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Abstract

An extensive range of Ho-doped BaTiO; solid solution forms in which Ho substitutes for Ti with creation of oxygen vacancies. The effect of
Ho substitution is to destabilise thermodynamically the high-temperature hexagonal polymorph of BaTiO;. Nevertheless, at high Ho contents,
the hexagonal polymorph forms as a kinetically stable intermediate before transforming to the thermodynamically stable cubic polymorph; its
formation represents an example of Ostwald’s rule of successive reactions. Samples fired at ~1400 °C and cooled in air are insulating and transform

from ferroelectric to relaxor ferroelectric behaviour with increasing x.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Electroceramic materials based on BaTiO3 are among the
most important in the electronics industry, with applications in
multilayer ceramic capacitor, MLCC! and positive temperature
coefficient of resistance, PTCR? devices. The properties of the
ceramics depend on a number of factors associated with var-
ious dopant ions and the ceramic processing conditions. Very
many doping studies have been reported; an overview of the key
findings is given in the literature review in Ref. 3.

Donor dopants, defined as those that have higher charge than
the ion that is being substituted, e.g. rare earth cations instead
of Ba?* or Nb>* instead of Ti** can give rise to either semi-
conducting behaviour if the charge compensation is electronic
and involves injection of electrons into the crystal structure,
or insulating if the charge compensation mechanism is ionic
and involves either generation of cation vacancies (primarily
Ti vacancies) or the filling of pre-existing oxygen vacancies,
associated with acceptor impurity cations. The conditions under
which the two possible compensation mechanisms, electronic or
ionic, occur is still a matter of controversy: the preferred mech-
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anism appears to be electronic at low dopant content, switching
to ionic at higher dopant content. However, complications arise
since, depending on processing conditions, samples may lose
oxygen at high temperatures, and, by the associated injection of
electrons into the crystal structure, this provides an additional
source of semiconductivity. As yet, it is not clear under which
conditions the two mechanisms of electronic compensation, i.e.
in response to direct donor doping or oxygen loss, occur.

Acceptor dopants, defined as those that have lower charge
than the ion that is being substituted, e.g. Fe>* instead of Ti**,
generally achieve charge compensation through creation of oxy-
gen vacancies and the resulting materials are electronically
insulating. The exception is Ti**; since the single 3d electron
associated with Ti>* enters the 3d conduction band covering
all Ti atoms of the BaTiO3 lattice, the resulting acceptor-doped
BaTiO3, with ionic compensation by means of oxygen vacan-
cies, is semiconducting.*

As well as the possible effect of dopants on the level
of electronic conductivity, the permittivity and its temper-
ature dependence are also dopant-sensitive. Most dopants
reduce the Curie temperature, 7., that is associated with
the tetragonal—cubic, ferroelectric—paraelectric phase transition,
and this is usually accompanied by a reduction in the permittivity
maximum at T; La is an exception since, although 7. decreases,
the permittivity at T, increases with increasing La content.’
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Processing conditions are critically important in controlling
the electrical microstructure of undoped and doped BaTiO3
ceramics; in particular, the oxygen loss that may occur at high
temperatures and the partial or complete reoxidation on subse-
quent cooling leads to gradients in oxygen content, and therefore
Ti** content, throughout the ceramics. Thus, it is in principle
possible, by control of processing conditions, to obtain ceram-
ics that are semiconducting throughout, insulating throughout
or that have core—shell structures with insulating surfaces/grain
boundaries and semiconducting grain cores.®

Given (a) the wide range of dopant ions that can enter
the BaTiOs crystal lattice, with several possible charge com-
pensation mechanisms, and (b) the importance of processing
conditions, it is perhaps not surprising that the doping of BaTiO3
continues to attract interest and controversy. Our objective is to
obtain improved understanding of such materials by simultane-
ous, careful control of both doping mechanisms and processing
conditions; this should then lead to the more effective optimi-
sation of sample processing and fabrication and the ability to
better tune the resulting properties.

