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Abstract

The structure-composition-property relationships of sillenite-type compounds Bi;2MxO2q.s,
where M = Zn*, Mg?*, Fe**, AI**, In**, Ga®*, B**, Si**, V°" and P°* have been investigated.
This has enabled improved understanding associated with the following aspects: (i) approval
of the structural model of Radaev and co-workers’ (R model); (ii) validity of the general
formula for sillenites suggested by Valant and Suvorov (VS); (iii) rationalisation of the
linear trend(s) between dopant ion (M) size and unit cell length as reported by Poleti et al.;
(iv) the origins of the low (LT) and high temperature (HT) bulk dielectric relaxation effects
in sillenites; (v) the variation in bulk conductivity of stoichiometric and non-stoichiometric
sillenites; (vi) potential physical applications of sillenites as Low Temperature Co-fired
Ceramics (LTCC) dielectrics and/or mixed ionic-electronic conductors.

Rietveld analysis on Neutron Powder Diffraction, NPD, data of Bij»(Bip5Zn5)O19.25,
Bi12(Bio3Alo7)O195 and Biga(Bio7Inp.3)O195 showed the R model to be the most appropriate
structural model and confirmed the space group to be 123.

Not all of the studied sillenites obeyed the simple VS general formula of:
Bi1o(Bi® 45.iM™5)O10.2enx. The formation and composition(s) of sillenites requires
consideration of both the dopant (M) charge and ion size. Poleti’s linear trends between
dopant ion size and sillenite unit cell parameter were found to be only partially correct.
Sillenites can be treated as a composite structure consisting of two parts: ‘rigid> MO,
tetrahedral units and a ‘flexible’ Bi-O framework. The size of the overall M-site ion, r, has a
significant influence on the sillenite lattice parameter when r > 0.31 A; however, the Bi-O
framework effect has a strong influence on the sillenite unit cell parameter when r < 0.31 A
A value of 0.31 A represents the ideal ionic radius of an interstitial ion packed perfectly in a
regular MO, tetrahedron in the sillenite structure. Various linear trends exist between the
overall M-site ionic radius and the sillenite unit cell parameter. Each linear trend has its own
slope that is influenced by the degree of structural distortion within the Bi-O framework
unit.

Two, non-ferroelectric, bulk dielectric relaxations with one at high temperature (> 400

K) and one at low temperature (< 400 K) were observed via rf fixed frequency and



Impedance Spectroscopy (IS) measurements. The low temperature (LT) relaxation behaviour
is only present when r < 0.25 A (i.e. boron and phosphate/vacancy containing sillenites);
whereas the high temperature (HT) relaxation behaviour is universal and exists in all
sillenites. This study is the first report of the universal high temperature (HT) dielectric
relaxation behaviour in sillenites. IS data associated with the LT and HT relaxation effects
were successfully modelled by equivalent circuit analysis. Raman spectroscopy (RS)
showed significant temperature dependence associated with Bi-O1 vibrations (~ 538 cm™)
whereas there is negligible change in Bi-02/03 vibrations (~ 85 cm™). The downshifting
and broadening of the ~ 538 cm™ peak with increasing temperature indicates increasing
distortion of the framework and increasing interatomic distances between Bi and O1 atoms.
The connectivity of adjacent Bi atoms via O1 atoms (site 1b and 1c) and the presence of the
6s® electron lone pair on the Bi atoms permits considerable structural flexibility associated
with the BiOsLP bipyramids. Combined RS and IS results suggest the HT relaxation
originates from non-correlated local dipole moments associated with the movement of Bi**
in the BiOsLP framework units. Additional NMR results further revealed the LT relaxation
behaviour might be induced by a random, disordered distribution of small M-dopants over
the tetrahedral sites.

Finally, the bulk conductivity, quality factor (Q.f) and onset temperature of the y-6 phase
transition of sillenites was compared. In general, an increase in activation energy of the bulk
conductivity causes an increase in Q.f. Higher Q.f values indicate a more robust and ordered
structure. A higher onset temperature of the y-8 phase transition indicates a more stable
sillenite compound. Generally stoichiometric sillenites show excellent microwave dielectric
properties and have the most promise as potential LTCC dielectric materials. Many sillenites
exhibit dielectric relaxation effects near ambient temperature and this results in low Q.f and
high dielectric loss, thus eliminating them as potential LTCC materials. IS results for
superstoichiometric  sillenites with an  excess oxygen sublattice such as
Bi12(Bi**0.0sP 089 10.08) 02027, Bi12(P* 0.86/10.14)O20.15 and even Biy2(Bio7INo3)O195LPo7 and
Bi12(Bioslng4)O195LPos exhibit oxide ionic conductivity at T > 773 K. Electrical
conductivity results show these superstoichiometric sillenites to be mixed electronic and

ionic conductors.



Annex

It is noteworthy to mention that all the sillenites in this thesis are written in the format
of using Valant and Suvorov’s general formula (VS general formula) M for stoichiometric
sillenites: Biya(Bi* 4™ sxJ1/5.5n)O19.2+nx, Where M represents ion(s) on a tetrahedral
site, n is the charge on the dopant ion, M; x is the upper substitution limit and [ is the
remaining vacant M-site cations. This general formula can be simplified as
Bi1o(Bi**45.M™5x)O1024nx. Variable formulae are derived depend on different oxidation

states of M-dopants, n (i.e. n is usually from 2+ to 5+). For instance,

M?* ions: Biyo(Bi* 0.67M?**033)O10.33 (Xmax = 1/15) (1.1)
M** ions: Bi12(Bi**05sM**05)O105 (Xmax = 1/10) (1.2)
M** ions: Bigo(M*")O20 (Xmax = 1/5) (1.3)
M>* ions: Bito(M>*45001/5)O20 (Xmax = 4/5) (1.4)

The Valant and Suvorov’s general formula is consistent with the Radaev and coworker’s
structural model (R model) 2 based on the concept that 80 % of the M-sites consist of Bi**
ions for x = 0 to reflect the connection with the parent structure of y-Bi,O3 and the need to
accommodate lone pairs of any M-site Bi** ions to complete the anion sublattice to a

stoichiometric value of 20, i.e. Bi2(Bigg)O19.2LPgs.
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1 Introduction and Literature Review

1.1 Introduction

Sillenites or doped bismuth oxides (isomorphous to y-Bi,O3) are versatile materials with
dopants ranging from the s-, p- and d- blocks in the periodic table. Nowadays sillenites
with a general formula of Bi;;MO,o.5 comprise a family with over 60 members. Their
complex structures give rise to various properties that depend on the dopant concentration,
temperature, frequency and pressure. The compositional and structural variation originates
from the flexibility of the sillenite framework structure, where various -cationic
substitutions incorporated with Bi-O polyhedra can accommodate and tolerate structural
and compositional deviation from the ideal sillenite structure and composition of
Bi;;M* Oy.

Sillenites adopt a pseudo-body-centred cubic and non-centrosymmetric cell with space
group 123. A cubic system of this type can be piezoelectric but not ferroelectric. The
sillenite framework (described in section 1.3.1) is highly distorted even in ‘ideal’ sillenites
due to the ionic radius mismatch of the M-site cation in the tetrahedral site and also the
Bi*" lone pair effects in the Bi-O framework polyhedra. Such lone pairs occupy a volume
in space similar in size to an O* ion. The stereochemical activity of the electron lone pairs
has a significant role in the bonding between the Bi and O atoms and therefore influences
the electronic structure, vibrational modes and dielectric properties. It is not surprising,
therefore, that sillenites exhibit a variety of electro-optical and electrical properties
including piezoelectricity!™, Second Harmonic Generation (SHG) and high relative
permittivity™ and, in the case of some non-stoichiometric compositions, mixed oxide
ionic-electronic conduction* !,

This chapter can be separated into two parts. The first part of this chapter reviews the
structural details of different types of sillenites, the formation and subgroups of sillenites
and their physical properties. The second part of the chapter summaries the intrinsic and

extrinsic mechanisms for high permittivity in electroceramics.
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1.2 Bismuth Oxide (Bi,O3)

1.2.1 Polymorphism of Bismuth Oxide (Bi,O5)

Bismuth oxide has four well-known polymorphs: a-, B-, y- and 8-Bi,O3. During heating,
the stable low temperature monoclinic a-phase (space group P2;/c) transforms to the stable,
high temperature, faced-centred cubic 6-phase (space group Fm-3m) at 729 <€. This fcc
d-phase melts at 824 <. During cooling, two metastable phases (either tetragonal p-phase
or body-centred cubic y-phase) can form depending on temperature, thermal treatment,
chemical doping etc.® ! The tetragonal B-phase (space group P-4b2) forms at ~ 650 € and
transforms to a stable a-phase at ~ 330 <€, whereas the bcc y-phase (space group 123)
forms at ~ 639 <€ and can be retained at room temperature during slow cooling. The phase
transformation and thermostability range has been summarized by Harwig and Gerards®,

Figure 1.1.

Cooling Cooling

Heating (Option 1) (Option 2)
Liquid
824°C
stable & l l
fcec
729“0* stable & stable &
650°C] 639°C—
stable a metastable B metastable Y
{monoclinic) (tetragonal) 500°C (bee)
330°C
stable a aor Y
RT

Figure 1.1 Transformation of Bi,O3 polymorphs, of which a-Bi,O3 is monoclinic with
space group P2,/c®; B-Bi,O; is tetragonal with space group P-4b2™%; §- and y-Bi,05 is
cubic with space group Fm-3m ™4 and 123, respectively.

Recently, two new Bi,O3 polymorphs were reported by particular synthesis routes: a
metastable triclinic -Bi,Os polymorph existing on BeO substrate thin films at 800 €M
and a metastable orthorhombic e-Bi,O3; phase under hydrothermal synthesis at 400 <€

during cooling from a p- to a-phase transformation.[**!
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1.2.2 The Conductivity of Bi,O3

The conductivity of a-, B-, y- and 8-Bi,O3 during repeated heating and cooling cycles was
plotted by Harwig and Gerards, Figure 1.2.®! The conductivity of o-Bi,Os is p-type at
room temperature and transforms to n-type at ~ 550 <€, whereas the conductivity in B-, y-
and 3-Bi,0; is mainly ionic, with oxide ions being the charge carrier.’® *“ The conductivity
of 8-Bi,O3 is ~ 1-2 orders of magnitude greater than YSZ (ZrixYxOzx2). The high
conductivity in 8-Bi,O3 is accounted for by the highly disordered fluorite-type structure,
where 1/4 of the oxygen sites are vacant; in addition, the accommodated Bi** ions enable a
highly disordered and polarisable network to aid oxide ion mobility.*® As a consequence,
extensive studies have been performed on Bi;Os-based materials to explore good oxygen
ion conductors for applications as solid oxide fuel cells and oxygen sensors, particularly
for doped 3-Bi,O3 materials containing lanthanides and transition metal cations, such as 'Y,

V, Nb, P, Tal*¢2°1: BIMEVOX?® and Aurivillius phases'?.

5+

e

—
T

log @ (S/cm)

700 800 900 1000 1100
T(K)

Figure 1.2"® Electrical conductivity of Bi,Os polymorphs as a function of temperature
during heating (») and cooling () cycles.
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1.3 Sillenites

Sillenite (i.e. stabilised y-Bi,O3) was discovered in 1937 and named after L. G. Sillenl®,

who accidently obtained a body-centred cubic phase by firing Bi,O3 with Al,O3 at 900 €
for 5 minutes. This phase was also obtained by Schumb and Rittner!?®! in 1943 by “fusing”
Bi,O; with SiO, at 875 € for 20 minutes. Aurivillius and Sillé® then noticed it was
possible to stabilize y-Bi,O3 at room temperature by using a small amount of various
cations with ionic radii from 0.4 — 0.6 A. Since then more than 60 sillenite members have

been reported.

1.3.1 Sillenite Structures

Sillenite has a general formula of Bi;,M** 0,0, where M represents ion(s) on a tetrahedral
site with an average oxidation state from 2+ to 5+ and ionic radius from 0.1 A (B**) to 0.98
A (Pb?") 1. The ideal stoichiometric sillenite contains a tetravalent M-cation of ionic
radius, r = 0.31 A, forming geometrically regular MO(3), tetrahedral® and a fully
occupied oxygen sublattice (i.e. 20) 1°, Figure 1.3 (a). The closest known examples are
Bi;zM**02 with M = Si** (r = 0.26 A), Ge** (r = 0.39 A), and Ti*" (r = 0.42 A) " with

the most ‘perfect’ crystal lattice being Bi;,GeO, based on structural refinement ! and

[28]

Raman spectroscopy data

¥ N

Bi1
s ; o)
0(@3),LP
® [Bi O(3),LP] o) ©
O(1c)

: 02)® 0‘
& J o(1h) x
i O(1a)
(a) (b)
Figure 1.3 Structure of (a) ideal (BizzM*'Ox) sillenite®? viewed along the (001) plane,

4
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where yellow, blue and red spheres represent Bi**, M**, and O% ions, respectively; black
lines indicate the body-centred cubic unit cell of the structure. (b) A fragment of the
sillenite %) structure to show the various crystallographic sites of sillenites.

In general, sillenites have a pseudo-body-centred cubic unit cell (a ~ 10.25 A ) and
the average structure belongs to the non-centrosymmetric space group 123 (no. 197),
Figure 1.3 (a). The complex three-dimensional (3D) framework structure is formed by
Bi-O distorted polyhedra, BiOsLP, where Bi*" ions are coordinated with five oxygen ions
as well as its stereochemically active 6s® lone electron pairs (denoted as LP), Figure 1.3 (b).
Pairs of these distorted Bi octahedra edge-share through two oxygen ions (i.e. O(1b) and
O(1c)) and corner-share with O(3) ions from the adjacent MO(3), tetrahedra, these chains
form a 3D network by corner-sharing through the other two oxygen ions, O(1a) and O(2).
The O(4) site is empty in ideal Bi;sMOy but is reported to be partially occupied for
oxygen excess sillenites, e.g. Biyo(Bio.03Vo.80)020.27.1

The sillenite framework structure can also be considered as the connectivity of many
condensed units, as shown in Figures 1.4 (a)-(e). *” A condensed unit, Figure 1.4 (b) is
formed by connecting two sets of edge-sharing BiOsLP bipyramids, Figure 1.4 (a), in an
inverted position. The BiO4o sublattice, Figure 1.4 (c), is then constructed by orienting
the condensed units along each edge of the cubic cell. The 6 condensed units sharing
oxygen atoms at the corner of the unit cell create a cube that contains the M atoms, Figure
1.4 (c). This half of the structure consists of three sets of perpendicular chains of
condensed units that intersect at the cubes. The other half of the structure consists of an
identical set of chains which intersect at the centre of the unit cell. These two sets of chains
are connected by displacement of each other at (1/2, 1/2, 1/2) to obtain a body centred unit
cell, Figure 1.4 (d). One slice of the connected structure perpendicular to one of the cubic

axes is shown in Figure 1.4 (e), where M represents cations in the tetrahedral sites. %!
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(a) (b)

(c) (d)

(e)

Figure 1.45% Construction of the sillenite framework structure by condensed units.
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1.3.2 Polyhedra in Sillenite

According to the structural model proposed by Radaev et al. 23] (Section 1.3.3), several
different types of Bi-O polyhedra (or condensed units®”) are summarized here to describe

the structural distortion in sillenites.

1.3.2.1 Configuration of Bi-O polyhedra: BiOsLP and BiO4LP in the

framework of sillenite

BiOsLP, Figure 1.5 (a), is a distorted octahedron with O(3)-O(1c)-O(1b)-O(2) in the
equatorial plane and axial vertices O(1a) and Bi** 6s unshared electron pair (LP).

BiO4LP, Figure 1.5 (b), is a distorted trigonal bipyramid with the equatorial plane
containing LP-O(1a)-O(1b) and the axial vertices along O(2) and O(1c). This configuration
exists in the structure where there is a missing oxygen atom at the O(3) position from the
adjacent tetrahedron. Orientation of the unshared electron pair varies so as to make the new

polyhedron stable.

Figure 1.5 The structure of (a) a distorted octahedron - BiOsLP in the ideal sillenite
structure and (b) a distorted trigonal bipyramid - BiO4LP in a distorted sillenite structure
with partial O(3) atoms missing (e.g. Bii2(BiosFeos)O195).
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1.3.2.2 Configuration of Bi-O polyhedra: MOy, BiOsLP and [1,O4 in the

tetrahedra of sillenites

MOy, Figure 1.6 (a), is a typical tetrahedron with the oxidation states of M-dopants from
2+ to 5+.

BiOsLP, Figure 1.6 (b), ‘Umbrella-like’ distorted tetrahedra, where a large and
asymmetric Bi** ion occupies the tetrahedral site with its 6s® lone electron pair hosted in
the vacant O(3) site. The Bi*" ion displaced towards its lone electron pair, increasing the
distances between the Bi atom and the other three O(3) atoms.

[ImOy4 is a void tetrahedron with cationic deficiency in the M tetrahedral interstitial,
which gives rise to charge balance to compensate for the significant electron deficiency
associated with vacant O(3) atoms. For instance, there are 20% such tetrahedra in the
v-Bi,O3 structure, i.e. Bi3+12(Bi3+0_8DO.Z)Olg_zLPo_g, where [J represents the void tetrahedral

site.

(a)

O(3)

O(3)
Figure 1.6 The structure of (a) a regular tetrahedron — MO, and (b) an ‘umbrella-like’
distorted tetrahedron — BiOsLP in a distorted sillenite structure with partial O(3) atoms
missing (e.g. Bi12BigsFeps0195).

1.3.2.3 Off-centred lon Displacement

The off-centred ion displacement refers to the movement of a cation from the centre of its
coordinated polyhedron. Off-centred ion displacements usually result in symmetry changes
of the structure, however, some of them do occur in untilted perovskites.® lons prone to

have off-centred displacements are the lone pair cations and d° cations. Lone pair effects
8
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are a characteristic of elements with a ns® valence shell containing a pair of electrons, e.g.

TI*, Pb®* and Bi**, which can be stabilised by surrounding oxygen atoms.

1.3.3 Radaev and Coworkers’ Structural Model (R Model)?** 4

There have been disputes for years regarding the composition-structure relationships of
sillenites, particularly due to the uncertainty of the oxidation states of Bi ions and the
associated atomic arrangements. Many different structural models have been suggested.
Among them there are two general structural approaches: Craig & Stephenson (CS
model)™ and Radaev & coworkers (R model)?® *4. The fundamental difference between
them is whether Bi®* ions exist in sillenites.

Since the initial X-ray diffraction studies by Abrahams et al.”), early investigation of
sillenite single crystals was from the oxygen stoichiometry approach, such as Levin and
Roth /1, Craig and Stephenson (CS) 31, Abrahams et al. 3* *!, Efendiev et al.*®!, Swindell
& Gonzalez!®"! etc. The most representative model is the CS model, where alternating
occupancy of the tetrahedral sites by Bi** and Bi®* ions maintains the charge neutrality for
a fully occupied oxygen sublattice, e.g. Biw(Bi**0sBi* 050 for v-BiOs;
Bi1o(Bi® 067Zn%*033)O020 and Biya(Bi* gsFe**05)O2. The average charge of the M-site
dopants should be 4+ when the oxygen sublattice is fully occupied (=20). Until recently,
some research groups such as Grabmaier®®, Watanabe®*!, Neov!*” etc. still support the CS
model. However, the CS model gave unconvincing experimental evidence for the presence
of Bi®* ions in y-Bi,O3 or in other sillenites. Aurivillius and Sillé&!? did not find any
evidence of Bi®* ions in Bi,gO4o Within the limits of errors.

Radaev and coworkers!?® 32 developed a structural model (R model) that established
the atomic mechanisms of broad sillenite analogues based on refinements of neutron
diffraction data. The R model has been confirmed by many researchers and it is able to
explain many experimental observations.™" “? In this model all the Bi atoms are Bi** ions

and charge compensation is achieved by variations in the oxygen sublattice, i.e. variable
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occupation of the O(3) sites. Depending on the valence and electronic configuration of the
M-dopants, noticeable deviations from the ideal formula of Bi;»2MO, have been found. For
instance, in Biy(Bi* osFe* 05)0105 and/or Biia(Bi**067Zn* 033)01033, FeO(3)s and/or
Zn0(3)4 units were replaced statistically by different amounts of distorted Bi tetrahedra, i.e.
umbrella-like BiO(3)s;LP groups, Figure 1.6 (b). The presence of the extraordinarily large
and asymmetric Bi** cation with a lone electron pair in the tetrahedral voids was confirmed
by the R model, where one oxygen vertex in the tetrahedra was missing and replaced by
the Bi** 6s° lone electron pairs.

Since sillenites are stabilized forms of metastable y-Bi,Os3, Radaev et al.*? structurally
linked y-Bi,O3 with sillenite: y-Bi,Oj3 is actually a distorted version of the ideal sillenite
structure. y-Bi,O3 can therefore be expressed in a form of sillenite: 6.4 % Bi,O; =
Bi12BiogO192 = Bi12[BiO3]os[[104]02016 = Bi**12[Bi**08102]0192LPosg, i.e. with 80 %
occupancy of the tetrahedral site by distorted Bi(O3)s;LP tetrahedra and 20 % occupancy by
void tetrahedra.

In conclusion, Radeav et al.”®! suggested the crystal chemistry of sillenite-based
phases to be complex, versatile and adaptive: there is more than one sillenite structural

model and each particular model depends on the size and nature of the M cation(s).

1.3.4 Valant and Suvorov’s General Formula (VS Formula)!*®!

Valant and Suvorov® divided sillenites into two main groups: stoichiometric and

non-stoichiometric, depending on whether the oxygen sublattice is fully occupied (i.e. = 20)

or not.

Stoichiometric sillenites can be subdivided into two groups based on the oxygen
content: either the oxygen sublattice is fully occupied by oxygen ions, e.g. Bi1»Si** O and
Bi1o(B¥05P°"05)O20 Or by a combination of oxygen ions and lone electron pairs of Bi**
ions, e.g. Bia(Bi**25Zn%"1/3)01033LPos7 and Biya(Bi* osFe**05)O195LPos. The overall

M-cation valence in the latter group of sillenites may not be 4+.

10
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Non-stoichiometric sillenites are defined where the oxygen sublattice is not fully
occupied and aliovalent substitutions of the M-site cations make the non-stoichiometric

sillenites possible. They can be subdivided into two groups: sub-stoichiometric with a

deficient oxygen sublattice (< 20), e.g. Bi1oB**Ou95 and super-stoichiometric with an

excess oxygen sublattice (> 20), e.g. Bi12(Bi* 0.03Vo.8970.08)020.27LPo.gs.

Valant and Suvorovt*®! developed a general formula for stoichiometric sillenites:
Bi12(Bi**4/5.:M"™ sx1/5.5-0) O10 24nx, Where n is the charge on the dopant ion; x is the upper
substitution limit and [J is the remaining vacant M-site cations. This general formula
(simplified as Bio(Bi**45.kM™*5)O102+nx) is consistent with the R model based on the
concept that 80 % of the M-sites consist of Bi** ions for x = 0 to reflect the connection with
the parent structure of y-Bi,O3 and the need to accommodate lone pairs of any M-site Bi**
ions to complete the anion sublattice to a stoichiometric value of 20, i.e.
Bi12(Bigg)O192LPos. It is used for stoichiometric sillenites with an oxidation state of

M-dopants (n) from 2+ to 5+. For instance,

M?* ions: Bi12(Bi** 067M**0.33)010.33 (Xmax = 1/15) (1.1)
M** ions: Bi12(Bi* 05sM**05)O105 (Xmax = 1/10) (1.2)
M** ions: Bi12(M*") O30 (Xmax = 1/5) (1.3)
M>* ions: Bi1o(M>*4500155)O20 (Xmax = 4/5) (1.4)

These formulae indicate the substitution mechanism must have an upper limit for
M-dopants (Xmax). FOr n = 2 — 4, the upper substitution limit is similar with all the vacant
tetrahedral sites occupied, i.e. [ys s = 0. However, for n = 5, the upper limit for this
series is not only limited by the vacancy concentration but also by the Bi** concentration in
the tetrahedral site. In this analogue, the vacancies ([]) usually exist in the tetrahedral site
to compensate charge neutrality for 5+ M-dopants. The upper limit is reached when all the

Bi®*" ions are removed from the tetrahedral sites.

11
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1.3.5 Relationship between Lattice Parameter and M™ lonic Radius

An empirical linear relation between lattice parameter of sillenite and ionic radius of M"*
dopants was first proposed by Levin and Roth [”): the bigger the M-site ion, the larger the
unit cell. Recently, Poleti et al.”¥ collated lattice parameter (a) values of 23 sillenites from
literature and plotted a versus ionic radius of the M™ dopants (r) over the range 0.1 <r <
0.98 A. They postulated the data could be divided into two linear trends which might

indicate two different phase formation mechanisms, Figure 1.7 4,

10.30

10.08 A R HUUE D U A SV DU TRV
00 04 02 03 04 05 06 07 08 09 10 11
lonic radius, r; (A)

Figure 1.7 Relationships between unit cell parameter (a) and ionic radius (r) of various
M-ion doped sillenites, after Poleti et al.

For M™" jons with n = 2-4 a linear fit equation of a = 0.18(2) r + 10.09 with a correlation
coefficient of R = 0.96 was obtained whereas data for M** ions also gave a linear fit with
the same slope but a larger intercept on the a axis: a = 0.18(4) r + 10.15 with a correlation
coefficient of R = 0.95. They pointed out that some samples were intermediate between
these two linear lines and attributed this to samples with mixed valent M-dopants, e.g.

M3 /M®* dopants: Biyo(B* 1,P>*12)O20 With a = 10.1515(5) A for x = 0.14 A. 14

However, the accuracy of the plot is debatable for the following reasons:
1. The ionic radius data of M™ dopants were extracted only from dopants with

regular tetrahedral coordination i.e. MOy, tetrahedra, whereas those from Bi** ions
12
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form with ‘umbrella-like’ distorted tetrahedra-BiOsLP was not taken into account.
They reported the unit cell size of sillenites to be significantly influenced by the
size of regular MOy tetrahedra, especially by the size of M™ dopants; whereas
distorted BiOsLP tetrahedra had little influence on the overall unit cell. They
explained that introducing Bi** ions in the tetrahedral site would create oxygen
vacancies and reduce the size of the unit cell. However, this statement is
controversial with the R model, where the created oxygen vacancies are occupied
by the unshared 6s* lone electron pair of Bi** ions by forming ‘umbrella-like’
BiOsLP tetrahedra. Hence, the ionic radius data of M™ dopants should consider all
dopants located in the M-site, by means of regular MO, tetrahedra, distorted
BiOsLP tetrahedra or other polyhedra, e.g. BO3 trigonal units that fit into the
tetrahedral M-O skeleton.

2. The lattice parameter data in the plot were selected based on an ‘averaged’
experimental value from different literature with different stoichiometries. For
instance, for the Zn sillenite shown in Figure 1.7, the lattice parameter (a = 10.202
A) was an averaged value from three sets of literature data:
Bi1o(Bi®*067Zn°"033)O20 With a = 10.194(3) AP¥: Biy,Zn04 with a = 10.205 A%
and Bi(Bi* 0.67Zn* 4.33)O1033 With a = 10.207(3) A.*®! Some of the data sets are

inconsistent with the R model and therefore make the overall reliability suspicious.

Therefore, it is necessary to revise the relationship between unit cell parameter and M™
ionic radius based on one’s own lab results with the guidance of only one structural model,
the R model, and to testify the existence (if any) of the linear trend(s) in the plot(s), as

shown in Figure 1.7.

13
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1.3.6 Physical Properties of Sillenites

Investigations of sillenites have long been motivated by their excellent electro-optic and
piezoelectric properties in stoichiometric sillenite analogues: Bi1,SiO4, BiaTiO2 and
Bi1,GeOy. Their physical properties such as photoconductivity, photo-refractivity,
piezo-modulus etc. are widely used in industry for optical switching, information
processing and holographic data storage applications, where single-crystals free from
grain-boundary effects are a necessity.*® “* Recently, however, polycrystalline sillenites
have attracted attention as being suitable dielectric materials in low temperature co-fired
ceramic (LTCC) technology due to their low sintering temperatures (commonly < 850 <€),
chemical compatibility with silver electrodes, low dielectric loss and temperature-stable
permittivity, &, of ~ 35-40 near room temperature.’® ¥ Sillenite phases have also been
reported to exhibit high ionic and mixed conductivity, which draws special research

attention to their applicability in electrochemical cells.

1.3.6.1 Low Temperature Co-fired Ceramic (LTCC)

LTCC technology combines a series of thin layers of glass ceramics or ceramic tapes
forming multilayer LTCC modules, which enables a versatile mix of passive electrical
components (such as micro-strips, antennas, filters, resonators, capacitors, resistors,
inductors etc.) interconnecting each other with 3D stripline circuitry. B2 LTCC
technology realises cost-effective development of complex miniaturised circuits by using
highly conductive and inexpensive metal electrodes such as silver or copper. Metal
electrodes are embedded between layers of green ceramic tapes before co-firing together to
densify. This requires the applied materials to possess low sintering temperatures of < 850
<€ and low thermal expansion of ~3 MK™ to match with silicon-based substrates mounted

on the exterior of the LTCC module.[

14
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Figure 1.85% A doctor blade set-up for casting LTCC tape.

In LTCC technology, a doctor blade is usually used to control the thickness of the
green LTCC tape, Figure 1.8.°% Doctor blade processing requires careful control to avoid
warping, out of tolerance thickness and other defects. Casting is completed by spreading
the ceramic slurry formulation on a moving carrier substrate (usually a film of cellulose
acetate, Teflon, Mylar, or cellophane) to form a paste. Hot air is blown on the other side of
the machine to remove some of the volatiles in the paste and a thin, flexible green tape is
obtained that is ready to be cut and laminated into the required configuration. Multiple
layers of green tapes are fabricated in a similar method and stacked together as a 3D
“composite” structure prior to firing. Each layer may have cavities, channels, and internal

passive elements such as capacitors, resistors etc.

@ Relative Permittivity (&)

The resonant frequency of a standing wave in microwave dielectric material is given by

Equation 1.5

Cc
fo= 507 (1.5)

where fy is the resonant frequency; c is the speed of light in vacuum; D is the diameter of
the dielectric material; € is the relative permittivity, which should be large to minimise D

under the same fo.

15
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The relative permittivity or dielectric constant, &, of a dielectric material can be
calculated from the Clausius-Mossotti Equation, Equation 1.6, ®”! which relates &, to its

total ionic and electronic polarisability, a?, per molar volume of the material, Vp,.

T _ i (Vm)(er—1)
ap = 4n[ (6r+2) ] (1.6)
Therefore,
g = 3Vm+8n'a,§ (1.7) [58]

3Vm—4mal
where al is determined by the additivity rule, i.e. the sum of the polarisabilities of
individual ions. lon polarisabilities of the constituent ions used in this thesis were based on
the scale produced by Shannon®®®, which has been reported to be accurate for many
microwave dielectric materials.®® ®! As the Clausius-Mossotti equation only takes into
account the ionic and electronic polarisability of the material, it can be used to estimate
whether other polarisation mechanisms exist, as the measured and calculated &, will differ

significantly.

® Quality Factor (Q.f)

The quality factor Q.f (= 1/tan 5) measures the shape/selectivity of a resonance peak at 3dB
of the peak maximum, Af, under the microwave resonant frequency, f,, Figure 1.9 and
Equation 1.8.°% A high value of Q.f is desired as it gives better selectivity and therefore
increases the density of channels in a given frequency range. From Equations 1.5 and 1.8,
there should be a ‘fundamental compromise’ between Q.f and &,: materials with higher &,

should have lower Q.f due to their inverse proportional correlations.

16
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fe
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Figure 1.9 Schematic representation of resonant peak showing the definition of Q.f.

_ Jfo
Q.f= AF (1.8)

Besides intrinsic losses such as anharmonic lattice vibrations between the phonons of the
crystal and crystal lattice defects due to dopant atoms, vacancies etc., Q is very sensitive to
sample processing conditions.’®*®®! In many cases, Q is dominated by extrinsic losses such

as grain boundaries, inclusions and secondary phases.®

® Temperature Coefficient of Resonant Frequency (z)

The temperature coefficient of the resonant frequency (t) measures the thermal stability of
dielectric materials. It is desirable that tf is close to zero so that the resonant frequency is
independent of temperature fluctuations. 1+ is compensated by the temperature coefficient
of linear expansion of the ceramic (o) and the temperature coefficient of the permittivity

(t.), Equation 1.9. B

LERTTIE (1.9)

Harrop!® correlated the temperature coefficient of permittivity t. with relative permittivity
g, Figure 1.10. Generally, as &, increases 1+ becomes increasingly positive. In many
complex perovskites, tr has also been related to structural parameters such as phase

transition(s) involving octahedral tilting™ "), tolerance factor!®® and bond valence sums®!
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etc. In practice, a near zero 1+ can be tuned by forming a composite or solid solution of two

materials with opposite signs of .
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Figure 1.10 [65] Temperature coefficient of permittivity t. versus relative permittivity &, for

various materials after Harrop.

1.3.6.2 Solid Oxide Fuel Cell (SOFC)

A solid oxide fuel cell (SOFC) is an electrochemical cell that produces electricity from

oxidizing a gaseous fuel. A SOFC consists of three parts: anode, cathode and electrolyte.

Air or O; gas is filled from the cathode and separated from a fuel gas, e.g. H,, CO from the

anode by a solid oxide or ceramic electrolyte. Oxygen ions conduct through the electrolyte

from the cathode to the anode and then react with gaseous fuel on the anode side. The

electrochemical reactions within a SOFC are listed

Cathode (air side): %Oz +2e — 0%

Anode (fuel side):  (H, fuel) H, + 0* — H,0
(or CO fuel) CO + 0* —

Overall:

in Equations 1.10";

+2e

CO; + 2¢

(H2 fUE') O, + 2H, — 2H,0

(or CO fuel) O, + 2CO — 2CO;,

18
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The structural design of a planar SOFC is illustrated in Figure 1.111%) The
components are assembled in flat stacks, with air and fuel flowing though interconnects
built into the cathode and anode. The electrolyte material has to be a dense ceramic with
high ionic conductivity and negligible electronic conductivity. Usually, stabilized zirconia
(ZrO, doped with Y, Ca or Mg) is used, which is a good ionic conductor from 600-1000 <.
For a cathode material, a porous mixed conductor, e.g LaMnQOs is required to allow a large
surface area for O transportation to the electrolyte. For an anode material, apart from the
requirements of being porous and mixed conducting, the ability to be stable in a highly
reducing environment and matching the thermal expansion coefficient of the electrolyte
and interconnect is also crucial. A composite material mixed with metal and ceramic, e.g.
cermet, Ni/ZrO, is used. The interconnect is placed on the outside of the cell electrodes to
increase the electron mobility and the channels created in the interconnect are used to
supply the air and fuel to the cell. Hence the interconnect material should be an excellent
electronic conductor with a thermal expansion coefficient compatible with the other cell

components, e.g. LaCrQOs.

CURRENT FLOW

Ni, ZrO,
=B YSZ
LaMnO,

LaCr0, BIPOLAR PLATE

== S

>l

>~ AR

CELL

FUEL
Figure 1.11 ¥ Structure of a planar SOFC.

Research on Bi,O3-based ceramics is also focused on high ionic and mixed conductivity
for applications as intermediate and low temperature SOFC materials, particularly
stabilized fluorite-type 6-Bi,O3, sillenite, y-BisV,01; and other Aurivillius phases.
Although bismuth oxide based compounds are much Dbetter solid electrolytes than

stabilized zirconia, they have several disadvantages including high thermal expansion
19
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coefficients, thermodynamically instability in reducing atmospheres, volatilization of
bismuth oxide at moderate temperatures, a high corrosion activity and low mechanical
strength. These have prevented them from applications in commercial, high temperature
SOFCs. The current major difficulty is to restrict their instability in reducing atmospheres
and therefore to operate at lower temperatures where reduction is less problematic.
Research to overcome this disadvantage is vital to enable commercialisation of Bi,Os-
based compounds in low and intermediate temperature fuel cells and gas sensors. [ ™7
Recently Wacshman and Lee reported a Bi,O3-based compound, Dy 0sWo.04Bio.g601.56, t0

be a suitable SOFC material with an intermediate operating temperature at 500 €[]

1.4 Polarisation Mechanisms

In dielectric materials, the total polarisation within a material, o is the summation of the

four possible polarisation components, Equation 1.114,

o7 = 0e + 0 + 0g + 0O (1.12)

where electronic polarisability, oe, originates from the slight displacement of the electron
cloud of an atom or ion relative to the positive nucleus; ionic polarisability, a;, is caused by
the relative displacement of anions and cations in an ionic crystal; dipolar polarisability, ag,
arises in materials that contain permanent electric dipoles which exist even in the absence
of an electric field. These dipoles are very temperature dependent and may be “frozen in”
at low temperatures; space charge polarisability, os, occurs in defect ionic materials where
mobile charges are trapped at an interface and blocked by the electrodes. Although it is not
a bulk material polarisation mechanism, a space charge induced electrical double layer
(electrode-sample interface) can contribute to the polarisability of a material. Space charge
polarisability usually has a larger magnitude with a dielectric constant of ~ 10°-10" with a
corresponding double-layer capacitance of ~ 10° F and commonly occurs at low

frequencies (f < 10° Hz). [
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1.5 The Origin of High Permittivity

Ferroelectric materials usually exhibit high permittivity, where permanent dipoles occur to
disrupt the centric symmetry of the crystal structure. However, many high permittivity
oxides originate from extrinsic mechanisms, such as a Surface Barrier Layer Capacitor
(SBLC) effect, Internal Barrier Layer Capacitor (IBLC) effect and/or non-ohmic contacts

from the electrode-sample interface.

1.5.1 Ferroelectricity, Incipient Ferroelectricity and Relaxor

Ferroelectricity

® Ferroelectricity:

Ferroelectric materials have non-centrosymmetric structures and exhibit spontaneous
polarisation from a net dipole moment, which can be reversed under an applied electric
field, Figure 1.12.5% In the ferroelectric hysteresis loop, as the electric field increases a
saturation polarisation, Ps, is reached, which corresponds to the maximum displacement of
dipoles from the central positions. On removal of the electric field, a remanent polarisation,
Pr, is observed due to the presence of the dipoles. At a reverse electric field (or coercive

field Ec), the polarisation can be set to zero as the corresponding dipoles are randomized.

Ps
Pr

Ec

Figure 1.12P°% Hysteresis (P-E) loop of a ferroelectric material.

Ferroelectric materials generally have a phase transition to a centrosymmetric cell with
21
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increasing temperature, where ferroelectricity can be transformed to paraelectricity above
the phase transition temperature or so-called the Curie temperature, Tc. The ferroelectric
phase transition can be determined by the temperature dependent peak in ,, Figure 1.131°°],

Above Tc, ¢, usually obeys the Curie-Weiss law, Equation 1.12[%%/.

S (L12)

where C is the Curie constant, T is the temperature and 0 is the Curie-Weiss temperature.
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Figure 1.13" Temperature dependence of & showing the Ferroelectric-Paraelectric phase
transition of undoped BaTiO3 ceramic.

® |Incipient Ferroelectricity:

Incipient ferroelectricity is also known as quantum paraelectricity, where &, increases with
decreasing temperature and saturates at low temperatures, Figure 1.14. Well-known
classical incipient ferroelectric materials are SrTiO3;, KTaO3 and CaTiO3 and TiO,. Some
incipient ferroelectrics exhibit phase transitions e.g. SrTiO3 at ~ 105 K, whereas some do
not, e.g. CaTiOz and KTaO3.["> " The origin of incipient ferroelectricity can be explained

by the effects of quantum fluctuations by using the Barrett Equation.t’”!
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Figure 1.141"81 The dielectric constant €’ as a function of temperature measured along the
[110] direction of a SrTiOj3 single crystal. The curved line is a fit with the Curie-Weiss law
and the inset shows the relation of the inverse €’ versus temperature, after Viana et al.

® Relaxor Ferroelectricity:

Relaxor ferroelectrics exhibit broad permittivity maxima, where both the real and
imaginary parts of permittivity are temperature- and frequency- dependent. The magnitude
of the real permittivity peak maxima decreases as temperature and frequency increase,
whereas the magnitude of the imaginary permittivity peak maxima increases as
temperature and frequency increase, Figure 1.15. Relaxor ferroelectrics usually appear in

mixed compounds, e.g. Pb(B’B”)O; and some tungsten bronze structures.> ™!

TemperatureC

Figure 1.15"% Temperature dependence of ¢” and £ of Pb(MgysNby5)O3 (PMN).
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In relaxor ferroelectrics a gradual transition from a ferroelectric to paraelectric phase is
observed above the Curie temperature, where the Vogel-Fulcher law is obeyed, Equation

1.13.

. Eq
1= (@) xp L] (1.13)

where 7 is the relaxation time for a gradual phase transition, E, is the activation energy, Tt
Is the temperature of the dynamic freezing of the polar clusters and w,, k are constants.
Satisfaction of the V-F equation is considered as a sign of freezing of the dipole system at
T2 Upon cooling the thermal motion of the dipoles decreases and the size of the polar
micro regions and the potential barriers increase. The interaction of dipole moments in
relaxor ferroelectrics is analogous to that in spin glasses, where a glassy state with frozen
random orientation of dipole moments is transformed from the paraelectric state at the

freezing temperature.

® Dielectric Relaxation:

Dielectric relaxation is the momentary delay of polarization response with respect to an
alternating electric field. It usually occurs in randomized local structures such as glass,
where a considerable time is taken for the thermally-activated ion migration and
re-orientation of dipoles under an the applied electric field. The time lag between the
electric field and the polarization infers an irreversible loss of free energy (G)."! The
impedance equivalent circuit to describe the dielectric relaxation process is shown in
Figure 1.16. The series combination of R;C; represents polarisation associated with lattice

relaxation process(es) in the electric field and C, represents the bulk capacitance. !

1 R1
— —— A

c2

Figure 1.16 A common equivalent circuit to model dielectric relaxation, where the series
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combination of R1C; represents lattice relaxation process(es) under the electric field and C,
represents the bulk capacitance.

Dielectric relaxations are usually represented by plotting data in the form of complex

permittivity, e*,

e=¢'—je&” (1.14) 1

where &’ and €’ represent the measured permittivity and the dielectric losses in the material,
respectively. The corresponding variation of ¢” and ¢ as a function of frequency and the
complex permittivity plane plots are shown in Figures 1.17 and 1.18, respectively. In the
combined ¢’ and & spectroscopic plot, € exhibits a peak maximum at the frequency
where ¢’ is intermediate between its maximum and minimum values. The £ peak is called
a Debye peak, which indicates an ideal single relaxation process with an &” peak maximum
occurring at ot =1 (i.e. 2nfnaxt = 1).

€ €

(C#C) /1 Cy

C, /G,

max

Log f (Hz)
Figure 1.17% ¢’ and ¢ as a function of frequency.

The corresponding complex permittivity plane diagram (& is plotted against €”) is also
known as a Cole-Cole plot, Figure 1.18, which is an ideal semi-circular arc with a non-zero

intercept on the real ¢’ axis.
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Figure 1.18% Cole-Cole plot for a dielectric relaxation.

However, in practice, such Cole-Cole plots are often not an ideal semicircle but are
depressed for a wide variety of polar liquids and solids. Similarly, the & Debye peak is
broadened and can become asymmetric.®? A distributed impedance element such as a
constant phase element (CPE) is usually used to describe the non-ideal electrical response.

The impedance of a CPE, Z*cpg, is defined as,

Z*cee = [A(jM]? = [Aw" (cos(na/2) + j sin(nz/2))] (1.15) 81
where A and n are constant and can be determined from the real admittance Y’
spectroscopic plot, Figure 1.19. The expression for Y’ for the circuit shown in the inset of

Figure 1.19 is,

Y’ =R + Aw" cos(nz/2) (1.16) 81
where the frequency-independent Y’ plateau at low frequencies has a value of R™; the
gradient of the linear dispersion region at high frequency gives the value of n and
log[Acos(nn/2)] is the intercept of the log Y’ axis at @ = 1 Hz, where the value of A can be
determined. A CPE describes an ideal capacitor for n = 1 and an ideal resistor for n = 0. If
0 < n < 1, the magnitude of both capacitive and resistive components are
frequency-dependent. The physical origin of a CPE is often unclear and many workers use
it only as a circuit fitting parameter. However, it seems inherently linked with polarization
fluctuations in relaxors and can be used to represent time-dependent relaxation

phenomena.®!
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e gradient=n
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Figure 1.19(81 Log Y’ versus log o plot. Inset shows a possible equivalent circuit to model
the impedance response.

