At temperatures higher than 600oC, the ac conductivities 

gradually converge into one line and become insensitive to frequency changes.  In the 

high temperature region, the conductivities follow the Arrhenius law with a linear fit.  The 

activation energies for each composition were listed in Table XVIII, which matches with 

other known Aurivillius oxides’ activation energies.133,144,170   

 

 

 

E.  Conclusions 
 

 The structural and electrical properties for two series of Aurivillius oxides with 2 

to 5 of perovskite layer have been reported and discussed. Most of the compositions 

show broad dielectric peaks and limited peak shift with frequency, which indicate 

diffusive ferroelectric behavior with a certain degree of relaxor. The ferroelectric to 

paraelectric phase transformation has also been confirmed by HTXRD studies.  The 

higher number of perovskite layers for both series leads to lower dc conductivity and 

lower dielectric constant.  Further investigations are required to explain the conduction 

mechanism. 

We have successfully sintered a new Aurivillius oxide as Bi2CaNa3Nb5O18 with 

highly textured structure via hot forging.  Dielectric measurements confirmed the 

ferroelectric polarization along a-b plane. Contrary to many research hypotheses that 

oxygen vacancies play a negative role in the dielectric and ferroelectric behavior, we 

found that oxygen vacancies contribute to space charge region, and therefore increase 

the dielectric constant and ferroelectric polarization of Bi2CaNa3Nb5O18. 
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Chapter 3  

Study of Crystal Structure and Multiferroic Behavior on A Series of Rare Earth 

Mn-doped Auriviilius Oxides 

 

A.  Abstract 
 

 A series of Mn doped Aurivillius phases Bi2Ln2Ti3-xMnxO12 (Ln=La, Nd, Sm, Gd; 

x= 0.6, 1, 1.2) has been synthesized from traditional solid oxide reaction.  Manganese 

doping increases the dc conductivity and dielectric loss.  Ferroelectric measurement of 

Bi2NdLaTi3O12 shows a remnant polarization about 2.2µC/cm2 and the coercive field Ec 

of 43kV/cm.  Manganese doped phases did not get a saturated ferroelectric hysteresis 

loop due to the demand of very high applied electric field and low sample breakdown.  

Magnetic measurements confirm all the phases are paramagnetic with 

ferromagnetic/antiferromagnetic interactions at 2K.  Magnetoresistance of 

Bi2Sm2Ti1.8Mn1.2O12 was also observed.  
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B.  Introduction 
 

The first multiferroic material discovered was Ni3B7O13I in the 1960s, and then in 

the 1990s Schmid defined the term  “multiferroic” as a material which simultaneously 

carries at least two of the  ferroelectric, ferromagnetic and/or ferroelastic properties.69,70  

The potential to correlate the magnetic and electric properties qualify the material for 

many attractive applications, such as multiple state memory elements, smart sensing, 

actuating devices, and spintronic devices.55,62,183 

Until now, very few materials have been found to be multiferroic.  Thin film 

BiFeO3 and BiMnO3 with distorted perovskite structures have drawn quite a lot of interest 

recently because of the dramatic improvements in polarization and Neel 

temperature.61,62,99,118,139  The ferroelectricity and ferromagnetism tend to exclude each 

other in natural ABO3 perovskite structures, because ferroelectricity needs d0 cations on 

the B site while magnetism requests dn (n≠0) configurations.184  One possible and 

promising route to combine them within one material is Bi-containing magnetic materials 

where Bi3+ with its lone electron pairs could contribute for the ferroelectricity and exclude 

the d0 requirement.15      

The Aurivillius material is this type of Bi-containing layered perovskite; its 

structure consists of perovskite-like blocks interleaved between [Bi2O2]
2+ layers.64  The 

most distinguishable advantage of the Aurivillius oxides is the nearly boundless potential 

to engineer the structural, ferroelectric, and magnetic properties by means of cation 

substitution on both the cubo-octahedral A-site and octahedral B-site positions for a wide 

range of different oxidation states.  Sharma et al. did structural studies of Bi2-

xSr2+x(Nb/Ta)2+xM1-xO12(M= Ru4+, Ir4+, Mn4+) from synchrotron XRD data but did not detect 

long range magnetic ordering.185  Other low temperature (anti)ferromagnetic studies on 

various Aurivillius oxides have been tried out but only give out paramagnetic behavior 

results, which includes Bi3NbTi0.8Mn0.2O9, Bi5Ti3CrO15, Bi4+xPb1-xTi4-xMnxO15, Bi4-

xGdxTi3O12, Bi5Ti3CrxFe1-xO15 .
36,37,186-188  Meanwhile, Bi5Ti3FeO15 has been assessed to 

have a Curie temperature of 730oC and an antiferromagnetic Neel temperature of 

80K.108,157,189  Bi5Fe0.5Co0.5Ti3O15 and Bi4.25La0.75Fe0.5Co0.5Ti3O15 have also been noted 

with intrinsic ferroelectricity and ferromagnetism above room temperature.12,13,190  