This paper focuses on the effect of holmium as a dopant.
Ho is one of the preferred rare earth dopants, since, depending
on composition and processing conditions, room temperature
resistivities as low as 3 €2 cm can be obtained. A detailed phase
diagram study of the mechanism(s) of formation and extent of
BaTiOj3 solid solutions doped with Ho, for samples fired under
both oxidising and reducing conditions, has been reported.”?
One purpose of the present work is to better understand the cor-
relation between electrical properties, solid solution mechanism
and processing conditions; the phase diagram results’-8 provide
an excellent starting point for this study.

Ho3* is an intermediate-sized cation capable of substituting
on both octahedral Ti sites and 12-coordinate Ba sites. Since
the charge on Ho’" is different to that on both Ti** and Ba®*,
compensation mechanisms, or additional changes to the crys-
tal/defect structure and stoichiometry, are required to preserve
electroneutrality. These changes may be ‘ionic’, in which case
the numbers of cations/oxygens are adjusted to achieve charge
balance, or ‘electronic’ in which case electrons are either added
to or removed from the crystal lattice to preserve electroneu-
trality. Here, we first discuss ionic compensation mechanisms
and the associated changes to the defect structure and crystal
stoichiometry.

The terms ‘donor’ and ‘acceptor’ doping are widely used
in the ceramics literature, but there is ambiguity over the pre-
cise meaning of these terms. Some authors reserve the terms
for situations in which charge compensation is electronic, as
a consequence of which, there is usually a dramatic change in
electrical conductivity. Others use the terms simply to imply that
the substituting ion has either higher (donor) or lower (acceptor)
charge than that of the ion being replaced, irrespective of whether
charge compensation is ionic or electronic. To avoid ambiguity,
we use the latter definition, although most of the discussion here
refers to ‘acceptor doping with ionic compensation’ and ‘donor
doping with ionic compensation’. By using the latter definition,
we avoid ambiguities associated with the Ti** dopant which is
an acceptor (lower valence), with ionic compensation (oxygen

vacancies), but which donates electrons to the Ti 3d conduction
band, leading to semiconductivity.

The various doping mechanisms with ionic compensation
that are possible in Ho-doped BaTiO3 are summarised in Table 1,
mechanisms 1-4; their compositional loci are represented on a
ternary composition grid in Fig. 1, which is a section through
the quaternary system Ba-Ti—Ho—O. Each substitution is, in
principle, feasible, either as a single doping mechanism or in
combination with another mechanism. We consider ions in their
usual oxidation states, i.e. Ba2*, Ti*" and Ho>*. All four ionic
compensation mechanisms are associated with compositions on
the ternary section BaO-TiO2—HoO3/>. The mechanisms are:

1. Acceptor doping of Ho onto Ti sites with ionic compensa-
tion through creation of oxygen vacancies.

2. Double substitution of Ho onto both Ba and Ti sites, in equal
amounts. Each individual substitution is aliovalent since Ho
has different charge to both Ba and Ti, but the net effect of
the double substitution is isovalent since electroneutrality
is retained and the overall stoichiometry remains at ABO3.

(a) BaO

DONOR: Hoga

TlOZ HO23TiO4 T HOOs,'z

HoTis 405

HOTiaMOa 15

Fig. 1. Composition triangle BaO-TiO,—Ho,03 showing (a) possible doping
mechanisms with the reported area of BaTiO3 solid solutions shown shaded and
(b) expanded solid solution area showing compositional grid superposed.
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Table 1
Possible mechanisms for doping BaTiO3 with Ho.

