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Abstract
In this work, in-depth structural and electrical characterisation is used to study a family
of “empty” tetragonal tungsten bronzes (TTBs), A24A12B12B28O30. An initial investigation
into the effect of the A1-cation size on the properties of empty Ba4R0.67

1.33Nb10O30

TTBs

(where R is the A1-cation and R = La, Nd, Sm, Gd, Dy and Y;

= vacancy) was

performed. These were determined to be metrically tetragonal by powder x-ray
diffraction, with decreasing R cation size inducing increased crystal anisotropy. This
tetragonal structural distortion, driven by contraction in the ab-plane, is shown to stabilise
c-axis ferroelectricity; a direct correlation between tetragonality and the ferroelectric
Curie temperature, TC, is demonstrated.
Further examination of the relaxor ferroelectric (RFE) to ferroelectric (FE) crossover in
Ba4(La1-xNdx)0.67

1.33Nb10O30

TTBs using detailed structural studies employing variable

temperature, high resolution neutron, synchrotron X-ray and electron diffraction revealed
a common superstructure with 2√2 × √2 × 2 cell with respect to the basic tetragonal
aristotype cell. However, they display different degrees of order/disorder which can
disrupt polar order (ferroelectricity). La-rich analogues exhibit a disordered regime
between the low and high temperature ferroelectric and non-polar phases. Although
polar, this disordered regime is non-ferroelectric, however, large polarisation may be
established with an applied electric field, but relaxes back to the disordered phase upon
removal of the field. Substitution of Nd for La at the A1-site leads to destabilisation of the
disordered phase and reintroduces “normal” ferroelectric behaviour.
Finally, isovalent substitution of Sr2+ for Ba2+ is shown to lead to the development of
relaxor behaviour at higher dopant concentrations in Ba4-xSrxDy0.67
0.25, 0.5, 1, 2, 3;

1.33Nb10O30,

(x = 0,

= vacancy). With increasing x the unit cell contracts in both the ab-

plane and c-axis coinciding with a decrease in TC and development of relaxor behaviour
for x ≥ 2. This observation is rationalised by differing cation occupancies: for x ≤ 1, Sr2+
principally occupies the A2-site while for x ≥ 2 significant Sr2+ occupation of the A1-site
leads to the observed RFE characteristics. The FE to RFE crossover is discussed in the
context of a previously proposed TTB crystal chemical framework with the A1-site
tolerance factor identified as the dominant influence on relaxor behaviour.
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Chapter 1: Introduction

Chapter 1: Introduction
1.1 Polarisation, dielectrics and capacitors
1.1.1 Electrical polarisation in dielectrics
A dielectric material is one in which an electric polarisation exists or can be induced by
the application an external electric field; it is also (relatively) electrically insulating as
conduction would impair or preclude the formation of polarisation screening. The applied
field induces a separation of positive and negative charge, the extent of which, the
(electric) dipole moment, is directly proportional to both the polarisability (a measure of
the ability of the material to be polarised/undergo charge redistribution) and the field
experienced by the dipole:
⃗=

⃗

where ⃗ = dipole moment, α = polarisability and ⃗ = electric field.

(1.1)

The electric field and dipole moment are both vectors. The magnitude of the latter is
related to the extent of the separation of the charged components - for two centres of
opposite charge, displaced by ⃗, the dipole moment is given by:
⃗=

⃗

where ⃗ = dipole moment, q = charge and ⃗ = displacement.

(1.2)

The dipole moment, ⃗, aligns parallel to the direction of the applied electric field.

Electrical polarisation, ⃗, is the macroscopic effect of the correlation of the individual
dipoles and is proportional to the density of dipoles within a given volume of the material
and the average dipole moment.
⃗=

⃗=

⃗

where ⃗= polarisation, ρ = dipole density and ⃗ = average dipole moment.

(1.3)

1.1.2 Polarisation mechanisms
Polarisation occurs most commonly via four distinct processes, the summation of which
gives the total polarisation exhibited by the material. These are: electronic, ionic, dipole
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orientation and space charge polarisations. In all four cases the polarisation aligns
parallel and in the same direction as the applied electric field, Figure 1.1.

Electronic polarisation arises from the distortion of electron density around the nucleus
of an atom. This distortion leads to an asymmetric charge distribution forming an induced
dipole between electron rich and positively charged volumes, Figure 1.1. Electronic
polarisation is generated in all atoms subjected to an electric field; however, the
magnitude of the dipole moment varies with the polarisability of the element.

Figure 1.1: Polarisation mechanisms in dielectric materials, after Moulson and Herbert. 1

Ionic polarisation occurs in materials which have ionic character; an applied electric field
induces a displacement of the cations and anions from their previous (‘equilibrium’ or
barycentre of charge) positions within the crystal structure. Figure 1.1 shows an example
of the respective sublattice generating pairs of ions between which a dipole is formed.

When permanent dipoles are present in a material it may develop dipole orientation
polarisation. Permanent dipoles which are (statistically) randomly orientated do not
contribute to the net polarisation. When an electric field is applied the dipoles may
preferentially align with the direction of the electric field resulting in a macroscopic
polarisation. The extent of the preferential orientation of the dipoles commonly relates to
the ability of the electric field to overcome thermally induced disordering; increasing
temperature will therefore reduce the dipole orientation polarisation until sufficient
thermal energy negates the effect of the field.

2
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Space charge polarisation develops in systems in which the long range (but finite)
transport of mobile charge carriers (e.g. electrons) is impeded e.g. by a phase boundary.
In a polycrystalline dielectric this may typically be at the interfaces between the grains
and intergranular material or grain boundary. The resulting inhomogeneous charge
distribution forms dipoles, Figure 1.1. As a result, space charge is highly dependent on
ceramic microstructure

1.1.3 Dielectrics and capacitors
As the polarisation in dielectric materials is reversible through an elastic process, they
are capable of storing charge and so display capacitive behaviour. A conventional
parallel plate vacuum capacitor consists of two parallel plates separated by distance d.
When an electric field is applied between the plates, charge, Q, develops on each plate
with respect to the field direction, Figure 1.2. The capacitance and electric field strength
are given by Equations 1.4 and 1.5.1
=

(1.4)

=

(1.5)

where C0 = vacuum capacitance, Q = charge and V = voltage.

where E = electric field, V = voltage and d = plate separation.
The surface charge density, σ, is a measure of charge per unit area of the plates:
σ=

where σ = surface charge density, Q = charge and A = area of plate.

(1.6)

The surface charge density relates to the electric field by the permittivity of free space
(alternatively known as the vacuum permittivity), Equation 1.7, which is a physical
constant of proportionality between charge and electric field with value of 8.854×10−14 F
cm−1:
=

(1.7)

where σ = surface charge density, E = electric field and ε0 = permittivity of free space.
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Figure 1.2: Parallel plate vacuum capacitor (left), dielectric medium (centre) and
dielectric medium inserted between parallel plates of vacuum capacitor (right), after
Moulson and Herbert.1

As the charge is stored at the plates for the duration the field is applied, the system acts
as a capacitor and appropriate manipulation and substitution of Equations 1.4 to 1.7
show that:

where C0 = vacuum capacitance.

C =

=

(1.8)

When a dielectric medium is inserted between the two plates the material develops a
polarisation via the processes described previously and a compensating charge density
develops on the surfaces of the dielectric in response to the field, Figure 1.2. The
polarisation charge density, σp, developed by the dielectric, partially negates the charge
on the plates, reducing the total charge density, σT. Equation 1.7. is accordingly modified:
=

where σT = total surface charge density and σp = polarisation charge density.

(1.9)

The dielectric displacement vector, ⃗, is the total surface charge density generated on
the plates (i.e. ⃗ = σ ) with an applied field and is comprised of the contributions from

the polarisation of the vacuum capacitor ( ⃗ ) and due to the polarisation of the dielectric,
⃗.2,3

⃗=

⃗+ ⃗

(1.10)

where ⃗ = displacement vector, ε0 = permittivity of free space ⃗ = electric field and ⃗ =
polarisation.
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Provided a dielectric is isotropic, the polarisation developed typically has a collinear
relationship4 with the electric field, Equation 1.11.

where

⃗=

= electric susceptibility.

⃗

(1.11)

The electric susceptibility, χe, is a dimensionless constant the value of which is intrinsic
to the substance1 and determines the ease of which the dielectric polarises when an
electric field is applied. Substituting Equation 1.11 into 1.10:
⃗=

⃗=

⃗+

⃗

⃗(1 +

(1.12)

)

(1.13)

The electric susceptibility of a substance cannot be measured directly; a proxy physical
property is required, specifically the capacitance of the dielectric. As previously stated ⃗
is defined as the surface charge density, σ
substituted for ⃗:

( ⃗=

⃗(1 +

=

⃗(1 +

=

), allowing Equation 1.6 to be

)

)

(1.14)
(1.15)

The capacitance, Cp, of the dielectric in the field, may be calculated by substituting
Equations 1.5 and 1.15 into Equation 1.4.1
C =

=

(1 +

)

(1.16)

The (1+χe) term is equal to the relative permittivity, εr, of the material:
(1 +

)=

(1.17)

Subsequently Equation 1.16 becomes:
=

(1.18)

The capacitance (labelled CP as there is a medium between the parallel plates) is altered
due to the intrinsic permittivity of the material subjected to the electric field. Permittivity,
ε, is a measure of the response to an electric field and the influence of the medium on
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the field. The relative permittivity, εr, is a measure of the permittivity of the material
between the plates in relation to that of a vacuum such that by definition, εr = 1 for a
vacuum. The absolute permittivity, ɛ, of a capacitor is therefore:
ɛ=

(1.19)

Dielectric constant, κ and relative permittivity are often used interchangeably;5,6 however,
the latter is frequency dependent while the former is the value of the permittivity
extrapolated to zero frequency.7
The relative permittivity, εr, assumes a perfectly elastic displacement of ions. In real
systems this is not the case and energy is dissipated through inertial and frictional forces.
The frequency dependent complex permittivity, ε* (ω), consists of real and imaginary
components, Equation 1.20. The real part, ε’, is the relative permittivity (εr) and when
subjected to an alternating current (ac) electric field, is a measure of the energy stored
per cycle due to the capacitive properties of the dielectric. The corresponding imaginary
part (ε”) is the dissipative or loss factor, which represents the inelastic components of the
complex permittivity and the amount of energy lost in each ac cycle.1
∗(

)=

where the angular frequency, ω = 2πf and

( ) − "( )
= √−1

(1.20)

Complex permittivity is one of a number of formalisms used to study dielectric materials
which will be discussed further in Chapter 2. It may be represented as a complex number
in Cartesian coordinates, Equation 1.20, or in a polar coordinate system with respect to
a phase angle. The real and imaginary parts of the permittivity form an angle, δ, the
tangent of which is the ratio of the absolute dielectric loss and the relative permittivity.
The tangent of δ (tan δ) normalises the loss with respect to the relative permittivity,
Equation 1.21..8

Figure 1.3: Complex permittivity and tan δ.
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tan

=

"

=

(1.21)

Different polarisation mechanisms contribute to the macroscopic polarisation as
discussed in Section 1.1.2. When a (weak) ac field is applied, the various dipoles within
the dielectric material attempt to reorient with the applied field. This reorientation is
completed in a finite time which is principally dependent on the process (variation will
occur in different systems depending on the exact identity of the dipole and local
environment) as shown in Figure 1.4. The ability of the dipole to reorient is governed by
the frequency of the ac field; when the frequency of the field, f ac exceeds the maximum
frequency fr at which the particular polarisation mechanism persists (f ac > fr), a dielectric
dispersion occurs.8 At frequencies greater then fr the particular mechanism no longer
contributes to the macroscopic polarisation and the permittivity changes (dispersion)
together with an associated maximum in the dielectric loss, ε” (absorption). The
dissipative processes associated with space and dipole orientation are frictional (from
repulsion) and inertial and subsequently a relaxation occurs at f r.1 Ionic and electronic
dipoles act like oscillators and consequently the resulting dispersions at f r are related to
resonances.9

This frequency dependence makes it possible to isolate or eliminate specific
contributions; space charge effects are usually absent at frequencies above 103 Hz,
Figure 1.4, while at very high (optical) frequencies only the electronic contribution to the
polarisation remains.5 Additionally, space charge and dipolar effects display strong
positive and negative temperature dependencies, respectively, while the ionic and
electronic processes are relatively temperature independent.1 Figure 1.4 also illustrates
the comparative contributions of the individual polarisation mechanisms to the total
relative permittivity due to the greater polarisability of the extrinsic mechanisms (space
charge and dipole) than ionic and electronic mechanisms (i.e. αspace >> αdipolar > αionic >
αelectron).10
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Figure 1.4: Dependence of ε’ and ε” with frequency. Reproduced from Elisalde and
Ravez, J. Mater. Chem. 2001,11,1957 (Ref. 8) with permission from the Royal

Society of Chemistry.

1.2 Polar dielectrics, ferroelectrics and relaxors
1.2.1 Polar dielectrics
Eleven of the thirty-two crystallographic point groups are centrosymmetric and so
symmetry prevents the development of a polar structure via ionic displacement. The
remaining point groups are non-centrosymmetric (lack an inversion centre) and therefore
may have one or more polar axis and ionic displacement may contribute to the
development of polarisation in addition to the electronic component. As ionic
polarisability is greater than that of purely electronic origin (see Section 1.1.2) the
resulting polarisation is significantly larger than that exhibited by non-polar dielectrics.
Space charge and dipoles have larger polarisability but due to the large temperature
dependencies inherent in the polarisation mechanisms (see Section 1.1.2) and the
difficulty of manufacturing the properties consistently, (e.g. space charge created by
conduction due to defects would require precise control over defect concentrations etc.).

8
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As a result polar dielectrics are important for technological applications. The polar
dielectrics include: piezoelectrics, pyroelectrics, and ferroelectrics, Figure 1.5. Polar
oxides have a wide range of applications including as capacitors, sensors, actuators and
memories (FRAM).

Piezoelectrics are a class of materials in which electrical polarisation and stress/strain
are coupled. They develop a charge linearly proportional to an applied mechanical
stress. Similarly, subjecting a piezoelectric material to an electric field generates a
mechanical strain which is proportional to the field magnitude. As this behaviour
originates from ionic displacement, only materials with a non-centrosymmetric point
group§ may display the piezoelectric effect.11 Pyroelectrics are a subclass of piezoelectric
materials, Figure 1.5, which have a polar point group, meaning that in addition to a noncentrosymmetric structure they possess a unique polar axis. This allows the pyroelectric
materials to exhibit a spontaneous net polarisation (c.f. the induced polarisation
developed in piezoelectrics by an applied field), which exhibits a temperature
dependence.11

Figure 1.5: Venn diagram of polar dielectric hierarchy.

1.2.2 Ferroelectrics
Ferroelectrics are a subclass of pyroelectric materials in which the spontaneous
polarisation may be reversed by an applied electric field. As it is a reversible process, it
is possible to ‘switch’ between the two stable polarisation states by reversing the field in
the appropriate direction. There is a field history dependence of the polarisation giving
rise to polarisation-electric field (P-E) hysteresis loops shown in Figure 1.6. This

§

With the exception of the non-centrosymmetric point group 432.
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behaviour is analogous to the hysteretic behaviour observed in ferromagnetic materials
when subjected to a magnetic field.

Figure 1.6: P-E hysteresis loops of commercial lead zirconium titanate (PZT) sample
showing polarisation switching.

As there are crystallographic requirements for a material to display ferroelectricity,
modification of the ferroelectric structure can alter or remove the spontaneous
polarisation. This most commonly occurs during heating through a polymorphic phase
transition from a polar ferroelectric structure to a non-polar (paraelectric) phase which is,
in most instances, of higher symmetry and lacks a polar axis. The temperature at which
this transition occurs is typically referred to as the Curie temperature,11 TC.

There are two broad categories that describe the ionic mechanism responsible for the
development of polarisation of a ferroelectric as it is cooled through TC: displacive
ferroelectrics and order-disorder ferroelectrics, although systems have been observed to
display behaviours characterising both.12 In displacive ferroelectrics a dipole is generated
by the displacement of a cation from a barycentre of negative charge, e.g. within an
octahedron or by octahedral distortion. Figure 1.7 depicts the dipole generated from ionic
displacement in the octahedron of a prototypical displacive ferroelectric (e.g. undoped
BaTiO3 which has the perovskite structure); the magnitude is exaggerated for illustrative
effect as real displacements are of the order of tenths of angstroms.13 The displacement
and associated structural distortion are co-operative resulting in dipole correlation,
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Figure 1.8(a), and a macroscopic polarisation in the material. The dipole may be
reoriented by application of a suitably large external electric field, switching between the
two stable states as demonstrated by the hysteretic P-E loop. Figure 1.6. These two
states represent energy minima in a double potential well separated by an energy barrier
which may be overcome by conferring sufficient energy to the system via the applied
electric field.

Order-disorder ferroelectrics involve the transition from a disordered paraelectric state to
ordered ferroelectric, for example in a structure in which ions are preferentially ordered
producing an electric polarisation in the ferroelectric phase but are randomly distributed
in the paraelectric phase resulting in zero net polarisation.14

Figure 1.7: Dipole generated by displacement of B-cation within an oxygen octahedron
of a prototypical displacive ferroelectric.

Figure 1.8: (a) correlated dipoles of a ferroelectric, (b) nanoregions of correlated dipoles
within a non-polar or weakly polar matrix of a relaxor ferroelectric and (c) weakly or nonpolar relaxor dielectric (dipole glass).
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A phase transition from a ferroelectric to non-polar structure leads to the loss of the
spontaneous polarisation at the phase transition temperature15 as indicated in Figure
1.9(a). The relation between polarisation and permittivity was discussed in Section 1.3;
the permittivity of most materials is small and displays little temperature dependence,
however, this is not true of ferroelectrics. As the ferroelectric material is heated, thermal
disruption of oscillations leads to a change in the ionic polarisability resulting in a large
increase in permittivity as it approaches the phase transition temperature, 16 Figure
1.9(a). Such dielectric anomalies are not exclusively associated with ferroelectric –
paraelectric transitions and may be in response to other phenomena e.g. transitions
between two ferroelectric structures (and other polymorphic phases changes as well as
extrinsic effects e.g. conduction processes.8,17).

Figure 1.9: Temperature dependence of dielectric properties and spontaneous
polarisation for (a) ferroelectric with 1st order phase transition, (b) relaxor ferroelectric
and (c) relaxor. Reproduced from Ref.15 © [2006] The Physical Society of Japan (J.
Phys. Soc. Jpn. 75, 111006).

At temperatures above the polar to non-polar transition the reciprocal permittivity obeys
the Curie-Weiss relationship, Equation 1.22; above TC it exhibits linear behaviour over a
wide temperature range.18 The linear trend may be extrapolated to the temperature axis
to obtain the value of T0 as indicated in Figure 1.9. The relative values of T0 and TC and
the Curie constant, C, may indicate the nature of the phase transition. The order of
magnitude of Curie constant is indicative of the type of ferroelectric process occurring:
105 K for displacive and 103 K for order-disorder.19 Additionally, T0 is typically below TC
for 1st order transitions and equal to TC for 2nd order transitions.11
ɛ =ɛ +

12

C
T−T

(1.22)
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1.2.3 Relaxors and relaxor ferroelectrics
Relaxors are dielectric materials in which the permittivity displays a strong frequency
dependence - the permittivity maximum, Tm, occurs at higher temperatures with
increasing frequency, Figure 1.9(c), and does not typically obey the Curie-Weiss
relationship at higher temperatures.20-22 Classical relaxors are not ferroelectric; they do
not produce P-E loops with characteristic hysteresis as they lack the long range
macroscopic polar ordering of normal ferroelectrics. They instead display what has been
described as ‘dipolar glass’ behaviour, similar to the magnetic equivalent spin glasses,
with short range dipole interactions,23-25 Figure 1.8(c). Relaxor ferroelectrics (RFE)
exhibit a similar frequency dependence in dielectric data, Figure 1.9(b), but at low
temperatures some form of polar ordering exists which may be demonstrated by
polarisation-field (P-E) hysteresis loops. Figure 1.8(b), shows such an example in which
nanoregions of correlated dipoles exist within a non-polar or weakly polar matrix. Most
relaxors/RFEs reported in the literature are perovskite structured,25-27 in which cation
disorder is present at one or both of the A- and B-sites, 28-30 e.g. PMN
(PbMg0.33Nb0.67O3).31

1.3 Tetragonal tungsten bronzes
1.3.1 Ferroelectric tetragonal tungsten bronzes
The first tetragonal tungsten bronzes (TTBs), reported by Magnéli32,33 were produced by
the reduction of potassium polytungstates to form KxWO3 with x = 0.475 and 0.57. The
structure bears the name of the original tungstate compounds, the crystals of which
displayed a bronze-like metallic lustre and other metallic properties, notably electrical
conduction.34 The orthorhombic polymorph of lead metaniobate, PbNb2O6, was
subsequently shown to be ferroelectric by Goodman,35 and shortly after the ferroelectric
and structural properties manipulated by replacing Pb2+ by Ba2+ and Sr2+.36,37 Extensive
substitution by a wide range of cations has produced a large number of ferroelectric TTBs
- see Lines and Glass38 and Subbarao39 for examples. As with perovskites, oxides
predominate; fluoride and oxyflouride TTBs are stable,12 however these are less
common due to the comparatively specialised and difficult synthesis methods.
Discussion will therefore concentrate on ferroelectric TTB oxides.
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1.3.2 TTB structure
The aristotype TTB structure is tetragonal with point group 4/mmm and approximate
dimensions of a = b ≈ 12.5 Å c ≈ 4 Å.40 As this structure is centrosymmetric it represents
the high temperature paraelectric structure and is most frequently assigned the space

group P4/mbm.12,41,42 TTBs are composed of networks of corner sharing BO6 octahedra,
similar to the related perovskite, ABO3, structure. The TTB structure may be generated
from an extended array of perovskite units cells, Figure 1.10(a); rotation of specific units
by approximately 45°, (indicated by dark blue octahedra, Fig 1.10(b), results in channels
with ‘trigonal’ and ‘pentagonal’ cross sections in additional to the existing (perovskite)
site with ‘quadrilateral’ cross section.43 The three channels, which may accommodate
cations (i.e. act as cation sites), interpenetrate the structure perpendicular to the basal
plane of the tetragonal unit cell resulting in an open structure.

Figure 1.10: transformation from a perovskite (a), via a 45 rotation (b) which forms the
channels characteristic of the TTB structure (c) and yield the unit cell for the aristotype
TTB structure (d). Viewed along c (simplest case 1 octahedra deep. A-cations omitted
for clarity in (a)-(c). After Ngai.44
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Figure 1.11: Tetragonal tungsten bronze (TTB) structure, space group P4/mbm, viewed
along [001] (top) and [100] (bottom). Oxygen octahedra contain B1-cations (blue) and
B2-cations (green), respectively, with the unit cell indicated by black dashed lines.

The aristotype TTB structure, general formula A24A12B12B28C4O30, may therefore be
viewed as perovskite-like units of (B2)O6 octahedra which enclose the 12-coordinate A1cation site, Figure 1.11.13 These A1B2O3 perovskite units are linked by individual,
crystallographically non-equivalent, (B1)O6 octahedra forming the larger A2-site and
small C-sites. The site nomenclature is adapted from perovskites and the similarity of the
types of cation (in terms of size and charge) which occupy the A- and B-sites. The Bcations within the 6-coordinate octahedral sites are typically small, highly charged and
polarisable, e.g. Nb5+ or Ti4+. When two or more different B-cations are present, e.g.
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Ba6Ti2Nb8O30, they may be statistically distributed over the B1- and B2-sites despite
being crystallographically non-equivalent.45-48 The A-sites are occupied by larger cations
including: medium sized group 1 and 2 elements, e.g. Na+ and Ba2+; lanthanides/rare
earths; and larger p-group elements, e.g. Bi3+ and Pb2+.12,38-40,42 Identical A-cations may
be accommodated at both A1- and A2-sites simultaneously, e.g. Ba2+ occupies both Asites in Ba6Ti2Nb8O30. When there are two or more different A-cations, preferential site
occupancy may occur when the cations are of sufficiently dissimilar radius; the larger
cations preferentially occupy the bigger A2-site.13,36,37,40,42,49-55 Therefore, cation ordering
over the A-sites is dependent on the composition and radius difference between the two
A-cations. For example, in Ba4R2Ti2Nb8O30 (R = Bi3+, La3+, Nd3+, Sm3+ and Gd3+) the Ba2+
occupies the A2-site and R3+ occupies the smaller A1-site.46,47,55-57 The smaller C-site is
rarely occupied, and then mostly by the smallest cations, usually Li+ (ionic radius58 = 0.92
Å for C.N. 8),59 although Nb5+ (ionic radius58 = 0.74 Å for C.N. 8)60 and other small
transition metals12 may occupy the site as well.

1.3.3 Stoichiometry
As with perovskites, the TTB structure is capable of accommodating a wide variety of
cations.12,38-40 Most stable ferroelectric TTBs have two or more different A-cations,
irrespective of occupancy over A1- and A2-sites.40 The number of distinct site types
makes them highly flexible compositionally and allows for greater possibilities of
compositional tuning than perovskites, however, this results in structural complexity and
difficulty decoupling the influence of dopants. A further variable for modifying the
properties of TTBs is the extent of occupancy of the A- and C-sites. When all cation sites
are fully occupied the structure may be described as being ‘stuffed’,61 e.g. K6Li4Nb10O30
(KLN). Examples of such compounds are comparatively rare due to the more limited
range of cations which can occupy the C-site and are principally doped KLN
derivatives.38-40,59 As a result the C-sites are typically vacant38-40 and the TTB structure is
described with respect to the occupancy of the A-sites: ‘filled’62 for compounds in which
both A1- and A2-sites are completely occupied, e.g. Ba4Na2Nb10O30 (BNN); or ‘unfilled’61
in which the A-sites are only partially occupied and vacancies are present, e.g. the AB2O6
(A5Nb10O30) compounds such as (Sr,Ba)Nb2O6 (SBN), which have five cations and one
vacancy within the six A-sites. The most extensively studied unfilled compounds are the
solid solutions (Pb, Ba, Sr,Ca)Nb2O6: SBN, PBN, CBN etc. Aliovalent substitution of the
A2+ cations by trivalent cations, R3+, requires a compensation mechanism to maintain
charge neutrality. One such method is the concurrent introduction of A-site vacancies so
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that every A2+ is replaced by

R3+ and

vacancy, decreasing the number of A-cations

and introducing additional A-site vacancies. Where A1-sites have occupancy less than
0.5 (50 % occupied) these may be denoted as ‘empty’.42,63

The general formula, A24A12B12B28C4O30, represents the complete aristotype unit cell,
however, other forms are frequently used in the literature. These are: a modified
perovskite formula, AxBO3, (treating the TTB as an A-cation deficient perovskite) was
used for some early compounds32,33 and for fluoride TTBs,64,65 specifically because most
of those compounds have a single type of A-cation, e.g. KxWO3; AB2O6 which is typically
used for unfilled compounds36,43 such as lead metaniobate (PBN), PbNb2O6; and
A22A1B5O15 or A22A1B1B24C2O15, used for stuffed59 and filled13 compounds, such as the
filled compound Ba2NdTi2Nb3O15.57 Lead metaniobate may therefore be described by the
formulae Pb0.5NbO3, PbNb2O6, Pb2.5Nb5O15 or Pb5Nb10O30 but is generally PbNb2O6 as it
is an unfilled TTB.36,66-68

1.3.4 Origin of ferroeletricity
The symmetry requirements for ferroelectrics were discussed in Section 1.2.1; the
ferroelectric structure must lack an inversion centre and have a polar space group. The
TTB aristotype is centrosymmetric and is consequently non-polar. As with the
prototypical displacive ferroelectric, BaTiO3 (which has the related perovskite structure),
the simplest example of a displacive ferroelectric TTB involves the cooperative
displacement of B-cations from a barycentre within the BO6 octahedra. A mirror plane
perpendicular to [001] of the aristotype structure (i.e. perpendicular to the short c-axis)
is subsequently lost as the B-cations displace from special positions (z = 0.5), Figure
1.12. Such a polymorphic phase transition occurs as the material is cooled through TC;
the high temperature aristotype structure, point group 4/mmm, transforms to the noncentrosymmetric ferroelectric structure with point group 4mm (commonly space group
P4bm) while retaining equivalent cell metrics.12
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Figure 1.12: Tetragonal tungsten bronze (TTB) structure, space group P4bm, viewed
along [100]. Oxygen octahedra contain B1-cations (blue) and B2-cations (green),
respectively, with the unit cell indicated by dashed lines. The horizontal solid line
indicates the (001) plane. The B-cations are shown to displace from z = 0.5 positions
(special positions in the non-polar P4/mbm structure), generating a dipole.

Most TTBs are uniaxial ferroelectrics – displacement of the B-cations, and therefore
polarisation, is constrained within the short c-axis, ([001] with respect to the aristotype
cell) by the symmetry of the structure, unlike perovskites in which a number of symmetry
dependent orientations are possible. The notable exceptions to this uniaxial behaviour
are primarily lead based compounds; in PbNb2O6 the polarisation is orientated along
[110], due to the structural effects of the Pb2+ lone pair.67,68 This is demonstrated in the
system Pb1-xBaxNb2O6 which for x > 0.37 adopts a tetragonal (4mm) structure at ambient
temperature and is a uniaxial ferroelectric and for x < 0.37 the structure develops an
orthorhombic distortion and the polarisation axis aligns along the basal plane [110]. 67,68

To adequately describe the symmetry of this orthorhombic structure, point group mm2,
an expansion (with reference to the aristotype TTB) of the unit cell is required, including
a doubling of the c axis, i.e. a supercell.36 Additionally, the structure exhibits an
incommensurate modulation.69 Such orthorhombic distortions, superstructures and
incommensurate modulations are common in TTBs.42,69-78

1.3.5 Orthorhombic TTBs
In most orthorhombic TTBs the structure is defined by an enlarged unit cell. Such
orthorhombic distortions are usually subtle, with the divergence from tetragonal
symmetry being sufficiently small that it is difficult to detect using standard laboratory
powder diffraction methods and the structure/TTB may therefore be considered pseudotetragonal.79-82 The enlarged orthorhombic cell arises from a 45° rotation and √2
expansion of the aristotype cell so that aortho = √2 attb and bortho = √2 attb (where ortho
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denotes the orthorhombic cell and TTB the aristotype tetragonal cell), Figure 1.13, and
results in the doubling of the cell volume.40 Lower symmetry TTBs, specifically those with
monoclinic symmetry, are comparatively rarer, however, this may be again due to the
subtlety of the structural distortions.82-84

Figure 1.13. Unit cells of tetragonal aristotype structure (blue dashed line) and the axes
of the orthorhombic cell within the diagonals of the basal plane (black arrows).

1.3.6 Superstructures
Early diffraction studies of PbNb2O6 at ambient temperatures revealed orthorhombic
symmetry66,85 and furthermore a doubling of the c of the unit cell, i.e. a
superstructure/supercell.35,66 Such supercells were found to be common in TTBs;42
detailed single crystal diffraction studies of Ba0.27Sr0.75Nb2O5.78 (SBN)43 and
Ba4Na2Nb10O30 (BNN)13 by Jamieson et al. identified this to principally originate from the
splitting of the apical oxygen positions43 and the cause of the supercell in BNN to be
shearing/tilting of oxygen octahedra.13 TTB superstructures from such tilting and
distortion of the oxygen octahedra, i.e. positional modulation of the anion positions,42,86
are typically difficult to identify using laboratory powder X-ray diffraction techniques due
to its relative insensitivity to lighter elements. Accordingly, most have been identified
using single crystal, electron or neutron diffraction techniques due to the advantages
over powder diffraction and /or superior sensitivity to oxygen positions.
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Supercells are common in orthorhombic TTBs, most frequently involving a doubling of c
as described above, due to e.g. antiphase tilting. For example the structure of
Ba4Nd2Ti4Nb6O30 (space group Ima2) has aortho = √2 attb, bortho = √2 attb and cortho = 2 cttb,
Figure 1.14. Further expansion in a and b is possible; the octahedral tilt patterns in
Ba4La2Ti4Nb6O30 result in a cell with aortho = 2√2 attb,55 while Sr4Na2Nb10O30 (SNN) has a
larger structure with aortho = 2√2 attb, bortho = 2√2 attb and cortho = 2 cttb, Figure 1.14.74

Figure 1.14. TTB superstructures in relation to tetragonal aristotype structure (black solid
line) and orthorhombic cell (red dashed line).