Furthermore, 2K measurements of Bi2La0.6Sr1.4Nb2MnO12 powder demonstrate the 

noteworthy ferromagnetic hysteresis with a remnant magnetization of 0.6 Am2/mol.191  

Although previous research opens the routes for Aurivillius oxides as applicable 
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multiferroics, all of them show either very small values of spontaneous 

magnetization/electric polarization or a considerable temperature gap between Curie 

temperature and Neel temperature.  These issues hold back the Aurivillius oxides and 

many other materials from practical applications. Aurivillius oxides have already been 

studied to show efficient ferroelectric properties with high Curie temperatures,5,8 this 

work investigates the Ln-series Aurivillius phases because of their potentially high 

ferroelectric properties (as discussed in Chapter 1).  Relatively high concentrations of 

Mn were incorporated into the B site of Bi2Ln2Ti3O12 phases in order to achieve possible 

ferromagnetic/antferromagnetic orderings.   

Crystal structure has been demonstrated to play a significant role in multiferroic 

behaviors.185  Precisely defined crystal structure information is essential to predict and 

understand the spontaneous polarization because the off-center distortions drive the 

polar behavior.107  Magnetization, which is the result of unpaired electron spins and 

unbalanced electronic orbital motion, is as well directly determined by the crystalline 

structures.  To this point, the quantitative and sufficient comprehension of the 

ferroelectricity and ferromagnetism origins for Aurivillius oxides still remain unavailable.  

The main challenge is to understand the materials and mechanisms to achieve direct 

control of the multiferroic parameters. The effects of cation doping on the crystal 

structure distortion as well as providing understandings of multiferroic behavior from the 

structure origin have not been investigated.  This chapter thoroughly investigates the 

crystal structures as well as electrical and magnetic properties of the Bi2Ln2Ti3-xMnxO12 

(Ln=La, Nd, Sm, Gd; x= 0.6, 1, 1.2) series. 

.  

 

 

C.  Experimental Procedure 
 

 Synthesis of Bi2Ln2Ti3-xMnxO12 (Ln=La, Nd, Sm, Gd; x= 0.6, 1, 1.2) followed the 

same procedure as Chapter 1.  Simple solid state synthesis techniques were applied 

under the temperature of 1050 °C or 1150°C for a cycl e of 12 hours in covered MgO 

crucibles, with intermittent grinding between sintering cycles until the pure phase was 

attained.  The hot-forging sintering has been used with details in Chapter 2. 

Neutron diffraction experiments of Bi2Nd2Ti3-xMnxO12 (x= 0.6, 1)  were conducted 

at Oak Ridge National Laboratory using the POWGEN diffractometer.  Approximately 6 
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grams of powder was packed into a vanadium sample holder and measured under 

ambient conditions.  All laboratory x-ray diffraction data sets were collected using a 

Bruker D8 Advance 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, with step scan measurements of  5-140°2 θ, 0.03° step size, 

and 2 second count time with power setting of 40 kV and 40 mA.  

The measurement details of DC conductivity, dielectric properties, and 

ferroelectric polarization can also be found in Chapter 2.  

About 1g of each sample was carefully ground by hand and sieved below 45µm, 

then sent for the magnetic measurements. The magnetic susceptibility measurements 

were performed using a Quantum Design Magnetic Property Measurement System at 

National High Magnetic Field Laboratory Pulsed-Field Facility in Los Alamos National 

Laboratory.  The dielectric and capacitance measurements as a function of magnetic 

field were carried out within a 14 Tesla Quantum Design Physical Properties 

Measurement System at National High Magnetic Field Laboratory Pulsed-Field Facility in 

Los Alamos National Laboratory.  dielectric and capacitance measurements were done 

with a 1kHz capacitance bridge (Andeen Hagerling 2500A) at 15 or 30 Volts excitation, 

with the powder pressed gently with a screw, between two copper plates a few mm in 

diameter, in a plastic insulating holder.  