Doping mechanism Structural consequences Formula End-member
(real or hypothetical)
1. Acceptor, Ho’Ti Oxygen vacancies, V:)' BaTi;_Ho,O3_,» BaHoO; 5
2. Stoichiometric double doping, Retain ABO3 stoichiometry Baj_,Ti;_yHo,,03 Ho,03
Hop,, + HoZ;
3.4. Donor doping, Hog, Cation vacancies (V"'3; or Vi) Ba;_,Ho,Ti;_,;40;3 or Baj_3,Ho,,TiO3 HoTi3/403 or Hop3TiO3
5 Donor doping, electronic Retain ABO3 stoichiometry Ba;_,Ho,TiO3 HoTiO3

compensation with Ti*

3,4. Donor doping of Ho onto Ba sites with ionic compensation,
leading to either Ti vacancies (3) or Ba vacancies (4). In the
case of impure BaTiOj3 that contains acceptor dopants and
associated oxygen vacancies,” donor doping of Ho onto
Ba sites may also involve compensation by excess oxygen
ions which fill the pre-existing oxygen vacancies. This is
notincluded in Fig. 1 or Table 1, since it is not a mechanism
that is appropriate for pure, stoichiometric BaTiO3.

Experimental studies on BaTiO3 doped with Ho,” in air at
1400-1500 °C, have shown the existence of a solid solution area,
shaded, Fig. 1(a) and on expanded scale in Fig. 1(b). A combi-
nation of two mechanisms is needed to describe a solid solution
area. In this case, there is extensive solid solution with mech-
anism 1, but the solid solution is most extensive in the region
between mechanisms 1 and 2. This indicates that Ho substitu-
tion for Ti is the preferred mechanism, but that substitution can
be extended further through combination with the double sub-
stitution mechanism 2. There was little evidence of substitution
by mechanisms 3 and 4 in air, for which Ho would substitute
exclusively onto Ba sites; by contrast, significant substitution
onto Ba sites was found in a reducing atmosphere,® probably
with direct replacement of Ho>* for Ba>* and charge balance by
reduction of Ti** to Ti**, mechanism 5, Fig. 1(a), Table 1.

In order to describe structurally the compositional extent
of the solid solutions, we have superposed a compositional
grid onto the solid solution area in Fig. 1(b) with two
variables, x and y, in the general solid solution formula,
(Baj_yHoy)(Ti{—y—yHOx4y)O3_y2. The limiting axes are the
acceptor doping mechanism, 1, with x as a variable and the dou-
ble substitution mechanism, 2, with y as a variable. Almost all
compositions in the solid solution area can be represented in
terms of positive values of x and y. For donor doping with either
ionic compensation, 3 and 4, or with electronic compensation,
5, different general formulae are needed, Table 1.

From the phase diagram results,” the solid solution limit
according to mechanism 1 is x=0.15, y=0; the most exten-
sive solid solution, with a combination of mechanisms 1 and 2,
occurs at x=0.05, y=0.09; with donor doping, mechanism 3,
the solid solution limit was given as z=0.014 at 1400 °C. For
samples fired under reducing conditions at 1400 °C,? the solid
solution extent with mechanism 1 was less, x=0.09, was the
same for a combination of mechanisms 1 and 2 and was greater
for a donor doping mechanism; in the latter case, however, com-
pensation was believed to be electronic, as indicated above, with
the presumed formula Ba;_,Ho,TiO3, number 5.

2. Experimental

Samples were synthesised by solid state reaction using
BaCOs (Aldrich 99%), TiO (Aldrich 99%) and Ho, O3 (Aldrich
99.9%), which were dried prior to weighing at 180, 800 and
800 °C, respectively. Samples totalling ca. 5 g were mixed with
acetone manually in a mortar and pestle, dried and fired in
Pt crucibles, initially overnight at 1050 °C to decarbonate the
BaCOs3 and initiate reaction, followed by temperatures in the
range 1350-1550 °C for several days in air with daily regrinding.
For phase diagram studies on the cubic to hexagonal transition
region, samples were heated isothermally for various periods of
time and cooled rapidly to room temperature by withdrawing
samples from the furnace and allowing them to cool in air.

Samples were characterised by X-ray powder diffraction,
XRD, using a Stoe Stadi-P image plate detector (Stoe and Cie
Gmbh, Darmstadt) for routine analysis and with a small lin-
ear position sensitive detector for accurate lattice parameter
determination, Cu Ko radiation, A =1.5406 A. The tetragonal
to cubic phase transition was monitored by differential scan-
ning calorimetry (Polymer Laboratory DSC auto) between room
temperature and 200 °C, heating rate 10°C min~".