1.5.2 Extrinsic Mechanisms

@ Surface and Internal Barrier Layer Capacitor (SBLC and IBLC):

Barrier-Layer (BL) capacitors are also known as two types: Surface Barrier Layer
Capacitors (SBLC) and Internal Barrier Layer Capacitors (IBLC), where an insulating
surface or grain boundary layer is formed outside a semiconducting ceramic or grain cores,
respectively. Schematic representation of a SBLC and IBLC ceramic are shown in Figure
1.20. In each case, conductive grain cores can be formed in titanate-based ceramics by
donor doping or reduction firing of the ceramic.® %! The surface or grain boundaries are
then oxidised to produce thin resistive layers. High permittivity is therefore achieved due
to a trapped electron layer, i.e. a Schottky barrier layer is developed between the insulating

and semiconducting sample interfaces.
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(b) IBLC
(a) SBLC

Figure 1.20 Cross-section of (a) SBLC and (b) IBLC ceramic.

® Non-Ohmic Contacts:

Non-ohmic contacts are also known as a blocking or Schottky barrier contacts at the
metal-semiconductor interface, where the -V (current-voltage) characteristics are
non-linear and asymmetric. A Schottky barrier is created due to a mismatch of the Fermi
level of the metal electrode and the semiconductor material, which essentially blocks the

mobile charge carriers and results in high effective permittivity.

1.6 Thesis Aims and Outlines

Sillenites or doped y-Bi,O3 has an adaptable structure, where a wide range of dopants are
found to form single-phase sillenites with variable compositions. Their electrical properties
are strongly dependent on the structural and compositional variations. In this project, a
variety of new and existing sillenites are prepared, and their crystal structure and electrical
properties are investigated. The aim of the project is to establish their
composition-structure-property relationships and to clarify some debatable issues in the
literature, such as: the formation of sillenites with various compositionst 8 the thermal
stability of sillenites; the structural models for sillenites; the existence of any Bi°* ions in
sillenites™; the occurrence of any sub-ambient phase transitions®” and dielectric
dispersion phenomena below and above room temperaturel®® !: and to establish their

dielectric and conduction properties.
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Chapter 1 reviews the structural, thermal stability, formation and different groups of
sillenites and their physical properties from current literature. The second part summarise

the general intrinsic and extrinsic mechanisms for high permittivity in ceramics.

Chapter 2 briefly presents the experimental procedures and basic theory of the

corresponding techniques.

Chapter 3 describes tetravalent cation (M = Si**) doping in “ideal” sillenite, Bi1»SiO2. The
preparation, microstructure and dielectric properties are studied. A frequency-dependent
dielectric dispersion phenomenon above room temperature (HT relaxation behaviour) is
observed for the first time and is analyzed by a combined study of Raman and Impedance
spectroscopy. The origin of this HT relaxation behaviour is attributed to dielectric lattice

relaxation of the distorted BiOsLP units in the sillenite framework structure.

Chapter 4 reports divalent/trivalent cation (M = Zn*", Fe**, AI** and In®") doped sillenites.
The validity of Radaev’s (R) structural model and Valant and Suvorov’s (VS) general
formula for M?*/M*" sillenites are investigated. Similar to Biy,SiOy from Chapter 3, the
HT relaxation phenomenon was observed in all M?*/M*®" sillenites, which also originated
from the Bi** polarization effect in BiOsLP framework units. The influences of M-dopants
and phase stability on the microwave dielectric properties are also discussed.
Bii2(BiosFeos)O195 is the most stable sillenite and exhibits excellent microwave dielectric
properties (e, ~ 36.6; Q.f ~ 2500 GHz and 1 ~ -15 ppm/K ), which makes it a suitable
candidate for commercial LTCC applications. In addition, detectable levels of oxide ion

conductivity are observed in superstoichiometric indium (In**) sillenites when T > 653 K.

Chapter 5 describes B** containing sillenites, where several new and existing B®*
containing sillenites are synthesised and characterised according to the general formula
(1-X)Bi12BO195-XBi1sMOsg:5, Where M = Fe**, AP, Ga**, Si**, P> and V°'. The
relationships between the lattice parameter and the M-cation radius, and hence the

influence of the ionic radius on the stability of the sillenite phase are investigated. The
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bi-phasic nature with two coexisting sillenites is detected in Bii2(BosPos)O2 and
Bi12(BosVos5)O20 by XRPD. The bi-phasic phenomenon can be eliminated by using air
quenching, which reveals the metastability of both compounds. Structural features for
boron containing sillenites reveal the co-existence of boron three- and four- fold
coordination in the tetrahedral units from Rietveld refinement of NPD data, Nuclear
Magnetic Resonance (NMR) and Raman spectroscopy results. The dielectric properties as
a function of frequency and temperature show characteristic, low temperature (LT)
relaxation behaviour for B** containing sillenites. This unique LT relaxation behaviour is
different from the HT relaxation behaviour. It is believed to originate from the randomness
and switching between BO, to BO; units on the tetrahedral site, leading to a Bi** ion from
adjacent BiOsLP moving towards BO3 units to achieve electroneutrality. In addition, the
microwave dielectric properties of B®* containing sillenites are strongly influenced by the
LT relaxation behaviour which is present near room temperature. Low values of Q.f and
high dielectric losses exclude the possibility of B** containing sillenites to be used as

LTCC materials.

Chapter 6 describes P>* containing sillenites. The aim of this chapter is to continue
investigating whether other P>* containing sillenites also exhibit the characteristic LT
relaxation behaviour (~ 200-400 K) as studied in Biyo(Bo.sPos)O20 from Chapter 5. Four P**
containing sillenites are prepared: Biia(Bi**00sP* 0.8010.08)02027, Bir2(P* 0.8610.14)020.15,
Biso(Fe* 5P 0,5)020 and Biro(Mg?*0.33P° 0.67)O20 and all show the universal HT relaxation
behaviour, however, only two sillenites with P°*/ on the tetrahedral site exhibit LT
relaxation phenomena. The LT relaxation in P°* containing sillenites seems to arise from
the local Bi** polarization effect of the BiOsLP framework polyhedra, which is induced by

the random distribution of P/o over the same tetrahedral site.

Chapter 7 discusses all the compounds investigated in Chapter 3-6 to allow an overall

picture of the composition-structure-property relationships of sillenites to be established.

Finally, Chapter 8 contains general conclusions and suggestions for future work.
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2 Experimental Procedure

2.1 Solid State Synthesis

Samples were prepared by using the conventional solid state reaction method. Reagents
were dried at the indicated temperatures in Table 2.1, weighed (~ 10 g total), mixed with
acetone in an agate mortar, ground manually by pestle for 30 minutes, and then heated in a
gold foil boat at 700 — 850 €€ with intermittent grinding every 12 h to aid the reaction.
Samples with reagents that have low melting temperatures were heated initially to 400 C
for 2 hours with a heating rate of 1 <C/min to evaporate any H,O, CO, and NHj etc. in the
reagents and then heated to reaction temperature with a heating and cooling rate of
10 <T/min. The process of grinding and reacting was repeated until the sample was

examined as phase-pure by X-ray powder diffraction.

Table 2.1 Drying temperature and purity for precursors of reagents.

Reagent Drying Temperature (<€) Manufacturer and Purity
Bi,0; 180 Sigma-Aldrich, 99.9 %
SiO, 600 Alfa Aesar, 99.5 %
Zn0O 600 Sigma-Aldrich, 99.99 %
Fe,04 400 Sigma-Aldrich, 99.999%
Al,O; 900 Sigma-Aldrich, 99 %
In,0;3 900 Aldrich, 99.9 %

B(OH); Not Applicable Sigma-Aldrich, 99.5 %

(NH;)H,PO, Not Applicable Sigma-Aldrich, 99.5%
Ga,0; 600 Aldrich, 99.99+%
V,0s 180 Aldrich, 99.6 %
Mg(COs;), Mg(OH), 5H,0 Not Applicable Aldrich, 99 %

Pellets were pressed uniaxially under 0.6 tonnes in an 8-10 mm diameter, stainless steel die.
Green pellets were then placed on a gold foil and fired between 715-880 <€. The obtained
pellet density was calculated from the measured dimensions compared with the theoretical

crystallographic density and the errors were ~ 10 %.
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2.2 X-ray Powder Diffraction (XRPD)

X-ray powder diffraction (XRPD) is a widely used technique to characterise crystalline
materials, to monitor phase purity and to determine their structure details, such as lattice
parameters, unit cell types, space group, crystallite sizes etc. It is extremely useful for
phase identifications, as each solid crystalline material has a unique ‘fingerprint’ XRPD
pattern and therefore, the presence of any phases can be identified by comparing with the
reference source of International Centre for Diffraction Data (ICDD) database.

Phase identification in this work used a Philips D500 diffractometer with Cu Ka
radiation (Ak.: = 1.54059 A Jk.e = 1.54433 A) using a H&yg-Guinier focusing method in
reflection mode and a Sto&€STADI P diffractometer with Cu Ko radiation in transmission
mode. Data were collected over a scanning angle, 26, ranging of 159 26 < 659with a step
size of 0.19

Lattice parameters determination for Rietveld refinement analysis were collected by
operating a Sto&STADI P diffractometer with Cu Ka; radiation (A, = 1.54059 A) with a
small, linear position sensitive detector (PSD) in transmission mode, step size 0.01 <and 26

range 10-90 Figure 2.1. The instrument was calibrated using Si external standard.

Incident beam
monochromator \

Detector

Focal line slit

’ Divergence
\\\?\*: / slit

Soller slit
Detector slit

X-ray source

Sample

Figure 2.1™ Schematic representation of an X-ray diffractometer with an incident beam
monochromator, after Clearfield et al.
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2.3 Neutron Powder Diffraction (NPD)

Neutron powder diffraction (NPD) is a useful diffraction technique to characterise the
atomic and/or magnetic structure of a material. It is very expensive and usually only
available in national facilities. NPD is usually used to complement XRPD due to their
different scattering properties. Unlike X-rays that are scattered by electron clouds of an
atom, neutrons interact with both the nucleus of an atom and magnetic moments of
unpaired electrons around an atom. As a result, the scattering power of an atom to NPD is
not simply dependent on the atomic number/weight, Figure 2.2. This is particularly useful
to distinguish and locate atomic positions and occupancies for light elements, e.g. O and H
and/or elements with similar atomic numbers e.g. Mn/Fe in structural analysis where

XRPD is inadequate.
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Figure 2.2 Nuclear scattering lengths for thermal neutrons shown as a function of atomic
weight, after Young.

The differences between two types of NPD data i.e. neutron constant wavelength and
neutron time-of-flight are listed in Table 2.2. The neutron constant wavelength data is
usually generated continuously from a nuclear reactor, where the diffraction angle, 4, and

d-spacing, d, are variable and the wavelength, 4, is fixed. Composition Bij2(Big3Alg7)O195
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and Bijz(Bio7Ing3)O195 in this study were collected in the neutron constant wavelength
format on the D2B powder diffractometer at the Institut Laue-Langevin (ILL) in Grenoble,
France, Figure 2.3. The sample was placed in a vanadium can prior to operate under a
neutron beam diffracted by a Ge monochromator over a range of 5 26 < 160with a step

size of 0.052
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Guide hall 1
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= /4 Three-axis spectrometer
Reactor hall [ Diffractometer
-1 Large-scale structure studies
X Time-of-flight spectrometer
© Nuclear and fundamental physics
[T] Testand other beam positions