 

 

D.  Results and Discussion 
 

The series of crystalline phase formation for Bi2Ln2Ti3-xMnxO12 has been 

confirmed by x-ray powder diffraction patterns.  Figure 0.1 displays the room 

temperature XRD patterns for Bi2Ln2Ti2.4Mn0.6O12 which is representative for the three 

layer Aurivillius oxides.  About 5wt% and 11wt% impurity phases as LnMn2O5/BiMn2O5 

have been detected for Bi2Nd2Ti2.4Mn0.6O12 and Bi2Gd2Ti2.4Mn0.6O12, respectively (Table 

XIX).  For the higher Mn concentrations, the impurity phases increase up to 11wt%, 

composed of LnMn2O5, BiMn2O5 and Bi2O3 (Figure 0.2).  Mn content on Ti site varies by 

6% at the maximum based on the stoichiometric calculations.  Although it is reported 

that a small amount of Mn ion may enter the A site,  because of the small ionic radius of 

Mn ion (0.53Å for Mn4+ and 0.61Å for Mn3+)101 and the complexity of the overall structure 

refinements, herein Mn ion would only be considered to occupy the B site.192  It seems 
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that the solubility limit of Mn doping on the B site is no more than 20% for this series of 

Aurivillius phases.146,193,194  The reflections of all the XRD patterns have been indexed 

successfully using the orthorhombic structure with B2cb space group.  It is also noted 

that the peak splitting such as 31.5o and 47.1o and more in the higher angles gradually 

converges with more Mn doping amount, even though the space group remains in the 

B2cb. This indicates the orthorhombic structure symmetry lowering with higher Mn 

doping.  Figure 0.3 shows all the lattice parameters moderately increase with refined A-

site cation radius.  The Mn with smaller ionic radius doping on the B-site gently 

condenses the unit cell compared with Bi2Ln2Ti3O12 series.  The refinement results show 

the majority of Mn occupies the center B site(Table XX).  This is consistent with other 

magnetic ion doped Aurivillius structure studies and it could be the hybridization of Mn d-

orbitals and O 2p orbitals prefers to a more balanced BO6 octahedron 

environment.36,185,191  Additionally, d0 transition metals at outer octahedron are known to 

shift towards the apical oxygen as discussed in Chapter 1.  This shift could be induced 

by the second order Jahn-Teller effect and electrostatic effects.191,195  As a result, if Mn 

with partially filled d shell occupies at the outer octahedra, because of its partially filled d 

orbitals, it would hybridize with O 2p orbitals and affect the apical oxygen position. As a 

result, it would produce structural instability.  Further structural distortion analysis of 

Bi2Nd2Ti2.4Mn0.6O12 reveal that the structure distortion parameters still follow the same 

trends as discussed in Chapter 1(see 1.4.1). However, compared with Bi2Nd2Ti3O12 

(Table XXI), Bi2Nd2Ti2.4Mn0.6O12 has a smaller Bi partial occupancy at A site, a smaller tilt 

angle of the BO6 octahedra by 1.1o, yet the larger center octahedron kink angles.   

 

 

Table XIX: Bi Partial Occupancies at A Site and the Contents of the Impurities for 
Mn Doped Aurivillius Oxides.  

Composition Bi site occ BiMn2O5/LnMn2O5 Bi2O3  

Bi2La2Ti2.4Mn0.6O12 0.154(4) 0 0  

Bi2La2Ti2MnO12 0.264(14) 2.02(20)wt% 0.24(5)wt%  

Bi2Nd2Ti2.4Mn0.6O12 0.134(4) 0.35(9)wt% 0  

Bi2Nd2Ti2MnO12 0.087(11) 5.36(3)wt% 0.92(10)wt%  

Bi2Sm2Ti2.4Mn0.6O12 0.198(10) 0.41(22)wt% 0.29(8)wt%  
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Bi2Sm2Ti1.8Mn1.2O12 0.081(10) 0.15(18)wt% 0.43(8)wt%  

Bi2Gd2Ti2.4Mn0.6O12 0.180(14) 3.79(38)wt% 6.79(36)wt%  

 

 

SEM micrographs of the powders reveal that the average particle sizes for all the 

compositions are around 2µm and the morphology of the particles are all characteristic 

plate shapes. The hot-forged pellets reached over 90% density. The SEM pictures show 

that the grain sizes are up to about 5µm, and the thickness of the plate-shape grains is 

about 0.4µm.  

 

Figure 0.1:   Room temperature x-ray diffraction patterns of Bi2Ln2Ti2.4Mn0.6O12 
(Ln=La, Nd, Sm, Gd).  
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Figure 0.2:   X-ray diffraction patterns of Bi2La2Ti3O12, Bi2La2Ti2.4Mn0.6O12 and 
Bi2La2Ti2MnO12.  