These supercells are usually ferroelectric with the structure transforming into the basic
aristotype TTB above TC. This can involve a transition via one or more other polymorphs,
including the ferroelectric tetragonal structure (P4bm),12,80,87 resulting in a complex
sequence of polymorphic phase transitions. Ba4Na2Nb10O30 (BNN) has a particularly
complex sequence involving both tetragonal structures with point groups 4/mmm and
4mm, an orthorhombic supercell and incommensurately modulated phases.70,72,87-90
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1.3.7 Commensurate and incommensurate modulations
Crystalline substances have long range periodicity; this is demonstrated in compounds
in which the structure may be described as a basic unit cell which is related to adjacent
unit cells by simple translation.91 Certain structural distortions (e.g. concerted octahedral
tilting) may yield a structure for which this unit cell is inadequate and instead requires an
enlarged cell to suitably describe the structure, i.e. a supercell. Examples of TTBs with
supercells are given above, involving a doubling in one or more crystallographic axes,
e.g. Sr4Na2Nb10O30 (SNN) with aortho = 2√2aTTB, bortho = 2√2aTTB and cortho = 2cTTB.74 As
with the parent subcell (the basic unit cell), simple translational symmetry of the
expanded supercell is adequate to define the crystal structure. The ionic displacements
from which the superstructure originates (e.g. the positional variation of oxygens in
aforementioned TTBs) may be described by a modulation function in which the
periodicity is identical to that of the supercell. The structural modulation may be
described by a wave vector, q, with respect to the reciprocal lattice of the subcell, Figure
1.15.92 If the ratio of the component vectors of q and the basic vectors of the reciprocal
cell may expressed as a fraction of simple integers the modulation is commensurate and
the structure is defined by a superstructure with translational symmetry and long-range
periodicity as described above.92,93 If the ratio of the component vectors of q and the
basic vectors of the reciprocal cell may not be expressed as a fraction of simple integers,
the modulation is incommensurate and the structure cannot be defined by a
superstructure with translational symmetry and is described as aperiodic. 92,93

Figure 1.15: Schematic describing commensurate and incommensurate modulations
with respect to the basic cell. Reproduced from Lovelace et al., Ref. 92, with permission
of the International Union of Crystallography.
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1.4 Structure-property relationships and empty TTBs
1.4.1 TTB structure–property relationships
Structure-property relationships may be used to correlate the observed physical
properties of a material with the underlying structure. The mechanisms responsible for
the phenomenon of interest may be elucidated providing scope for manipulation of the
materials properties via design of the structure. Such relationships are not as well
established for TTBs as those for the related perovskites. While several of the tools used
for rationalising the behaviour of perovskites, notably tolerance factors,53 have been
applied to TTBs these approaches have been less successful due to the large number
of variables originating from the additional cation sites and compositional flexibility, in
addition to the highly complex structural variations observed. In ferroelectric TTBs this
principally concerns structural effects on dipole correlation length scales i.e. the stability
of ferroelectrics (e.g. by TC) and the disruption of long range order causing the onset of
relaxor behaviour. The following section provides a brief overview including a recent
attempt at drawing several of these concepts together forming a crystal chemical
model.42
Abrahams, Kurtz and Jamieson94 reported an empirical relationship whereby the
ferroelectric TC and spontaneous polarisation may be related to the magnitude of the
displacement (Δz) of the cations (B-cations) within the polar axis in both perovskites and
TTBs. In TTBs it was observed that ferroelectric TTBs with high TC e.g. BNN and KLN
have comparatively/anomalously large values of c (≈ 4 Å),13,59 the polar axis. It was
therefore reasoned that the increased c would increase O-B-O bond lengths leading to
greater displacements in z (rattling cation95) and so would be conducive to normal
ferroelectrics with high TC, rather than relaxor behaviour. However, several solid
solutions demonstrate that a series in which all compounds have identical
(comparable/similar) c values the end members may be high TC ferroelectrics and low
Tm relaxors, respectively.57 However, the octahedra in TTB are not always perfectly
aligned within c – some degree of tilting into ab plane is possible which needs to be
considered.

A relationship between tetragonality (c/a), the axial ratio of the unit cell parameters, and
TC (or Tm) has been demonstrated.79,96 Tetragonality, therefore takes into account effects
of the ab plane rather than purely considering the polar c axis. Tetragonality has been
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used to reconcile apparently contradictory Tm trends in the B-site doped compounds
Ba6M3+Nb9O30 and Ba6M4+2Nb8O30 (where M = B-site dopant) with larger tetragonal
distortion stabilizing ferroelectricity (Tm or TC shifts to higher temperature).96
A number of authors report an A1-cation size effect.53,57,79,80 This is most clearly
demonstrated in TTB systems in which other cation occupancies are fixed and the
effective size of the A1-cation is systematically varied via isovalent substitution of the A1cation, e.g. in the filled compounds Ba4R2Ti4Nb6O30 and K4R2Nb10O30 in which R is a
lanthanide or other trivalent cation. TC increases with smaller A1-cation size while the
larger, early period, lanthanides favour relaxor behaviour. In Ba4R2Ti4Nb6O30 coupling
between structural modulations (tilting of octahedra) and polar ordering show a
dependency on R size. For R > 1.36 Å (La3+ and Bi3+) the TTB is of a relaxor nature and
adopts an incommensurably modulated superstructure originating from frustrated
octahedral tilting. In contrast, for R < 1.36 Å (Nd3+ and smaller) a commensurate tilt
system is adopted which favours ferroelectricity (long range polar ordering).
Tolerance factor, as defined by Goldshmidt,97 is a measure of the geometry of a
perovskite cell resulting from the size of the constituent (A, B and O) atoms, Equation
1.23. t varies with relative A- and B-cation size. The tolerance factor quantifies the
deviation from an ideal cubic structure, for which t = 1 and √2(

+

)

=2(

+

)= ,

when cations of larger or smaller radii are incorporated into the structure. 98 The resulting
distortion originating from the relative size difference between the A and B cations.
Furthermore, the symmetry may be predicted due to relative over or undersized A- and
B-cations and has been used to correlate physical properties to tolerance factor. 99,100
Wakiya et al.53 have applied the idea of tolerance factors to TTBs as a determination of
stability utilising the perovskite tolerance factor for the perovskite-like A1-site, Equation
1.23, and calculating a tolerance factor for the additional A2-site, Equations 1.24 and
combined TTB tolerance factor, Equation 1.25.

Most TTBs have Nb5+ as the sole or primary B-cation (or alternatively a mixture of Nb5+
and the similarly58 sized Ti4+)12,38-40,42 and so their tolerance factors are dominated by the
effective size of the A1- and A2- cations. Consequently, the tolerance factor conforms to
many of the average/absolute A1-cation size trends described above. Additionally, the
value of t does not appear to obviously influence symmetry in a similar manner as
perovskites.

23

Chapter 1: Introduction

=
=

(

√2(
(

+
+

+

23 − 12√3(
=

(

+2
3

)
)

(1.23)

)

+

)

)

(1.24)
(1.25)

Chen and coworkers proposed that the relative size difference between the A1- and A2cations was important in the filled TTBs systems (Ba,Sr)4R2Ti4Nb6O30 (R = lanthanide);
when the difference between the A1- and A2- cations is comparatively large (e.g. Dy3+
and Ba2+) a normal ferroelectric is obtained, whereas a smaller difference in size (e.g.
La3+ and Ba2+) is more conducive to relaxor behaviour. A change in size difference may
also be affected by substitution of the A2-cation while A1-cation is fixed with the same
outcome, e.g. (BaxSr1-x)4Nd2Ti4Nb6O30 becomes more relaxor-like with increasing Sr2+
and additionally displays complex dielectric behaviour.101 Several other TTB systems
conform

to

this

behaviour

including

Ba4R2Ti4Nb6O30,57

K4R2Nb10O30,79,80

Ba3.75R0.833Nb10O30,,53 and Sr4R2Ti4Nb6O30 families of TTBs. However, a number of
compounds in which A-cation size difference is smaller than that of La3+ and Ba2+, notably
BNN,13 SNN,74 KLN,59 and Ba6Ti2Nb8O30,45 are ferroelectric.38,39

Drawing together some of the concepts described above, a crystal-chemical framework
has been proposed42 which attempts to rationalise the influence of structural modulations
on the (compositionally dependent) relaxor vs. normal ferroelectric behaviour of TTBs.
This concerns two primary (interlinked) driving forces: the average cation size of the Asites and the tolerance factor, tA1, of the perovskite-like unit. Large average A-cation size,
(A1+A2)/2, promotes enlargement of the unit cell, including the polar axis, and in the
process ‘stretches’ the O-B-O bonds, enhancing the polarisability of the B-cation. This is
more conducive to long range polar ordering and normal ferroelectric behaviour as
demonstrated by KLN, Ba6Ti2Nb8O30 etc. Due to the similar size of Ti4+ and Nb5+ (the two
most common TTB B-cations) the magnitude/value of the tolerance factor, t A1, is
dominated by the size of the A1-cation. A small tA1 yields ferroelectric TTBs with a
commensurate tilting modulation. When neither of these conditions (large average Acations or small tA1) dominate, the structure adopts an incommensurate, frustrated tilt
system disrupting long range polar order and leads to an onset of relaxor behaviour,
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Figure 1.16. This reconciles the apparently contradictory observation that Ba6Ti2Nb8O30
and Ba4Nd2Ti4Nb6O30 are ferroelectric while Ba4La2Ti4Nb6O30 is a relaxor.

Figure 1.16: Competing influences of average A-cation size and tolerance factor based
on the crystal-chemical framework. Numbers indicate the empty Ba4R0.67Nb10O30 TTBs
discussed in Chapter 3 and 4, where R = La (1), Nd (2), Sm (3), Dy (4) and Y(5).
Reproduced and adapted with permission from Ref 42, Chem. Mater. 2015, 27, 3250.
Copyright (2016) American Chemical Society.

1.4.2 “Empty” tetrgaonal tungsten bronzes
The existing literature focuses primarily on unfilled and filled TTBs of particular
stoichiometry.38,39,51,102,103 In particular extensive studies on the properties of the unfilled
compounds (Sr,Ba)Nb2O6 (SBN)43 and (Pb,Ba)Nb2O6 (PBN)36 and filled TTB
Ba4Na2Nb10O30 (BNN)13 have been performed. More recently, work has been carried out
on the filled compounds (Ba, Sr, R3+)6(Ti,Nb)10O30; simultaneous A- and B-site
substitution has been utilised to introduce trivalent cations into the A-site while
maintaining both charge neutrality and the filled nature of the structure. Co-doping of R3+
and Ti4+ cations into A2+6-xR3+xTi2+xNb8-xO30 (where A = Ba, Sr, R = rare earth and Bi3+)
with x = 1, 2, and 3 leads to a wide range of compositions studied by Ikeda51,103,104 in the
1970s then more recently by West and co-wokers55,57 and Chen and co-workers75,105-107
in the as described above.
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Introduction of trivalent cations into Ba1-xR2x/3Nb2O6 (x = 0.1 to 1 and R = Y, Sm and La)
TTBs was achieved by Masuno50 using a different doping strategy. In these compounds,
the equivalent of 2/3 R3+ and 1/3  (A-site vacancy) replace 1 Ba2+ to preserve charge
neutrality. The inclusion of further vacancies into unfilled BaNb2O6, reduces the number
of A-cations with increasing dopant level leading to TTBs with fewer A-cations than the
classical unfilled compounds, such as (Sr,Ba)Nb2O6 (SBN) which have 5/6 A-site
occupation. These compounds have been described as “empty” TTBs42 due to the
apparent effect of additional vacancies on their properties.
Masuno50 obtained single phase TTBs for 0.2 ≤ x ≤ 0.4, depending on R, Figure 1.17,
with the smallest and largest cations (La3+ and Y3+) having comparatively narrow ranges
of stability, Table 1.1. PXRD data was indexed to a tetragonal cell for all R and no
superstructure was identified. TC values, obtained from dielectric data using single
frequency measurements (100 kHz), showed a dependence on R (Y > Sm > La) with R
= Y consistently possessing the highest TC. Additionally, for each R, TC was highest for
x = 0.2, corresponding to Ba0.8R0.13Nb2O6 (Ba4R0.67Nb10O30 in the full aristotype cell
formula), Figure 1.17, even for mixed phase R = La and Y samples. Higher dopant levels
depressed the Curie temperature.50

Figure 1.17: TC trend in samples of Ba1-xR2x/3Nb2O6 by Masuno.50 Reproduced from
Ref.50 © [1964] The Physical Society of Japan (J. Phys. Soc. Jpn. 19, 323).
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Table 1.1: Single Phase TTBs reported by Masuno50 expressed using his original
formula (Ba1-xR2x/3Nb2O6), that of the full aristotype cell and the composition of the
aristotype cell for each stoichiometry.
Values of x yielding single phase TTBs
3+

R

Ba1-xR2x/3Nb2O6

La3+

Sm3+

Y3+

☐

Composition of
Aristotype cell

0.25

0.833

Ba3.75La0.833Nb10O30

0.3

1

Ba3.5La1Nb10O30

0.2

0.67

Ba4Sm0.67Nb10O30

0.25

0.833

Ba3.75Sm0.833Nb10O30

0.3

1

Ba3.5Sm1Nb10O30

0.4

1.3

Ba3Sm1.33Nb10O30

0.25

0.833

Ba3.75Y0.833Nb10O30

Wakiya et al.53 later produced a series of TTBs with a wider range of dopant cations
using the same stoichiometry for which Masuno obtained single phase TTB for R = La,
Sm and Y (for Ba1-xR2x/3Nb2O6, x = 0.25). Ba3.75R0.83Nb10O30. A correlation between TC
and the ionic radius of the R cation (R = Nd, Sm, Eu, Gd, Y, Ho and Er) was
demonstrated, Figure 1.8.53 Wakiya and coworkers’53 structural assignment of a simple
tetragonal cell based on PXRD, was consistent with that of Masuno. Additionally they
determined that Ba2+ solely occupies the A2-site while and R3+ occupies the A1-site of
Ba3.75R0.83Nb10O30 suggesting that the A1-cation (R3+) was responsible for the variation
of TC observed.53 The same authors found this to be true when the A1-cation size was
manipulated by means of a solid solution between R = Y3+ and Sm3+, Ba3.75(Y1xSmx)0.83Nb10O30

in which the average A1-cation size increases with increasing x.108 The

same group also established that Ba1-xR2x/3Nb2O6 TTBs have a wider range of stability
than Masuno’s53 results suggested;54 for R = Y they obtained single phase TTBs for x =
0.2, 0.25, 0.3 in Ba1-xR2x/3Nb2O6. The end members correspond to Ba4Y0.67Nb10O30 and
Ba3.5Y1Nb10O30 TTBs which while narrower than that obtained for the Sm analogue (0.2
≤ x ≤ 0.4) by Masuno is wider than x = 0.25.
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A number of later papers by Sakamoto et al.109-112 focused on producing thin films of the
Ba3.75R0.83Nb10O30 TTBs, with structural (PXRD) data reported agreeing with the
assignment of a simple tetragonal TTB structure. Lead analogues, including Pb1xR2x/3Nb2O6,

have reported to have an orthorhombic structure depending on composition,

however, the parent lead metaniobate structure is already well known to possess an
orthorhombic distortion due to the presence of the lone pair.67,68

Figure 1.18: TC vs. ionic radius in Ba1-xR2x/3Nb2O6 (x = 0.25) series (corresponding to
Ba3.75R0.833Nb10O30) as reported by Wakiya et al.53 Reproduced from Ref.53, J. Eur.
Ceram. Soc. 19, 1071, (1999), with permission from the European Ceramic Society.
Suagai113 and Muktha et al.114 both studied Ba1-xBi2x/3Nb2O6 TTBs, the bismuth analogue
of Masuno’s50 compounds, with apparently contradictory results. Sugai113 produced
ceramics with 0.05 ≤ x ≤ 0.4 (end members are Ba4.75Bi0.17Nb10O30 and Ba3Bi1.33Nb10O30)
and found normal ferroelectrics for smaller x values but that increased dopant
concentration depresses TC (Tm). Like Masuno, a single frequency was used for dielectric
measurements and so relaxor behaviour was not reported for compounds with low
temperature anomalies. In contrast, Muktha et al.114 reported that TTBs with 0.2 ≤ x ≤
0.48 (end members are Ba4Bi0.67Nb10O30 and Ba2.6Bi1.6Nb10O30) only display relaxor
behaviour. Structurally, Sugai113 reported that a Ba4.06Bi0.62Nb10O30 single crystal was
orthorhombic with point group mm2 and cell dimensions of a = √2aTTB b = √2bTTB c =
2cTTB (where the TTB subscript denotes the simple tetragonal aristotype structure),
however, no assignment of space group was made. Muktha et al.114 identified no
superstructure in a single crystal with composition Ba3.85Bi0.77Nb10O30, to be tetragonal,
space group P4bm using molybdenum radiation.
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Previous studies of empty TTBs have focused on Ba1-xR2x/3Nb2O6 (R = La, Sm, Y and Bi)
and Ba3.75R0.83Nb10O30 compounds and is principally limited to the study of dielectric
properties using a single frequency, ambient temperature P-E measurements and
laboratory based powder X-ray diffraction. With the exception of Sugai’s113 report of an
orthorhombic superstructure for Ba4.06Bi0.62Nb10O30, all barium-based empty TTBs
described above were reported to have the simple tetragonal structure based on the data
obtained. As discussed in Section 1.3.6, TTB superstructures principally originate from
oxygen octahedra tilts, but few previous studies have used oxygen-sensitive techniques
such as neutron diffraction to investigate these compounds.

1.5 Thesis overview
The aim of this thesis was to further study of the properties of these “empty” TTBs
including:
-

A series of Ba4R0.671.33Nb10O30 TTBs, corresponding to x = 0.2 for which Masuno
obtained the largest values of TC; this composition also possibly decrease the
likelihood of cross occupation of the A1- and A2-sites if the larger Ba2+ cation fully
occupies the larger A2-site.

-

The study of the dielectric properties using a wide range of frequencies to determine
the nature of polar ordering; Muktha et al.114 reported relaxor compounds for R = Bi3+
as described above, however, no other description on relaxor behaviour for
compounds with similarly low TC values (e.g. La-based compounds).

-

The sparse ambient temperature P-E measurements reported have only been used
to establish that the compounds are ferroelectric; variable temperature
measurements may establish that the assignment of the ferroelectric-paraelectric
phase transitions are correct.

-

In particular, in-depth structural studies are required to identify the presence of
modulated superstructures in these empty TTBs and also if the underlying effect on
the observed properties is similar to that reported for filled Ba4R2Ti4Nb6O30 TTBs.

The content of this thesis is summarised as below.
Chapter 3 concerns the preliminary examination of the structural, dielectric and
ferroelectric properties of a series of “empty” Ba4R0.671.33Nb10O30 TTBs where R = rare
earth and Y and  = vacancy (see Figure 1.16). This corresponds to the stoichiometry
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for which Masuno50 observed the highest TC for R = La, Sm and Y (despite only R = Sm
being single phase in that study). Single phase ceramic samples of Ba4R0.671.33Nb10O30
with R = La3+, Sm3+, and Y3+ were produced to confirm the dielectric and structural
properties without possible influences of impurity phases and additional novel
compounds were synthesised to allow comparison to other TTB systems (specifically the
empty Ba3.75R0.83Nb10O30 TTBs53 and West and coworkers’57 filled Ba4R2Ti4Nb6O30
TTBs). Single phase Ba4R0.671.33Nb10O30 TTBs were obtained for R3+ = La3+, Nd3+, Sm3+,
Gd3+, Dy3+ and Y3+; impurity phases were present in samples with compositions with
smaller R3+ despite additional processing steps being employed to remove them. All
compounds are determined to be tetragonal by laboratory powder X-ray diffraction and
no evidence of a superstructure was identified in any sample. With the exception of R =
La3+ all compounds are ferroelectric and a correlation between TC and the tetragonal
distortion of the unit cell is identified. The use of tetragonality, c/a,79,96 as a simple tool
for rationalising the ferroelectric properties of these materials using widely available
laboratory based techniques is discussed. The unusual dielectric and P-E behaviour of
the RFE Ba4La0.671.33Nb10O30 TTB is identified and described briefly.
In Chapter 4 the relaxor-ferroelectric crossover between Ba4La0.671.33Nb10O30 (BLaN)
and Ba4Nd0.671.33Nb10O30 (BNdN) is studied in greater detail. This is achieved through
the employment of variable-temperature, high resolution and oxygen sensitive diffraction
techniques, more in-depth dielectric and P-E measurements and via the solid solution,
Ba4(La1-xNdx)0.671.33Nb10O30 (x = 0, 0.25, 0.5, 0.75 and 1), to examine intermediate R
cation sizes.§ A detailed structural investigation is reported for Ba4La0.671.33Nb10O30
using variable temperature neutron and synchrotron X-ray and ambient temperature
electron diffraction. Two features in the dielectric data, a low temperature relaxor peak
and high temperature frequency independent peak are linked to changes in the structure.
The structural modulations in BLN and BNdN are found to differ from those reported by
Levin et al.55 in filled TTBs. Diffraction data for both compounds is consistent with an
orthorhombic supercell with aortho = 2√2 attb, bortho = 2√2 attb and cortho = 2 cttb, however,
electron diffraction reveals differences in the nature of the structural modulation
(commensurate but disordered vs incommensurate). The atypical polarisation-electric
field (P-E) behaviour of BLN, described initially in Chapter 3, is examined further and
pinched P-E loops are found to coincide with a disordered regime identified by electron
diffraction. It is found that the extent of this regime may be controlled by changing the R
§

as ionic radii changes with valence, praseodymium and cerium compounds were not studied.
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cation size; in Ba4(La1-xNdx)0.671.33Nb10O30 the temperature over which the disorder
regime is stable (and pinched P-E loops are measured) is decreased as R becomes
smaller (increasing x) before becoming a normal ferroelectric. The influence of the A1cation is discussed within the context of the recently described crystal chemical
framework.42

In

Chapter

5

increasing

amounts

of

Ba2+

in

the

normal

ferroelectric

Ba4Dy0.671.33Nb10O30, were replaced with smaller Sr2+, (Ba4-xSrxDy0.671.33Nb10O30, x =
0, 0.25, 0.5, 1, 2, 3) in an attempt to determine the effect on polar order and establish
the relative dominance of the average A-site, (A1+A2)/2, and A1-site tolerance factor, t A1
on the polar order (see Figure 5.19). It is shown that, based on refined site occupancies,
there is little Sr2+ A1-site occupancy for x ≤ 1 which correspond to normal ferroelectric
behaviour, while for x ≥ 2 relaxor behaviour is observed which coincides with Sr2+
occupation of the A1-site. The observed disruption of the polar order is attributed to an
increased tA1 due to Sr2+ occupation. Asymmetric P-E loops are observed in x = 0.25
after repeated cycling at high temperature. The chronological symmetry of the excitation
pulse train used during measurements is found to influence the development of the
asymmetry. Further measurements are used to demonstrate that this is likely to be due
to space charge accumulation at the electrode.
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2.1 Synthesis
All compounds were produced via a standard solid-state synthesis method using oxide
or carbonate precursor powders. Specific details are given in each chapter but generally,
reagents were dried at an appropriate temperature (180 °C for carbonates and volatiles,
600 °C for Nb2O5 and 1000 °C for lanthanides (R2O3) and Y2O3) for 2 hours immediately
prior to use. Stoichiometric ratios of the precursor powders were homogenised using an
agate mortar and pestle and the resultant powder mixture formed into cylindrical bodies
by manually compressing the powder in a 13 mm die press. The cylindrical bodies were
heated within a box furnace to 1000 °C - 1250 °C in a platinum foil lined alumina boat to
decompose carbonates and initiate reaction.

The air quenched cylindrical bodies were powdered and homogenised with agate mortar
and pestle and then milled as an ethanol slurry in a planetary ball mill at 600 r.p.m. for 1
hour. The dried powder was then pressed into pellets of 0.5 to 2 mm thickness in a 10
mm die and pressed under c.a. 0.5 tonnes of force applied by a uniaxial hydraulic press.
Pellets were sintered in a platinum-lined alumina boat, at high temperature in a tube
furnace under a static air atmosphere. Appropriate temperatures, reaction times and
additional milling and sintering steps were used to produce dense ceramics of single
phase TTBs (see results chapters for specific details).

2.2 Theoretical densities
Ceramic pellets were produced by powder compaction followed by high temperature
sintering. This combination of compression and the process of sintering and grain growth
itself, results in a reduction of volume at constant mass, increasing the density. Density
is commonly used as a metric of the quality of the pellet with dense, coarse grained
pellets typically yielding samples with properties representative of the bulk material. Low
density samples which are poorly sintered or contain pores or cracks can result in poor
dielectric properties. The dielectric spectra of such samples are likely to be dominated
by extrinsic features which may conceal the properties of the bulk.1 The density of the
pellet is typically expressed as a percentage of the theoretical density which assumes

37

Chapter 2: Experimental methods

that the pellet is constructed of a perfect single crystal.2 All crystallographic structures
within this thesis are metrically tetragonal as determined by laboratory powder x-ray
diffraction.§ As a = b ≠ c in the tetragonal system, the theoretical density may be
calculated by:
=

=

(2.1)

where Ar is the relative atomic mass of atoms within the unit cell, V is the unit cell volume
in cm3 and NA is Avagadro’s number.
The experimental density was calculating by determining the mass of the pellet and
measuring the pellet dimensions using digital callipers.
=

=

where A is the area of the circular pellet face, m is pellet mass and d is thickness.

(2.2)

2.3 Powder diffraction
The translational symmetry of the unit cell within the crystallites and the wavelike
properties of X-rays and neutrons allow the structural characterization of polycrystalline
powders. The structure is described by: the symmetry of the unit cell (space group); atom
positions and type; and the lattice parameters of the unit cell. These may be determined
by analysis of the peak positions within the diffraction pattern as well as the intensities
and shape of peaks. Additional information such as presence of microstrain and grain
size may be estimated based on peak shapes and intensities depending on the quality
of the data and complexity of the cell. Due to the overlap of peaks generated from
individual reflections this can be non-trivial and require specialised analysis techniques
(e.g. Rietveld refinement as discussed later in Chapter 2.3.4).

2.3.1 Laboratory powder X-ray diffraction (PXRD)
PXRD was used to verify the presence of crystalline TTB phase, characterise the TTB
structure and detect undesirable impurity phases. PXRD data were collected from either
powder (obtained from crushed pellets) packed into the sample holder or directly from
sintered pellets by mounting them into the sample holder with adhesive putty. A
§

A subtle orthorhombic distortion was identified using high resolution synchrotron x-ray
diffraction, however, the effect on cell density is negligible.
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PANalytical Empyrean diffractometer operating in reflection mode was used and the
sample holder mechanically rotated at 60 r.p.m. to reduce effects of preferential
orientation. X-rays were generated by a Cu anode and passed through a Ge crystal
monochromator selecting Kα1 radiation (λ = 1.540598 Å). Data were typically collected
over the range of 10-90° 2θ, with step size of 0.0167° 2θ.

2.3.2 Synchrotron powder X-ray diffraction (s-PXRD)
The high intensity X-rays generated at central synchrotron sources enables rapid
collection of high resolution data. Subtle structural features may be identified which are
not apparent from data collected on laboratory instruments and when appropriate sample
environments used, temperature dependent properties such as lattice parameter trends
or polymorphic phase transitions may be studied. s-PXRD was performed on the I11 high
resolution powder diffraction beamline at the Diamond Light Source synchrotron facility
(Oxfordshire, UK).3 The diffractometer was operated in high resolution capillary mode
with incident beam wavelength λ = 0.826963(2) Å. Powdered samples (from crushed and
ground sintered pellets) were loaded into 0.5 mm diameter capillary tubes attached to a
magnetic spinner. Data were collected by 5 multi-analysing crystal (MAC) devices with
2θ range of 0.001 to 149°, step size of 0.001° (1 millidegree). Data were collected for 15
or 30 minute periods (for purposes of simple lattice parameter trends or structural
analysis, respectively) and rebinned to 2 millidegrees prior to use in Rietveld refinements.
Variable temperature measurements were collected on cooling with sample temperature
controlled by a Cryostream Plus (Oxford cryosystems).

2.3.3 Powder neutron diffraction (PND)
The structure of crystalline solids may be determined by diffraction of neutrons in a
similar manner as PXRD. However, whereas x-rays are scattered from electron density,
neutrons are (elastically) scattered by the nucleus. Scattering factors also differ; x-ray
scattering factors display a dependence on the atomic number which is approximately
proportional to the size of the electron shell. Neutrons do not follow such a trend and can
additionally be absorbed by atoms.4 Consequently the positions of lighter elements
(notably H and O), which contribute little intensity to an x-ray diffraction pattern, may be
determined accurately using neutron diffraction. This is particularly advantageous for the
study of complex oxides in which oxygen octahedra tilts and distortions are often key to
the physical properties of the material.5-10
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PND was carried out at the ISIS pulsed neutron source (Oxfordshire, UK) using the GEM
beamline.11 ISIS is a pulsed spallation neutron source in which neutrons are generated
by high energy proton bombardment of a metal target.12 The powdered sample was
loaded into 6 or 8 mm diameter vanadium can and inserted into the sample environment
which was then evacuated. Variable temperature measurements were carried out by
mounting the sample in a cryostat or furnace. The GEM instrument has multiple ZnS/ 6Li
scintillator detectors banks with different (fixed) angles and secondary path lengths
yielding datasets of different d-spacing ranges (and resolutions).11 In this configuration,
wavelength (λ) and d-spacing are measured at a fixed theta angle, in contrast with XRD.

2.3.4 Rietveld structure refinement
All powder diffraction data was analysed by the Rietveld method13 using the General
Structure Analysis System (GSAS)14 and the associated graphical user interface,
EXPGUI.15 The Rietveld method was developed for structure determination using
constant wavelength PND but has since been applied to TOF neutron and laboratory Xray data.12 As powder diffraction data consists of reflections of variable intensity as a
function of theta, TOF or d-spacing, the coincident or overlapping peaks can be difficult
to resolve. It is therefore more challenging to determine crystallographic structures using
powder diffraction compared with single crystal x-ray diffraction. 16 Rather than
considering individual reflections, the Rietveld method utilises the entire profile of the
diffraction pattern. A theoretical diffraction profile is calculated from a user-proposed
structural model and compared to the observed diffraction data (observed profile). The
structural model is defined by: the cell symmetry (space group), dimensions, angle
between cell dimensions; atomic positions, identity of atom, degree of occupancy of a
given site and thermal (atomic displacement) parameters. The difference, S, between
the observed profile (intensity, yo,i) and that calculated from the model (calc. intensity,
yc,i), Equation 2.3, is minimized by means of least-squares refinement of a number of
parameters relating to the structural model or the extrinsic contributions to the diffraction
data e.g. from the diffractometer:4
S=

(

,

−

,

)

(2.3)

where wi is the weight factor, Equation 2.4, a statistical measure of uncertainty of the

observed intensities (yo,i) expressed in terms of σ, the estimated standard deviation or
standard uncertainty.17
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1
(

=

,

(2.4)

)

Refinements are assessed visually via a ‘difference plot’ and quantitatively by quality

parameters generated by GSAS: the R factor, Rp, based on the sum of the differences
of the observed and calculated intensities,18 the weighted profile factor, Rwp and χ2 which
takes into account the number, N, of observables and variables (Equations 2.5-2.7). 4,17,18
A profile is well fitted when the R factors are small and when χ2 approaches 1.17

=
=

∑( , − ,)
∑( ,)

∑
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∑
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,

(
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−

,

)

,

)

(2.5)
(2.6)
(2.7)

2.4 Scanning electron microscopy (SEM)
Scanning electron microscopy was used to examine the ceramic microstructure, which
has a large impact on the dielectric properties of a material. Micrographs were obtained
using a Joel JSM 5600 scanning electron microscope set to a 5 kV accelerating voltage.
All micrographs presented were obtained from the fracture surfaces of thermally etched
(90 % sintering temperature, 30 minutes) samples as grain features were not clearly
visible from as-sintered pellets.