(O Reactor core
~~~Hot neutrons
——Thermal neutrons
-#-Cold neutrons

Figure 2.3%! The instrument layout at the ILL.

The neutron time-of-flight data is generated from a pulsed source, where the initial
position and the velocity of the neutron is known and the time for pulse of neutrons
detected by the detector are measured. Therefore, A and d are variables at fixed 8. NPD
data of Bij»(BigsZngs)O19.25 in this work were collected in time-of-flight (ToF) format at
room temperature on the Polaris diffractometer at ISIS at the STFC Rutherford Appleton
Laboratory (RAL) in Oxfordshire, UK, Figure 2.4. Powder ~ 10 g was placed in a
vanadium can. The time taken for the neutrons to travel from the initial position to the final
position back to the detector is measured and the interatomic distance (i.e. d-spacing) of

the sample is measured and plotted against intensity.
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Figure 2.4 The instrument layout at ISIS.

Table 2.2 Comparisons between steady-state neutron sources with neutron constant
wavelength format and pulsed neutron sources with neutron time-of-flight format.

Neutron constant wavelength Neutron time-of-flight

Steady-state neutron source (usually reactor) | Pulsed neutron source (usually spallation)
Monochromatic beam Polychromatic beam

A fixed; 6 and d dispersive 0 fixed; 2 and d dispersive

Use time of flight, t, of detected neutron to calculate 1
(i.e. A=2d sind = ht/m,L; d = ht/2m,L sind, where L =
length of flight path; m, = neutron mass, 1.675x10°’
kg; h = Planck constant, 6.626x10* J.s) Z

2.4 Rietveld Refinements

Rietveld refinement, named after its inventor H. R. Rietveld™ is a least-squares method
that is widely used to characterise the structure of materials by minimising the differences
between the theoretical diffraction pattern and the observed one. Structural details such as
atomic positions, site occupancies, atomic thermal parameters, lattice parameters, bond

lengths/angles, elemental analysis and material composition etc. are determinable with
43



Yu Hu, PhD. Thesis, Chap 2. Experimental Procedure

Rietveld refinements on the powder diffraction patterns (both XRPD and NPD). To carry
out Rietveld refinement, a starting structural model is required and it should have a
structure (with known space group, lattice parameters, atomic information and instrumental
profile parameters) close enough to the observed structure. A calculated structural model is
generated automatically after each least-squares refinement cycle. The purpose of Rietveld
refinement is to obtain the minimised residual, Sy, between the calculated and the observed

profile with improving and sensible structural information, Equation 2.1,
Sy =Ziwi[yi(obs) — yi(calc)]’ 2.1)

Where w; is the weighted difference (= —)
y

yi(obs) is the observed intensity at the i th step

yi(calc) is the calculated intensity at the i th step

The basic Rietveld refinement procedures are listed in Figure 2.5. The quality of fit
between the observed and calculated profile is evaluated by three numerical values, Ruyp,
Rexp and »*, Equation 2.2 — 2.4.1° Rwp is the weighted-profile R value, which takes
additional background contribution into account; Rey, is the statistically expected data
showing the quality of the fit; »* is the overall goodness-of-fit value and is the ratio
between Rypand Reyp. x> should be approach to the value of 1, as Ry, should be close to

Rexp.

_ [Bewilyi(obs)—y;(calc)]?] M2
Rup = | | (22)

Weighted-profile R value: Y Wiy (0bs)]2

NP ]1/2 2.3)

Expected R value: Rexp = [m

Goodness-of-fit: = ;:L” (2.4)
exp

Where N is the number of observation and P is the number of refined parameters.
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These three numerical parameters (Ryp, Rexp and %°) should be considered together to
assess the quality of the fit, since a low Ry, can be produced misleadingly by data with a
high background. Le Bail algorithm with a structure-free refinement would be useful to
distinguish the false minimum of Ry, values. Usually Ry, with eliminated background
contribution should be used to assess the quality of the whole structural information. Other
important factors to evaluate the quality of a Rietveld refinement are graphical plot
observations, atomic bond length/angles and sometimes bond valence sums.

In this study Rietveld refinements were carried out on the collected NPD data
(constant wavelength and time-of-flight) by using the EXPGUI (Experimental Graphical
User Interface)’® from GSAS (General Structural Analysis System)!”) package.

2.5 Electron Microscopy

Microstructure characterisation, e.g. sample density, grain distribution and elemental
analysis was carried out by Scanning Electron Microscope (SEM) and Energy Dispersive
X-ray Spectroscopy (EDX) using a Joel JSM 6400 operated with an accelerating voltage of
20 kV. Pellets were cut into pieces for measurements. Fractured samples were then placed
on the aluminium stubs with silver paint and carbon-coated to prevent surface charging

from the electron beam.

2.6 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measures the energy changes of a sample during
controlled heating and cooling cycles. Two identical crucibles, one containing the sample
and the other one containing an inert reference are put next to each other in the same
furnace. Two thermocouples attached are used to measure the energy changes between the
sample and the inert reference to keep the temperatures the same. In this work a Netzsch
DSC 404C was used. ~ 40 mg of the powdered sample was put in an aluminium crucible
with repeated heating and cooling cycles until the DSC pattern was unchanged. The

heating and cooling rate was 10 <€/minute.
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2.7 Dilatometry (DIL)

Dilatometry (DIL) measures the linear thermal expansion of a sample as a function of
temperature. It only gives an averaged thermal expansion coefficient for a polycrystalline
sample. In this work the DIL measurements were carried out on a Netzsch DIL 402C.
Pelletised samples were placed horizontally on a tube-typed aluminium sample support
with a thermocouple next to it. Two horizontal pushrods were pressed on the parallel faces
of the pellet and the thermal expansion coefficients were recorded while each thermal cycle
with a heating and cooling rate of 10 €/minute. Prior to each measurement, the instrument

was calibrated using a rod-shaped Si single crystal as a standard.

2.8 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear Magnetic Resonance (NMR) Spectroscopy, firstly measured by I. I. Rabil®,
describes the magnetic spin energy absorbed and re-emitted in the form of electromagnetic
radiation by the atomic nuclei under the applied magnetic field. NMR was widely used in
molecular substances for the determination of the local molecular structure. From the
NMR peak positions and relative intensities, much structural information such as atom
coordination numbers, next nearest neighbours, elemental analysis etc. can be obtained.
For solid state studies, NMR absorption spectra can be enhanced and sharpened by the
MAS (Magic Angle Spinning) technique, where the sample is rotated at a specific angle of
54.74 Sowards the applied magnetic field.[*”

NMR spectroscopy in this work was performed by Dr J. V. Hanna from University of
Warwick. To determine the chemical environments of the MO, tetrahedra, *'B and *'P one
pulse spectra from sample Bi12(BosPos)O20 and Biya(Bio.osPo.sell0.08)O20.27 Were measured
in a Bruker 850 kHz Solid Static NMR spectrometer at magnetic field of 14.1 Tand 7.05 T

with induced frequency of 12.5 kHz MAS, respectively.
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2.9 Raman Spectroscopy (RS)

Raman Spectroscopy (RS), named after Sir C. V. Raman, is used to observe the rotational
and vibrational states of an atom in a sample. A monochromatic light (i.e. laser) interacts
with the atomic vibrations and/or rotations by exciting the atom from the ground state to a
virtual energy state, resulting in the energy of the emitted laser light being shifted in terms
of a frequency-related unit, wavenumber, . The emitted photon shifts to a lower frequency
indicates the final vibrational state of the atom has more energy than its initial state,
represented as Stokes Raman scattering; in contrast, the emitted photon shifts to a higher
frequency indicates the final atomic vibration has less energy than its initial state,
represented as Anti-Stokes Raman scattering.

RS measurement was performed using a Renishaw inVia micro-Raman spectrometer
with an Ar-laser (514.5 nm) and recorded in backscattering geometry. A laser power of 10
mW was focused on a ~ 2 um spot on the sample. A Linkam THMS600 cell was used for
obtaining data below and above room temperature. All RS data were corrected for the

Bose-Einstein thermal factor.

2.10 Microwave Dielectric Resonance Measurement

The microwave dielectric properties of samples were measured by the cylindrical cavity
method, where the pellet (with diameter ~ 10 mm and thickness ~ 5 mm) was placed on a
4.77 mm high quartz spacer in a 20 mm copper cavity. Connected with a resonant system,
a coupling loop with two probes formed an open circuit to measure the frequencies induced
in the volume of the dielectric pellets. The bandwidth of the resonant signal was observed
by a vector network analyser Advantest R3767CH with an analysis range of 40 MHz — 8
GHz. The ¢ and the unloaded Q can be calculated from the measured resonant frequency
(fo), the loaded Q factor (i.e. fo/Afo) and the insertion loss (S21).

The temperature coefficient of resonant frequency (tf) is used to measure the

temperature stability of the sample (i.e. the degree of temperature dependency of the
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resonant frequency peak position). The more independent of f, peak with temperature, the
closer the t; towards zero. In this work, the sample was placed in the same copper cavity
and heated from 25 to 80 €€ with 5 intermittent measurements. At each temperature, the
sample was left for 30 minutes to equilibrate. The heating and cooling system was

controlled by Peltier UPS. The measurement of ; can be expressed by Equation 2.5,

1 dfp
Tf = Eﬁ (25)

where fy is the resonant frequency measured at room temperature, % is the change of

resonant frequency with respect to change of temperature. 1 is the gradient of % with
0

respect to change of temperature OT. t; is usually expressed as parts per million per Kelvin

(ppm/K), which is obtained by multiplying the results by 10°.

2.11 Fixed Frequency Capacitance Measurement

Radio frequency (rf) fixed frequency capacitance measurements were used to measure the
capacitance and dielectric loss (tan d) of the sample at 1, 10, 100 k and 1 M Hz ranging
from 10 — 800 K. Low temperature measurements (~ 10-320 K) used an Agilent E4980A
LCR meter with an Oxford Instrument cryocooler for cooling and high temperature
measurements (~ 320-800 K) used a Hewlett-Packard 4284 A precision LCR meter with a

tube furnace for heating. All data were corrected for sample geometry prior to analysis.

2.12 Impedance Spectroscopy (IS)

2.12.1 Background

Impedance spectroscopy is an extremely useful technique to analysis the electrical
properties of electroceramics. It can be used to characterise the microstructure of the

materials associated with different regions e.g. grain, grain boundary and interfacial
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phenomena; to determine the charge carrier and to assess the electrical homogeneity of the
sample with variable frequency, temperature, oxygen partial pressure and dc bias.*? 1S
measurements are usually carried out over the frequency range from 10 to 10’ Hz. In
general, different electro-active regions of the material are represented by a parallel RC
element (resistor R and capacitor C), which can be identified by IS according to each
characteristic electrical relaxation time or time constant, t, Equation 2.6.

t=RC (2.6)
To describe each electro-active region in terms of Debye-type response, Equation 2.6 can
be expressed with frequency domains, Equation 2.7,

®wmaxRC = 1 (2.7
where wmax IS the angular frequency with wmax = 2nfmax (fmax 1S the applied frequency at
Debye peak maximum).™*! The separation of different responses depends on the resolution
of their associated time constants. Generally, two well-resolved Debye peaks are given by

two time constants with their difference greater than two orders of magnitude.™*!

2.12.2 Four Interrelated Complex Formalisms

The advantage of IS is the four interrelated complex formalisms: impedance (Z*)
admittance (Y*), permittivity (¢*) and electric modulus (M*). All of them can be
represented in terms of real and imaginary parts, where the notation single prime (°)
represents the real components and the double prime notation (™) represents the imaginary
components, for instance, Z*, Equation 2.8.
Z*=27"-jz” (2.8)
The same set of data can be readily presented in one or more of the four complex

formalisms by simple mathematically transformations, Equation 2.9 - 2.12.

Y* = 1/7* (2.9)

&* = 1IM* (2.10)
M* = joCoZ* (2.11)
&* = Y*/ jwCq (2.12)
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where Cyis the vacuum capacitance of the cell.™ It can be easily shown that M’ is related

to Z” (i.e. M’ = CyZ”) and M” is related to Z’ (i.e. M” = ©CyZ’). Likewise, €’ is related to

Y” and & is related to Y’. In addition, €’ is also related to C’, Equation 2.13.
g£€= — - (2.13)

where C’ is the capacitance of the sample; g, is the permittivity of the free space,
8.854x10* F cm™; | is the sample thickness and A is the measured sample surface area

covered by the electrodes.

These four IS complex formalisms highlight different weighing factors. In brief, Z* is
dominated by elements with high resistance, R value, and it is usually useful to analyse the
grain boundary response. M* is dominated by elements with low capacitance, C; therefore,
it can be used to analyse low capacitance, i.e. the bulk response of the sample. In addition,
e* and Y* are useful to examine the permittivity and conductivity of the sample. The
correct equivalent circuit should give good fit for all of the four formalisms with extracted

parameters showing physical significance.

2.12.3 Brick Layer Model

In many polycrystalline electroceramics, an equivalent circuit with two parallel RC
elements connected in series, known as the Brick Layer Model, are usually used to model
bulk and grain boundary response in the sample, Figure 2.6. In this model, ceramics are
assumed to have conductive grains surrounded by thin resistive grain boundary layers.™®
Other components, such as R, C, CPE etc. in equivalent circuit can be connected in parallel
or series to represent different IS responses.

Investigation of different IS electro-active regions can be achieved through their
associated capacitance, C values. The general capacitance values and the interpretations are
listed in Table 2.3. Based on this table, it is easy to assign the responsible phenomena to a

particular electrical response. Other methods, such as measuring the temperature

dependence of sample resistance and capacitance over a wide temperature range, polishing
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sample surfaces, can also be useful to distinguish between similar electrical responses with

overlapping C values, e.g. grain boundary, surface layer etc.

Table 2.3 Capacitance values and their interpretations. 311!

Capacitance [F] Phenomenon Responsible
10-12=1 pF Bulk
1011 Minor, second phase
1011 - 108~ 1nF Grain boundary
10-10-10° Bulk ferroelectric near T,
109-107~1pF Surface layer
10-7-10° Sample-electrode interface
104 Electrochemical reactions

Rb Rgb

— ] 1

|| ||

I I

C, Cap

Figure 2.6 An equivalent circuit consisting of two parallel RC elements in series.

IS data are usually presented in different plots, for instance complex impedance plane Z*
plot, combined Z” and M” spectroscopic plots, real capacitance C’ spectroscopic plots etc.
Figure 2.7 is used as an example to show the IS data of the equivalent circuit with two
parallel RC elements in series in Figure 2.6, where Ry, Rgp, Cp and Cgyy, are assumed as
typical values of 1 MQ cm, 100 MQ cm, 10 pF cm™ and 1 nF cm™, respectively. In the
complex impedance Z* plot, Figure 2.7 (a), a perfect semicircular arc associated with a
highly resistive grain boundary component dominates the plot, where the conductive bulk
component is shown in the inset. Each R values can be determined from the intercept of
each semicircular arc on the Z’ axis; Each C value can be calculated from the maximum of
each semicircle according to the relation wmaxRC = 1. In the Z” and M” spectroscopic plot,
Figure 2.7 (b), two Debye peaks associated with the two parallel RC elements are shown
with the bulk response at higher frequency and the grain boundary response at lower
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frequency. Based on Equation 2.14 and 2.15, Z” spectra is dominated by components with

higher R values, normally the grain boundary; and M” spectra is dominated by components

with lower C values.

Z})

Co

M” -

[ wRpCh
b 1+(wRpCp)?

wRpCp ]
Cp 1+(a)Rbe)2

]+Rg,,[

Co
Cgb

WRgpCyp

[ WRgpCyp

1+(wRgbCgp

)2

— =
1+(wRgpCgp)

(2.14)

(2.15)

The R and C values of each component can also be determined from the maximum of the

Debye peaks in Z” and M” spectroscopic plot as R = 2Z”nax and C = M”ax/ 2. In the real

capacitance C’ spectroscopic plot, two typical capacitance plateaux are shown in Figure 2.7

(c). Similar to complex impedance Z* plot and Z”/M” spectroscopic plot, the bulk

component is present at higher frequency and the grain boundary component is shown at

lower frequency. Different regions of the sample can be assigned from the magnitude of

each capacitance plateau.
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Figure 2.7 (a) complex impedance plane Z* plot (b) combined Z” and M” spectroscopic
plot (c) real capacitance C’ spectroscopic plot of stimulated IS data for Brick Layer Model.

2.12.4 Arrhenius Equation

The Arrhenius equation, Equation 2.16, is used to determine the activation energy of

conductivity, Ea, of the sample. Ea is calculated from the slope of the Arrhenius plot, i.e.

log op vs. 1000/T (K).

6= ggexp (=2) (2.16)
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where o is the conductivity of the sample, i.e. 6 = 1/ R; o is a pre-exponential factor, K is

the Boltzmann constant and T is the temperature.

In this work, AC impedance spectroscopy measurements were carried out by using two sets
of equipment. For low temperature IS measurements (10 — 320 K), an Agilent E4980A
LCR meter with an operating frequency range of 20 Hz to 2 MHz was used. For high
temperature IS measurements (25 — 500 <€), an HP4192A impedance analyser with an
operating frequency range of 5 Hz — 10 MHz was used. The geometric factor of the sample
was measured. Gold-sputtered or organo-gold paste was used as electrodes covering the
parallel faces of the pellet. Two insulating blocks were attached to each parallel face of the
ceramics, sandwiched between each of them were two platinum stripes which were used to
connect the sample and the conductivity jig. High temperature IS measurements were

taken by controlled temperature steps within =3<C and the laboratory setup is shown in

Figure 2.8.
Thermocouple

Sealed glass container /
+— Platinum electrode
_ _ ] | ||~ Platinum / Gold strip

Insulation blocks in compressionto  __[{,— 4

contact between a pellet and electrode “H%

\

Pellet

Figure 2.8 Schematic diagram of high temperature IS equipment setup, where pellet
connected with platinum electrodes in a compression jig.
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3 A Study of Tetravalent Cation Doping in “ldeal” Sillenites: Bi;,M*" Oy,

where M = Si.

3.1 Introduction

Sillenites have a pseudo body-centred cubic unit cell and the average structure belongs to the
non-centrosymmetric space group 123 (no. 197). Their unit cell contains two formula units
with tetrahedrally coordinated M atoms located in the centre and four vertices of the cubic
structure, i.e. (2a) site. These tetrahedra corner-share with two, distorted Bi-octahedral,
BiOsLP units that form dimers (LP is denoted as the Bi** stereochemically 6s® electron lone
pairs). Altogether they form a complex three-dimensional framework structure, Figure 3.1/,
The ideal sillenite has a general formula Bi;,M** 0 with a M** cation of ionic radius, r =
0.31 A forming geometrically regular MO(3)4 tetrahedra® and a fully occupied oxygen
sublattice (i.e. 20). The closest known examples are Bi;;MO with M = Si** (r = 0.26 A),
Ge* (r = 0.39 A) and Ti** (r = 0.42 A)B! with the most “perfect” crystal lattice being
Bi,,GeOy based on structural refinement of neutron diffractiont”! and Raman spectroscopy

datal®.

B o

Figure 3.1 The structure of an ideal Bi;,M** Oy sillenite viewed along the (001) plane,
where yellow, blue and red spheres represent Bi**, M** and O ions, respectively; black lines
indicate the body-centred cubic unit cell of the structure.
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Among the ~ 60 known sillenite members, ideal sillenites are scarce. The majority of
sillenites have a more disordered structure, where the MO, tetrahedra and basic framework
polyhedra, BiOsLP, are highly distorted. Classification of sillenites in the literature ™ has
been based on ion size, valence and electronic structure of the M cations and on the oxygen
sublattice. For instance, Radaev et al. ™ classified sillenites into three groups depending on

the M-dopants as: ideal stoichiometric sillenites, e.g. BiioGeOy; defect sillenites, e.g.

Bi1,TiogO19s and sillenites with “composite” M cations, e.g. Biia(Fe**0.35P° 0.5010.06)O20,

Bi1o(Bi* 05Ga® 05) 015 and Bir(Bi**0.0sV> 089 l008)O2027. Subsequently, based on the

concentration of the sillenite oxygen sublattice, Valant and Suvorov developed a model (the

VS model) ! that divided sillenites into: (1) stoichiometric, where the oxygen sublattice is

fully occupied (=20) by oxygen ions or/and lone electron pairs of Bi** ions located on the

M-site, e.g. Bi12SiOy, Biia(BigsFeos)O195LPos; and (2) non-stoichiometric, where an oxygen

deficiency (< 20) or an oxygen excess (> 20) sublattice named as sub-stoichiometric or

super-stoichiometric  sillenites, e.g. Bi1zB*Ows © and Biw(Bi* 008V 080)02027 M,

respectively.

Neither classification is wrong, as every sillenite exhibits its unique character and there is
no general model to fit the structural-composition-property relationships of all sillenites.
Recently, Avdeev et al. [") listed existing M-dopants for all reported families of sillenites.
Table 3.1 is a modified version of their work [ and new formulae from this work are included.
Here, we characterise sillenites into three groups:

(i)  Ideal sillenites, e.g. Bi;oM**Oy;

(i)  Sillenites obeying the VS formula [ with umbrella-like distorted tetrahedra, BiOsLP
and/or void tetrahedra, [1yOg, €.9. Bii2(Bige7ZN0.33)019.33LPo67, Bilz(M5+o_8Do_2)Ozo;
these sillenites are basically derived from the Radaev & coworkers (R) structural
model ©° ! and generalised as the VS formula [*;

(i) “Composite” M-cation sillenites, with either 2 or 3 M-site dopants; compounds in this
group have a variety of possible formulae to form stoichiometric or nonstoichiometric
sillenites that obey or disobey the VS formula ¥, e.g. Bi,(Mg®*0.33P> 067)020 "} and

Bi12(Ge*0.06Bi> 0.02A 0,02) 020 M.
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Non-stoichiometric

(i)

Figure 3.2 Interrelationship of three sillenites groups, where orange- and blue-coloured
circles represent stoichiometric and non-stoichiometric sillenites by Valant & Suvorov!®,

respectively.

Table 3.1 Classification of existing sillenites.

Type General Formula VS Formula: Bio(Bi** y5.nM™ 5) O 19 24nsl”) Dopants!”!
(i) Parent  y-Bi,0s n=0,x=0: Bi1o(Bi** 0.5 102)O102LPosg -
(i) Ideal BisM**,049 n=4,x=1/5 BipM*"0y M = Si, Ge, Ti
(ii) BisM**Og n=3,x=1/10: Bi(BigsM*15)O015LPos M =Al, Ga, T, Fe
(ii) BizzM?* Osg n=2,x=1/15" Bi(Bios;M**033)O1033LPosz M =Zn, Co
(ii) BiM**,04 n=5x=4/5  Bip(M** 55 02)0% M =P, As, V, Cr,
Bi1o(M*)Oz05 Mn
(iii) BiA*B* 0y Biy(A¥05B%05)0z0 A% =B, Al, Ga, In,
Fe, Co
B> =P, V,As
(iii) BizssA*'B>,060 Bi1o(A” 113B% 23) Oz A*" =Zn, Mg, Mn,
Co
B>*=P,V A
(iii) BizsA®*,B% O Bi1o(A% 23B% 113) Oz A’ =Ga, Fe
B® = Mo, W
(i) (%) BizsA®* ;B Osg Bi1o(A*06:B**0.33)O19.33 A* =B
B? = Zn
(iir) (*) BinA*B* Os Bi1o(A*05B*05)O1055 A =B
B* = Al, Fe

Three groups of sillenites: (i) ideal sillenite (ii) sillenites obeying the VS general formula®® with
BiOsLP and/or 1O, distorted tetrahedra (iii) “composite” sillenites with 2 or more M-dopants.
Notation (*) indicates new sillenite phases found in this work.

Type (i) and (ii) compounds are the most well investigated sillenites, however, there has been

little research performed on type (iii) sillenites. Exploration of new sillenite phases in the

future should focus on type (iii), where variable formulae might be attained by
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“mix-and-match” of two or more M-dopants, such as a combination of two M-dopants with
valence states of 3+/2+, 3+/3+ and 3+/5+. Possible M-dopants could predominantly be from
the d- , p- and s-blocks. Some compounds from type (iii) were reported as more distorted
sillenites by lowing the symmetry from space group 123 to P23, such as Bi24[Bi3+o,215(3)(V4+,
V*)0.205Si* 0.58]2(039.972) Jo0s) ™. The interrelationship of these three groups of sillenites is

shown in Figure 3.2, which is a graphical representation of Table 3.1.

Single-crystals of ideal sillenites Bi;2SiOy, Bii12GeOy and Bi, TiO2o have been used in the
fields of electro-optics, acoustics, piezotechnics and ultrasonic devices for their properties
such as photoconductivity, photorefractivity, elastic and piezoelectric constants.***¢! Lately,
sillenites have been reported as suitable microwave dielectric materials in LTCC
technology.*" 8!

In this chapter, the stoichiometric sillenite Bi1,SiOy is studied. Other compounds with
tetravalent M-dopants, where M = Ti*" and Ge** were prepared (i.e. Biy,TiOx0, Bi12Tig.95019s,
Bi12Tio 90198, Bi12TigsO196 and Bi;nGeOyp), but single-phase samples could not be formed by
the solid state reaction method, as shown by XRPD results in Appendix |. However,
single-phase stoichiometric sillenites Bi;,MOxg, where M = Si**, Ti*" and Ge** prepared from
the growth of single-crystal methods are frequently reported based on their outstanding
electro-optics properties. In the case of Ti**-doped sillenite, the exact stoichiometry is
debatable. Radaev et al. % reported phase-pure Bii,TiosO195 Single-crystals that belong to
“defect” sillenites, with 10 % cation vacancies on the tetrahedral sites. Recently, Singla et
al.? studied the Ti*" substituted Bi,Os solid system using a solid state reaction route:
(1-x)Bi,03(x)TiO, where x = 0.05, 0.10, 0.15 and 0.2, which is equivalent to four different
Ti-sillenites: Biya(Biz3Tiy3)O019.67, Bir2Tizz019.33, BiiaTi106020.12 and BiioTip 5021, respectively.
Opposed to Radaev et al.**, they reported a Ti-rich compound Biy,Ti1 06020.12 (X = 0.15) to be
phase pure by XRPD using the solid state reaction route.

As an ideal sillenite, the preparation, microstructure and dielectric properties of Bi;»,SiO
are presented and discussed. X-ray Powder Diffraction (XRPD), Differential Scanning

Calorimetry (DSC), Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
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Spectroscopy (EDS) measurements were performed to investigate the structural and
compositional properties of the ceramic. Microwave dielectric properties were established
using Microwave (MW) dielectric resonance measurements and compared with that reported
by Valant and Suvorov ™. Impedance Spectroscopy (IS) was used to characterise the
electrical properties of Bi;2SiO ceramics. Modelling of IS data was completed by using
equivalent circuit analysis. The strategy of choosing the correct equivalent circuit involved
combined analysis of the four IS complex formalisms: impedance, electric modulus,
admittance and permittivity by consideration of the frequency- and temperature- dependence
of the data.

Other techniques such as Raman Spectroscopy (RS) and Dilatometry (DIL)
measurements were undertaken to evaluate the structural and thermal expansion
characteristics as a function of Temperature, respectively. In the end, Nuclear Magnetic
Resonance (NMR) spectroscopy was performed and verified the existence of geometrically
regular SiO, tetrahedra in Bi12SiOz by measuring isotope °Si one pulse spectra under a
magnetic field of 7.05 T (5 kHz MAS). In addition, the MW dielectric properties and Raman
spectra of this material are used as a “benchmark” to be compared with other structurally

more distorted/complex sillenites reported in Chapters 4, 5 and 6.
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3.2 Results

3.2.1 Initial Investigation of Bi;,SiO,, Ceramic

Bi12SiO2 obeys the VS formula, i.e. Bizo(Bi® 4/5.0¢M™ 5x)O10.26mt, Where M™ = Si** and x =
1/5. A stoichiometric powder batch was mixed by mortar and pestle and heated in a muffle
furnace at 840 <C for 48 hours with intermediate grinding. XRPD results showed composition
Bi1,SiOy to be single-phase with all reflections indexed using space group 123 B! and a
refined lattice parameter of a = 10.10345(7) A, Figure 3.3. Green pellets were pressed and
sintered at 870, 880 and 890 <TC in air to find the optimised sintering temperature. A relative
pellet density maximum of 90% was obtained for sintering at 880 <C. The highest density

pellets were used for electrical property characterisation.

(310)
100

0
o
T

(321)

[=2d
o
T

Relative Intensity (%)
s
o

N
o

20 I 30 I 40 . 50 I 60
2 Theta (degrees)
Figure 3.3 XRPD results of single-phase sillenite Bi;»SiOy after sintering at 850 T for 48

hours indexed with ICDD card [80-627] after Horowitz et al. '°!,

To investigate the thermal stability of Bi;,SiO,y, DSC was performed from ~400-1123 K for
three heating and cooling cycles. The enthalpy changes between the sample and reference
during heating and cooling from the second heating/cooling cycle are shown in Figure 3.4.
Two pairs of reversible peaks with endothermic processes during heating and corresponding
exothermic processes during cooling were observed at ~920 and 1103 K, respectively, which

211 phase transition sequence occurring in

63

indicates a plausible reversibley -  — 6 — p— vy



Yu Hu, PhD. Thesis, Chap 3. Tetravalent cation doping in “ideal” sillenites

this sample. XRPD data confirmed the sample retained the same (y) sillenite phase on

post-DSC measurements, suggesting Bi;2SiOy is a thermally-stable compound.
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Figure 3.4 DSC trace of Bi;,SiOy powder.

To investigate the purity and composition of Bi;,SiOy ceramics on a micrometer (um) scale,
EDS combined with Scanning Electron Microscopy (SEM) was performed on a pellet sintered
at 860 <C with a relative density of 85%. The pellet was polished and thermally etched at
774 <T (i.e. ~ 90% of the sintering temperature) for 30 minutes, then carbon-coated on the
sample surface to prevent surface charging from the electron beam. The microstructure of a
Bi12SiO4 pellet from the SEM image, Figure 3.5, showed the grain size varied from ~ 3 to 15
pm indicating grain growth was occurring. The grain morphology was uniform and
well-packed with some open porosity located along the grain boundaries.

Composition measurements were carried out by EDS on ten randomly selected points on
a carbon-coated Bi;2SiO,g pellet. An EDS spectrum is shown in Figure 3.6. The measured
percentage of atomic ratio between Bi and Si are listed in Table 3.2. The EDS derived
composition, Biiz17)Slo.99O20.01(3) IS IN agreement with the nominal starting composition,

BilzsiOZO.
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Figure 3.5 SEM imae of Bi1,SiOy ceramic.
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Figure 3.6 EDS spectrum of Bi;»SiOx.

Table 3.2 Atomic ratios of Bi and Si obtained via EDS of Bi1,SiOx. It is noteworthy that
oxygen contents are calculated from Bi and Si contents.

Bi1,SiO4 Bi (atomic %) Si (atomic %)

No.1 92.52 7.48

No.2 91.49 8.51

No.3 93.12 6.88

No.4 92.03 7.97

No.5 93.00 7.00

No.6 92.61 7.39

No.7 92.59 7.41

No.8 92.16 7.84

No.9 92.23 7.77

No.10 91.76 8.24

EDS Averaged Values 92.4(5) 7.6(5)
Theoretical Values 92.31 7.69

EDS Derived Com pOSition Bi12.01(7)8io.99(7)020.01(3)
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The microwave dielectric properties of Bi;,SiOy ceramics were first reported by Valant and
Suvorovt and it was suggested as a suitable candidate for LTCC applications. Our measured
dielectric properties on a 90% dense Bi1,SiO; ceramic (i.e. & ~ 36; Q.f ~ 7037 GHz at a
resonant frequency of 6.83 GHz; 1t ~ -30 ppm/K) were in good agreement with the reported
data (i.e. & ~ 37.6; Q.f ~ 8100 GHz; 1 ~ -20 ppm/K) " on a 97% dense Bi;»SiO4 ceramic.
Both the measured and reported &, is close to that calculated from the Clausius-Mossotti
equation (g cm ~ 41). The Clausius-Mossotti equation seems to be a good estimate of &
values for this silicate sillenite indicating only electronic and ionic polarisability phenomena

are contributing to ¢ in this phase.

3.2.2 Frequency- and Temperature- dependent Electrical Properties and

Impedance Analysis

The variation of capacitance (hence, &) and dielectric loss (tan &) with temperature were
obtained from fixed frequency measurements at 1, 10, 100 k and 1 MHz over the range 10 —
800 K for Bi12SiO, ceramic (pellet relative density ~ 90%). Prior to measurements, the two
parallel surfaces of the pellet were polished to remove any surface layers and then sputtered
with Au electrodes. A frequency dispersive region of & and tan 6 was observed above room
temperature, Figure 3.7 (a) and (b). The dispersion region of ¢, and tan & was frequency- and
temperature-dependent, with the peak maximum shifting to higher temperature with
increasing frequency. The relaxation peaks are broad and asymmetric. In the permittivity plot,
the magnitude of the peak height decreases with increasing frequency, which is similar to
typical relaxor characteristics.’? However, Bi,SiOy is non-ferroelectric with dipolar
glass-like relaxor behaviour. In the g plot, the 1, 10 and 100 kHz data exhibit a peak with an
& maximum of ~ 335, 136 and 66 at ~ 597, 661 and 739 K, respectively. The corresponding
capacitance maximum of the 1, 10 and 100 kHz data is 2.97>10™", 1.20<10™ and 5.84=10*

F.cm™, respectively. The data at 1 MHz do not show the presence of a peak maxima within the
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measured temperature range but it exhibits an increase in g, from ~ 37 at 200 K to ~ 45 at 800
K, corresponding to an increase in capacitance values to ~ 3.28x10™ and ~ 3.98<10* F.cm™,
respectively. In the tan & plot, the 1, 10 and 100 kHz data exhibit corresponding peaks with

maximum values of ~3.4, 3.6, and 4.1 at ~ 543, 619 and 746 K, respectively.
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Figure 3.7 Temperature dependence of (a) permittivity, &, and (b) dielectric loss, tan 3, of
Bi1,SiO5. Insets are an expanded view of lower temperature data between 10 and 400 K.

The relaxation behaviour associated with a dispersion region of ¢, and tan 6 peak maxima
above RT is not unique to the stoichiometric sillenite Bi;2SiOy, but is a common phenomenon
in all sillenites and some Bi,O3 containing compounds, such as fluorite 8-Bi,O3 as reported by
Valant et al.'”®!. Its origin in fluorite §-Bi,O3 solid solutions was attributed to a high level of
ion disorder in the cation and oxygen sublattice !. This dielectric relaxation behaviour was

usually enhanced at lower frequencies. In addition, superimposed on this relaxation behaviour,
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there was a frequency- and temperature-dependent increase of ¢, and tan 6 (e.g. in the g, plot, a
rising tail began to show at 1 kHz within the measured temperature range), which was due to
a space-charge polarization that originates from the increasing concentration of mobile charge
carriers with increasing temperature.!?3%!

For sillenites (y-Bi,Os), however, Valant and Suvorov®”! mentioned the dielectric
properties were different from the above case and showed “relaxor ferroelectric” behaviour
below room temperature for the stoichiometric compound Bii2(BosPos)O20, Where Si is
replaced by 50% B*" and 50% P°* on the M-site. Their statement is at odds with our
experimental results. We found sillenites also exhibit the same relaxation behaviour above
room temperature similar to fluorite 8-Bi,O3 compounds. The aforementioned “relaxor-like”
dielectric anomaly in Bii2(BosPos)O2 below room temperature was a different intrinsic

phenomenon occurring in many other B-doped and P-doped sillenites, which will be

discussed in detail in Chapters 5 and 6, respectively.

To further understand the origin of the dielectric relaxation behaviour of Bi2SiOy above
room temperature, Impedance Spectroscopy (IS) was performed on a gold-sputtered coated

Bi12SiOy pellet (relative pellet density ~90%) from low (10 K) to high temperature (798 K).

3.2.2.1 High Temperature IS data (573 — 798 K)

The sample was resistive at room temperature and required temperatures above 573 K to
obtain a bulk (grain) response. Z* plots for Bi;,SiOy at 573, 623, 673, 723 and 773 K are
shown in Figure 3.8 (a)-(f).
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Figure 3.8 Z* plots for Bi1,SiO, ceramics at (a) 573, (b) 623, (c) 673, (d) 723 and (e) 773 K.

At 573 K, Figure 3.8 (a), two semicircles were observed. However, the lower frequency
semicircular arc was not fully resolved.

At 623 K, Figure 3.8 (b), there were two semicircular arcs: one at high frequency and
another at low frequency with estimated associated capacitance values, C’, of 4.1 pF cm™ (g,
~ 46) and 21.7 pF cm™ (g, ~ 245), respectively, based on a model of 2 parallel RC elements
connected in series (see Circuit A in Figure 3.11). With increasing temperature, the low
frequency semicircular arc gradually shifted to higher frequency and started to merge with the
high frequency semicircular arc.

At 673 K, Figure 3.8 (c), two semicircular arcs at high and low frequency can still be
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resolved.

At 723 and 773 K, Figure 3.8 (d) and (f), only the high frequency semicircular arc can be
observed. This arc is asymmetric and broad indicating the existence of the second component
at lower frequency. This can be observed more prominently in Spectroscopic plots of C’ at
various temperatures between 10 and 773 K, Figure 3.9, where two capacitance plateaux
appeared in the measured temperature range: one at high frequency and one at low frequency.
The high frequency C’ plateau is frequency-independent and exists over almost the entire
measured temperature range with C’high ~ 3.6 pF.cm™ (€’high ~ 41), whereas the low frequency
C’ plateau is frequency-dependent and present above 573 K with the capacitance plateau
decreasing by ~ two orders of magnitude with increasing temperature: C’ow ~ 24 pF.cm™
(&low ~ 272) at 623 K to C’jow ~ 11 pF.cm™ (&’ 10w ~ 126) at 773 K at 1 kHz.

The frequency-independent high frequency C’ plateau corresponds to the large, high
frequency semicircular arc observed in the Z* plots, Figure 3.8 (a), (b) and (c), and the high
frequency Debye peak in the combined —Z”/M” spectroscopic plots, Figure 3.10 (a) and (b),
which is attributed to the bulk response of the sample with C’~ 3.6 <102 F.cm™ (¢’ ~ 41).
The frequency-dependent low frequency C’ plateau corresponds to the smaller, low frequency
semicircular arc in the Z* plots, Figure 3.8 (a), (b) and (c), and the low frequency peak in the
—Z” spectra, Figure 3.10 (a) and (b), which is attributed to the intrinsic bulk relaxation of the
sample. Evidence of the assignments will be provided from equivalent circuit fitting analysis,

as outlined later in this chapter.
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Figure 3.9 C’ spectroscopic plots at various temperatures for Bi12SiOg ceramic.
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3.2.3 Equivalent Circuit Analysis for High Temperature IS Data
(573 =798 K)

In general, for many electro-ceramic materials, IS data are analysed based on the brick layer
model, which distinguishes different microstructural regions by the assumption that
uniformly-sized thick grain cubes (i.e. low C’y ~ pF cm™) are separated by thin grain
boundaries (i.e. high C’q, ~ nF cm™). 1deally each electrically distinct region gives rise to a
semicircular arc in the Z* plot, which is modelled by a parallel RC element. The overall
circuit is made up of many parallel RC elements connected in series. The assignment of each
semicircular arc is based on the magnitude of the capacitance as each arc corresponds to an
individual region with a different thickness. Each region has a characteristic relaxation time, t,
= RC (see Chapter 2 for more details). *®!

Five equivalent circuits (A, B, C, D and E), Figure 3.11, were used to model the IS

electrical response of Bi1,SiO, ceramics by using ZView software.
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Figure 3.11 Equivalent circuits A, B, C, D and E to model high temperature IS data for
Bi1,Si0, ceramic. Circuit D is the correct circuit (see Section 3.2.3.4 for details)
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Two sets of equivalent circuits (Set 1: Circuit A and B; Set 2: Circuit C and D) have the
same overall electrical response for all four plots: impedance, admittance, electric modulus
and permittivity. All four equivalent circuits A-D can give rise to two semicircular arcs in the
complex impedance plot, Figure 3.8 (a)-(c), and two capacitance plateaux in the capacitance
versus frequency plot, Figure 3.9. Therefore, pure mathematical circuit fitting of the electrical
response cannot distinguish between the two circuits in each set; although the intercept values
of Ry, Cy1, Rx and Cy obtained from Circuit A and B are very different (see Appendix Il for the
derivation of relevant equations).

The solution to choose the correct equivalent circuit relies on the basis that all extracted
parameters have some physical significance. Among them, Circuit A generally represents an
equivalent circuit for a semiconducting bulk ceramic (R;C;) with the resistive grain boundary
component (RCy). Circuit B represents an equivalent circuit for a “leaky dielectric” materiall,
where the series combination of RyCy indicates the relaxation process associated with
short-range ordering of dipoles in the electrical field; R; indicates the long-range dc
conduction and C; indicates the crystal lattice polarisation (i.e. the bulk capacitance). Circuit
C and D are modified versions with the inclusion of Constant-Phase Element (CPE) in Circuit

Aand B, respectively.

3.2.3.1 CircuitA

R1 Rx

| C1 | Cx
Circuit A

Assume that Circuit A is the correct equivalent circuit, with two series-connected parallel
RC elements: R;C; and RyCx representing the bulk and grain boundary components,
respectively. The values of Ry, Cy, Rx and Cx were firstly estimated by hand-fitting of the data
using ZView software. The values of R; and C; can be extracted from the high frequency
semicircular arc in the Z* plot, as an example see the IS data at 673 K in Figure 3.12. R; was

determined from the intercept of the arc on the Z’ axis whereas C; was calculated using the
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relation ‘wR;C; =1, where o = 2nfna * at the Z” peak maximum of the semicircle. Ry can be
subtracted from the total resistance (i.e. Ry = Rt-R;). Cx was then obtained by the same
relation ‘®RxCx =1, where o = 2ntfnax * at the Z” peak maximum of the low frequency arc. The
final estimated hand-fitting values were R; = 3.07x10° Q.cm, C; = 4.11x10"* Fcm™®, Ry =
1.23x10° Q.cm and C, = 1.3x10™ F.cm™. However, the C, plateau in C’ spectroscopic plot
was 1.01x10™ F.cm™, which differs from the hand-fitting C, values by almost one order of
magnitude. In addition, the rapid decrease in magnitude of the Cy plateaux with increasing
temperature, Figure 3.9, made the assignment of the low frequency component to be
problematic. The interpretation of the low frequency element as a grain boundary response
with a temperature-dependent capacitance seems to be physically unreasonable. Therefore,
Circuit A was not correct as it cannot explain the physical significance for the low frequency

component in the Z* plots.

0 100 200 300 400 500
Z' (kQ.cm)

Figure 3.12 Z* plot of Bi;2SiO5 at 673 K.
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3.2.3.2 CircuitB

Circuit B

Circuit B is a typical equivalent circuit to model dielectric relaxation behaviour in
materials. The series combination of R, and Cy is known as a Cole-Cole branch which is used
to describe interactions e.g. dipole-dipole, or lattice relaxations in the structure.”® R,
represents the long-range dc conduction and C; represents the bulk capacitance.

Circuit fitting using Circuit B is shown in Figure 3.13. Circuit B almost gave a good fit to
the higher frequency semicircular arc in the Z* plots, but over-estimated the lower frequency
semicircular arc, Figure 3.13 (a). The poorly fitted lower frequency semicircular arc in the Z*
plot also exhibited poorly fitted results in other spectroscopic plots, such as in Figure 3.13 (b)
C’, (c) Y’, (d) tan 6, and (e) combined -Z” and M”. This indicates a distributed impedance
component — “constant-phase element” (CPE) should be included to Circuit B to model this
frequency-dependent region, or alternatively the non-ideal Debye response with a distribution

of relaxation times. The impedance of a CPE (Z*cpe) is, Equation 3.11%%;
Z*cpe = [A(jo)"T™" = [Aw"(cos(nm/2)+jsin(nn/2)]™ (3.1)

where A and n are constants and are frequency independent. A CPE describes the non-ideal

relaxation behaviour of an ideal (pure) capacitor for n = 1 and an ideal resistor for n = 0.
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Figure 3.13 (a) Impedance Z* plot and spectroscopic plots of (b) C’, (¢) Y’, (d) tan ¢ and (e)

-7 and M” of Bi;,Si0, measured at 673 K (open symbols) and the best-fit results (cross
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symbols) for Circuit B.

3.2.3.3 Circuit C

R1 Rx
—— N
c1 Cx
— — —
CPE1
_} >_
CircuitC

Circuit C is a modified version of Circuit A with the inclusion of the ‘constant-phase element’
(CPE) in this circuit. Both circuits C and D gave good fits to the Z* plot and -Z”/M”
spectroscopic plot over the fitted frequency range from 100 to 10° Hz, e.g. at 673K, Figure
3.14 (a) and (e). However, circuit C is inadequate to fit the low-frequency plateau of the C’
spectroscopic plot and the corresponding high-frequency plateau of the Y’ spectroscopic plot,
Figure 3.14 (b) and (c). The fitting parameters of using circuit C at 673 K were: R; = 1.8x10’
Q.cm, C; = 3.8 pF.cm™?, Ry = 4.9x10° Q.cm, C, = 3.9x10™ F.em™and CPE1 n = 0.35 and A =
4.1x10 S.s". The assignment of each semicircular arc in circuit C is based on the magnitude
of fitted capacitances C; and Cy. Therefore, C; and Cy correspond to the capacitance of the
bulk and grain boundary regions, respectively and R; and Ry, the bulk and grain boundary
resistance, respectively. Inclusion of the CPEL in parallel with R1C; allows accurate fitting to
describe a frequency-dependent bulk response of the sample. However, the poor fitting of the
low-frequency plateau in the C’ spectroscopic plot, Figure 3.14 (b), indicates circuit C is not
adequate to describe this highly frequency-dependent ‘grain boundary’ behaviour. A second
CPE component in parallel with R,Cx might be the solution to improve the fitting. This could
lead to indistinguishable fits between circuit C and D, although the fitting values of Ry, Cy, Ry
and Cy are different. The only possible method to distinguish between circuit C and D relies
on the basis that all parameters have a physical meaning. Circuit C is a modified version of
circuit A, which generally represents an equivalent circuit for a semiconducting bulk ceramic
(R1C1) with a resistive grain boundary (RxCy). Circuit D is modified from circuit B, which

describes the behaviour of ‘leaky dielectrics’ with the parallel combination of R; and C;
77



Yu Hu, PhD. Thesis, Chap 3. Tetravalent cation doping in “ideal” sillenites

representing the long-range dc conduction of the bulk component, and the series combination
of Rx and Cx (or CPE and Cy) representing the short-range reorientation of dipoles in an
electric field. CPE is used here as a substitute for Ry to model the non-ideal