Pellets for electrical property measurements were pressed
uniaxially in a stainless steel die, followed by cold isostatic
pressing; for sintering, pellets were placed on Pt foil in different
atmospheres and temperatures in the range 1350-1550 °C. Elec-
trodes on opposite pellet faces were fabricated either from gold
paste, which was dried and fired at 900 °C, or using In—Ga lig-
uid alloy that was applied at room temperature and used directly.
Fixed frequency measurements were made as a function of tem-
perature using a Hewlett Packard HP4284 A high precision LCR
meter. Variable frequency impedance measurements over the
range 10 Hz to 1 MHz, were made over the temperature range
—263 to 500 °C under different atmospheric conditions using an
HP impedance analyser.

3. Results and discussion

3.1. Phase diagram study of Ho-doped BaTiO3 with
composition BaTij_ Ho,O3_yp

Using the phase diagram results reported in Ref. 7, based on
heating samples at 1400-1500 °C in air, as a starting point, pre-
liminary experiments were carried out to establish the conditions
necessary to achieve complete reaction and therefore, equilib-
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rium products. Synthesis of pure BaTiOs typically required
temperatures of 1300-1400°C in air for 24-48h to achieve
high-quality phase-pure samples. On addition of Ho as an accep-
tor dopant, with ionic compensation and solid solution formula
according to mechanism 1, it was found that increasingly longer
times and higher temperatures were required to achieve complete
reaction with increasing Ho content. Completion of reaction,
and therefore attainment of the state of equilibrium, was taken
as reached when no further change in the phase assemblage(s)
occurred, either on prolonged heating or by raising the tem-
perature by 25-50°C for an additional heating period. Thus,
for compositions near the solid solution limit, determined to
be x=0.175(25) at 1550 °C in the present study, reaction at
1550 °C for several days was necessary. This solid solution limit
is slightly greater than reported in Ref. 7, x=0.14, which may
reflect both the higher reaction temperature and longer heat-
ing periods that were found necessary in this study to achieve
equilibrium.

An additional complication found here and also noted in Ref.
7, was that the first product of reaction for high x compositions
was the hexagonal polymorph of BaTiO3 rather than the cubic
polymorph. A careful study was therefore required to determine
whether Ho stabilised thermodynamically the hexagonal poly-
morph of BaTiOs3, as presumed in Ref. 7, or whether it was
a metastable phase that formed initially as a first product of
synthesis, but subsequently transformed to the cubic phase on
prolonged heating. In order to determine the thermodynamic
status of the hexagonal polymorph it was necessary to establish
the dependence of the cubic to hexagonal phase transforma-
tion temperature on Ho content; a series of isothermal heating
experiments was therefore carried out on both stepwise heat-
ing and cooling, with the results summarised in Fig. 2. These
results showed that for low x compositions, 0 <x <0.05, the
cubic polymorph (which transformed to tetragonal during cool-
ing to room temperature) was stabilised to increasingly higher
temperatures with increasing x and that the transformation on
heating, to give mixtures of (cubic +hexagonal) polymorphs,
was fully reversible on stepwise cooling.

1550 00 I L] ]
hexagonal
+
152500 0 o hic D [ | ]
© 1500 n n
= cubic
1475 [ n
1450 mm W [ [ n
T T

0.00 0.02 0.04 0.06 0.08 0.10 0.12
x in BaTi;_,H0,04.»

Fig. 2. High-temperature phase diagram showing cubic-hexagonal phase trans-
formation.

From these results, the phase diagram, Fig. 2, was con-
structed showing effective thermodynamic destabilisation of the
hexagonal polymorph and therefore, stabilisation of the cubic
polymorph, with increasing x. There was no evidence of sig-
nificant doping of Ho under equilibrium conditions into the
hexagonal structure, since the composition with the lowest Ho
content, x=0.002, gave a mixture of polymorphs at all temper-
atures studied from 1475 to 1550 °C. Therefore, the maximum
Ho content that can be dissolved under equilibrium conditions
into the hexagonal structure is x <0.002 at 7 < 1550 °C.