 

Table XX: Refined Structural Parameters for Bi2Nd2Ti2.4Mn0.6O12 

Space group: B2cb       a= 5.36912(13); b= 5.36923(14); c= 32.7639(81) 

Atom  Site Fraction x y z Uiso 

Nd A 0.86579(10) 0 0.99695(6) 0.06532(6) 0.01303(26) 

Bi A 0.13421(10) 0 0.99695(6) 0.06532(6) 0.01303(26) 

Nd Bi 0.13421(10) -0.089(9) -0.097(10) 0.2243(10) 0.028(5) 

Bi Bi 0.86579(10) 0.0022(17) 0.0071(8) 0.21070(6) 0.01173(27) 

Mn Ti1 0.43710(26) -0.004(4) 0 0.5 0.0052(6) 

Ti Ti1 0.56290(26) -0.004(4) 0 0.5 0.0052(6) 

Mn Ti2 0.98145(13) -0.00765(9) 1.00225(9) 0.37243(9) 0.0042(4) 

Ti Ti2 0.01855(13) -0.00765(9) 1.00225(9) 0.37243(9) 0.0042(4) 

O O1 1 0.3057(19) 0.3075(16) 0.00660(18) 0.0223(10) 

O O2 1 0.2569(14) 0.2578(12) 0.24876(10) 0.00112(17) 

O O3 1 0.0059(24) 0.0471(8) 0.44388(10) 0.0162(9) 

O O4 1 -0.0048(29) 0.9527(9) 0.32032(11) 0.0214(11) 

O O5 1 0.2526(24) 0.2565(20) 0.11105(11) 0.0113(6) 

O O6 1 0.2540(25) 0.2603(22) 0.87949(12) 0.0174(9) 
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Figure 0.3:   Lattice parameters of Bi2Ln2Ti3-xMnxO12 (solid) and 
Bi2Ln2Ti3O12

102(open) from refined structures. Errors are within ±0.008%.   

 

Table XXI: BVS, Partial Occupancies, Distortion Parameters and Calculated 
Spontaneous Polarization for Bi2Nd2Ti3O12 and Bi2Nd2Mn0.6Ti2.4O12. 

 
Bi2Nd2Ti3O12 Bi2Nd2Mn0.6Ti2.4O12 

BVS-A 2.88 2.84 

BVS-Bi 2.74 2.88 

BVS-Ticenter 4.09 3.97 

BVS-Tiouter 3.83 4.05 

GII 0.17 0.10 

A site refined IR/Å 1.292 1.285 

Bi site mixing at A site 0.20 0.13 

Tilt/o 8.6 7.5 

Outer kink angle/o(001) 0.09 0.62 

Outer kink angle/o(110) 3.65 2.41 

Center kink angle/o(001) 5.61 6.18 

Center kink angle/o(110) 21.65 24.44 

Outer ∆Bondlength 8.2 9.2 

Center ∆Bondlength 1.3 0.7 

Outer δBondAngle 123.0 101.5 

Center δBondAngle 130.0 126.3 

Cal Ps/µC*cm-2 14.34 15.01 
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The dc conductivities (σ) of Bi2Nd2Ti2.4Mn0.6O12 and Bi2LaNdTi3O12 both increase 

with increasing temperature as shown in Figure 0.4.  At 400oC, the σ of Bi2LaNdTi3O12 is 

1.8*10-6 S/cm which is at the same level as other three-layer phases; and the σ of 

Bi2Nd2Ti2.4Mn0.6O12 is 5.2*10-4 S/cm comparable with Bi2Sr2Nb2Ti0.8Mn0.2O12 with reported 

value of ~10-5 S/cm.146,196  Bi2LaNdTi3O12 follows the Arrhenius equation from 200oC to 

800oC while Bi2Nd2Ti2.4Mn0.6O12 follows the Arrhenius equation from 30oC to 800oC.  The 

activation energies Ea calculated from Arrhenius law are 0.93eV for Bi2LaNdTi3O12 from 

400oC to 800oC and 0.39eV for Bi2Nd2Ti2.4Mn0.6O12 from 30oC to 800oC.  Apparently the 

Mn doping increases the dc σ by several orders of magnitude.  Compared with Fe/Pb 

doped Aurivillius conductivity studies, Bi2Sr2Nb2Ti0.8Fe0.2O12-δ and Bi1.8Pb0.2Sr2Nb2TiO12-δ 

both are reported to increase conductivity by 1-3 orders of magnitude but have an 

activation energy around 1eV.146  The ionic conduction via oxygen vacancies were 

shown to be the main conduction mechanism while the electron conduction resulting 

from Sr2+ and Bi3+ dominates at high pO2 atmosphere for undoped phase 

Bi2Sr2Nb2TiO12.
146  Herein for Bi2LaNdTi3O12, it is more likely that ionic conduction 

dominates at the high temperature region and the conductivity is from the oxygen 

vacancies from bismuth oxide layer.143  The σ of Bi2Nd2Ti2.4Mn0.6O12 displays no abrupt 

change of slope from high temperature to low temperature and behaves differently from 