frequency-dependent dielectric relaxation behaviour, which is a consequence of as the local
polarisation fluctuations in the framework of the sillenite structure. (See evidence in section
3.2.4, Raman spectroscopy results). Therefore, circuit C is not the best equivalent circuit to

describe the electrical response of Bi1,SiOy ceramic.
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Figure 3.14 (a) Impedance Z* plot and spectroscopic plots of (b) C’, (¢) Y’, (d) tan 6 and (e)
—Z” and M” of Bi12Si0, measured at 673 K (open symbols) and the best-fit results (cross
symbols) for Circuit D.

3.2.3.4 Circuit D

Circuit D

Circuit D is a modified version of Circuit B with the replacement of Ry with a Zcpe in series
with Cy, as the fitted Ry is too large to measure and eliminated from this circuit. Circuit D
gave the best fit with reasonable physical significance to all the data over the fitted frequency
range from 100 to 10° Hz, e.g. at 673 K, Figure 3.15. The final fitting values at 673 K were R;
= 4.3x10° Q.cm, C; = 3.6 pF.cm™, C, = 1.5x10™ F.em™ and CPE1 n = 0.15 and A = 1.6x10”
S.s". The fitted parameters showed reasonable values: R; was the total resistance of the
sample, indicating both the high frequency and low frequency semicircles contribute to the
bulk component of the sample as assigned by a parallel R;C; element. C; has a value of
pico-farads, which is a typical bulk capacitance (e ~ 40). In the series combination of CPE and

Cx, a CPE with n = 0.15 (in between of 0 and 1) indicates a frequency-dependent capacitor
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and a mostly-influenced resistor, therefore it substitutes the Ry response in Circuit B. The final

fitting values of R, Cy, Cx and CPE (A and n) by using Circuit D are listed in Table 3.3.
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Figure 3.15 (a) Impedance Z* plot and spectroscopic plots of (b) C’, (¢) Y’, (d) tan & and (e)
—Z” and M” of Bi1,Si0, measured at 673 K (open symbols) and the best-fit results (cross
symbols) for Circuit D.

3.2.3.5 Circuit E

1

—_—— NS
C1
— —
CPE1
L

CircuitE

Circuit E is a common equivalent circuit to model the non-ideal Debye response of the bulk
component. It is mentioned here as the impedance data of the sample showed only bulk-type
electrical behaviour. However, it cannot be used to model the dielectric relaxation behaviour
of this sample, as it displayed two capacitance plateaux in C’ spectroscopic plots whereas

Circuit E gives rise to a single plateaux in such plots.
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3.2.3.6 Summary of Equivalent Circuit Analysis

Five equivalent circuits, Figure 3.11, were analysed and used to model the IS data of
Bi1,Si0, ceramics. Circuit D gave the best fit and showed reasonable physical significance of
all parameters.

Both of the semicircles in the Z* plots are related to the bulk response of the sample. The
appearance of the lower frequency arc overlapping with the higher frequency arc can be
explained on the basis of two mean time constants initially greater than two orders of
magnitude apart at 573-723 K to give well-resolved arcs and then within two orders of
magnitude above 773 K to show a single, distorted arc. The direct evidence of the relaxation
behaviour was observed from the real capacitance spectroscopic plot by the appearance of two

capacitance plateaux. It was also shown in a slightly broadened M” Debye peak with its

2+V3.
v )

FWHM of 1.29 decades, which exceeds the theoretical value of 1.14 decades (i.e. log(

To describe the frequency-dependent non-ideal IS reponse, a CPE component must be
included in the equivalent circuit. A series combination of the capacitance Cx and CPE are
used to model dielectric relaxation behaviour, which is assigned as the local polarisation
fluctuations in the framework of the sillenite structure. (See evidence in section 3.2.4, Raman
spectroscopy results). Generally the appearance of a dielectric dispersion below the optical
phonon frequency range (i.e. terahertz (THz)) is a signature of some disorder in the dielectric
material (with the exception of piezoelectric resonances in piezoelectric materials).% IS data
revealed the ideal stoichiometric sillenite Bi;,SiO, with geometrically regular tetrahedra
MO(3), to, surprisingly, exbihit dielectric relaxation behaviour, which is more usually found
in disordered solids such as dipolar glasses" and relaxor ferroelectrics’??. The sillenite
framework is well-known to consist of highly distorted Bi** octahedra caused by the specific
electronic configuration of the Bi®* cation with its lone pair of electrons. The irregular
octahedron has one vertex missing and is occupied by the lone electron pairs of the Bi**
cation, and can lead to various random oriented electric dipole moments. Similar to dipolar

glasses, the long-range crytalline periodicity is still maintained, and only local environments

experience short-range structural distortion. This local disorder creates random local potential
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barriers with different potential heights which influences the charge storage and dielectric
losses. The assoicated activation energy of relaxation obeys the Arrhenius format only under
the assumption of having a uniform potential barrier height. However, in reality the activation
energy of relaxation should no longer be the same for all species. This results in a permittivity
and dielectric loss dispersion region compared with a single, ideal “Debye” type behaviour.!*]

The sample conductivity can be shown in the real admittiance spectroscopic plot, Y’

versus frequency, with the expression of Y°, Equation 3.21%%:

Y’ =R + Aw"(cosnn/2) (3.2)

where generally R indicates a frequency-independent dc conductivity at low frequency and a
frequency-dependent ac conductivity region which obey power law behaviour with n

signifying the gradient of the slope and A extracted from expression log[A cos(nn/2)] at log Y’

intercept at ® = 1 Hz, Figure 3.16 (a).*?
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Figure 3.16 Log Y’ spectroscopic plot (a) for a typical equivalent circuit of parallel R, C;
and CPE components and (b) log Y’ spectroscopic data for Bi;2SiOy between 573 and 773 K.

However, the Y’ spectroscopic plot in our case, Figure 3.16 (b), shows 3 distinct regions: (1) a
frequency-independent plateau attributed to the dc conductivity, R™, at low frequencies; (2) a

frequency-dependent power law behaviour at intermediate frequencies and (3) a unknown
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frequency-independent plateau at high frequency. Corresponding to the capacitance data from
the same data set, Figure 3.9; (1) a frequency- independent plateau at high frequency was
observed and attributed to the bulk capacitance of the sample, C;; (2) a frequency- dependent
plateau which rises towards lower frequency and assigned as the dielectric relaxation response,
Cx; (3) an unknown continued rise towards low frequency, which was reported due to
space-charge polarization by Valant and Suvorov 2. In the > spectroscopic plot, Figure 3.16
(b), at higher temperatures (e.g. 773 K) the dc plateau and power law behaviour dominate the
data, whereas at lower temperatures (e.g. 573 K) the unknown frequency-dependent plateau
dominates. The unknown Y’ plateau at high frequency indicates complex ac conductivity
behaviour occurs and is possibly associated with different activation energies in the dielectric
relaxation process. The origin, either a temperature-dependent gradual release of the freezing
dipolar moments or some other new relaxation behaviour is still unknown. Further work using

higher frequency measurements might be useful to investigate this anomaly.

An Arrhenius plot of the long-range dc (bulk) conductivity (o, r1) Of the Bi2SiO2g ceramic,
Figure 3.17, is extracted from the fitting values of Ry by using Circuit D and the associated

activation energy (E;) is 0.84(1) eV.

-4.5

Ea = 0.84(1) eV
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1000/T (K)

Figure 3.17 Arrhenius plot of bulk conductivity for Bi;2SiOy.
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Table 3.3 Fitting data of Equivalent Circuit D for Bi2SiOy from 573 to 773 K. Errors
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associated with the fitted circuit parameters Ry, Ci1, Cx, A and n are < #0.4%, < #0.3%,<
#1.5%,< #8% and < #2.5%, respectively.

Temperature (K) R.(Qem)  C;(Fem®) Ci(Fecm™) A (@Q*cm™rad?) n
573 5030700 3.54 <1012 6.32 <10 6.01 <107 0.12
501 3192800 3.54 <1012 4,73 <10 6.32 <107 0.13
610 1971700 3.53 x10™? 3.50 <10 7.05 %107 0.14
623 1388800 3.53 x10™? 3.11 x<10™ 7.91 %107 0.15
658 596350 3.52 <102 1.75 <101 9.80 %107 0.17
673 427730 3.51 <102 1.59 <10 1.11 <107 0.18
698 226740 3.51 <102 1.07 <10 1.40 <107 0.19
723 145860 3.51 <102 7.64 <1012 1.63 %10~ 0.20
743 101940 3.51 <102 5.54 <1072 1.84 <107 0.20
773 69007 3.48 <102 4.33 <102 1.60 <107 0.23

The temperature-dependence of the bulk capacitance C; and the lattice relaxation

capacitance Cy are shown in Figure 3.18 for a temperature range from 573 to 798 K. Cy is

more temperature-dependent than C;. The magnitude of C; is temperature-independent with

values ~ 3.5 pF.cm™ (g ~ 40-39) from 573-798 K, whereas the magnitude of C, decreases

rapidly with increasing temperature from 6.32x10™"* Fcm™ (g, ~ 714) at 573 K to 3.37 <10

Fem™ (e, ~ 38) at 798 K.

values.
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Figure 3.18 Temperature-dependence of the real capacitance C; (M) and Cy (e) from fitted

800
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3.2.4 Raman Spectroscopy (298 — 773 K)

Raman Spectroscopy (RS) of a Bi2SiOy pellet was performed from 298 to 773 K to
investigate any local structural variation with increasing temperature. Raman spectra of
Bi1,SiO, at 298 and 773 K were selected and shown in Figure 3.19 and the corresponding
Raman peak assignments based on the literature® 3% are listed in Table 3.4. The peak
intensity of the Raman spectra was normalized by the strongest peak of ~ 530 cm™ (line 15)
for the RT measurement. Two important features can be captured with increasing temperature:
(1) the Raman peak shape at ~ 530 cm™ (representing the breathing of framework O1 atoms)
became broader; and (2) the Raman peak height at ~ 88 cm™ (representing the elongating
vibrations of framework Bi-O3, Bi-O2 vibrations) became larger. The associated peak shape
and height, i.e. the Full Width Half maximum (FWHM) can be used to evaluate the degree of
ordering: samples with a higher degree of ordering generally exhibit narrower peak widths
and smaller values of FWHM. The FWHM of the ~530 cm™ peak at 298 and 773 K are 13.2
and 33.7 cm™, respectively, whereas the FWHM of the ~ 88 cm™ peak at RT and 773 K are
the same with a value of 7.5 cm™. The broadening and downshifting of the ~538 cm™ peak
with increasing temperature indicates the interatomic distances between Bi and O1 atoms are
getting larger and the framework of the structure is becoming highly disordered. This is
evidence to suggest the dielectric relaxation modelled by the IS equivalent circuit is due to

vibrations of a distorted sillenite framework.
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Figure 3.19 Raman Spectra from the same grain of a Bi;,SiOy pellet at 298 and 773 K. Peak
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intensities are normalized by the peak at ~ 530 cm™ for the RT measurement.

A
L-,

Figure 3.20 The correlated crystallographic sites in the sillenite structure.

Table 3.4 Raman peak assignments of stoichiometric sillenite Bi;2SiOx.

Line Raman Model®*! Type of Vibrationst®® 4

No.  Shift (cm™)

1 55 F Bi,02,03 and M vibration

2 63 E Bi,01,02 and O3vibrations elongating the cluster along
either [100] or [001]

3 88 E Bi,02 and O3 vibrations elongating the cluster

4 95 A Bi-O1 bonds vibration and ‘breathing’ of O2 atoms

5 129 E Bi and O2 vibrations elongating the cluster along either
[100] or [010]

6 144 A ‘breathing’ of Bi and O2 atoms

7 166 A ‘breathing’ of Bi and all O atoms

8 204 F Bi-O1 stretching & Bi-O2-Bi bending and weak Bi-O1
rocking

9 251 E Bi-O1 rocking and weak O2 vibrations elongating the
cluster along either [100] or [001]

10 276 A O2 ‘breathing’ and weak Bi-O1 rocking

11 328 A Bi-O1 rocking and weak O2 ‘breathing’

12 358 F 01-Bi-02 and 01-Bi-03 bending

13 460 E 02 vibration elongating the cluster along either [001] or
[010] and weak Bi-O1 and Bi-O3 rocking

14 488 F Bi-O1 stretching and deformation of MO4 tetrahedra

15 538 A ‘breathing’ of O1 atoms

16 621 E O3 vibrations elongating the cluster along either [010] or
[100] and weak Bi-O1 and Bi-O2 rocking

17 788 A Symmetric stretching of MO4 tetrahedra

18 829 FTO Anti-symmetric stretching of MO4 tetrahedra
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Figure 3.20 is a section of the sillenite structure to illustrate the correlated crystallographic
sites mentioned in Table 3.4. To briefly summarise the peak assignments reported in the
literature, lines 1, 3, 5, 6, 8, 10, 11 and 15 (i.e. Raman shifts = 55, 88, 129, 144, 204, 276, 328
and 538 cm™, respectively) were assigned as Bi-O(1), Bi-O(2) and Bi-O(3) framework
vibrations; whereas lines 17 and 18 (i.e. Raman shifts = 788 and 829 cm™, respectively) were
related to vibrations in the MO, tetrahedra. The Raman peak positions are inversely
proportional to the mass of the groups of bonded atoms; therefore, the vibrational modes of
framework Bi polyhedra, BiOsLP, dominate the Raman spectra at lower frequencies (below ~
600 cm™), whereas the vibration modes of the MO, tetrahedra occurred at higher frequencies
(above ~ 600 cm™).

The peak intensity of various Raman spectra peaks were normalized to the strongest peak
at RT, i.e. ~ 530 cm™ (line 15). However, the strongest peak gradually changes to the one at ~
88 cm™ (line 3) at 773 K. The intensity of the Raman peak indicates the strength of the
correlated vibrations. The intensity ratio of the peaks at ~88 and ~530 cm™ (i.e. Int. 88 cm™/
Int. 530 cm™) versus temperature measured from the same grain of the sample is an indicator
of the degree of local distortion associate with the framework O(1) atoms as a function of
temperature. This is the main contributor for the distorted Bi polyhedra, BiOsLP for the

framework of sillenites, Figure 3.21.

Int. 88 cm™/ Int. 530 cm™

n 1 n 1 i 1
300 400 500 600 700 800
Temperature (K)

Figure 3.21 The intensity ratio of Raman peak ~ 88 cm™ to peak ~ 530 cm™ versus
temperature from the same grain of Bi;2SiO5, ceramic.
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3.2.5 Dilatometry (DIL)

Dilatometry measurements were performed to monitor the change in sample volume over the
measured temperature range on the heating (373 to 883 K) and cooling (883 to 373 K) cycles.
There was an almost linear volume expansion with a rate of ~ 1.2(1) % with increasing
temperature, Figure 3.22, which is consistent with the linear trend extracted from intensity

ratio of Raman peak ~88 to 530 cm™, Figure 3.21.
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Figure 3.22 DIL trace of Bi12SiOy pellet from 373 to 883 K.

3.2.6 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was performed by Dr. John V. Hanna from University of Warwick to
provide detailed information about the tetrahedral environment of Bi,SiOx. Isotope 2°Si one
pulse spectra of Bi;,SiO, were carried out under a magnetic field of 7.05 T (5 kHz MAS).
One peak with a chemical environment of SiO, was detected, Figure 3.23 and Table 3.5,
which proves the appearance of geometrically regular MO, tetrahedra in Bi;,SiO. The NMR
spectra with a regular, undistorted MO, tetrahedron indirectly suggests that the dielectric

relaxation of IS data arises from the distortion in the framework of sillenite structure.

Table 3.5 Summary of NMR spectra of isotope 2°Si from Bi1,SiOx.

Peak Isotropic Shift (ppm) Width (ppm) Environment

1 -78.3 7.3 SiOy
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Figure 3.23 Simulated (red) and Experimental (black) NMR spectra of isotope 2°Si one pulse
spectra of Bi1,SiOy carried out at 7.05 T (5 kHz MAS).

3.3 Discussion

Investigation of the stoichiometric sillenite Bi12SiO,o showed it to exhibit similar microwave
dielectric properties as that reported by Valant and Suvorovt!”), which can be used as a
suitable material in LTCC applications. XRPD results, Figure 3.3, showed the synthesized
Bi1,Si0, ceramic to be single-phase with all reflections indexed in the space group 123. The
refined lattice parameter, a = 10.10345(7) A was very similar to the reported lattice parameter,
a = 10.109(1) A" DSC results, Figure 3.4, revealed two pairs of reversible peaks that
occurred at ~ 920 and 1103 K, respectively, which indicates a plausible reversible y — B — 6
— B— v phase transition occurring in this sample. XRPD data confirmed the sample
retained the same sillenite phase on post-DSC measurements.

The variation of & with temperature for Bi;»SiO ceramic (pellet relative density ~ 90%),

Figure 3.7 (a), revealed the same frequency dispersive region above room temperature as
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found in M*/M** sillenites (Chapter 4). Similar relaxation behaviour is not unique in
sillenites, but is a common behaviour that occurs in other disordered systems, such as fluorite
§-Bi, 03 solid solutions®!, dipolar glasses®®® and relaxor ferroelectrics®.

IS data revealed the same frequency-dispersive relaxation behaviour of the sample. Direct
evidence was obtained from the C’ spectroscopic plots by the appearance of two capacitance
plateaux: a frequency-independent high frequency plateau and a frequency-dependent low
frequency plateau, Figure 3.9. These two capacitance plateaux correspond to the two
overlapping semicircular arcs in the Z* plots and two peaks in the —Z” spectra from —Z”/M”
spectroscopic plots. The frequency-independent high frequency capacitance plateau, C’pign,
and the frequency-dependent low frequency capacitance plateau, C’j,, Were associated with
the bulk and the lattice relaxation responses of the sample, respectively. Both of the
semicircles in the Z* plots are related to the bulk response of the sample. The appearance of
the lower frequency arc overlapping with the higher frequency arc can be explained on the
basis of two mean time constants that are initially greater than two orders of magnitude apart
at 623-673 K to give well-resolved arcs and then within two orders of magnitude at/above
773 K to show a single, distorted arc.

Five equivalent circuits, Figure 3.11, were analysed and used to model the IS data of
Bi1,Si0, ceramics. Among them, Circuit D gave the best fit and showed reasonable physical
significance of all parameters. Circuit D is a modified version of a standard circuit (Circuit B)
for dielectric relaxation processes, where the series combination of Zcpe and Cy indicates
relaxation process(es) associated with short-range orientation of dipoles in the electrical field;
R; indicates the long-range dc conduction and C; indicates the bulk capacitance. The CPE in
the circuit is not only used as a fitting parameter, but also represented the
frequency-dispersive phenomenon by the parallel connection of a frequency-dependent
capacitor and resistor. Although the physical origin of the CPE is still uncertain, it seems that
it is correlated with the frequency-dependent reorientation of the short-range dipole moments
in this case.

Figure 3.18 shows the temperature dependence of extracted C; and Cx from the fitted

values in Table 3.3. The magnitude of C; is temperature-independent whereas that of Cy is
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strongly temperature-dependent. The peculiarity of the rapid decrease in magnitude of Cy
from 6.32x 10 Fem™ (e, ~ 714) at 573 K to 3.37x10" Fem™ (g, ~ 38) at 798 K, indicates a
decrease in the polarization from the polar nanodomains in the bulk relaxation. It is
noteworthy that the fitted values of Cy are underestimated at higher temperatures, e.g. the
fitted Cy (~ 3.37x10" Fem™) is even smaller than C; (~ 3.48<10"2 Fcm™) at 798 K. The
reason is due to the increasing influence of the capacitive nature and the decreasing influence
of the resistive nature of the CPE, where n increases from ~ 0.12-0.24 at 573-798 K. The
trend of Cy is different in other divalent/trivalent/pentavalent cation doped sillenites (Chapters
4, 5 and 6); a detailed study of Cx may provide information on the local structural distortions
in sillenites.

The origin of the relaxation behaviour is proved to arise from the distorted framework
structure by Raman Spectroscopy measurements. The Raman peak at ~ 530 cm™ designating
the framework vibration became broader with increasing temperature: the FWHM of the peak
was 13.2 and 33.7 cm™ at 298 and at 773 K, respectively, which indicates the sillenite
framework exhibits a higher degree of disordering and elongation of the Bi-O(1) bond. The
increasing of Bi-O1 bond length with temperatures might be due to the significant increasing
of Bi-O1(b) and Bi-O1(c) by a plausible expansion of the O(4) site in the void of the
framework as the cell expands on heating. However, the Raman peak at ~ 89 cm™ (associated
with the elongating vibrations of the framework Bi-O3, Bi-02 vibrations %) remains
unchanged with increasing temperature, indicating changes in the Bi-O3 and Bi-O2 bond
lengths are negligible. The intensity ratio of the two strongest peaks ~88 and ~530 cm™ at 298
and 773 K, respectively, (i.e. Int. 88 cm™/ Int. 530 cm™) versus temperature measured from
the same grain of the sample is an indicator of the degree of distortion of the local framework
associated with O(1) atoms with temperature, Figure 3.21. Dilatometry, Figure 3.22, showed a
linear volume expansion with a rate of ~ 1.2(1) % from 298 to 883 K, showing the change in
average structure to be regular as a function of temperature.

By combined consideration of the IS data (the rapid decrease in magnitude of C indicates
a decrease in the polarisation from the bulk relaxation) and the Raman spectra, a structural

suggestion can be proposed for local dipolar fluctuations. Assuming the O(4) site is expanding
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with increasing temperatures as the average volume of the cell increases, the Bi-O1(b) and
Bi-O1(c) bond lengths increase and the bond angles between O1(a)-Bi-O1(b) and
O1(a)-Bi-O1(c) decrease, whereas Bi-O(2) and Bi-O(3) bond length are almost unchanged,
then Bi atomic shifts towards O1(a) atoms can occur to maintain the equatorial plane of the
distorted Bi octahedra. The atomic shifts of Bi atoms towards O1(a), i.e. apart from its
electron lone pairs (LP), is energetically favoured compared with a distortion associated with
O(3) atoms in the SiO, tetrahedra. Therefore, it is possible that the local polarisation from the
Bi-LP dipole moments in the distorted octahedra, BiOsLP, decreases with increasing

temperature.

3.4 Conclusions

Stoichiometric sillenite Bi;,SiOy was successfully synthesized and obeyed Valant and
Suvorov’s general formula for tetravalent cation doped sillenites (n = 4). The structural
symmetry, composition and electrical properties of Bi;,SiO2 were investigated using XRPD,
EDS, microwave dielectric measurements and IS, respectively. The microwave dielectric
properties on a 90 % dense Bi1,SiO, ceramic, g ~ 36; Q.f ~ 7037 GHz at resonant frequency
of 6.83 GHz; 1+ ~ -30 ppm/K, its low sintering temperature (< 900 <C) and chemical
compatibility with Ag electrodes confirms Bi;,SiO to be a potential useful material in LTCC
applications, which is in good agreement with previously reported datal*”. The measured &,
was close to that calculated from the Clausius-Mossotti equation (i.e. & cm~ 41).

Bi1,SiOy is catalogued as an ‘ideal’-type sillenite: Si** (ionic radii r = 0.26 A) form
MO(3), tetrahedra, which is close to a geometrically regular MO(3), tetrahedron (r = 0.31 A
21y However, 1S measurements revealed Bi1,SiO, to exhibit dipolar glass-like relaxation
behaviour by the appearance of a frequency-dependent C’ plateau at lower frequency, which
was successfully modelled by equivalent circuit analysis and the origin of this plateau
explained as a dielectric relaxation associated with the framework structure of the sillenite.
This is directly proved by Raman Spectroscopy, which showed the vibration of the distorted

sillenite framework with increasing temperature.
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Equivalent circuit fitting revealed deviations at lower frequencies (f < 10° Hz) in C’
spectroscopic plots, which might be due to space-charge polarisation.”*%! Space-charge
polarisation seems to be a very common electrical behaviour in many Bi-contained
compounds.'?® Further work based on lower frequency measurements/high temperature may
be useful to investigate the physical origin of the electrical behaviour at f < 10° Hz in
sillenites.

By combined consideration of the IS and Raman spectroscopy data, the mechanism for
local structural distortions is suggested: the O(4) site is expanding with temperature, which
causes an increase in the bond lengths of Bi-O1(b) and Bi-O1(c) and a decrease of the bond
angles between O1(a)-Bi-O1(b) and O1(a)-Bi-O1(c). This promotes Bi atomic shifts towards
the O1(a) atoms to maintain the equatorial plane of the distorted Bi octahedra, which alters

the Bi-LP orientation and may decrease the local dipole moments.
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4 A Study of Divalent and Trivalent Cation Doping in Sillenite
Analogues: Bi12(Bi3+0_67M2+o_33)019_33 and Bilg(Bi3+0.5M3+0.5)019_5.

4.1 Introduction

The Valant and Suvorov (VS) general formula: Biia(Bi**4s.ixM™ 5,)O10.24nx I States that
divalent or trivalent cations doping sillenite analogues form single-phase compounds with
composition  Bio(Bi*067M*033)O1033[LPlos7  OF  Biga(Bi**05sM>*05)O195[LP]os,
respectively. They are grouped as stoichiometric sillenites with a fully occupied oxygen
sublattice (i.e. = 20) by oxygen ions and lone electron pairs from Bi** ions. In addition,
they can also be considered as isomorphic substitutions of parent y-Bi,O3 with an average
M-site cation valence less than +4.11 Hence, compared with the ideal sillenite Bi;,M* 0y
(e.g. Bi12SiOy in Chapter 3), local distortions in the crystal structure of these M?*/M3*
doped sillenites are expected due to the presence of Bi** ions forming “umbrella-like”
distorted polyhedra, BiOsLP, in the tetrahedral sites.?

Current investigations on these divalent and trivalent cation doping sillenite analogues
mainly focused on the crystallographic features, particularly the atomic position
arrangements on the tetrahedral sites. According to most researchers® ® the Radaev and
coworkers’ structural model (R model) ' ® can explain all the experimental observations,
where all the Bi atoms in the tetrahedral sites instead of Bi®* can be expressed as Bi* only.
The charge compensation is achieved by filling one vacant oxygen O(3) site with Bi**
electron lone pairs, which forms distorted tetrahedra units, BiO(3)sLP, Figure 4.1F!.
Radaev et al.”* ® also proposed that there is actually more than one sillenite model
depending on the valence state of the M cations and each particular model can only be

decided experimentally.?©
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Figure 4.1 Fragment of distorted sillenite structure viewed along the (001) plane with
Bi** cations occupying the tetrahedral site; blue, red and yellow spheres represent the M™,
oxygen and bismuth ions, respectively.

The aim of this chapter is to investigate the validity of the R model and therefore the
VS general formula of M?*/M*" sillenite analogues. Single-phase sillenites were formed
from d- and p- block dopants with M** = Zn?* and M** = Fe*, AI** and In**. The
intermediate values of x from the binary phase diagram MyOy-Bi,O3 are prepared to
explore possible solid solutions. Other attempted dopants such as Mg®* and Sc** did not
form phase-pure sillenites successfully by the solid state reaction method, as shown in the
XRPD results, Appendix I.

In this chapter, the synthesis, composition and thermal analysis of M?*/M*" doping
sillenite analogues, where M = Zn®*, Fe**, AI** and In** were probed using XRPD, SEM,
EDS and DSC. The validity of the VS general formula is discussed. The influence of
different cation-doping on the structure of M*/M*" sillenite analogues was studied using
Neutron Powder Diffraction (NPD) and Raman Spectroscopy (RS). To characterise the
electrical properties, Impedance Spectroscopy (IS), rf fixed frequency capacitance
measurements and microwave (MW) dielectric resonance measurements were
systematically studied for the first time. Equivalent circuit analysis with a combination of a
parallel R, C and Cole-Cole branch (i.e. CPE in series with a C) was used to model the IS
data. As a result, the structure-composition-property relationships of M?*/M*" containing

sillenites are established.
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4.2 Results

4.2.1 Synthesis of M?**/M** Sillenite Ceramics

Based on the Valant and Suvorov (VS) general formula Bii2(Bi** 4/5.0M™ 5¢)O19.24nx, Where
M?* = Zn®" and M** = Fe**, AI*" and In®" and intermediate values of x from the formula are
explored. All compositions were synthesized by the solid state reaction method. Precursors
of reagents were dried before weighing as listed in Table 2.1 from Chapter 2: Experimental
Procedure. The weighed powders were ground with acetone in an agate mortar and pestle
by hand for ~ 30 minutes until the acetone evaporated. The mixed powders were then
heated in an Au foil boat at a firing temperature from 700 to 780 €€ with interval grinding
to assist reaction. The heating and grinding process was stopped when the equilibrium state
of the sample was detected by X-ray powder diffraction. The reaction conditions and
solubility limits established from XRPD and NPD of the single-phase compositions are

listed in Table 4.1.

Table 4.1 Summary of single-phase compositions examined by XRPD and NPD.

VS formula Single-phase Reaction Reaction Sintering
Composition Temperature Time Temperature
| T /h | €
Bip(Bi* 06/M "033)O1935  Bi1y (BioerZNo33) O1g.33 735 > 240 738
Bi12(5i3+o.5|\/|3+o.5)019.5 Biy, (BiosFeos) Oigs 745 48 770
Biy, (BigsAlg7) O1gs 730 36 735
Bilz (Bio,4A|0,6) 019,5 730 36 735
Bi12(BiosINg.4)O19s 750 36 780
Bilg(Biojlno_g)olg.s 750 36 780

4.2.2 X-ray Power Diffraction (XRPD)

® Zinc sillenites

According to the V'S general formula for M?* dopants: Biyo(Bi**0.67M**0.33)O19.33[LP]o.67,™"
where M** = Zn?*, variable molar ratios of Bi** and Zn* cations were prepared to explore
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possible sillenite phases and solid solution ranges. Compositions Bijo(BiggZng2)O19.4,
Bi12(Bio.75ZN0.25)O19.375, Bi12(Bio.7ZN0.3)O19.35, Bi12(Bio.s7ZN0.33)O19.33, Bi12(Bio.5ZN0.5)O10.25,
Bi12(Bio:33ZN0,67)O190.167, Bi12(Blo.25ZN0.75)O019.125, Bi12(Bio.2ZNog)O19.1 and Bi2ZnO1g Were
synthesized by the solid state reaction method and heated between 700 to 740 <C for ~ 240

hours. XRPD results of some selected compositions are shown in Figure 4.2.

Bi0.8zno.2 | * 1 AT
"é Bi0.7Zn0.3 ML A ) JWL&W
g Bi0.67200.33 lU J J)
2% Bi0.52n0.6 | |
'g posmes | ALl U A
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Figure 4.2 XRPD results of zinc sillenites, where single-phase compounds are Bigg7ZNo.33
and BipsZnos. Notations *, # and ” indicate impurity ZnO phase (ICCD card [36-1451]),
Aluminum metal peaks (ICCD card [4-787]) from the sample holder of the Philips D500
X-ray diffractometer and impurity a-Bi,O3 phase (ICCD card [41-1449]), respectively.

Single-phase compounds detected by XRPD were Bijy(BiggrZNo33)O1933 and
Bi12(Bios5Zno5)01025. However, Neutron Powder Diffraction (NPD) data of BigsZngs
(using tetrahedral-site cations as an abbreviation) revealed the presence of a secondary
phase ZnO in the sample. Rietveld refinement with fixed composition
Bi12(Bio7ZNn0.33)019.33 Showed it is the only single-phase sillenite in the Bi,O3-Zn0O binary

system, Section 4.2.3 and Figure 4.7. Therefore, Zn*" sillenite obeys the VS formula.
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® Ironsillenites

Compositions  Bii(Bio3sFeoe7)O195  Bira(BioaFeoe)O195,  Bira(Big.asFeoss)Ouss,
Bi12(BiosFeos)O195, Bira(BiossFeo.45)O105, Bira(BiosFeo4)O105 and Biya(Bio.s7Feo.33)O1955
were prepared and heated between 730 and 750 <€ for 48 hours.

Figure 4.3 shows the XRPD results of selected iron sillenites, where single-phase
Bi1z(BiosFeos)O195 was  observed, obeying the VS general formula:

Bi12(Bi3+0.5M3+o_5)019_5[LP]0,5 for M3+ dopants [1].

100

P <23 [+
o o o

Relative Intensity (%)

N
o

[

-
: st .
20 30 40 50 60

2 Theta (degrees)
Figure 4.3 XRPD results of iron sillenites, where BigsFeo s is phase-pure. Notation of *, #
and ™ marked as impurity phase BiFeOz; (ICCD card [72-2035]); Al metal peaks from

sample holder (ICCD card [4-787]) and a-Bi,O3 phase (ICCD card [41-1449]), respectively.

® Aluminum sillenites

Figure 4.4 shows the XRPD results of aluminium sillenites: Bijx(BiggAlo4)O1gs,
Bi12(BiosAlos)O195, Biia(BiosAlos)O19s, Bira(BiosAlo7)O195 and Biya(Bio.2Alog)O1gs,
which were heated between 730 and 750 <€ for ~ 36 hours. Consistent with the preliminary
work of Donovant?, a limited solid solution between Biix(BiosAlyg)Os and
Bi12(Bio3Alo7)O195 Was detected by XRPD, Figure 4.5, which disobeys the VS general

formula™.
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An impurity phase of y-Bi,O3 was present in BigsAlys and Big2Algs, which were two

adjacent compositions at each end of the solid solution. The reason for the appearance of a

v-Bi,0O3 impurity phase in aluminium sillenites is unknown, but its formation might be due

to the instability of Al sillenites.
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Figure 4.4 XRPD results of aluminium sillenites, where a narrow solid solution range
between Big 4Alps and Big3Alg 7 was obtained. Notations *, # and » indicate y-Bi,O3 (ICCD
card [45-1344]), Bi,Al,Oq (JCPDS card [25-1048]) and a-Bi,Os, respectively.
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Figure 4.5 XRPD results of single-phase compounds Big 3Alp7 and Big4Algs.
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® Indium sillenites

Consistent with the preliminary work on indium sillenites by Donovan!”, a solid solution
between compositions Biix(Bigglnos)O195 and Bija(Big71INg3)O195 was confirmed by

XRPD, Figure 4.6, which again disobeys the VS formula ™.
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Figure 4.6 XRPD of single-phase Bii2(Bipgslng.4)O195 and Biyz(Bip7INg3)O195. Al peaks
caused by the sample holders are marked as #.
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4.2.3 Neutron Powder Diffraction (NPD)

Compound Biy2(BipsZnos)O1925 Was the only zinc sillenite available for Neutron powder
diffraction (NPD). NPD data of Bii2(BiosZno5)O19.25 Were collected in time-of-flight (ToF)
format at room temperature on the Polaris diffractometer at ISIS at the STFC Rutherford
Appleton Laboratory (RAL) in Oxfordshire, UK. NPD data of compounds
Bi12(Bio3Alo7)O195 and Biyo(Big 71ng 3)O195 Were collected at room temperature on the D2B
diffractometer at the Institut Laue-Langevin (ILL) in Grenoble, France.

Rietveld refinements of the NPD data for compounds Bij(BigsZnos)Oi1g.2s,
Bi12(Big3Alo7)O195 and Biyz(Big.7Ing.3)O19.5 Were carried out on space group, 123, based on
the R structural model as a starting point.®> ® NPD data revealed Bi;»(BiosAlo7)O105 and
Bi12(Big.7Ing3)O195 Were phase pure whereas Biix(BiosZnos)O1925 Was not. An impurity
phase of ZnO was detected, shown as red tick marks in Figure 4.7 (a). A two-phase
Rietveld refinement of the NPD data for the starting composition Bii2(Bios5ZNo5)O19.25
revealed ~ 3.48 weight% ZnO secondary phase (phase 2) based on a fixed composition of
Bi12(Bios7Zno33)019.33 as phase 1. The chosen space group 123 was testified to be stable
with the relatively temperature-independent permittivity for these three compounds at
room temperature, as shown by rf fixed frequency capacitance measurements (see Figure
4.26). The refinement profiles are shown in Figure 4.7 and the overall refined fitting
parameters (Rwp(%), Rp(%), Xz) for compounds Biy2(Bio.67ZN0.33)O019.3, Bi12(Bio.3Alp7)O195
and Biy2(Big7Ing 3)O195 Were (4.02, 6.04, 1.512), (7.29, 5.43, 8.952) and (6.9, 5.18, 6.91),

respectively.
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Figure 4.7 Calculated, experimental and difference profile plot from Rietveld refinement
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of (a) Bilz(Bi0,5zno_5)019.25, (b) Bij_z(Bio.3A|o.7)019.5 and (C) Bilz(Bi0,7|no,3)Olgl5 using NPD
data at room temperature to show the goodness of the fit between the R structural model (+)
and the observed data (-). Black ticks (]) indicate Bragg reflections of the sillenite phase,
whereas red ticks indicates reflection positions of (a) secondary phase ZnO and (b)

vanadium peaks due to the vanadium can.

Table 4.2 Final atomic parameters for Bii2(Bio7ZN033)O19.33, Bii2(BipsAly7)O195 and
Bi12(Bio 7Ing 3)O195 from Rietveld refinement by using NPD data with space group 123.

M = Zn* M = AI** M = In**
Space group: 123 a/A 10.2086(2) 10.17061(5) 10.2312(1)
Bil 245, X, Y, 0.1765(12) 0.1763(2) 0.1762(1)
0.31845(13) 0.3180(2) 0.3191(1)
0.0140(1) 0.0134(2) 0.0121(2)
Occupancy of Bil 1 1 1
Bil, Uiso x100 / A? U1 =0.33(5); Up=11(1); Uyu=1.2();
Uy = 279(7), Uy = 23(1), Uy = 13(1),
U33 = 106(5), U33 = 086(8), U33 = 103(9),
Up = 037(4), Up = 026(7), Up = 010(7),
U13 = 014(4), Ulg = 01(1), Ulg = 02(1),
Uxs=0.74(4) Uy =0.64(7) Uy =0.66(8)
Bi2 8¢, X, X, X -0.0203(8) - -
2a,0,0,0 -
M 2a,0,0,0
Occupancy of Bi2 0.1667 0.3 0.7
Occupancy of M2 0.3333 0.7 0.3
Bi2, Uisox100 / A? 0.2(2) 2.3(2) 3.6(2)
M2, Uisox100 / A? 0.7(6) 2.3(2) 3.6(2)
01 245, X, Y, 0.1349(2) 0.1349(2) 0.1351(2)
0.2525(2) 0.2524(3) 0.2493(3)
0.4858(2) 0.4853(2) 0.4884(2)
02 8¢, X, X, X 0.1879(2) 0.1905(2) 0.1860(3)
03 8¢, X, X, X 0.8895(3) 0.8958(3) 0.8878(4)
Occupancy of O1 1 1 1
Occupancy of 02 1 1 1
Occupancy of O3 0.8333 0.875 0.875
01, Uisox100 / A? 1.20(3) 1.28(4) 1.04(4)
02, Uisox100 / A® 1.19(6) 1.2(1) 1.3(1)
03, Uisox100 / A 1.55(7) 2.0(1) 2.3(1)
Rup / % 4.02 7.29 6.90
Ry /% 6.04 5.43 5.18
P 1.512 8.952 6.91

Details of the refinement results for the three sillenites including fractional atomic

coordinates, multiplicity, site-occupancy and thermal parameters are listed in Table 4.2,

Starting models had a statistical distribution of Bi2 and M cations over the same tetrahedral

site, however, as this site was refined, the fitting improved by a site preference of the Bi2
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cation to the lower symmetry 8-fold 8c site and the higher symmetry 2-fold 2a site is
occupied exclusively by Zn for the Biix(Bios7Zno33)O1933 phase. For both Al and In
analogues, constraints on the atomic coordinates at the 2a site (0, 0, 0) and Uiso’s must be
added for both Bi2 and M atoms on the M-site to achieve a stable structural model. The
fact that Bi2 and M cations in both Al and In analogues required constraints over the same
2a site is an indicator of showing the existence of some degree of disorder in the local
cation distribution. Significant ionic radii mismatch between the Bi2 and M atoms was
found in Bi** and AI**, (i.e. A@iz+ais+ = 0.57 APl), whereas the ionic radii mismatch in Zn
and In sillenites are similar (i.e. Agiz+/zno+) = 0.36 A and Agizsins+) = 0.34 Ay, Zn?* and

In** are similar in size, but differ in charge and electron configuration.

Table 4.3 Selected bond distances (/3'\), bond angles (°) and calculated bond valence sums
(ZBVS) for Bilz(Bi0,672n0,33)019_33, Bilz(Bi0.3A|ol7)Olg.5 and Bilz(Bio.7|n0.3)Olg.5 from
Rietveld refinement using NPD data. Bond length values of the ideal sillenite Bi;2GeO5
reported by Radaev and Simonov!® are added for comparison.

Bond length/A M =2Zn* M = AP M = In*' M=Ge"" V!
Bi1-O1(a) 2.0766(20)  2.0688(27) 2.0680(27)  2.072(1)
Bi1-0O1(b) 2.2457(21)  2.2414(27) 2.2678(27)  2.221(1)
Bi1-01(c) 2.6284(18)  2.6220(28) 2.5892(27)  2.622(1)
Bi1-02 2.2225(11)  2.2247(16) 2.2428(16)  2.2146(6)
Bi1-03 2.5639(22)  2.5878(28) 2.5551(28)  2.6241(8)
Bi2-03 1.595(16) 1.836(6)>4 1.987(7)>4

2.101(8)>3
M-03 1.954(4)>4  1.836(6)>4 1.987(7)>4
Bond Angles/© M = Zn* M = AP M = In**
Bil-02-Bil 117.93(4) 117.21(6) 118.24(6)
Bi1-03-Bil 108.84(10)  106.33(13) 109.11(14)
Bi1-03-M 110.09(9) 112.45(12) 109.83(14)
Bi1-03-Bi2 110.09(9) 112.45(12) 109.83(12)

102.41(29)

118.42(35)

109.05(10)
03-M-03 109.471(1)  109.471(0) 109.471(0)
03-Bi2-03 118.6(6) 109.471(0) 109.471(0)

99.0(8)
YBVS_calc. M = Zn* M = AP M = In**
Bil 2.9 2.92 2.88
Bi2 2.91 5.96 3.96
M 2.04 2.43 3.12
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Selected bond details including bond lengths, bond angles and calculated bond valence
sum (3BVS calc.) from Rietveld refinements for  Bija(Bigs7ZN033)O019.33,
Bi12(Bio3Alo.7)O195 and Bigo(Big7INg3)O195 are listed in Table 4.3. BVS calculations for
atoms can be used as a check on the reliability of the determined structure.™ For the Zn**
sillenite, > BVS_calc. of Bil, Bi2 and Zn are similar to the theoretical values, indicating
reasonable bond lengths, altogether with the refined fitting parameters, an acceptable
structural refinement was obtained.

For the AI** sillenite, YBVS_calc. of Bil is similar to the theoretical value, indicating
reasonable bond lengths were attained for the framework of the sillenite structure.
However, Y BVS_calc. of Bi2 is much larger than the theoretical value, indicating highly
over-bonded bond lengths associated with Bi2 atoms, whereas > BVS_calc. of Al is under-
bonded. The mismatch between calculated and theoretical BVS values of Bi2 and Al
indicates there was significant disorder in the tetrahedral sites, which probably arises due
to the large difference in the ionic radii of two atoms sharing the same crystallographic site,
hence it leads to high fitting parameters: Ry(%),wRp(%), v

For the In** sillenite, YBVS_calc. of Bil is similar to the theoretical value, but slightly
under-bonded. Y BVS_calc. of Bi2 and In are larger than the theoretical value, indicating
over-bonded bond lengths. This indicates there was some degree of disorder in the
tetrahedral sites as well as on the framework of the structure, leading to slightly higher
fitting parameters: Ry(%),WRp(%), 3.

Evidence that the In** sillenite possesses a more distorted framework unit compared
with Zn®* and AI** sillenites can also be observed from the Raman spectra shown in Figure
4.21 and discussed in more detail later in this Chapter. As a result, the R structural model
proved to be the most appropriate model for all the experimental characteristics observed
in the three studied sillenite analogues. It gave the best solution for stoichiometric Zn*
sillenite; however, it struggles to explain the structural details on the tetrahedral sites for
non-stoichiometric sillenites: e.g. sub-stoichiometric AI** sillenite and super-stoichiometric

In®* sillenite.
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Due to the fact that fits for the tetrahedral sites of non-stoichiometric sillenites showed
difficulties with large thermal parameters, some research groups such as Neov!*¥! and
Mel’nikoval™* **! claimed the space group should be assigned as P23 for these sillenites
rather than 123. Refinement work on our NPD data with space group P23 was attempted
but not successful. From peak indexing results of XRPD and NPD data, a space group of
123 is always obtained. This result eliminated the possibility of a change in space group.

It is believed that the limitation of the long-range neutron diffraction technique is
reached. The subtle atomic arrangements on the tetrahedral sites are not sensitive to be
probed by NPD and even by Raman spectroscopy. However, NPD refinements by using
the R model did give an averaged result, e.g. bond lengths/angles signifying the distortions
of the framework units. Since they are linked and affected by tetrahedral units, useful
structural details should be able to revealed and proposed by combined studies of NPD and

Raman spectroscopy.

4.2.4 Electron Microscopy

® Zinc sillenites

The microstructure and morphology of the cross section at the Bigg7Zno 33 pellet (relative
density ~ 85 %) were examined by SEM, Figure 4.8. The grain size varied from 3 to 10 pm.
Grain morphology is uniform and well packed. Grain growth and some porosity can also

be observed.
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Figure 4.9 EDS spectrum of Biy2(Bi23Zn1/3)O19 33.

The composition was determined by Energy dispersive X-ray spectroscopy (EDS) at the
cross section of an un-polished/un-etched pellet of BigezZNno33. EDS spectra, Figure 4.9,
were obtained from ten points selected via the SEM picture. The measured percentage of
atomic ratio between Bi and Zn are listed in Table 4.4. The EDS derived composition,
Bi1o[Bio71yZnosw)]O19355y IS close to the nominal starting  composition,

Bi12(Bio.67ZN0.33)O19.33.

Table 4.4 Atomic ratios of Bi and Zn obtained via EDS of Biy2(Bio67ZN0.33)O19.33.

Bilg(Bi2/3zn1/3)O1g_33 Bi (atomic %) Zn (atomiC %)
No.1 97.65 2.35
No.2 97.80 2.20
No.3 97.46 2.54
No.4 99.78 0.22
No.5 97.53 2.47
No.6 99.83 0.17
No.7 98.60 1.40
No.8 99.79 0.21
No.9 98.54 1.46
No.10 97.18 2.82
EDS Averaged Values 98(1) 2(1)
Theoretical Values 97.44 2.56
EDS Derived Composition Bi12[Bio.7(1)ZN0.31)]O19.35(5)

® Ironsillenites

The microstructure and morphology of the cross section of an un-polished/un-etched

BigsFeos pellet (relative density ~ 87 %) were examined by SEM, Figure 4.10. The grain
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size varied from 2 to 10 um indicating grain growth was occurring. Grains were uniform
and some porosity can also be observed.
EDS spectra and the atomic ratio from ten randomly selected points of BigsFegs are
given in Figure 4.11 and Table 4.5, respectively. The EDS derived composition,

Bi12[Bio.ss(8)F€0.45(8)] O19.5 is close to the nominal starting composition, Bii(BiosFeos5)O193.
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Figure 4.10 SEM image of Bi12(Big.sFegs)O19.s.
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Figure 4.11 EDS spectrum of Bip(BigsF€.5)O19s.

Table 4.5 Atomic ratios of Bi and Fe obtained via EDS of Bii(BipsFeo5)O19s.

Biio(BiyFe1,)O195 Bi (atomic %) Fe (atomic %)
No.1 96.95 3.05
No.2 96.56 3.44
No.3 96.6 3.40
No.4 94.92 5.08
No.5 96.40 3.60
No.6 96.61 3.39
No.7 96.73 3.27
No.8 96.85 3.15
No.9 96.96 3.04
No.10 96.54 3.46
EDS Averaged Values 96.5(6) 3.5(6)
Theoretical Values 96.15 3.85
EDS Derived CompOSition Bi12[Bi0,55(8)Fe0,45(8)]019,5

112



Yu Hu, PhD. Thesis, Chap 4. Divalent/trivalent cation doped sillenites

® Aluminum sillenites

SEM images of aluminium sillenites: Biy»(Big4Alos)O195 and Biia(BiosAlo7)O195 are
shown in Figure 4.12 (a) and (b), respectively. Both compounds had a low relative density
~ 56 % but this was due to the low synthesis temperature required to maintain phase-
purity. The grain size varied from 1 to 10 pm with a larger grain size (3-10 pum) for
Bip.4Alps. Some porosity in between the grains can be observed. Elemental analysis of the
bismuth/aluminium ratio in aluminium sillenites by EDS was not possible due to the low

atomic mass of Al.

® Indium sillenites

SEM images of indium sillenites Biy2(Bio.71No.3)O195 and Biga(Bioglng.4)O195 are shown in
Figures 4.13 (a) and (b), respectively. The morphology of indium sillenites is quite
different from the other compositions. The reason might be due to the indium sillenites
being sintered above the fluorite phase transition (see DSC results in Figure 4.19) to attain
reasonable densities ~ 88 %.

Elemental analysis of indium sillenites were performed on composition Big7Ing 3 as an
example. The EDS spectra and atomic ratio from ten randomly selected points of Big7Ing 3
are given in Figure 4.14 and Table 4.6, respectively. The EDS derived composition,
Bi12[Bio.sa()INo.366)] O19.5 IS close to the nominal composition, Biio(Big71Ng 3)O195.
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Figure 4.13 SEM image of (a) Biy. 7Ino3 and (b) B|06In04
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Table 4.6 Atomic ratios of Bi and In obtained via EDS of Bij2(Big 7Ing3)O1935.

Figure 4.14 EDS spectrum of Bij2(Big71ng3)O195.

Bi12(8i0_7 | n0_3)019.5

Bi (atomic %)

In (atomic %)

No.1
No.2
No.3
No.4
No.5
No.6
No.7
No.8
No.9
No.10

EDS Averaged Values
Theoretical Values

96.73
97.04
96.97
96.52
97.80
97.85
97.06
96.76
97.92
97.67
97.2(5)
97.69

3.27
2.96
3.03
3.48
2.20
2.15
2.94
3.24
2.08
2.33

2.8(5)
2.31

EDS Derived Composition

Bi[Big.ea6)INo3s(6)]O105
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425 DSC