2.5 Dielectric measurements
2.5.1 Sample preparation
The circular faces of the as-sintered ceramic pellets were polished using silicon carbide
abrasive paper. As discussed in Chapter 1.1.3 the capacitance of a dielectric is
dependent on sample geometry in addition to its relative permittivity. A correction for the
geometry of the pellet is therefore required to calculate the relative permittivity. This is
accomplished by the use of a geometric factor (G) which is the ratio of the sample
thickness (d) and area (A) expressed in centimetres. G therefore has units of cm−1.
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=

(2.8)

Platinum, gold or silver electrodes were applied to the circular faces of the pellet for all
electrical characterisation. Choice of electrode material and application method were

determined by the temperature limits of the applied electrode, ease of use, the fragility
of the pellet and type of measurement being carried out. High purity platinum paste
(Gwent Electronic Materials Ltd.) was spread over the face of the pellet forming an even
covering, heated at 120 °C for 10 minutes to remove organic binders and fired at 1000
°C for 20 minutes. Once cooled the process was repeated for the reverse face. Sputtered
platinum and gold electrodes were applied using an Emtech K550X sputter coater with
30 mA coating current for 4 minutes. This was repeated until the electrode was
electrically conductive. Prior to sputtering the edges of the pellet were masked with tape
to avoid the formation of a conductive path between the pellet faces and hence a short
circuit. Pellets used for polarisation- electric field measurements typically had the outer
edges of the circular face masked to prevent arcing between the faces down the sides
of the pellets. High purity silver conductive paint (RS Components) was applied to the
pellet and cured at 150 °C for 30 minutes one face at a time.

2.5.2 Capacitance sweeps
Automated data collection of the total parallel capacitance (Cp) and dissipation (D) of
samples was performed above and below ambient temperatures. Values of the relative
permittivity, εr, and absolute dielectric loss, as a function of temperature may then be
calculated using Equations 1.18 and 1.21 after correcting for geometry as discussed
above. High temperature measurements were carried out up to a maximum of 873 K.
The sample was positioned between two platinum wire contacts in a custom built jig
(Figure 2.1) which was inserted horizontally into a Carbolite MTF 10/25/130 tube furnace.
Data were collected at a heating and cooling rates of 2 K min−1 between 0.025 and 2000
kHz using a Wayne Kerr 6500B precision impedance analyser.
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Figure 2.1: Schematic of custom jig used for high temperature capacitance and
dissipation measurements
Measurements at sub ambient temperatures were obtained using a closed-cycle
cryocooler. The sample was mounted close to the cold head and the temperature
regulated using an inbuilt heater controlled by a Scientific Instruments 9700 digital
temperature controller. Capacitance and dissipation measurements were taken using an
Agilent 4294A impedance analyser in the frequency range of 0.1 kHz to 10 MHz with
cooling/heating rates of 2 K min−1.

2.6 Immittance spectroscopy
2.6.1 Basic theory
Measurement of the total capacitance of the sample is often misleading as polycrystalline
ceramics are composed of grains (crystallites) and intergranular material (grain
boundaries).

Additional

extrinsic

contributions

from

surface

layer(s)

and/or

electrode/samples interfaces may also be present. The electrical response of these
components usually differ meaning total capacitance or DC resistance measurements
are convolutions of both (or multiple) components rather than of the properties of the
crystalline (bulk) material. This can be visualised using the ‘brickwork’ model in which
the grains (bulk) are separated by a thin layer of grain boundary.1,19,20
In an AC circuit, the impedance, Z, is the opposition to the flow of current analogous to
resistance in a DC circuit.21 An interrelation of current, voltage and impedance exists
similar to the Ohmic relationship for resistance in DC circuits.
| |=

(2.9)
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AC sinusoidal waves of voltage (Vt) and current (It) as a function of time are in phase for
a perfect resistor.
| |=

sin(
sin(

)
)

(2.10)

For a perfect capacitor, there is a 90° phase difference changing the current term into
sin(

+ 90). In reality impedance has both resistive and capacitive contributions.1
| |=

sin( )
=
sin( + )

(2.11)

The polar form (Equation 2.11), consisting of the magnitude of the impedance, |Z|, and
phase angle, φ, can be expressed in the Cartesian form as the complex impedance, Z*,
using Euler’s relationship:
∗

=

−

"

where Z’ = resistance, R, Z” = reactance, XC, and j = √−1.

(2.12)

The resistive and capacitive responses may be determined from the real and imaginary
parts of Z*; resistance directly from Z’ (i.e. Z’ = R) and capacitance from the capacitive
reactance, XC, using Equation 2.13

where ω = angular frequency = 2πf.

" =

=

1

(2.13)

The resistance and capacitive contributions to | | display a frequency dependence due
to the underlying physical processes responsible for each. As a result the resistive

component generally dominates the low frequency response while the capacitive
contribution dominates the high frequency response.

2.6.2 Data analysis
The capacitive and resistive processes in solids typically occur in parallel and can be
idealised as RC elements. As the current pathway is often a serial pathway across grain
boundaries and the bulk, it is therefore possible to represent the electrical response of a
polycrystalline material using individual RC elements, corresponding to the grain
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boundary and bulk (or electrode or other response) connected in series as shown in
Figure 2.2.

Figure 2.2: Parallel resistance and capacitance (RC) elements connected in series.

The product of each RC element gives rise to a characteristic relaxation time (τ):

τ

τ =

(2.14)

=

where subscripts b and gb denote bulk and grain boundary.

(2.15)

It follows that the relaxation time has a characteristic relaxation frequency (ω):
=

1
ω

ω =2

(2.16)

where f is the frequency of the applied ac field in Hertz.

The product of the angular frequency (ω), the capacitance and resistance terms must
therefore equal 1 for each RC element.
=1

(2.17)

The complex admittance, Y*, is the reciprocal of impedance (Z*) and is a measure of the
‘allowance’ of current flow:
∗

=

+

"

=

1

(2.18)

∗

Impedance and admittance form the interrelated formalisms known as immittance. There

are two other complex formalisms which describe the capacitive and resistive
components. These are the complex permittivity, * (Equation 2.19) and electric
modulus, M* (Equation 2.20):
ɛ∗ = ɛ − ɛ" =

1
ɛ

∗

(2.19)
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where ɛ’, M’ and ɛ”, M” are the real and imaginary parts of permittivity and modulus
respectively and are unitless.
∗

=

ɛ

∗

=

+

"

=

ɛ∗

(2.20)§

Collectively all four formalisms are used in immittance spectroscopy as they all have
different dependence on, and weighting with, frequency to the capacitive and resistive
response and also allow for easy separation for parallel or series responses. 20
As an example, Figure 2.3 shows a situation in which two parallel RC elements are
connected in series with one component (R2) possessing a much larger resistance. In
this instance, this component dominates the impedance complex plane plot; however,
the resistance of the second component is resolvable and it can be shown that the total
resistance is the sum of the diameters of both semi-circles, Figure 2.4.

Figure 2.3: Circuit of two RC elements connected in series representing two
electroactive regions

§

More correctly

∗

=

∗

(where

=

), however, Z* is corrected to account for

sample geometry (see Sections 1.1.3 and 2.6.1), i.e. . C0 therefore becomes ε0 and
∗

=

ɛ

∗

. Equation 2.20 therefore represents M* for a sample for which a geometry

correction has been applied. Likewise, all resistances quoted are technically resistivities
due to this correction.
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Figure 2.4: Impedance complex plane plot resulting from the circuit in Figure 2.5, 0.001
Hz to 1 MHz
An analogous plot is obtained for the electric modulus M* in which the semicircle
diameter and high intercepts can be used to determine the capacitance of each
component with the electroactive region with the smallest capacitance dominating,
Figure 2.5.

Figure 2.5: Modulus complex plane plot resulting from the circuit in Figure 2.3
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Each semi-circle in the impedance and modulus complex plane plots produces a Debye
peak in the spectroscopic plot of the respective imaginary component, Figure 2.6. The
peak position within the frequency domain is determined by ω, while the magnitude of
the peak is dependent on R (for Z” vs f) or C (for M” vs f), Figure 2.7.

Figure 2.6: 3D plot of impedance complex plane plot vs. log frequency.

Figure 2.7: Spectroscopic plots of the imaginary parts of the impedance (left) and
modulus (right) formalisms, resulting from the circuit in Figure 2.3.

48

Chapter 2: Experimental methods

Inspection of the plots of both impedance and electric modulus formalisms allows the
identification of electroactive regions present in an electrically heterogeneous ceramic
by determining the number of characteristic relaxation times by identifying the number of
spectroscopic features in the various plots.
In polycrystalline ceramics including ferroelectric oxides the bulk (grains) and grain
boundaries represent two electroactive regions which may be commonly modelled using
an equivalent circuit composed of appropriate RC elements as described above.
However, an appropriate model for individual samples needs to be selected based on
experimental data (e.g. temperature dependence and magnitude of capacitances and
occasionally resistances). The complimentary nature of the modulus, impedance,
permittivity and admittance formalisms assists in the identification of appropriate circuits.
The bulk and grain boundary often display characteristic capacitances determined by
their intrinsic relative permittivity and relative geometry: for a bulk ferroelectric close to
TC the capacitance is typically 10−10 to 10−9 F cm-1 compared to 10−11 to 10−8 F cm-1 for
grain boundary.1 Typically, ferroelectric ceramics are highly resistive at ambient
temperature and consequently the response is dominated by the resistances resulting in
large time constants. Provided the conduction mechanism within the material is thermally
activated, elevated temperatures reduce the resistance sufficiently to suitably resolve
components in the measuring frequency window (100 Hz to 1 MHz). As a result
measurements over a wide temperature range are generally necessary to attempt to
resolve all electroactive regions present. For ferroelectric materials it is common that
resistance and capacitance values are only able to be extracted at temperatures above
TC, within the paraelectric phase, in which normal bulk will have capacitances of 10-1210-10 F cm-1.20 The resistances of the bulk and grain boundary may differ greatly for
various reasons and therefore cannot be used to assign a response to a particular
electroactive region in the same manner as the capacitances. Each resolvable
electroactive region in the complex plane (M* and Z*) and Debye plots (M” and Z” vs f)
may therefore be assigned as the bulk or grain boundary responses on the basis of
magnitude of the associated capacitances.
The two RC elements will be resolvable provided that the magnitude of the time
constants of the bulk, τb, and grain boundary, τgb, are sufficiently disparate (generally 23 orders of magnitude difference). As τ = RC, the respective products of the resistances
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and capacitances of the bulk (Rb and Cb) and grain boundary (Rgb and Cgb) must satisfy
the above condition. If this is not the case, identification and analysis of the individual
responses may be difficult due to overlapping or asymmetrical features in the spectra. If
there is a sufficiently large difference in R or C the response of one of the components
may not be evident, e.g. if Cgb >> Cb, the smaller bulk capacitance will dominate the M*
and M” spectroscopic plots to such an extent that the grain boundary response will not
be resolvable.22
In the example above (Figures 2.4, 2.5 and 2.7) two distinct electroactive regions are
apparent. Based on the magnitude of the capacitances, the RC elements containing C1
and C2 in Figure 2.3 may be assigned to the bulk and grain boundary responses,
respectively. The capacitances and resistances for each component may be calculated
from the complex plane (M* and Z*) and M” and Z” vs f plots as follows.
Figure 2.8, shows an idealised depiction of an impedance (Z*) and modulus (M*)
complex impedance plots. From the Z* plot the resistances of the bulk and grain
boundary, Rb and Rgb, may be extracted directly from the intercepts of the Z’ axis.
Similarly, Cb and Cgb are obtained from the reciprocal of the diameters of the semicircles
on the intercept of M’ in an M* plot.

Figure 2.8: Impedance and modulus complex plane plots.
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Figure 2.9: Spectroscopic plots of the imaginary parts of the impedance (left) and
modulus (right) formalisms.
The interrelationship of the capacitance, frequency, resistance (Equation 2.17) and
relative permittivity (Equation 1.18) make it possible to calculate values for each from the
M*and Z* complex plane and M” and Z” spectroscopic plots. As discussed previously,
each semi-circle in the complex plane plots, Figure 2.8, gives a corresponding Debye
peak in the Z” and M” spectroscopic plots, Figure 2.9. For each electroactive region, the
=

product of ωRC = 1 (i.e. ωτ = 1) so that

and

=

and from the peak maxima

values (Z”max and M”max), R and C may be calculated from Equation 2.21 and 2.22.
"

=

"

=

R
2

(2.21)
(2.22)

2C

The values of resistance§ provide an insight into the conductive properties of the

materials. Conductivity (σ), is the reciprocal of resistivity. The materials studied are
expected to follow Arrhenius type behaviour associated with a wide bandgap
semiconductor, Equation 2.23.22,23
=

§

Resistance of samples corrected for geometry is more correctly the resistivity,

G·R (where G is the geometric factor).

(2.23)

=

=

=
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2.6.3 Data collection
Immittance spectroscopy was carried out using a HP 4192A LF impedance analyser
using in-house software between 0.005 - 13000 kHz with ac waveform amplitude of 100
mV. The sample was held in a jig and inserted into a tube furnace in a similar manner as
the high temperature capacitance sweeps. Temperatures were controlled manually via
the furnace controller and determined from a k-type thermocouple placed close to the
sample. Pellets were then left for 20 minutes to thermally equilibrate at the set
temperature. A sufficient number of high temperature data points were recorded up to
875 K. Data was analysed using ZView 2.9c24 following the procedures described above.

2.7 Polarisation – electric field (P-E) measurements
Polarisation – electric field (P-E) measurements were carried out using an aixACCT TF
Analyzer 2000 with associated aixACCT hysteresis software (version 2.2),25 and TREK
609E-6 high voltage (4 kV) amplifier. The aixACCT hysteresis software enables a
number of measurements to be performed with different excitation signal sequences,
however, all involve the application of a comparatively large potential to the sample (kV
in magnitude c.f. mV for ac immittance and Cp and D sweeps). The standard dynamic
hysteresis measurement consists of a series 4 bi-polar excitation cycles, each with
triangular waveform, interspaced by 1 second relaxation periods, Figure 2.10. The initial
cycle (the pre-pol pulse) establishes a defined polarisation orientation. The subsequent
3 cycles consist of 2 measurement cycles in which data is recorded and an interspaced
(reorientation) cycle during which no data is recorded. A complete P-E loop is generated
by the measurement software by combining the latter halves of the two measurement
cycles. Characteristic values may be extracted from the maximum polarisation achieved
(Pmax), and the intercepts of the polarisation and field axes (remanent polarisation, Pr,
and coercive field, Ec, respectively), Figure 2.11. The polarisation values obtained are
not absolute values of the polarisation of the material but represents the change, ΔP, in
polarisation. During a standard dynamic measurement the aixACCT software balances
the maximum polarisation values to be equal centring the loop about the origin. This is
typical of commercial P-E software and when measuring typical normal ferroelectric in
which equal bipolar states are achieved is not relevant.
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Figure 2.10: Representation of the bipolar excitation signal used for standard P-E
measurement (pulse widths and relaxation periods not to scale).

Measurements between ambient temperatures and 473 K were carried out using an
AixACCT piezo sample holder (model TFA 317-7) with inbuilt heater. The sample was
immersed in Dow Corning 200/100 cs silicone fluid (BDH Ltd.) to reduce arcing. For subambient measurements the sample was mounted in a closed cycle cryocooler under
vacuum (10−3 atm pressure).

Figure 2.11: P-E data for commercial PZT (PIC 151, PI Ceramic Lederhose, Germany)
indicating maximum polarisation (Pmax), remanent polarisation (Pr), and coercive field
(Ec).
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Chapter 3: A1-cation size effect in Ba4R0.671.33Nb10O30
3.1 Introduction
The following chapter concerns a preliminary examination of the structural, dielectric and
ferroelectric

properties

of

a

series

of

“empty”

rare

earth

doped

TTBs,

Ba4R0.671.33Nb10O30 where R = rare earth and Y and  = vacancy. Tetragonality, c/a
(i.e crystal anisotropy), previously used by Arnold and Morrison to reconcile apparently
contradictory trends in B-site doped TTBs,1 is used as a comparatively simple tool for
rationalizing the ferroelectric properties of these materials using widely accessible
laboratory X-ray diffraction.

These compounds may be described as ‘empty’ TTBs which are formed via the
alliovalent doping of ‘BaNb2O6’ which does not readily adopt a stable TTB structure in an
undoped state.2,3 This produces a TTB with a greater concentration of vacancies than
that of the classical unfilled compounds, such as SBN, (Sr,Ba)Nb2O6, which have 5/6 of
the A-sites occupied. Masuno4 first reported such compounds in 1964 by doping different
levels of R3+ (where R = La, Sm and Y) into the non-TTB BaNb2O6. Charge neutrality is
maintained by A-site vacancies, so that Ba2+ is replaced by 2/3 R3+ and 1/3 vacancy,
Ba1-xR2x/3Nb2O6 (x = 0 to 1 and R = La, Sm and Y). This may alternatively be expressed
as Ba5-5xR10x/3Nb10O30, where x retains the same values. Masuno obtained single phase
TTBs within a relatively narrow compositional range; for R = La this was x = 0.25 to 3,
Sm x = 0.2 to 0.4 and Y only produced single phase TTBs when x = 0.25. Values of x
outside of these limits yielded a mixture of TTB and a non-TTB polymorph of BaNb2O6.
The Curie temperatures for the main TTB phases were highest between x = 0.2 to x =
0.4, with higher dopant concentrations suppressing TC. Specifically, TC was highest in
each of the analogues for x = 0.2, which corresponds to a TTB with formula
Ba4R0.67Nb10O30. Additionally, for each value of x, TC increased with decreasing R cation
size.

A similar correlation between TC and the ionic radius of the R cation was demonstrated
to exist in Ba3.75R0.83Nb10O30 (R = Nd, Sm, Eu, Gd, Y, Ho and Er) by Wakiya et al.5 This
composition corresponds to x = 0.25 in Masuno’s formula and based on PXRD data,
Ba2+ solely occupies the A2-site while and R3+ occupies the A1-sites. The effect of the R
cation was therefore attributed to the change in A1-cation size. While other authors,
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including Wakiya and coworkers, have expanded upon Masuno’s work 4 for
(Ba1-xR2x/3)Nb2O6 TTBs when x = 0.25,5-10 little has been done on TTBs with x = 0.2,
Ba4R0.671.33Nb10O30, in which the 4 Ba2+ may fully occupy the A2-site.11
A series of TTBs was produced in which R3+ cation size is changed by substituting
cations of different size from La3+ to Yb3+, Ba4R0.671.33Nb10O30, R = La, Nd, Sm, Gd, Dy,
Y, Ho, Er and Yb. Only cations with stable 3+ valence states were chosen due to the
change in ionic radius of different valence states and possible effects of electronic/ point
defects, charge disorder etc. Based on the literature of similar rare-earth doped TTB
systems, including those of Wakiya and coworkers and also filled analogues, 5,11,12 it is
expected that Ba2+ and R3+ are ordered on the A2- and A1- site, respectively due to the
difference in size of the respective cations. This provides a simplified compositional
series as only the A1-site size is varied for constant x and varying R
(Ba4R0.671.33Nb10O30 in which the 2 A1-sites in the aristotype structure are occupied by
0.67 R3+ with the rest vacant). Additionally, as Nb5+ is the sole B-cation this should
exclude effects from non-statistical distribution across the B1- and B2-sites or
alternatively disorder which may influence polar ordering in TTBs.13
The following chapter re-examines the previously reported compounds by producing
single phase samples of Ba4R0.671.33Nb10O30 with R = La3+, Sm3+, and Y3+ to confirm
their dielectric and structural properties. Masuno determined the sub-ambient TC (Tm) of
Ba4La0.671.33Nb10O30 using 100 kHz fixed frequency dielectric data. The filled TTBs
K4La2Nb10O30 and Ba4La2Ti4Nb6O30 are both relaxors with sub-ambient Tm and so
dielectric measurements using a wide range of frequencies will identify if
Ba4La0.671.33Nb10O30 is a relaxor. Novel compounds with additional R were produced to
allow comparison of the nature of the polar ordering and TC trends of
Ba4R0.671.33Nb10O30 with other TTB systems. Finally, the effect of A-cation size
difference and tetragonality will be determined using widely available techniques.
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3.2 Experimental
Polycrystalline ceramics were produced using a standard solid state method as
described in Chapter 2. For R = La, Nd, Sm, Gd and Dy the pellets were heated in a tube
furnace at 1350, 1375 or 1400 °C for 6 hours with heating and cooling rates of 20 °C
min-1. For R = Y the duration of the thermal treatment was increased to 12 hours for the
above temperatures. Single phase ceramics were not obtained for R = Ho, Er and Yb
despite the use of additional ball milling and sintering steps (see section 3.3.1 for details).
Laboratory PXRD data were collected over the range 10-90 °2θ for 1 hour with step size
of 0.0167 °2θ. Data was analysed by the Rietveld method using GSAS14,15 Rietveld
analysis software. The following parameters were refined: background, sample
displacement, scale, lattice parameters, peak profile, atomic positions and isotropic
displacement parameters (μiso). Atomic positions and μiso values were fixed for oxygen
due to the comparative lack of sensitivity of X-rays and so were refined for cations only.
Electrical characterisation and associated sample preparation was performed as
described in Chapter 2.
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3.3 Results
3.3.1 Preliminary inspection of PXRD data
For R = La, Nd, Sm, Gd, Dy and Y the sintering conditions listed in Table 3.1 yielded
dense (typically > 95 % theoretical) ceramics which were determined to be single phase
TTB by visual inspection of PXRD data, Figure 3.1. A small amount of an impurity phase,
BaNb2O6, remained after 6 hours for the Y analogue, however, this was eliminated by
increasing the duration of heating to 12 hours. The orthorhombic polymorph of BaNb2O6
is not a TTB16 but is a common intermediary phase in the synthesis of unfilled TTBs
SBN17-20 and CBN.21,22 It is also the impurity phase which Masuno4 reported for the Ba
rich compositions of Ba1-xR2x/3Nb2O6, including those which correspond to the R = La and
Y compounds studied here.
Table 3.1: Pellet densities for Ba4R0.671.33Nb10O30 prepared under various sintering
conditions.
R

Sintering
duration
(hours)

Theoretical
Densities
(g cm−3)

Pellet density (% theoretical)
1350 °C

1375 °C

1400 °C

La

6

5.51

95

97

96

Nd

6

5.54

97

97

95

Sm

6

5.55

95

97

96

Gd

6

5.57

97

96

96

Dy

6

5.58

96

96

96

Y

12

5.46

95

96

84

Pellets of R = Y sintered at 1400 °C had an abnormally low density (84 % of theoretical)
in comparison to those sintered at lower temperatures or to other analogues, Table 3.1.
Similar decreases in density at temperatures above the optimum sintering temperature
have been attributed to an ‘overfiring phenomenon’
large grains.24
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Figure 3.1: Diffraction patterns for Ba4R0.671.33Nb10O30, R = Nd, Sm, Gd, Dy and Y with
reference pattern (bottom) of Sr0.48Ba0.52Nb2O6 (SBN),25 ICSD Collection Code 240388.

For R = Ho, Er, and Yb increasing the duration and temperature of the thermal treatment
proved ineffective – the BaNb2O6 phase persisted and pellets subjected to higher
temperatures became misshapen indicating the onset of melting. Additional ball milling
and sintering stages were successful in reducing the proportion of the BaNb2O6 phase,
however, it remained in small quantities for R = Ho and Er and in more significant
quantities for R = Yb pellets, Figure 3.2. Ho3+ (r = 1.072 Å for C.N. 9) is only marginally
smaller than Y3+ (r = 1.075 Å for C.N. 9)26 so it may be expected that
Ba4Ho0.671.33Nb10O30 would form a stable single phase TTB in a similar manner to
Ba4Yo0.671.33Nb10O30; it is not clear why this was not the case. Based on the results for
R = Ho, Er and Yb, synthesis of an analogue of the smaller Lu was not attempted.

In summary, dense (> 95 % theoretical density) single phase ceramic pellets were
obtained for R = La to Y. For smaller R (Ho, Er and Yb) despite the formation of the main
TTB phase the presence of BaNb2O6 meant that the exact composition, and more
precisely the ratios of Ba, R and vacancies, of the TTB was unknown. While composition
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may be determined by techniques such as EDX, these samples would not be directly
comparable to the single phase compounds and data for these are presented separately
in Appendix A. However, electrical and structural data (see Appendix) collected for R =
Ho and Er is broadly consistent with the overall trends of the single phase compounds
as discussed below.

Figure 3.2: PXRD data for Ba4R0.671.33Nb10O30 R = Ho and Er with systematically
expanded 2 theta scale (anti-clockwise from top) indicating the presence of significant
amounts of the impurity phase BaNb2O6.16 Reproduced from Ref. 27 with permission
from the Royal Society of Chemistry.27
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3.3.2 Rietveld refinements of PXRD data
Initial visual inspection of PXRD data indicates little difference between the diffraction
patterns of R analogues, Figure 3.1. Structural differences within these compounds are
likely to be subtle and therefore structural analysis requires the use of specialised fitting
methods, specifically Rietveld refinement. This is described in detail in Chapter 2 but
involves fitting a profile calculated from a structural model to the observed diffraction data
and refining parameters to minimize the difference between the observed and calculated
profiles.

Initial Rietveld refinements of PXRD data were performed using structural models with
the most commonly reported tetragonal space groups for ferroelectric (P4bm) and
paraelectric (P4/mbm) TTB polymorphs.5,11,28-33 Both structures have a simple TTB
aristotype unit cell, i.e. lack a superstructure, and are sufficiently crystallographically
similar that it is difficult to distinguish between the two symmetries using standard
laboratory

powder

diffraction

methods.

Based

on

polarisation-electric

field

measurements, which are discussed later, the R = Nd, Sm, Gd. Dy and Y analogues are
polar at ambient temperature and therefore were assigned P4bm symmetry. The R = La
TTB shows more complex polar behaviour, however, and so Rietveld refinements in both
P4bm and P4/mbm were performed; near identical lattice parameters were obtained and
the qualities of the fit were sufficiently comparable.

All observed reflections were indexed by the P4bm (and P4/mbm) structural models; no
additional peaks, which may indicate the presence of a superstructure or impurity phase,
were detected. While all compounds fit the tetragonal symmetry, there was slight
broadening of peaks at high angles for larger cations (R = La and Nd) which indicate the
possibility of an orthorhombic distortion. Refinements of diffraction data using other
commonly reported space groups for TTBs, including an orthorhombic cell (Pba2)34 with
similar cell metrics as the aristotype, produced inferior or obviously incorrect fits. Subtle
orthorhombic distortions are common in TTBs but typically high resolution or specialised
techniques are required to identify them.35,36 As a simple starting point they may be
considered metrically tetragonal.36

Figure 3.3, shows an example of Rietveld refinement for R = La. All reflections were
indexed using the simple tetragonal structure (P4bm or P4/mbm), however, small
deviations in peak intensity and shape were apparent between the calculated and
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observed profiles. There a number of origins for the shape and intensities of Bragg
peaks. Preferential orientation of grains and strain may also result in intensity changes
and peak broadening and the columnar morphology of the grains, determined by SEM
(see later), is conducive to preferential orientation.

Figure 3.3: Rietveld refinement of PXRD data at ambient temperature for
Ba4La0.671.33Nb10O30, with observed data (dots), calculated (red line), background
(green line), reflection positions (black tickmarks) and difference plot (blue line, bottom).

The occupancies, both of in terms of the atom present (or more precisely its scattering
factor) and the degree of occupation at a specific crystallographic site may strongly
influence peak intensities. For Ba4R0.671.33Nb10O30 the occupation of Ba2+ and R3+
across the A-sites in the initial structural model was based on size considerations and
the reported cation occupation of similar TTB systems, e.g. Ba4R2Ti4Nb6O30 and
Ba3.75R0.83Nb10O30.11,12 Ba2+ which has the largest radius (r = 1.61 Å for C.N. 12)26 was
confined to the four larger A2-sites while the smaller R3+, r = 1.36 Å for La3+ and r = 1.16
Å for Y3+ (C.N. 12)3,26 occupied the A1-sites. As the two A1-sites are crystallographically
equivalent, the 0.67 R3+ were distributed statistically between them, with 1.33 vacancies.
Free refinements of occupancies of Ba2+ and R3+ between the two A-sites did not
converge, were unstable or yielded physically unrealistic values. When appropriate
constraints were applied to maintain the nominal stoichiometry (i.e. constrain the total
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concentration of each particular A-cation), convergence was achieved for all R, however,
the problems of unrealistic occupancy values persisted for refinements of some R.
Refinements using fixed occupancies with a structural model in which increasing
amounts of Ba2+ occupied the A1-site resulted in poorer fits with increasing occupation
of Ba2+. Based on these results the R3+ and Ba2+ were fixed to A1 and A2- sites for
subsequent refinements.
Lattice parameters, atom positions and μiso values, peak profile terms, scale, background
and sample displacement were refined for all R. In addition to visual inspection of the
observed and calculated profiles (and difference plot), Figure 3.3, goodness-of-fit may
be used to assess the quality of the fit. χ2 values indicate a relatively good fit, however,
Rwp and Rp values are larger due to issues with the intensities, Table 3.2. The refined
lattice parameters are of principle interest for the use of tetragonality (c/a) as a simple
metric and the lattice parameters were insensitive to refinement of variables with more
subtle effects on the diffraction pattern, e.g. μiso. For the purposes of this chapter it is
sufficient that all compounds are metrically tetragonal, no (major) structural changes
were identified as R was varied and all compounds (R = La to Y) are nominally single
phase. More detailed structural study of these compounds using high resolution
diffraction methods is discussed in Chapter 4.

Table 3.2. Lattice parameters, unit cell volume, tetragonality (c/a) and goodness-of-fit
statistics, obtained for Ba4R0.671.33Nb10O30 from refinements of ambient temperature
PXRD data in space group P4bm.

R

a /Å

c /Å

Volume /Å3

c/a

χ2

Rwp

Rp

Y

12.45172(14)

3.95503(6)

613.209(14)

0.3176

5.76

0.193

0.147

Dy

12.45845(16)

3.95434(6)

613.765(14)

0.3174

3.81

0.157

0.119

Gd

12.46285(18)

3.95474(7)

614.260(17)

0.3173

4.06

0.159

0.119

Sm

12.46758(17)

3.95548(7)

614.843(16)

0.3172

3.80

0.151

0.114

Nd

12.47453(7)

3.95439(4)

615.358(7)

0.3170

3.96

0.148

0.111

La*

12.48735(13)

3.95577(5)

616.839(12)

0.3168

2.91

0.145

0.108

* refined in P4bm and P4/mbm with near identical values.
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Lattice parameters, obtained from the refinements described above, Table 3.2, indicate
a monotonic increase of a with increasing R cation size while c remains relatively
unchanged (ca. 3.95 Å), Figure 3.4. Cell volume increases with the ionic radius of R
driven by expansion in the ab plane, Figure 3.4(c). A similar trend, expansion in the ab
plane while c is invariant, has been observed in other TTBs in which the A1-cation size
is altered by substitution of different R3+.37,38

Figure 3.4: (a) a and (b) c lattice parameters, (c) unit cell volume as a function of R ionic
radius.

An increasing tetragonal distortion is apparent with decreasing ionic radius of R. This is
demonstrated by the splitting of (hk0) (00l) reflection pairs and is clearly seen with (310)
and (001) reflections, Figure 3.5 and also the (260) and (002) reflections (P4bm). This is
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consistent with the lattice parameters trends obtained from Rietveld refinements; as R
decreases in size the tetragonality, c/a increases driven by contraction in the ab plane,
Figure 3.4. This variation in structural distortion/crystal anisotropy is very subtle,
however, the trend is clear from both parts of Figures 3.5.

Figure 3.5: (a) Tetragonality (c/a), as a function of ionic radius for Ba4R0.671.33Nb10O30
(all ionic radii are for IX coordination26) and (b) splitting of ambient temperature PXRD
310 and 001 reflections (P4bm) showing increasing tetragonal distortion. Reproduced
from Ref. 27 with permission from the Royal Society of Chemistry.

3.3.4 Scanning electron microscopy (SEM)
Information on the ceramic microstructure is important when studying and interpreting
the dielectric properties of a ceramic material. Other techniques or metrics such as
density may give indirect information on the microstructure but direct visual observation
may be achieved by SEM. Specifically, the nature of the porosity of the pellet, grain size,
morphology and size distribution and the extent of sintering or presence of necking
between grains may be determined. This information is useful when selecting an
appropriate equivalent circuit and assigning electroactive regions for analysis of
immittance spectroscopy data.
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SEM micrographs were taken from thermally etched fracture surfaces of sintered pellets.
These indicated elongated grains with columnar morphology for all R. Particle size was
comparatively uniform within the range 10 – 15 m and no exaggerated grain growth
was identified, Figure 3.6. The small number of pores observed is consistent with the
calculated densities. Additionally, no obvious necking or other such features were
observed.

Figure 3.6: SEM micrographs of Gd (left) and La (right) showing uniform grain size and
low porosity. Reproduced from Ref. 27 with permission from the Royal Society of
Chemistry.