the other Aurivillius phases in Chapter 2.  This is mostly because conduction of 

Bi2Nd2Ti2.4Mn0.6O12 is mainly electronic even in the high temperature region.  It is 

possible that mixed valence Mn4+/Mn3+ coexist, and since Mn tends to occupy the center 

octahedra from the refinement results, it’s easy for electron conduction.   
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Figure 0.4:   DC conductivity as a function of temperature from 30oC to 800oC.  
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Figure 0.5:   Dielectric constant as a function of temperature for Bi2LaNdTi3O12. 
The inset picture shows the dielectric loss as a function of temperature.  
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Figure 0.6:   Dielectric constant as a function of temperature for 
Bi2Nd2Ti2.4Mn0.6O12. The inset picture shows the dielectric loss as a function of 
temperature.  
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Figure 0.7:   Comparison of dielectric constants for Bi2LaNdTi3O12 and 
Bi2Nd2Ti2.4Mn0.6O12 at 100kHz frequency. The inset picture shows the 
variation of ac conductivity as a function of temperature at 100kHz frequency. 
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 The temperature dependence of the dielectric constant and loss for 

Bi2LaNdTi3O12 and Bi2Nd2Ti2.4Mn0.6O12 at various frequencies is depicted in Figure 0.5 

and Figure 0.6.  Bi2LaNdTi3O12 shows a relatively sharp dielectric constant maximum at 

620oC at 10Hz.  This maximum value is dependent on the frequencies, which indicates 

the diffusive relaxor ferroelectric behavior.  The dielectric constants for 

Bi2Nd2Ti2.4Mn0.6O12 do not show any clear peaks at low frequencies while the dielectric 

losses have peaks ≥380oC which shift to higher temperature with frequency.  At room 

temperature, the dielectric constants stay around 180 and dielectric loss stay around 

0.6% for Bi2LaNdTi3O12, which is consistent with other Aurivillius oxides’ behavior 

discussed in Chapter 2.  On the side of Bi2Nd2Ti2.4Mn0.6O12, both the dielectric constant 

and loss display a huge decline when the applied frequency changes from 10Hz (2700, 

147) to 1MHz (100, 0.36).  The sharp decrease in dielectric constant with increasing 

frequency up to 100KHz can be caused by many reasons: relaxation and resonance 

absorption;132 development of a thin reaction layer between the electrode and sample 

surface; also the microstructure including grain size because the buildup of the charge 

carriers at grain boundaries could cause an interface space charge polarization.36  

Herein space charge is mostly likely the reason for low frequency with high dielectric 

constant since the dielectric constant of Bi2LaNdTi3O12 remains nearly constant with 

frequency at room temperature.  In addition, compared with Bi2LaNdTi3O12, Mn doping 

increases the frequency dispersion behavior, also significantly increases the dielectric 

loss and dielectric constant especially in the low frequency region.  On the contrary, 

other studies have reported that small amount of Mn doping (less than 3%) can lower 

the dielectric loss in Aurivillius oxide thin films, it is believed that the existence of Mn3+ on 

the B site would act as an acceptor and inhibit the Ti4+ reduction to Ti3+, which 

consequently prevents the electrons hopping between Ti4+/Ti3+.163,192,197  However, the 

present study has quite large amounts of Mn on the B site, from 20% to 40%, and 

therefore overwhelms the minor intrinsic donor content reported in other Aurivillius 

phases.146  It is possible that Mn4+ acts as a donor and increases the Bi vacancies, which 

has been reported in Mn-doped perovskites as a “soft” effect.192,198  When the soft 

doping occurs, the domain walls move easier, which would increase the dielectric 

constant and dielectric loss.  

 At temperature lower than 200oC, the ac conductivity of Bi2LaNdTi3O12 is nearly 

independent of temperature which implies that the electron hopping between Ti4+/Ti3+ 

mainly contributes to conductivity.162,170  At temperature higher than Tc, the ac 
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conductivity gradually becomes independent of frequency and converges together.  The 

activation energies calculated from the Arrhenius law are 0.57eV for Bi2LaNdTi3O12 from 

400oC to 800oC at 100kHz and 0.30eV for Bi2Nd2Ti2.4Mn0.6O12 from 30oC to 800oC at 