® Zinc sillenites

DSC was performed on Bigg;ZNng 33 from room temperature to 1023 K for three heating and
cooling cycles. The enthalpy changes between the sample and reference during the second
cycle of heating and cooling are shown in Figure 4.15. This removes any ambiguity
associated with water absorbed prior to the first cycle and shows only the intrinsic thermal
effects of the sample. From room temperature to 1023 K, there is no obvious thermal event.

XRPD data confirmed the sample retained the same sillenite phase after DSC

measurements.
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FIgU re 4.15 DSC trace of Bi12(Bi0_67zn0_33)019_33_

® |ron sillenites

DSC was performed on single phase BigsFeqs from room temperature to 1093 K. The

enthalpy changes between the sample and reference during heating and cooling are shown

in Figure 4.16.

115



Yu Hu, PhD. Thesis, Chap 4. Divalent/trivalent cation doped sillenites

| f Endotherm 1079

|1 Exotherm

-
T
—_—

cooling
-

DSC (mW/mg)
o
T

heating —

1054
2 P R T R S R R R

300 400 500 600 700 800 900 1000 1100 1200
Temperature (K)

Figure 4.16 DSC trace of Bij2(BiosFegs)O1gs.

A pair of peaks was shown: an endothermic peak at 1079 K during the heating cycle
and a correlated exothermic peak at 1054 K during the cooling cycle. XRPD data on post-
DSC measurements showed the sample retained the same sillenite phase and hence

inferred a reversible y — 6 — vy phase transition occurred during the DSC measurements.

® Aluminum sillenites

DSC was performed on Bip(Big3Alg7)O195 and Biga(BigsAlps)O195 from room
temperature to 1083 K and they both showed the same thermal behaviour. Here, compound
BigsAlp7 is used as an example. The enthalpy changes of the sample during the third
heating and cooling cycle are shown in Figure 4.17.

The first two DSC cycles showed complex irreversible enthalpy changes. Therefore,
the DSC trace shown here is for the third heating-cooling cycle of the sample when the
thermal behaviour becomes repeatable on further cycling. From the DSC trace three main
peaks were observed. On the heating cycle there is a large endothermic peak at 1015 K
indicating a possible sillenite — ¢ phase transition occurred. On the cooling cycle, two
exothermic peaks occurred at 936 and 813 K indicating possible 6 — B and p — «

transitions, respectively. The hypothesis for the complicated thermal events was partly
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based on the XRPD results on the post-DSC sample: the sillenite phase decomposed to a

phase mixture of a-Bi,O3 and Bi,Al4Oq, Figure 4.18.
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Figure 4.17 DSC trace of Bi12(Big3Alg7)O193.
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Figure 4.18 XRPD pattern of Bii(Big3Alo7)O195 after the DSC measurement. Notations *

and # indicate a-Bi,O3 (ICCD card [41-1449]) and Bi,Al;O9 (ICCD card [25-1048]),
respectively.

® Indium sillenites

The DSC trace of both indium sillenites: Bii2(Bip7Ing3)O195 and Biia(Bigglng.s4)O195
showed the same thermal behaviour in Figure 4.19. A pair of peaks with an endothermic

process at 985 K during the heating cycle and a correlated exothermic event at 952 K
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during the cooling cycle, indicating a plausible reversible y — 6 — vy phase transition
occurs in this sample. XRPD data confirmed the sample retained the same sillenite phase

on post-DSC measurements.
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Figure 4.19 DSC trace of Big7Ings.
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4.2.6 Thermal Stability Test

A thermal stability test was conducted to test the stability of Bijx(Big.s7ZN0.33)O10.33. TWO
small batches of single-phase Bigg7Zno3; were annealed at two different temperatures at
300 and 400 <€ for 36 hours, respectively. A fast heating rate of 10 €/min and a slow
cooling rate of 1 €/min were applied. XRPD results showed the appearance of a small
amount of a-Bi,O3 in the sample annealed at 400 <€ for 36 hours, revealing compound
Bio.s7ZNp 33 is actually a metastable phase, as shown in Figure 4.20.

Six single-phase batches for Biqx(BigsFeos)O195 Were annealed at 250, 300, 400, 500,
600, 650 <C for 72 hours, respectively. Examined by XRPD on the post-annealed samples,
none of batches decomposed. Therefore, Fe** sillenite is a thermodynamically stable phase.

Similarly, no decomposition was observed from different batches of single-phase

indium sillenites Bii2(Big.71ng.3)O195 and Biy2(Bioslne.4)O195 annealed at 300, 400, 500 and
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600 <T for 72 hours, respectively. This shows In®" sillenites are also thermodynamically

stable.
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Figure 4.20 XRPD pattern of Bis2(Bio7ZNn0.33)O19.33 annealing at 300 and 400 <€ for 36
hours, respectively. Notation * represents a-Bi,O3 phase.

4.2.7 Raman Spectroscopy

Room temperature Raman spectra of the M*/M>* sillenites compared with that of the
‘stoichiometric’ sillenite Bi;2SiO50 are shown in Figure 4.21 and the corresponding Raman
peak assignments from literature * **! are listed in Table 4.7. Although M?**/M®" sillenites
were classified as stoichiometric sillenites (with a fully occupied oxygen sublattice) by
Valant and Suvorov 1, significant differences were revealed from Raman spectra that were
not possible from diffraction studies (such as XRPD and NPD) for these small
compositional/crystal structural variations caused by different M-cations on the tetrahedral
site. The different dopants in the tetrahedral sites (the M cations and the substitution of O3
atom by Bi** electron lone pairs) have a significant impact on the local structure in the
tetrahedra and in the framework of the sillenites.

Significant peak broadening in M#*/M** sillenites was observed throughout the entire
Raman spectra in comparison with the ideal sillenite Bi;;SiO, Figure 4.21. Three
important features can be captured: (i) A prominent increase in the magnitude of the

Raman peak at line 12, which upshifted from ~ 358 cm™ for Bi1,SiO4 to ~ 380 cm™ for
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M?*/M** sillenites. The Raman peak at line 12 is assigned to O1-Bi-O2 and O1-Bi-O3
bending. ™! (ii) Splitting of the peak at ~ 530 cm™ (e.g. into 516 cm™ and 526 cm™ for
Bio.67ZNo.33) Was observed in all M?*/M** sillenites. Peak 516 cm™ (line 15a) was postulated
to be related to the concentration of BiOsLP units in the structure.l*® (iii) The strongest
Raman peak changed from ~ 530 cm™ (line 15) for the ideal sillenite Bi1»SiOx to ~ 80 cm™
(line 3) for the M**/M** sillenites. The Raman peaks at ~ 530 cm™ (line 15) and ~ 80 cm™
(line 3) associated with the O1 vibrations** ** and the Bi, 02 and O3 vibrations elongating

the cluster ™!, respectively. This indicates the interatomic distances of the framework units

are larger and more disordered in M?*/M**compared with ideal sillenite Bi1,SiOx.
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Figure 4.21 Raman Spectra of M?*/M*" sillenites in comparison with Bi1,SiO4 at room

temperature.
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Table 4.7 Raman peak positions of M?*/M®" sillenites compared with Bi12SiOx.

Line Si
No.
1 55
2 63
3 38
4 95
5 129
6 144
7 166
8 204
9 251
10 276
11 328
12 358
13 460
14 488
15(a) 538*
15(b)
16 621
17 788
18 829

ZNg 33

54

79*
93
125
137

162
205

252
309
376

516
526
626

826

Fegs

54

81*
90
125

139
163
203

256
312
376
443

520
530
626

826

Alg

55

82*
90
125

140
169
203

263
320
382
456

517
533
626

Alo‘e

55

82*
90
126

140
169
203

264
322
386
456

521
535
623

INg4

55

83*
95
128

143
167
205

254
310
381

517
532
625

826

|n0.3 Mode
[18]
53 F
- E
79* E
94 A
123 E
139 A
161 A
205 F
- E
252 A
306 A
377 F
- E
- F
517 A
527
625 E
- A
826 FTO

RERD

Type of Vibration

Bi,02,03 and M vibration

Bi,01,02 and O3vibrations elongating the
cluster along either [100] or [001]

Bi,02 and O3 vibrations elongating the
cluster

Bi-O1 bonds vibration and ‘breathing’ of
02 atoms

Bi and O2 vibrations elongating the cluster
along either [100] or [010]

‘breathing’ of Bi and O2 atoms
‘breathing’ of Bi and all O atoms

Bi-O1 stretching & Bi-O2-Bi bending and
weak Bi-O1 rocking

Bi-O1 rocking and weak O2 vibrations
elongating the cluster along either [100] or
[001]

02 ‘breathing” and weak Bi-O1 rocking
Bi-O1 rocking and weak O2 ‘breathing’
01-Bi-02 and 01-Bi-03 bending

02 vibration elongating the cluster along
either [001] or [010] and weak Bi-O1 and
Bi-O3 rocking

Bi-O1 stretching and deformation of MO4
tetrahedra

‘breathing’ of O1 atoms

O3 vibrations elongating the cluster along
either [010] or [100] and weakBi-O1 and
Bi-O2 rocking

Symmetric stretching of MO, tetrahedra
Anti-symmetric stretching of MO,
tetrahedra

Notation * indicates the strongest peak intensity.

The Raman peak positions are inversely proportional to the mass of the groups of

bonded atoms; therefore, the vibrational modes of framework Bi polyhedra, BiOsLP,

dominate the Raman spectra at frequencies below ~ 600 cm™; whereas the vibrational

modes of the MO, tetrahedra occur at frequencies above ~ 600 cm™. Peaks at ~ 826 cm™

(line 18) are associated with MO, tetrahedral vibrations. Whether or not the MO,

tetrahedra vibrations above 700 cm™ can be observed was dependent on the mass of the

bonded groups of the atoms involved (MO, tetrahedra).
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4.2.8 Microwave (MW) Dielectric Properties

MW dielectric measurements were carried out on all phase-pure sillenites using the
resonant cavity method. A summary of the results is listed in Table 4.8. The measured
sillenite compounds showed similar dielectric properties regardless of the M-dopants, with
relative permittivity (g;) ~ 30-35; Q ~ 200-400 at resonant frequency fo ~ 6-7.5 GHz and ¢
~ -15 to -202 ppm/K. A strong correlation between pellet density and &, was observed, for
instance, AI** sillenites fired at a low temperature (735 <C) to avoid phase decomposition

resulted in low pellet density (~ 55 %) and consequently low &;.

Table 4.8 MW dielectric properties of M**/M** sillenites.

Composition Sintering Pellet € Q fo Qf T CM
Temperature Density (GHz) (GHz) (ppm/K) calculated
(€) (%) &
Bi12(Biz3Zn13)O010.33 740 86 325 293 6.503 1905 -31 37
Bi1o(BiosF€os)O1g55 770 87 36.6 407 6.124 2493 -15 38
Bi12(Bio3Alo7)O195 735 56 264 205 7.199 1475 -71 33
Bi12(Bio.4Alo)O195 735 57 28.2 220 7.523 1654 -67 35
Bi12(BigglNg.4)O195 780 87 31.8 231 7.031 1624 -202 34
Bi1,(Big71Ng.3)O195 780 88 342 298 6.067 1807 -192 36

® Relative permittivity (&)

All measured &, were close to those calculated from the Clausius-Mossotti equation, except
for the Al sillenites due to their low pellet density. The similarity of & with different M-
dopants in sillenites, & ~ 35, can be explained by the fact that the total polarizability of the
sillenite unit cell does not change dramatically with the small concentration of M-cations
in these materials. However, the CM calculation can sometimes under-estimate &, e.g. In**
and Fe** sillenites, due to errors associated with highly polarisable atoms such as Bi**

and/or In** ions in an unexpected large unit cell.
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® Temperature coefficient of resonant frequency (ty)

Unlike e, t; changes significantly with the composition of the sillenites, i.e. the variation of
M-site dopants. The most temperature dependent samples were Big 7Ing 3 and Bigglng.4 with
¢ ~ -192 and -202 ppm/K, respectively. Composition Bigs7ZNng 33, Big3Alg7 and Big4Alos
had 1 in a range of -30 to -70 ppm/K. The best 1: value (~ -15 ppm/K) was obtained from
BigsFeos. Sillenites with similar compositions, i.e. solid solutions, had similar t; values. In
the M**/M*" group, Bi contents in the M-sites did not play a vital role in the variation of ts;
whereas the M-dopants did.

Recent investigations have revealed a structural influence to ¢ in many perovskites
due to tilting of the oxygen octahedra and hence, the tolerance factor with different ionic
radii combinations of A, B and O ions have a strongly influence on 7.!***® valant and
Suvorov™ then reported the oxygen sublattice was also an important factor in influencing
the 5 of sillenites. They stated that the O(3)-O(3) distance in the tetrahedra can be changed
by the ionic radii of the M-site cations, therefore, Bi** ions in the M-site with a distorted
structure would also make an impact on t:. In the end, they concluded two trends: (i) for
large M-site ions (r > 0.31 A), 1 increases with a decrease in ionic size; (ii) for small M-
site ions (r < 0.31 A), 11 is independent of ionic size with a value of ~ 20 ppm/K. However,
the results reported in this thesis have found these statements to be controversial. The 1+ as
a function of the M-ion ionic radii of M**/M*" sillenites from our results, Figure 4.22,
reveal that (i) by introducing different concentrations of Bi** ions in M-site, 77 did not
exhibit a strong dependency on the perturbation of the oxygen sublattice caused by Bi**
ions and their lone electron pairs. For instance, compound Bigs;ZNng 33 and Big7Ing3 with
similar concentrations of Bi®" interstitial ions (~ 0.7), had 7 of -31 and -192 ppm/K,
respectively; and (ii) the correlations between t; and the M-ion ionic radii are more
complicated than the two above mentioned trends proposed by Valant and Suvorovt*®!. All
of our prepared sillenites belong to the large M-site ion (r > 0.31 A) group; however, it is

impossible to extract an empirical near linear trend of “increasing tf with a decrease in
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ionic size”; instead these are scattered data and show no trend. Compound BigsFegs in this

large ion group obtained the best t¢ value of -15 ppm/K for near-zero t; applications.
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Figure 4.22 1 as a function of the M-ions ionic radii of M**/M®" sillenites. (Note: M-site

ionic radii were from Shannon!® with Bi** , = 0.96 A, Zn* ) = 0.6 A, Fe** vy = 0.49 A,
AlP*wy =0.39 Aand In** () = 0.62 A)
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Figure 4.23 The relationship between 1 and &, of M?*/M** sillenites after Harrop
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[20]

Another relationship between t; and €, has been established by Harrop™®! and it is typified
by many 3C-type perovskites: t; becomes increasingly positive as g increases. tr as a
function of & for M?*/M*®" sillenites is plotted in Figure 4.23. The general trend as expected
from Harrop® can be observed for most compounds with t; close to 0 ppm/K for the
highest permittivity compound BigsFegs, & ~ 37. However, indium sillenites disobey the
general trend, with an unexpected large and negative 1+ ~ -200 ppm/K, for a moderate &, ~

33. The discrepancy of 1 for In®* sillenites may be related to the temperature- and
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frequency-dependent relaxation close to RT observed from rf fixed frequency

measurement (Session 4.2.9).

® Dielectric losses (tan 9)

The dielectric losses are a combination of intrinsic losses arising from the anharmonic
vibrations of the material itself®"?? and extrinsic losses from processing such as porosity,
secondary phases, grain size, grain growth and defects etc.””® 24 |t is well-known that
oxides with highly ordered cations have less dielectric losses and large Q.f’s, for example
in the 1:2 B-site ordered perovskites Ba(Zny;3Tay3)O3 and related systems.[25'27] Hence,
from an intrinsic losses aspect, cation ordering on the M-site of sillenites would be
expected to affect the dielectric losses. Our results again showed disagreement with the
empirical correlations between Q.f and M-ion size purposed by Valant and Suvorov: Q.f
values decreases with increasing M-ion sizes when r > 0.31A.1% Bi,sFeq s with a medium
M-ion size showed the highest Q.f value of ~ 2500 GHz (measured at 6 GHz) among all
M2*/M** sillenites studied, Figure 4.24.
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| |

2400 | Fe0.5

22001
¥
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g
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| |
L ]
1600 aj0.7 0.4
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M-site lonic Radii (A)

Figure 4.24 Q.f as a function of M-site ionic radii of M**/M*" sillenites.

The basic formula of & revealed an inversely proportional relationship with resonant

c
Ael/2 T pgl/2

frequency f (i.e. f = ). Therefore, increasing &, is expected to have a
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fundamental trade-off of Q.f. However, this relationship cannot be observed for either

measured g, or CM calculated &, Figure 4.25.
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Figure 4.25 Correlation between Q.f and measured ¢ (o) / CM calculated ¢, (o) for
M /M** sillenites.

4.2.9 Fixed Frequency Capacitance Measurements

MW dielectric properties of M*/M** sillenites performed at 6-7.5 GHz, revealed &, ~ 30-
35, Q.f~ 1,500-2,500 GHz with 1t from -15 to -202 ppm/K. In order to correlate the fixed
frequency data with MW dielectric properties, variation of g, as a function of temperature
in the range 10-320 K for all six samples at 1 MHz is shown in Figure 4.26. It is obvious

that the negative value of ts from MW dielectric property is consistent with the increase of
g (due to a positive 1, from the relationship 7 = — (% + o)) in fixed frequency data.

Hence, the negative value of ¢ is influenced by the presence of the temperature- and
frequency- dependent relaxation behaviour of sillenites, where a positive trend of T

appeared for all the analogues.
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Figure 4.26 ¢, versus T for six sillenites: Bigg7ZNo .33, BiosFeos, BigsAlg7, BigsAlgs,
Bioslno.4 and Big 7Ing 3 extracted from an LCR meter (at 1 MHz) with a Cryocooler (10 —
320 K).

The variation of capacitance (hence, &) and the dielectric loss (tan ) with temperature
were obtained using fixed frequency measurements at 1, 10, 100 K and 1M Hz over 10 —
750 K for M?*/M*" sillenites. Data were obtained from an LCR meter connected with a
Cryocooler (10 — 320 K) and a high temperature furnace (> 300 K). The small difference in
measured g due to differences in the stray capacitance associated with the different jig
settings was corrected by & values measured at 300 K using a “Test Fixture Box”
measurement with a minimal stray capacitance. Due to the fragile/low density (~ 57 %) of
the aluminium sillenites, where only data from Cryocooler (10 — 320 K) were obtained
successfully, a frequency dispersion region of & and tan 6 above room temperature (RT)

was observed in all other measured samples: Big7ZNg 33, BigsFeos, Big.71Ng.3 and Bigglng 4.

® Zinc sillenites

The temperature dependence of the permittivity (&) and dielectric loss (tan o) at fixed
frequencies of 1, 10, 100 k and 1 MHz over the temperature range from 10 to 820 K of
Bi12(Bio7ZN033)O19.33 IS shown in Figure 4.27 (a) and (b). A broad frequency-dispersive

region of & was observed above room temperature, with the peak maximum shifting to

127



Yu Hu, PhD. Thesis, Chap 4. Divalent/trivalent cation doped sillenites

higher temperature with increasing frequency. The 1 and 10 kHz data exhibit a peak with &
maximum of ~ 83 and 86 at temperatures of ~ 694 and 769 K, respectively. The
corresponding capacitance maximum of the 1 and 10 kHz data are 7.35x10™*and 7.61x<10°
2 F.em™, respectively. The data at 100 kHz and 1 MHz does not show the presence of a
peak maximum within the measured temperature range. In the tan & plot, the frequency

dispersion behaviour is not observed within the measured temperature range.
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Figure 4.27 Temperature dependence of (a) permittivity and (b) dielectric losses of
compound Bij2(Bigg7ZNo.33)O019.33. INsets are expanded view of lower temperature data
between 10 and 300 K.

® |ron sillenites

Temperature dependence of &, and tan 6 for Biy2(BigsFeos)O195 in the temperature range of
10 — 840 K are shown in Figure 4.28 (a) and (b), respectively. In the &, plot, there were two
relaxation processes (R1 and R2) observed above 400 K, which correspond to two
relaxations in the tan & plot with the second relaxation (R2) significantly dominating the
first relaxation (R1). The magnitude of the R2 tan 6 peak at 1 kHz was ~ 65, which was ~
100 times larger than that of R1 (~ 0.65) at 1 kHz.

In the first relaxation (R1), the & peak maximum at 1, 10, 100 k and 1 MHz are ~ 150,
136, 78 and 50 at temperatures of ~ 563, 634, 690 and 754 K, with a corresponding
capacitance maximum of 1.33x10, 1.20x10™!, 6.91x10" and 4.43<10" F.cm™,

respectively. Similarly, in the second relaxation (R2), the & peak maximum at 1, 10 and
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100 kHz are ~ 226, 155 and 103 at temperatures of ~ 686, 755 and 830 K, with a
corresponding capacitance maximum of 2x10*, 1.37x10™ and 9.12x10" F.cm™,
respectively. The g peak maximum at 1 MHz for R2 was not observed within the

measured temperature range.
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Figure 4.28 Temperature dependence of (a) permittivity and (b) dielectric losses of
BipsFeos. R1 and R2 indicate two relaxation events. Insets are an expanded view of the y-
axis data to show R1.

® Indium sillenites

Bioslno4 and Big7Ings exhibit identical temperature dependence of & and tan &. Hence,
Bio.zIng3 is used as a representative example. A broad frequency-dispersive region was
observed in the & plot, Figure 4.29 (a). The 1, 10, 100 k and 1 MHz data exhibit a peak
with an g maximum of ~ 79, 73, 66 and 60 at temperatures of ~ 514, 580, 657 and 749 K,
respectively. The corresponding capacitance maximum of the 1, 10 and 100 kHz data are
6.99%10™?, 6.46x10™"2, 5.84x10™? and 5.31x10™> F.cm™, respectively. In the tan & plot,
Figure 4.29 (b), only the corresponding peak maximum at 1 kHz data with a value of ~ 733

at 709 K was observed in the measured temperature range.
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Figure 4.29 Temperature dependence of (a) permittivity and (b) dielectric losses of
compound Big 7Ing 3. Insets are expanded view of lower temperature data between 10 and
300 K.

4.2.10 Impedance Spectroscopy (1S)

To investigate the relaxation behaviour observed from rf fixed frequency capacitance
measurements, IS measurements were performed on single-phase samples. All measured
M?/M®** sample details for low temperature (10-320 K) and high temperature IS
measurements (320-800 K) are listed in Table 4.10.

Table 4.9 Details of M*/M** sillenite samples from 1S measurements. The Bigg7ZNoss
sample used silver paste electrodes; the rest used gold-sputtered electrodes.

Composition Sintering Pellet Activation
Temperature / € Density Energy (bulk) /
| % eV
Bi12(Bio.67ZN0.33)O10.33LPo 7 740 86 1.20
Bi12(Big3Aly7)O195LPg s 735 56 0.80
Bi12(Big4Alys)O195LPo 4 735 57 0.84

Consistent with rf fixed frequency results, low temperature 1S measurements for all
samples did not show any relaxation dispersion of capacitance (¢’) and/or dielectric losses
(tan 8). All samples were too resistive to observe any arc from Z* impedance plots below
RT and required high temperature IS measurements to get reasonable bulk data.
Bi1o(Bio7INo.3)O105 Was chosen as an example to show the general IS behaviour of M?*/M**
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sillenites. The IS data for other compounds and the correlated circuit fitting results are
shown in Appendix IlI.

A typical IS data set for Bijy(Big7Ing3)O195 at 573 K is shown in Figure 4.30. The
complex impedance (Z*) plot, Figure 4.30 (a), showed the presence of a single semicircle,
with a depression angle of ~ 7.2 °compared with the ideal value of 0< The admittance (Y”)
spectroscopic plot, Figure 4.30 (b), showed a frequency-independent plateau attributed to
the dc conductivity, R, at low frequencies; with frequency-dependent power law
behaviour at higher frequency. Similar with the C’ spectroscopic plot of ideal sillenite:
Bi1,SiOy (Chapter 3), the capacitance (C”) spectroscopic plots of M?*/M** sillenites also
exhibited two plateaux: one at high frequency and one at low frequency, e.g. Big7Ings in
Figure 4.30 (c). The high-frequency plateau (f ~ 10° Hz) is temperature-independent with
an associated capacitance of ~ 4 pF.cm™ (g ~ 45), which is assigned as a bulk response of
the sample; whereas the low frequency plateau (f ~ 10* Hz) is slightly temperature-
dependent with C* ~ 6.5 pF.cm™ (g, ~ 73). This capacitance fluctuation, Figure 4.31, is
correlated to the large, broad relaxor-liked peaks in the rf fixed frequency measurements,
Figure 4.29. In the combined —Z”, M” spectroscopic plot, Figure 4.30 (d), a single, almost
coincident peak is observed in both spectra, with a corresponding Af ~ 0.2 decades, where
Af = log (fum) — log (fz). (fw and f7 are the frequencies at the peak maximum in the Debye
peaks of the —Z”” and M” spectroscopic plots). Ideally a homogeneous ceramic would have
a Af value of 0 decades. The corresponding FWHM (Full Width Half Maximum) value of
the M” peak is ~ 1.34 decades which is higher than the ideal value of 1.14 decades. This
relatively wide M” Debye peak indicates the sample is heterogeneous and probably caused

by the permittivity fluctuation from the bulk response of the sample.
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Figure 4.30 Impedance spectroscopy data of the IS experimental data points and the fitting
results to equivalent circuit shown in (e) with (a) Z* plot; (b) Y’, (c) C’, and (d) —Z”/M”
spectroscopic plots at 573 K for Biy2(Big.71ng.3)O1935.
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Figure 4.31 C’ spectroscopic plot at various temperatures for Biy2(Big 71ng 3)O1gs.

All the fitted results with the circuit parameters are shown in Table 4.11 for Big7Ing 3 in the
temperature range from 573 to 653 K. For IS data above 653 K the proposed equivalent
circuit, Figure 4.30 (e), is not suitable to model the impedance response of the sample as it

exhibits ionic conductivity above 653 K.

Table 4.10 Fitted values of Bijx(Big7Ing3)O195 from 573 to 653 K. Errors associated with
the fitted circuit parameters Ry, C1, Cx, Aand n are < #0.06 %, < #0.6 %,< 2.8 %,< #16.1 %
and < #3.2 %, respectively.

Temperature (K) R;(Qcem) C,(pFcm™) Cy(pFem™®) A (Q*cm™rad™) n

573 484670 3.80 3.24 1.95 x10° 0.31
593 321960 3.80 3.29 2.25 x10°® 0.32
613 223940 3.72 3.85 1.39 <10 0.37
633 123340 3.83 2.98 4.88 x10® 0.31
653 82855 3.83 2.86 6.51 <10 0.30

4.2.10.1 lonic Conductivity of Indium Sillenites (T > 653 K)

Indium sillenites: Bii(Big.7Ing.3)O195LPo7 and Biio(Bigglng.s)O195LPo ¢ are the only super-
stoichiometric sillenites prepared in M?*/M** sillenite analogues. At temperature above 653
K, the predominant feature of indium sillenites is the presence of a low frequency spike
attached with a single semicircle at high frequency in Z* plots; whereas no spike was
observed for other M?*/M*" sillenites in Z* plots. Here, compound Big7Ings is selected to
show this electrical behaviour.
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The Z* plot of Big7Ings at 733 K, Figure 4.32, showed a low frequency spike with an
inclined angle of ~ 23°to the x-axis. Its associated capacitance was ~ 8.7<10"° F.cm™. At
793 K the low-frequency spike inclined at ~ 45° to the x-axis and its associated
capacitance was ~ 3.1x10”° F.cm™. The capacitance values of the spike has a tendency of
reaching ~ 107 F.cm™ at elevated temperatures, indicating an ionic polarisation
phenomenon at blocking electrodes may be taking place.l”® However, the composition of
indium sillenites Bij2(Bio7Ino.3)O195LPo 7 Shows that the excess oxygen sublattice is filled
by 0.2 Bi**electron lone pairs from the tetrahedral site. According to the R model, the
excess ions will occupy the crystallographic O(4) site. It might be possible that some of the
O(3) oxygen was exchanged by Bi** electron lone pairs from O(4) site, therefore, some of
the O(4) site could be partially occupied by oxygen ions instead of Bi** electron lone pairs
so as to favour ionic conduction.

Super-stoichiometric P> sillenite analogues: Bi12Pog20203 and BiioPogsO2015 are
reported as mixed electronic and oxide ionic conductors < 750 €% the conduction
species of indium sillenites might also be mixed, a set of conductivity measurement need
to be performed in oxygen free atmosphere to examine whether there is an electronic

contribution to the conduction.
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Figure 4.32 Z* plot of Big7Ing s at (a) 733 and (b) 793 K.
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4.2.10.2 Arrhenius plot of bulk conductivity

Bulk conductivity data for all measured M?*/M*" sillenites were calculated from the M”
Debye peak and plotted in Arrhenius format, as shown in Figure 4.33. The bulk
conductivity is strongly influenced by the oxygen content of the sillenite. Among the
measured sillenites, stoichiometric sillenite Biy2(Bio.s7ZN0.33)O190.33LPo67, With the oxygen
sublattice fully occupied was the most resistive compound and has the highest activation
energy (Ea) for bulk conduction with the value of 1.20 eV. Super-stoichiometric sillenites:
Bi12(BioslNo.4)O195LPo s and Biia(Big71ng3)O195LPo 7, With excess lone pair electrons in the
oxygen sublattice had Ea of 0.73 and 0.74 eV, respectively. Sub-stoichiometric sillenites:
Bi12(Bio3Alo7)O195LPo 302 and Bija(BigsAlps)O195LPo 401, With some vacancies in the
oxygen sublattice had Ea of 0.8 and 0.84 eV, respectively. The only exception is
Bi12(BiosFeos5)O195LPos which has the stoichiometric formula with a fully filled oxygen
sublattice, but exhibited the lowest Ea of 0.57 eV. This might indicate that the oxygen
sublattice was in fact not fully occupied, but deficient due to the presence of mixed valence
state of Fe**/Fe** atoms. Mdcssbauer spectroscopy has been used to study the oxidation
environments of Fe atoms, but due to the low concentration of Fe atoms in the composition

the data analysis was not successful.
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Figure 4.33 Arrhenius plot of bulk conductivity versus reciprocal temperature for all
M2*/M** sillenites.
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4.3 Discussion
4.3.1 Formation of Divalent/Trivalent Cations Doping Sillenites

All prepared single-phase M?*/M*" sillenites with their lattice parameters are listed in
Table 4.12. Not all of the formed sillenites obeyed the VS general formula:
Bi1o(Big.67M?0.33)010.33 and Bizo(BiosM® 05)O1e5 for M** and M** dopants, respectively.!
For instance, instead of forming the expected composition Bii2(BiosM**45)O195, AI** and
In®* formed narrow solid solution ranges: [Bii2(Big3Aly7)O195 — Biia(BigsAlgs)O195]S.S.
and [Biy2(Bioglng4)O195 — Biia(Bio7INg3)O195]s.S, respectively. Consistent with existing
literature,® * 3132 transition metals Zn®* and Fe** obeyed the VS formula. Other reported
examples that closely obeyed the VS formula were: Biio(Bio.gsrsCd%*033)O1036a5833";
Bi12.7C0%"0301935° and Bi1o(BiosTI**0.5)O195°".

This revealed there is a correlation between the size of the dopant ion and the lattice
parameter of the resultant sillenite phase, Figure 4.34. A near linear relationship can be
observed for prepared M?*/M>* sillenites, which is in general agreement with Poleti et al.*!

and Donovant’.,

Table 4.11 Summary of prepared single-phase M*/M** sillenites.

VS formula Single-phase Reaction Lattice Unit Cell
Composition Temperature Parameter,  Volume

(T) a(A) (A%
M**:Bip(Bi* 067M**033)O1933  Bisa (Bio.s7ZN033) O1033 735 10.2072(3)  1063.46(6)
M*: Biyy(Bi**5M*5)O105 Biy, (BigsFeos) O 745 10.18927(15) 1057.86(3)
Biy, (BigsAl7) O 730 10.17255(13)  1052.66(2)
Biy, (Big4Alogs) Oigs 730 10.1765(3)  1053.88(5)
Bi1(BiosINo.4)O105 750 10.2293(2)  1070.37(9)
Biy(Bio7INo.3)O105 750 10.23583(18)  1072.40(3)
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Figure 4.34 The relationship between the unit cell parameters and the M-site ionic radii of
M?*/M** sillenites (as there is lack of data for four-fold coordinated Bi** ions in a M-site,
ionic radius data of Bi** ions with a coordination number of five was used rBi**, = 0.96
A from Shannon®); data for y-Bi,03* is included for comparison.

4.3.2 Thermal Stability of M**/M*" Sillenites

The metastability of the parent y-Bi,O3 phase made it worthy to study the phase stability of
the sillenite phases by DSC and thermal annealing results.

The annealing tests for zinc sillenite at 400 <€ for 36 hours showed it partially
decomposed into sillenite and a-Bi,O3 phases, Figure 4.20. The decomposition process is
very slow and zinc sillenite is still a kinetically stable phase. DSC was not sensitive enough
to show any obvious decomposition process in the sample.

The thermal stability tests for iron sillenite showed it is a thermodynamically stable
phase below ~ 780 <C, it undergoes a reversible y — & phase transition above ~ 780 T,
Figure 4.16.

DSC results showed that aluminium sillenites were not thermodynamically stable. The
first two DSC cycles of aluminium sillenites showed complex irreversible enthalpy
changes, which is outside the scope of this current work. When the thermal behaviour
becomes repeatable at/after the third heating cycle, phase transformation to the stable 6
phase at high temperature occurred. During the cooling cycle, the 6 phase might transform

to the metastable B-polymorph and then transform to the stable a-phase. Finally XRPD
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result, Figure 4.18, revealed that aluminium sillenite was hardly observed from the XRPD
results after the DSC measurements, where a phase mixture of a-Bi,O3 and Bi,Al;O9 was
present. Therefore, aluminium sillenites are short-lived metastable phases and rapid
decomposition processes can take place.

Based on the heating temperature and heating time of the reported sillenites by the
solid state reaction method, Poleti et al.*¥ summarized a list with increasing phase
stability of various dopants, where Sb>* < Co®* = Mn** < Fe** = Si*" < Ti*" < V** < Zn*" <
Pb?*. The reaction temperature and time for Fe** and Zn*" sillenites was reported as 800 <C
for 3 hours and 690 <TC for 3 hours, respectively. However, the current results here showed
disagreement with part of the above summary. In the current work Fe** and Zn** sillenites
were prepared at similar reaction temperatures of 745 and 735 <C for 16 and 96 hours,
respectively. Thermal annealing test showed Zn*" sillenite is a metastable phase whereas
Fe** is not. Hence, the increasing relative stability of the prepared four dopants should be

AP < Zn?* < In® < Fe*'.

4.3.3 Structural Features of M%/M®" Sillenites

Detailed structural variations of M**/M*" sillenites in comparison with M** ideal sillenites
have been proposed by Radaev and Simonov.! In their model, tetrahedral sites are
statistically filled by various M*/M** cations (including Bi*") leading to incomplete
occupation by O(3) atoms. In contrast to ideal sillenites where the framework units (Bi-
octahedral BiOsLP formed dimers) are linked by “rigid” tetrahedral units (M*"0,), the
structure of M?**/M*" sillenites are more complicated with three important types of Bi-
polyhedra, Figure 4.35.

(1) Bi(1)O4LP, Figure 4.36 (a), with the configuration of this polyhedron corresponds to a
distorted trigonal bipyramid with an unshared electron pair in the equatorial plane LP-
O(1a)-O(1b) and axial vertices O(1c) and O(2). To allow redistribution of the valence
forces in this polyhedron, Bi(1) atom displace in the direction opposite to the vacancy

of the O(3) atom, giving a shortening of the long Bi-O(1c) bond.
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(2) BimOsLP, Figure 4.36 (b), with one of the missing O(3) atoms occupied by the
unshared electron pair of Bi** atom, forming umbrella-shaped tetrahedral units.

(3) Bi(3)OsLP, Figure 4.36 (c), which are polyhedra connected with regular MO,
tetrahedra. It is noteworthy that the bond lengths of these polyhedra actually differ
from their analogues in ideal sillenites. To achieve local valence balance, (as the
valence of cations M*/M** is less than 4+) the Bi-O(3) bonds are shortened and the

correlated Bi-O(1b) and Bi-O(1c) bonds are lengthened.

All the above structural changes, in terms of the variations of Bi-polyhedron, are “averaged”
over the whole structure. Radaev and Simonov®! reported that the Bi-O(3) bond is 0.05-
0.06 A shorter and Bi-O(1b) bond is 0.02-0.03 A longer in comparison with that of the

ideal sillenite Bi12GeO,, Table 4.3.

The most noticeable feature of the RT Raman spectra, Figure 4.21, is the upshift and
increase of the magnitude of peak at ~ 380 cm™ (line 12) for M?*/M*" sillenites, compared
with that of ideal sillenite Biy,SiOy at ~ 358 cm™. This peak was assigned as O1-Bi-O2
and 01-Bi-03 bending.™ The dramatic increase of the magnitude of this peak is believed
to be associated with the influence of distorted tetrahedral unit, BiOsLP, where one O(3)

site is occupied by an electron lone pairs of Bi®*.1*%

Figure 4.35 Fragment of structure features showing dimers linked with various
neighbourhood of tetrahedra in M?*/M** sillenites.!!
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Oo(1a)

Figure 4.36 Schematic representation of Bi-polyhedron in M**/M®" sillenites with (a)
Bi(1)O4LP; (b) BimOsLP and (c) Bi(3)OsLP. ™

As a result, structural distortion can be induced by the defect contents of the O(3)
atoms. This increases the concentration of trigonal bipyramid Bi-polyhedra, Bi(1)O4LP in
Figure 4.36 (a), which leads to a distorted framework of the sillenites. The numbers of
these trigonal bipyramid Bi-polyhedra, Bi(1)O4LP for the studied M*/M** sillenites
Bio.67ZNo 3, BigsFeos, BigsAlgz, BiosAlgs, Bigslngs and BigzIngs are 16.67, 12.5, 7.5, 10,
15 and 17.5 % of all polyhedra in the structures, respectively. The way of inducing defect
contents of the O(3) atoms in this case is by introducing Bi** with electron lone pairs into
the tetrahedral sites. However, there is an upper limit between the amount of Bi** and M
cations occupying the tetrahedral sites; this may be influenced by the size and charge of
both ions. Whether this distortion could cause a change in space group of the sillenite; or
how does this distortion develop and hence allow a structural transition to the 5-polymorph

at elevated temperatures is still an interesting research topic.

4.3.4 The Correlations Between Bulk Conductivity and Q.f

The origin of the difference in quality factor (Q.f, where Q ~ ﬁ and f = resonant

frequency) of all samples was investigated by comparing the electrical conductivity and
analysing the onset temperature of y-d phase transitions. The correlation of activation
energy and Q.f is listed in Table 4.13. Four compounds with similar pellet density (~ 87 =
2%) were compared, Figure 4.37. It is observed that the increase in activation energy (i.e.
decrease of conductivity near room temperature) would cause an increase of Q.f. The only
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exception is the Fe** analogue, which is the most conducting compound and yet has the
highest Q.f value. Based on similar pellet density and assuming all four compounds have
similar extrinsic loss effects on Q.f (such as porosity, secondary phases, grain size, grain
growth and defects), therefore, the intrinsic losses of Q.f arising from the anharmonic
vibrations of the material itself must play an important role. A compound with higher Q.f
value might indicate it has a more ordered or regular structure. The onset temperature of
the y-6 phase transition for compound BigsFegs was the highest (at 806 <C), which

indicates BigsFeg s was the most stable sillenite compound in this series of samples.

Table 4.12 Summary of sintering temperature, pellet density, Ea for bulk conduction, Q.f
and polymorphic phase transition temperature for the M?*/M** sillenites under study.

Composition Sintering Pellet Activation Q.f  Temperature of
Temperature  Density Energy (GH2) vy to & phase
| € ! % Ea(bulk) / eV from DSC/ <€
Bi12(Bio.67ZN0.33)O19.33 740 86 1.20 1905 750
Bi12(BiosF€05)O1955 770 87 0.57 2493 806
Bi1o(Big3Aly7)O195 735 56 0.80 1475 742
Bi1o(Big4Alo)O195 735 57 0.84 1654 740
Bi12(BioelNo.s)O195 780 87 0.73 1624 712
Bi12(Big7INg3)O195 780 88 0.74 1807 711
2600
n
2400 | Fe05
2200 |
5
. 2000 |
c ]
1800 L In0-3 Zn0.33
1600 - .
. In0.4 . . . .
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Ea (eV)

Figure 4.37 Activation energy for bulk conduction versus Q.f for Big g7Zno 33, Big71Ng 3,
Bio.sIno.4 and BigsFeos.
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4.4 Conclusions

Not all of the prepared sillenites obeyed the V'S general formula, transition metals Zn** and
Fe** obeyed the formula and formed sillenites Biio(Bios7ZNo33)O1933LPos7 and
Bi12(BigsFeos)O195LPos, respectively in the Bi,Os-MxOy binary system. p-block cations
A" and In** disobeyed the general formula and formed limited solid solutions
[Bi12(Bio.3Alo.7)O195LPo 300 2-Bi12(Bio.sAlos)O195LPo.4llo.1] S.S. and
[Bir2(Bioslng.4)O195LPos — Biia(Big7Ing3)O195LPo7] s.S, respectively. Consistent with
Poleti et al.®" a near linear relationship between the average M-site ions and lattice
parameters of M?*/M** sillenites was observed.

The phase stability of the sillenites was studied by combined analysis of DSC and
thermal annealing tests. Zn®* and AI** sillenites were found to be metastable phases,
whereas Fe** and In®" sillenites were thermodynamically stable. The increasing relative
stability of the prepared four dopants is AI** < Zn?* < In®" < Fe**. SEM and EDS results on
Zn**, Fe** and In*" sillenites confirmed the derived compositions were similar to the
theoretical compositions, which proves the Bi-loss was insignificant (if there was any) in
these sillenites.

Rietveld refinements were carried out on NPD data of Biyz(BigsZNos5)O19.25,
Bi12(Bio3Alo7)O195 and Bija(Big71ng3)O195. The starting models were based on Radaev’s
model (R model) of Biip(Bi**067Zn""033)O19.33L P07 and Biso(Bi*'osFe* 05)O195LPos for
M?* and M** dopants, respectively.[® The final refinement results generally agreed with the
starting models. Although some authors suggest the possibility of changing the space
group in sillenites,™ 2 our refinement work confirmed the best fits were obtained from
space group 123. However, there was probably more than one sillenite structural model:
with different M-ions, the final structural model might be different from sillenite to
sillenite.

Rietveld refinements of In®* sillenites exhibited a slight distortion in the framework
structure. Compound Biq2(Big7Ing 3)O195LPo 7 belongs to the super-stoichiometric group

and the oxygen sublattice is in excess with oxygen atoms in the voids of the framework.
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The slight distortion in the framework of In** sillenites can also be observed from Raman
spectra. Raman spectroscopy highlighted the local structures and showed apparent
structural differences, especially for the framework units of studied M?*/M*" sillenites
compared with an ideal sillenite such as Bi;»,SiO5, although they have all been classified
as stoichiometric sillenites by Valant and Suvorov!!!

Microwave dielectric results revealed compounds Bigg7Zngss and BigsFegs to show
promising microwave dielectric properties Due to the metastable nature and long reaction
time of Bigg7Zno33, compound BigsFegs with & ~ 36.6; Q.f ~ 2500 GHz and 1 ~ -15
ppm/K is the only suitable commercial candidates for LTCC applications.

The negative values of 17 observed in all measured M?*/M*" sillenites, which are
influenced by the presence of the temperature- and frequency-dependent relaxation
behaviour of sillenites, where a positive trend of te appeared for all the analogues. Similar
with the ideal sillenite Bi;2SiO5 in Chapter 3, a non-ferroelectric relaxor-like behaviour
was observed by a combined study of fixed frequency dielectric measurements and IS
above room temperature for all sillenites. IS data were successfully modelled by the
equivalent circuit used in Chapter 3. The origin of this relaxor-type behaviour is again
attributed to the non-correlated local dipole moments associated with the BiOsLP units in
the framework.

High temperature 1S measurements revealed super-stoichiometric In®* sillenites:
Bioslno.4 and Big 7Ing 3 to exhibit detectable levels of oxide ion conductivity at temperature >
653 K.

The concentration of oxygen-deficiency and/or lone-electron pairs of Bi*" in the
oxygen sublattice affects the conductivity (op) Of the sillenites. Except for compound
BigsFeos, it is observed that the increase of activation energy for bulk conduction (i.e. a

decrease of conductivity near RT) results in an increase of Q.f at RT.
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5  Investigation of Boron (B*") Containing Sillenites

5.1 Introduction

Among the trivalent cations used to dope sillenite analogues, boron is the smallest ion with
an ionic radius of B¥ = 0.01 A and B* () = 0.11 Al BiyB**,049 was first reported by
Levin et al.?!in 1962, which melted incongruently at 650 <C. However, formation of the
sillenite compound Bi,4BO39 Was reported to be difficult due to: (i) the very small field of
crystallization in the Bi,O3-B,O3; binary system, which particularly affects the
single-crystal formation; (ii) the high density differences between Bi,Os (p = 9.3 g/cm®)
and B,Os ( p = 2.46 glcm®), which challenged compositional homogeneity formation; (iii)
the nearly simultaneous formation of the 2:1 compound Bi4sB,09 and the 12:1 compound
Bi24B,039 and (iv) the uncertainty of the exact composition for boron sillenites due to the
disobedience of the Valant and Suvorov general formula®! as a guide (as mentioned in
Chapter 4, VS formula for trivalent dopants — Bi12(Bi**45M>*05)O195[LP]oss). Although the
boron sillenite was known as a 12:1 compound BixB,030 #. several authors have
suggested different nBi,O3-mB,03 stoichiometries for boron sillenite. Burianek et al.
agreed with the 12:1 formula in their first paper™ but after a careful follow-up
investigation they suggested the exact stoichiometry for single-crystal boron sillenite
should be Bizs5BO3s.25 = Bi1a(Big.25Bo5)O10.125 > . In addition, Kuzmicheva et al. reported
a slightly B-riched composition of Bi,Bo 1670325 = Bi1oB1.0020105°". Nevertheless, the true
stoichiometry of boron sillenite(s) is still debateable.

Structurally, Kargin and Egorysheval® used crystal-chemical analysis and infrared (IR)
studies and reported that in boron-containing sillenites (e.g. BizuB®",039, BiB>*P** Oy,
Bi,sB*"V°*0y), the boron atom is coordinated mainly by three oxygen atoms to form
BO(3)3 groups in the tetrahedral site of the structure, as shown in Figure 5.1. This unique
structural feature of boron containing sillenites permits a distorted structure with
considerable local structural fluctuation, and it is not surprising to observe interesting

electrical properties in these sillenite analogues.

148



Yu Hu, PhD. Thesis, Chap 5. Boron (B**) containing sillenites

;\ 'E M=BS+(|V)

O(1a)  O(1b)

Figure 5.1 Fragment of the structure showing two different types of boron coordination
BO(3); and BO(3), units in the M-sites of B>* containing sillenites.

The peculiarity of the relaxor-like behaviour in the electrical properties of
Bi12(Bo.sPo.5)O20 over the temperature range ~ 200 to 400 K found by Valant and Suvorovt”!
is of interest to us to comprehensively investigate its origin. Valant and Suvorov®
attributed this relaxor-behaviour to random occupation of B and P atoms over the M-site.
This unique electrical behaviour below room temperature (RT) was not present in any
sillenites studied in Chapters 3 and 4. In the case of the sillenites in Chapters 3 and 4, the
origin of the relaxor-behaviour above RT is associated with random dipole moments from
BiOsLP units in the sillenite Bi-O framework. The associated dielectric loss is more than
an order of magnitude greater than that reported by Valant and Suvorov for
BilZ(Bo_5P0_5)020_[g] Hence, the origin of the two relaxor-like behaviours may be different.
To assess whether a mixed occupation of B and P atoms on the tetrahedral site could be the
origin of the relaxation behaviour at low temperature, a series of relevant sillenites (13
compositions) were systematically investigated, with compounds containing mainly boron
or phosphorus ions being reported in Chapters 5 and 6, respectively.

In this chapter, several new B*" containing sillenites were prepared based on the
general formula (1-x)Bi12BO15-XBizMOs0:s, leading to a new group of boron (B*)
sillenite analogues. With the assumption that Bi;;BO1g5 is single-phase, four different
formulae were developed from the general formula (1-x)Bi12BO195XBi;2MO20.+5, Which