3.3.5 Immittance spectroscopy
Dielectric data obtained from fixed frequency parallel capacitance and dissipation
measurements of polycrystalline ceramic pellets are a convolution of the individual
responses of each electroactive region within the sample. This is typically dominated by
the response from the bulk material and grain boundaries, however, contributions from
extrinsic sources such as electrode/interface effects may obscure the intrinsic dielectric
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properties of the bulk material. Care must therefore be taken that fixed frequency
measurements are representative of the bulk response. Immittance spectroscopy offers
an additional tool to determine the electrical homogeneity of sample, as well as giving
indication of relative contributions due to ceramic microstructure i.e. grain, grain
boundary (see Chapter 2).39,40

Immittance spectroscopy was performed as a function of temperature at intervals of
approximately 10-30 K. Values for the capacitances and resistances were extracted from
the modulus (M*) and impedance (Z*) complex plane plots and M” and Z” spectroscopic
plots by the methods described in Chapter 2.

Sample resistances for all R were sufficiently large that generally temperatures greater
than 650 K were required before any features were observed. Data was extracted from
the M*, Z* and M” and Z” spectroscopic plots therefore correspond to the paraelectric
phase. All samples have single semi-circular arcs in the modulus and impedance
complex plane plots, and single Debye-like peaks in the M” and Z” spectroscopic plots,
Figure 3.7.

All features are approximately spectroscopically coincident – the peak

maxima of M” and Z” and maximum values of the semi-circle arcs in M* and Z* occur at
approximately the same frequency, Figure 3.7(c), indicating they originate from the same
single electroactive region. With increasing temperature M” and Z” peaks shift to higher
frequency due to a decrease in the time constant, τ., Figure 3.7(d). The temperature
dependence of the magnitudes of the Debye peak maxima (M”max and Z” max) reveal a
decrease in both capacitance (from M” vs f plot) and resistance (from Z” vs f plot) with
increasing temperature. The conduction mechanism(s) in these materials is therefore
thermally activated. No additional arcs or peaks were apparent within the temperature
range measured.

Capacitances were extracted from the semi-circular arcs and Debye peaks in the
modulus complex plane plots and M” vs f plots and the corresponding values of
resistance, relative permittivity and conductivity (1/R) calculated for each plot. A similar
approach was used to determine these values by extracting resistances from the
analogous impedance plots, however, the modulus plots tend to be more sensitive to
capacitances which is of more interest in regard to ferroelectrics. Capacitance values
may be used to indicate the origin of a response (see Chapter 2 for more details). Values
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obtained were of the order 10-11 F cm-1 which is consistent with the response of a bulk
ferroelectric in the paraelectric phase.39 §

Figure 3.7: High temperature immittance spectroscopy data for Ba4Dy0.671.33Nb10O30
showing modulus, (a) M* and impedance, (b) Z* complex plane plots (both at 847 K);
(c) M” and Z” spectroscopic plots and (d) M” spectroscopic plots as a function of
temperature. Reproduced from Ref. 27 with permission from the Royal Society of
Chemistry.

The apparent lack of a grain boundary response in these materials suggests sufficiently
large capacitances and low resistances in comparison to the bulk; i.e. the grain boundary
regions are thin and well-defined. This is consistent with SEM micrographs which
indicated dense ceramics with no necks between grains. A high frequency plateau is
present in fixed frequency parallel capacitance measurements for all compounds up to
the highest temperatures measured. This plateau should correspond to the capacitance
§

Dielectric and P-E data demonstrate all compositions are ferroelectric with TC values ranging
from 406-537 K for R = Nd to Y.
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of the bulk.41 Capacitance values calculated from M* plots agree well with parallel
capacitance values from the high frequency (1 MHz) plateau of the fixed frequency data.
Fixed frequency measurements are therefore likely to represent the bulk material, which
is further supported by the temperature dependence of the capacitance.

The relative permittivity of a ferroelectric is typically expected to follow a Curie-Weiss
(i.e. the reciprocal of the permittivity has a linear thermal dependence) relationship for
extended range of temperatures above TC, i.e. in the paraelectric phase. In these
materials Curie-Weiss behaviour extends for only 100-200 K above TC and typically
deviates at temperatures above this. Capacitance values obtained from immittance
spectroscopy are typically on the cusp of this temperature range.

In summary, for all compositions only one electroactive region is apparent, the bulk
response. A suitable equivalent circuit to represent this is a single parallel RC element,
or alternatively a circuit incorporating a constant phase element (CPE), 40,42 which
accounts for deviations from ideality. This may be in parallel with an RC element or
simply a resistor. The single observed response is likely due to thin highly capacitive
grain boundaries. Capacitances obtained from fixed frequency (1 MHz) measurements
are representative of the bulk capacitance and agree well with values extracted from M*,
Figure 3.8. Therefore fixed frequency capacitance sweeps provides a good probe of the
bulk behaviour.

Figure 3.8: Comparison of permittivity values obtained from modulus complex plane
plots, 10 kHz, 100 kHz and 1 MHz measurements from immittance data and 1 MHz data
from capacitance sweeps (see later). Increases in εr for lower frequencies are due to the
onset of grain boundary and electrode contributions.
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High temperature conductivities, σ, were calculated from the immittance data using both
modulus and impedance formalisms. Activation energies for the conduction process(es)
may be determined from the gradient of an Arrhenius plot. Deviations from linear
behaviour are apparent for all samples at higher temperature, Figure 3.9. Similar
curvature was reported by Prades et al. for Ba4R2Ti4Nb6O30 (R = Sm and Nd) TTBs,43
however, they did not investigate the origin of this behaviour.

Figure 3.9: Arrhenius plot for R = Gd with conductivities calculated from M*, Z*, and M”
and Z” vs f plots.

At high temperatures (where deviation from linear behaviour occurs) measurements at
a fixed temperature (753 K) over time (period of 2 hours) revealed an increase in
resistance but no change in capacitance demonstrated by the M” and Z” spectroscopic
plots, Figure 3.10. Corresponding behaviour was observed in the M* and Z* complex
plane plots.

Samples annealed at 873 K overnight immediately prior to measurement produced linear
Arrhenius plots, Figure 3.11. Activation energies were typically higher for these annealed
samples and the spread of Ea calculated from the different plots decreased, Figure 3.12.
Some variation in activation values is expected due to fitting, however, the observed
variations are sufficiently large that this is unlikely to be due to data fitting alone.
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Figure 3.10: M” and Z” spectroscopic plots for R = Gd at 753 K obtained over a period
of 2 hours. Arrow indicates increasing time.

As this behaviour occurs at temperatures > 200-300 K above TC, it is not relevant the
properties studied in this chapter and was not investigated further, but might form the
basis for a future study.

Figure 3.11: Arrhenius plot for R = Gd with conductivities extracted from M* and M” plots
of annealed samples in addition to values from Figure 3.9 from samples prior to
annealing.
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Figure 3.12: Activation energies calculated from Arrhenius plots before (a) and after (b)
annealing.

3.3.6 Dielectric properties
Having established that 1 MHz fixed frequency data is representative of the bulk using
isothermal immittance spectroscopy measurements, automated capacitance and
dissipation (tan δ) measurements were carried out between 50 and 873 K to determine
TC for all compounds and identify any possible additional structural changes or other
features. The relative permittivity, εr and absolute dielectric loss, ε” were calculated from
Cp and tan δ values as described in Chapter 1.

Figure 3.13 shows the temperature dependent relative permittivity for R = Dy. A single
anomaly was observed above ambient temperature. Based on P-E measurements (See
section 3.3.8), this coincides with the ferroelectric to paraelectric polymorphic phase
transition at the Curie temperature (TC). TC shows little dependence on frequency,
however, there is some variation in value of the permittivity at TC (εmax) which is likely due
to microstructural influences and extrinsic contributions to the capacitance. Additionally,
little thermal hysteresis (< 10 K difference in TC) is observed between heating and cooling
measurements.
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Figures 3.13 shows the absolute and relative dielectric losses, ε” and tan δ, respectively.
Relaxation in ε” coincides with the peak in the permittivity. As with the peak in the
permittivity this has frequency dependence in ε”max at the peak maximum. While ε” is
dominated by the single peak at TC, additional low temperature features are apparent on
closer inspection. These are clearer in tan δ, Figure 3.13. The large increase for low
frequency values of ε” and tan δ at high temperature is due to extrinsic effects
(encroaching grain boundary and electrode polarisation responses).41

Similar dielectric properties were observed for R = Nd to Y, Figure 3.14. TC is observed
to increase with decreasing R size, a trend which is consistent with the work of Wakiya
and Masuno and other TTB systems in which R size is varied.4,5 The La compound has
more complicated dielectric behaviour and so is discussed separately below. Like R =
Dy, peaks for R = Nd - Y have little frequency dependence in TC§ and show little thermal
hysteresis between heating and cooling measurements. The peaks are comparatively
broad which is common for ceramic TTBs– c.f. BaTiO3 and single crystals TTBs (e.g.
KLN).41,44 This is likely due to the nature of the ferroelectric–paraelectric transition and
the intrinsic anisotropy of TTB structure.44

Table 3.3 lists values of Tmax obtained from the maximum in the relative permittivity. TC
increases with decreasing a size and volume, however, no systemic pattern is seen in c.
TC does increase with increasing tetragonality, c/a, due to the contraction in a.
Table 3.3: Lattice parameters, c/a and Tmax values for Ba4R0.671.33Nb10O30
R

a /Å

c /Å

c/a

Tmaxa /K

Y

12.45172(14)

3.95503(6)

0.3176

537

Dy

12.45845(16)

3.95434(6)

0.3174

524

Gd

12.46285(18)

3.95474(7)

0.3173

491

Sm

12.46758(17)

3.95548(7)

0.3172

459

Nd

12.47453(7)

3.95439(4)

0.3170

406

La

12.48735(13)

3.95577(5)

0.3168

297b

a

where Tmax is TC for R = Nd to Y and Tm for R = La.

b

§

Maximum difference in TC between 1 kHz and 1 MHz is approximately 5 K for Nd.

Tm for 1 MHz data
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Figure 3.13: Relative permittivity (ε’) (a) and dielectric loss, both as absolute, ε”, (b) and
normalised, tan δ, (c) for R = Dy, Ba4Dy0.671.33Nb10O30, as a function of temperature at
selected frequencies. Data marker key applies to all figure parts.
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Figure 3.14: Relative permittivity and dielectric losses (ε” and tan δ) for
Ba4R0.671.33Nb10O30 (R = La, Nd, Sm, Gd, Dy and Y) as a function of temperature. Data
obtained at 1 MHz
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R = La
This composition is examined more closely in Chapter 4 and so will be discussed only
briefly here. R = La has a low temperature peak in the permittivity for which T m and the
magnitude of the permittivity (εmax), shows a large frequency dependence (Tm = 297 K
for 1 MHz data Tm = 242 K for 1 kHz data) and temperature dependence, Figure 3.15.
This behaviour is characteristic of a relaxor.45,46 Corresponding peaks in ε” (and tan δ,
data not shown) show similar frequency dependence.

Figure 3.15: relative permittivity data for R = La as a function of f and T. Adapted from
Ref. 27 with permission from the Royal Society of Chemistry.

An additional, diffuse peak with little frequency dependence is observed at high
temperature in εr, ε” and tan δ with Tm ≈ 471 K. Based on P-E data, normal ferroelectric
loops are obtained below the low temperature frequency dependent peak, justifying the
use of the low temperature maximum for comparison of TC/Tm values. R = La has the
largest R cation (1.36 Å for C.N. 12)26 and so the lower Tm, Table 3.3, is consistent with
the trend observed for smaller R.
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3.3.7 Curie-Weiss analysis
The dielectric properties presented in the previous section are representative of the bulk
response based on immittance spectroscopy data (see Section 3.3.5). P-E
measurements (see Section 3.3.8) also indicate that all compounds are ferroelectric and
so the relative permittivity should therefore follow the Curie-Weiss law above TC.

ɛ =

C
T−T

(3.1)

When the reciprocal of the permittivity is plotted as a function of T and a linear fit carried
out on the paraelectric slope, the line extrapolated to the temperature axis gives T 0.
1 T−T
=
ɛ
C

(3.2)

The Curie constant can suggest the type of ferroelectric process occurring with typical
magnitudes of 105 K indicating a displacive mechanism and 103 K for order-disorder.44,47
Additionally, the relative values of TC and T0 can provide information on the order of the
transition. According to Landau theory T0 will be smaller than TC in 1st order transitions
and approximately equal for 2nd order transitions.44

Curie-Weiss plots, using 1 MHz relative permittivity data, show that for R = Nd - Y linear
behaviour is followed over a wide temperature range (150 K) in the paraelectric phase
as expected, Figure 3.16. Deviation at higher temperatures is like to be due to small
contributions from the electrode and encroaching grain boundary.40 Close to TC, small
deviations from linear behavior are due to the diffuse nature of peaks.

Values of T0 were obtained by extrapolation of the linear fit as described above. T0 is
considerably smaller than TC (40 to 55 K) for R = Nd to Y, Table 3.4. This may be
indicative of 1st order transitions, however, extrinsic contributions such as microstructural
effects may produce misleading values. Curie constant values are consistent with
displacive transitions in oxide ferroelectrics and which is the reported mechanism of FE
in Nb-TTbs in the literature.44,48,49 For R = La, the high temperature frequency
independent peak is linear for approximately 100 K. The low temperature relaxor peak

77

Chapter 3: A1-cation size effect in Ba4R0.671.33Nb10O30

for R = La follows Curie-Weiss-like behaviour over a short temperature range (ca. 40 K)
but yields a negative T0 for 1 MHz data and small T0 values for low frequency data.

Figure 3.16: Curie Weiss linear fit for Ba4Nd0.671.33Nb10O30 data at 1 MHz. Fitting range
425 K to 575 K, R2 = 0.99.

Table 3.4: TC and Tm values together with a summary of Curie Weiss analysis for
Ba4R0.671.33Nb10O30
R

a

TC or Tm
at 1 MHz

(TC – T0) / K

C/K

Y

537

483

54

6.9×104

Dy

524

477

44

8.8×104

Gd

491

437

43

6.4×104

Sm

459

419

38

9.5×104

Nd

406

354

48

1.1×105

Laa

471

217

254

2.2×105

high temperature peak
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3.3.8 Polarisation-Electric field measurements
At ambient temperature R = Nd to Y display saturated P-E loops with associated
switching current, Figure 3.17, establishing that all compounds are ferroelectric.

Figure 3.17: P-E hysteresis loops for Ba4R0.671.33Nb10O30 R = Y, Dy, Gd, Sm and Nd,
respectively. Data collected at 100 Hz and 296 K.
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Variable temperature measurements indicate that this is sustained up to TC or 473 K, the
maximum temperature of the equipment. Similar evidence of ferroelectric switching is
obtained below the low temperature relaxor peak in the R = La compound. For the
compounds in which TC is within the temperature range of the equipment (R = La, Nd
and Sm), linear lossy dielectric P-E loops are obtained above TC, Figure 3.18, confirming
the assignment of the peaks in the dielectric data as a ferroelectric to paraelectric
transition. Additionally, as R = Nd to Y must be polar at ambient temperature, this
supports the assignment of the non-centrosymmetric P4bm symmetry in preference of
the centrosymmetric P4/mbm for the models used in Rietveld refinements of ambient
temperature of PXRD data.

Figure 3.18: P-E hysteresis loop for Ba4Nd0.671.33Nb10O30; arrow indicates increasing
temperature. Data collected at 100 Hz.

Ba4La0.67Nb10O30 has more complex dielectric behaviour than other compounds, with two
peaks in the permittivity: a frequency dependent relaxor-like peak at low temperature
and a frequency independent peak, Tm = 471 K. At temperatures below the relaxor like
peak (< 250 K) saturated P-E hysteresis loops demonstrate that the compound is
ferroelectric, Figure 3.19 (a). At approximately 250 K, the P-E loops gradually transform
into ‘pinched’ or ‘constricted’ loops, Figure 3.19 (b) and (c) which persist up to the same
temperature as the high temperature peak in the permittivity. Linear lossy dielectric loops
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are obtained in the paraelectric phase at temperatures just above the high temperature
peak (473 K).

Figure 3.19: P-E hysteresis loop for Ba4La0.671.33Nb10O30 measured at 190 K, 295 K,
373 K, and 473 K. Reproduced from Ref. 27 with permission from the Royal Society of
Chemistry.

The low temperature saturated P-E hysteresis loops and the associated frequency
dependent peak in the dielectric data is typical of a relaxor ferroelectric (RFE). The
crossover between RFE and normal ferroelectric behaviour between the La and Nd
analogues is discussed further in Chapter 4 in addition to the unusual intermediate P-E
behaviour of R = La.
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3.4 Discussion and summary
The stability of Ba4R0.671.33Nb10O30 TTB decreases as the size of R decreases,
demonstrated by the difficulty in forming single phase TTBs for smaller cations such as
Ho3+ and Er3+ and a decreasing melting temperature as the radius decreases. This is
similar to other filled TTB systems in which R occupies the A1-site36,50 Lattice parameters
of R = La to Y, determined from PXRD data, increase with increasing R size in
accordance with Vegard’s law. An increasing tetragonal distortion with decreasing R size
is apparent from splitting of hk0 00l reflections and from values of tetragonality, c/a, and
is driven primarily by contraction in the ab plane.
Peaks corresponding to TC dominate the dielectric losses (ε” and tan δ), however, subtle
and diffuse anomalies are apparent at low temperatures, a feature which is common in
TTBs.51,52 In single crystals of the unfilled TTB SBN and similar compositions, the peak
at TC dominates dielectric data obtained from the c-axis (the polar axis) of the crystal,
whereas the low temperature features have a larger contribution in the a- and b-axes.
These have been attributed to: incommensurate modulations,52-54 freezing out of the
polarisability/fluctuations in polarisation in the ab plane,51 a low temperature phase
transition (specifically to a monoclinic structure with polarisation tilting into the ab plane) 55
and structural modifications without symmetry change.56 These require variable
temperature measurements and/or specialised techniques to examine and were not
investigated further as the ferroelectric-paraelectric transition was of principle interest for
the purposes of this chapter.

TTBs with R = Nd to Y follow Curie-Weiss like behaviour in the paraelectric phase,
however, deviation occurs at high temperatures most likely due to additional capacitave
contributions from encroaching grain boundary and/or electrode/surface interface
effects.

Well saturated P-E hysteresis loops were recorded below the single peaks in the relative
permittivity data for R = Nd, Sm, Gd, Dy and Y indicating that all compounds are
ferroelectric and that the peak maxima in the relative permittivity correspond to the
ferroelectric to paraelectric transition. TC systematically increases as R cation size
decreases, Figure 3.20, which is consistent with Masuno’s observations for R = La, Sm
and Y (despite the presence of an impurity phase in those La and Y samples) and
additionally a number of similar TTB systems in which the A1-cation size is modified by
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substitution

of

different

R

(e.g.

Ba3.75R0.83Nb10O30,

K4R2Nb10O30

and

Ba4R2Ti4Nb6O30).5,36,37,50 The simultaneous increase in tetragonality (c/a), as determined
from PXRD data, suggests a larger distortion, stabilising polar ordering, shifting TC to
higher temperatures, Figure 3.20.

Figure 3.20: Relationship of Curie temperature with tetragonality and ionic radius (data
for La is Tm for 1 MHz data).

TC values for single phase R = Sm is within 5 K of that of Masuno’s value for the identical
composition. Values for R = La and Y (100 kHz data) differ by 15 and 20 K respectivly,
probably resulting from the compositional variation due to the presence of BaNb2O6 in
Masuno’s samples of this composition. Additionaly R = La, which is discussed in more
detail below, is a relaxor ferroelectric, which was not indicated by the single fixed
frequency (100 kHz) data collected by Masuno.4

Figure 3.21 shows TC vs ionic radius for the compounds presented here in addition to
the Ba3.75R0.83Nb10O30 compounds reported by Wakiya et al.5 Ba4R0.67Nb10O30 have a
consistently higher TC throughout the series (Wakiya et al. did not make R = La
composition, so it is unkown if it is a relaxor). The difference in TC between these
composiitons may be due to vacancies in A2-site (e.g. because of increased disorder or
change to the effective size of the A2-cation due to the presence of vacancies) or due to
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the degree of occupation at the perovskite-like A1-site (0.83 vs 0.67 R) which may
influence octahedral tilting.

Figure 3.21: TC values for compounds reported here (R = La to Y) (circles) compared to
Wakiya compositions (triangles).

The increasing tetragonal distortion (c/a) as the radius of R decreases in
Ba4R0.671.33Nb10O30 coincides with an increase in TC, suggesting that the structural
distortion stablises polar ordering. This relationship appears to be common amongst
other rare-earth doped TTB systems (although not explicitly stated in the literature)
typically due to a contraction in the ab plane with decreasing R while c is comparatively
unchanged. This occurs when the size of R is controlled by substitution of different R (as
reported here) and when solid solutions are used to control the average effective size in
the case of Ba3.75(Sm1-xYx)0.83Nb10O30 and Sr4(La1-xSmx)0.67Ti4Nb6O30. The influence of
the size of the A1-site cation may be demonstrated by the compositions Ba5RTi3Nb7O30,
Ba4R2Ti4Nb6O30 and Ba3R3Ti5Nb5O30.57 In the latter composition a comparatively large
variation in c occurs which is likely due to the presence of R in the A2-site which alters
the average/effective size of the A2-cation as the size of R changes.

The invariant nature of c means that the variation in TC cannot be attributed to distortion
of the BO6 octahedra in c (the polar axis) thereby allowing greater cation displacements
in the polar axis. Distortion within the ab plane therefore needs to be considered.1,58
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Chen and co-workers proposed that the size difference, r, between the A2-cation and
the A1-cation correlates with the nature of the polar ordering in a number of rare earthdoped titanoniobate TTBs. A small r produced relaxor behaviour, while for larger size
differences normal ferroelectrics were obtained. The effect of vacancies on the size of R
in the A1-site in these compounds is unknown. While it may intuitively be expected that
the presence of vacancies would decrease the effective size this may not be the case . 59
The effective/average A1 ‘size’ may not be precisely known in contrast to if it was fully
occupied with R. It is clear that increasing the radius of R, while the radius of the A2cation (Ba2+) remains constant, destabilises ferroelectricity concurrently with decreasing
Δr and is relaxor ferroelectric when Δr is at a minimum. This is therefore consistent with
the effects predicted by Chen and coworkers size difference argument. 60
The observed properties of Ba4R0.671.33Nb10O30 TTBs are also consistent with the
crystal-chemical framework described in Chapter 1. Briefly, this argues that a large
average A-cation size, (A1+A2)/2, leads to ‘stretching’ in the polar axis and is conducive
to ferroelectricity. When the perovskite-like A1-site has small tolerance factor, t A1, the
induced octahedral tilting also results in long range polar ordering. These are competing
effects

and

when

neither

is

dominant,

relaxor-like

behaviour

occurs. 3

Ba4La0.671.33Nb10O30 has similar relaxor properties to Ba4La2Ti4Nb6O30, which has a
frustrated tilt system.3 As the radius of the A1-cation in Ba4R0.671.33Nb10O30 TTBs
decreases, this leads to a decrease in tA1 and normal ferroelectrics are observed with TC
increasing as octahedral tilting becomes dominant.
The low temperature relaxor-like peak in Ba4La0.671.33Nb10O30 is common in TTBs with
La at the A1-site (e.g. K4La2Nb10O30, Ba4La2Ti4Nb6O30 and Sr4La2Ti4Nb6O30),36,37,61
however, only one peak in the permittivity is observed in those compositions. The
presence of the second frequency independent peak at high temperature is less
common. The ‘pinched’ nature of P-E loops recorded between the two dielectric peaks
in Ba4La0.671.33Nb10O30 is often associated with antiferroelectric (AFE) ordering,
including in the La-doped SBN.62 Similar P-E and dielectric behaviour is also present in
perovskite systems, notably BNT (Bi0.5Na0.5TiO3) and solid solutions thereof. Several
explanations have been proposed for the existence of a high temperature peak in RFEs
and also the P-E behaviour observed in both TTB and perovskite systems. The
behaviour in Ba4La0.671.33Nb10O30 is examined in more detail in Chapter 4.
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3.5 Conclusions
Single phase TTBs were obtained for Ba4R0.671.33Nb10O30 with R = La, Nd, Sm Gd, Dy
and Y; analogues with Ho and Er had an additional impurity phase present, BaNb2O6,
despite further processing. Laboratory PXRD indicates an increasing tetragonal
distortion with decreasing radius of the R cation which is observed visually from
increased splitting of hk0 00l reflections and quantitatively via tetragonality c/a, obtained
from Rietveld refinements using a simple tetragonal structural model. Variable-frequency
dielectric data and P-E data shows R = Nd and smaller to be normal ferroelectrics while
R = La is a RFE and exhibits complex dielectric and P-E behaviour with atypical “pinched”
P-E loops. The Curie temperature determined from the dielectric data additionally shows
a correlation between TC and both ionic radius and tetragonality. The size of the R cation
therefore affects a structural distortion which influences polar ordering in these TTBs.

The trends in tetragonality and TC are clear, however, they are comparatively subtle
which highlights the subtle structural effects which may have large effects on the
properties. The tetragonal distortion likely originates from interplay of tilting and the effect
of the cation size (Vegard’s law) with tetragonality acting as a proxy to measure these.
The origin of the observed properties are likely to be more complex, however,
tetragonality offers a simple metric for correlating composition with the properties of
these compounds using relatively simple and widely available techniques.
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Chapter 4: Relaxor-to-ferroelectric crossover in
Ba4(La1-xNdx)0.671.33Nb10O30
4.1 Introduction
In the previous chapter a series of ‘empty’ TTBs, Ba4R0.671.33Nb10O30 where R = rare
earth and Y and  = vacancy, were discussed and their ferroelectric and dielectric
properties linked in a simple manner to structural distortion of the unit cell by the concept
of tetragonality (c/a). A reduction in the size of the R cation occupying the A1-site was
shown to produce an increasing tetragonal distortion (increased c/a), which correlated
with the stabilisation of long range polar order, demonstrated by a cross-over from
relaxor ferroelectric (RFE) to normal ferroelectric (FE) behaviour (for R = La and Nd) and
the increase in TC as the radius of R becomes smaller. This approach uses an
approximation; the Ba4R0.671.33Nb10O30 TTBs are determined to be metrically tetragonal
when studied using laboratory PXRD, however, as discussed in Chapter 1 TTBs typically
have a number of complex structural variations. These are usually subtle, originating
from modulation of the anionic sub-lattice and therefore require high resolution and
oxygen-sensitive diffraction methods to study in detail.

The crossover from ferroelectric to relaxor behaviour is comparatively well understood in
perovskite systems but less so for other systems such as Bi2O22--layered structures,
Aurivillius phases and TTBs. The nature of the polar ordering in the filled TTB system,
Ba4R2Ti4Nb6O30 (R = La3+, Bi3+, Nd3+, Sm3+ and Gd3+) was linked to particular structural
changes by Stennet and co-workers.1,2 The R3+ cation fully (and solely) occupies the A1site while Ba2+ is confined to the larger A2-site.1-4 When R is comparatively small (Nd3+
or smaller), the TTB displays normal ferroelectric behaviour with a commensurate √2aTTB
× √2bTTB × 2cTTB superstructure (space group Ima2); larger cations (La3+ or Bi3+) produce
a relaxor response and an incommensurate structure which may be approximated with
a √2aTTB × 2√2bTTB × 2cTTB unit cell (space group Ama2). A relatively small size difference
between the sizes of the A1-cation and A2-cation has also been proposed to promote
relaxor behavior in TTB systems in which larger size differences yield TTBs which are
normal ferroelectrics.

The above concepts were developed into a crystal-chemical framework which predicts
the nature of the structural modulations and polar ordering (ferroelectric or relaxor) 5 This
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is primarily influenced by the average A-site size, (A1+A2)/2, and the tolerance factor,
tA1, of the perovskite-like A1-site.§ The competing influences of these are summarised in
Figure 1.16, but briefly, small tA1 values lead to a structure with commensurate tilting
patterns and normal ferroelectric behaviour (as described for Ba4R2Ti4Nb6O30, R = Nd,
Sm, above). Increasing larger values of (A1+A2)/2 act to ‘stretch’ the structure in the c
axis (and BO6 octahedra) promoting long range polar ordering but with an
incommensurately modulated structure, e.g. in PBN and KLN. When neither effect
dominates long range polar ordering is disrupted and relaxor behaviour is observed.
In the previous chapter the ‘empty’ TTBs Ba4R0.671.33Nb10O30 (BRN) were shown to
exhibit a FE to RFE crossover with similar dependence on R size as K4R2Nb10O30
(KRN)6,7 and Ba4R2Ti4Nb6O30 (BRTN).1,2 Specifically, in BRN TTBs R = La (BLaN) has
relaxor-like properties and produces saturated P-E hysteresis loops, indicative of polar
ordering, at low temperatures (i.e. is a relaxor-ferroelectric) but R = Nd (BNdN) has a
normal ferroelectric transition. This is consistent with the crystal-chemical model
described above, however, structural characterisation of these ‘empty’ TTBs has
previously only been studied using laboratory based XRD instruments which are often
insufficient at determining lower symmetry or presence and nature of modulated
superstructures.

In this chapter the relaxor-ferroelectric crossover in this TTB system is examined in more
fully. Detailed structural investigation is performed using variable temperature high
resolution neutron, synchrotron X-ray and electron diffraction techniques to determine if
the crossover in these empty TTBs has a similar structural origin as observed in the filled
systems studied previously. Additionally, for BLaN, variable temperature powder x-ray
diffraction utilizing synchrotron radiation (s-PXRD) and powder neutron diffraction (PND)
data was collected in an attempt to identify if the features in the permittivity profiles may
be linked to changes in the structure. The atypical polarisation-electric field (P-E)
behaviour of BLaN, described in Chapter 3, is also examined further. Intermediate cation
sizes are investigated by manipulating the average A1-cation size via a solid solution
between R = La and Nd, with the series Ba4(La1-xNdx)0.671.33Nb10O30 (x = 0, 0.25, 0.5,
0.75 and 1).

§

In the most widely studied oxide TTBs (niobates or niobo-titantes titano-niobates /) the B-cations
are Nb5+ or Nb5+ and Ti4+. Due to the similarity in size of these B-cations, tA1 is strongly controlled
by the effective size of the A1-cation

90

Chapter 4: Relaxor-to-ferroelectric crossover in Ba4(La1-xNdx)0.671.33Nb10O30

4.2 Experimental
Polycrystalline ceramics were produced using a standard solid state method as
described in Chapter 2. Pellets were heated in a tube furnace at 1350 - 1400 °C for 6
hours (x = 0 and 1) or 12 hours (x = 0.25, 0.5 and 0.75) with heating and cooling rates of
10 °C min-1.

Laboratory PXRD was used to confirm the presence of single phase. Electrical
characterisation and associated sample preparation was performed as described in
Chapter 2. High resolution synchrotron powder X-ray diffraction (s-PXRD) and powder
neutron diffraction (PND) were performed at Diamond Light Source synchrotron facility
(Oxfordshire, UK) and ISIS neutron source (Oxfordshire, UK). Data collection methods
are described in Chapter 2. Rietveld refinements of s-PXRD and PND data were
performed in which the following parameters were refined: background, sample
displacement, scale, peak profile terms, lattice parameters, atom positions§ and isotropic
displacement parameters (the values of which were constrained for all site of similar type
(A1-site, A2-site, B-site, etc.). For multi-bank PND refinements, difC was refined for lower
resolution (bank 4 and 6) histograms, while the highest resolution bank 5 was fixed.

Electron diffraction and all related data analysis was performed by Dr. Fengjiao Yu and
Prof. Wuzong Zhou (University of St Andrews). See reference 8 for experimental details.