100kHz with an error of ±0.02eV.  The Ea value for Bi2LaNdTi3O12 is consistent with 

other reported Aurivillius phases with similar compositions, which confirmed the 

conduction at high temperature region is mainly from thermally activated oxygen 

vacancies.170,199 

Figure 0.8 shows the polarization-electric field (P-E) hysteresis loop of the hot-

forged Bi2LaNdTi3O12 pellet at room temperature.  The saturated P-E switching curve is 

effectively obtained at an applied electric field of 100kV/cm, the remnant polarization Pr 

and the coercive field Ec are about 2.2µC/cm2 and 43kV/cm, respectively.  The 

polarization measurements of Bi2Nd2Ti2.4Mn0.6O12 at room temperature did not reach 

saturation due to the facility limits (≤150kV/cm) and low sample breakdown.  This 

happens to other Aurivillius phases too, probably because the conduction leads to 

relatively high leakage and low sample breakdown.124,200  The Pr and Ec for 

Bi3.15Nd0.85Ti2.9Mn0.1O12 thin film have been reported to be 28µC/cm2 and 83kV/cm, 

respectively; the applied electric field is as large as about 400kV/cm.163  Similarly, the Pr 

and Ec for Bi4.55K0.45Ti3.8Mn0.2O15 thin film have also been reported to be 39µC/cm2 and 

100kV/cm, respectively under the applied electric field of 550kV/cm.201  From the 

previous crystal structure view, the 20% Mn doping in this study does not largely affect 

the distortion of the structure.  As a result, the theoretical ferroelectric polarization stays 

around 15µC/cm2 with up to 20% Mn doping on the B sites.  In addition, since Mn doping 

helps enhance the domain wall motion; the remnant polarization would increase just as 

dielectric constant as discussed earlier for soft effect of Mn doping.  Moreover, 

Mn3+/Mn4+ have smaller ionic radii than Ti4+, which makes the movement of the polar 

ions easier.202  Therefore,both studies of K0.45Bi0.55Bi4Ti3.8Mn0.2O15 and Ca/SrBi4Ti4O15 

with 4.5 mole% MnO2 observed the enhancement of ferroelectric polarization with Mn 

doping .192,201   
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Figure 0.8:   Ferroelectric polarization hysteresis loops for Bi2NdLaTi3O12 at room 
temperature under 10Hz. 
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Figure 0.9:   Temperature dependence of the magnetic susceptibility of 
Bi2Ln2Ti2.4Mn0.6O12 (Ln=Gd, Sm, Nd, La) under 8*104A/m(=103Oe) 
magnetic field.  

 



89 

0 50 100 150 200 250 300

0

10

20

30

40

50

60

70

80

Temperature (K)

1/
su

sc
ep

tib
ili

ty
 (

m
ol

/c
m

3 )

 

 

La

Sm

Nd

 

Figure 0.10:   Temperature dependence of the magnetic susceptibility of Bi2La2Ti2MnO12, 
Bi2Nd2Ti2MnO12, and Bi2Sm2Ti1.8Mn1.2O12 under 103Oe (8*104A/m) 
magnetic field. 

 

 

Figure 0.9 and Figure 0.10 plot the magnetic susceptibility data across the temperature 

region from ~2K to room temperature for all seven compositions.  Paramagnetic 

behavior can be observed for all the samples.  For the same A-site ion compositions, the 

magnetic susceptibility increases with Mn concentration on the B site.  For the 

Bi2Ln2Ti2.4Mn0.6O12 series, the magnetic susceptibility below 10K decreases in the order 

of Gd>La>Nd>Sm.  However, the high value for Bi2Gd2Ti2.4Mn0.6O12 probably results 

from impurity phases.  The susceptibility plots have been fitted by the Curie Weiss 

equation: 1/χ=3*kB(T-Tcw)/(N*meff
2), where Tcw is the Curie Weiss temperature, N is 

Avogadro’s number and kB is Bohr magneton and meff is effective magnetic moment.  

None of the 1/χ vs T plots demonstrate a straight line with a zero intercept, which 

suggests that the materials are not purely paramagnetic.  The low temperature regions 

incline to depart from straight line because the magnetic interactions grow much 

stronger.  The Curie Weiss temperatures are positive for La-containing compositions and 

negative for the rest of the samples, which implies ferromagnetic interactions for La-

containing samples and anti-ferromagnetic interaction for the others.  The Mn3+/Mn4+ 

ratio is crucial for the magnetic behavior: superexchange interaction between Mn3+/Mn4+
 

is solely ferromagnetic while both Mn4+/Mn4+
 and Mn3+/Mn3+

 are antiferromagnetic.203  
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Therefore, when the ratio of Mn3+/Mn4+
 equals 1, the ferromagnetic interaction would be 

expected; otherwise, the competition between Mn3+/Mn4+
 and Mn4+/Mn4+

 (or Mn3+/Mn3+) 

would decide the result. The short range ferromagnetic exchange has been also 

reported in other Mn-doped Aurivillius phases, as listed in Table XXII.  Most reported 

magnetic ion doped Aurivillius phases show positive values for Curie-Weiss 

temperatures, here only the La-containing phases are paramagnetic with ferromagnetic 

interactions. The reason for Nd/Sm/Gd containing phases showing antiferromagnetic 

interactions needs more investigation, but the ratio of Mn3+/Mn4+
  could be one factor. In 

addition, the antiferromagnetic interaction could be from changes of the Fermi-level 

caused by different crystal structures.204,205 Other factors influencing the magnetic 

behavior include: 1) the Mn-O-Mn bonding angles because electrons transferring from 