are Bip(B*14P°")O1950¢ Bit2(B**15Si*"x)O1g5:x2; Bit2(B%05M**05)0105 (M** = Fe™,
AIP* and Ga®") and Bi12(B*0sM>*05)020 (M = V°*). The first two formulae were aimed to
investigate the solid solubility limits for the BiyBO1gs-BitoP**Oss5 and

Bi1,BO195-Bi1,SiO series, respectively. The validity of the VS formula® for B**
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containing sillenites were testified for all prepared compounds.

The aim of this chapter was to explore new boron containing sillenite phases,
investigate the relationships between the lattice parameter and the M-cation ionic radius,
and hence the influence of the ionic radius on the stability of the sillenite phase. Structural
analysis has been performed by X-ray Powder Diffraction (XRPD), Neutron Powder
Diffraction (NPD); Nuclear Magnetic Resonance (NMR) and Raman Spectroscopy (RS).
Electrical properties were measured using rf fixed frequency capacitance measurements,
Impedance Spectroscopy (IS) and microwave (MW) dielectric resonance measurements.
Modelling of the IS data was undertaken using equivalent circuit analysis. Finally, the
origin(s) of the peculiar electrical properties are discussed and correlated to the crystal

structure.

5.2 Results

5.2.1 Synthesis of Boron Containing Sillenites

~ 10g of various compositions of the B*' sillenites based on the four formulae:
Bi1o(B* 1:P°")O1950 Bi12(B¥1:xSi*"x)O195m2; Bi1a(B*05sM*05)0195 (M** = Fe**, AP
and Ga>*) and Bio(B*'0sM>05)020 (M = V**) were prepared by the solid state reaction
method. Precursors were dried at appropriate temperatures, as listed in Table 2.1 in Chapter
2: Experimental Procedure. Samples were ground together with acetone using a mortar and
pestle and heated in Au foil boats from room temperature to 400 <C for 2 hours with a
heating rate of 1 <C/min to evaporate any H,O and/or NHj3 in the reagents and then heated
at 600 <C for 6 hours with a heating and cooling rate of 10 <T/min. The samples were
eventually reacted between 625 and 740 <C with intermediate grinding until an equilibrium
state was detected by X-ray powder diffraction. The single-phase compositions based on

XRPD results are listed in Table 5.1.
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Table 5.1 Summary of single-phase boron sillenites examined by XRPD.

Formula Single-phase Reaction Reaction Sintering
Composition Temperature  Time  Temperature
/| € /h /| €
Bi1o(B>*1:P°*%)O19.54x Biiz (BosPos) Oz 730 36 790
Bis, (Bo.75P0.25) O19.75 730 48 787
Bi12(B%*1xSi*"x)O1956x2  Birz (BozsSiors) Orosrs 730 72 730
Bin(B¥05M*05) 0195  Binn(BosAlys)Osos 680 72 715
Bi1;(BosGaps)Oigs 700 48 770
Bi1o(B>05M>05)020 Biiz (BosVos) Oz 740 48 780
5.2.2 XRPD

B | 12(BS+1-XP5+x) 019.5+X

Valant and Suvorovt® were the first to report single-phase sillenite Biyo(BosPos)Oz (i.€. as
x = 0.5 in formula Biy(B*14P**x)O1054) that was prepared by the solid state reaction
method. To explore the solid solubility of the formula, compounds: Bi12(Bo 25P0.75)O20.25,
Bi12(Bo.sPo5)O20 and Biy2(Bo.75P0.25)010.75 With x = 0.75, 0.50 and 0.25 were prepared,
respectively. The end-members of the formula BilZ(B3+1.xP5+X)019_5+X are Bi;pBO1g5 and
Bi,P°"O405. However, both of the end-members were difficult to synthesis by the solid
state reaction method.!*>*! Attempts were made to explore the true stoichiometry of the
end-members and are shown in Appendix |.

X-ray powder diffraction (XRPD) was carried out using a Sto& STADI P
diffractometer (CuKo; radiation, 1.54059 A) with a small linear position sensitive detector
operating in transmission mode, step size 0.01° and 26 range 15-85< XRPD results, Figure
5.2, detected that Bii2(Bo.75P0.25)O19.75 Was single-phase, whereas Biy2(Bo.2sP0.75)020.25 and
Bi12(BosPos)O20 were not. Besides the existence of the secondary phase BisB,Og in
Bo.25Po.75, XRPD results detected both By 25Po75 and BosPos to be phase-mixtures of two
coexisting sillenite phases, shown in the inset of Figure 5.2. The XRPD data over the 26
range of 5-70could be indexed on a single cell, however, clear splitting of the peaks could
be observed at higher 20 values indicating evidence for the presence of a second sillenite

phase with a different but similar lattice parameter based on space group 123.
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Figure 5.2 XRPD results of Bi12(80_25pol75)020_25, Bilz(Bol5P0.5)Ozo and Bilz(Bo,75Po.25)019.75
with x = 0.75, 0.50 and 0.25 from the formula Bio(B**1.,P>*x)O105+x, respectively. Inset
shows XRPD patterns at higher 20 angles 65-85% where peak splitting was observed.
Notations * and ” indicate impurity Bi4B,0g (ICCD card [70-1458]) and unknown sillenite
phase, respectively.

® Bi 12(BS+1-xSi4+x) C)19.5+X/2

The formula Biyo(B**1.,Si*\)O1054x2 Was used to investigate the solid solubility limits
between Bi;;BOigs and  BipSiO.  The  compositions  Bija(Bo.1Sie)O19.05,
Bi12(Bo.25S10.75)O19.875, Bi12(Bo.5Si05)O01975 and Biia(Bo75Si0.25)O10625 Were initially heated
between 650 and 750 <C until equilibrium was reached, however, none of them were
single-phase based on XRPD, Figure 5.3. It is noteworthy that the peak splitting shown
here in all the XRPD patterns at 26 angles > 55was an extrinsic effect due to the CuKay,
radiation from the Philips D500 Diffractometer.
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Figure 5.3 XRPD results of sample Bij2(Bo.1Sipg)O19.95 Bii2(Bo.25Sio.75)O19.875,
Bi12(Bo.5Sios5)O1975 and Bia(Bo.75Si0.25)O19625 prepared directly from reagents Bi,Os,
B(OH); and SiO,. Notations * and ” indicate the presence of secondary phases Bi,SiOs
(ICCD card [75-1483]) and Bi4B,0g (ICCD card [70-1458]), respectively.

The nearly simultaneous formation of compound Bi,SiOs and BisB,Og along with the
sillenite phase impede the synthesis of phase pure compounds from powdered reagents
Bi,O3, B(OH); and SiO,. Another method was attempted: prior to the synthesis of boron
silicate sillenites, two end-member phases: Bi;2BO1g5 and Bi;2SiO, were prepared from
powder mixtures of high purity Bi,O3s with either B(OH)3; or SiO, in stoichiometric
amounts and reacted at 625 and 840 <€, respectively. Bi;,SiO5 was phase-pure by XRPD
(shown in chapter 3) whereas Bi12,BO195 Was not, but contained a small amount of impurity
phase of BisB;Og (shown in Appendix ). Then the boron silicate sillenites
Bi12(Bo0.25S10.75)O19.875, Bi12(Bo.5Sio5)O19.75 and Bii2(Bo.75Si0.25)O19.625 Were synthesised by
mixing the two end-members in the corresponding molar ratios and a subsequent cycle of

regrinding and reheating were operated to obtain single-phase products.

* The peak splitting caused by an intrinsic effect of the sample will be mentioned exclusively in the text and
is confirmed by using a Sto& STADI P diffractometer (CuKa, radiation, 1.54059 A) with a small linear
position sensitive detector operating in transmission mode, step size 0.01° and 20 range 10-90< Otherwise,
all XRPD patterns in this thesis show the extrinsic effect due to the CuKa, radiation from the Philips D500
Diffractometer.
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XRPD results, Figures 5.4 (a) and (b), confirmed that Bi2(Bo.25Si0.75)O19.875 formed a
single phase compound, whereas Bii2(Bo5Sio5)O19.75 and Biia(Bo.75Si0.25)O19.625 COntained
an impurity phase, BisB,Oo. A scrutinized examination of the XRPD pattern for
Bi12(Bo.25S10.75)O19.875 confirmed that the sample was not a mixture of two sillenite phases,
Figure 5.4 (b) inset.

The exact stoichiometry of Bi12(Bo.25S10.75)O19.875 IS unclear due to the impurity present
in the ‘parent” Bi;;BO195 powder, further investigation of sample stoichiometry is still
required. Nevertheless, a solid solution from formula Biyo(B**1.4Si**x)O10.51x2 Where x = 1

to x = 0.75 is established.
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Figure 54 XRPD results of (a) Bi12(Bo_258i0_75)019_875, Bilz(Bo_5Sio_5)olg_75 and
Bi12(Bo.75S10.25)O19.625 prepared from mixing of two end-members Bi;,BO195 and Bi2SiO5.
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Notation ” and * indicate the presence of secondary phases Bi;,B,Og (ICCD card [70-1458])
and Al metal (ICCD card [4-787]) from the Philips D500 diffractometer sample holder,
respectively. (b) single-phase Bii2(Bo25Sip75)O19.875. The inset shows the XRPD pattern at
higher 26 angles, ~ 65 to 852

® Bi(B*15sM*15)O195, Where M** = Fe, Al and Ga

XRPD results of Biy(B**0sM**05)O195 where M** = Fe, Al and Ga, showed that
Bi12(BosAlos)O195 and Biiz(BosGaos)O195 Were single phase; whereas Biia(BosFeos5)O19.5
contained an impurity phase, Bi,Fe;Oq, Figure 5.5. XRPD patterns did not reveal any peak
splitting at 26 angles over the range ~ 65 to 85<and therefore the presence of any bi-phasic

sillenite mixtures could be eliminated.
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Figure 55 XRPD results of Biw(BosFeos)O195  Bia(BosAlos)O19s  and
Bi12(BosGaps)O195. Notation ” indicates an impurity phase of BiyFesO9 (ICCD card
[25-90]).

o Bi12(83+0.5|\/|5+0.5)020, Where M5+ = VSJr

The XRPD results of Biia(BosVos5)O2 were similar to Bii2(BosPos)O20. A phase mixture
of two sillenite phases with clear peak splitting over 26 angles of 65-85 ©was observed,
Figure 5.6 inset.
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Figure 5.6 XRPD results of Bi12(BosVo5)Ox.

5.2.3 Thermal Stability Test

To investigate the bi-phasic nature of coexisting sillenite phases with similar but different
lattice parameters for Bij2(BosPos)O20 and Biia(BosVos)O2o, the effects of different
cooling rates were tested. Each batch of Bij(BosPos)O2 and Biia(BosVos)O2o
(synthesized at a standard cooling rate of 10 <€/min) was separated into two different
batches, heated to the reaction temperatures for 30 minutes and then cooled with either a
fast (i.e. air quenching by taking the sample out of the furnace from the reaction
temperatures and allowed to cool in air) or a slow (i.e. 1 €/min) cooling rate. For a fast
cooling rate (air quenching), both BysPos and BosVos were phase-pure with no detectable
peak splitting at higher 20 angles in the XRPD patterns; whereas at a slow cooling rate (1
€/min), the phases decomposed with secondary phase BisB,Og present in both samples,

Figure 5.7 (a) and (b).
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Figure 5.7 XRPD results of (a) Bii2(BosPos)O2 reacted at 730 <€ for 36h and (b)
Bi12(BosVo5)O2 at 740 <€ for 48h with a normal (standard) cooling rate of 10 €/min; a
fast cooling rate (i.e. air quenching) and a slow cooling rate of 1 <€/min, respectively.
Notation * and ” indicate the second sillenite phase with a smaller unit cell and a
secondary phase of BisB,0g (ICCD card [70-1458]), respectively.

Valant and Suvorov® reported that single-phase Bi1o(BosPos)O20 Was obtained at a fast
heating rate of 20 €/min; whereas at a slow heating rate of 3 ©/min, significant P>* and/or
B3 losses are detected with the presence of a v-Bi,03 impurity phase. The results present
here are contradictory to Valant and Suvorov®: (i) the formation of single-phase BosPos
and By 5V 5 depends mainly on the effect of the cooling rate, regardless of the heating rates;

(i) significant P and/or B losses was not observed experimentally; and (iii) the lattice
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parameters of two coexisting sillenites eliminated the possibility of the formed sillenites to

be y-Bi,O3, Table 5.2.

Table 5.2 Lattice parameters for Bija(BosPos)O20 and Biia(BosVos)O2o at a normal
(standard) cooling rate of 10 €€/min (two sillenite phases) and at a fast cooling rate i.e. air
quenching (single-phase). For comparison, the lattice parameter of y-Bi,Os; with a
=10.2501(5) A is given.

Normal Cooling Rate Fast Cooling Rate
Reaction (i.e. 10 €/min) (i.e. Air Quench)
Composition Temp/)(eer:ature Lattice Lattice Lattice
Parameter/A  Parameter/A Parameter/A
(Sillenite I) (Sillenite 11) (Single-phase)
Bi1, (BosPos) Oz 730 10.1454(5) 10.1346(5) 10.1527(6)
Bi1, (BosVos) Oz 740 10.1792(3) 10.1545(15) 10.1709(4)
5.24 NPD

NPD data of Biys(Big.02Bo.0s)O19.5 Were collected by Donovan'® at room temperature on the
D2B diffractometer at the Institut Laue-Langevin (ILL) in Grenoble, France. ~ 10 g of
powder in a vanadium can was placed under a neutron beam generated continuously from a
nuclear reactor. Data were collected by using a Ge monochromator over a range of 5° <20
< 1609with a step size of 0.05<and plotted against intensity.

Rietveld refinement of the NPD data was carried out using a structure reported by
Radaev and coworkers® (R model)™ ¥ as an initial model. Both XRPD and NPD patterns
were indexed on a centrosymmetric body-centred cubic unit cell, a ~ 10.125 A with space
group 123. Preliminary work by Donovan'® reported Bi»(Bio.02Bo.gs)O195 to be phase pure
by XRPD. However, NPD detected an impurity phase BisB,Og in the sample shown as red
tick marks in Figure 5.8. A two-phase Rietveld refinement with fixed composition
Bi12BO195 (primary phase) suggested a 2.62 weight% of the impurity phase BisB,Oq
(secondary phase) in the Bij2(Bio.02Bo.9s)O195 Sample. The final refinement profiles are
shown in Figure 5.8 with overall fitting parameters Ry,(%), Ry(%), XZ of 5.18, 3.97, 6.551,

respectively.
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Figure 5.8 Calculated, experimental and difference profile plot from Rietveld refinement
of Bi12(Bio.02Bo.g9s)O195 Using NPD data at room temperature to show the goodness of the
fit between the R structural model (+) and the observed data (-). Black ticks (]) indicate
Bragg reflections of the sillenite phase, whereas red ticks indicates reflection positions of

secondary phase BisB,0q.

Table 5.3 Structural parameters from refined room temperature NPD data for fixed

composition Bi;2BOsg5, Space group 123.

Atom  Wyckoff site  x y z Fractional occupancy Uiso X 100/A?

Bi(1) 24f 0.1751(2) 0.3179(1) 0.0157(1) 1 Uy =2.1(2)
Uy, =2.4(1)
U33=1.55(9)
U1,=0.44(7)
U13=-0.36(9)
U»3=0.50(7)

B 8c 0.0235(7) 0.0235(7) 0.0235(7) 0.25 0.9(5)

O(1)  24f 0.1337(2) 0.2539(3) 0.4868(2) 1 1.61(4)

0(2) 8c 0.1958(2) 0.1958(2) 0.1958(2) 1 1.64(9)

O0(3) 8c 0.9099(3) 0.9099(3) 0.9099(3) 0.875 3.8(2)

a=10.1248(1) A ; * = 6.551 (47 variables), Ry, = 5.18 %, R

»=3.97 %

In the initial model, the M atoms occupied the centre of the tetrahedral 2a site, but this

did not give a sensible Uiso value for the B atom. According to Kargin and Egorysheval”

and our NMR results on Bi12(BosPos)O20 (Figure 5.9 in Section 5.2.5), the boron atoms

mainly form trigonal planar coordination with three oxygen atoms. Subsequent refinement

results showed the B atoms preferentially moved from the 2a site to the lower symmetry 8c

site. The fractional occupancies of the three oxygen sites were fixed as 19.5 per formula
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unit, with vacancies located predominantly on the O(3) site in the tetrahedra. Details of the
refinement results are listed in Table 5.3 and selected bond lengths/angles compared with

the ideal sillenite Bi;,GeO»™ are given in Table 5.4.

Table 5.4 Selected bond distances (Z\), bond angles (°) and calculated bond valence sums
(OBVYS) for Bi1;BO195 from Rietveld refinement using NPD data. Bond length values of
the ideal sillenite Bi;,GeO,o reported by Radaev and Simonov!*® are added as a

comparison.
Bond length/A M =B* M=Ge* ™ | Bond Angles/© M =B*
Bi1-01(a) 2.0884(26)  2.072(1) Bi1-02-Bil 115.81(6)
Bi1-01(b) 22331(25)  2.221(1) Bi1-01-Bil 118.61913)
Bi1-01(c) 2.614126)  2.622(1) 03-B-03 119.33(15)
Bi1-02 22131(15)  2.2146(6)
Bi1-03 2.6845(29)  2.6241(8)
M-03 1495(5)3  1.764(2)=4

1.993(14)

Y BVS_calc. Bil=2.84; YBVS_calc. B=2.15

5.2.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was performed by Dr. John V. Hanna from University of Warwick to
provide evidence of the short range structure around B atoms in the sillenite
Bi12(BosPos)O2. Usually boron atoms of compounds e.g. borates are either three- or
four-fold coordinated to oxygen atoms, forming BO; trigonal planar units or BO,4
tetrahedra, respectively. B one pulse spectra of Bio(BosPos)Os Were measured at
magnetic field of 14.1 T (12.5 kHz MAS). Two peaks with chemical environments of BO3
and BO,4 were detected, which directly proves the existence of BOstrigonal planar units in
Bi12(BosPos)O20, Figure 5.9 and Table 5.5. Based on the NMR intensities of the total
transitions (m = -3/2«>-1/2, m = -1/21/2, and 1/23/2) for the !B NMR line of BO3 and
BO, units contained in Bii2(BosPos)O20, the relative percentages of BO3 and BO4 units

were 91.8 and 8.2 %, respectively.
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"8 one pulse spectra of Biy (8, P, )0, carried out at 14.1 T [12.5 kHz MAS)

Sim.

Exp.

Wl w0 W0 & @ 4 X 0 @0 40 a0 A D D

AR ppm

Figure 5.9 Simulated (red) and Experimental (black) NMR spectra of isotope B one
pulse spectra of Bij2(BosPos)O20 at magnetic field of 14.1 T (12.5 kHz MAS).

Table 5.5 Relative percentages of BO3 and BO, structural units with their chemical shift
values (8), quadrupole coupling constant (Cg) and asymmetry parameter (n) from isotope
11B of Bi12(80.5pol5)020.
Peak Isotropic Shift & (ppm)  Cq (MH2z) n Intensity (%) Environment
1 54 11 0.78 8.2 BO,
2 22.3 2.1 0.41 91.8 BO;

5.2.6 Raman Spectroscopy

® Room Temperature (RT) Raman Spectroscopy

Room temperature Raman spectra for all single-phase B containing sillenites are shown in
Figure 5.10 with the corresponding Raman peak assignment listed in Table 5.6. The peak
intensity of all Raman spectra were normalized by the peak at ~ 530 cm™ (line 15), which

was the strongest peak in the ideal sillenite, Bi1»,SiO2. One unique Raman feature for B**
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sillenite analogues is the two extra vibrations at ~ 850 (line 18) and 900 cm™ (line 19),

assigned as vibrations of BO4 and BOj3 units, respectively.

Relative Raman Intensity (a.u.) Relative Raman Intensity (a.u.)

Relative Raman Intensity (a.u.)

(a) ~530 cm”
~80 cm” N

'

B0.25Si0.75
16 17 18 Si
1234 567 8 10 11 13 14 15 ‘I‘
200 400 600 800 1000
Raman shift (cm™)
(b)
858 cm"
N
o N
18 19
700 800 900
B0.5Ga0.5
A
BO.5AI0.5
1234I 567 ? ’10.11 12| 13I 15 |16 18 19
200 400 600 ] 800 1000
Raman shift (cm™)
(c)
'
I e N, N
M
18 19 20
800 900
B0.5V0.5
17
B0.75P0.25
B0.5P0.5
v -
123.456 % 10‘ 1 | 13 .15 |16 I18’]9 2‘0
200 400 600 800 1000

Raman shift (cm™)

Figure 5.10 Room temperature Raman Spectra of (a) Bi12(Bo.25Si0.75)O19.875 in comparison
with Bi128i020; (b) Bilz(Bo,5Ga0,5)019,5 and Bilz(Bo.5A|0.5)019,5 and (C) Bilz(Bo,5P0.5)Ozo,
Bi12(Bo.75P0.25)O190.75 and Bi12(Bo.sVo.5)Oxo.
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Table 5.6 Raman peak positions of B** containing sillenites compared with Bi1,SiOx.

Line
No.

10
11
12
13

14

15
16

17
18
19
20

Si

55
63

88

95

129

144

166

204

251

276

328

358

460

488

538*

621

788
829

Sig7s

57
61

88

129

144
166
205

251

276
328
359
459

495

538*

621

788
829
855

PO.S

55
63

84*

99

128

144

204

275
342
360
461

531
621

827
851
902

I30.25

55

84>

128

141

202

277
343
364
461

531
621

828
854
901

A|o.5

54

81*

126

140

193

270
332
378
458

533
626

827
858

Gays

54

81*

95

126

139
162
202

260
319
382
455

534
620

827

V0.5

54
58

82*

101

126

145

202

269
337
359
452

531
625

792
852

Mode Type of Vibration

[15]

F
E

m >

m T > >

A
FTO

§[15.16]

Bi,02,03 and M vibration

Bi,01,02 and O3vibrations elongating the
cluster along either [100] or [001]

Bi,02 and O3 vibrations elongating the
cluster

Bi-O1 bonds vibration and ‘breathing’ of
02 atoms

Bi and O2 vibrations elongating the
cluster along either [100] or [010]
‘breathing’ of Bi and O2 atoms
‘breathing’ of Bi and all O atoms

Bi-O1 stretching & Bi-O2-Bi bending and
weak Bi-O1 rocking

Bi-O1 rocking and weak O2 vibrations
elongating the cluster along either [100] or
[001]

02 ‘breathing’ and weak Bi-O1 rocking
Bi-O1 rocking and weak O2 ‘breathing’
01-Bi-02 and 01-Bi-03 bending

02 vibration elongating the cluster along
either [001] or [010] and weak Bi-O1 and
Bi-O3 rocking

Bi-O1 stretching and deformation of MO4
tetrahedra

‘breathing’ of O1 atoms

O3 vibrations elongating the cluster along
either [010] or [100] and weakBi-O1 and
Bi-O2 rocking

Symmetric stretching of MO, tetrahedra
Stretching of MO, or BO, tetrahedra
Stretching of BO; unit

Stretching of PO, unit

Notation * indicates the strongest peak intensity.

In general, Raman spectra for B** containing sillenites can be separated into the following

three groups:

(i)

Raman spectrum of Biy2(Bo.25Si.75)O19875, Figure 5.10 (a), was almost identical

with its parent compound Bi1,SiOy, except for the appearance of a small peak at ~
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855 cm™ (line 19) for By sSio 75 corresponding to vibrations of the BO3 group. This
confirms boron partially occupied the tetrahedral site with three-fold oxygen
coordination. There is no direct evidence for the existence of the BO4 units in the
Raman spectra of By 25Sig 75, if there is any, it is too low to detect. The strongest
peak of By.sSio7s remained at ~ 530 cm™ (line 15), although the magnitude of the
peak intensity ~ 80 cm™ (line 3) is larger than that of Bi1,SiO5. The peak at ~530
cm™ (line 15) was assigned as a fully symmetric Bi-O(1) framework vibration;
whereas the peak at ~ 80 cm™ associated with Bi, 02 and O3 vibrations elongating
the clustert™® *®! signifying the distorted framework polyhedra with incorporation
of boron atoms in sillenites. Compared with other B** sillenites, the Raman
Spectroscopy results revealed By 25Sio 75 is the most regular of these sillenites and

possessed the closest local structure to the ideal sillenite, Bi;2SiOx.

Raman spectra of Bijz(BosAlps)O195 and Bija(BosGags)O19s, Figure 5.10 (b),
showed a prominent peak at ~ 380 cm™ (line 12), which was assigned as O1-Bi-O2
and O1-Bi-O3 bending™. The magnitude and peak position of the ~ 380 cm™ is
similar to that obtained for M**/M** sillenites (Chapter 4), structural interpretations

will be mentioned later in Section 5.3.2.

Raman spectra of Bii2(BosPos)O20, Bii2(Bo.75P0.25)O019.75 and Bii2(BosVos)O20 are
shown in Figure 5.10 (c). Solid solutions BosPos and By 75Po.25 had similar Raman
spectra with peaks at ~ 827 cm™ (line 18), ~ 851 cm™ (line 19) and ~ 900 cm™ (line
20) and assigned as vibrations of BO4, BO3 and PO, units, respectively. Raman
spectra of BosVos presented a characteristic peak at ~ 790 cm™ probably related
with stretching of VO, tetrahedra. ™ In the pentavalent doped boron sillenite
analogues, the peak at ~ 380 cm™ (line 12) increased and downshifted to ~ 360 cm™,
representing an increase of vibration of O1-Bi-O2 and O1-Bi-O3 bending and
therefore a more disordered local structure compared with trivalent doped boron

sillenites in (ii) group.
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Low Temperature Raman Spectroscopy

Low temperature Raman spectroscopy was performed to investigate the subambient
relaxation phenomenon observed from the rf fixed frequency capacitance measurements
(Section 5.2.8) and the low temperature IS measurements (Section 5.2.9.3). In this chapter,
to correlated with NMR results for Biy2(BosPo5)O20, Subambient RS results (i.e. 80 — 420
K) for the same compound are chosen as an example and selected RS data are shown in
Figure 5.11. A laser power of 10 mW was focused on the same grain ~ 2 um spot of the
sample while various temperature measurements were performed and data recorded in

back-scattering geometry.

Bi12(Bo.5P0.5)020

~80cm’ ~ 530 om” 1819 20
¢ A-J\....-A

400 K
. A300K
o A200K

An A100
123456 8 10, 1112 1 16 1 181920

200 400 600 800 1000
Raman shift (cm™)

Figure 5.11 Raman spectra of Biy2(Bo5Po5)O20 at 100, 200, 300 and 400 K.

Relative Raman Intensity (a.u.)

1315

All peak intensities of the data were normalised by the strongest peak at ~530 cm™ at 100
K. A switchover in the most intense peak from ~ 530 cm™ to ~ 80 cm™ in the Raman
spectra at temperatures above 300 K was observed. The Raman peak positions are
inversely proportional to the mass of the groups of the bonded atoms; therefore, the
vibrational modes associated with tetrahedral units occur above 700 cm™ (i.e. at ~ 820 cm™
(line 18), 850 cm™ (line 19) and 900 cm™ (line 20) for BO4, BO; and PO,, respectively),
Figure 5.11 inset. It is remarkable that with increasing temperature the magnitude of the
peak at ~ 820 cm™ (line 18) decreases; whereas the magnitude of the peak at ~ 850 cm™

(line 19) increases. As the intensity of the Raman peak indicates the strength of the
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correlated vibrations, this result showed the strength of BO3 vibrations is increasing while

that of BO, vibrations is decreasing at elevated temperatures.

5.2.7 Microwave (MW) Dielectric Properties

Microwave dielectric measurements performed on six B>* sillenite ceramics (pellet density
~ 86-92 (#2) % of the theoretical X-ray density) at ~ 6-7.7 GHz revealed similar mw
properties with relative permittivity (g;) ~ 30-38; Q ~ 35-60 and t;~ 0 ppm/K, Table 5.6.
The observed relative permittivity (¢, ~ 35) for all measured B** sillenites is close to
the Clausius-Mossotti calculated ¢, which is a typical value for sillenites as the
polarizability of the sillenite unit cell does not change significantly with the small
concentration of M-site dopants. Q.f values ranging from ~ 220-400 GHz were low
compared with sillenites in Chapters 2 and 3, which may be due to the anharmonic
vibrations from the locally disordered dipolar moments (relaxation behaviour) near/at room
temperature. The temperature coefficient of resonant frequency, 1, was close to 0 ppm/K

over the temperature range of 20 — 80 <€ for all boron containing sillenites.

Table 5.7 MW dielectric properties of boron containing sillenites.

Composition Sintering Pellet g Q fo Qf Ts CM™M
Temperature Density (GHz) (GHz) (ppm calculated

() (%) IK) &

Bi1, (BosPos) Oz 790 92 35 54 7561 408 0 35
Bi12 (Bo.75Po.25) O19.75 787 90 33 51 7.060 360 0 33
Bi1, (Bo.25Sio.75) O19,875 730 92 38 56 7.182 402 0 38
Bi12(BosAlys)O195 715 91 37 35 6468 226 0 31
Bi12(BosGags)O195 775 86 31 39 7.058 275 0 31
Biy, (BosVos) Oz 780 86 30 44 7.732 340 0 33

5.2.8 Fixed Frequency Capacitance Measurements

The frequency dependence of ¢, and tan ¢ for boron containing sillenites over the measured
temperature range are shown in Figure 5.12 (a)—(I). All samples revealed two main broad,

highly frequency-dispersive regions in g, as a function of temperature with one present
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above room temperature (> 500 K) and one present below/at room temperature (i.e. ~ 100
— 400 K). The peak maxima of both relaxor-like regions shifted to higher temperature with
increasing frequency.

The frequency-dispersive region above RT (> 500 K) was also observed in ideal
sillenite Bi,SiOz (Chapter 3) and M?*/M* doping sillenites (Chapter 4) and was
attributed to local dipole moments associated with the BiOsLP units in the framework from
combined Raman and Impedance spectroscopy studies.

Subambient RS results (80 - 420 K), Figure 5.11, revealed the low temperature
frequency-dispersive region for boron containing sillenite analogues was possibly related
to the switchover from BO, to BO;3; units on the tetrahedral sites with increasing
temperature.

Some of the compounds, e.g. Biia(Bo75P025)O1975, Bio(Bo.25Sio75)O10.875,
Bi12(BosAlos)O195 and Biia(BosGags)O195 exhibited two subambient dielectric relaxation
processes in the rf fixed frequency measurement ranging from 1 k to 1 M Hz, Figure 5.12
(d)-(j). For instance, the tan 6 peak maxima of Bii2(Bo.25Sio75)O10875, Figure 5.12 (f),
showed relaxation processes occurred at ~ 84 and 204 K (for a frequency of 10 kHz) with
different activation energies (obtained from log fnax versus 1000/T of the tan & peak
maxima). The activation energy of the lower temperature (~ 100 - 400 K) relaxations for

all boron sillenites is listed in Table 5.8.

L —1kHz
600 - (a) ——1kHz By P (®)
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Figure 5.12 Temperature dependence of permittivity (g;) and dielectric loss (tan 8) of (a)
and (b) Bi12(Bo.5Po:5)Ox20; () and (d) Bi12(Bo.75Po.25)O10.75; (€) and () Bi12(Bo.25Sio.75)O19.675;
(9) and (h) Bi12(BosAlos)O19s; (i) and (j) Bira(BosGaos)Oies; (K) and (1) Bis2(Bo.sVo.s)Ozo;
respectively.

Table 5.8 Temperature of tan 6 peak maximum (at 10 kHz) and activation energy (Ea)
(obtained from log fmax versus 1000/T of the tan & peak maxima) of the lower temperature
relaxation process(es) for boron containing sillenites.

Composition Temperature of tan 6 peak Activation Energy
maxima at 10 kHz / K (Ea_relaxation) / eV

1* 2" 1* 2"
Bi2(BosPos)O20 - 216 - 0.28
Bi12(Bo.75P0.25)O19.75 112 218 0.09 0.33
Bi12(Bo.25Si0.75)O19.875 84 206 0.07 0.26
Bi12(BosAlo5)O195 124 208 0.13 0.31
Bi12(BosGags)O195 138 216 0.19 0.32
Bi12(Bo5Vo5)O0z0 - 222 - 0.30

5.2.9 Impedance Spectroscopy (1S)

Low (10-320 K) and high (320-800 K) temperature IS measurements were performed on
all B* sillenites to probe the two main relaxation phenomena observed from rf fixed
frequency capacitance measurements. Gold-sputtered electrodes were applied on opposite
pellet faces for all samples. Table 5.9 lists the measured sample details for IS
measurements. All of the boron containing sillenite samples showed similar low/high
temperature IS behaviour, therefore, Bii2(Bo.75P0.25)O10.75 Was selected as an example. The

IS data for the rest of the compounds and circuit fitting results are shown in Appendix I11.
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Table 5.9 Details of boron containing sillenites from IS measurements. All samples had
gold-sputtered electrodes.

Formula Single-phase Sintering Pellet Activation
Composition Temperature Density Energy

TS /%  (buk)/eV
Bis2(B*1xP*")O105:x Bis2 (BosPos) Oz 790 92 0.94
Bi1z (Bo.75Po.2s) O10.75 787 90 1.26
Bi1a(B*14Si")Oto54x2  Bitz (Bo2sSios) O1ss7s 730 92 0.85
Bi12(B*0sM*05)O105 Bi12(BosAlos)Oies 715 91 1.22
Bi12(BosGaps)O195 770 86 1.20
Bi12(B*0sM™05)O20 Biiz (BosVos) Oz 780 86 0.71

5.2.9.1 High Temperature IS Data (above RT)

High temperature IS data for Bii2(Bo.75P0.25)O1975 at 723 K, Figure 5.13 (a)-(d), revealed
similar relaxation behaviour as the ideal sillenite Bi1»,SiO2 (Chapter 3) and M**/M** doped
sillenites (Chapter 4). The direct evidence is the existence of two capacitance (C’) plateaux:
one at high frequency and one at low frequency, Figure 5.14. The high-frequency plateau
(f > 10° Hz) is frequency-independent and assigned as a bulk component with an associated
capacitance of ~ 4.8 pF.cm™; whereas the low frequency plateau (f < 10° Hz) is
frequency-dependent with fluctuated capacitance values, corresponding to the large, broad
relaxor-liked ¢, peaks in the rf fixed frequency measurements, Figure 5.12 (c).

The same equivalent circuit consisting of a parallel connection of R, C and Cole-Cole
branch (CPE in series with a C), Figure 5.13 (e), was used and successfully modelled the
high temperature 1S data from 648 to 773 K over the frequency range of 10°-10° Hz. At f <
10° Hz, there is a continuous rising in the C’ spectroscopic data with decreasing frequency,
which is attirbuted to space-charge polarization from the sample-electrode interfacel*’ *®.
This response is beyond the scope of the present work and no attempt has been made to
include it in the equivalent circuit analysis/fitting and hence the poor agreement between
the low frequency experimental and fit data in Figure 5.13 (c). The fitted results of the
circuit parameters Ry, Cy, Cx and CPE (A and n) for Bg75P0.25 over 648 — 773 K are listed
in Table 5.10.
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Table 5.10 Fitted high temperature IS values of Bii2(Bo.75P0.25)O19.75 from 573 to 653 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cx, A and n are < #0.3 %, <

#0.8 %,< 23.7 %,< #18.8 % and < 23.8 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) C,(pFem™) A @'cm™rad?) n
648 9827500 4.67 8.74 4.49 x<10° 0.33
673 3740500 4,63 9.28 6.54 x10° 0.35
698 1116100 4.68 9.51 1.12 x10°® 0.36
723 679110 457 5.85 1.96 x10°® 0.31
748 338780 451 5.97 2.19 x<10°® 0.33
773 157500 4.39 6.20 2.06 <10°® 0.37
10":
(b) 723K
0.10;
(a) 723 K
E. 0 ®%®®e
g -0.05 o® 9%
Pt ) ¢
N ‘E
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Figure 5.13 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in (e) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 723 K for Bi12(Bo.75P0.25)O19.75.
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Figure 5.14 C’ spectroscopic plot at various temperatures for Bij2(Bo.75P0.25)O19.75.

5.2.9.2 Arrhenius plot of bulk conductivity

Bulk conductivity data for all measured B** containing sillenites were calculated from the
M” Debye peak and plotted in Arrhenius format, as shown in Figure 5.15. The bulk
conductivity is not dependent on the oxygen content for boron containing sillenites.
Among the measured sillenites, the three most resistive compounds were substoichiometric
sillenites Bii12(Bo.75P0.25)019.75, Bi12(BosAlos5)O195 and Biga(BosGaps)O195 With the highest
activation energy of 1.26, 1.22 and 1.20 eV, respectively. The activation energy for the
other three compound Biy2(Bo.5Po.5)O20, Bi12(Bo.25Sin75)O19.875 and Biia(BosVos)O20 Were

0.94, 0.85 and 0.71 eV, respectively.

= B0.5P0.5
= B0.75P0.25
A B0.25Si0.75
sl ¢ B0.5AI0.5
_— e B0.5Ga0.5
'g » B0.5V0.5
(2
x
236
©
g
-7+
L 1 " | 1 1 "
1.2 1.4 1.6 1.8 2.0

1000/T (K)
Figure 5.15 Arrhenius plot of bulk conductivity versus reciprocal temperature for B**
containing sillenites.
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5.2.9.3 Low Temperature IS Data

Subambient IS data for Bija(Bo.75P025)O1075 at 240 K, Figure 5.16 (a)-(d), presented in
different formats is selected to show the general low temperature relaxation behaviour for
B3 containing sillenite analogues.

The sample was too resistive to show any arc (i.e. dc conductivity) from Z* impedance
plots. Y’ spectroscopic data also did not show any frequency-independent plateau at low
frequency corresponding to dc conduction, R! through the sample; only
frequency-dependent ac conduction is observed, e.g. at 240 K in Figure 5.16 (a). Similar
with high temperature C’ data, subambient C’ spectroscopic plot again revealed two C’
plateaux (with one at higher frequency and one at lower frequency) at temperatures
ranging from ~ 150 to 320 K, corresponding to the subambient relaxation peaks from rf
fixed frequency results. Below 150 K, the C’ data were independent of frequency over the

entire measurement range, Figure 5.17(c).

Table 5.11 Fitted subambient IS values of Bii(Bo75P0.25)O19.75 from 220 to 320 K (for the
2" Jow temperature relaxation). Errors associated with the fitted circuit parameters Cy, Cy,
Aandnare < 0.6 %,< 22.1 %,< #11.8 % and < #4.2 %, respectively.

Temperature (K) C; (pFecm™)  Cy(pFecm™) A (Q*cm™ rad™) n

220 3.76 1.86 5.34 <10 0.48
230 3.76 1.88 8.36 <10 0.47
240 3.77 1.86 1.46 x10° 0.46
250 3.79 1.82 2.71 x10? 0.44
260 3.82 1.76 5.25 x10° 0.41
270 3.86 1.70 1.04 x10°® 0.38
280 3.90 1.63 2.09 %107 0.36
290 3.97 1.56 4.18 <10 0.32
300 4.04 1.47 8.47 x10° 0.29
310 4.12 1.38 1.69 <107 0.26
320 4.22 1.27 3.45 x10° 0.22
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Figure 5.16 Low temperature 1S experimental data points (O) and the fitting results (+) to
equivalent circuit shown in (e) with (a) Y’; (b) C’, (¢) —Z2”/M”, and (d) tan 6 spectroscopic
p|0tS at 240 K for Bi12(80.75P0.25)019.75.

A modified equivalent circuit, Figure 5.16 (e), consisting of a parallel connection of C
and Cole-Cole branch (CPE in series with a C) was used. dc resistance R was eliminated
from the equivalent circuit due to the sample being too resistive (R values are too large) to
measure. The modified equivalent circuit gave a reasonable fit to the IS data of B 75P.2s,
in the range of 220-320 K and measured frequency of 10°-10° Hz, as shown in examples
for the IS data set at 240 K, Figure 5.16 (a)-(d). All the fitted values of the circuit

parameters, C;, Cx and CPE (A and n) are listed in Table 5.11.
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Figure 5.17 (a)Y’ , (b) tan 6 and (c) C’ spectroscopic plots of Bg7s5Po2s at various
temperatures.

IS data for Bg75Po25 at temperature < 210 K cannot be modelled successfully using the
above equivalent circuit, Figure 5.16 (e). Y’ spectroscopic data, Figure 5.17 (a), at lower
temperature (e.g. at 90 K) revealed a smaller frequency-dependent ac conduction. At 140 K,
approximate linear, power law dependent ac conduction was observed. At 210 K, the
second ac conduction process (as mentioned above) was observed. Similar behaviour can
also be observed from the tan & spectroscopic plots, where two sets of loss peaks were
clearly present, Figure 5.17 (b). C’ spectroscopic plot only revealed the permittivity
fluctuation for the second relaxation process, Figure 5.17 (c). Activation energy values for
the subambient relaxation process(es) of B** sillenites were obtained from log finax Versus
1000/T of the tan & peak maxima from rf fixed frequency measurements and are listed in

Table 5.8.
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5.3 Discussion

5.3.1 Formation of Boron Containing Sillenites

All formed single-phase boron containing sillenites with their lattice parameters are listed
in Table 5.12. Solid solubility for Bija(B**1xP°*)O195:x With ~0 < x < ~0.25 and for
Bi1o(B*1,Si*"\)O1054x2 With ~0.75 < x < 1 were established. Single-phase compounds,
except for M = Fe** were also formed from formulae Biy(B*(5M**05)O105 (M** = Fe®',
APl and Ga®*) and Bi12(B*¢5M>05)02 (M°* = V°*). Among all prepared boron sillenites,
“stoichiometric” Bi12(BosPos)O2 and Bii2(BosVos)O20 Were bi-phasic mixtures of two
coexisting sillenites with a slightly different unit cell parameter. Similar results for
vanadate sillenites was also reported by Devalette et al.l*> %! They assumed the tetrahedral
sites for vanadate sillenites were occupied by either vanadium only or by mixed Bi** and
V°*. The chemical formulae were Bi1o(Vas [15)020 and Biga(Vo.os Bio77> [15)O020 With
lattice parameters of 10.203(1) and 10.255(1)A, respectively. In addition, they suggested a
general formula: Biya(Bass.x Bix> [115)O2 for solid solution compounds between the above
mentioned end-members of the Bi,O3-V,0s series. However, single-phase compounds of
BosPos and BosVos can be achieved by using a fast cooling rate (i.e. air quenching). In
contradiction to Valant and Suvorovl™, it is found that altering the heating rate had an
insignificant effect on the resultant sillenite phases. The effect of cooling rate on the phase
formation indicated the metastability of both compounds: B sPos and BosVos. Whether the
rest of the prepared boron containing sillenites are metastable is still worthy of
investigation.

The relationship between the size of the M-site ion(s) and the lattice parameters of the
B*" containing sillenites is shown Figure 5.18. Data for the ideal sillenite, Bi;»SiOz
(Chapter 3); M**/M** doped sillenites (Chapter 4) and the parent y-Bi,O3 from Harwig and
Gerards®! are included in the figure for comparison. According to Poleti et al.??, mixed
M-cations sillenites (e.g. BosPos) are intermediate in the plot and should show no
systematic trend(s). Our results showed similar results for boron containing sillenites. It

seems that smaller dopants (e.g. B**) in the tetrahedral site can have much more flexible
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lattice parameter values than larger dopants (e.g. M?*/M*" sillenites from Chapter 4) where

only an approximately linear trend is observed.

Table 5.12 Summary of single-phase B** containing sillenites.

VS formula Single-phase Reaction Lattice Unit Cell
Composition Temperature Parameter, Volume (KS)
| € a(A)
Biyo(B*14P°*4)O19.54x Biy, (BosPos) Oz 730 10.1527(6)  1046.49(16)
Biy, (Bo.7sPo.25) O19.75 730 10.13364(12) 1040.630(22)
Bi1o(B*"1,Si*") 0105602 Bisz (Bo.2sSio75) Oro7s 730 10.10689(10) 1032.410(18)
Biro(B**0sM>05) 0195  Bis(BosAlys)Oiss 680 10.1344(3)  1040.88(5)
Bi2(BosGags)Oig5 700 10.1447(4) 1044.03(6)
Bi12(B**05M>*5) 020 Bi1, (BosVos) Oz 740 10.1709(4)  1052.15(12)
1025 BiO.7InO.3\I‘Bi203
Bi0.6In0.4 m ™
<
2 |
£10.20 - < Bi0.672n0.33
£ B0.5V0.5 Bi0.3AI0.7 Bi0.5Fe0.5
& B0.5P0.5 > Bi0.4AI0.6
.g 1015} = .30.5630.5
5 . = B0.5AI0.
B0.75P0.25
. .
10101 By 25si0.75  Si
00 01 02 03 04 05 08 07 08 09 10

M-site ionic radius (A)

Figure 5.18 The relationship between the unit cell parameters and the M-site ionic radii of
B3* containing sillenites (shown as bold letters); data for Bi1»SiO» (Chapter 3) and
M /M3* sillenites (Chapter 4) and y-Bi,O3 from literature!®! are included for comparison.
Note: ionic radius for B** and Bi** was from Shannon™ with B*;, = 0.01 and Bi*" ) =

0.96 A, respectively.

5.3.2 Structural Features of Boron Containing Sillenites

Consistent with Kargin and Egorysheva[4], NMR results of Bij2(BosPos)O195, Figure 5.9,

showed evidence of coexistence of boron three- and four-fold coordination to oxygen with

a relative percentage of 91.8 and 8.2 %, respectively. RS spectra showed BO3 units (peak ~

850 cm™, line 19) were present in all boron containing sillenites, Figure 5.10.

Rietveld refinement results on NPD data of Bij(Big2Bo93)O195 by using a fixed
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composition of Bi;,BO1g5 for the sillenite phase, Table 5.4, showed three equal B-O bonds
(i.e. B-O = 1.495(5) A) and one longer B-O bond (i.e. B-O = 1.993(14) A). This indicates
the B atoms adopt a three-fold coordination on the tetrahedral site with a similar B-O bond
length to the ideal BO; trigonal planar unit (i.e. B-Oqy = 1.42 A%, The small
concentration of B atoms in the composition considerably lowers the reliability of any
determination of crystallographic site occupancy/splitting by B cations and makes the

observation of the minority BO4 groups impossible.

O(1a)  O(1b) O(1a)

Figure 5.19 Fragment of structure for (a) B** containing sillenites with unshared O(3)
atom in Bi(1)OsLP polyhedra; (b) distorted trigonal bipyramid Bi(1)O4LP with unshared
Bi** electron lone pairs in M?*/M** sillenites.

Compared with the ideal Bi1,SiOx sillenite with “rigid” tetrahedral units (SiO4), structural
distortion is inevitably induced by BOjs units in boron containing sillenites, where one
oxygen is not a bridging atom to link between tetrahedral and framework units (i.e. BOs
and Bi(1)OsLP), Figure 5.19. This non-bridging oxygen atom is part of the Bi(1)OsLP
polyhedra from the framework of the structure. To achieve local valence balance by
introducing pentavalent cations into the structure, the Bi-O(3) bonds of the adjacent
BiOsLP polyhedra are lengthened and the correlated Bi-O(1b) and Bi-O(1c) bonds are
shortened; oppositely, for BiOsLP polyhedra near the BO3 units Bi(1)-O(3) bonds are
shortened and Bi-O(1b) and Bi-O(1c) bonds are lengthened.

Room temperature RS spectra, Figure 5.10, showed that with the incorporation of
pentavalent cations (e.g. P>* and \V°*) in boron sillenites, a more distorted sillenite structure
was attained. The asymmetry of peak at ~ 340 cm™ (line 11) in pentavalent boron sillenites
(i.e. BosPos, Bo7sPo2s and BosVos) designated the presence of a peak at ~ 360 cm (line

12). The increasing magnitude and downshifting of the ~ 360 cm™ peak in pentavalent
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boron sillenites compared with the same ~ 380 cm™ peak in trivalent boron sillenites (i.e.
BosAlos and BosGags) showed that the vibrations of O1-Bi-O2 and O1-Bi-O3 bending are
stronger and the local structure is more distorted. The larger unit cell for pentavalent boron
sillenites promotes the stronger vibration of O1-Bi-O2 and O1-Bi-O3 bending, whereas for
trivalent boron sillenites (i.e. BosAlgs and BosGags), the upshifting of the same peak from
~360 cm™ to ~ 380 cm™ (line 12) indicates a weaker vibration of O1-Bi-O2 and 01-Bi-O3
bending that is probably due to limited space/smaller unit cell. Similar vibrations
associated with the ~ 380 cm™ peak for trivalent boron sillenites was also observed in
M?*/M** sillenites in Chapter 4. This suggests that the unshared O(3) atom in BiOsLP
polyhedra in trivalent boron sillenites is somewhat similar to the unshared Bi** lone
electron pair in the distorted trigonal bipyramid, Bi(1)O4LP, in M?*/M** sillenites, Figure
5.19 (b).

5.3.3 Origin of Low Temperature Relaxation Behaviour

Fixed frequency measurements of boron containing sillenites ranging from 1 k to 1 MHz,
Figure 5.12, revealed a broad frequency-dispersive region of ¢ and tan 6 at low
temperature (100-400 K). The previous reported relaxor-behaviour in ideal Bi,SiOy and
M?*/M3** (Chapter 3 and 4) at much higher temperatures (~ 600 -750 K) was also observed
in all the boron containing sillenites prepared in this study, which is attributed to dipole
moments of the BiOsLP units by the thermal expansion of the framework at elevated
temperature. The dielectric loss of the low temperature relaxor behaviour in boron
containing sillenites shown here is ~ an order of magnitude less than that of the high
temperature relaxation, therefore, the origin of the two relaxations should be different.
Valant and Suvorov reported the low temperature relaxation behaviour for Bii2(BosPo5)O20
occurring between 200 and 400 K was attributed to random occupation of B and P atoms
over the M-sites.”) Our RS data for Bi12(BosPos)O20 at 100-400 K, Figure 5.11, revealed
the strength of BO3 units vibration (i.e. peak 820 cm™ or line 18) increases significantly
whereas that of BO, vibration (i.e. peak 850 cm™ or line 19) decreases with elevated

temperature. At 100 K (i.e. “freezing” temperature) most of tetrahedral vibration is from
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symmetric BO, units; whereas at 400 K, most boron atoms preferentially moved
off-centred with a lower symmetric BO3 coordination, therefore, vibration associated with
BO3 units dominates the tetrahedral vibration at higher temperatures. The randomness and
switching between BO, and BOj; units on the tetrahedral site cause Bi** from adjacent
Bi(1)OsLP octahedra to displace toward BO3; groups for redistribution of the charge
balance. It therefore disrupts the long-range interaction of the electric dipoles and develops
random polar regions, which is believed as the origin of the low temperature relaxation

behaviour.

This low temperature relaxor-type effect was successfully modelled by the equivalent
circuit, Figure 5.17 (e), where a parallel connection of C and Cole-Cole branch (CPE in
series with a C) was used. dc resistance R was not included in the circuit due to the sample
being too resistive (R > 10 GQ) to measure, only ac current can flow through the circuit,
the Cole-Cole branch is used to represent the relaxation process associated with
short-range orientation of the dipoles from the BiOsLP units incorporated with movements
of B atoms forming BO3 units. The resistive component of the CPE becomes larger (n
close to zero) once the co-operative displacements of Bi** atoms and the rotational BO, to
BO; units are completed, which eventually impedes any displacement of Bi** atoms from

BiOsLP units.

5.3.4 Microwave Dielectric Properties

The microwave dielectric measurements for B*" sillenite ceramics with similar pellet
density ~ 86-92 (2) % revealed similar microwave dielectric properties with relative
permittivity (&) ~ 30 to 38; Q ~ 35 to 60 and s~ 0 ppm/K at resonant frequency f ~ 6 to
7.7 GHz, Table 5.6. As a systematic loss decreases with optimal packing from the
close-packed arrangement of the ions in the crystal structure, suggesting the ionic size is
important for intrinsic loss®* 2% it is expected that sillenites with a close-packed
tetrahedral arrangement (i.e. a geometrically regular M**O, tetrahedral with rovas) = 0.31 A

[ and a fully occupied oxygen sublattice) should have the highest Q.f values, for example,
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~ 7000 GHz for Biy,SiOs0, Figure 5.20. B** containing sillenite analogues exhibit the
smallest Q.f values and the highest dielectric losses (tan 8), where the relaxation behaviour
was observed from fixed rf frequency measurements, Figure 5.12. In addition, a near zero
7 was observed for all B** containing sillenites, which also correlated with the broad
relaxation peaks over a wide temperature range from 80 to 420 K. The typical property for
a non-ferroelectric relaxor with a small value of t; and a high permittivity are important
factors for possible applications in multilayer ceramic capacitors; however, the permittivity

values for the sillenites in this study are too low to be considered for such applications.*
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Figure 5.20 Q.f values versus the M-site ionic radii of ideal sillenite (Bi12SiOx20), M?*/M3*