§

Individual atom positions and isotropic displacement parameters (μiso) were refined only for the
high temperature data collected for R = La. In all other refinements atom positions were fixed (see
Results for details).
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4.3 Results
4.3.1 Ba4La0.671.33Nb10O30 (BLaN)
4.3.1.1 Dielectric Properties
The dielectric data for BLaN display both a low temperature relaxor-like response (Tm, at
297 K for 1 MHz) and a second diffuse, but frequency independent, peak in the relative
permittivity at 471 K (1 MHz), Figure 4.1(a). A small amount of thermal hysteresis is
observed (typically 10-15 K) in the low temperature anomaly; none is observed in the
high temperature peak. Both the absolute, ε”, and relative dielectric losses, tan δ, are
dominated by a peak at low temperature corresponding to the relaxor peak observed in
the permittivity, Figure 4.1(a). Similar double permittivity peaks in the permittivity data
have been observed in other TTBs, however, these do not include the La analogues of
K4R2Nb10O30 (KRN)6,7 or Ba4R2Ti4Nb6O30 (BRTN).1,2 The frequency and temperature
dependence of the relaxor peak at low temperature is greater than typically observed in
both archetypal perovskite relaxors, such as PbMg1/3Nb2/3O3 (PMN),9,10 and other TTBs
with relaxor properties.11,12

The low temperature dielectric loss peak decreases in magnitude with increasing
frequency, which is contrary to the typical properties of relaxors with perovskite structure,
as well as other reported TTBs, Figure 4.1(b). As a result of the coinciding decrease in
permittivity with increasing frequency, a maximum in tan δ occurs at approximately 240
K, Figure 4.1(c). Similar maxima have been observed in the dielectric losses of other
TTBs such as Pb4Na1.2La0.8Nb9.2Fe0.8030,13 and Ba4La2Ti4Nb6O30,14 however, in
conventional relaxor systems ε”max typically increases with increasing frequency. The
high temperature permittivity peak displays no frequency dependence while the
corresponding dielectric loss peak is small in magnitude by comparison, Figure 4.1(b)
(inset). It should be noted that the dramatic increase in the low frequency permittivity
observed at the highest temperatures is a result of the encroaching grain
boundary/electrode polarisation response.15 High temperature immittance spectroscopy,
discussed in Chapter 3, shows that fixed frequency measurements at 1 MHz are
representative of the bulk contribution at temperatures above the peak in the permittivity
at 473 K.16
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Figure 4.1: Relative permittivity (ε’) (a) and dielectric loss, both as absolute, ε”, (b) and
normalised, tan δ, (c) for BLaN at selected frequencies and (inset) high temperature
dielectric loss (ε”) peak (1 MHz). Data marker key applies to all figure parts.
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The use of alternative electrode materials, annealing treatments (overnight at 1000 and
1200 °C) and extended high temperature sintering (1400 °C for 60 hours failed to alter
the nature (i.e. the presence of a dispersion) or temperature, Tm, of the maxima of the
two dielectric anomalies.

The frequency dependence of the relative permittivity is commonly modeled using the
Vogel-Fulcher relationship.17,18 Such analysis was performed on the compounds
discussed in this chapter, however, the fitted parameters are either physically unrealistic
and/or do not vary systematically. This may be related to issues with fitting reliability,
which is a recognized problem with Vogel-Fulcher analysis,18,19 or the unusual behaviour
of these compounds in comparison with typical relaxors.

4.3.1.2 Structural Analysis
Preliminary Rietveld refinements of PND and s-PXRD data
Rietveld refinements of ambient temperature laboratory PXRD data for BLaN using two
tetragonal models (with the centrosymmetric P4/mbm and non-centrosymmetric P4bm
space groups) were described in Chapter 3. Both structures account for all observed
peaks, however, at high angles, broadening of certain peaks suggests a lower symmetry.
The lattice parameters obtained from refinements were a = b ≈ 12.487 and c ≈ 3.956. In
those refinements the Ba2+ was confined to the A2-site with 0.67 La3+ occupying the A1site with vacancies.

In an attempt to identify if either of the two maxima in the dielectric data were associated
with a structural transformation, variable temperature powder neutron diffraction (PND)
and synchrotron powder x-ray diffraction (s-PXRD) data were collected for BLaN. Initial
inspection of both data sets revealed the deficiency of the previous assignment of
tetragonal symmetry based on (lower resolution) ambient temperature laboratory PXRD
data.16 The high resolution s-PXRD data shows hk0 reflections are split at all
temperatures measured (100 – 500 K), indicating symmetry lowering to at least
orthorhombic. The magnitude of the splitting decreases with increasing temperature, and
while the splitting is very small at 500 K, Figure 4.2, a change to higher tetragonal
symmetry is discounted.
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Rietveld refinements of low temperature PND data, using the structural models with
tetragonal symmetry (P4/mbm and P4bm), revealed additional peaks at longer d-spacing
which are not indexed, Figure 4.3. These peaks do not correspond to the vanadium can
in which the sample was contained or with likely impurity phases (e.g. LaNb3O9,
Ba5Nb4O15 and BaNb2O6) commonly reported for niobate-based TTBs20-24 and so were
assigned as satellite peaks associated with a superstructure (see below). A small
decrease in the intensities of the satellite peaks is observed with increasing temperature
between 20 K and 450 K followed subsequently by the loss of the satellite peaks at ca.
470-480 K. They are therefore likely to be associated with a superstructure and the loss
of these additional reflections indicate a polymorphic phase transition, indicated by the
peak in the dielectric data (Tm ≈ 471 K).

Figure 4.2: Splitting of hk0 reflections in BLaN s-PXRD data. Observed data (circles) at
300 K (left) and 500 K (right) with the (830) reflection (position marked by black vertical
line) of tetragonal P4/mbm structure. The red and green lines indicate the calculated
peak and background, respectively.
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Figure 4.3: PND data for BLaN, collected at 20 K, indicating additional peaks (indicated
by arrows) in observed data (black circles) and deficiency of calculated tetragonal model
(red line). (Background (green line), reflections P4bm (black tick marks), difference plot
(blue)).

A refinement of ambient temperature PND data using tetragonal (P4/mbm) symmetry
was performed to include anisotropic displacement parameters as a variable. Figure 4.4
shows the structure in which atom positions are represented by thermal ellipsoids. Ba
and O atoms have clearly distorted ellipsoids; the ellipsoid representing Ba is elongated
within the basal plane, orientated towards the greatest ‘space’ within the channel.
Oxygen ellipsoids also show significant anisotropy, especially those of the apical
oxygens, possibly indicating octahedral tilting. Jamieson et al. reported similar Ba
displacements within the A2-channel and split oxygen positions as the result of tilting. 25
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Figure 4.4: Anisotropic thermal ellipsoids obtained from Rietveld refinements of BLaN
PND data using a tetragonal structural model, space group P4/mbm; (top left) viewed
along (001), (bottom left) viewed along (100) and (right) NbO6 octahedron.

Bbm2 superstructure
The splitting in the s-PXRD and additional satellite peaks in the PND data, Figure 4.5,
indicate a superstructure with orthorhombic symmetry. This superstructure is consistent
with the Bbm2 model of Labbé and co-workers26 which has a ≈ 2√2 aTTB, b ≈ √2 aTTB and
c ≈ 2 cTTB expansions, Figure 4.6 (where aTTB etc. refers to cell dimensions of the
aristotype cell).§ The same structure has additionally been reported for Ba4La2Ti4Nb6O30
(by Levin et al.2), PbNb2O6,29 K0.525FeF3,27 and as one of two competing superstructures
in SBN by Bursill and Lin.30

§

Bbm2 is the non-standard setting of Ama2. In the latter orthorhombic setting the b axis is the
longer with a 2√2 expansion, i.e. a ≈ √2aTTB, b ≈ 2√2aTTB and c = 2cTTB. As the symmetry of the
structure has most commonly been described in the literature using the Bbm2 space group26-29
and it makes little difference to refinement of the structure, the Bbm2 setting will be used
throughout the rest of the thesis.
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Figure 4.5: Rietveld refinement of PND data (20 K) for BLaN demonstrating improved fit
in Bbm2 compared to the simple tetragonal spacegroup (P4bm) – observed data (black
circles), calculated intensity, difference and background. Reproduced with permission
from Ref 8, Chem. Mater. 2016, 28, 4616. Copyright (2016) American Chemical Society.

Refinements using models of a number of other superstructures were attempted
including a √2aTTB × √2bTTB × 2cTTB cell with space group Cmm2, the √2aTTB × √2bTTB ×
2cTTB structure (space group Ima2) reported by Levin et al. for Ba4Nd2Ti4Nb6O30 and a
larger 2√2aTTB × 2√2bTTB × 2cTTB structure (space group Im2a) which had been
determined as the ferroelectric structure of Sr4Na2Nb10O30 (SNN) by Torres-Pardo et al.31
All but the latter structure were excluded due to poorer fitting of the data. The Im2a
structure produces a similar diffraction pattern as the Bbm2 structure but based on close
inspection of PND and s-PXRD data may be excluded for BLaN, principally due to
additional (low intensity) satellite peaks which are not apparent in the s-PXRD data.
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Figure 4.6:

(top) Bbm2 2√2aTTB × √2aTTB × 2cTTB supercell (black dashed line),

aristotype TTB structure (P4/mbm, solid line) viewed along [001]TTB (the Ima2 structure
is generated by halving a in the former); (middle) Bbm2 structure with octahedral tilts
(arrows) and perovskite-site tilt patterns (dashed line circles); and (bottom) anti-phase
tilting viewed along [010]TTB.
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The Bbm2 superstructure, Figure 4.6, is generated via the anti-phase tilts of the oxygen
octahedra in the short c-axis. This generates two perovskite-site tilting patterns which
arrange sequentially through the structure with the octahedra primarily tilting out of the
ab plane. The structure has 55 distinct crystallographic sites, most of which are oxygen
or niobiums; Ba atoms are displaced slightly in a manner consistent with the thermal
ellipsoids above, but otherwise Ba and La positions are similar to that of the polar
tetragonal structure (P4bm). The superstructure originates principally from modulation of
oxygen positions. This is confirmed by the comparison of satellite peak intensity in PND
and s-PXRD data. In the latter the reflections are barely perceptible above the
background§ due to the relative sensitivities of X-rays (even synchrotron X-ray) and
neutrons to oxygen.

PND data were refined using the Bbm2 structure for all data sets (20 – 600 K collected
on heating). The GEM instrument at ISIS neutron source has a number of detector banks
with varying resolutions which collect data over different d-spacings.34 Multibank
refinements indicate that all peaks are indexed by the Bbm2 model and no additional
peaks are present. The most intense superstructure reflections have d-spacings
between 2.2 and 2.6 Å at 20 K which is outside the range of bank 6 of the GEM
instrument. The superstructure reflections were observed in bank 4 data, however, these
were convoluted with other peaks due to the inferior resolution of this bank. Data from
bank 5 was therefore principally used for refinements. Figure 4.7 shows a refinement of
bank 5 data, demonstrating that the Bbm2 structure accounts for the three most intense
satellite peaks, in contrast with the simple tetragonal TTB unit cell.

Refinement of atom positions by various procedures did not converge or led to unstable
refinements. This is not surprising due to the size of structure (55 crystallographic sites)
and that these variables (x, y and z) are correlated with displacement parameters (μiso)‡
(and in certain cases each other).

Atom positions were therefore fixed to those

determined by Labbé et al.26 for all refinements (See Table A2 in Appendix B for atom
positions). Resulting refinements provided reasonably good fits indicating that the atom
positions in BLaN may be similar to those of Ba4Na2Nb10O30 (La3+ = 1.36 Å and Na+ =

§

The relative observed intensities are broadly consistent with diffraction patterns calculated from
the Bbm2 model using GSAS32 and Crystal Diffract.33
‡ Refinements in which individual μ
iso parameters were refined were similarly unstable. When μiso
values were constrained by atom type, refinements converged and resulted in realistic values.
See Appendix B for details.
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1.39 Å for C.N. 12), Figure 4.7. Note that refinement of PND data also supports sole
occupancy of the A2 and A1 sites by Ba and the rare earth, consistent with our earlier
study.16

Figure 4.7: Rietveld refinement of PND data for BLaN at 20 K in space group Bbm2;
including observed data, calculated profile, fitted background, difference plot and
reflection markers.

Refined lattice parameters and the goodness-of-fit metrics at each temperature are
presented in Table 4.1. Figure 4.8 shows that the quality of fit deteriorates significantly
between 450 K and 510 K which corresponds with the loss of the reflections associated
with the supercell, Figure 4.9, and coincides with the high temperature peak in the
dielectric data. No change in symmetry was identified below 470 K from inspection of the
diffraction patterns or changes in goodness-of-fit parameters. Above 470 K the principal
Bragg peaks still fit, however, and so lattice parameters extracted are still valid. The
assignment of the structural above 470 K is discussed below.
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Table 4.1: Lattice parameters and goodness-of-fit parameters obtained from PND data
for BLaN refined in space group Bbm2.

Temp / K

102

a/Å

b/Å

c/Å

χ2

Rwp

Rp

20

35.2649(30) 17.6567(15) 7.90895(19)

9.449

0.430

0.034

50

35.2656(30) 17.6573(15) 7.90899(19)

9.843

0.438

0.034

100

35.2764(30) 17.6610(14) 7.91062(18)

9.299

0.425

0.034

150

35.2851(31) 17.6644(15) 7.91206(18)

8.904

0.415

0.033

200

35.2952(31) 17.6689(15) 7.91356(18)

8.88

0.415

0.033

250

35.3085(32) 17.6741(16) 7.91528(18)

8.558

0.407

0.033

300

35.3211(34) 17.6806(16) 7.91695(19)

9.797

0.437

0.036

298

35.3223(34) 17.6814(16) 7.91664(19)

8.879

0.448

0.037

340

35.334(3)

17.6859(17) 7.91842(20)

9.404

0.462

0.038

380

35.348(4)

17.6921(19) 7.92076(21)

10.38

0.485

0.041

420

35.365(4)

17.6978(20) 7.92348(21)

10.41

0.486

0.042

450

35.378(5)

17.7022(23) 7.92545(22)

11.9

0.517

0.045

470

35.388(5)

17.7058(26) 7.92729(25)

14.09

0.563

0.049

480

35.394(6)

17.7078(28) 7.92816(26)

15.59

0.592

0.051

510

35.407(6)

17.7131(31) 7.93036(28)

18.21

0.639

0.055

550

35.424(7)

17.7206(34) 7.93310(30)

20.72

0.681

0.059

600

35.442(7)

22.95

0.715

0.062

17.730(4)

7.93619(32)
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Figure 4.8: Goodness-of-fit parameters obtained from PND data for BLaN refined in
space group Bbm2.

Figure 4.9: PND patterns at selected temperatures showing loss of superstructure
reflections (d = 2.24, 2.27 and 2.48 Å, indicated by arrows) at elevated temperatures.
Reproduced with permission from Ref 8, Chem. Mater. 2016, 28, 4616. Copyright (2016)
American Chemical Society.
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s-PXRD data was collected on cooling from 500 K to 100 K and processed (rebinned)
as described in the experimental section. Collection times were varied to obtain lattice
parameter trends and enable structural characterisation using longer collection times for
specified temperatures.

The data were refined in Bbm2 as determined by combined examination of s-PXRD and
PND data. The atom positions were fixed for all refinements. All peaks are indexed but
with some deficiency in the peak shape and intensities, Figures 4.10 and 4.11. Oxygen
makes a smaller contribution to the observed intensities of an X-ray diffraction pattern
than heavy scatters like Ba2+ and La3+ (c.f. PND) and as a result the superstructure peaks
are barely apparent above the background. This is consistent with oxygen displacements
associated with octahedral tilting being the origin of the superstructure.

Figure 4.10: Rietveld refinement of s-PXRD data for BLaN at 100 K, refined in space
group Bbm2. Goodness-of-fit paramters χ2 = 6.25, Rwp = 0.1113, Rp = 0.0866.
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Figure 4.11: Step-wise enlargement of the refinement of s-PXRD data presented in
Figure 4.10.
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The fast data collection and high resolution of s-PXRD allows highly accurate cell
parameter trends to be obtained. All cell dimensions exhibit linear thermal expansion
with increasing temperature; however, two clear regimes are apparent with differing rates
of expansion marked A and B in Figure 4.12(a).§ All cell dimensions follow similar trends
(but with non-identical thermal expansion rates) resulting in the expansion of the volume
in a similar manner, Figure 4.12(b).

Figure 4.12: (a) Lattice parameters (superstructure parameters reduced to aristotype
cell) and (b) unit cell volume and (c) orthorhombicity as a function of temperature (from
synchrotron PXRD data for BLaN).§

The thermal expansion coefficient for each cell dimension in each regime was calculated
from Equation 4.1.
=

1

4.1

The coefficients, Table 4.2, indicate a has the largest thermal expansion at all
temperatures and also that the rate of expansion is larger within the higher temperature
regime for all cell dimensions. Due to the different rates of expansion of a and b (a > b)
there is a decrease in orthorhombicity with increasing temperature, Figure 4.12(c), which
is consistent with the decrease in the extent of splitting of hk0 peaks in PXRD data
described previously (Figure 4.2).

The change in expansion rate and orthorhombicity coincides with the low temperature
relaxor-like peak (250-270 K), however, s-PXRD data (as with PND data) provides no

§

The lattice parameters in Figure 4.12 are expressed in terms of the cell metrics of the aristotype
structure to facilitate comparison (i.e. expressed in terms of aTTB where aBbm2 ≈ 2√2aTTB etc.).
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evidence of a symmetry change at these temperatures. A symmetry transformation may
be present but imperceptible due to the structural complexity; several perovskite relaxors
appear to be cubic at temperatures above and below the respective relaxor peak due to
spatial averaging associated with bulk diffraction techniques.9,35-37 The nature of this
“transition” at 250-270 K is discussed later in light of changes in the electrical properties.
The structural change at c.a. 470 K is indicated by the loss of superstructure reflections
in the PND data, however, high temperature s-PXRD indicates that the structure above
this temperature retains a very small orthorhombic distortion, as discussed below.

Table 4.2: Linear thermal expansion coefficients for BLaN, calculated using Equation
4.1.
Linear thermal expansion coefficients, L (10-6 K-1)
Axis

Low T (< 270 K)

High T (> 270 K)

a

6.78

11.3

b

5.49

7.64

c

2.56

7.47

High temperature structure
The intensity of the superstructure peaks in the neutron data decreases with increasing
temperature and are undetectable by 480 K indicating disappearance of the
superstructure (Figure 4.9). The high temperature, frequency independent peak in the
dielectric data corresponds with this loss of superstructure indicating a transition from
the low temperature Bbm2 superstructure to a simpler high temperature orthorhombic
structure with comparable metrics to the aristotype cell (i.e. no superstructure is
detectable using PND).

Rietveld refinements of PND data collected above the high temperature dielectric peak
(data sets above approximately 475 K) indicate that the polar Bbm2 structure is
incompatible with the observed diffraction patterns. This is consistent with P-E data (see
Section 4.3.1.3) which indicate that the structure is non-polar at these temperatures.
Obvious superstructure peaks are not apparent in the high temperature PND data.
Refinements using a structure with similar cell dimensions to the Bbm2 structure and
with the non-polar space group Cmcm (alternatively Bbmm or Amam) produces similar
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superstructure reflections and is therefore also incompatible with the observed data.
Comparatively little work has been done on the high temperature polymorphs of TTBs
and the symmetry of the structure in the paraelectric phase is commonly assigned on
the basis of laboratory PXRD data. The tetragonal structure with space group P4/mbm
is one of the most commonly reported including that of the filled Ba4La2Ti4Nb6O30
compounds which was determined to have a transition from the incommensurate Bbm2
structure to P4/mbm at 473 K.2 However, s-PXRD data indicates that the structure still
retains a very small orthorhombic distortion (with point group mmm or 222) so tetragonal
symmetry must be excluded.

Ferroelectric to paraelectric phase transitions, in which the structure of the paraelectric
phase immediately above TC is orthorhombic (with point group mmm) have previously
been reported, e.g. Sr4K2Ta10O30 and Pb4.14K1.12Nb1.82Ta8.3O30,38 however, these TTBs
have an additional orthorhombic (mmm) to tetragonal (4/mmm) polymorphic phase
transition at higher temperatures. No other high temperature phase transitions were
identified in BLaN with PND or s-PXRD data (up to 600 K and 500 K, respectively).

Refinements of PND data using the simple orthorhombic Pbam structure, previously
reported for Pb4.5Ca0.5Ta10O3039 and KFe2F640, result in good agreement between
calculated and observed pattern (Figure 4.13), This structure is orthorhombic with similar
cell dimensions as the aristotype cell (i.e. lacks a superstructure) and is non-polar which
is consistent with P-E data.

Synchrotron data at 500 K was refined in the same Pbam structure, Figure 4.14. As with
the low temperature s-PXRD data, fits are poorer than those of the PND data due to
peak shape/asymmetry. The high temperature structure is therefore orthorhombic and
non-polar and either has no superstructure or one which is generated by tilting modes
which are of sufficiently small magnitude they are not observable in PND or s-PXRD
data. Identifying space groups definitively using powder diffraction data is difficult and
further study of the structure with e.g. high temperature SAED etc. would be required to
conclusively assign this space group.
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Figure 4.13: (a) Rietveld refinement of PND data for BLaN at 600 K in space group Pbam
(χ2 = 4.471, Rwp = 0.0319 and Rp = 0.0255); (b) enlarged view of d = 2.2-2.55
demonstrating lack of superstructure reflections. Refined lattice parameters: a = 12.549
Å b = 12.548 Å and c = 3.973 Å.
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Figure 4.14: Refinement of 500 K s-PXRD data in Pbam (χ2 = 6.9, Rwp = 0.1233 Rp =
0.0977). 5-80 degrees. Refined lattice parameters: a = 12.511 Å b = 12.512 Å and c =
3.964 Å.

Selected area electron diffraction (SAED)
SAED and related data analysis was performed by Dr. Fengjiao Yu and Prof. Wuzong
Zhou (University of St Andrews). Figure 4.15(a) shows an SAED image taken down the
[112]TTB zone axis. Satellite spots, labelled A and B, are present indicating the presence
of a supercell consistent with the Bbm2 structure. The spacing between any two pairs of
adjacent supercell spots is equal indicating that the structural modulation responsible for
the supercell is commensurate. Diffused diffraction spots are observed in the [110] and
[250] directions, Figures 4.15(b) and (c), respectively, which suggests disorder in the ab
plane. This disorder is not readily apparent in either PND or s-PXRD due to the spatial
averaging of these bulk diffraction techniques. Disorder in the c axis is not evident. The
structure is therefore consistent with a commensurately modulated Bbm2 structure as
described above, however, with disorder in the ab plane most likely due to oxygen
positional variations. No such disorder was observed in the filled TTB Ba4La2Ti4Nb6O30
which adopts the same structure, but which has a modulation of the oxygen positions as
a result of frustrated tilts and is incommensurate.2 This compound is a relaxor which was
attributed, in that series, to the presence of the incommensurate modulation. In contrast,
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analogues of the same composition which adopted a commensurate (Ima2) structure,
e.g. Ba4Nd2Ti4Nb6O30 were ferroelectric. In order to further investigate the influence of
the slightly differing crystallography on the electrical behavior of these closely-related
TTBs presented here, the thermal dependence of the ferroelectric hysteresis was
investigated.

Figure 4.15: SAED patterns from the BLaN sample, indexed using the Bbm2 supercell,
(a) showing a commensurate superstructure when viewing down the [011] axis and (b)
showing diffuse diffraction spots along the [110] direction, and (c) showing diffuse
diffraction spots along the [250] direction. (Images collected by Dr. Fengjiao Yu and Prof.
Wuzong Zhou, University of St Andrews). Reproduced with permission from Ref 8,
Chem. Mater. 2016, 28, 4616. Copyright (2016) American Chemical Society.

4.3.1.3 Polarisation-Electric field measurements
Polarisation-electric field (P-E) data and the corresponding current (I-E) responses are
shown as a function of temperature for BLaN in Figure 4.16. At low temperature, below
the onset of the relaxor-type peak in the permittivity, normal, well-saturated ferroelectric
hysteresis loops are observed. On heating the loops become increasingly slim and
develop a pinched or constricted appearance between ca. 260 and 470 K and indicate
the loss of ferroelectric behavior. Above 470 K, the P-E (and I-E) data indicate a linear,
slightly lossy, dielectric response consistent with a non-polar phase. The nature of the
development of this “pinched” non-ferroelectric behavior is evident in the I-E data. An
additional “back-switching” event is observed at low fields on unloading just below the
temperature at which pinching in the P-E data becomes apparent, Figure 4.16(b). The
field against which the sample “back-switches” or “depolarizes” is denoted ±ED. This
depolarization event emerges at low fields initially then to higher fields with increasing
temperature, Figure 4.16(c).
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P-E loops and I-E data were collected at varying electric fields up to the point of dielectric
breakdown; the pinched morphology of the P-E loops is comparatively independent of
the magnitude and frequency of the applied field. The transformation between loop
morphologies is reversible and occurs at c.a. 250 K on heating and cooling under 1
kVcm-1 applied field.

The ferroelectric P-E loop indicates polar ordering at low temperature consistent with a
relaxor ferroelectric (RFE), rather than a relaxor dielectric, dipole glass-like, response.
The transformation to the pinched loop is correlated with changes in both structural and
dielectric data. While no distinct phase change is detected by diffraction this may be due
to a change from a locally ordered polar to ‘non-polar’ structure due to disorder as
indicated by in SAED. In many perovskite-based relaxors no long-range symmetry
breaking is observed despite the formation of local regions of non-centrosymmetry (i.e.,
polar nano-regions, PNRs) but they do not display similar dielectric and P-E behavior to
that observed here.

The disordered phase in BLaN appears to retain average polar symmetry and develop a
large polarization (but not necessarily ferroelectric behavior) with the application of an
external electric field – note the saturated polarization is similar in magnitude in both the
low temperature RFE regime and disordered “pinched-loop” regime. The subsequent
loss of superstructure reflections, peak in permittivity, together with linear dielectric P-E
measurements at 473 K, indicate a subsequent phase transition and place an upper
temperature limit for this region.

112

Chapter 4: Relaxor-to-ferroelectric crossover in Ba4(La1-xNdx)0.671.33Nb10O30

Figure 4.16: Polarization-electric field (P-E) loops and associated current-field (I-E) data
at 100 Hz for BLaN at selected temperatures (‘backswitching’ event on unloading
indicated by arrows). Reproduced with permission from Ref 8, Chem. Mater. 2016, 28,
4616. Copyright (2016) American Chemical Society.
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The temperature dependence of the electric field responsible for ferroelectric switching
(coercive field, EC) and the backswitching (depolarization, ED)§ events is shown in Figure
4.17(a). The coercive field, EC, for the normal FE P-E loops follows an approximately
linear temperature dependence, decreasing with increasing temperature which is
common for both relaxors and ferroelectrics.41 At the onset of the region where pinched
loops are observed, both the coercive (EC) and depolarization (ED) fields increase with
increasing temperature, demonstrating the increasing stability of the disordered regime.
The minimum in the coercive field, the change in lattice parameter trends and a decrease
in the remnant polarization, Figure 4.17(b), all coincide with the low temperature relaxor
peak. The onset of pinching may therefore be attributed to the disordering process
between the low temperature relaxor and high temperature permittivity peaks. At higher
temperatures, the I-E response becomes increasingly broad making reliable
determination of EC and ED difficult.

Figure 4.17: Temperature dependence of (a) coercive (+EC) and depolarization (+ED)
field, and (b) remanent polarization and maximum polarization. Reproduced with
permission from Ref 8, Chem. Mater. 2016, 28, 4616. Copyright (2016) American
Chemical Society.

§

ED values were calculated from the peak maxima of backswitching peak in I-E data.
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Quenching and Fatigue measurements
Similar pinched P-E loops have been previously reported in perovskites and have been
variously attributed to: aging, antiferroelectric ordering, defect-dipole pairs, and field
driven ferroelectric phase transitions.42-46 Thermal annealing above TC or applying ‘deaging’ or fatiguing bipolar excitation cycles of sufficient field can reverse the mechanisms
responsible for aged, defect-mediated pinched P-E loops in “normal” ferroelectrics. 47-49
Quenching samples, which have been annealed at high temperature, has been shown
to regenerate a normal ferroelectric P-E response in samples of potassium modified PZT
which had previously displayed ageing-induced double loops.48 Pellets of BLaN, with
sputtered Au electrodes, were heated to 623 K (350 °C) for 2 hours and short circuited
while connected to earth. Samples were then air quenched and P-E data collected
immediately. Figure 4.18 demonstrates that the ‘pinched’ behaviour persists.

Figure 4.18: P-E data for sample quenched from 623 K at 10 Hz, 100 Hz and 1000 Hz
demonstrating retention of pinched character of P-E loop, (295 K).

Higher temperature quenching experiments were also carried out; pellets were heated
to 1273 K (1000 °C) for 2 hours and air quenched. Sputtered electrodes may degrade at
such temperatures so silver conductive paint was applied as soon as samples were cool
enough and data recorded within 30 minutes of quenching. Again, the ‘pinched’
behaviour persists, Figure 4.19.
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Figure 4.19: P-E data for sample quenched from 1273 K demonstrating retention of the
pinched character of P-E loop. Data collected at 100 Hz and ambient temperature (295
K).

To examine the effect of large numbers of polarisation cycling a fatigue measurement
was carried out. A sample of BLaN was subjected to a 10 kHz fatiguing signal for 107
cycles with an applied electric field of 40 kVcm-1 at ambient temperature (296 K). P-E
data (applied field 40 kVcm-1, 100 Hz) was recorded at specific points during the fatiguing
process. There is little appreciable difference between the first and last loops recorded,
Figure 4.20.

Figure 4.20: Comparison of 1st (polarisation data in black, current data in blue) and last
(107) cycles (polarisation data in purple, current data in red), recorded at ambient
temperature.

The maximum polarisation (Pmax) and the remenant polarisation (Pr) determined from the
measurements do not significantly change during the fatiguing process, Figure 4.21.
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Figure 4.21: Maximum polarisation and remenant polarisation for BLaN during fatiguing
process

Little effect on the P-E response was identified and the pinched character remained,
therefore aging/defect-dipole pairs is unlikely to be the source of the observed P-E
behavior here. In addition, SAED provided no evidence for phase co-existence nor
evidence of PNRs. If the pinched loop behavior results from antiferroelectric ordering or
growth of PNRs, these must exist on very short lengths scales.

4.3.2 Ba4Nd0.671.33Nb10O30 (BNdN)
Dielectric properties
Dielectric data indicate a single peak in the relative permittivity for BNdN which exhibits
only a small degree of frequency dependence (peak maximum measured between 399
K at 1 kHz and 405 K at 1 MHz c.f. 242 K and 297 K, respectively, for the relaxor peak
of BLaN), Figure 4.22(a). No thermal hysteresis is observed between heating and cooling
measurements. The dielectric loss, ε”, is dominated by a peak coinciding with the
maximum in the relative permittivity, Figure 4.22(b), with an additional diffuse ‘shoulder’
at low temperature (200-300 K). Only a slight frequency dispersion in the relative
permittivity occurs in this temperature range, Figure 4.22(a), but two features are clearly
evident in tan δ data, Figure 4.22(c).
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Figure 4.22: Relative permittivity (a) and dielectric losses, both as absolute (b) and
normalised, tan δ (c) for BNdN at selected frequencies. Data marker key applies to all
figure parts.
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Structural analysis
Ambient temperature PND and s-PXRD data were collected and Rietveld refinements
performed using the methods described previously. Ambient temperature PND data
shows additional peaks at higher d-spacing, which are in similar positions to those
observed for BLaN, but of slightly dissimilar intensities, Figure 4.23. As with BLaN, these
were not indexed by a simple tetragonal structure with polar space group P4bm. Levin
and co-workers2 report that Ba4Nd2Ti4Nb6O30 has the commensurate orthorhombic Ima2
structure with a ≈ √2aTTB, b ≈ √2bTTB and c ≈ 2cTTB, however, the required reflections were
absent in the observed data here.

Refinements indicate that the observed superstructure reflections appear to be satisfied
by the Bbm2 model, however, the intensities and shapes of the peaks of these peaks
were poorly fitted in comparison to the BLaN compound, Figure 4.23. As with BLaN,
atom positions and individual isotropic displacement parameters, which both contribute
to intensity and peak shape, were not refined due to the larger number of atoms in the
unit cell and corresponding large number of refinement variables. The atom positions
were determined by Labbé et al.26 for BNN and while the radius of Na+ (1.39 Å for C.N.
12) is similar to that of La3+ (1.36 Å for C.N. 12), the dissimilar size of Nd3+ (1.26 Å for
C.N. 12) in the A1-perovskite-like-site will influence the tilting of adjacent octahedra. The
oxygen modes coupled with the octahedral tilt, modulate the intensity of these
superstructure reflections which may suggest the structure is Bbm2 (with identical tilting
pattern) but that the extent of tilting is different due to the size of the cation in the A1-site.
The larger Im2a (2√2 aTTB  2√2 bTTB  2 cTTB) structure reported by Torres-Pardo and
co-workers31 for commensurate Sr4Na2Nb10O30 (SNN) also generates a similar diffraction
pattern. Due to the small number of reflections of sufficient intensity it is difficult to
conclusively distinguish between these two cells from either sPXRD or PND data.
However, refinements using the Im2a structure have inferior goodness-of-fit parameters
and additionally some very low intensity peaks generated by the model are not apparent
in the observed s-PXRD data. Selected area electron diffraction (see below) reveals that
the structure is incommensurate, therefore, the Bbm2 structure is an approximation of
the modulated structure.
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Figure 4.23: (top) Rietveld refinement of ambient temperature PND data for BNdN in
space group Bbm2; goodness-of-fit parameters: χ2 = 9.425, Rwp = 0.0484, Rp = 0.0446;
and (bottom) superstructure reflections (indicated by arrows). Refined lattice parameters:
a = 35.284 Å b = 17.655 Å and c = 7.917 Å.