Mn ion to nearest Mn ion half filled t2g orbitals through oxygen p-orbital; 2) the particle 

size where the inner part and surface layer would have different spin state. 203,206 

 

Table XXII: Curie-Weiss Temperature and Effective Magnetic Moment for Mn 
Doped Aurivillius Oxides.  

Composition Tcw (K) meff (µB) 
 

Bi2La2Ti2.4Mn0.6O12 23 4.06 Polycrystalline powder 

Bi2La2Ti2MnO12 3 5.60 Polycrystalline powder 

Bi2Nd2Ti2.4Mn0.6O12 -45 5.71 Polycrystalline powder 

Bi2Nd2Ti2MnO12 -50 6.74 Polycrystalline powder 

Bi2Sm2Ti2.4Mn0.6O12 -50 4.45 Polycrystalline powder 

Bi2Sm2Ti1.8Mn1.2O12 -7 13.46 Polycrystalline powder 

Bi2Gd2Ti2.4Mn0.6O12 -33 6.94 Polycrystalline powder 

185Bi1.5Sr2.5Nb2.5Mn0.5O12 50 N/A Polycrystalline powder 

185Bi1.5Sr2.5Ta2.5Mn0.5O12 25 N/A Polycrystalline powder 

36Bi4.6Pb0.4Ti3.4Mn0.6O12 22 5.36 Polycrystalline powder 

188Bi3NbTi0.8Mn0.2O9 N/A 3.34 Polycrystalline powder 

207Bi7Ti2.25Mn3.75O21 55 N/A Thin film 
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All the materials exhibit monotonous increasing of magnetization with decreasing 

temperature from room temperature down to ~2K, which suggests no ferromagnetic or 

antiferromagnetic transitions.  As shown in Figure 0.11 and Figure 0.12, there is no 

apparent hysteresis loop for the field sweep measurements at 2K.  However, the M-B 

dependence plots are not linear functions, which indicates the ground state for all the 

compositions at 2K are not purely paramagnetic.  In the direction to enhance the 

multiferroic performance, better control of Mn valence or other magnetic ion doping 

would be beneficial.  Previous studies of Aurivillius structure multiferroic have suggested 

that two different magnetic ions (like Fe3+/Co3+, Fe3+/Ni3+, or Mn3+/Ni3+) occupying the B-

site would enhance ground state polarity for ferromagnetic behavior.13,78  The reason is 

that different radii of magnetic ions would lead to a more distorted crystal structure with 

highly tilted BO6 octahedron which would result in a canted spin structure with 

preference of ferromagnetic phase via the Dzyaloshinskii-Moriya interaction.78,208  In 

addition, thin film or single crystal forms of the sample are still favorable to better 

understand the structure-property relationships.  
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Figure 0.11:   Field dependence of the magnetization at T≈2K for Bi2Ln2Ti2.4Mn0.6O12 
(Ln=Gd, Sm, Nd, La).  The inset is the zoom-in picture for the plots near 
origin.  
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Figure 0.12:   Field dependence of the magnetization at T≈2K for Bi2La2Ti2MnO12, 
Bi2Nd2Ti2MnO12, and Bi2Sm2Ti1.8Mn1.2O12 . 
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Figure 0.13:   Field dependence of capacitance at T≈300K for Bi2La2Ti2MnO12, and 
Bi2Sm2Ti1.8Mn1.2O12.  
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Figure 0.14:   Field dependence of relative dielectric constant at T≈4K for Bi2La2Ti2MnO12, 
and Bi2Sm2Ti1.8Mn1.2O12. The inset is the field dependence of dielectric 
constant at T≈300K. 
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Figure 0.15:   Field dependence of AC conductivity at T≈300K and 1KHz for 
Bi2La2Ti2MnO12, and Bi2Sm2Ti1.8Mn1.2O12. 