sillenites and B** containing sillenites. Inset is an expanded view for all B** containing
sillenites.

5.4 Conclusions

Five new phases based on the general formula (1-x)Bi12BO195-XBi12MO50+5, Where M =
AP, Ga**, Si**, P°* and V°* have been synthesised and shown to have body-centred cubic
structures with space group 123 by indexing of XRPD results. Solid solubility for
Bi1o(B¥*1.xP°* ) O19.5:x With ~0 < x < ~0.25 and for Bio(B* 1xSi**)O1954x2 With ~0.75 < x
< 1 were established. All single-phase boron containing compounds showed VS general
formula can be expanded as a baseline for synthesizing new “composite” sillenite phases
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with/out Bi** atoms on the tetrahedral site. It is possible that a large number of related
phases may be synthesised. Consistent with Poleti et al.*?, mixed M-cation sillenites (e.g.
BosPos) are intermediate in the plot and should show no systematic trend(s). Our results
showed similar results for boron containing sillenites. No linear relationship between the
average M-site ions and lattice parameters of B*" containing sillenites was observed,
Figure 5.18.

The bi-phasic nature of “stoichiometric” Bii2(BosPos)O20 and Biiz(BosVos)O20 With
two coexisting sillenites was detected by XRPD, however, single-phase compounds can be
achieved by using a fast cooling rate (i.e. air quenching), which revealed the metastability
of both compounds.

Structural refinement for NPD data of Bij2(Big.02Bo.9s)O195 Showed an impurity phase
of 2.62 weight % Bi4B,Og in this end-member composition. Rietveld refinements with
fixed composition Bi1,BO1q5 for the sillenite phase showed that B** preferentially occupies
the lower symmetry 8c tetrahedral site with three B-O bond length of 1.495(5) A and one
longer B-O bond of B-O = 1.993(14) A. The near ideal B-O bond length to that of BO;
trigonal planar unit (i.e. B-Oqyy = 1.42 A%, confirmed the B* atom to preferentially
adopt three-fold coordination on the tetrahedral site. NMR results for Bii2(BosPos)O195,
Figure 5.9, showed evidence for the coexistence of boron three- and four-fold coordination
with relative percentage of 91.8 and 8.2 %, respectively. RS spectra showed BOj3 trigonal
planar units (peak ~ 850 cm™, line 19) were present in all the boron containing sillenites
investigated in this study, Figure 5.10.

Microwave dielectric properties of boron containing sillenites showed &, ~ 30-38; Q.f
~ 220-400 GHz and 1+ ~ 0 ppm/K at a resonant frequency of ~ 6-7.7 GHz. A high
permittivity, low Q.f values and near zero temperature coefficient of resonant frequency s
were affected by the frequency- and temperature-dependent relaxation behaviour within
the measured microwave range, where the ac conductivity possessed quite high tan 6
values from fixed frequency and IS results. Low values of Q.f and high dielectric losses of
boron containing sillenite analogues eliminate the possibility for LTCC applications. It is
found that the M-site ion size and close-packing environment significantly influenced the

dielectric losses. A near ideal M-site ionic radius for Biy,SiOz (Si** i) = 0.26 A) gave the
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highest Q.f of ~ 7000 GHz.

The characteristic, low temperature relaxation behaviour for boron containing
sillenites was probed by subambient rf fixed frequency, RS and IS measurements.
Subambient RS results of Bi;2(BosPos)O20, Figure 5.11 , showed a switching from BO, to
BO3 units occurs with increasing temperature. The randomness and switching between
BO, and BO; units on the tetrahedral site caused Bi** from adjacent Bi(1)OsLP polyhedra
to displace toward BOs groups for charge redistribution to obtain electroneutrality. It
therefore disrupts the long-range interaction of the electric dipoles and develops random
polar microregions, which is believed to be the origin of the low temperature relaxation

behaviour.
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6 Investigation of Phosphorus (P>*) Containing Sillenites

6.1 Introduction

The Valant and Suvorov (VS) general formula Biia(Bi**4s.0M™"5,)O19.2:n ) States the
mechanism for pentavalent cation (M>") doping is that each Bi*" ion on the tetrahedral site
is substituted by one M°* ion and one oxygen ion. The oxygen ion fills the space
previously occupied by the Bi** lone electron pairs. The upper substitution limit is when
there is no Bi** ion on the tetrahedral site, i.e. Bijo(M®*4s115020. Beyond this limit,
additional oxygen ions are sometimes accommodated in the structure for M>* dopants to
achieve electroneutrality, leading to the formation of superstoichiometric sillenites with an
excess of oxygen on the anion sublattice (ie. > 20), e.Qg.
Bi1o(Bi**005Vo:ss l0.08)02027[LPloos®. Three representative M°" sillenites from the
literature are M>* = P>, V*" and As>*.[*® Consistent with the VS formula, Soubeyroux et
al.® and Devalette et all? reported the end member for M°* sillenites is
Bi1o(M*4501/5020. However, Radaev and Simonov!?; Watanabe et al.” * and Lee and
Sinclairt” found the solid solubility limits for V, As and P dopants were up to 6.74, 6.88
and 7.69 mol %, respectively, which all exceed that reported in the VS formula (i.e. 6.67
mol %).

The crystal chemistry of M>" superstoichiometric sillenites possesses distinct
deformation of the Bi-O framework structure. Radaev and coworkers (R model)?? 1
disproved the existence of Bi®* ¥l 122 and proposed a structural model, where voids in
the sillenite framework (6b site) are occupied by excess oxygen ions (O4 atoms), Figure
6.1. With the incorporation of O4 atoms, the Bi-O framework polyhedra undergo the
greatest distortion with Bi(1) and O(3) atoms practically disconnected from each other. The
additional oxygen atoms O(4) become part of the coordination environment of the Bi-O
framework polyhedra, which is a distorted octahedron with an equatorial plane of O(1a),
O(1c), O(2), O(4) and apical vertices of O(1b) and the unshared 6s® lone electron pairs of

Bi** atom. Two adjacent polyhedra are face-sharing via O(1b), O(1c) and O(4) and then
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corner-sharing via O(4) to another pair. Equally probable vacancies in any of the four
tetrahedra and statistically random occupation of 6b sites by O(4) atoms release the local
stress/strain near O(4) atoms and preserve an average cubic structure with space group of

123.

® O(4) ® M
Bi(2) )}/
Bi(1) ;
.'/6“
O(1a) o(1b) /
o2
@ O(1c)

Figure 6.1 Structural feature of superstoichiometric sillenite with additional oxygen O(4)
atom occupied the 6b site to show distinct Bi-O framework polyhedra.

The aim of this chapter is to continue the investigation of the low temperature relaxation
behaviour in P°* containing sillenites: whether P>* containing sillenites would exhibit the
peculiar relaxation phenomenon at low temperature (~ 200 — 400 K) as reported for
Bi12(BosPos)O20*%. Four phosphorus containing sillenites: Biia(Bi* 0.03P° .89 70.08)O20.27,
Bi12(P**086[10.14) 02015, Bi12(Fe* 05P> 0.5)O00 and Bisa(Mg**033P°*067)020 Were synthesised
by the solid state reaction method. Structural and electrical property analysis were
investigated by using X-ray Powder Diffraction (XRPD), Raman Spectroscopy (RS),
Nuclear Magnetic Resonance (NMR), microwave (MW) dielectric resonance, rf fixed
frequency capacitance and Impedance Spectroscopy (IS) measurements. A correlation
between the M-ion ionic radius and the sillenite lattice parameter is discussed. A possible
origin of the low temperature (LT) relaxation phenomenon for P*>* containing sillenites is

suggested.
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6.2 Results

6.2.1 Synthesis of Phosphorus Containing Sillenites

~ 10 g each of the following four P°* containing sillenites: Bi12(Bi* 0.03P>*0.8000.08) 02027,
Bi1o(P*"0.8600.14)020.5, Bit2(Fe* 05P* 05)020 and Biro(Mg*0.33P"0.67)O20 Were synthesised
by the traditional solid state reaction method. Precursors were dried at appropriate
temperatures, as listed in Table 2.1 in Chapter 2: Experimental Procedure. Samples were
ground together with acetone using a mortar and pestle and heated in Au foil boats from
room temperature to 400 <C for 2 hours with a heating rate of 1 <T/min to evaporate any
H,O and/or NHs in the reagents and then heated at 700 <C for 6 hours with a heating and
cooling rate of 10 <T/min. The samples were eventually reacted between 730 and 780 <C
with intermediate grinding until an equilibrium state was detected by X-ray powder

diffraction. The single-phase compositions based on XRPD results are listed in Table 6.1.

Table 6.1 Summary of single-phase P>* containing sillenites examined by XRPD.

Single-phase Composition Reaction Reaction Sintering
Temperature / Time Temperature
< /h | €
Bi12(Bio.03Po.89[0.08)O20.27 730 48 850
Bi12(Po.gs10.14)O20.15 780 48 855
Bi1o(Fe* 05P**05)Oz0 790 36 870
Bi1o(Mg*0.33P"*0.67)O20 780 48 864
6.2.2 XRPD

XRPD results, Figure 6.2, showed four single-phase P°* containing sillenites:
Bi12(Bi*00sP 080 l0.08)02027,  Bi12(P*0.86110.04)02015,  Bia(Fe*'0sP*"05)020  and
Bi1o(Mg?*033P>"0.67)O20. All the XRPD data could be indexed on a single cell (space group
of 123) with no splitting of peaks observed at higher 20 values over 65-859as shown in the

inset of Figure 6.2.
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Figure 6.2 XRPD results of single-phase P°*  containing sillenites
Bi12(Bi* 0.03P°*0.8910.08) 02027, Bi12(P* 0.85[10.14)O20.15, Bisa(Fe* 5P 0.5)0z0 and
Bi12(Mg”*0.23P°*0.67)O2.

6.2.3 Raman Spectroscopy

® Room Temperature (RT) Raman Spectroscopy

Room temperature Raman spectra for P>* containing sillenites are shown in Figure 6.3 and
the corresponding Raman peak assignments are listed in Table 6.2. The uniqgue Raman
feature for all P>* containing sillenites is the presence of peak at ~ 901 cm™ (line 20),
assigned as vibrations of the PO, tetrahedral unit. The Raman spectra for P°* containing
sillenites can be divided into two groups:

(1) Raman spectra of Big3Poge and Pggs Were almost identical with M>* doping boron
containing sillenites, e.g. BosPos and BosVos in Chapter 5, except for the absence
of a peak at ~ 850 cm™ (line 19) which corresponds to vibrations of the BOs group.
As superstoichiometric sillenites, the downshift of Raman peak ~ 350 cm™ (line 11)
is assigned as shortening of the Bi-O(1b) bonds; whereas the upshift of Raman
peak ~ 85 cm™ (line 3) indicates lengthening of the Bi-O(3) bonds.

(i) Raman spectra of FegsPgs and Mgoa3Pos7 between 200 and 400 cm™ were similar

to those of M?*/M** sillenites (Chapter 4) with corresponding peaks at ~ 265 cm™
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(line 10), ~ 320 cm™ (line 11) and ~ 380 cm™ (line 12), respectively.

~80cm™” 150 l

; 20
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2 A

Q

() e
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% MgO.3L3\PO.67
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(O]

=

©

o) P0.86

(14 A
Bi0.03P0.89

I\
123456 8 10 1112, 18 15 |16 . | .
200 400 600 800 1000

Raman shift cm™)
Figure 6.3 Room temperature Raman Spectra of Bi12(Bi3+0_03P5+0_89Do_08)020_27,
BilZ(P5+O.86DO.14)020.15, Bilz(Fe3+0,5P5+0,5)020 and Bi12(Mg2+0.33P5+0.67)Ozo. Peak intensities
are normalized by peak ~ 530 cm™.

Relative Raman Intensity (a.u.)

1234 56 I8 10 M | 13 15 16;17 18 20

I
0 200 400 600 800 1000

Raman Shift (cm™)
Figure 6.4 Raman spectra of Bigo3Po.g9 at 100, 200, 300, 400 and 760 K. Peak intensities
are normalized by peak ~ 530 cm™. Inset is the enlarged version of showing Raman peak
~825 cm™ (line 18) and ~ 901cm™ (line 20).
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Table 6.2 Raman peak positions of P°* containing sillenites, data of ideal sillenite

Bi1,Si105 was used for comparison.

Line
No.
1
2

10
11
12
13

14

15
16

17
18
19
20

Si

55
63

88

95

129

144

166

204

251

276

328

358

460

488

538*

621

788
829

Big.03Po.so

56
64

85*

99

122

149

207

278
347
358
460

532
621

788
825

901

I30.86

55
63

84>

99

128

148

208

280
348
363
463

533
623

901

FeosPos

55
64

85*

95

126

142
158
205

265
327
373
455

534
621

826

902

Mdo.33Po.67

55
64

84*

94

126

141

158
198

275
331
366
455

532
622

902

Mode

m > >

mT > >

[14, 15]

Type of Vibrations

Bi,02,03 and M vibration

Bi,01,02 and O3vibrations elongating
the cluster along either [100] or [001]
Bi,02 and O3 vibrations elongating the
cluster

Bi-O1 bonds vibration and ‘breathing’ of
02 atoms

Bi and O2 vibrations elongating the
cluster along either [100] or [010]
‘breathing’ of Bi and O2 atoms
‘breathing’ of Bi and all O atoms

Bi-O1 stretching & Bi-O2-Bi bending
and weak Bi-O1 rocking

Bi-O1 rocking and weak O2 vibrations
elongating the cluster along either [100]
or [001]

02 ‘breathing” and weak Bi-O1 rocking
Bi-O1 rocking and weak O2 ‘breathing’
01-Bi-02 and 01-Bi-03 bending

02 vibration elongating the cluster along
either [001] or [010] and weak Bi-O1 and
Bi-O3 rocking

Bi-O1 stretching and deformation of
MO4 tetrahedra

‘breathing’ of O1 atoms

O3 vibrations elongating the cluster
along either [010] or [100] and
weakBi-01 and Bi-O2 rocking
Symmetric stretching of MO, tetrahedra
Asymmetric stretching of MO, tetrahedra

Stretching of PO, unit

Notation * indicates the strongest peak intensity.

The rf fixed frequency measurements (Section 6.2.6) showed that low temperature (10-400

K) relaxation behaviour was only present in BiggsPoge and Pogs. Variable temperature

Raman spectra for the same grain of sample Bigo3Pogs at selected temperature 100, 200,

300, 400 and 760 K, Figure 6.4, showed the magnitude of the Raman peak at ~ 825 cm™

(line 18) to vary with a value of 10.59, 7.48, 3.82 and 8.95 at 100, 200, 300 and 400 K,
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respectively. The Raman peak ~ 825 cm™ (line 18) is assigned as asymmetric stretching of
MO, tetrahedra. The peak intensity indicates the strength of the associated vibrations. The
weakest peak ~825 cm™ vibration was observed at 300 K and it became stronger at 400 K.
The peak intensity at 400 K is suppressed in Figure 6.4, as the strongest peak switched
over from peak 530 cm™ at 300 K to peak 80 cm™ at 400 K. Associated with MOy,
tetrahedral vibrations, the Raman peak ~ 530 cm™ (line 15) assigned as the vibrations of
the framework units were downshifted with values of 537, 536, 534 and 531 cm™,
respectively. This might be related to the origin of the LT relaxation behaviour in the
sample. In addition, a further broadening/downshifting of peak ~530 cm™ to 520 cm™ was
observed at 760 K. The differences between the associated activation energy for LT and HT
relaxation processes of Bigo3Pogo (i.e. 0.48 and 1.21 eV, respectively) indicate the origin of

both relaxations are different, as discussed in Chapter 7.

6.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy was used to investigate detailed information about the PO, tetrahedral
environments of Bii2(BosPos)O2 and Biia(BioosPo.sol0.0s)O2027, both of which exhibit
relaxation behaviour at room temperature (300 K). *'P one pulse spectra of
Bi12(Bo.sPo.5)O20 and Biyo(Bio.osPo.gal0.08)O2027 Were carried out under a magnetic field of
7.05 T (12.5 kHz MAS) with a one peak chemical environment of PO, detected, Figure 6.5
and Table 6.3. Compared with BosPgs, a broadening of the NMR peak width at its half
height was observed for Big3Pog9. This indicates a disordered distribution of P/Bi/o over

the tetrahedral sites, which may be responsible for the LT dielectric relaxation phenomena.
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Figure 6.5 NMR spectra of isotope >'P one pulse signal of Biy»(BosPos)O20 and
Bilz(Biologpo_ggD0_03)020.27 carriedoutat 7.05 T (125 kHz MAS)

Table 6.3 Details of NMR isotope Slp peak from Bii2(Bo.sPo5)O20 and
Bi12(Bio.03Po.8910.08) O20.27.

Sample Isotropic Shift (ppm) Width (ppm)
Bi12(Bio.03P0.89) O20.27 0.61 5.84
Bi12(BosPos)O20 0.42 2.35

6.2.5 Microwave (MW) Dielectric Properties

Microwave dielectric measurements performed on P°* containing sillenites showed that
Bio.osPo.so and Pogs did not resonant at MW frequencies; whereas FegsPos and Mgo 33Po67
resonated at ~ 7 GHz with relative permittivity () ~ 30; Q ~ 150-180 and t;~ from -15 to

+43 ppm/K over the temperature range 20-80 <€, Table 6.4.

Table 6.4 MW dielectric properties of P>* containing sillenites.

Composition Sintering Pellet g Q fo Qf T CM_
Temperature Density /GHz /GHz /ppm/K calc.
/T 1% &
Bi12(Bio.03Po.gol 10.08)O20.27 850 90 Too lossy to be measured 36
Bi12(Po.gs10.14)O20.15 855 93 Too lossy to be measured 34
Biso(Fe* 45P**0.5) 020 850 83 31 150 7.058 1059 -15 38
Bi12(Mg**.33P>0,67)O20 864 83 32 179 7.215 1291 43 34
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6.2.6 Fixed Frequency Capacitance Measurements

The frequency dependence of & and tan & for P> containing sillenites over the measured
temperature range are shown in Figure 6.6 (a)—(h). All measured P>* containing sillenites
revealed a broad, highly frequency-dispersive region at high temperature (T > 400 K),
which is similar to what is seen in all other groups of sillenites (in Chapter 3-5). However,
only BigosPosgs and Pggs exhibited a low temperature relaxation region at ~ 100 — 400 K.
This result indicated that the low temperature (LT) relaxation behaviour is not only present
in B¥ containing sillenites, but also in some of P>* containing sillenites. Activation energy
values of the low temperature relaxation process for p>* containing sillenites: Bigo3Po.g9 and
Poss Were obtained from log fmax versus 1000/T of the tan 6 peak maxima from rf fixed

frequency measurements and are listed in Table 6.5.

800 200
fa) ——1kHz Bin ~.P (b)  ——1kHz Bip.03P0.89
—— 10 kHz 0.0370.89 —— 10 kHz
100 kHz 100 kHz
600 - ——1MHz 150 - —— 1 MHz
100 0.2
w
&+ 400 |- S0 O
- -
50
L F 0.0
00F or 0.1
100 200 300 400 500 ’ 100 200 300 400 500
N LY
0 i 1 1 1 1 " 1 1 1 o 1 I 1 1 1 1 1
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (K) Temperature (K)
500 200
() ——1kHz Po.86 {d) ——1kHz Po.gs
—— 10 kHz —— 10 kHz
400 - 100 kHz 100 kHz
—— 1 MHz 150 - —1 MHz
80 b
300 [
60 ©
i § 100 01
B 8
200 | 40
roo00
20
100 200 300 400 500 sor
100 |- - 0-13%0 200 300 400 500
' / [
= \J
0L L L L 0 T T T T T T |
200 400 600 800 100 200 300 400 500 600 700
Temperature (K) Temperature (K)

194



Yu Hu, PhD. Thesis, Chap 6. Phosphorus (P>*) containing sillenites

500 100
| (e) ——1kHz Feo.sPo.5 L () ——1kHz Feq.5Po.s
—— 10 kHz — 10 kHz
400 - 100 kHz 80 - 100 kHz
—— 1 MHz I ——1MHz
80 0.2
300 | 60 -
P 60 w
= c ro04
8
200l “° w0l
0.0
20
100 | 100 200 300 20 | 0.1 o0 200 0
' L
T -
o C 1 1 1 1 1 1 1 0 L L L L
100 200 300 400 500 600 700 800 200 400 800 800
Temperature (K) Temperature (K)
150
— M P
s00 - (9) 1 kHz 90.3370.67 (hy ——1kHz Mgg 33P0 67
— 10 kHz —— 10 kHz
100 kHz | 100 kHz
400 | — 1MHz —— 1 MHz
60 100 - o2
© 0.1
300
& 40 s
0.0
L 50 |
200 - 04
0.2
100 200 300 L 100 200 300
100
' v
0
1 1 1 1 1 1 1 1 1 1
0 200 400 600 800 100 200 300 400 500 600 700 800
Temperature (K) Temperature (K)

Figure 6.6 Temperature dependence of permittivity (&) and dielectric loss (tan &) of (a)

and (b) Bii2(BioosPossll00s)O2027; (€) and (d) Biio(Posgsl0.14)O02015 () and (f)
Bilz(F60.5P0.5)020; (g) and (h) Bilz(Mgolggpo_m)Ozo, respectively.

Table 6.5 Temperature of tan 6 peak maximum (at 10 kHz) and activation energy (Ea)
(obtained from log fmax versus 1000/T of the tan 6 peak maxima) of the lower temperature
relaxation process(es) for P°* containing sillenites: Bio,osPo.go and Po.gs.

Composition Temperature of tan & peak Activation Energy
maxima at 10 kHz / K (Ea_relaxation) / eV
Bi12(Bio.0sPo.go  10.08) O20.27 320 0.46
Bi12(Po.gs 10.14)O20.15 320 0.50

6.2.7 Impedance Spectroscopy (IS)

Low (10-400 K) and high (400-800 K) temperature 1S measurements were performed on
gold-sputtered P°>* containing sillenite samples, Table 6.6, to probe the LT and HT

relaxation phenomenon observed from rf fixed frequency measurements. LT relaxation
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behaviour was not present in the Mgo 33Po.67 Sample. HT IS results for BigosPo.g9 Were used
to show the higher temperature relaxation phenomenon as well as the oxide ionic
conductivity for superstoichiometric sillenites. The IS data for the rest of the compounds

and circuit fitting results are shown in Appendix Il1.

Table 6.6 Details of phosphorus containing sillenites from IS measurements. All samples
had gold-sputtered electrodes.

Single-phase Sintering Pellet Density
Composition Temperature / € ! %
Bio(Bio.03Po.gol 10.08)O20.27 850 90
Bi12(Po.gs10.14)O20.15 855 93
Bia(Fe* 5P 05) 0z 870 83
Bi12(Mg”*0.33P”"0,67) 020 864 83

6.2.7.1 Low Temperature IS Data for Bi;»(Mg33Po.67)O20 (10 — 400 K)

Low temperature IS data of Mgo33Po67 at 320 K, Figure 6.7 (a)-(d), is used to show that no
relaxation behaviour was observed at the measured temperature range of 10-400 K, which
is similar with fixed frequency results in Figure 6.6 (g) and (h). A C’ spectroscopic plot,
Figure 6.7 (a), showed only one frequency-independent C’ plateau existed throughout the
measured temperature range. Y’ spectroscopic plot, Figure 6.7 (b), showed power-law ac
conductivity. In addition, no relaxation loss peaks was observed in either Z”/M” or tan &

spectroscopic plots, Figure 6.7 (c) and (d).
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Figure 6.7 (a) C’; (b) Y’; (¢) —Z”/M” and (d) tan & spectroscopic plots for
Bi12(Mgo.33P0.67)O20 at 320 K to show that no low temperature relaxation behaviour was

present.

6.2.7.2

IS data for Bilg(Biologpo.gg)Ogo_y

[ Low temperature IS data (10 — 400 K)

LT IS data for Bij»(Big.osPo.g9)O2027 at 328 K presented in different formats is selected to

show the general low temperature relaxation behaviour for P°* containing sillenite

analogues, Figure 6.8 (a)-(d). The modified equivalent circuit without dc resistance R,

Figure 6.8 (e), gave a reasonable fit to the IS data in the measured frequency of 10°-10° Hz,

as shown in the example for Bigo3Po.s9 in the range of 290-373 K and the fitted values of

the circuit parameters, C;, Cx and CPE (A and n) are listed in Table 6.7.

Table 6.7 Fitted subambient IS values of Bii2(Bio.03P0.89)O2027 from 270 to 373 K for the
low temperature relaxation. Errors associated with the fitted circuit parameters Cy, Cy, A
and n are < #0.21 %,< #1.89 %,< #11.86 % and < #17.32 %, respectively.

Temperature (K) C; (pFecm™)  C.(pFem™) A (Q'cm™ rad™) n
290 2.77 0.56 1.83 <10° 0.12
310 2.77 0.59 2.99 x10° 0.15
328 3.03 0.60 1.06 <10 0.17
348 3.03 0.61 1.60 <10 0.20
373 3.02 0.64 2.29 <10 0.23
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Figure 6.8 Low temperature IS experimental data points (O) and the fitting results (+) to
equivalent circuit shown in (e) with (a) Y’; (b) C’, (¢) —Z2”/M”, and (d) tan 6 spectroscopic
p|0tS at 328 K for Bilz(Biologpolgg)Ozoly.

The sample was too resistive to show any semicircular arc in Z* plots below 373 K. Y’
spectroscopic plots, Figure 6.8 (a), also did not show a low frequency-independent plateau
consistent with any dc conductivity of the sample; instead a curved, frequency-dependent
non-power law dispersive ac conduction was observed. A C’ spectroscopic plot, Figure 6.8

(b), showed two typical C’ plateaux with one at higher frequency and one at lower

frequency.

198



Yu Hu, PhD. Thesis, Chap 6. Phosphorus (P>*) containing sillenites

o High Temperature IS Data (T > 400 K)

A high temperature 1S data set of Bij2(Bigo3Po.g9)O2027 at 723 K is used as an example to
show the universal HT relaxation behaviour in all P** containing sillenites, Figure 6.9
(@)-(d). Z* plots showed two semicircular arcs; both of which are related to the bulk
response of the sample, Figure 6.9 (a). (Evidence refers to Section 3.2.3: equivalent circuit
analysis for Bi1,SiOy). The real admittance (Y’) spectroscopic plot, Figure 6.9 (b), showed
a frequency-independent low frequency plateau attributed to the dc conductivity and a
frequency-dependent power law behaviour at higher frequency. Two C’ plateaux with one
at high frequency and one at low frequency were observed, Figure 6.9 (c). The
high-frequency plateau (f > 10° Hz) is frequency-independent with an associated
capacitance of ~ 4.07 pF.cm™(g, ~ 46); whereas the low frequency plateau (f < 10°Hz) is
frequency- and temperature-dependent with fluctuated capacitance values ranging from 0.1
nF.cm™ at 548 K to 7 pF.cm™ at 823 K, corresponding to the broad relaxation ¢, peaks in
the rf fixed frequency measurements, Figure 6.6 (a). In the combined —Z”/M”
spectroscopic plot, Figure 6.9 (d), the high frequency peak is attributed to the bulk
conductivity of the sample and the low frequency peak in —Z” spectra is attributed to the
bulk relaxation response of the sample.

The same equivalent circuit consisting of a parallel connection of R, C and Cole-Cole
branch (CPE in series with a C), Figure 6.9 (e), was successfully modelled the high
temperature 1S data from 573 to 673 K over the frequency range of 10%-10° Hz. The fitted
results of the circuit parameters Ry, C1, Cx and CPE (A and n) for Bigg3Pogy are listed in

Table 6.8.

Table 6.8 Fitted high temperature 1S values of Bii2(Bigo3Po.89)02027 from 573 to 673 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cx, A and n are < 4.2 %, <
4.7 %,< 6.2 %,< 7.8 % and < #1.6 %, respectively.

Temperature (K) R;(Qem) C,(pFcm?) C(Fem™) A Q' cm™rad?) n

573 225180 3.77 1.06 x10™° 3.24 x10® 0.31
598 101090 3.77 7.93 <10 4.42 <10 0.32
623 50142 3.79 451 <10™ 5.17 <10°® 0.33
648 34097 3.82 2.89 x10™ 5.10 x10° 0.34
673 19774 3.79 2.23 x10™ 5.40 x10° 0.36
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Figure 6.9 High temperature IS experimental data points (O) and the fitting results (+) to
equivalent circuit shown in (e) with (a) Z* plot; (b) Y’, (¢) C°, and (d) -Z”/M”
spectroscopic plots at 573 K for Bi;2(Big.03Po.89)O020.27.

Direct evidence for the existence of LT and HT relaxation behaviour can be observed from
C’ spectroscopic plots with fluctuating C’ plateaux at various temperatures, e.g. Bio.03Po.s9
in Figure 6.10 (a) and (b). LT relaxation behaviour existed between ~ 290 and 450 K;
whereas HT relaxation behaviour existed between ~ 450 and 673 K. The coexistence of
both low/high temperature relaxation behaviours for Bigg3Pogs 0ccurred between 423 and
473 K, which can be observed more prominently in M” and tan & spectroscopic plots,

Figure 6.11 (a) and (b). The magnitudes of LT relaxation peaks is one fifth of those of HT
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relaxation peaks in M” and tan o spectroscopic plots.
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Figure 6.10 C’ spectroscopic plot at various temperatures for Bij2(Big03P0.89)O20.27 t0 Show
(@) low and (b) high temperature relaxation behaviour.
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Figure 6.11 (a) M” and (b) tan & spectroscopic plots for Bijo(Big 03Po.89)O20.27 to show the
coexistence of low/high temperature (LT/HT) relaxation phenomenon.

o lonic Conductivity of Superstoichiometric Sillenites (T > 773 K)

In P>* containing sillenites, superstoichiometric compounds Bi12(Bi* 0.03P>*0.6010.08) O20.27
and Bilz(P5+o_86D0_14)Ozo_15 exhibit ionic conductivity at T > 773 K. A low frequency spike
inclined at ~ 50<to the x-axis was shown in Z* plot with the associated capacitance of ~
10”7 F.cm™, indicating ionic polarisation associated with a blocking electrode™®, Figure
6.12. The bulk conductivity is found to be sensitive to the contents of oxygen sublattice for
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superstoichiometric sillenites as Bilg(Bi3+o_03P5+o,ggDo,og)ozo_y was more conducting than

Bi12(P**0.86/10.14)O20.15.

1.5
798 K © Bi0.03P0.89
= P0.86
10
) c'~1.2x107 F.cm'
a [ 7 -1
x C'~1.9x10 F.cm.
N 0.5 | .I.
0 0.5 1.0 1.5 2.0

Z' (kQ.cm)

25

Figure 6.12 Z* plot of superstoichiometric sillenites BigosPo.ge (Empty circles) and Pogs
(filled squares) at 798 K showing ionic conductivity.
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Figure 6.13 Conductivity of Bigo3Pog9 measured in air (filled square) and nitrogen (empty

circle).

To further investigate the conduction species, IS conductivity measurements carried out in

oxygen free nitrogen atmosphere were compared with that in air, Figure 6.13. The

conductivity was slightly higher (i.e. lower activation energy) for Big3Pogy in nitrogen

atmosphere, indicating there is a small electronic contribution to the conduction. However,

the conducting species should predominantly be oxide ions, where excess oxygen ions can

hop through the void of the framework at high temperature

S.[4' 17]
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6.2.7.3 Arrhenius plot of bulk conductivity

Bulk conductivity data for all prepared P°* containing sillenites were calculated from the
M” Debye peak and plotted in Arrhenius format, as shown in Figure 6.14. The bulk
conductivity for P°>* containing sillenites is dependent on the oxygen content. The
activation energy for superstoichiometric sillenites Biyo(Bi**0.03P> 085 l0.08)O2027 and
Bi1o(P> 085 0.14)O20.15 Were similar with values of ~ 0.82 and ~ 0.86 eV, respectively.
Bi12(FeosPos)O20 was the most conductive compound with the lowest activation energy
value of 0.64 eV, indicating a possible formation of sub-stoichiometric compound by
mixed valence state of Fe**/Fe>* atoms. The most resistive compound was ‘stoichiometric’

sillenite Bi12(Mgo.33P0.67)O20 With an activation energy value of 1.04 eV.

Bi0.03P0.89
P0.86
Mg0.33P0.67
Fe0.5P0.5

u
u
A
*

log o,(S.cm*)

-8 1 L 1 L 1 L 1 . 1 .
1.2 1.4 1.6 1.8 2.0 22

1000/T (K)

Figure 6.14 Arrhenius plot of bulk conductivity versus reciprocal temperature for P>*
containing sillenites.

6.3 Discussion

All single-phase phosphorus containing sillenites with their lattice parameters are listed in
Table 6.9. Single-phase Bii»(Bio.o3Po.s0)O2027 Obeyed the same structural formula for V°*
sillenite proposed by Radaev and Simonov.? Biy(Pggs)O2015 Was synthesised within the
solid solution limits established by Lee and Sinclair.””! The latter two compounds

Bi1o(Fe**05P%0.5)020 and Bi1o(Mg®*0.33P>*0.67)O20 have been reported previously by Radaev
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et al. ™® and Avdeev et al. *%, respectively. Both of them obeyed the V'S general formula
and formed ‘stoichiometric’ sillenites with the average M-site cations equals to 4+.
However, the exact stoichiometry for FeysPgs is still worthy to investigate, as its unusual
small activation energy suggested that mixed oxidation states of Fe**/Fe** may be exist in

the sample to form a sub-stoichiometric sillenite.

Table 6.9 Summary of single-phase P>* containing sillenites.

Single-phase Composition Reaction Lattice Parameter, Unit Cell
Temperature / € alA Volume / A®
Bilz(Bio_ogpo_ggD0_03)020.27 730 10.16580(9) 1050.571(17)
Bi12(Po.gs10.14)O020.15 780 10.1691(4) 1051.59(7)
Bizo(Fe**05P°0.5)020 790 10.10689(10) 1032.410(18)
Bi1o(Mg*0.33P**0.67)O20 780 10.15055(17) 1045.85(3)

The relationship between the size of the M-site ion(s) and the lattice parameters of P°*
containing sillenites is shown Figure 6.15. Data for the parent y-Bi,O3 201 and other studied
sillenites from Chapters 3-5 are included in the figure for comparison. It seems that the
four P>* containing sillenites have large variations of lattice parameters and are scattered in

the plot with no particular trend.
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~
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<
n n
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M-site ionic radii (A)

Figure 6.15 The relationship between the unit cell parameters and the M-site ionic radii of

P>* containing sillenites (shown as bold letters);data for Biy,SiOz (Chapter 3), M?*/M**

sillenites (Chapter 4), B®* containing sillenites (Chapter 5) and y-Bi,O3 form literature!®”

are included for comparison. Note: ionic radius for Bi** (Bi*" (v, = 0.96 A) was from

Shannon(?.
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The relaxation behaviour of P*>* containing sillenites was firstly investigated by using the
dielectric properties as a function of temperature and frequency. Surprisingly two sillenites:
Po.ss and Big g3Po g9 exhibit similar low temperature relaxation as boron containing sillenites.
This indicates that low temperature relaxation phenomenon is not unique in boron
containing sillenites, but it can also exist in other sillenites, such as P** containing sillenites.
However, not all P>* containing sillenites exhibit the low temperature relaxation behaviour,
e.g. Mgo33Pos7 and FegsPos. Unlike the universal high temperature relaxation behaviour
which is present in all sillenites, the origin of the low temperature relaxation for P°*
containing sillenites is believed to be caused by redistribution of the small, disordered
atoms on the tetrahedral site, which can be observed from the broadening of the NMR *!p
isotope peaks for BigosPoge. The associated activation energy for the LT relaxation of P°*
and B** containing sillenites are ~0.3 and ~ 0.5 eV, respectively, indicating there are
probably two different mechanisms: the LT relaxation behaviour for B** containing
sillenites was due to the rotational of BOs/BO, units over the tetrahedral site, which was
confirmed by low temperature Raman Spectroscopy; however, the LT relaxation behaviour
for P°* containing sillenites might be due to a disordered distribution of P/Bi/c over the
tetrahedral sites according to NMR Spectroscopy. Nevertheless, additional Rietveld
refinements on low temperature neutron powder diffraction data, especially by using
differential Fourier maps, should be useful to investigate whether the origin of the LT

relaxation for P°* containing sillenites arises from disorder on the tetrahedral site.

6.4 Conclusions

Four synthesised single-phase phosphorus containing sillenites showed that
Bio(Fe* 5P 05)020 and Biia(Mg* o33P 067)020 Obeyed the VS formula; whereas
Bi1o(Bi* 0.03P> 085 10.08)O2027 and Bira(P*0.86[10.14)02015 disobeyed the VS formula by
forming superstoichiometric sillenites with excess oxygen sublattices (i.e. > 20) by oxygen
atoms and/or unshared 6s* Bi** lone electron pairs. Unlike M*/M**/M** sillenites in

Chapter 3 and 4, no linear relationship can be established between the size of the M-site
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ion(s) and the lattice parameters for P>* containing sillenites, Figure 6.15.

Sillenites can be considered as two parts: a ‘soft’ Bi-O skeleton and ‘hard’ MO,
tetrahedra. The influence of the size of M-ions (r) on the lattice parameters is only valid
when r > 0.31 A When r < 0.31 A, the highly “flexible’ Bi-O framework starts to
determine the lattice parameters of the sillenites.

A low temperature relaxation phenomenon was unexpectedly found in two phosphorus
containing sillenites: BigosPogs and Pogs, which shows LT relaxation effects can exist in
other doped sillenites apart from the boron containing sillenites in Chapter 5. Evidence of
the LT relaxation phenomenon was scrutinized by Raman Spectroscopy via the variation of
the magnitude of Raman peak ~ 825 cm™ (line 18) assigned as asymmetric stretching of
MO, tetrahedra was observed from 100 to 400 K. An associated downshifting of the
Raman peak ~ 530 cm™ (line 15) assigned as the vibrations of the framework units from
537 cm™ at 100 K to 531 cm™ at 400 K was also observed. NMR spectra showed a
broadening of the isotope 81p peak for BigosPo.ge, Which indicates a disordered distribution
of P/Bi/o over the tetrahedral sites, which may be the origin of the LT relaxation
phenomenon. The difference in magnitude of the associated activation energies for LT/HT
relaxations indicate that (at least) two different mechanisms occur. In boron containing
sillenites, the LT relaxation behaviour was due to the rotation of BOs/BO, units over the
tetrahedral site, which was confirmed by Raman spectroscopy. It is noteworthy that the
origin of the LT relaxation in B®* and P>* containing sillenites should be different as NMR
peak broadening was only observed for BiggsPogy rather than BgsPos and also their
activation energies are different with B®* and P°* groups, i.e. ~ 0.3 and 0.5 eV, respectively.
Nevertheless, the LT relaxation in B** and P°* containing sillenites seems to arise from the
local Bi** polarization effect of the BiOsLP framework polyhedra, which is induced by the
tetrahedra unit either with a switchover of BO3/BO, units or with a random distribution of
P/Bi/o over the same M-site. It would be interesting to understand the LT relaxation
behaviour in P°*/o containing sillenites from a structural point of view. Additional Rietveld
refinement work on variable temperature neutron powder diffraction data, especially by

using difference Fourier maps might be useful.
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7 Discussion

In this chapter, sillenites from the previous chapters are reviewed together to establish an
overview of their structure-composition-property relationships. The microwave dielectric
properties of all the studied sillenites are discussed to establish possible compositions for

LTCC technology.

7.1 Formation of Sillenite Phases

The Valant and Suvorov (VS) general formula: Biia(Bi* a5.mM™ 501026t Was
established for the isomorphous substitution of sillenites based on a stoichiometric model:
the incorporation of a cation must be associated with a corresponding decrease in the Bi
concentration on the M-site, which depends on the charge of the substituent. However, not
all of the prepared sillenites in this study obeyed the VS general formula. It is found that
the formation of sillenites should consider both the charge and size effects of the dopant.

In general, sillenite phases can be considered to have a composite structure consisting
of two parts: ‘rigid” MO, tetrahedral units and a ‘flexible’ Bi-O framework. For r > 0.31 A
(the ideal ionic radius of an interstitial ion for a regular MO, tetrahedron is 0.31 Al* ), the
size of the M-site ion has a significant influence on the lattice parameter of sillenites; for r
< 0.31 A, the highly “flexible’ Bi-O framework determines the unit cell parameter of
sillenites, Figure 7.1. Similar justifications were reported by Valant and Suvorovt®: the
03-03 distance in the MO, tetrahedra increases with r > 0.31 A whereas it retains a value
of 2.68 Aforr<0.31 A

Poleti et al. ™ established a relationship between the M-cation ionic radius and the unit
cell parameter of sillenites. They summarized data into two groups each with a linear trend
and the same slope, where the lower group contained all the M™ -ions with n = 2-4 and the
upper group with n = 5. However, the accuracy of the plot was questioned in this thesis (for
details refer to Section 5.1).

According to our work and preliminary results from Hutton™, a linear region between
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the overall M-cation ionic radius and the unit cell parameter of sillenites was found, Figure
7.1 (as indicated between dashed lines) and Table 7.1. This linear region includes all M™
sillenites with n = 2-5 and with overall M-site ionic radius from 0.01 to 0.98 A. Within this
general linear region, various linear trends with different slopes exist, which indicate
different doping mechanisms depending on whether or not they are incorporated with a
structural change in the Bi-O framework. Examples of these small groups each with a
linear trend but different slopes are: B/P0.5-B/P0.25 solid solutions (s.s); B/Si-Si (s.s);
B/Si-B/AI-B/Ga-B/V (s.s); Bi/P-Bi/V (s.s); Na/V (s.s) etc. The linear trends in this region
are as many as possible solid solution ranges; however, each trend can only be decided
individually by experiments. Therefore, the trends mentioned by Poleti et al. “ were only

partially correct as they cannot explain all the experimental observations.

Ideal radius .+ 1BiOs < BiITi
10.25 | e
_ BIES/VVO-S v 4 IN0-3
< = ® |n0.4
= r=025A  "Navo.7s
o LT and HT v ® 7n0.33
S : 2 Fe05
5 | BV L GaO 5,
(a P0.86= g AlO. 7AIO 6
8 to45L = BiIP Mg/P ,
E= B/PO 5 B/Ga- v
= P
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BIPO 25 B/AI
n n HT relaxation
10.10 | B/Si-Si Fe/P
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Overall M-site ionic radius (A)

Figure 7.1 The relationship between lattice parameter and the overall M-site ionic radius

of single-phase sillenites from this work (shown as filled squares). Data for y-Bi,O3® and

from preliminary work by Hutton®™ (shown as open triangles) are also included for

comparison. Dashed lines indicate a linear region between the overall M-cation ionic

radius and the unit cell parameter of sillenites.
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Table 7.1 Reaction conditions, overall M-site ionic radius and lattice parameter values for
sillenites shown in Figure 7.1. Note: M-site ionic radii were based on Shannont™: B3+(.||) =
0.01 A; Bi* ) =0.96 A; V", =053 A

Abbreviation Composition Reaction M-site lonic Radii Lattice
in Figure 7.1 Temperature/€ IA Parameter, alA
Si Bi1,Si0z 840 0.26 10.10345(7)
Zn0.33 Bi, (Bio.s7ZN033) O103 735 0.8412 10.2072(3)
Fe0.5 Bi, (BigsFeos) Oros 745 0.725 10.18927(15)
Al0.7 Biy, (BigsAlg7) O 730 0.561 10.17255(13)
Al0.6 Biy, (Big4Algs) Oz 730 0.618 10.1765(3)
In0.4 Bi12(BiosNo4)O1o 750 0.824 10.2293(2)
In0.3 Bi1»(Bio+IN03)O105 750 0.858 10.23583(18)
B/P0.5 Biy, (BosPos) Oz 730 0.09 10.1527(6)
B/P0.25 Bi1, (Bo75Po2s) O10.75 730 0.05 10.13364(12)
B/Si Bi1 (Bo.25Sio.75) O1os75 730 0.1975 10.10689(10)
B/AI Bi1z(BosAlos)O1os 680 0.2 10.1344(3)
B/Ga Bi1»(BosGaos)Oios 700 0.24 10.1447(4)
BV Bij, (BosVos) Oz 740 0.1825 10.1709(4)
Bi/P Bi1»(Bio.0sPo.so 10.08) Oz0.27 730 0.1801 10.16580(9)
P0.86 Bi1o(Po.gs 10.14)O20.15 780 0.1462 10.1691(4)
Fe/P Biso(Fe*05P>05)Ox0 790 0.33 10.10689(10)
Mg/P Bi12(Mg* 0.33P°0.67)O20 780 0.302 10.15055(17)
v-Biy05 Bi1o(Bios102)O12 400/Air Quenched 0.768 10.2501(5)™
Ge Bi;,GeOs 835/Air Quenched 0.39 10.14516(10) !
Ti Bi,TiOs 820/Air Quenched 0.42(Ti* 10.17482(18) &
Ga/Ti Binn(Ga¥osTi*0s)07s  805/Air Quenched 0.445(Ti*") 10.19051(20) !
Na/V0.75 Bi(Na'osV>075)0%  830/Air Quenched  0.51375(V°")  10.21025(13)F
Na/V0.5 Bii(Na*0sV*05)Ows  750/Air Quenched 0.76(V*) 10.2475(4) !
Bi/V Bin(Bi**0sV>05)0%  820/Air Quenched 0.6575(V®) 10.23976(18) 1!
Ga0.5 Bi1s(Bi*05Ga*05)O1s5 800 0.715 10.18448(25) 1!
Bi/Ti Bin(Bi*04sTi*"052)O1976  835/Air Quenched 0.6792(Ti*) 10.25949(22) !

7.2 Low Temperature (LT)

Phenomena

and High Temperature (HT) Relaxation

Valant and Suvorovt® were the first to report a sillenite, Biyo(B* 1,P* 1/2)Oz0, to exhibit a

broad, frequency dispersive, “relaxor-like” - anomaly at low temperature (~ -80-100 °C).

They attributed the electrical behaviour to a random distribution of the small B®* and P°*

ions over the tetrahedral sites.
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The dielectric properties of various sillenite analogues were thoroughly investigated in
this thesis using rf fixed frequency and Impedance Spectroscopy (IS) measurements. Two
main frequency-dispersive relaxation regions were observed with one present at high
temperatures (HT), i.e. > 400 K and one present at low temperatures (LT), i.e. < 400 K.
The frequency response of complex equivalent circuits on IS data confirmed these HT and
LT relaxation phenomena to be bulk responses and clearly different from other electrical
responses containing bulk, grain boundary, and -electrode-sample interface issues
associated with heterogeneous ceramics.*

The appearance of the LT and HT relaxation phenomena for sillenites from this work
can be concluded into an empirical correlation with the overall M-site ionic radii (r): LT

relaxation behaviour is only present for r < 0.25 A; whereas HT relaxation behaviour is

universal and exists in all sillenites, Figure 7.1.

Table 7.2 Onset temperature of tan 6 peak maximum (at 10 kHz) and activation energy (Ea)
(obtained from log fyax versus 1000/T of the tan 6 peak maxima) of LT and HT relaxation

process(es) for the prepared sillenites.

Composition LT Relaxation(s) HT Relaxation(s)
Onset LT Activation Onset HT Activation
Temperature (K)  Energy (eV) | Temperature (K)  Energy (eV)
Bi12SiOy -/- -/- 628 0.79
BilZ(Bi0.67zn0.33)019.33 - / - - / - > 800 -
Bi12(BiosFe0s5)O195 -/- -/- 500 /> 800 0.60/ -
Bi1o(Big71No.3)O195 -/- -/- > 800 -
Bi1o(BioslNo.4)O195 -/- -/- > 800 -
Bi12(Bo.sPo.5)O20 -1216 -10.29 627 0.92
Bi12(Bo.75P0.25)O10.75 112 /218 0.12/0.32 > 800 -
Bi12(Bo.25Si0.75)O10.875 84 /206 0.08/0.26 633 1.10
Bi12(BosAlp5)O105 124 /208 0.13/0.31 > 800 -
Bi12(BosGags)O195 138/216 0.19/0.32 > 800 -
Bi12(Bos5Vo5)O020 - 1222 -10.30 652 0.82
Bi12(Bio.03Po.so! 10.08) 02027 - /320 -10.48 754 1.21
Bi12(Po.gs/ 10.14)O20.15 - /320 -10.51 775 0.98
Bi12(Fe05P05)020 -/- -/- 598 0.83
Bi12(Mg0.33P0.67)O20 -/- -/- 670 1.24

Activation energy values of both LT and HT relaxation processes were obtained (log

fmax versus 1000/T of the tan 6 peak maxima) from rf fixed frequency measurements and
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are summarized in Table 7.2. The difference in activation energy values indicates different
mechanisms are responsible for the LT and HT relaxation effects. The temperature range
over which this relaxor-type behaviour can be observed by rf measurements depends on the

stoichiometry and size of the M-site cation(s) of the sillenites.

7.2.1 Origin of High Temperature (HT) Relaxation Phenomenon

HT relaxation is a universal phenomenon which exists in all the studied sillenites, even in
the ideal sillenite Bi;»SiO2. As a consequence, the sillenite framework must play a vital
role in the HT relaxation behaviour.

Sillenite is well-known for its highly disordered framework structure caused by the
irregular Bi-O octahedra, which have one vertex missing and is occupied by its
stererochemically active 6s* lone pair of electrons. The Bi-O framework unit is “flexible’ as
Bi*" ions can easily be accommodated into many irregular geometries with coordination
numbers (CN) ranging from 3 to 8.** 3! The Bi-[LP] distance in the sillenite octahedral
environment is the shortest leading to many random oriented electric dipole moments.

The Raman Spectroscopy (RS) data of all studied sillenites show significant
temperature dependence associated with Bi-O1 vibrations (~ 538 cm™) whereas there is
negligible change in Bi-O2/03 vibrations (~ 85 cm™). The downshifting and broadening of
the ~ 538 cm™ peak with increasing temperature indicates increasing distortion of the
framework and increasing interatomic distances between Bi and O1 atoms. The peak at ~
85 cm™ remains unchanged, indicating little change in the Bi-O3 and Bi-O2 bond lengths
with increasing temperature. The bridging O3 atoms between M and Bi atoms constrain the
movement of the Bi atoms; however, the connectivity of adjacent Bi atoms via O1 atoms
(site 1b and 1c) and the presence of the 6s* electron lone pair on the Bi atoms permits
considerable structural flexibility associated with the BiOsLP bipyramids. Hence, the
universal HT relaxation behaviour observed in sillenites is associated with local
polarization effects due to the flexibility of the framework structure and, in particular, with

small but non-correlated movement of the Bi atoms in the framework to create local dipole
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moments.

The IS data showing the same HT relaxation behaviour were successfully modelled by
an equivalent circuit consisting of a parallel connection of an R, C and a Cole-Cole branch
(CPE in series with a C). This branch indicates the relaxation process associated with
short-range orientation of the dipoles from the BiOsLP units in the framework. The
resistive component of the CPE becomes smaller due to increased thermal energy and ease
of movement of the Bi atoms with increasing temperature. In this case, the CPE seems to
be linked inherently to the co-operative nature of the vibrations and distortions associated
with the framework structure that ultimately influence the polarisation behaviour of

sillenites.

7.2.2 Origin of Low Temperature (LT) Relaxation Phenomenon

LT relaxation behaviour was only found in boron containing and phosphorous/vacancy
containing sillenites with overall M-site ionic radius r < 0.25 A. This critical threshold
value, r = 0.25 A, is a general idea and it might vary with different sillenite systems. Other
sillenite analogues should be used to testify this empirical threshold value.

Except for BosPos and BosVos, the rest of the boron containing sillenites showed two
LT relaxation processes, with one present at ~ 100 K and one at ~ 220 K, Table 7.2. The
origin for this behaviour is still not well understood. However, the second LT relaxation
behaviour was found in both boron containing and phosphorous/vacancy containing
sillenites with onset temperatures of ~ 220 and 320 K, respectively.

In boron-containing sillenites, the coexistence of BO3 and BO4 units was confirmed by