Ambient temperature synchrotron data is consistent with the Bbm2 cell, Figure 4.24,
however, similar problems with the peak shape, as observed for BLaN, affect the quality
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of fit. Calculated lattice parameters confirm the larger ‘tetragonality’ (c/a)§ of the BNdN
compound compared with BLaN, as previously reported based on a reduced aristotype
TTB unit cell (see Chapter 3). When indexed to an orthorhombic cell, the orthorhombicity
of the cell at ambient temperature is smaller for BNdN. No evidence of a supercell was
detected in the sPXRD data which is consistent with the superstructure originating from
modulated oxygen positions.

Figure 4.24: Rietveld refinement of ambient temperature s-PXRD data for x = 1 in space
group Bbm2. Goodness-of-fit parameters χ2 = 9.583, Rwp = 0.1264 Rp = 0.0993.
Refined lattice parameters: a = 35.299 Å b = 17.627 Å and c = 7.915 Å.

Selected area electron diffraction (SAED)
The BNdN sample displays similar SAED patterns as the BLaN sample. Figure 4.25
shows a HRTEM image and SAED pattern viewing down the same zone axis of TTB unit
cell as that of Figure 4.25, i.e., [112]TTB. Satellite spots are present indicating the
presence of a supercell consistent with the Bbm2 structure. However, the interspacing

Lattice parameters reduced to aristype cell metrics (e.g. aTTB), where aBbm2 = 2√2aTTB and aTTB
calculated from the mean of a and b values due to the presence of a slight orthorhombic
distortions.
§
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of the satellite spots are unequal indicating that the modulation is incommensurate. 50,51
The incommensurability parameter,§ δ, = 0.177 is more similar to that reported by Bursill
and Lin for SBN30 (δ ≈ 0.19-0.20) than the value reported by Stennett et al. for
Ba4La2Ti4Nb6O30 (δ = 0.04).1 The weak frequency dependence observed in the dielectric
data may be due to the incommensurate modulation and therefore be consistent with the
models of Levin et al.2 and Zhu et al.5

Figure 4.25: HRTEM image and the corresponding SAED pattern from BNdN. The inset
is an enlarged image showing dark spot contrast with local atomic dislocation. The SAED
pattern is indexed onto the TTB basic unit cell. The inter-spot distances, a and b, are not
equal, indicating an incommensurate structure modulation. (Images collected by Dr.
Fengjiao Yu and Prof. Wuzong Zhou, University of St Andrews). Reproduced with
permission from Ref 8, Chem. Mater. 2016, 28, 4616. Copyright (2016) American
Chemical Society.

Polarisation-electric field (P-E) measurements
P-E data indicate Nd to be ferroelectric at all measured temperatures up to TC
(determined from Tmax in the permittivity-temperature plots) then (slightly lossy) linear
dielectric behavior at high temperature. This represents a normal ferroelectric to
paraelectric transition. No constriction of the loops or additional maxima in the I-E data
were observed, Figure 4.26.

§

δ=
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where a and b are inter-spot distances, indicated in Figure 4.25.
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Figure 4.26: Polarization-electric field (P-E) loops and associated current-field (I-E) data
for BNdN at selected temperatures. Data collected at 100 Hz.

Values for the coercive field (EC) and remanent polarisation (Pr) at each temperature
were obtained from the intercepts of the polarisation and electric field axes, respectively,
as determined by the measurement software. The coercive field shows a linear-like
decrease with increasing temperature up to TC as expected of a normal ferroelectric,
Figure 4.27(a).41 The non-zero “coercive field” and slight increase at 450 K is likely due
to the lossy nature of the dielectric in the paraelectric phase resulting in an open loop
rather than a purely linear response. Figure 4.27(b) shows the remenant (Pr) and
maximum (Pmax) polarisations as a function of temperature. The remanent polarisation
decreases up to TC in a manner more similar to that of a relaxor ferroelectric than that of
a prototypal first order displacive ferroelectric such as barium titanate.41,52

Figure 4.27: Coercive field values (a) and Remenant (Pr) and maximum (Pmax)
polarisation (b) as a function of temperature for BNdN at selected temperatures. Values
obtained from P-E data collected at 100 Hz using an applied field of 37.5 kVcm -1.
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The Nd-analogue, therefore represents the transitional composition between RFE and
normal ferroelectric behavior in this TTB series. Cations in the A1-site of
Ba4R0.671.33Nb10O30 which are larger than Nd should therefore lead to a disruption of
polar order inducing relaxor-like behaviour and forming the disordered phase as
observed in BLaN.

4.3.3 Intermediate compositions: Ba4(La1-xNdx)0.671.33Nb10O30, 0.25 ≤ x ≤ 0.75.
In order to investigate further the transition from RFE (BLaN, x = 0) to ferroelectric
(BNdN, x = 1) behavior with cation size, intermediate compositions with partial
substitution of La and Nd were studied; Ba4(La1-xNdx)0.671.33Nb10O30 with x = 0.25, 0.5
and 0.75.

Structural analysis
Laboratory PXRD data of x = 0.25, 0.5 and 0.75 indicates that these compounds have
cell dimensions and ‘tetragonal’ splitting which are intermediary of the two end members,
although as previously described in Chapter 3 the difference in such metrics is very small
between La and Nd. No evidence was found for the presence of secondary phases or
phase separation, which has previously been identified in a number of different TTBs. 53,54
As with x = 0 and 1, no evidence of a superstructure is evident in the X-ray data due to
the lack of sensitivity of this technique to oxygen positions.

Ambient temperature PND for x = 0.5 was collected on the GEM instrument at ISIS. The
data indicate the presence of a superstructure similar to the x = 0 (BLaN) and 1 (BNdN)
compounds, Figure 4.28. The observed diffraction pattern is qualitatively an intermediate
between the two end members of this compositional series. The quality of the fit is
marginally poorer than x = 0 for similar reasons as described for the x = 1 compound (i.e.
principally due to the intensities of the superstructure reflections as the different effective
average size of the A1-cation affects the degree of tilting). As with x = 1, it is not possible
to distinguish between Bbm2 and the larger Im2a cell using PND data. s-PXRD data was
not available for this compound.
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Figure 4.28: (top) Rietveld refinement of ambient temperature PND data for x = 0.5 in
space group Bbm2. Goodness-of-fit parameters χ2 = 15.78, Rwp = 0.0450 Rp =

0.0377; and (below) zoom in showing superstructure reflections (indicated by
arrows). a = 35.305 Å b = 17.672 Å and c = 7.913 Å.
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Dielectric properties
The permittivity data of the intermediate compounds show decreasing frequency
dependence and diffuseness of the low temperature anomaly with increasing x, while
the maximum simultaneously shifts to higher temperature, Figures 4.29 (a) - (c). The
data correlate with the observed P-E behaviour (see below) with a crossover from relaxor
ferroelectric (RFE) to more ‘normal’ ferroelectric-like behaviour as the two peaks
coalescence.

x = 0.25

x = 0.5

x = 0.75

Figure 4.29: Relative permittivity, top (a)-(c) and dielectric losses, both as absolute,
middle (d)-(f), and normalised, tan δ, bottom (g)-(i), for Ba4(La1-xNdx)0.671.33Nb10O30, x =
0.25, 0.5 and 0.75 (left to right) at selected frequencies. Data marker key applies to all
figure parts.
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At lower x values, the dielectric losses, ε” and tan δ, are dominated by the low
temperature response corresponding to the relaxor-like behavior in the permittivity,
Figure 4.29 (d), (e), (g) and (h). With increasing x, ε” becomes dominated by the high
temperature anomaly, resulting in a double peak in tan δ for x = 0.75, Figure 4.29(f) and
(i) similar to that observed for x = 1.

Polarisation-Electric field measurements
P-E measurements demonstrate that all compounds (0.25 ≤ x ≤ 0.75) are ferroelectric
below the relaxor-like peak (Tm) or peak maximum (TC) for higher x, Figures 4.30. This
corresponds with the approximate temperatures of the largest maxima in the dielectric
loss, ε”. For lower x values (x = 0.25 and 0.5) pinched P-E loops were recorded at
temperatures between the two peaks in the relative permittivity i.e., at temperatures
above the RFE phase and below the high temperature non-polar phase, Figure 4.30(b).
The coalescence of these peaks with increasing x, leads to a decrease in temperature
range over which the disordered phase is stable; for x = 0.25 it persists over a wide
temperature range (> 100 K) while for x = 0.5 pinched loops are recorded over only a
very narrow range. The pinched character of the P-E loop also decreases with increasing
x – the effect is most evident for x = 0 indicating the comparative stability with respect to
the compounds with a smaller average A1-cation. Additionally, within the temperature
range in which pinched loops are recorder the maxima of the peaks in the I-E data were
broader for intermediate x values than for x = 0. It was therefore not possible to extract
EC and ED values and therefore determine the temperature dependence in a similar
manner as x = 0 (see Figure 4.17). Pinched P-E loop behavior is absent for higher x
values; for x = 0.75 there is a direct transition from ferroelectric P-E loop to standard
linear dielectric type, Figure 30(f) and (g), indicating a ferroelectric to non-polar
paraelectric transition as described for BNdN (x = 1), above.
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Figure 4.30: Polarization-electric field (P-E) loops and associated current-field data at
selected temperatures for x = 0.25 (top), x = 0.5 (middle) and x = 0.75 (bottom). Data
collected at 100 Hz.

4.4 Summary and discussion
The dielectric properties of Ba4La0.671.33Nb10O30 (x = 0) are dissimilar to other analogues
within the Ba4R0.671.33Nb10O30 (R = Nd, Sm, Gd, Dy and Y) TTBs studied in Chapter 3;
a relaxor-like peak at low temperature and diffuse high temperature peak with little
frequency dependence is observed. At temperatures below the relaxor peak (Region A
in Figure 4.31), PND and s-PXRD data indicate that the structure is consistent with the
Bbm2 model of Labbé and co-workers26 which has a ≈ 2√2 aTTB, b ≈ √2 aTTB and c ≈ 2
cTTB expansions and is generated by oxygen octahedral tilting. Normal ferroelectric P-E
loops are obtained in this regime.
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Above temperatures coinciding with the relaxor peak, P-E loops adopt a pinched or
constricted morphology with increasing temperature. No symmetry change is evident
from PND or s-PXRD data, however, a change in linear thermal expansion possibly
indicates a subtle structural change. SAED patterns obtained within the temperature
range between the two peaks in the dielectric data (Region B in Figure 4.31), are
consistent with the Bbm2 structure as identified by PND and s-PXRD. However,
disordering is observed, most likely of oxygen positions. Above the high temperature
peak in the dielectric data (Region C in Figure 4.31), linear lossy dielectric loops are
obtained indicating the compound is paraelectric. The reflections generated by the
superstructure in the PND data are not apparent and the structure retains a slight
orthorhombic distortion.
In contrast, Ba4Nd0.671.33Nb10O30 (x = 0) represents a normal ferroelectric behavior as
indicated by P-E data, albeit likely to be at the cusp of the relaxor to ferroelectric
crossover in this TTB series. Ambient temperature PND, s-PXRD and SAED diffraction
data is consistent with a similar Bbm2 structure, however, with an incommensurate
modulation as indicated by the separation in the diffraction spots in SAED images. No
evidence of the disordering or associated pinching of P-E loops observed in x = 1 was
present in Ba4Nd0.671.33Nb10O30; a normal ferroelectric to paraelectric transition occurs.
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intermediate

radii

were

investigated

Ba4(La1-xNdx)0.671.33Nb10O30 (x = 0.25, 0.5 and 0.75).

in

the

sereis

All are ferroelectric at low

temperature as with x = 0 and 1. Ambient temperature PND data for x = 0.5 are again
consistent with the Bbm2 structure. Pinched P-E loops are observed for x = 0.25 and
0.5, however, a direct ferroelectric to paraelectric transition is indicated by P-E data for
x = 0.75. Figure 4.32 shows the 1 MHz dielectric data for x = 0 to 1; with increasing x the
maxima of the low temperature relaxor and high temperature peaks increase and
decrease in temperature, respectively, and coalesce into a single peak for x = 1. With
increasing x, the temperature range between the two peak decreases and therefore the
stability of disordered phase, in which the pinched P-E loops are recorded, decreases.
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Figure 4.31: Summary of dielectric, structural and P-E properties of BLaN. Dashed lines
represent change of thermal expansion rate (low temperature) and symmetry change
(loss of superstructure) and change in P-E behaviour (high temperature).

The presence of both frequency dependent, relaxor-type and normal, frequency
independent peaks have been observed in the permittivity-temperature profile of a
number of TTB compositions.31,55-63 However, the relaxor-like response is often subtle or
convoluted with the main permittivity peak associated with TC. The observed dielectric
features, structural variations and changes in P-E behavior of BLaN occur are sufficiently
distinct to enable the possibility of identification of the origins of such behavior in the
context of the recent crystal-chemical model for relaxor versus normal ferroelectric
behavior in TTBs5 discussed in Chapter 1.
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Figure 4.32: Relative permittivity (a) and dielectric losses, both as absolute (b) and
normalised, tan δ (c) for Ba4(La1-xNdx)0.671.33Nb10O30 (x = 0, 0.25, 0.5, 0.75 and 1) at 1
MHz.
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In that model, the observed behavior is determined by competition between structural
modulations, specifically octahedral tilting and polarization generated by B-cation
displacements. Small cations at the perovskite-like A1-site (and hence small values of
tolerance factors, tA1) lead to a structure with commensurate tilting patterns and normal
ferroelectric behaviour. Large A-cations ‘stretch’ the structure in the c axis (and BO6
octahedra) extending O-B-O bonds and promoting long range polar ordering and
therefore normal ferroelectric behaviour. When neither effect dominates, long range
polar ordering is disrupted and relaxor behaviour is observed.

The results within this chapter are broadly consistent with this model and it is possible to
rationalize the observed dielectric and structural behavior in context of it. According to
the model, and based on the chemical composition of Ba4La0.671.33Nb10O30, one would
predict an incommensurate structure and relaxor behavior as exhibited by the filled
analogue Ba4La2Ti4Nb6O30, and that by decreasing the A1 cation size normal
ferroelectric behaviour would be induced. Ba4La0.671.33Nb10O30 is indeed a relaxor, but
it appears however, that the presence of a significant degree of A-site vacancies allows
enough structural relaxation that disorder, as observed in SAED images, results rather
than an incommensurate modulation. For the Nd-analogue the decreased A-cation size
re-introduces a degree of periodic modulation and this composition is an
incommensurate

ferroelectric.

The

compositions

Ba4La0.671.33Nb10O30

and

Ba4Nd0.671.33Nb10O30 therefore represent a cross-over between commensurate (but
disordered), relaxor ferroelectric and incommensurate, ferroelectric phases and further
highlight the key role of ab tilt modulations in determining the properties of TTB
compositions. The role of the A1 vacancies, therefore, appears to be to add an additional
disruption to the lattice which perturbs the structural variations to a greater extent than
in the analogous filled compositions.
For Ba4La0.671.33Nb10O30, the SAED data provide evidence for disorder which, in turn,
disrupts long range polar ordering. However, the temperature dependence of both the
relative permittivity and P-E behavior suggest that this disorder is rather weak. At low
temperature, normal P-E behavior and the presence of a persistent remanent
polarization confirms long range, net polarisation and suggest that the oxygen positions
order (incommensurately) at low temperature, resulting in a modulated tilt system. On
heating, the large peak in the dielectric loss combined with a loss of remanent
polarisation, as demonstrated by the pinched P-E hysteresis behavior, is consistent with

132

Chapter 4: Relaxor-to-ferroelectric crossover in Ba4(La1-xNdx)0.671.33Nb10O30

the onset of disorder observed in the SAED. This also results in a subtle change in the
thermal expansion in long range, average structure as determine by other diffraction
methods. In this intermediate temperature regime, the high polarisability of the oxygen
sublattice allows application of a sufficiently large electric field to induce long range order,
as indicated by the switching event in the P-E data on loading and the similarity in the
maximum induced polarization (Pmax ~ 6 μC.cm-2) at maximum field (E ~ 100 kV.cm-1),
Figure 4.16, but which relaxes on removal of the field. The data in Figure 4.17(a)
suggests that the stability of disordered regime increases with increasing temperature,
with both the coercive field required for ordering (±EC) and field against which relaxation
occurs (±ED) increases with increasing temperature, until the paraelectric phase
transition is reached at ca. 500 K.

Double or pinched loops have also been reported in a number of perovskite systems with
a number of mechanisms suggested. Antiferroelectrics (AFEs) produce double loops due
to an electric field-induced transition between AFE and ferroelectric phases of similar
energy.44 Such loops, first demonstrated in PbZrO3 by Shirane et al.42,43 are characteristic
of AFE ordering and consequently many systems were designated as being AFE based
on P-E loops. Few instances of pinched “antiferroelectric” loops have been reported in
TTBs.64-67 An AFE-FE-PE phase transition sequence was described by Ravez and
colleagues in the TTB-like compounds in the solid solution Ba2.14Li0.71Nb5O15 Ba2.14Li0.71Ta5O15 (i.e. Ba4.28Li1.42Nb10O30 - Ba4.28Li1.42Ta10O30).38,64 Gagou et al. have
recently attributed two dielectric anomalies in K4Gd2Nb10O30 to a FE-AFE-PE sequence
of phase transitions based on Raman spectroscopy data,66 however, no P-E loops were
demonstrated and the low temperature anomaly has previously been associated with a
ferroelastic related transition between orthorhombic (pseudo-tetragonal) and tetragonal
structures.7 Pinched P-E loops have been reported in La and Ti co-doped SBN,
Sr0.255Ba0.7La0.03Nb2-yTiyO6-δ with y = 0.05 (i.e. Sr1.275Ba3.5La0.15Nb9.75Ti0.25O30-δ) in which
FE and AFE states coexist. The authors suggest a polar FE matrix with commensurate
tetragonal structure within which local ordering of an incommensurately modulated AFE
structure occurs.65 Ti4+ dopant-induced defects were suggested as being responsible for
the weakening of the polar FE ordering, favoring the formation of the AFE state. 65
However, the required crystallographic anti-polar arrangement for antiferroelectricity is
not evident in the compositions studied here and so long range AFE order can be
discounted.
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Other mechanisms shown to affect such P-E behavior include: double loops within a
narrow temperature range close to TC due to an electric field driven transition between
the paraelectric and ferroelectric phases in ferroelectrics with a sharp first order
ferroelectric-paraelectric phase transition (e.g. undoped BaTiO3);46 and defect dipoles in
aged ferroelectrics.45,68 Based on the extent of the temperature range over which the
pinched P-E behaviour persists and also annealing/quenching and fatiguing P-E
measurements, these mechanisms may be excluded here.

Bi0.5Na0.5TiO3 (BNT) and related solid solutions (BaTiO3-BNT and Bi0.5K0.5TiO3-BNT)
show similar temperature dependent dielectric properties with a frequency dependent
relaxor-like peak around 473 K in undoped BNT and high temperature peak with little
dispersion (≈ 593 K).69-71 BNT compounds have a complex sequence of phase transitions
and may include coexisting phases.69-72 The presence of an AFE phase was proposed
due to pinched/doubled P-E loops, however other explanations have since been offered
involving coexisting phases, domains or nano-regions of different symmetries and
electric field driven transitions between a weakly or non-polar relaxor phase and that of
a polar ferroelectric phase.69-76 The origin for these properties is still somewhat contested
and may differ in each respective solid solution.75 From SAED no evidence of PNRs or
subtle compositional segregation is apparent in Ba4(La1-xNdx)0.671.33Nb10O30.

Therefore, based on the observations in the compositions presented here, the frequency
dependent, relaxor-type and frequency independent, peaks in permittivity observed on
heating indicate transitions from incommensurate, relaxor ferroelectric (Bbm2) to
disordered, non-ferroelectric (Bbm2) to paraelectric (Pbam) phases.
xNdx)0.671.33Nb10O30

The Ba4(La1-

compositional series show a decrease in temperature range

between these transitions, indicating a destabilisation of the disordered phase until
normal incommensurate ferroelectric behavior with no pinching is observed in
compositions with x > 0.5. For x = 0.25 and x = 0.5, pinched P-E behavior is observed in
the temperature range between permittivity peaks; the fact that this is not observed for x
= 0.75 despite evidence of a (convoluted) double permittivity peak suggests that the
disorder is easily overcome by even modest applied fields.

The data indicate the role of vacancies in allowing a structural relaxation to de-stabilize
long range polar ordering, but only to the extent that it can be re-introduced by a
sufficiently large electric field. The resulting behavior is a pinched P-E response with the
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same Pmax as the FE phase but with no significant remnant polarization. Although similar
pinched loop behavior has also been observed in simple perovskites such as BNT, the
origins of the observed behavior in that system is still under debate.

4.5 Conclusions
The “empty” tetragonal tungsten bronze (TTB) Ba4La0.671.33Nb10O30 exhibits both
frequency dependent, relaxor-type (ca. 260 K) and frequency independent (ca. 480 K)
peaks in the dielectric data. Heating through the relaxor-like peak is associated both with
the loss of ferroelectric switching and onset of a pinching of the P-E response and also
a change in the crystal structure as demonstrated by both synchrotron x-ray and neutron
powder diffraction. In addition, diffuse scattering in selected area electron diffraction
indicates that in the temperature region where pinched P-E loops are observed, disorder
exists. This structural disorder disrupts long range polar ordering and accounts for the
observed loss of ferroelectricity. Application of an electric field reintroduces a large nonlinear polarisation of a similar magnitude as in the ferroelectric phase, but on removal of
the field, non-linear depolarisation signifies a “backswitching” event associated with the
structural relaxation to the disordered phase. This backswitching event occurs against
an increasingly large electric field with increasing temperature indicating increased
stability of the disorder with increasing thermal energy.

The temperature range over which the disordered phase and pinched P-E loops persist
can be reduced by replacement of La with smaller Nd cations at the A1-site (increasing
x in Ba4(La1-xNdx)0.671.33Nb10O30). With increasing x the tolerance factor of the
perovskite unit decreases and modifies the tilting of the NbO6 octahedra. As a result, the
temperature range over which pinched P-E behavior is observed decreases; for x = 1
(Ba4Nd0.671.33Nb10O30) a weakly frequency dependent permittivity peak and change
from ferroelectric hysteresis to linear P-E behaviour, indicating a normal ferroelectric to
paraelectric transition.
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Chapter 5: Disruption of polar order in
Ba4-xSrxDy0.671.33Nb10O30

5.1 Introduction
The previous chapters have examined the influence of A1-cation size on the electrical
and structural properties of Ba4R0.671.33Nb10O30 TTBs; reducing the A1-cation size (by
substitution of R) and consequently the A1-site tolerance factor, tA1, leads to the onset of
normal ferroelectric behaviour. These observations are broadly consistent with literature
reports of similar TTBs1-6 and also the crystal-chemical model proposed in reference 1
(and described in Chapter 1) but show more complex structural behaviour which is likely
to be due to the relatively large concentration of vacancies within these “empty” TTBs. 1
Chen and co-workers7 had previously described an effect in the filled TTBs,
(BaxSr1-x)4Nd2Ti4Nb6O30, in which decreasing the size of the A2-cation by the (isovalent)
substitution of Ba2+ by Sr2+, was associated with multiple diffuse dielectric anomalies and
the onset of relaxor behaviour at sub-ambient temperature. As the A1-cation remained
constant the size difference between the A1- and A2-cations was suggested to govern
tilting of the BO6 octahedra, destabalising long range polar ordering.
Within the context of the crystal chemical model1 this observation may be rationalised by
considering the effect of a large average A-cation size (expressed as [A1+A2]/2 in ref 1),
on the O-B-O bonds in the polar axis. Large average A-cation size typically elongates
the O-B-O bond length in the polar axis, favouring B-cation displacements. Where this
effect is dominant normal ferroelectrics are obtained. Therefore, in TTBs in which larger
Ba2+ (r = 1.65 Å for CN 15) at the A2-site is substituted by smaller Sr2+ (r = 1.50 Å for CN
15), long range polar order is destabilised, as observed in filled (Ba,Sr)4R2Ti4Nb6O30 and
(Ba1−xSrx)4Nd2Nb10O30 TTBs and unfilled SBN.7,8
In the TTBs compounds, Ba4R0.671.33Nb10O30, (R = La, Nd, Sm, Gd, Dy and Y, and  =
vacancy), discussed in previous chapters, the crossover from normal ferroelectric (R =
Nd, Sm, Gd, Dy and Y) to relaxor (R = La) is induced by increasing A1-cation size.
Normal ferroelectric behaviour is observed due to octahedral tilting controlled by the size
of the A1-cation and described by means of a tolerance factor tA1.1 In this chapter, the
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relative dominance of the average A-site and tolerance factor is examined in TTBs with
a number of A-site vacancies. Ba4Dy0.671.33Nb10O30 is a normal ferroelectric with TC =
524 K (see Chapter 3). Successive replacement of Ba2+ with smaller Sr2+
(Ba4-xSrxDy0.671.33Nb10O30, x = 0, 0.25, 0.5, 1, 2, 3) is used to establish if this destabilises
long range polar ordering, leading to a decrease in TC and onset of relaxor ferroelectric
behaviour in line with the predictions of our model1 and as observed in the filled
(BaxSr1-x)4Nd2Ti4Nb6O30 TTBs.7
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5.2 Experimental
Polycrystalline ceramics were produced using a standard solid-state method as
described in Chapter 2. Pellets of x = 0 were heated in a tube furnace at 1350 °C for 6
hours. Strontium compounds (x > 0) required additional milling and heating steps;
reaction powders which had been previously heated at 1250 °C were formed into pellets
using a 12 mm die and uniaxial press. After sintering at 1350 °C for 12 hours the resulting
ceramics were broken up, ground to a fine powder and milled using high energy
planetary ball mill as before. The resulting powder was formed into pellets using a 10
mm die and then heated for an additional 12 hours at 1350 °C. The resulting pellets were
all > 90 % of theoretical density.

Laboratory PXRD was used to confirm the presence of single phase TTB. Single phase
ceramics were not obtained for x = 3 despite the use of additional ball milling and
sintering steps (see results for details). PXRD data was analysed by the Rietveld method
using GSAS9,10 software. The following parameters were refined: background, sample
displacement, scale, peak profile terms, lattice parameters, atom positions and
occupancies (see Results for full details). Electrical characterisation and associated
sample preparation was performed as described in Chapter 2.
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5.3 Results
5.3.1 Structural Analysis
Laboratory PXRD data of all compositions may be indexed to a simple TTB structure
with tetragonal symmetry. No additional reflections indicating the presence of a
superstructure were apparent and while some high angle peaks appeared to be slightly
broadened it was not of a sufficient extent to assign lower symmetry. This is consistent
with Ba4R0.671.33Nb10O30, (R = La, Nd, Sm, Gd, Dy and Y) compounds,11 discussed in
Chapter 3, which also appear metrically tetragonal using laboratory PXRD. For x ≤ 2 a
single TTB phase was obtained, however, for x = 3 (BaSr3Dy0.671.33Nb10O30), a small
amount of an impurity phase, DyNbO412 (Figure 5.1), was present which persisted
despite further ball milling and thermal treatments.

Figure 5.1: Rietveld refinement of PXRD data at ambient temperature for x = 3
(BaSr3Dy0.671.33Nb10O30), with observed data (black circles), calculated (red line),
difference plot (blue line) and reflection positions for main TTB phase (black tick marks)
and the DyNbO4 impurity phase (orange tick marks) and (inset) an enlarged view of the
most intense DyNbO4 reflections.
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Rare earth Fergusonite phases, RNbO4, have previously been reported as one of a
number of impurity phases formed with TTBs,13 and while the presence of such small
amounts of DyNbO4 is unlikely to influence the measured electrical properties
significantly,14,15 the probable deficiency of Dy3+ (with respect to the nominal
stoichiometry) from the main TTB phase may have a small influence its structure and
electrical properties. Attempts were made to identify the phase fractions present and the
subsequent stoichiometry of the main TTB phase using Rietveld refinement (discussed
below).

Rietveld refinements were performed using the simple tetragonal structural models
(space group P4bm or P4/mbm) as in Chapter 3, with the Ba2+/Sr2+ concentration altered
to the appropriate stoichiometry. Refinements confirm all reflections are indexed by the
tetragonal model with the exception of the aforementioned impurity phase in the x = 3
analogue. The refined parameters are presented in Table 5.1 and shown graphically in
Figure 5.2. The data show an overall general trend of decreasing lattice parameters and
volume for x = 0 to x = 1, Figure 5.2(a) and (b). A more drastic reduction in both a and c
occurs for higher x values. This is consistent with lattice parameter trends within similar
solid solutions in which Ba2+ is replaced by the smaller Sr2+ cation and also with the
typically smaller c values reported for Sr-based TTBs.16-21 The decrease in c with
increasing x is larger relative to the contraction within the ab plane resulting in a decrease
in tetragonality, c/a, Figure 5.2 (c).

Table 5.1: Lattice parameters, unit cell volume and tetragonality (c/a) obtained from
PXRD data for Ba4-xSrxDy0.671.33Nb10O30 and Tm values determined from dielectric data.
x

a (Å)

c (Å)

V (Å3)

c/a

Tm (K) 1 MHz

0

12.45845(6)

3.95434(6)

613.765(14)

0.317402

523

0.25

12.45842(7)

3.957892(34)

614.313(7)

0.317688

516

0.5

12.45493(9)

3.95363(4)

613.309(9)

0.317435

500

1

12.45659(6)

3.949869(27)

612.888(6)

0.317091

469

2

12.43607(5)

3.910311(23)

604.752(5)

0.314434

314

3

12.39002(5)

3.885163(25)

596.422(5)

0.313572

298
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Figure 5.2: (a) Lattice parameters, (b) unit cell volume and (c) tetragonality (c/a) as a
function of Sr2+ content (x) obtained from PXRD data and (d) Tm versus tetragonality.

For x = 3, a two-phase refinement was used to estimate the relative proportions of the
main TTB phase and the impurity phase using a simple tetragonal space group (P4bm)
and the RNbO4 structural model of Keller.12 The DyNbO4 phase was estimated to be of
2% phase fraction and 1.4 % weight fraction by Rietveld refinement. The nominal
composition of the main TTB phases was estimated to be BaSr3Dy0.63Nb10O30-δ.
The structural model used for initial refinements assumed direct replacement of the Ba2+
with Sr2+ resulting in mixed Ba2+/Sr2+ occupancy of the A2-site for x > 0, while the A1-site
is occupied by Dy3+ and additional vacancies. The intensities of several calculated peaks
from the model with this cation distribution deviated from the observed PXRD data for
higher x. This was determined to be due to Sr2+ occupation of the A1-site as cation
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occupation may greatly influence the intensity of the reflections. Refinements were
performed to estimate the extent of cross-site occupation.

The occupancy across the two A-sites was constrained to match the nominal overall
stoichiometry but various starting points were then employed to ensure refinements were
not converging on a local minimum; site occupancies consistently resulted in sole A2
occupancy for Ba2+ and A1 for Dy3+ for x = 0. For Sr2+-containing compositions
refinements were also carried out with Ba2+ constrained to the A2-site and Dy3+ to A1
with Sr2+ occupancy varying across both A2 and A1, ranging from maximum Sr2+ content
on A1 to all on A2; these approaches all resulted in similar final occupancies, Table 5.2.

For x = 3, adjustment of the TTB composition (0.63 Dy at the A1 site) to compensate for
the small amount of observed DyNbO4 second phase had negligible effect on the final
ratio of Ba:Sr:Dy occupancies across the A-sites. Refined occupancies of Sr 2+ at the A1and A2-sites of PXRD data indicate little or no Sr2+ occupation of the A1-site for x ≤ 1§
but significant A1-occupation for x = 2 and 3, Table 5.2 and Figure 5.3.

Figure 5.3: Sr2+ cations occupying A2-site obtained from Rietveld refinements in which
the initial structural model had Sr2+ solely occupying the A2-site fully (blue triangle) or
alternatively preferentially occupying the A1-site. The black line indicates the theoretical
case in which all Sr2+ only occupies the A2-site.