Although the phase diagram shows that the hexagonal poly-
morph is increasingly unstable with increasing Ho content,
nevertheless, as reported in Ref. 7, it does form in composi-
tions with high Ho content. We therefore carried out a study
of the effect of prolonged heating times on the products of
reaction and found that with, for example, x=0.15, the hexago-
nal polymorph formed initially but subsequently transformed
to the cubic polymorph with prolonged heating. By adjust-
ing the heat treatment conditions, it was possible to synthesise
samples of single-phase hexagonal polymorph, e.g. for com-
position x=0.15 heated at 1550 °C for 12h. The conversion
of this hexagonal polymorph to cubic with prolonged heating
indicated that the hexagonal polymorph formed as a first prod-
uct of reaction but was a metastable phase that transformed
to the thermodynamically stable cubic polymorph on further
heating.

In order to assess whether the composition(s) of the hexag-
onal and cubic polymorphs changed as a function of heat
treatment, the lattice parameter of the cubic polymorph for com-
position x=0.15 was measured as a function of hexagonal/cubic
phase content, with the results shown in Fig. 3. There was no
detectable systematic change in lattice parameter with phase
content and the magnitude of a is the same as that for x=0.15
demonstrated in a plot of lattice parameter vs. composition for
the complete range of solid solutions, Fig. 4. The hexagonal
to cubic transformation is, therefore, a very slow polymorphic
change and does not involve any compositional change of the
phases involved.

4.055

"< 4050 ]
3]

4.045 7 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Cubic%

Fig. 3. Lattice parameter of the cubic solid solution in (cubic + hexagonal) two-
phase mixtures during the hexagonal—cubic transformation.
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Fig. 4. Lattice parameters and cell volume as a function of composition.

The lattice parameter results in Fig. 4 confirm that, with
increasing Ho content, the room temperature tetragonal poly-
morph gradually transforms to cubic and there is an overall
increase in unit cell volume with increasing x, as expected from
substitution of larger Ho onto the Ti site. The tetragonal—cubic
transition is estimated to occur at the composition x=0.05(1) at
room temperature.

The solid solution area for Ho-doped BaTiO3, reported in
Refs. 7,8 and shown in Fig. 1(b), shows very little evidence for
significant solid solution formation according to mechanisms
3-5 for samples fired in air at 1400—1500 °C. This conclusion is
confirmed from results obtained here on compositions y=0.04
and z=0.02, mechanisms 3 and 4, which showed phase mixtures
after firing at 1450 °C. The rest of this paper focuses on the
oxygen vacancy join, mechanism 1.

3.2. Electrical properties of BaTij—HoxO3_yp

The electrical properties of ceramics fired under different
conditions were measured using impedance spectroscopy and
from data analysis, information was obtained on the electrical
homogeneity of samples, together with values for the bulk and
grain boundary conductivities and bulk permittivity as a function
of temperature. In addition, fixed frequency values of permittiv-
ity were obtained by a rapid scan of electrical properties as a

function of temperature and these values compared with those
obtained by impedance spectroscopy analysis at a smaller num-
ber of fixed temperatures. For some samples, especially those
with low x, subjected to rapid cool after firing at high temper-
atures, evidence of semiconductivity was seen, indicating that
those samples had an additional doping mechanism, probably
associated with oxygen loss. Further work on this effect is under-
way and will be reported subsequently. For the results presented
here, samples were allowed to cool naturally in air on removing
from the furnace or cooled inside the furnace at a slower rate
and all samples studied were reasonably insulating.