B Nuclear Magnetic Resonance (NMR) measurements, where there are 91.8 % BOj3 and
8.2 % BO, units contained in Bij»(BosPos)O2 at room temperature. Similar results from
variable temperature RS results revealed that the existence of dominant BOj3 unit vibrations
at higher temperatures with a switchover to BO4 unit vibrations at lower temperatures. This
switching from BO, to BO; units on the M-site with increasing temperature cause Bi** ions

from adjacent Bi(1)OsLP octahedra to move toward the BO;3; groups to ensure
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redistribution of charge balance. With increasing temperature, significant temperature
dependence associated with Bi-O1 vibrations was observed as the downshifting and
broadening of ~ 538 cm™ peak and negligible change in Bi-02/O3 vibrations as the
unchanged peak position of ~ 85 cm™ peak. Hence, the origin of the LT relaxation
behaviour for boron containing sillenites is believed to arise from the BiOsLP framework
units induced by the rotational of BO4/BO3 units on the M-site.

In phosphorus-containing sillenites, rf fixed frequency and IS measurements revealed
that only samples containing vacancies over the M-sites showed the LT relaxation
behaviour, e.g. Bi12(Po.ss[10.14)O020.15 and Bii2(Bio 03Po.s9[ 10.08)O20.27; Whereas samples with
fully filled M-sites did not, e.g. Bii2(Feos5Po.5)O020 and Bii2(Mdo.23P0.67)020. NMR results for
Bi1o(BioosPosslo0s)O2027 revealed a broadening of the *'P resonance indicating a
disordered tetrahedral site. RS results for Bii2(Bio.osPo.sell0.0s)O2027 again revealed a
variation of the vibration associated with the MO, tetrahedra from 100 to 400 K and a
significant downshifting and broadening of the ~ 538 cm™ peak assigned to temperature
dependent Bi-O1 vibrations. Hence, the local Bi*" polarization effect from the BiOsLP
polyhedra due to the random distribution of neighbouring tetrahedral units seems to be the
origin of the LT relaxations for phosphorus/vacancy containing sillenites. Further neutron
powder diffraction work by using difference Fourier maps may be helpful to probe the
structural distortions over the BiOsLP polyhedra, particularly the movement of Bi** ions
towards the M-sites at elevated temperatures.

Nevertheless, the presence of the LT relaxation behaviour(s) in sillenites seems to be
competing vibrations associated with BiOsLP polyhedra connected via the MO, tetrahedral
units. Small and disordered MO, tetrahedra in a relatively large framework cell are
thermodynamically favoured, where the created local strain effects are vital for the LT

relaxations.
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7.3 Microwave Dielectric Properties

Due to their low sintering temperature (~ 850 <€), chemical compatibility with silver, low

dielectric losses and temperature-stable permittivity, sillenites have been reported as

suitable candidates for applications in low-temperature co-fired ceramic (LTCC)

technology, e.g. BizMO.5 (M = Si, Ge, Ti, Pb, Mn, BosPgs) B *. The microwave

dielectric properties for single-phase sillenites from this work are an attempt to expand on

the microwave dielectric properties from the literature and to establish possible

structure-composition-MW property relationships of all sillenites, Table 7.3.

Table 7.3 MW dielectric properties for single-phase sillenites by the resonant cavity

method.
Composition Sintering Pellet gV Q fo Qf T
Temperature  Density (GH2) (GHz) (ppm/K)
(€) (%)

Bi;,SiO, 880 90 36 1030 6.83 7037 -30
Bi1o(Biy3Zny3)O19.33 740 86 325 293 6.503 1905 -31
Bi1»(BigsF€05)O195 770 87 36.6 407 6.124 2493 -15
Bi1»(Big3Alg7)O195 735 56 264 205 7.199 1475 -71
Bi12(Bio.4Alos)O195 735 57 28.2 220 7523 1654 -67
Bi1»(BigglNg.4)O195 780 87 31.8 231 7.031 1624 -202
Bi1»(Big71Ng3)O195 780 88 342 298 6.067 1807 -192

Bi12 (BosPos) Oz 790 92 35 54 7561 408 0
Bi12 (Bo.75P0.25) O19.75 787 90 33 51 7.060 360 0
Bi1, (Bo.25Sio.75) O19.875 730 92 38 56 7.182 402 0
Bi12(BosAlys)O195 715 91 37 35 6.468 226 0
Bi12(BosGags)O1gs 775 86 31 39 7.068 275 0
Bi1, (BosVos) Oz 780 86 30 44  7.732 340 0
Bi12(Bio.o3Po.gol 10.08)O20.27 850 90 Too lossy to be measured
Bi12(Po.ss10.14)O20.15 855 93 Too lossy to be measured
Biso(Fe* 5P 0.5) 0z 850 83 31 150 7.058 1059 -15
Bi12(Mg**0.33P>0.67)O20 864 83 32 179 7.215 1291 43
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7.3.1 Clausius-Mossotti (CM) Equation and Relative Permittivity (&)

With the exceptions of the metastable aluminium sillenites and the two ‘lossy’
phosphorus-containing sillenites, all the others (sintered at < 900 <€ with relative density ~
85-91 (#2) %) showed similar permittivity (e;) of ~ 30-40 regardless of the M-dopant(s),
Table 7.4. The similarity of &, with different M-dopants in sillenites can be explained as the
total polarizability of the sillenite unit cell (op') was not influenced dramatically by the

small concentration of M-cations in these materials.

Table 7.4 Summary of the relative permittivity for sillenites. Calculated relative
permittivity, &, are obtained from the Clausius-Mossotti equation 2%, where a,' is total
dielectric polarisability and calculated by summation of individual ion polarizability from
Shannon 161,

Composition Molar Volume, @' (A%  ax'Vm &V & o=gM¢C
Vi (A%

Bi1,SiOx 515.68 11451 0222 36 409 -4.9
Bi1o(BizsZNis)O10.33 531.57 117.07 0220 325 367 -4.2
Biy(BiosFeos)O1os 528.89 116.84 0221 36.6 382 -1.6
Bi1o(Big.3Alg7)O1055 526.33 115.02 0219 264 335 7.1
Biso(Big.4Alo6)O1955 526.95 11556 0219 282 349 6.7
Bi12(BiosINo4)O105 535.8 117.36 0219 318 344 -2.6
Bi12(Bio7INo.3)O105 536.2 117.71 0220 342 353 -1.1

Bis, (BosPos) Oz 522.07 11428 0219 35 341 0.9
Bis, (Bo.75Po.25) O10.75 520.32 11348 0218 33 327 0.3
Biy, (Bo25Sio75) O10875 516.21 11405 0221 38 383 0.3
Bi12(BosAlys)Oi05 520.43 113.06 0217 37 313 5.7
Bi12(BosGaps)O1os 522.02 11340 0217 31 313 0.3
Bi, (BosVos) Oz 527.37 11513 0218 30 331 -3.1
Bi12(Bio.osPo.so 10.08)O20.27 525.285 11545  0.220 - 35.8 -
Bi12(Poss 10.14)O2015 525.8 11499  0.219 - 33.8 -
Biza(Fe* 05P°*05)0z 522.925 11540 0221 31 377 -6.7
Bi1(Mg* 0.33P°"0.67)O20 524.53 11489 0219 32 343 2.3

The CM equation was used to predict the relative permittivity for sillenites. It
measures the weighted number of polarisable ions per unit volume and has been used to
estimate the mean static permittivity for well-behaved oxides and fluorides with known

structures %71, In the CM equation, relative permittivity can be enhanced by substituting
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a higher polarisable cation in a relatively smaller unit cell. A linear relationship was

derived between the calculated permittivity, &°

and the weighted average of the
polarizabilities of all ions per unit molar volume, a,'/Vy, for all the studied sillenites,

Figure 7.2.
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Figure 7.2 Linear relationship between & and oo '/Vy, for all the studied sillenites listed in
Table 7.4.

A comparison between the measured permittivity, & and the calculated permittivity,
& from the CM equation is shown in Figure 7.3. Deviations between & and &° can be
explained by one or a combination of the following reasons: inaccurate ion polarizability
values such as for the highly polarisable Bi** ion in tetrahedral coordination; incorrect
molar volumes or porosity in the ceramics. Other plausible causes could be ionic or
electronic conductivity and/or the presence of relaxation behaviour in some samples over

the measured temperature range.
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Figure 7.3 The measured permittivity, e versus the calculated permittivity, e for
sillenites listed in Table 7.4.

7.3.2 Temperature Coefficient of Resonant Frequency (t)

In contrast to g, the temperature coefficient of resonant frequency (tr) changes
significantly with composition and is particularly sensitive to the M-dopant(s). Valant and
Suvorov reported an empirical correlation between the ionic radius of the M-site ions and
1. For large M-dopants with ionic radii greater than ideal, tr increases with a decrease in
ionic size; while for small M-dopants with ionic radii less than ideal, t+ is insensitive to the
ionic size with a value of -20 ppm/K.! However, our results show deviations from those
reported by Valant and Suvorovt®, Figure 7.4. For instance, Fe0.5 and Zn0.33 sillenites
with large M-site ions do not follow the linear correlation of having an increase in ¢ with
ion size. In addition, sillenites with small M-site ions show a range of t; with a clear
perturbation, e.g. in Mg/P sillenite. This indicates the trends for t¢ to be more complicated
in ‘composite’ sillenites, where more than one cation occupies the tetrahedral site.

Valant and Suvorov®! also reported that 7 is strongly influenced by the O(3)-O(3)
distance in the tetrahedra, i.e. the size(s) of M-dopant(s). However, for ‘composite’
sillenites, the strong dependency of s on the perturbation of the oxygen sublattice on the
tetrahedra is now weakened and the O(3)-O(3) distance is averaged from dopants with
different ion sizes. The variation of t; in sillenites should be a competition between the

‘rattling’ or ‘compression’ of the tetrahedra and the tilting of the BiOsLP octahedra in the
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framework.
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Figure 7.4 t; versus overall M-ion ionic radius of the studied sillenites.

7.3.3 Dielectric Losses (tan d)

The dielectric losses are a combination of intrinsic losses arising from the anharmonic
vibrations of the material itself *® *°! and extrinsic losses from materials processing such as
porosity, secondary phases, grain size, grain boundaries and point defects etc.” 2! It is
well-known that oxides with highly ordered cation arrangements have lower dielectric
losses and larger Q.f’s, therefore, sillenites with an ideal close-packed configuration for the
tetrahedral sites (i.e. M-site ionic radius is 0.31 A" should have the highest Q.f values &,
e.g. ~ 7000 GHz for Bi1,SiOy, Figure 7.5. However, Q.f values for ‘composite’ sillenites
with overall M-site ionic radius close to the ideal decreased, presumably due to the local
lattice distortions in the tetrahedral arrangements caused by size mismatch of the dopants.
Among all the studied sillenites, Boron containing sillenites exhibited the lowest Q.f values
and the highest dielectric losses (tan 6) due to the disruptions of the LT relaxation

behaviour in the measured temperature range.
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Figure 7.5 Q.f versus the overall M-site ionic radius of sillenites.

7.3.4 Low Temperature Co-fired Ceramic (LTCC)

The basic requirements of materials suitable for LTCC technology are: g, > 20; Q.f > 1000
GHz measured at 6-7 GHz; 1t ~ 0 ppm/K; chemical compatibility with Au/Ag metal
electrodes and optimizing thermo-mechanical properties.™*! The primary advantage of
investigating sillenites for use in LTCC microwave technology is their low sintering
temperature of < 850 °C, which would then allow co-firing with electrode materials such
as silver metal (melting point of 961 <C), in sandwich-like 3D stripline circuitry. In order
to be cost-effective, commercial LTCC microwave materials heavily focus on
mix-and-match glass-ceramics to obtain low sintering temperatures. Glass-forming oxides
such as B,03, SiO,, ZnO etc. are commonly mixed with an excellent microwave dielectric
material to tailor the properties. However, there is always a trade-off between low sintering
temperatures and excellent microwave properties. Current commercial LTCC materials
have sintering temperature of ~ 900 <C. Therefore, sillenites with a low sintering
temperature ~ 750 <C become strong candidates as LTCC materials. Comparison between
some selected commercial LTCC materials and suitable candidates from our results is

shown in Table 7.5.
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Table 7.5 Dielectric properties of LTCC materials. Suitable candidates from this work are
shown in bold letters and compared with existing LTCC materials.

Composition Sintering g Qf T
Temperature (<€) 16-7 (GHz) (ppm/K)
(Mgo.95Ca0.05) TiO5+5 mol.% V,05 2 1000 16.6 13700 50
Ca[(LiysNby3)oo5Tio.0s] O3.5+5 Wt.% Bi, 042 900 20 6500 -4
BiNbO,+0.5wt.%V,05 895 44 15800 18
Ba(ZnysTays)Os+5 mol.% B,03+CuO ! 875 36 19000 21
BaTi,Og+5 wt. % ZnO-B,0, glass ® 900 33 27000 7
Bi1,SiO 880 36 7037 -30
Bi12(Biz3ZNys)O1e.33 740 32,5 1905 31
Bi1z(BigsFeqs)O1os 770 36.6 2493 -15
Bi1a(FeosPos)O20 850 31 1059 -15
Bi12(M0o35P0.67)O20 864 32 1291 43

7.4 Bulk Conductivity, Quality Factor (Q.f) and the Polymorphic Phase

Transition Temperature

Table 7.6 Summary of bulk conductivity at 500 <C from IS data (op), bulk activation
energy (Ea), Q.f and polymorphic phase transition temperature for sillenites from this
work.

Composition op at 500 €  Ea(bulk) Qf Temperature of y to &
(S.cm™) (eV) (GHz)  phase from DSC (€)
Bi12SiOx 2.00x10° 0.84 7037 913 (y — P)
1106 (B — &)

Bi12(BiasZnys)O105s 1.30x10° 1.20 1905 750
Bi1o(BiosFeos)O1s5 1.09x10™ 0.57 2493 806
Bi12(Bio3Alo7)O1o5 3.27x10° 0.80 1475 742
Bi12(Bio4Alo6)O1o5 3.72x10° 0.84 1654 740
Bi12(Bioslng4)O10s 7.25x10° 0.73 1624 712
Bi12(Bio7INg3)O105 7.32x10° 0.74 1807 711

Bi12(BosPos) Oz 7.14x10° 0.94 408 > 750

Bi12(Bo.75Po.25) O19.75 1.17x10° 1.26 360 > 750
Bi1o(Bo.25Si0.75) O10675 2.05x10° 0.85 402 686
Bi12(BosAlos)Oi0s 4.0610° 1.22 226 626
Bi12(Bo5Gag.5)O1o55 2.67x<10° 1.20 275 604
Bi1, (BosVos) Oz 2.08x10° 0.71 340 693

Bi1o(BioosPoso l00s)O2027  4.5510™ 0.82 - > 750
Bi1o(Po.ss10.14)O20.15 3.15x10™ 0.86 - > 750
Bi(Fe* 45P* 0.5)0z0 1.14x10™ 0.64 1059 > 800
Bi12(Mg* 0.33P%"0.67)O20 5.96x<10" 1.04 1291 > 820

Table 7.6 lists the bulk conductivity (at ~ 500 <C frm IS data), the bulk activation energy,
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quality factor (Q.f) and the onset temperature(s) for sillenite polymorphic phase transitions.

The bulk conductivity data were obtained from the M” Debye peak and the activation
energy calculated from Arrhenius plots of the bulk conductivity data. It is shown that the
bulk conductivity of sillenites is not only dependent on the oxygen content but it is also

significantly affected by the M-site dopant.
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Figure 7.6 Bulk activation energy (Ea) versus quality factor (Q.f) for sillenites.

Assuming that all samples had similar levels of extrinsic losses and therefore a similar
extrinsic influence on Q.f, a compound with a higher Q.f should indicate it has a more
ordered or regular structure, e.g. Bi12SiO,, which is confirmed by Raman spectra. The
correlation between the bulk conductivity and Q.f, Figure 7.6, did not show any linear
trend of an increase in activation energy (or a decrease in conductivity) with increasing Q.f.
It is found that the Q.f value and the onset temperature of y-6 polymorphic phase transition
for Bi1,SiOy9 were the highest, which indicates Bi1,SiO2y was the most stable sillenite with

the most regular lattice vibrations at microwave frequencies, Figure 7.7.
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Figure 7.7 Q.f versus polymorphic y-6 phase transition temperature from DSC (heating
cycles) for sillenites.
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8  Conclusions and Further Work

8.1 Conclusions

An extensive range of sillenite family members with M™ dopant ions (n = 2-5) and ionic
radii ranging from 0.1 to ~ 0.9 A were prepared by a traditional solid state reaction method
and were successfully studied. The structure-composition-property relationships between
different sillenite phases are established.

Structural analysis on the NPD data of sillenite phases: Bii2(BipsZngs5)O19.25,
Bi12(Bio3Alo7)O195 and Bi(Big7Ing3)O195 were performed by Rietveld refinement
analysis. These three sillenites represent stoichiometric, sub-stoichiometric and
super-stoichiometric type for Zn?*, AI** and In** sillenites, respectively. The starting model
was based on the R model of Bin(Bi*06Zn*033)01033LPos7  and
Biyo(Bi**o5Fe**05)O0105LPgs for samples with M** and M** dopants, respectively.™! NPD
data revealed Bij»(Bip3Alp7)O195 and Bija(Big7Ing3)O195 Were phase pure whereas
Bi12(Bio5Zno5)01925 contained ~ 3.48 weight% ZnO secondary phase (phase 2) based on a
fixed composition of Bijz(Bigg7ZNo33)019.33 as phase 1. This is consistent with the reported
stoichiometry for Zn sillenite according to the VS general formula. The Rietveld analysis
gave the best fit for stoichiometric Zn** sillenite; however, this technique seemed limited to
explain the atomic arrangements on the tetrahedral sites for non-stoichiometric AI** and

In®*

sillenites. Nevertheless, the final refinement results, including refined fitting
parameters, refinement profile plots, bond length/angles and BVS showed the R model is
the most appropriate structural model for all the experimental characteristics observed in
these three sillenites. This results also confirmed the sillenites belong to space group 123
and eliminated the possibility of changing into a subgroup e.g. P23.

The Valant and Suvorov’s (VS) general formula: Biia(Bi* 45.0M™ 5)O19.2enx 2 Was
established for many stoichiometric-type sillenites. The substitution mechanism is

associated with a corresponding decrease in the Bi concentration on the tetrahedral site

(M-site), which depends on the charge of the dopant. The validity of the VS general
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formula was testified by studied sillenites. Not all sillenites obeyed this formula and the
formation of sillenites is complex with consideration of both charge and size effects of the
dopant(s) being required.

Poleti et al. ! established a plot showing linear relationships between M-dopant size
and the formed unit cell parameter of a sillenite. Indeed, the overall M-site ionic radius, r,
shows significant influence on the unit cell of sillenites when r > 0.31 A, which is the ideal
ionic radius of an interstitial ion for a regular MO4 tetrahedron. ™ ! However, when r <
0.31 A the highly “flexible’ Bi-O framework determines the size of the sillenite unit cell
and the M-dopant size effect becomes insignificant. Valant and SuvorovP® reported a
similar statement: the O3-O3 distance in the MO, tetrahedra increases with r > 0.31 A
whereas it retains a value of 2.68 A for r < 0.31 A. Therefore, Poleti’s plot seems only
partially correct. In this work, instead of a particular linear trend between the overall M-ion
size and the unit cell of the sillenite, a linear region was proposed, Figure 7.1. Within this
linear region, various linear trends with different slopes exist, which indicate different
doping mechanisms depending on the degree of incorporation with a structural influence of
the Bi-O framework.

Two non-ferroelectric relaxation regions with one at high temperature (> 400 K) and
one at low temperature (< 400 K) were observed by the rf fixed frequency and Impedance
Spectroscopy (IS) measurements. An empirical correlation was found between the
relaxation phenomenon and the overall M-site ion size, r: LT relaxation behaviour is only
present for r < 0.25 A; whereas HT relaxation behaviour is universal and exists in all
sillenites, Figure 7.1. Under each relaxation phenomenon, the capacitance (C’)
spectroscopic plot in IS data display two capacitance plateaux: a frequency-independent
high frequency plateau and a frequency-dependent low frequency plateau. Both of the
capacitance plateaux have C’~ pF.cm™ and are assigned as the bulk response of the sample.
This capacitance fluctuation is correlated to the broad relaxor-like peaks in the rf fixed
frequency measurement. Equivalent circuit analysis of the IS data further confirmed these
relaxations are a bulk response and clearly different from other electrical responses such as
grain boundary, electrode-sample interface effects. ™ 1S data are successfully modelled

by a typical equivalent circuit for dielectric relaxation behaviour with a parallel connection
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of an R, C and a Cole-Cole branch (CPE in series with a C).

For HT relaxation behaviour, Raman spectroscopy (RS) results show significant
temperature dependence associated with Bi-O1 vibrations (~ 538 cm™) whereas there is
negligible change in Bi-02/03 vibrations (~ 85 cm™). The downshifting and broadening of
the ~ 538 cm™ peak with increasing temperature indicates increasing distortion of the
framework and increasing interatomic distances between Bi and O1 atoms. The
connectivity of adjacent Bi atoms via O1 atoms (site 1b and 1c) and the presence of the 6s°
electron lone pair on the Bi atoms permits considerable structural flexibility associated
with the BiOsLP bipyramids. Combined RS and IS results suggest this HT relaxation
behaviour originates from non-correlated local dipole moments associated with the
movement of Bi** in BiOsLP framework units.

LT relaxation behaviour was only found in boron containing and phosphorous/vacancy
containing sillenites with an empirical M-site ionic radius r < 0.25 A. For boron containing
sillenites, the origin of the LT relaxation was confirmed to arise from Bi-O framework
units induced by the rotational of Bis/BO3 units on the M-site. RS and NMR data show the
existence of BO3; and BO, units in boron containing samples. Accompanied with
downshifting and broadening of ~ 538 cm™ peak (assigned as Bi-O framework vibration),
the switching from BO, to BO3 units with increasing temperature were observed from RS
data. This indicates the adjacent Bi** ions of BiOsLP octahedra move toward the BOs;
groups to ensure redistribution of charge balance, which is the origin of the LT relaxation
behaviour in boron containing sillenites. For phosphorous/vacancy containing sillenites,
RS results again reveal a significant downshifting and broadening of the ~ 538 cm™ peak
and NMR results show a broadening of the isotope *'P peak indicating a disordered
tetrahedral site. This indirect evidence seems to reveal the origin of the LT relaxation for
phosphorous/vacancy containing sillenites is triggered by a small, random distribution of
the tetrahedral site.

The bulk conductivity, quality factors and the onset temperature of y-6 phase
transitions of sillenites were compared. It is found that generally the increase in activation
energy (i.e. decrease of conductivity) near room temperature would cause an increase of

Q.f. A compound with higher Q.f indicates that it has a more robust structure. The higher
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the onset temperature of the y-6 phase transition indicates higher stability in the sillenite.

Sillenites have been reported as potential useful dielectric materials in LTCC
applications.” Microwave dielectric results here show &, Q.f and t can be significantly
influenced by the relaxation behaviour within the measured temperature and microwave
frequency ranges, particularly, the LT relaxation behaviour that is present near ambient
temperature. Under the relaxation effect, e.g. boron containing sillenites, & can be
significantly boosted, t: ~ 0 ppm/K; whereas Q.f drops dramatically with values ~ 220-400
GHz at a resonant frequency of ~ 6-7.7 GHz due to the high dielectric loss, tan 8, occurs in
the sample. The later drawback therefore impedes the sample for LTCC applications. For
other sillenites with no relaxation behaviour near ambient temperatures and microwave
frequencies, excellent microwave dielectric properties can be gained, e.g. Bi12SiO5, & ~ 36;
1 ~ -30 ppm/K; Q.f ~ 7037 GHz at a resonant frequency of 6.83 GHz. Its low sintering
temperature (< 900 <C) and chemical compatibility with Ag electrodes confirms Bi12SiOx
to be a potential useful material in LTCC applications. It is also found that the M-site ion
size and close-packing environment significantly reflected in the dielectric losses, for
instance, a near ideal M-site ionic radius for Bi;2SiOy (Si4+(v|) = 0.26 A) gave the highest
Q.f of ~ 7000 GHz.

Superstoichiometric ~ sillenites  with  excess oxygen sublattice such as
Bi12(Bi**0.0sP” 089 10.08)020.27, Bi12(P* 0.8610.14)O2015 and even Bizo(Bio 7INg3)O195LPo 7 and
Bi12(Bioslng.4)O195LPos exhibit ionic conductivity at T > 773 K. A low frequency spike
inclined at ~ 50<to the x-axis was shown in Z* plot with the associated capacitance of ~
107 Fcem?, indicating ionic polarisation associated with a blocking electrode!®. The
sample conductivity species should be oxide ions, where excess oxygen ions can hop
through the void of the framework (i.e. 04 site). '@ However, electronic contribution to
the conduction was found by comparing IS results under oxygen free nitrogen (OFN)
atmosphere and Air atmosphere. This confirms the conductivity for superstoichiometric
sillenites is mixed, which could be developed and used as electrode materials for

electrochemical devices such as solid oxide fuel cells, electrolysers etc.
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8.2 Further Work

® Further expansion of sillenite phases with incorporation of 2 or 3 M-site dopants could
be carried out. The possibility of the existence of P23 in a more distorted sillenite can

be further investigated.

® Difference Fourier maps of neutron powder diffraction (NPD) data at high
temperatures would be useful to observe the HT framework relaxation effect,
particularly the movement of Bi** ions towards the M-sites at elevated temperatures.
Applying the same technique of NPD data at low temperature (i.e. P>* containing
sillenites) may be useful to observe the co-operation between the disordered
tetrahedral site and the movement of framework Bi ion of adjacent BiOsLP polyhedra

with temperature.

® DSC measurements for boron and phosphate containing sillenites should be carried out
at higher temperatures to establish the exact y-6 polymorphic phase transition

temperatures.

® Thermal stability tests could be completed to investigate the phase stability of the

other formed sillenites.

® Lower frequency and/or high temperature IS analysis should be useful to investigate
the physical origin of the electrical behaviour (space charge polarization effect) of

sillenites at f < 10° Hz.

® LT relaxation behaviour was only found when overall M-site ionic radius, r < 0.25 A.
Other sillenites with small M-site dopants should be used to testify this empirical r

value.

® Double LT relaxation behaviour was observed in most of the boron containing
sillenites, except for BosPos and BosVos, Table 7.2. The origin of this behaviour is still
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not well understood. Processing factors e.g. sample fabrication; firing time and
temperature etc. that affect the appearance of these relaxation phenomena in sillenites
are interesting and worthy to investigate. It might be possible to tailor the microwave
dielectric properties of these sillenites by shifting the relaxation behaviour away from

ambient temperatures.

The equivalent circuit fitting parameter Cy (indicating the lattice relaxation) is still not
fully understood. Further study of the correlation among the three parameters Cy, Rcpe

and Ccpe is useful to probe the local structure distortions in sillenites.

True stoichiometries of Bii2(Bo.25Si0.75)O19.875 and Biia(FepsPos)O20 need to be studied.
Bi12(FeosPos)O20 with an unusual small activation energy indicates a possible mixed

Fe?*/Fe*" ions in the sample, which results in a sub-stoichiometric sillenite.

Sillenites with excellent microwave dielectric properties that are suitable for LTCC
technology are listed in Table 7.5. Chemical compatibility test with silver should be

performed.
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9  Appendix

Appendix I: XRPD Results

XRPD results for attempted M-dopants, i.e. Li*, Mg®*, Sc*, Ti**, Ge**, B¥*, P**, that did
not successfully form single-phase sillenites by solid state reaction method are shown in
Figures 9.1 — 9.7. The drying temperatures and purity of reagents are listed in Table 9.1.
Samples with reagents that have low melting temperatures were heated initially to 400 C
for 2 hours with a heating rate of 1 <T/min to evaporate any H,O, CO, and NHj etc. and

then heated to the reaction temperature with a heating and cooling rate of 10 <C/min.
Table 9.1 Drying temperature and purity of selected reagents.

Reagent Drying Temperature (<€) Manufacturer and Purity
Bi,0; 180 Sigma-Aldrich, 99.9 %
Li,COs 180 Sigma-Aldrich, 99.99 %
Mg(COs;), Mg(OH), 5H,0 Not Applicable Aldrich, 99 %
Sc,0; 900 Sigma-Aldrich, 99.9 %
TiO; 900 Sigma-Aldrich, 99.9%
GeO; 900 Sigma-Aldrich, 99.9 %
B(OH); Not Applicable Sigma-Aldrich, 99.5 %
(NH;)H,PO, Not Applicable Sigma-Aldrich, 99.5%
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Figure 9.1 XRPD results of Biy,LiO1g5 heated at 725 <€ for 72 hours. Impurity phases are
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BiLiO, (ICCD card [77-1192]) labelled as * and a-Bi,O3 (ICCD card [41-1449]). Inset
shows the enlarged XRPD pattern for 260 angles from 24 to 30 @

° M92+

Bi12(Bio.7M0.3)O10.35, Bi12(Bio.s7M00.33)O19.33, Bi12(BiosMgos)O1925 and Bi;zMgOs9 Were
prepared and heated at 780-800 <C for 72 hours. XRPD results of some selected
compositions, Figure 9.2, show no sillenite phase was formed. The co-existence of a-Bi,O3
and MgO is observed in Bi;2MgO;9 by XRPD, whereas light element MgO with small
concentration in Bijz(Bio7Mdo.3)O19.35 is not detectable by XRPD.

20
100 | * MgO
15

[
o
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10

Relative Intensity (%)
[<2
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40 45 50
40
il Mg
20 ‘
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0t ' | L | f 1 ' N
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2 Theta (degrees)

Figure 9.2 XRPD results of Bi;»(Bip7Mgo3)O19.35 and Bii;2MgOs9 heated at 800 <€ for 72
hours. Notion * in the inset indicates the strongest peak of MgO (ICCD card [78-430]) in
Bilegolg.
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Figure 9.3 XRPD results of Bii(Big5SCo5)O19.35 and Bi12ScO195 heated at 820 <C for 72
hours. Impurity phases are Sc,03; (ICCD card [5-629]) labelled as * and a-Bi,O3 (ICCD
card [41-1449]).
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Figure 9.4 XRPD results of titanium sillenites Bi]_gTiOgo, BilgTi0.95019.9, BilzTi0,9019,8 and
Bi12TipgO196 heated at 750 <C for 72 hours. None of them are phase-pure sillenites with
impurity phase of y-Bi,O3 (ICCD card [45-1344], notation *).
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Figure 9.5 XRPD results of Bi;2GeOy heated at 800 <C for 48 hours. Notations ” and *
indicate impurity phases of y-Bi,O3 (ICCD card [45-1344]) and Bi,GeOs (ICCD card
[36-289]), respectively.
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Figure 9.6 XRPD results of BilzBolg_s, Bilz(Bio_ozBo_gg)olg_5 and Bilz(Bio_25Bo_5)olg_125
heated at 625 <C for 72 hours. Phase-pure sillenite is not formed with impurity phase of
a-Bi,O3 (ICCD card [41-1449], notation ) in Bii2(Bio 25B05)O19.125 and impurity phase of
Bi4BzOg (|CCD card [41-1449], notation *) in Bi128019.5 and Bilg(BiolozBolgg)Olglg,.
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Figure 9.7 XRPD result of Bi;;POy 5 heated at 800 <T for 72 hours shows a phase mixture

of sillenite and impurity phase of Bi;PO13 (ICCD card [49-38], notation *).
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Appendix I1: Impedance Derivative Equations

Two Parallel RC Elements in Series
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Figure 9.8 Simulated (a) complex impedance Z* plot and (b) complex admittance Y* plot
for two parallel RC elements in series.
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Cole-Cole branch in Parallel with R and C Elements

YV'=2 +1%" +%
A

1 . 1
= — + jwC; + —
Ro——J_ 1 Ry

X wCy

wCy WRxCyx+j . 1
— . wC —_—
+ ] 1 + R

WRxCx—] WRxCx+]j

_ WCx(WRxCx+j)

. 1
TRy TGt

_ 1 [ (WRxCx)? ] j [ (WRxCyx)

Ry | 1+(wRxCx)? Ry L 1+(0R,C)?

) 1
= s ] + jwC; + 7

1 [ (WRxCy)? ] 1 { 1 [ (wRxCy)

T Ry L 14 (0RCy)? Tt T Ry 1+(wacx)2] + a)Cl}

1 (WRxCy)?
Ry L 1+(wR,Cy)?

|+ =

Y' =

1 wR,.C
. _ [ @RC) |

T Re [ 1+ (R, Cy)?

241



Yu Hu, PhD. Thesis, Chap 9. Appendix

Z' ==
= {Gelss] + il (]« oo

1 (waCx)Z] L]_-.{L[ (wRxCx) ] }
1 {[Rx[l"'(waCx)z +R1 M Rx 1+(wRxCx)? twt

1 (meCx)z] L] {L[ (@RxCx) ] } [L[ (waCx)z] L]_-.{L[ (wRxCx) ] }
{[Rx[1+(waCx)2 TR T Ral ThwRrrCZ] T G Rxl @R CZ| T Re| ™V Rl Tr@RrCZ) T €1

£ (meCx)Z] L]_-.{L[ (wRxCx) ] }
_[Rx[1+(waCx)2 +R1 ) Rx| 1+(wRxCx)? + Wt
1 [ _(@RyCx)? ] L]Z [L[ (@RxCx) ] ]2
[Rx[1+(waCx)2 +R1 + Rx| 14+(wRxCx)? +wly
w -0, Z'=R,
R R
® > oo, 7= 1 Ry
Ri+ R,
(a) (b)
o
o
N 5 °©
o
o)
oo
0000 w o© o] o
o o o o / ° oO e}
o ox Y ° o
o) 8\ ;)o Oé
_RiR« R i AL
Ry+ Ry z' R Y' Ri R

Figure 9.9 Simulated (a) complex impedance Z* plot and (b) complex admittance Y* plot
for the Cole-Cole branch in parallel with R and C elements.
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Appendix I11: Equivalent Circuit Fitted Impedance Spectroscopy Data

The IS data for compounds not shown in the previous chapters with the associated

equivalent circuit fitting results are shown in this section. For the universal high

temperature (HT) relaxation behaviour, equivalent circuit in Figure 9.10 (a) is used; and for

the low temperature (LT) relaxation behaviour, equivalent circuit in Figure 9.10 (b) is used.

(@)

(b)

CPE1

Figure 9.10 (a) and (b) Equation circuit for dielectric relaxation.
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Figure 9.11 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 778 K for Biy2(Bio.67ZN0.33)O19.33.

Table 9.2 Fitted high temperature 1S values of Bii2(Bigs7ZNg33)O19.33 from 698 to 818 K.
Errors associated with the fitted circuit parameters Ry, Cy, Cx, A and n are < 3.1 %, <
4.2 %,< #1.6 %,< 365.3 % and < 23.9 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) Co(pFem™) A (@Q*cm™rad?) n
698 1182900 4,78 8.36 9.23 x10°® 0.13
718 610910 4,79 8.30 1.79 <107 0.13
738 345660 4,79 8.45 2.89 <10~ 0.13
753 212010 4.79 8.46 447 x107 0.13
778 128220 4.79 8.36 7.11 <107 0.13
793 80311 478 8.34 1.04 x10° 0.13
818 51091 4.75 8.23 1.50 x10° 0.14
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Figure 9.12 High temperature IS experimental data points (o) and the fitting results (+) to
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equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 613 K for Bij»(BigsFeps)O195.

Table 9.3 Fitted high temperature IS values of Biiz(BiosFeos)O195 from 573 to 653 K.
Errors associated with the fitted circuit parameters Ry, Cy, Cx, A and n are < 3.2 %, <
#0.5 %,< 4.3 %,< 220.7 % and < 25.7 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) Co(pFem™) A (@Q*cm™rad™) n
573 329350 3.72 5.03 1.11 <107 0.20
593 294900 3.71 5.72 1.01 <107 0.21
613 211590 3.71 5.80 1.16 <10 0.22
633 149040 3.71 5.80 1.31 10" 0.23
653 98074 3.71 5.64 1.45 %107 0.24
Bio(Big3Aly7)O105
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Figure 9.13 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) —-Z”/M”
spectroscopic plots at 727 K for Bii»(Bip3Alp7)O195.

245



Yu Hu, PhD. Thesis, Chap 9. Appendix

Table 9.4 Fitted high temperature IS values of Bii2(Bio3Alo7)O195 from 645 to 746 K.
Errors associated with the fitted circuit parameters Ry, Cy, Cx, A and n are < 6.7 %, <
#1.1 %,< #129.3 %,< #58.6 % and < #9.9 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) C,(Fem™) A @*cmrad?) n
645 7105800 1.30 1.49 <10 7.63 <101 0.42
673 4356900 1.30 1.29 x10° 1.28 x10° 0.40
703 2082400 1.29 1.19 x10° 1.51 x10° 0.42
727 1376300 1.29 3.62 <101 2.80 x<10° 0.39
746 1017000 1.28 3.49 <101 3.27 x10° 0.39

> 629 K
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10-10 v A 727K
v v 798 K
A V'
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©10 ‘5'=5h v,
| 4
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Figure 9.14 C’ spectroscopic plot showing the capacitance fluctuation at various
temperatures for Bijz(Big3Alp7)O195.
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Figure 9.15 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 673 K for Bii»(Big.4Alps)O195.

Table 9.5 Fitted high temperature IS values of Biy2(Bip.4Alps)O195 from 673 to 753 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cx, A and n are < #8.7 %, <
#1.4 %,< #130.8 %,< #67.5 % and < #10.9 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) C (Fem™) A @*cmrad?) n

673 4040600 1.43 1.86 <10 9.52 <101 0.43
703 2198800 1.42 1.39 x10° 1.24 x10° 0.43
723 1533400 1.42 5.59 <1071 1.53 x10° 0.43
753 886980 1.43 3.77 <10 2.97 x10° 0.41
> 623 K
B 673 K
® 703K
10-10 v A 723K
v v 753K
AY
—_ v
F.E .AAV
o mO®,V
w ':AV
; 11 .’.. ‘vv
10 F”# v
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Figure 9.16 C’ spectroscopic plot showing the capacitance fluctuation at various

temperatures for Biy2(Big.4Alps)O19s.
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Figure 9.17 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) —Z”/M”
spectroscopic plots at 573 K for Biy»(Bioslng.4)O19.5.

Table 9.6 Fitted high temperature IS values of Biy2(Bipglng4)O195 from 498 to 673 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #).2 %, <
+1.1 %,< 3.9 %,< #16.0 % and < 23.1 %, respectively.

Temperature (K) R;(Qcm) C,(pFecm™) Cy(pFem?) A (@*cm™rad?) n
498 7938200 3.57 4.89 1.67 <10° 0.38
528 2378900 3.58 452 3.29 x10° 0.38
548 1364200 3.59 4.33 455 x10° 0.38
573 761210 3.60 4.01 6.56 %10 0.38
601 335760 3.60 3.76 1.02 <10 0.38
623 17650 3.59 3.85 1.13 <10 0.39
650 115970 3.59 3.73 1.54 <10 0.39
673 74099 3.65 2.84 4,95 x10® 0.33
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® Chapter 5: Boron containing sillenites

Bilg(Bo,5GaO.5)Ol9.5

HT relaxation:
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Figure 9.18 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) —Z”/M”
spectroscopic plots at 698 K for Bi;2(BosGags)O1gs.

Table 9.7 Fitted high temperature IS values of Bij»(BipsGags)O195 from 623 to 698 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #1.5 %, <
#0.5 %,< H.1 %,< 224.4 % and < 6.7 %, respectively.

Temperature (K) R;(Qem) C;(pFcm™) C.(pFecm™) A (Q'cm™rad?) n

623 6073000 4.59 6.30 6.73 x10° 0.22
645 3185900 4.56 8.49 8.61 x10° 0.24
673 1322290 4.55 11.73 1.11 <107 0.28
698 541590 4.52 1951 1.34 <107 0.32
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Figure 9.19 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (¢) —Z”/M”, and (d) tan
spectroscopic plots at 120 K for Bi;2(BosGags)O193s.

Table 9.8 Ftted subambient IS values of Biys(BosGaps)Oig5 from 120 to 170 K (for the 1%
low temperature relaxation). Errors associated with the fitted circuit parameters C;, Cx, A
and nare < #.7 %,< #2.0 %,< 48.8 % and < 1.6 %, respectively.

Temperature (K) C,(pFcm™®) C,(pFecm™) A (@Q@*cm™ rad?) n
120 3.05 2.24 1.72 <10 0.56
130 3.06 2.32 3.40 <107 0.54
140 3.04 2.43 5.48 <10 0.54
150 3.02 2.50 9.34 x10™ 0.53
160 2.93 2.70 1.16 x<10° 0.55
170 2.81 2.87 1.61 <10° 0.56
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Bix(BosAlgs)O195
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Figure 9.20 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 723 K for Bij2(BosAlps)O195.
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Table 9.9 Fitted high temperature IS values of Bij2(BipsAlps)O195 from 673 to 798 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #0.4 %, <
0.6 %,< 7.8 %,< 338.5 % and < #11.7 %, respectively.

Temperature (K) R;(Qcm) C,(pFecm™) Cy(pFem?) A (@*cm™rad?) n
673 6717000 5.31 6.71 8.90 x10° 0.24
698 3196900 5.28 7.42 1.17 <10 0.27
723 1241000 5.26 9.62 1.16 <10 0.33
748 762370 5.20 5.49 4.66 x10® 0.22
773 429020 5.16 5.34 7.10 <10 0.22
798 248800 5.12 5.56 8.68 <10 0.24
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LT relaxation:
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Figure 9.21 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (¢) —Z”/M”, and (d) tan
spectroscopic plots at 130 K for Bi;2(BosAlps)O195.

Table 9.10 Fitted subambient IS values of Bij2(BosAlos)O195 from 100 to 130 K (for the
1% low temperature relaxation). Errors associated with the fitted circuit parameters Cy, Cy,
Aand nare < 0.2 %,< #0.9 %,< 4.9 % and < #).8 %, respectively.

Temperature (K) C,(pFcm™®) C,(pFem™) A (@Q*'cm™ rad?) n
100 3.64 1.41 6.18 x10™ 0.58
110 3.63 1.51 9.95 x10™ 0.57
120 3.63 1.59 1.64 x10° 0.57
130 3.59 1.74 2.11x10™ 0.59
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Figure 9.22 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 650 K for Bij2(Bg.25Si0.75)O19 875

Table 9.11 Fitted high temperature IS values of Biy2(Bio.25Sio.75)O10.875 from 596 to 650 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #1.3 %, <
2.4 %,< 2.9 %,< #14.4 % and < 25.2 %, respectively.

Temperature (K) R;(Qem) C;(pFcm™) C.(pFecm™) A (Q'cm™rad?) n
596 6852200 4.10 114 1.01 <10 0.25
603 5484900 4.08 12.5 9.92 x10° 0.26
623 2938400 4.05 13.3 1.11 <10 0.28
637 1696800 4.04 13.3 1.35 %10 0.29
650 1263800 4.04 12.1 1.68 <10 0.28
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Figure 9.23 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (¢) —Z”/M”, and (d) tan
spectroscopic plots at 210 K for Bij2(Bg.25Si0.75)O19.875.

Table 9.12 Fitted subambient IS values of Biy2(Bo25Si0.75)O19.875 from 200 to 270 K (for
the 2" low temperature relaxation). Errors associated with the fitted circuit parameters C,
Cx, Aand n are < #.5 %,< 5.0 %,< 340.7 % and < #11.1 %, respectively.

Temperature (K) C,(pFcm™®) C,(pFem™) A (@Q*'cm™rad?) n
200 3.68 0.51 1.98 x10° 0.43
210 3.68 0.52 2.54 <10 0.44
220 3.69 0.49 6.42 <10 0.39
230 3.69 0.52 6.74 <10 0.42
240 3.70 0.50 1.46 x<10° 0.39
250 3.72 0.46 4.21 x10° 0.33
260 3.73 0.57 6.28 %107 0.33
270 3.74 0.44 1.18 x10°® 0.30

254



Yu Hu, PhD. Thesis, Chap 9. Appendix
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HT relaxation:
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Figure 9.24 High temperature IS data points (o) and the fitting results (+) to equivalent
circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) —-Z”/M”
spectroscopic plots at 673 K for Bi;2(BosPo5)O19.5.

Table 9.13 Fitted high temperature IS values of Biy2(BipsPo5)O195 from 623 to 798 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #1.3 %, <
#0.9 %,< 3.0 %,< #11.4 % and < #2.9 %, respectively.

Temperature (K) R;(Qcm) C,(pFecm™) Cy(pFem?) A (@*cm™rad?) n
623 7406500 4.27 40.1 2.93 x10® 0.30
648 3164200 4.25 39.5 413 x10® 0.31
673 1215800 421 35.9 6.54 <10 0.30
698 554230 4.10 33.2 8.68 <10 0.31
723 266780 4.01 29.2 1.22 <10 0.30
748 132060 3.98 26.4 1.62 <10 0.31
773 61841 3.97 22.6 2.19 <10 0.31
798 34039 3.83 214 2.11 <10” 0.32
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LT relaxation:
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Figure 9.25 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (¢) —Z”/M”, and (d) tan
spectroscopic plots at 190 K for Bi;2(BosPo5)O19.5.

Table 9.14 Fitted subambient IS values of Bij2(BosPo5)O195 from 190 to 310 K (for the
low temperature relaxation). Errors associated with the fitted circuit parameters C;, Cx, A
and nare < #1.0 %,< 43.4 %,< #16.1 % and < #4.3 %, respectively.

Temperature (K) C,(pFcm™®) C,(pFem™) A (@Q*'cm™ rad?) n
190 3.21 0.98 2.41 <10™° 0.41
210 3.22 1.01 5.34 <107 0.41
230 3.22 1.02 1.24 x10° 0.40
250 3.21 1.04 2.71 %107 0.40
270 3.22 1.03 6.67 %107 0.38
290 3.23 1.01 1.66 x10°® 0.35
310 3.25 0.99 3.48 x10° 0.34

256



Yu Hu, PhD. Thesis, Chap 9. Appendix
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Figure 9.26 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 673 K for Bi;2(BosVos5)O195.

Table 9.15 Fitted high temperature IS values of Bij»(BipsVos5)O195 from 623 to 798 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cy, A and n are < #.6 %, <
.7 %,< #12.6 %,< 326.2 % and < 4.0 %, respectively.

Temperature (K) R;(Qem) C;(pFcm™) C.(pFecm™) A (Q'cm™rad?) n
623 3761700 3.50 61.5 3.08 <10 0.29
653 2122700 3.39 51.8 3.84 <10 0.30
673 1344200 3.07 42.5 4,08 x10® 0.30
698 553440 2.92 30.7 5.03 <10 0.31
723 333610 2.73 20.7 4.83 x10® 0.32
748 188980 2.50 15.6 3.49 <10 0.36
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773 123440 2.35 11.2 3.89 <108 0.35
798 62223 2.22 16.2 1.54 x10°® 0.43
LT relaxation:
10° 7x10'125
(a) 200 K ex1o'“§- (b) 200 K
5x10 "k
§ ax10™t
L3 i
b (:
3x10™"f
10'1T: = ” L . 2x10 el
10 10 10 10 10 10° 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
-40 2.0
(c) @ 200 K
55,
®
30} ® - J .
30 Gd,éso QQ 15 5
—_ Q 1w
5§ [ o ° ® z
g -20f- + (-] ¢® i 107q
Noo S
L s
10
o Oo
(o]
[(
0 2 I I II““IS B 4 B . !!5; 10-3 2 ! ! II“"'Q * .I4 "I5 e 6
10 10 10 10 10 10 10 10

Frequency (Hz)

1 1
Frequency (Hz)

Figure 9.27 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (¢c) —=Z”/M”, and (d) tan
spectroscopic plots at 200 K for Bi;2(BosVos5)O195.

Table 9.16 Fitted subambient IS values of Bii2(BosVo5)O195 from 190 to 310 K (for the
low temperature relaxation). Errors associated with the fitted circuit parameters C;, Cy, A
and n are < #0.7 %,< 2.9 %,< +16.8 % and < #4.6 %, respectively.

Temperature (K) C;(pFecm™)  C,(pFem™) A (Q'cm™ rad™) n
190 2.95 0.66 1.21 %107 0.38
200 2.95 0.71 2.02 <10™° 0.38
210 2.95 0.71 4.22 <10 0.36
220 2.95 0.74 5.81 <107 0.37
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230 2.95 0.76 8.73 x10™° 0.38
240 2.95 0.76 1.60 x10° 0.36
250 2.94 0.77 2.38 x10° 0.36
260 2.95 0.76 4.48 x<10° 0.34
270 2.94 0.77 6.40 x<10° 0.34
280 2.95 0.77 9.77 x10° 0.33
290 2.95 0.76 1.50 x10° 0.33
300 2.96 0.76 1.99 x10° 0.33
310 2.97 0.74 2.91 %108 0.32
® Chapter 6: Phosphate containing sillenites
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Figure 9.28 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
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spectroscopic plots at 598 K for Bi12Pg.86020.15.

Table 9.17 Fitted high temperature IS values of Bijz(BiosVos5)O195 from 548 to 698 K.
Errors associated with the fitted circuit parameters Ry, Cy, Cx, A and n are < #0.4 %, <

#1.6 %,< #23.2 %,< 329.7 % and < 34.2 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) Cy(pFem™) A (@Q@*cm™rad™) n
548 899850 3.48 100.5 1.11 x<10® 0.34
573 290640 3.51 75.1 1.75 <10°® 0.35
598 176350 3.53 49.7 2.03 x10°® 0.36
623 89512 3.54 475 2.87 x10°® 0.36
648 48668 3.57 24.3 3.04 x10® 0.37
673 26350 3.54 22.8 2.99 x10® 0.40
698 15020 3.41 30.9 1.96 x10°® 0.44
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Figure 9.29 Low temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (b) with (a) Y’; (b) C’, (c) —Z”/M”, and (d) tan
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spectroscopic plots at 290 K for Bi2P g5020.15.

Table 9.18 Fitted subambient IS values of BiysP gs020.15 from 280 to 310 K (for the low
temperature relaxation). Errors associated with the fitted circuit parameters C;, Cx, Aand n
are <#0.1 %,< #1.5 %,< #17.4 % and < #12.8 %, respectively.

Temperature (K) C,(pFcm™®) C,(pFem™) A @*'cm™ rad?) n

280 2.88 0.46 7.45 <100 0.17
290 2.89 0.45 1.47 x10° 0.15
300 2.89 0.44 2.45 x<10° 0.14
310 2.90 0.45 4.27 <107 0.13
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Figure 9.30 High temperature IS experimental data points (o) and the fitting results (+) to
equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”

spectroscopic plots at 623 K for Bijz(Feo sPo.5)Ox0.
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Table 9.19 Fitted high temperature IS values of Bija(FegsPos)O2 from 623 to 798 K.
Errors associated with the fitted circuit parameters Ry, Cy, Cx, A and n are < #1.6 %, <
#1.2 %,< 5.4 %,< #10.1 % and < #2.4 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) C,(Fem™) A @*cmrad?) n

623 2144800 2.64 1.41 <107 9.06 x<10® 0.27
648 1026000 2.60 1.70 <107 1.49 <107 0.27
673 639150 2.55 1.99 x107%° 1.98 <107 0.28
698 354550 2.51 2.19 <10 2.87 <107 0.29
723 221650 2.47 2.33 x10™° 3.84 <107 0.28
748 137730 2.42 2.39 <1071 5.15 <10~ 0.28
773 85740 2.35 2.45 <1071 6.52 <10~ 0.28
798 51765 2.20 2.62 <101 7.47 <107 0.29
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Figure 9.31 High temperature IS experimental data points (o) and the fitting results (+) to
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equivalent circuit shown in Figure 9.10 (a) with (a) Z* plot; (b) Y’, (¢) C’, and (d) -Z”/M”
spectroscopic plots at 649 K for Bi;2(Mgo.33P0.67)O20.

Table 9.20 Fitted high temperature IS values of Bij2(Mgo.33Po67)O20 from 623 to 778 K.
Errors associated with the fitted circuit parameters Ry, Cy1, Cx, A and n are < #1.9 %, <
#0.8 %,< 2.5 %,< £31.3 % and < 8.9 %, respectively.

Temperature (K) R;(Qem) C,(pFecm™) Cy(pFem™) A (@Q*cm™rad?) n

623 2703300 3.04 81.1 3.45 x10® 0.22
649 1096100 3.07 62.5 6.08 x10® 0.22
673 544880 5.04 50.4 9.54 x107 0.22
698 264730 3.12 41.2 1.47 <107 0.23
728 128150 3.17 31.2 2.35 <107 0.23
750 73865 3.22 26.1 3.27 <107 0.23

778 43003 3.28 23.4 4.05 %107 0.23
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