§

Occupancy values for x ≤ 1 are within the errors of the refinements.
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Table 5.2: Number§ of Sr2+ cations occupying A1- and A2-sites obtained from refinement
of PXRD data and associated goodness-of-fit parameters. Values are given for
refinements in which the initial structural model had Sr2+ occupying the A2-site (A2-site
structural model) or A1-site (A1-site structural model) as fully as possible. Values in
brackets are for a Dy3+ deficient compound as calculated from two phase refinements.
Refinements in which Sr2+ initially occupies the A1-site (A1-structure)
x

Sr2+ on A1-site

Sr2+ on A2-site

χ2

Rwp

Rp

0.25

0.073

0.1768

3.5

0.11

0.07

0.5

0.041

0.4588

3.6

0.11

0.08

1

0.0068

0.9932

3.8

0.11

0.08

2

0.5116

1.4884

3.3

0.10

0.07

3

0.4348
[0.5274]

2.6176
[2.552]

3.0
[3.0]

0.10
[0.10]

0.07
[0.07]

Refinements in which Sr2+ initially occupies the A2-site (A2-structure)

§

x

Sr2+ on A1-site

Sr2+ on A2-site

χ2

Rwp

Rp

0.25

0.0566

0.1936

5.4

0.13

0.09

0.5

0.0106

0.4892

5.4

0.13

0.09

1

-0.0318

1.032

4.4

0.12

0.08

2

0.4476

1.5324

3.8

0.11

0.08

3

0.3756

2.6244

3.5

0.11

0.08

Due to the non-equivalent site multiplicities of the A1- and A2-sites (2 and 4 sites per unit cell of
the basic tetragonal TTB structure) Sr2+ occupancy is expressed in Sr2+ cations to aid comparison
rather than as a more conventional occupancy value which is normalised to 1 (i.e. for a fully
occupied site the occupancy = 1).
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5.3.2 Dielectric Properties
Dielectric data for x = 0 exhibits a single peak in the permittivity, ε’, the maximum of which
is independent of frequency and corresponds to the ferroelectric Curie temperature, TC,
as discussed in Chapter 3. With increasing x, TC decreases, and the peak becomes more
diffuse, until a low temperature relaxor-like peak with large frequency dependence is
observed for x = 2 and 3, Figure 5.4. Within this series, crystal anisotropy (measured by
tetragonality,

c/a) correlates

with

TC,

Table 5.2,

which is

consistent

with

Ba4R0.671.33Nb10O30, (R = La, Nd, Sm, Gd, Dy and Y) compounds (see Chapter 3).11
The most intense peaks in the dielectric loss (tan δ) data, Figure 5.4, associated with TC,
behave similarly. Additionally, 0  x  1 have multiple very weak and broad anomalies
in the loss data at low temperatures, extending approximately between 50-100 K and
250-350 K, in addition to the ferroelectric/paraelectric transition. These low temperature
anomalies are not evident in the relative permittivity for low concentrations of Sr 2+ dopant.

For x = 1, in addition to the main dielectric peak indicating TC, a weak frequency
dispersion (which has been previously referred to as a “shoulder” in the literature22),
extends over the temperature range corresponding to that of the relaxor peaks in x = 2
and x = 3, Figure 5.5(a). Similar low temperature relaxations are commonly observed to
varying degrees in TTBs and have been attributed to: low temperature phase transitions
or subtle structural modifications without symmetry change;23 octahedral tilting;24
incommensurate

modulations25-27

(more

specifically

small

changes

to

the

28

incommensurate modulation ); freezing-out of polarisability/polarisation fluctuations in
the ab plane;2 and frustrated ferroelectric-ferroelastic transitions.29 In single crystal
studies of doped (Sr-rich) SBN TTBs, dielectric data measured along the c-axis is
dominated by the high temperature ferroelectric-paraelectric phase transition, whereas
in the ab plane low temperature anomalies dominate.30,31 Variable-temperature structural
investigation using synchrotron PXRD (down to 100 K) or PND (down to 20 K) of the
related “empty” TTB Ba4La0.671.33Nb10O30 which exhibits complex relaxor-ferroelectric
behaviour, no evidence for a low temperature phase transition was identified, either at
temperatures corresponding to the principal relaxor peak (Tm at 297 K for 1 MHz) or
lower.
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Figure 5.4: Relative permittivity (ε’) (a) and dielectric loss, both as absolute, ε”, (b) and
normalised, tan δ, (c) for Ba4-xSrxDy0.671.33Nb10O30 (x = 0, 0.25, 0.5, 1, 2 and 3). All data
at 1 MHz.
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Dielectric data indicate that x = 2 and 3 both exhibit low temperature relaxor-like
properties with a characteristic increase in peak maximum temperature, Tm, with
increasing frequency in both the relative permittivity and dielectric losses ε” and tan δ,
Figure 5.5(b)-(e) Additionally, the maximum loss value, ε”max, increases with increasing
frequency. Both compounds therefore display more conventional relaxor behaviour in
contrast with Ba4La0.671.33Nb10O30. Although x = 2 has a larger permittivity (ε’max) value
at Tm, x = 2 and 3 both appear to exhibit a similar degree of relaxor behaviour, with
comparable Tm values and degrees of frequency dispersion.

Figure

5.5:

Temperature

dependent

relative

permittivity

(ε’)

for

Ba4-xSrxDy0.671.33Nb10O30 x = 1 at selected frequencies (a); temperature dependent
relative permittivity (ε’) and dielectric loss, tan δ, for x = 2 (b) and (c) and x = 3 (d) and
(e) at selected frequencies.
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This was examined more quantitatively by modelling the frequency dependence of the
permittivity using the Vogel-Fulcher expression. This approach has been widely applied
to relaxors on the basis of “glassy” polarisation dynamics i.e., that relaxors may be
described as a dipolar glass in which dielectric relaxation is analogous to magnetic
relaxation observed in spin-glasses.32 The Vogel-Fulcher expression is given as:
=

exp −

(

−

)

where f is the frequency of the applied ac field, f0 is the limiting response frequency, Ea
is the activation energy, k is Boltzmann’s constant and Tm is the temperature maximum
of the relative permittivity measured with ac field of frequency, f.32-34 The polarisation
freezes out at Tf, the static freezing temperature, also known as the Vogel-Fulcher
temperature.32,33 Data for both x = 2 and x = 3 are well represented by this relationship
(Figure 5.6) and the values obtained for the fitting parameters (for x = 2, Ea = 0.12 eV, f0
= 1.23 × 1010 Hz and Tf = 165 K; for x = 3, , Ea = 0.16 eV, f0 = 2.28 × 1011 Hz and Tf =
159 K) are physically realistic and comparable to values reported for other TTBs. 7,33 The
similarity of Tm and Tf values, despite the different composition, is likely to be due to site
occupancy differences. It is important to emphasise, however, that Vogel-Fulcher fitting
is notoriously sensitive,33,35 and the influence of the applied field36,37 may affect the
values obtained.

Figure 5.6: Vogel-Fulcher fits of Tm (values obtained from relative permittivity data) for
Ba4-xSrxDy0.671.33Nb10O30, x = 2 and 3. Reproduced with permission from Ref 38 with
the permission of AIP Publishing.
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5.3.3 Polarisation-electric field measurements
For x ≤ 1, normal P-E loops are recorded up to 473 K, the maximum temperature of our
equipment, Fig. 5.7 (a)-(c). With increasing temperature, the coercive field decreases as
expected for normal ferroelectrics. x = 0.25 exhibits normal ferroelectric loops initially,
however, after a large number of cycles (> 50) at elevated temperature (413 K) the P-E
loop slowly distorts leading to an asymmetric loop with internal bias. This behaviour is
discussed in detail below.

Figure 5.7: Ambient temperature polarization-electric field (P-E) loops and associated
current-field (I-E) data for Ba4-xSrxDy0.671.33Nb10O30 x = 0.25 (a), x = 0.5 (b), 1 (c) and 2
(d). Data collected at 100 Hz.
For x ≥ 2, ambient temperature response is that of a linear dielectric, Figure 5.7 (d). At
temperatures below the relaxor peak, P-E loops are slim and not well saturated with
broad switching current peaks, Figure 5.8(a), becoming slimmer with increasing
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temperature, Figure 5.8(b),- behaviour characteristic of relaxors.39 A non-linear, almost
exponential-like, decay in remanent polarisation exists above 240 K, Figure 5.9,
behaviour expected of RFEs.32,40 Due to the rapid increase in coercive field with
decreasing temperature saturated loops were not able to be obtained below 145 K, unlike
other “empty” TTBs such as Ba4La0.671.33Nb10O30.11 However, such large temperature
dependences of coercive field are not uncommon in RFEs.41

Figure 5.8: Polarization-electric field (P-E) loops and associated current-field (I-E) data
for Ba4-xSrxDy0.67Nb10O30 x = 3 at 165 K (a) and 234 K (b). Data collected at 1 Hz.
Reproduced with permission from Ref 38 with the permission of AIP Publishing.

Figure 5.9: Coercive field (a) and maximum and remanent polarisation (b) as a function
of temperature for Ba4-xSrxDy0.671.33Nb10O30 x = 3. Data collected at 1 Hz.
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Asymmetric P-E loops
The origin of the asymmetry which develops in the P-E loop for x = 0.25 with cycling was
investigated by using a number of different P-E measurements. Figure 5.10(a) shows
the initial loop at 413 K from a sample which had not previously been subjected to a large
applied electric field measured using a standard pulse train: a bipolar pre-poling pulse to
establish the polarisation orientation followed by a further 3 bipolar cycles (discussed in
detail later), Figure 5.11.

After repeated measurements using this pulse sequence the loop gradually becomes
asymmetric, Figure 5.10(b). This is morphologically similar to those previously observed
in some poled hard PZTs.42 The development of the asymmetry is promoted by higher
temperature and larger applied electric fields.

Figure 5.10: Polarisation-electric field (P-E) loops and associated current-field (I-E) data
for Ba4-xSrxDy0.671.33Nb10O30 x = 0.25 showing (a) the initial loop and (b) after numerous
successive measurements (b) using the pulse sequence in Figure 5.11. Reproduced with
permission from Ref 38 with the permission of AIP Publishing.

A sample orientation effect also exists; turning the sample results in the bias to be
similarly reoriented, Figure 5.12(a). Subsequent measurements of this flipped sample
reduces the asymmetry until it is re-established in the positive direction as in Figure
5.10(b). Alternatively, reversing the direction of the bipolar excitation signal (applied to a
sample with an established asymmetric loops as in Figure 5.10(b)) reduces the
asymmetry of the loop initially, before re-developing in the opposite bias direction.

153

Chapter 5: Disruption of polar order in Ba4-xSrxDy0.671.33Nb10O30

The biased state is relatively stable, persisting for days after the initial development.
Annealing at high temperature (above TC [516 K], e.g. 623 K, typically for 2 hours) while
the sample is shorted regenerates the initial symmetrical loop at ambient temperature.
Shorting the sample at ambient temperature for 5 minutes at ambient temperature had
no effect on the shape of the loop, and while longer time periods (e.g. 1 day) led to a
small increase in the maximum polarisation, there was little effect on the bias, Figure
5.12(b).

Figure 5.11: Representation of the pulse sequence used to perform a standard
polarisation-electric field (P-E) measurement. The measured loop is constructed from
the red sections of the pulse sequence. Time axis not to scale (delay period typically
longer than pulse width).

Figure 5.12: P-E loops and I-E data for x = 0.25 samples in which an asymmetry/bias
has previously been established showing: the effect of turning the sample over (a) and
shorting the sample at ambient temperature for different periods of time (b).
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As previously stated, increased temperature promotes the development of the internal
bias during P-E measurements. However, temperature alone cannot induce the bias;
samples heated at 413 K for > 40 days do not develop P-E loops of an asymmetric
nature, therefore the temperature dependence is likely to be simply due to the thermal
dependence of the process resulting from the applied electric field. Fatigue
measurements, similar to those described in Chapter 4.3.1.3, had little effect on the P-E
loops of a sample which lacked a bias in the initial state, therefore the nature of the
applied field (i.e. pulse chain) has some influence. Altering the frequency of the
measuring pulse chain does not alter the extent of the internal bias, but does appear to
decrease the maximum polarisation.

The standard P-E measurement applies an initial prepol pulse to establish the
polarisation and then a further 3 loops interspaced by a delay (relaxation period), Figure
5.11. The sample is therefore subjected to a pulse sequence PNPNNPNP (where P and
N are the application of positive and negative pulses), in which the overall number of P
and N pulses is equal, however, while the two adjacent N pulses (PNPNNPNP) are
separated by a small and consistent time period (delay), the application of further pulse
trains (successive measurements) will result in adjacent P pulses potentially having a
much larger interval between them. Depending on the time interval between successive
measurements compared to the delay interval within the pulse chain this may result in a
differing reinforcement effect between the NN and PP pulses and so resulting in a net
unipolar effect despite the overall number of P and N pulse being equal.

An imprint measurement initially applies a de-aging treatment, followed by a static imprint
in which a DC bias is applied (or alternatively the sample is shorted), Figure 5.13. A predetermined number of P-E measurements are automatically recorded over a logarithmic
time scale, using the pulse train described above. The development of an internal bias
may be followed via the Vshift, calculated by the software from the intercepts of the P-E
loop on the voltage axes.§ Other values such as the remanent and maximum polarisation
are also recorded. This allows a more systematic characterisation of the bias effect and
allows systematic control over the time period between measurements by altering the
number of measurements per decade.

§

Vshift is the mean of the coercive voltages, Vc+ and Vc-
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Figure 5.13: Imprint pulse sequence; time axis is not to scale as the imprint state duration
is variable (depending on the number of measurements per decade) and typically much
longer than that of the measuring cycles. Measurements cycles consist of the standard
pulse chain as in Figure 5.11.

A sample of x = 0.25 which had been subjected to less than 5 cycles (to establish that a
good contact had been made), was subjected to an imprint measurement in which the
sample was shorted during the static imprint condition (imprint 1). Figure 5.14 (a) and (b)
shows a large increase in Vshift and decrease in Pmax indicating the development of
asymmetry. This is also indicated in the different rates of decrease in the remanent
polarisation values, Pr+ and Pr-, Figure 5.15. This sample was then subjected to a further
imprint measurement with no deaging treatment but with an increased number of P-E
measurements per decade, imprint 2 (Figure 5.14). During this second imprint test the
time period between P-E measurements is initially small and so comparable to the delay
between adjacent N pulses in the measurement pulse sequence, i.e. PNPNNPNP
PNPNNPNP. This decreases the asymmetry (decreases Vshift and increases Pmax) until
the time period becomes sufficiently large that the time periods between successive P
pulses is much greater than those between N pulses and the asymmetry redevelops.

PUND (positive, up, negative, down) measurements use a different pulse train to that of
the standard dynamic hysteresis (Figure 5.11) measurement, allowing the identification
of features which would not be apparent in the standard measurement, e.g. from extrinsic
sources such as leakage current.43 An initial negative pulse is applied, for which data is
not recorded, to establish a known (negative) polarisation state. The pulse sequence
subsequently applied is a positive pulse, in which the polarisation is switched positive
(P), a further positive, non-switching pulse (U) followed by the equivalent negative
switching (N) and non-switching (D) pulses. Triangular unipolar waveforms with pulse
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widths of 5 ms (equivalent to a standard dynamic hysteresis measurement with
frequency of 100 Hz) and 1 second delays between each pulse were used for the data
presented in the following figures.§

Figure 5.14: V-shift (a) and Pmax (b) data for two sets of imprint measurements; an initial
measurement on a previously symmetric P-E loop (Imprint 1) and a subsequent
measurement on the same sample with no prior deaging treatment applied (Imprint 2).

Figure 5.15: Remanent polarisation values, Pr+ and Pr- for P-E measurements for Imprint
1 measurement.

§

PUND measurements using trapezoid waveforms were also performed and were consistent with
the data obtained using triangular waveforms.
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PUND measurements, together with the behaviour described above, suggests the likely
origin of the asymmetry to be the accumulation of (space) charge at the electrode. 44-46
This is consistent with the thermal and electric field dependence of the onset of the
asymmetry, the observed sample orientation effect and the influence of the chronological
symmetry of the pulse chain as demonstrated by imprint measurements above.
Essentially the back-to-back reinforcing NN pulse, “sweep” unbound charge
preferentially towards one electrode, building up a space charge layer. During a P-E
measurement the polarisation is obtained by integrating the measured current with
respect to time, I(t), giving the charge associated with the change in polarisation. In a
normal ferroelectric, a pulse sequence in which the polarisation state is switched will
result in a peak in I(E) and I(t) plots due to the charge switched.43,47 The additional
contribution of the space charge to the current response (and so polarisation) leads to
the development of the asymmetry of the P-E loop as described above. As the aixACCT
measurement software balances the P-E loop obtained from the standard dynamic
hysteresis measurement in order that ±Pmax values obtained are equal, the loop is
incorrectly centred with respect to the intrinsic polarisation.

A sample with a previously established bias was measured at 403 K using the PUND
pulse train described above, Figure 5.16(a). The polarisation measured during P and N
switching pulses is a convolution of the polarisation switched in the ferroelectric and
extrinsic, non-switching processes, e.g. space charge or leakage current. The
polarisation due to switching is absent in the non-switching pulses, U and D, allowing the
contribution of extrinsic processes to be identified and their magnitude estimated. In
Figure 5.16(a) the polarisation measured during the negative non-switching D pulse is
significantly larger than the corresponding positive non-switching U pulse which is likely
to be due to the contribution of the space charge, Figure 5.16(a). In figure 5.16(b) the
polarisation is plotted so that the polarisation prior to each pulse has an initial value of
zero.§ This representation highlights the significant contribution to the polarisation of the
negative switching N pulse by extrinsic contributions (space charge) which results in the
loop asymmetry observed.

§

i.e. only the change in polarisation is plotted.
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Figure 5.16: PUND measurement for x = 0.25 showing polarisation-electric field
response of switching (black) and non-switching (red) pulses (a) as generated by the
measurement software and (b) in which the polarisation prior to the pulse is set to zero.

The space charge contribution to the polarisation measured during negative pulses is
seen more clearly in the I(t) data, Figure 5.17. To reiterate, the polarisation values
reported by the measurement software are obtained from the integration of the current
with respect to time, I(t). Peaks indicating switching of the polarisation of the ferroelectric
(switching current peaks)43,47 occur on loading for both switching pulses, P and N,
however, the peak maxima do not coincide, Figure 5.17(a) and (b). The maximum during
the N pulse occurs at a later time during the measurement than that of the P pulse,
corresponding to a higher field, confirming the presence of the internal bias which is
consistent with the presence of a space charge.46 The magnitudes of the current also
differ resulting in non-equal polarisation values and so an asymmetric loop is produced.
The positive pulses, P and U, both produce a boxcar-like trace (with the current switching
current peak overlaid in the case of P) which is typical of a normal ferroelectric, Figure
5.17(a) and (c). This is not the case for the pulses with negative polarity; two features,
one each on loading/unloading, are observed in both pulses demonstrating that these
features are not related to ferroelectric switching. The feature on loading appears as a
shoulder on the switching current peak of the N pulse, however, also directly contributes
to the measured magnitude of the switching current peak, i.e. the N pulse switching
current peak is not due purely to switching.
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Figure 5.17: PUND measurement of x = 0.25 sample showing applied electric field pulse
and measured I(t) data for the (a) positive switching P pulse, (b) negative switching N
pulse, (c) positive non-switching U pulse and (d) negative non-switching D pulse.

As extrinsic processes contribute to the current measured in both the switching and nonswitching pulses, subtraction of the latter from the former for both polarities, i.e. I(t)P-I(t)U
and I(t)N-I(t)D (where the subscripts are the respective PUND pulses), allows the
estimation of the current due solely to the polarisation reversal. The resulting I(t) data,
I(t)REM, have single switching current peaks during loading as expected, Figure 5.18(a).
The positions and magnitudes of the I(t)REM peak maxima remain non-equivalent,
indicating that a small internal bias and residual asymmetry is present.

Integration of the I(t)REM data plotted in Figure 5.18(a) produces the change in
polarisation, Figure 5.18(b), which allows the construction of a remanent hysteresis
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loop§, Figure 5.18(c).48 While some small asymmetry and internal bias remain, it confirms
that the principle origin of the abnormal loop morphology is extrinsic and the behaviour
observed is consistent with space charge.44-46

Figure 5.18: (a) I(t)REM data for positive (blue dots) and negative (red dots) polarities,
obtained by subtraction of I(t) data of non-switching pulses from respective switching
pulse; (b) Polarisation values obtained from integration of I(t)REM data in part (a), label
colours match data points; and (c) remanent polarisation-field loop after centring the halfloops in part (b).

The polarisation obtained from the integration of I(t) represents the change in polarisation, ΔP.
The positive and negative halves of the loop, Figure 5.18(b), were recentred assuming the
polarisation is due to the switching between Pr+ and Pr- states and so ΔPr = |Pr+| + |Pr-|. The
recentred loop intercepts the polarisation axis at ± ΔPr/2
§
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5.4 Summary and discussion
Laboratory PXRD for Ba4-xSrxDy0.671.33Nb10O30, (x = 0, 0.25, 0.5, 1, 2, 3) may be indexed
using a simple tetragonal structural model with space group P4bm. No superstructure is
apparent. A single TTB phase was obtained with the exception of x = 3, in which a small
amount of the Fergusonite-type phase, DyNbO4, was present despite additional
processing steps. Rietveld refinements indicate little or no Sr2+ occupation of the A1-site
for x ≤ 1. For x ≥ 2, significant occupation (greater than 0.37 Sr2+ over the two A1-sites,
i.e. Sr2+ occupancy of > 0.185) of the A1-site results in an increased tolerance factor, t A1,
as a result of the larger average A1-cation size.

Dielectric measurements indicate that x = 0, 0.25, 0.5 and 1 are normal ferroelectrics
with single peaks in the temperature dependent relative permittivity which become more
diffuse with increasing x. Relaxor-type behaviour is observed for x ≥ 2. TC decreases with
increasing x which corresponds to a simultaneous contraction of the unit cell in both the
ab plane and c and also tetragonality, c/a.

P-E measurements show all compounds to be ferroelectric below the respective peak in
the permittivity, however, for x ≥ 2, hysteresis loops are slimmer and less well saturated.
An asymmetry develops in the P-E loop for x = 0.25 at high temperature upon successive
cycling using the standard measurement pulse train (PNPNNPNP). The development of
the asymmetry was found to be enhanced with increasing magnitude of the applied
electric field and temperature and was subsequently removed by annealing the shorted
sample at high temperature (above TC). The nature of the pulse sequence of the applied
field, specifically the delay between pulse trains, was found to have a similar effect as a
sequence of unipolar pulses when the delay was longer, i.e. the applied pulse sequences
results in a net polarity.
By the crystal-chemical model described previously1 the (isovalent) substitution of Ba2+
(r = 1.65 Å for CN 15)1,49 by smaller Sr2+ (r = 1.50 Å for CN 15)1,49 should decrease the
overall average A-site size, (A1+A2)/2 leading to a reduction in the “stretching” of O-BO bonds in the polar axis. Changes in the average A1-cation size and therefore A1
tolerance factor may also strongly influence ferroelectric vs. relaxor behaviour due to the
resulting tilt system.2,11,19,50 These competing effects are summarised in Figure 5.19
(modified from Fig 17 of Reference 1).
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Figure 5.19. Average A-site size (A1+A2)/2 vs tolerance factor of the A1-site, t A1,
adapted from Figure 17 of Ref 1. Relaxor and ferroelectric (black and red circles) from
Table 2 of Ref 1. Data points for Ba4-xSrxDy0.671.33Nb10O30, (x = 0, 0.25, 0.5, 1, 2, 3) are
shown for the hypothetical situation in which Sr2+ occupies only the A2-site (blue
rhombus) and based on Sr2+ occupancies (Table 5.3) determined from Rietveld
refinements (green triangles). An additional data point for x = 3 is given based on
refinements in which the TTB stoichiometry was altered to account for the DyNbO 4
impurity phase (green square). Adapted from Ref 1, Chem Mater, 2015, 27, 3250.
Copyright (2015) American Chemical Society.

Preferential A-cation occupation is common in TTBs when the difference in radius
between two cations is relatively large.1,2,4,13,17,51-54 This may lead to ordered compounds
such as Ba4Nd2Ti4Nb6O30,55 however, when the radius difference between two A-cations
is small, or when dictated by stoichiometry, co-occupation of the A1- or A2-sites (or both)
may

occur,

e.g.

SBN.51,56,57

xSrxDy0.671.33Nb10O30,

In

the

unfilled

system

presented

here,

Ba4-

(x = 0, 0.25, 0.5, 1, 2, 3), the cation occupation may not follow

similar filled systems, e.g. (Ba1−xSrx)4Nd2Nb10O30,7 due to the presence of a large number
of vacancies in the A1-site. If the A-cations were ordered based on cation size
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differences, irrespective of x, with the larger Sr2+ and Ba2+ cations solely occupying the
A2-site and 0.67 Dy3+ occupying the A1-site (with 1.33 vacancies), the average A2-cation
size would decrease systematically with increasing Sr2+ while the A1-cation size
remained constant for all x. In this (hypothetical) situation (A1+A2)/2 would decrease
concurrently with the reduction in average A2-cation size, while the A1-site tolerance
factor (tA1) would remain unchanged.§ This would represent a vertical displacement as
shown in Figure 5.19, in which the constant tolerance factor (tA1 = 0.90) dominates over
the reduction of (A1+A2)/2 and a prediction that Ba4-xSrxDy0.671.33Nb10O30 TTBs would
be ferroelectric for all values of x. A contraction is observed in c with increasing x which
is consistent with the prediction of the model, however, dielectric data indicates that x ≥
2 are relaxors.
Rietveld refinements of PXRD data for x ≥ 2 indicate an increased degree of site
occupancy of Sr2+ at both A2- and A1-sites, with respect to lower values of x. However,
x = 2 has a relatively higher proportion of SrA1 occupancy (0.5116 Sr2+ cations on A1-site
and 1.4884 Sr2+ cations on A2-site) compared to x = 3 (0.4348 Sr2+ cations on A1-site
and 2.6176 Sr2+ cations on A2-site). The larger amount of Sr2+ in the A1-site for x = 2
may explain the similarity of the observed dielectric properties despite the compositional
difference. Higher occupancy of Sr2+ on the A1-site leads to an increased tA1 tolerance
factor for x = 2, so that tA1 (x = 2) > tA1 (x = 3). This multi-site occupancy by Sr2+ generates two
contributing factors which favour relaxor behaviour: A-site disorder and reduced
octahedral tilting due to the increase in A1-cation size (and hence reduced t A1). In order
to understand which is dominant the role played by disorder in the related filled TTB
compositions Ba4R2Ti4Nb6O30 and Ba5RTi3Nb7O30 (where R = La3+ and Nd3+)2 may be
considered. In the Ba4R2 compositions Ba2+ and R3+ solely occupy the A2- and A1-sites,
respectively, whereas the Ba5R analogues necessarily have disorder at the A1-site.
Despite having the same degree of occupational A1 disorder Ba5LaTi3Nb7O30 displays a
higher degree of relaxor behaviour than Ba5NdTi3Nb7O30; the influence on tilting by
change in the A1-cation size and hence tA1 is clearly dominant in these compositions.
The large change in tA1 in the x ≥ 2 compositions here is also likely to dominate; the
increase in tA1 frustrates oxygen octahedral tilting resulting in increased relaxor behaviour
as observed in Sr-rich SBN compounds where Sr occupies both A-sites. 8,58

§

the tolerance factor of the perovskite-like A1-site, tA1 is determined by the radii of the A1- and Bcations and O2- anion. The latter two are constant in all compositions and tA1 is therefore only
altered when the avereage size of the A1-cation is altered.
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Asymmetric P-E loops with similar morphology as those obtained for x = 0.25 samples,
have been previously reported.42,59,60 In poled perovskites this was attributed to the
presence of defect-dipole pairs inducing internal DC bias fields; when the sample is poled
the defect-dipoles, which are initially random, are preferential aligned with the field
direction, with the effect greater at higher temperature due to the increased mobility of
the defects.42,59 This was reported in materials which were poled, while the effect seen
in these materials occurs upon application of a sequence of 4 bipolar excitation cycles,
each with a positive (P) and negative (N) triangular waveform (PNPNNPNP). This may
be related to the relaxation time with the successive negative (and non-switching) pulses
either reinforcing or having reduced effect, resulting in a net unipolar effect. This was
confirmed by means of standard P-E loops recorded using the PNPNNPNP pulse
sequence but systematically varying the time between subsequent pulse sequences
(measurements). Short time periods between measurements produced little loop
distortion or reduced distortion in a sample in which the asymmetric loop had been
previously established, i.e. this has a similar effect as a symmetrical PNPNPN…
sequence. This is unsurprising as successive PNPNNPNP pulses applied with intervals
comparable those within the pulse sequence result in PNPNNPNP PNPNNPNP…
sequence. Increasing the interval between PNPNNPNP pulses increases the distortion
effect. The key factor is the interval experienced by the sample between the NN in the
middle of the pulse chain and the PP in subsequent (separate) pulses. This
chronologically- asymmetric field history results in distorted P-E loops displaced in the
polarisation axis due to (space) charge accumulation under the electrode, 44-46 most likely
due to oxygen vacancy migration which would be consistent with PUND measurements
and the response to different electric field frequencies.
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5.5 Conclusions
The

series

of

“empty”

tetragonal

tungsten

bronze

(TTB)

ferroelectrics,

Ba4-xSrxDy0.671.33Nb10O30, (x = 0, 0.25, 0.5, 1, 2, 3) are normal ferroelectrics for x ≤ 1
with decreasing TC as x increases, while x ≥ 2 are relaxor ferroelectrics (RFE) with
associated frequency dependent permittivity peaks and with similar Tm and Tf (VogelFulcher freezing temperatures) values. PXRD data indicates the unit cell contracts in
both the ab plane and c-axis with increasing x. The differences in polar order length
scales observed may be rationalised by differing cation occupancies: for x ≤ 1, Sr2+
principally occupies the A2-site (co-occupied by Ba2+ with the A1-site occupied by Dy3+
and vacancies); for x ≥ 2 significant Sr2+ A1-site occupation leads to the observed RFE
characteristics. This FE to RFE crossover is consistent with a previously proposed TTB
crystal chemical framework where both a decrease in average A-site size and concurrent
increase in A1-site tolerance factor (tA1) favour destabilization of long range polar order
and relaxor behaviour. The effect of increasing tA1 as a result of Sr2+ occupancy at the
A1 site is likely to be the dominant influence.

An asymmetry is developed in P-E loops for x = 0.25 compositions at high temperature
and is shown to be related to the chronological symmetry of the bipolar pulse sequence
of the applied electric field. Longer periods of time between (symmetrical) measurement
pulse trains yield a similar effect to the application of continuous unipolar pulses; the
development of an asymmetry characterised by the development of an internal bias field
and non-equivalent polarisation magnitudes. This is likely to originate from space charge
accumulation at the electrodes.
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Chapter 6: Summary, conclusions and further work
6.1 Summary and conclusions
The influence of the A-cation size was studied in a family of ‘empty’ TTBs which have a
greater A-site vacancy concentration than the comparatively well studied unfilled TTBs
(such as SBN, (Sr,Ba)5Nb10O30). The structural, dielectric and ferroelectric properties
were studied using a number of techniques including laboratory and synchrotron powder
X-ray diffraction, powder neutron diffraction and dielectric and polarisation-electric field
(P-E) measurements. The applicability of existing models for structure-property
relationships, developed for other TTB compounds was also examined.
The effect of A1-cation size was examined in Ba4R0.671.33Nb10O30 TTBs (R = La3+, Nd3+,
Sm3+, Gd3+, Dy3+ and Y3+;  = vacancy). Smaller R cations (Ho3+, Er3+ and Yb3+)
produced samples with an impurity phase, BaNb2O6, indicating the limit of the stability of
the TTB structure. For all R the ambient temperature structure was determined to be
metrically tetragonal based on ambient temperature laboratory PXRD with the degree of
tetragonality increasing with decreasing R cation size (based on the simple metric of c/a
and also on the degree of splitting of hk0 00l reflection pairs). A correlation between TC
and tetragonality was demonstrated; decreasing R size leads to an increasing tetragonal
distortion which appears to stabilize polar order.
The crossover between normal ferroelectric and RFE between Ba4R0.671.33Nb10O30 the
TTBs with the largest R cations was examined in more detail in the series
Ba4(La1 xNdx)0.671.33Nb10O30 (x = 0, 0.25, 0.5, 0.75 and 1) using central diffraction
facilities (temperature-dependent synchrotron PXRD and powder neutron diffraction)
supplemented by electron diffraction data and additional temperature dependent
dielectric and P-E measurements. Dielectric data and P-E measurements indicate that
all compounds are ferroelectric but R = La is a relaxor ferroelectric and exhibits complex
dielectric and P-E behaviour with atypical “pinched” P-E loops. Rietveld refinements of
low temperature diffraction data for R = La show that the structure has an orthorhombic
superstructure and is consistent with that observed for the filled TTB Ba4La2Ti4Nb6O30
and reported as a commensurate approximation for the ambient temperature
incommensurate phase of Ba4Na2Nb10O30. The superstructure, 2√2aTTB × 2√2aTTB × 2cTTB
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with space group Bbm2, is commensurate and originates principally from an anti-phase
tilt system.