A typical set of impedance data, for composition x=0.03
fired at 1450 °C in air, is shown in Fig. 5. The impedance com-
plex plane plot, (a), shows two arcs; for the same dataset, the
Z”IM” spectroscopic plot, (b), shows two peaks in the Z” plot,
corresponding to the two arcs shown in (a), whereas the M” plot
shows a single peak corresponding to the higher frequency Z”
peak. Since M plots generally feature the bulk response of a
sample which has the lowest capacitance, the high frequency
peak is attributed to the sample bulk and the lower frequency Z”
peak to an interfacial or grain boundary effect which has much
larger capacitance and therefore is not readily apparent in the
M plot. Spectroscopic plots of capacitance, C’, for this and a
selection of other temperatures, are shown in (c). These show a
constant high frequency capacitance value representing the sam-
ple bulk, which may be converted into bulk permittivity using,
¢ =CICy, where Cy is the vacuum capacitance of the measur-
ing cell. The higher temperature data in (c) show an increase in
C’ at lower frequencies associated with the contribution of the
interfacial or grain boundary capacitance.

In order to extract bulk permittivity values, it is clearly
essential that the measuring frequency corresponds to the
frequency-independent high frequency plateau region shown
in (c). Fixed frequency data, at a frequency of 10° Hz, do
correspond to this frequency-independent plateau over a
wide temperature range and are shown in Fig. 6 as a func-
tion of temperature for BaTiOs and four compositions with
different Ho content. Data for BaTiO3 show the character-
istic permittivity maxima corresponding, on cooling, to the
cubic—tetragonal (132°C), tetragonal-orthorhombic (28 °C)
and orthorhombic-rhombohedral (—105 °C) transitions. With
increasing Ho content, the cubic—tetragonal transition moves to
lower temperature, that for the tetragonal-orthorhombic
transition is essentially unchanged and that for the
orthorhombic-thombohedral transition appears to move
to higher temperature. The net effect is that the three transitions
coalesce, “pinching effect”, to give a single broad peak for
x>~~0.07, as summarised in Fig. 7.

The permittivity data for low x compositions represent bulk
permittivity values since, at 10° Hz, they are essentially indepen-
dent of frequency, Fig. 5(c). For higher Ho contents, however,
frequency-dependent relaxor behaviour is observed, as shown
in Fig. 8, for x=0.07. In this case, the permittivity is essen-
tially independent of frequency above T¢, but shows a strong
frequency-dependence below T.. This effect is a bulk effect,
distinguishable from the onset of interfacial or grain bound-
ary capacitance that is generally observed in lower frequency
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Fig. 9. Conductivity Arrhenius plots for bulk and grain boundary components.
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impedance data, Fig. 5(c). Further work to model this frequency
dependence, using equivalent circuits, is in progress.

Conductivity data were extracted from impedance complex
plane plots, as shown in Fig. 5(a) and are shown in Arrhenius
format in Fig. 9. Bulk conductivities have activation ener-
gies in the range 0.6-0.7 eV and show little variation with Ho
content. The materials are reasonably insulating with conduc-
tivity, e.g. ~1 x 107 Q=T ecm™! at 300°C. The interfacial or
grain boundary conductivities are much lower, (b), and for all
doped compositions have activation energies in the range of
0.85-0.90 eV, with little obvious dependence on composition.
The grain boundary conductivity of undoped BaTiO3 is much
lower with higher activation energy, 1.49 eV, which probably
represents a fully oxidised condition for the grain boundaries.
For several reasons, we attribute the data shown in Fig. 9(b),
which were extracted from the low frequency arc in Z* plots,
Fig. 5(a), to a grain boundary effect. For instance, the effect
is not removed on polishing pellet surfaces and is not, there-
fore, a surface layer effect. Also, the Z* data are not changed
by application of a small dc bias and therefore it is not associ-
ated with a space charge effect such as a Schottky barrier at the
electrode—pellet interface.

Hysteresis loop data for four compositions are shown in
Fig. 10. Clear hysteresis loops are observed for x=0.01, 0.03,
0.05, but with reductions in saturation polarisation, Pg, remanent
polarisation, P, and coercive field, E., with increasing x, consis-
tent with a gradual loss in order within the ferroelectric domains
and reduction in tetragonality of the overall crystal structure.
Composition x =0.07 shows a very thin hysteresis loop, (d), and
for higher x values (not shown) the loop is entirely absent.