 

The manganese oxides with layered perovskite structure have been extensively 

studied for their magnetoresistance properties.203,209,210  Aurivillius oxide Bi5Ti3FeO15 also 
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clearly shows the positive magnetocapacitance effect at T<10K.200  However, the 

samples studied here display no magnetic field dependence of dielectric constant either 

at 4K or 300K as shown in Figure 0.14.  Since the structure analysis demonstrates the 

Mn magnetic moments are confined in the a-b plane, it is possible the magnetoelectric 

measurements on bulk polycrystalline material couldn’t bring about the intrinsic dielectric 

properties.  Every single grain in a polycrystalline ceramic sample may consist of 

different domains from each other, also the defects on the grain boundaries of the bulk 

polycrystalline samples would pin the domain wall movements.142  Both capacitance and 

loss remain constant at 4K under a magnetic field up to 130k Oe.  However, there is field 

dependence of loss at 300K and slight linear decrease in the capacitance with applied 

magnetic field (Figure 0.13 and Figure 0.15).  The development of this field dependence 

as the temperature is increased to room temperature, and the fact that the change in the 

capacitance is mirrored by a change in the loss, is most consistent with a certain amount 

of magnetoresistance in the sample at room temperature, and not magnetocapacitance.  

A substantial improvement of magnetoresistance has been reported for La1.7Ca1.6Mn2O7 

on thin film compared with bulk samples which was attributed to the reduced dimension 

of the Mn-O-Mn network.210  Since our studies on Mn-doped Aurivillius phases show 

magnetoresistance at room temperature, future studies could spread to thin film form for 

magnetoresistance applications.  

 

 
E.  Conclusions 
 

In summary, manganese doped three layer Aurivillius oxides were synthesized 

and the solubility of Mn was determined to be below 20%.  Mn doped and undoped 

phases Bi2Ln2Ti3-xMnxO12 (Ln=La, Nd, Sm, Gd; x= 0.6, 1, 1.2) have been studied for their 

electrical properties. Undoped phases exhibit a ferroelectric hysteresis loop while Mn 

doping increases the dc conductivity by several orders of magnitude. Mn doping also 

shows a soft effect on the Aurivillius phases, which increases the dielectric constant and 

dielectric loss at T<Tc .  

All the sintered ceramics display ferromagnetic/antiferromagnetic interactions at 

low temperature and overall paramagnetic state. Ferromagnetic/antiferromagnetic 

behaviors might be enhanced by introducing second magnetic ion doping.  

This work for the first time studied the magnetoelectric data on polycrystalline Mn-doped 

Aurivillius samples although the results show no magnetocapacitance but a small degree 
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of magnetoresistance. Further study is desired to interpret the magnetotransport 

mechanism within Mn-O a-b plane.  Thin film, single crystal or defect-free highly textured 

sample is necessary to prepare for the measurements. 
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SUMMARY 

This work is aiming at advancing a connection between crystal structures and 

physical properties, primarily ferroelectric and ferromagnetic properties.   

The three layer Aurivillius structures demonstrated evident systematic trends 

from 14 diversified compositions with A-site from rare earth to alkali and alkaline earth 

ions and B site from Ti4+, Ta5+, and Nb5+, which is the most conclusive Aurivillius oxide 

structure study so far.  Following Nichols’ previous work, it was shown that structure 

distortion lessens as the A-site cation grows larger.102  The mechanisms for different 

distortion phenomenon were discussed and compared with other works.  This work 

realizes the prediction of crystal structure distortions based on the composition selection.  

The four layer Aurivillius phases with different space groups display  less distorted 

structures, and the tendency is not as clear as in the three layers. More structures are 

needed to fill in the cation site effects.  However, it seems that the A-site cation is not the 

only crucial factor in structure distortions, as B-O octahedron stacking would also alter 

the structure features.   

Both electrical and magnetic measurements introduce fairly complex 

mechanisms for Aurivillius oxides, partly due to the polycrystalline nature of the 

ceramics. BCNN5 achieved a highly textured microstructure with hot-forging while other 

compositions still need more investigation of adjusting sintering conditions.  The 

electrical studies not only confirm the ferroelectric nature for the Aurivillius compounds, 

but also illustrate a way to tailor the Aurivillius oxides for specific applications, like 

relaxor-type ferroelectrics.  The magnetic measurements didn’t show definite 

ferromagnetic properties, but some interesting behaviors are noteworthy.  For example, 

the ferromagnetic interaction and antiferromagnetic interaction could be altered by 

different Ln cation on the A site.  

Continuing this work, rare earth containing Aurivillius oxides Bi2Ln2Ti3O12 can be 

considered one of the most promising ferroelectric materials.  The grain orientation 

mechanism of textured structure by hot-forging requires more studies, which includes 

the sintering condition effects on the grain boundary sliding caused by the deformation 

and cavity formation.211  Careful control of magnetic ion doping to this system would 

possibly induce ferromagnetic response.  Two methods are suggested here: different 

magnetic ion co-doping at B site or management with Mn ion valence.  To precisely 
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study the magnetic structure and ferromagnetic properties, thin film or single crystal 

forms of the ceramic are highly recommended. 
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