The observed dielectric and P-E behaviour was linked to changes in the structure; a
symmetry change is not apparent, however, a change in the rate of linear expansion of
the unit cell and P-E behaviour at c.a. 250-270 K coincides with the relaxor peak. Heating
R = La through the relaxor results in a loss of ferroelectric switching and the development
of pinched/constricted P-E loops. A large nonlinear polarisation of similar magnitude as
in the RFE regime indicates that the material remains polar but not necessarily
ferroelectric due to a very small remanent polarisation. Diffuse scattering in ambient
temperature selected area electron diffraction indicates that in the temperature region
where pinched P-E loops are observed, disorder exists, likely due to variations in oxygen
positions. This structural disorder is suggested to disrupt long range polar ordering
leading to the loss of ferroelectricity.

The pinched nature of the loop was shown to be due to an additional backswitching on
unloading of the applied field. The field against which “backswitching” (depolarization)
occurs increases with temperature indicating increasing stability of the disordered phase.
At c.a. 470 K, the loss of this field driven non-linear polarisation coincides with a diffuse
peak in the dielectric data and the apparent loss of the 2√2aTTB × 2√2aTTB × 2cTTB
superstructure. The high temperature paraelectric structure retains a very small
orthorhombic distortion (is effectively pseudo-tetragonal), however, conclusive
assignment of a space group was not possible.
The temperature stability of the disordered regime was controlled by substituting Nd3+
for La3+ at the A1-site which reintroduces normal ferroelectric behavior; the temperature
range over which the disordered phase is observed, indicated by dielectric and P-E
measurements, diminishes with increasing x, Ba4(La1-xNdx)0.671.33Nb10O30 (x = 0, 0.25,
0.5, 0.75 and 1).

Ambient temperature diffraction data of R = Nd indicates a similar structure to that of R
= La with a 2√2aTTB × 2√2aTTB × 2cTTB superstructure, space group Bbm2, however, no
disorder is indicated in electron diffraction micrographs and the structural modulation is
incommensurate (c.f. commensurate for R = La). The absence of this disorder is
consistent with the R = Nd P-E data which indicates a normal ferroelectric to paraelectric
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transition and lacks the pinching/constriction of P-E loops associated with the disordered
phase in the La-rich compounds. The nature of the polar ordering is therefore influenced
by the modulated tilts of the oxygen octahedra and may be controlled by the A1-cation
size. This is consistent with the crystal chemical model proposed by Zhu et al.1 as the
A1-cation size governs the tolerance factor and tilt of the oxygen octahedra. With
increasing x the tolerance factor of the perovskite unit decreases and modifies the tilting
of the NbO6 octahedra, establishing long range polar order.
The isovalent substitution of Ba2+ by Sr2+ in the empty Ba4-xSrxDy0.671.33Nb10O30 TTBs,
(x = 0, 0.25, 0.5, 1, 2, 3), results in normal ferroelectrics for x ≤ 1 with decreasing
TC as x increases, while x ≥ 2 are relaxor ferroelectrics. Contraction is observed in both
the ab plane and polar c-axis, leading to a similar correlation between tetragonality and
TC as observed for Ba4R0.671.33Nb10O30 TTBs. Sole occupation of the A1-site by Dy3+
may be predicted to favour ferroelectric ordering by the crystal chemical model of Zhu
and co-workers.1 The differences in polar order observed in this series may be
rationalised by differing cation occupancies: for x ≤ 1, Sr2+ principally occupies the A2site (co-occupied by Ba2+ with the A1-site occupied by Dy3+ and vacancies); for x ≥ 2
significant Sr2+ A1-site occupation leads to the observed RFE characteristics. Again, this
FE to RFE crossover is consistent with the proposed TTB crystal chemical framework
where both a decrease in average A-site size and concurrent increase in A1-site
tolerance

factor

(tA1)

favour

destabilization

of

long

range

polar

order

and relaxor behaviour. The effect of increasing tA1 as a result of Sr2+ occupancy at the
A1 site is likely to be the dominant effect rather than the average A-cation size.

An asymmetry is developed in P-E loops for x = 0.25 compositions at high temperature
related the contribution of space charge. The chronological symmetry of the bipolar pulse
sequence of the applied electric field is shown to lead to accumulation under the
electrode, leading to the development of the asymmetry.

The properties of these empty TTBs studied here are broadly consistent with previously
studied systems and proposed structure-property models, however they display more
subtle variations of structure and polar order, due to the presence of vacancies. While
the correlation between tetragonality and TC serves as a simple tool for rationalizing the
properties of these compounds, it is an approximation of the subtle, underling interplay
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of the structural modulations and polar ordering. As shown this requires detailed study
using a range of complimentary experimental techniques.

6.2 Further work
A range of work may be beneficial in further elucidating the mechanisms underpinning
the structures and properties of the empty TTB systems presented in this thesis. In
particular, additional variable temperature powder neutron and electron diffraction data
is required to fully characterise the structural variations of the compounds.
Most in-depth structural studies in the Ba4R0.671.33Nb10O30 TTBs presented in Chapters
3 and 4 focused on the larger R cations R = Nd and La. Variable temperature electron
diffraction is required to confirm the temperature dependence of disorder in the latter
compounds and would aid identification of both the high temperature structure (> 600 K)
and help identify any symmetry change at temperatures below the relaxor peak in R =
La (< 270 K) or the peak in the dielectric loss for R = Nd (i.e. 240 – 300 K). Initial ambient
temperature electron diffraction has been performed on R = Sm (ref Igor Levin private
comm.) indicates the superstructure may be 3√2aTTB × 2√2bTTB cell,2 which is larger than
the BBm2 structure and to the best of my knowledge has not been previously reported
for a TTB composition. Ambient temperature PND data for R = Dy and Y§ shows the
presence of weak superstructure reflections consistent with the 2√2aTTB × 2√2bTTB ×
2cTTB structure, space group Ima2, reported by Levin et al. for Ba4R2Ti4Nb6O30 TTBs with
smaller radii (Nd3+ and smaller).3 Rietveld refinements using a model generated by
ISODISTORT4 yields reasonably good fits, however, due to the small number of weak
reflections and large number of possible combination of oxygen modes which generate
the tilt system characterisation of the structure, electron diffraction would be required to
confirm this structural assignment.

Further characterisation of the relaxor transition in R = La may be useful including strain,
mechanical and DSC measurements would be useful. Low temperature TEM would also
be useful to observe domain structures/polar nano regions.

§

Due to neutron absorption of Sm and Gd it is not possible to collect PND data for those

analogues.
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As with the Ba4R0.671.33Nb10O30 TTBs, initial ambient temperature PND of some Ba4xSrxDy0.671.33Nb10O30

TTBs indicate smaller x compounds have similar superstructure

as R = Dy, however, an (as yet) unidentified superstructure is evident for larger x,
suggesting differences between the onset of relaxor behaviour for Sr rich compounds
and Ba4La0.671.33Nb10O30.
A series in which Ba2+ is substituted by Dy3+ with an appropriate vacancy concentration
to maintain charge neutrality Ba(5-3x/2)Dyx (1+x/2)Nb10O30 was found to be single phase for
0.67 ≤ x ≤ 1 and ferroelectric with TC decreasing with increasing x and decreasing
tetragonality (c/a). Initial PND shows decreasing intensity of superstructure peaks
suggesting the degree of tilting is coupled with polar ordering, however, this needs to be
investigated in more detail (including the structural studies described above for R = Dy).
A lone pair effect is reasonably well understood for Pb2+-rich TTBs;1 TC is typically shifted
to higher temperature and the polarisation aligned along the ab plane.5,6 The effect of
Bi3+ is more complex with both high temperature normal ferroelectrics7 and relaxors8
reported in a number of filled TTBs. The empty Ba4Bi0.671.33Nb10O30 TTB has previously
been reported by Sugai9 and Muktha et al.10 in a similar series to the Dy/vacancy series
described above, however, the latter group reported relaxors for all x, while Sugai
reported normal ferroelectrics for smaller x (including Ba4Bi0.671.33Nb10O30) and relaxors
for larger x. Initial synthesis of these compounds during this study (not reported)
produced normal ferroelectrics with TC between 420 – 500 K depending on sintering and
annealing temperature. This may be due to Bi3+ loss during synthesis or related to site
occupancy, but requires further investigation.
Synthesis of additional systems such as a solid solution between Ba4La0.671.33Nb10O30
and either Ba4La2Ti4Nb6O30 or Ba4La0.67Ta10O30 may prove useful in determining the
ability to control the stability of the disordered regime.
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Appendix A: A1-cation size effect in
Ba4R0.671.33Nb10O30
In Section 3.3.7 Curie-Weiss analysis of 1 MHz relative permittivity data is discussed.
Figure A1 shows that the reciprocal of the relative permittivity of Ba4R0.671.33Nb10O30
TTBs (R = Nd, Sm, Gd, Dy and Y) follows Curie-Weiss behaviour above T C (fitting data
is summarised in Table 3.4). For R = La, 1/εr is linear for the high temperature peak for
approximately 100 K but a much shorter range for the low temperature relaxor peak and
yields non-sensicle values of C and T0 for the latter.

Figure A1: Curie Weiss linear fit for Ba4R0.671.33Nb10O30 (R = Nd, Sm, Gd, Dy and Y)
data at 1 MHz. Fitting data is summarised in Table 3.4.

Figure A2: Curie Weiss linear fit for Ba4La0.671.33Nb10O30 data at 1 MHz.
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Table A1: Lattice parameters, unit cell volume and tetragonality (c/a) obtained for
Ba4R0.671.33Nb10O30 (R = Ho and Er) from refinements of ambient temperature PXRD
data in space group P4bm. Data for other compounds is presented in Table 3.2, but is
included for comparison.

R

a /Å

c /Å

Volume /Å3

c/a

Er

12.45125(7)

3.95422(4)

613.037(7)

Ho

12.45352(9)

3.95633(5)

613.588(10)

Y

12.45172(14)

3.95503(6)

613.209(14)

0.3176

Dy

12.45845(16)

3.95434(6)

613.765(14)

0.3174

Gd

12.46285(18)

3.95474(7)

614.260(17)

0.3173

Sm

12.46758(17)

3.95548(7)

614.843(16)

0.3172

Nd

12.47453(7)

3.95439(4)

615.358(7)

0.3170

La*

12.48735(13)

3.95577(5)

616.839(12)

0.3168

Figure A3: Rietveld refinement of PXRD data at ambient temperature for
Ba4Ho0.671.33Nb10O30, with observed data (red crosses), calculated (green line),
reflection positions (black tickmarks) and difference plot (pink line, bottom).
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Figure A4: Relative permittivity for Ba4R0.671.33Nb10O30 R = Ho and Er as a function of
temperature. Relative permittivity for R = Y (see Figure 3.14) has been plotted for
comparison. Data obtained at 1 MHz.

Figure A5: P-E hysteresis loops for Ba4R0.671.33Nb10O30 R = Ho and Er. Data collected
at 100Hz and 296 K.
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Figure A6: Relationship of Curie temperature with tetragonality (at ambient temperature)
and ionic radius (data for La is Tm for 1 MHz data) as presented in Figure 3.20 with
additional data points for R = Ho and Er compounds.
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Appendix B: Relaxor-to-ferroelectric crossover in
Ba4(La1-xNdx)0.671.33Nb10O30
As described above, the temperature of the maxima, Tm, is highly frequency dependent
for the relaxor permittivity peak. The Volgel-Fulcher expression allows the determination
of a frequency independent value (Tf) which may be linked to a possible structural
transition. The frequency dependence of the relative permittivity has been modelled
using this expression on the basis of “glassy” polarisation dynamics i.e., that relaxors
may be described as a dipolar glass in which dielectric relaxation is analogous to
magnetic relaxation observed in spin-glasses.1 The Vogel-Fulcher expression is
expressed as:

=

exp −

(

−

(A4.1)

)

where f is the frequency of the applied ac field, f0 is the limiting response frequency, Ea
is the activation energy, k is Boltzmann’s constant and Tm is the maximum of the relative
permittivity. The static freezing temperature, Tf, represents the temperature at which
polarisation freezes out.

Table B1: Summary of Tm values at 1 kHz and 1 MHz from dielectric data for
Ba4(La1-xNdx)0.671.33Nb10O30 and Vogel-Fulcher fitting paramaters.

Tm

Tm

ΔTm (1 MHz – 1 kHz)

(1 kHz) / K

(1 MHz) / K

/K

0

242

297

0.25

280

0.5

Tf /K

Ea /eV

f0 /Hz

55

213

0.02

1.3×107

309

29

242

0.05

8.3×109

332

345

13

301

0.05

2.4 ×1012

0.75

363

377

14

334

0.05

1.7 ×1012

1

399

405

6

395

0.0043

1.0 ×108

x
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Figure B1: Vogel-Fulcher fits for Ba4(La1-xNdx)0.671.33Nb10O30; Tm values obtained from
(x = 0, 0.25, 0.5, 0.75 and 1). Tm values obtained from 251 Hz (or 316 Hz for x ≤ 0.25)
to 1 MHz
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Table B2: atom positions for Bbm2 structure of Ba4La0.671.33Nb10O30
Site Label

Atom

x

y

x

A2_1
A2_2
A2_3
A2_4
A2_5
A2_6
A1_1
A1_2
A1_3
Nb1
Nb2
Nb3
Nb4
Nb5
Nb6
Nb7
Nb8
Nb9
Nb10
Nb11
Nb12
O1
O2
O3
O4
O5
O6
O7
O8
O9
O10
O11
O12
O13
O14
O15
O16
O17
O18
O19
O20
O21
O22
O23
O24
O25
O26
O27
O28
O29
O30
O31
O32
O33
O34

Ba
Ba
Ba
Ba
Ba
Ba
La
La
La
Nb
Nb
Nb
Nb
Nb
Nb
Nb
Nb
Nb
Nb
Nb
Nb
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

0.8774
-0.1301
0.0387
0.0388
0.2883
0.2895
0
0
0.2499
0.8757
-0.1252
-0.1253
0.8753
0.965
0.9667
0.2168
0.2155
0.071
0.0703
0.3207
0.3215
0.912
0.9122
0.1627
0.163
0.9827
0.9819
0.2333
0.2333
0.8752
0.8754
0.9473
0.9438
0.1968
0.1965
0.983
0.9819
0.232
0.2322
0.916
0.9146
0.1657
0.1661
0.9586
0.2098
0.9753
0.2248
0.9263
0.1734
0.9348
0.1847
0.8835
-0.1328
0.1298
0.1199

0.4237
0.4192
0.25
0.25
0.75
0.75
0.5
0.5
0.0005
0.25
0.25
0.75
0.75
0.3586
0.3584
0.8582
0.858
0.4334
0.4307
0.9322
0.9319
0.3302
0.3338
0.8312
0.8309
0.25
0.25
0.75
0.75
0.5334
0.535
0.4641
0.4657
0.964
0.9638
0.6046
0.6092
0.1037
0.1062
0.6747
0.6749
0.1747
0.1762
0.3646
0.8616
0.3553
0.8579
0.5528
0.0684
0.5802
0.0626
0.25
0.25
0.25
0.25

0.25
0.7484
0.2464
0.75
0.2485
0.7491
0.2496
0.752
0.2456
0.0093
0.507
0.0059
0.5058
0.005
0.5065
0.0051
0.5038
0.0061
0.5068
0.0025
0.5049
-0.0451
0.505
0.0055
0.4546
-0.0098
0.4631
-0.0165
0.5001
-0.0319
0.5038
-0.0451
0.4972
-0.0128
0.4651
0.0091
0.448
0.0062
0.4516
-0.0037
0.4676
-0.0348
0.4881
0.2329
0.7343
0.7329
0.2334
0.231
0.2359
0.7331
0.7322
0.2328
0.7347
0.2359
0.7356
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Refinements of structural data was performed using the Bbm2 structure as determined
by Labbé et. al.2 Atom positions are listed in Table B2. Scale, background, peak profile
terms, lattice parameters and μiso values (constrained to atom type) were refined for all
data. Details of refinement of 20 K PND data for Ba4La0.671.33Nb10O30:
Lattice paramaters:
a = 35.2649(30) Å

b = 17.6567(15) Å

c = 7.90895(19) Å

μiso values:
Ba = 0.0081(11) Å3 La = 0.0038(22) Å3, Nb = 0.0048(4) Å3 and O = 0.0050(4) Å3.
Goodness-of-fit parameters:

χ2 = 9.449

Rwp = 0.430

Rp = 0.034

Observed data as well as the calculated profile, fitted background and difference plot for
this refinement is shown in Figure 4.7. Bond lengths extracted from the refinement are
listed in Table B3. While bond length values for the 12 coordinate A1-site and 6
coordinate are realistic, the values of some Ba-O bonds are too long to realistically
enable the Ba2+ cation in the A2-site to be 15-coordinate as reported in the literature.
Table B3: Bond type, bond length, error and bond length divided by the sum of the radii
obtained from refinements of of 20 K PND data for Ba4La0.671.33Nb10O30.

182

Bond length/

Bond

Bond length /Å +/- error

La_1 - O16

2.5666 +/- 0.0001

La_1 - O16

2.5666 +/- 0.0001

1

La_1 - O15

2.7182 +/- 0.0001

1.06

La_1 - O15

2.7182 +/- 0.0001

1.06

La_1 - O27

2.7651 +/- 0.0002

1.08

La_1 - O27

2.7651 +/- 0.0002

1.08

La_1 - O23

2.8044 +/- 0.0002

1.09

La_1 - O23

2.8044 +/- 0.0002

1.09

La_1 - O12

2.8512 +/- 0.0001

1.11

La_1 - O12

2.8512 +/- 0.0001

1.11

La_1 - O11

3.0476 +/- 0.0001

1.19

La_1 - O11

3.0476 +/- 0.0001

1.19

La_2 - O11

2.5359 +/- 0.0001

0.99

La_2 - O11

2.5359 +/- 0.0001

0.99

La_2 - O25

2.7035 +/- 0.0002

1.05

La_2 - O25

2.7035 +/- 0.0002

1.05

La_2 - O29

2.7045 +/- 0.0002

1.05

La_2 - O29

2.7045 +/- 0.0002

1.05

La_2 - O15

2.8116 +/- 0.0001

1.09

La_2 - O15

2.8116 +/- 0.0001

1.09

La_2 - O12

2.8906 +/- 0.0001

1.12

La_2 - O12

2.8906 +/- 0.0001

1.12

La_2 - O16

3.1473 +/- 0.0001

1.22

(radius 1+radius2)
1
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Table B3 continued
Bond length/

Bond

Bond length /Å +/- error

La_2 - O16

3.1473 +/- 0.0001

1.22

La_3 - O18

2.5548 +/- 0.0001

0.99

La_3 - O30

2.5635 +/- 0.0002

1

La_3 - O14

2.6419 +/- 0.0001

1.03

La_3 - O26

2.6706 +/- 0.0002

1.04

La_3 - O17

2.7025 +/- 0.0001

1.05

La_3 - O13

2.7526 +/- 0.0001

1.07

La_3 - O24

2.8207 +/- 0.0002

1.1

La_3 - O17

2.8356 +/- 0.0001

1.1

La_3 - O13

2.8458 +/- 0.0001

1.11

La_3 - O28

2.9532 +/- 0.0002

1.15

La_3 - O14

2.9819 +/- 0.0001

1.16

La_3 - O18

3.0585 +/- 0.0001

1.19

(radius 1+radius2)

Nb1

- O31

1.7889 +/- 0.0000

0.9

Nb1

- O1

1.9568 +/- 0.0001

0.98

Nb1

- O1

1.9568 +/- 0.0001

0.98

Nb1

- O3

1.9724 +/- 0.0001

0.99

Nb1

- O3

1.9724 +/- 0.0001

0.99

Nb1

- O32

2.1924 +/- 0.0001

1.1

Nb2

- O32

1.8207 +/- 0.0000

0.91

Nb2

- O2

1.9822 +/- 0.0001

1

Nb2

- O2

1.9822 +/- 0.0001

1

Nb2

- O4

1.9973 +/- 0.0001

1

Nb2

- O4

1.9973 +/- 0.0001

1

Nb2

- O31

2.1902 +/- 0.0001

1.1

Nb3

- O33

1.8260 +/- 0.0000

0.92

Nb3

- O19

1.9735 +/- 0.0001

0.99

Nb3

- O19

1.9735 +/- 0.0001

0.99

Nb3

- O21

1.9751 +/- 0.0001

0.99

Nb3

- O21

1.9751 +/- 0.0001

0.99

Nb3

- O34

2.1463 +/- 0.0001

1.08

Nb4

- O34

1.8253 +/- 0.0000

0.92

Nb4

- O20

1.9417 +/- 0.0001

0.98

Nb4

- O20

1.9417 +/- 0.0001

0.98

Nb4

- O22

1.9619 +/- 0.0001

0.99

Nb4

- O22

1.9619 +/- 0.0001

0.99

Nb4

- O33

2.1422 +/- 0.0001

1.08

Nb5

- O23

1.8196 +/- 0.0000

0.91

Nb5

- O15

1.9458 +/- 0.0001

0.98

Nb5

- O1

1.9753 +/- 0.0002

0.99

Nb5

- O11

2.0041 +/- 0.0001

1.01
1.02

Nb5

- O5

2.0199 +/- 0.0002

Nb5

- O25

2.1832 +/- 0.0001

1.1

Nb6

- O25

1.8169 +/- 0.0000

0.91
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Table B3 continued
Bond

184

Bond length /Å +/- error

Bond length/
(radius 1+radius2)

Nb6

- O16

1.9562 +/- 0.0001

0.98

Nb6

- O2

1.9705 +/- 0.0002

0.99

Nb6

- O6

2.0170 +/- 0.0002

1.01

Nb6

- O12

2.0608 +/- 0.0002

1.04

Nb6

- O23

2.1854 +/- 0.0001

1.1

Nb7

- O26

1.8275 +/- 0.0000

0.92

Nb7

- O18

1.9516 +/- 0.0001

0.98

Nb7

- O3

1.9665 +/- 0.0002

0.99

Nb7

- O13

2.0018 +/- 0.0001

1.01

Nb7

- O7

2.0044 +/- 0.0002

1.01

Nb7

- O24

2.1568 +/- 0.0001

1.08

Nb8

- O24

1.8352 +/- 0.0000

0.92

Nb8

- O4

1.9514 +/- 0.0001

0.98

Nb8

- O17

1.9711 +/- 0.0001

0.99

Nb8

- O8

2.0078 +/- 0.0002

1.01

Nb8

- O14

2.0081 +/- 0.0001

1.01

Nb8

- O26

2.1636 +/- 0.0001

1.09

Nb9

- O27

1.7979 +/- 0.0000

0.9

Nb9

- O11

1.9636 +/- 0.0001

0.99

Nb9

- O19

1.9645 +/- 0.0002

0.99

Nb9

- O9

2.0084 +/- 0.0002

1.01

Nb9

- O15

2.0192 +/- 0.0002

1.01

Nb9

- O29

2.1821 +/- 0.0001

1.1

Nb10 - O29

1.8091 +/- 0.0000

0.91

Nb10 - O12

1.8971 +/- 0.0002

0.95

Nb10 - O20

1.9637 +/- 0.0002

0.99

Nb10 - O10

2.0085 +/- 0.0002

1.01

Nb10 - O16

2.0252 +/- 0.0001

1.02

Nb10 - O27

2.2039 +/- 0.0001

1.11

Nb11 - O30

1.8289 +/- 0.0000

0.92

Nb11 - O14

1.9564 +/- 0.0001

0.98

Nb11 - O22

1.9731 +/- 0.0002

0.99

Nb11 - O10

2.0141 +/- 0.0002

1.01

Nb11 - O18

2.0253 +/- 0.0001

1.02

Nb11 - O28

2.1188 +/- 0.0001

1.06

Nb12 - O28

1.8358 +/- 0.0000

0.92

Nb12 - O13

1.9531 +/- 0.0001

0.98

Nb12 - O21

1.9609 +/- 0.0002

0.99

Nb12 - O17

1.9887 +/- 0.0002

1

Nb12 - O9

2.0115 +/- 0.0002

1.01

Nb12 - O30

2.1700 +/- 0.0001

1.09
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Table B3 continued
Bond length/
Bond

Bond length /Å +/- error

(radius
1+radius2)

Ba1

- O4

2.7080 +/- 0.0001

1

Ba1

- O10

2.8100 +/- 0.0001

1.04

Ba1

- O2

2.8448 +/- 0.0001

1.05

Ba1

- O27

2.8622 +/- 0.0002

1.06

Ba1

- O3

2.8994 +/- 0.0001

1.07

Ba1

- O9

2.9544 +/- 0.0001

1.09

Ba1

- O23

3.0507 +/- 0.0002

1.13

Ba1

- O31

3.0775 +/- 0.0003

1.14

Ba1

- O1

3.1083 +/- 0.0001

1.15

Ba1

- O28

3.1224 +/- 0.0002

1.16

Ba1

- O12

3.1393 +/- 0.0002

1.16

Ba1

- O14

3.1917 +/- 0.0002

1.18

Ba1

- O13

3.4166 +/- 0.0002

1.27

Ba1 - O11

3.4688 +/- 0.0002

1.28

Ba1

- O26

3.7890 +/- 0.0003

1.4

Ba2

- O9

2.6683 +/- 0.0001

0.99

Ba2

- O1

2.7094 +/- 0.0001

1

Ba2

- O3

2.8055 +/- 0.0001

1.04

Ba2

- O10

2.8215 +/- 0.0001

1.04

Ba2

- O2

2.8644 +/- 0.0001

1.06

Ba2

- O32

2.9910 +/- 0.0003

1.11

Ba2

- O24

2.9910 +/- 0.0002

1.11

Ba2

- O4

3.0292 +/- 0.0001

1.12

Ba2

- O13

3.1186 +/- 0.0002

1.16

Ba2

- O30

3.1835 +/- 0.0002

1.18

Ba2

- O11

3.2781 +/- 0.0002

1.21

Ba2

- O14

3.3352 +/- 0.0001

1.24

Ba2

- O12

3.3783 +/- 0.0002

1.25

Ba2

- O29

3.6516 +/- 0.0002

1.35

Ba2

- O25

3.8863 +/- 0.0003

1.44

Ba3

- O6

2.6362 +/- 0.0001

0.98

Ba3

- O20

2.7443 +/- 0.0001

1.02

Ba3

- O20

2.7443 +/- 0.0001

1.02

Ba3

- O5

2.8294 +/- 0.0001

1.05

Ba3

- O19

2.8692 +/- 0.0001

1.06

Ba3

- O19

2.8692 +/- 0.0001

1.06

Ba3

- O16

3.0415 +/- 0.0002

1.13

Ba3

- O16

3.0415 +/- 0.0002

1.13

Ba3

- O33

3.2137 +/- 0.0003

1.19

Ba3

- O15

3.2709 +/- 0.0002

1.21

Ba3

- O15

3.2709 +/- 0.0002

1.21

Ba3

- O23

3.4763 +/- 0.0002

1.29

Ba3

- O23

3.4763 +/- 0.0002

1.29

Ba3

- O27

3.6962 +/- 0.0003

1.37

185

Appendix B: Relaxor-to-ferroelectric crossover in Ba4(La1 xNdx)0.671.33Nb10O30

186

Ba3

- O27

3.6962 +/- 0.0003

1.37

Ba4

- O5

2.7428 +/- 0.0001

1.02

Ba4

- O19

2.8466 +/- 0.0001

1.05

Ba4

- O19

2.8466 +/- 0.0001

1.05

Ba4

- O34

2.8622 +/- 0.0002

1.06

Ba4

- O25

2.9137 +/- 0.0002

1.08

Ba4

- O25

2.9137 +/- 0.0002

1.08

Ba4

- O6

3.0290 +/- 0.0001

1.12

Ba4

- O20

3.0737 +/- 0.0001

1.14

Ba4

- O20

3.0737 +/- 0.0001

1.14

Ba4

- O29

3.1422 +/- 0.0002

1.16

Ba4

- O29

3.1422 +/- 0.0002

1.16

Ba4

- O15

3.3736 +/- 0.0002

1.25

Ba4

- O15

3.3736 +/- 0.0002

1.25

Ba4

- O16

3.5240 +/- 0.0002

1.31

Ba4

- O16

3.5240 +/- 0.0002

1.31

Ba5

- O21

2.7086 +/- 0.0001

1

Ba5

- O21

2.7086 +/- 0.0001

1

Ba5

- O8

2.7788 +/- 0.0001

1.03

Ba5

- O7

2.8556 +/- 0.0001

1.06

Ba5

- O22

2.9198 +/- 0.0001

1.08

Ba5

- O22

2.9198 +/- 0.0001

1.08

Ba5

- O26

2.9425 +/- 0.0002

1.09

Ba5

- O26

2.9425 +/- 0.0002

1.09

Ba5

- O34

3.2389 +/- 0.0003

1.2

Ba5

- O17

3.3674 +/- 0.0002

1.25

Ba5

- O17

3.3674 +/- 0.0002

1.25

Ba5

- O30

3.4455 +/- 0.0003

1.28

Ba5

- O30

3.4455 +/- 0.0003

1.28

Ba5

- O18

3.5332 +/- 0.0002

1.31

Ba5

- O18

3.5332 +/- 0.0002

1.31

Ba6

- O7

2.7138 +/- 0.0001

1.01

Ba6

- O22

2.7790 +/- 0.0001

1.03

Ba6

- O22

2.7790 +/- 0.0001

1.03

Ba6

- O8

2.7939 +/- 0.0001

1.03

Ba6

- O33

2.8478 +/- 0.0002

1.05

Ba6

- O21

3.0505 +/- 0.0001

1.13

Ba6

- O21

3.0505 +/- 0.0001

1.13

Ba6

- O18

3.0980 +/- 0.0002

1.15

Ba6

- O18

3.0980 +/- 0.0002

1.15

Ba6

- O17

3.3073 +/- 0.0002

1.22

Ba6

- O17

3.3073 +/- 0.0002

1.22

Ba6

- O24

3.4345 +/- 0.0002

1.27

Ba6

- O24

3.4345 +/- 0.0002

1.27

Ba6

- O28

3.4647 +/- 0.0003

1.28

Ba6

- O28

3.4647 +/- 0.0003

1.28
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Displacement parameters may indicate atypical electron density due to e.g. an incorrect
structural model, as demonstrated previously with the tetragonal P4bm model. As with
the atomic positions, anisotropic thermal parameters (ij) and individual isotropic thermal
parameters (iso) were not refined due to the number of variables and the correlation
between them. iso values were constrained by atom type and refined. As would be
expected refinements of low temperature data sets yield comparatively small values
which increase slowly with increasing temperature, Table 4.2. No abrupt discontinuities
or abnormally large or small values are observed although this may be due to the
averaging of the values across the sites from data which is already spatially averaged.
Table B4: Isotropic displacement paramaters, μiso, obtained from PND data for
Ba4La0.67Nb10O30 (x = 0) refined in space group Bbm2. Values were constrained to each
atom type.
Temp / K

μiso / Å3
Ba

La

Nb

O

20

0.0081(11)

0.0038(22)

0.0048(4)

0.0050(4)

50

0.0091(12)

0.0053(23)

0.0049(4)

0.0052(4)

100

0.0088(10)

0.0074(21)

0.00571(33)

0.00549(22)

150

0.0108(11)

0.0060(22)

0.0058(4)

0.0058(4)

200

0.013(12)

0.0070(22)

0.0066(4)

0.0063(4)

250

0.0154(12)

0.0085(22)

0.0075(4)

0.0068(4)

300

0.0143(13)

0.0115(25)

0.0086(5)

0.0078(4)

298

0.0158(13)

0.0127(26)

0.0102(5)

0.0093(4)

340

0.0169(14)

0.0136(27)

0.0108(5)

0.0102(4)

380

0.0177(15)

0.0130(28)

0.0109(5)

0.0104(5)

420

0.0204(16)

0.0136(28)

0.0108(5)

0.0104(5)

450

0.0234(17)

0.0157(31)

0.0119(6)

0.0121(5)

470

0.0224(19)

0.0147(33)

0.0114(6)

0.0119(6)

480

0.0243(22)

0.014(4)

0.0112(7)

0.0126(7)

510

0.0243(22)

0.014(4)

0.0112(7)

0.0126(7)

550

0.0262(24)

0.013(4)

0.0114(8)

0.0129(7)

600

0.0283(26)

0.016(4)

0.0121(8)

0.0138(8)
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