4. Discussion

An extensive range of Ho-doped BaTiO3 solid solutions
forms in which Ho substitutes for Ti with creation of oxygen
vacancies as the charge compensation mechanism. The solid
solution limit is x=0.175(25) at 1550°C, which is slightly
greater than x=0.14 reported earlier,’” but those data were for a
lower temperature, 1400 °C; in addition, it was found here that
with increasing Ho content, samples required heating for longer
times and at higher temperatures in order to achieve complete
reaction.

With increasing Ho content, the cubic—tetragonal ferro-
electric phase transition temperature, 7, moves to lower
temperatures and this transition merges with the two
lower temperature transitions, tetragonal-orthorhombic and
orthorhombic—-thombohedral, such that a pinching effect
occurs at x~0.07. The variation of 7. with composition is
~20 °C/at.%Ho, which is comparable to that for substitution of
La (24°C)° and Ce (21 °C). Crystallographic studies to confirm
the defect structure of the solid solutions have not been carried
out, but from the single-phase nature of the samples and their
locus in the BaO-TiO>—Ho;03 ternary composition diagram, it
is highly likely that Ho substitutes directly for Ti on the octa-
hedral sites in the perovskite structure. As the phase diagram
studies’ show, Ho is also able to substitute onto the Ba sites, but
the present study focuses on limiting compositions which have
Ho substituting exclusively for Ti.

The high-temperature hexagonal polymorph of BaTiOs is
destabilised by substitution of Ho for Ti, as shown by an
increase in the cubic—hexagonal phase transition temperature,
with increasing x. This behaviour is the opposite of that seen
with smaller dopant ions such as Mn, Fe4, in which the dopant
acts to stabilise the hexagonal form to lower temperatures.

In spite of this destabilisation of the hexagonal polymorph,
Ho-rich compositions crystallised, as the first product of reac-
tion, a solid solution of the hexagonal BaTiO3 polymorph.
This polymorph is kinetically stable only since, with prolonged
heating at, e.g. 1550 °C, it gradually transformed to the cubic
polymorph. It is therefore thermodynamically metastable, but
forms as the kinetically stable first product of reaction. Its for-
mation may be regarded as an example of Ostwald’s rule of
successive reactions in which a reaction pathway may proceed
through a sequence of stages involving phases that are metastable
under these reaction conditions before eventually yielding the
thermodynamically stable product(s). This sequence of reac-
tions may be rationalised in terms of free energy changes in
which each successive phase assemblage has lower free energy
than the preceding one. Possibly, the key driving force for the
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(a) x = 0.01, (b) x = 0.03, (c) x = 0.05 and (d) x = 0.07.
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Fig. 10. Ferroelectric hysteresis loop data at room temperature for four compositions (a) x=0.01, (b) x=0.03, (c) x=0.05, and (d) x=0.07.

occurrence of intermediate stages is gradual reduction in entropy
of the phase assemblages, commencing with the high entropy,
disordered nature of the starting materials and terminating with
the low entropy of the final crystalline product.

The electrical properties of ceramics of Ho-doped BaTiO3
fired in air at 1400-1500°C and cooled slowly were reason-
ably insulating, with evidence for both bulk and grain boundary
components. Conductivity data for Ho-doped compositions
were generally independent of x, but conductivity values, espe-
cially for the grain boundaries, were higher than those for
undoped BaTiOs3. Although the conductivity data showed little
composition dependence, permittivities were very composition-
dependent and showed a reduction in both 7, and the magnitude
of the permittivity at 7, with increasing x. For x<0.07 sharp
permittivity maxima were observed; at composition x ~ 0.07, at
which the three low temperature phase transitions in BaTiO3
merged into a single transition, the permittivity profile became
much broader and exhibited clear frequency-dependent relaxor
behaviour. A similar transition from first order ferroelectric to
relaxor ferroelectric has been observed in other doped BaTiO3
materials; in each case, the change in ferroelectric behaviour

coincides approximately with the pinching effect seen in the
crystallographic phase transitions.
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