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(Bag.gCag 2)TiO3-Bi(Mgp 5Tio.5)O3 perovskites. These simulations demonstrate that mixing is non-ideal between
the end-members, and only specific configurations can form at higher Bi(Mgo sTip5)O3 content. Significant
structural relaxations are identified around the Bi and Mg cations. The effect of these relaxations on polarization
is investigated and highlights that they disrupt ferroelectric domains in the material, preventing collective po-
larization mechanisms that links to the experimentally observed relatively flat permittivity-temperature profiles

1. Introduction

Functional oxide ceramics represent a key class of materials in our
modern world, making up, for example, the passive components of many
devices such as capacitors, micro-positioners, sensors, etc. There is a
continuous drive to improve the dielectric properties of these materials
which are key to these applications. A particular focus remains around
the operating temperature, where there is a desire to produce materials
with stable permittivity at high temperature ranges (e.g. 100-500 °C). A
possible set of candidate materials are relaxor-like materials.

In conventional ferroelectric materials, when the temperature gets
near to a phase change, a phonon softening allows the ready movement
of the ions along the field direction leading to a substantial peak in the
permittivity profile. Relaxors show a different behavior. This is char-
acterized by particular features: a frequency dependence in the tem-
perature maximum (Tpay) of the permittivity peak; a slim polarization-
Electric field (P-E) hysteresis loop; no clear structural transition at Tpax;
a deviation from the Curie-Weiss law; and the potential formation of
polar domains above Tpax. The exact origins of these effects and an
entirely accepted scientific model remain debated in the literature e.g.
[2-4].

From the wide range of relaxor-like materials available a particularly
exciting set have been identified around BaTiOs (BT) perovskites with
the addition of Bi-based perovskites including BaTiO3-Bi(Zn,Ti)O3 (BT-
BZT) [5], BaTiO3-BiScOs3 (BT-BS) [6], BaTiOs-Bi(Mg,Ti)O3 (BT-BMT) [7,
8] and Cag2BaggTiO3-Bi(Mg,Ti)O3 (BCT-BMT)[1]. These materials
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generate relatively flat permittivity-temperature profiles at high tem-
peratures (e.g. above 100 °C) with the correct composition.

These materials are part of a wider trend in functional ceramics to-
wards mixed-site compositional complex materials [9] for a range of
applications such as high energy storage/discharge [10], thermoelec-
trics [11] and batteries [12]. These materials are highly dependent on
multiple cations on sites and therefore have significant potential links to
high entropy ceramics [13]. The formation of these materials relies on a
complex interplay between mixing enthalpies and entropy [14-17].
Understanding of this is required to properly explore this materials space
and generate the next generation of materials.

Although all different, the relaxor-based materials share similar
themes in their processing, structure, and properties which are worth
discussing collectively to understand the underlying chemistry and
physics present. At large Bi-based contents (e.g. 33% in BT-BZT [5])
mixing results in multiple phases, but these values are far higher than
the solubility of Bi in BT, demonstrating that the additional B site cations
are facilitating the mixing [6]. Despite the appearance of single phases at
low concentrations these are difficult materials to process [1] and there
is evidence of incomplete reactions in what appear as single-phase
samples for BCT-BMT [18] and BT-BZT [19]. Another interesting
feature has been the observation of core-shell structures in BT-BS [6],
indicating issues with the mixing of the materials. Still, these were only
seen at lower levels of BS content. In BT-BZT such features were also
noticed at higher content of BZT [19]. These features do not appear to
link to separate electrical domains but do suggest potential issues with
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homogeneous mixing of the materials.

Structurally the materials show a tetragonal cell associated with BT
at low Bi content which then shifts to a psueodcubic cell with increasing
Bi content [1,5-8]. Detailed analysis of the structure of BT-BZT by
Beuerlein et al. [19] using pair distribution function (PDF) analysis
highlighted the structural variation that exists over the length scale of
the view. At small length scales, even at higher Bi content, the material
appears tetragonal but as the viewing length increases there is a shift to
what appears pseudocubic. The suggestion is that these materials have
local tetragonal regions which are disrupted by cubic regions or varied
domain orientation of the regions. Analysis of the structures has shown
the off-centered movement of Bi and Ti ions from their lattice sites [20]
in BT-BS and Bi in BT-BZT [19] highlighting the distortion of the local
lattice. Dynamic PDF has potentially refined this to suggest that the
tetragonal cell may be a time averaged structure with a rhombohedral
cell as the instant structure [21].

Electrically these materials show variation with the Bi content. At
very low Bi content the materials appear ferroelectric with broad
permittivity-temperature peaks. As the Bi content increases, classic
relaxor-type behavior is observed with a frequency-dependent permit-
tivity peak. This peak broadens with increasing Bi content and eventu-
ally a near flat permittivity is observed at temperatures above the peak.
Several suggestions have been made to explain these features. The
chemical heterogeneity could lead to the isolation of polar nano regions,
which would alter the polarization process by fully decoupling them in
BCT-BMT [18]. Alternatively, a potential correlation between ion re-
laxations in BT-BS has been suggested in the rattling ion type model
[20]. The presence of the Bi moving off-center has been highlighted by
Pramanick et al. which creates regions of intrinsic local modes which
disrupt the basic softening modes of the ferroelectric (Ba,Ca)TiO3 phase
at higher content [21].

What is clear is that atomic-scale relaxations and arrangements play
a key role in the large-scale dielectric properties of the materials,
highlighting the need for atomic-scale resolution of these systems.
Computer simulations have the advantage of providing that detailed
resolution. What is also clear is the need to consider a wide range of
atomic arrangements on the lattice to account for the structural diversity
present in these materials, and to use large enough configurations to
break artificial periodic effects and allow extended long-range structural
relaxations. Here we use classical atomistic simulations methods to
examine the BCT-BMT solid solution across a range of compositions
from x= 0.01 to 0.55. Thousands of configurations are examined at each
composition to provide an ensemble view of the system. We can draw
energetic and structural detail about this system from this extensive
sampling. We then use molecular dynamics simulations to study the
polarization effects in these systems to identify how the local relaxations
affect the polarization process(es) and the potential formation of polar
nanoregions. We use this to explain the observed dielectric properties of
these materials.

2. Theoretical section

All energy minimization calculations were performed using the
GULP simulation package [22]. Forcefield parameters for Ba, Ti, Ca and
O were taken from previous publications [23-25] which we have shown
to be reliable for the structural and energetic properties of these
perovskite systems. The parameters for Bi and Mg were fitted specif-
ically for this publication and the values can be seen in Table S1. Note
that all ions used a core model only with no shell to reduce the
computational load of the simulations. Therefore, all core and shell
charges were combined as one full valence ion and forcefield terms were
all assumed to operate on the core of the ion.

For fitting the Bi-O interactions we followed a similar procedure to
that outlined in our previous publication [23] where we fitted two
crystal structures at the same time (« and §-BizOs), fitting both the
structure and the lattice energy, this ensured that our forcefield reported
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a-BizOg as the most stable oxide form. For this purpose, we used the O-O
interaction used in our other forcefield sets. Due to the size and number
of simulations that would be performed for the BCT-BMT mix we
deliberately fitted with no shell interaction to ensure the cost of the
simulations would be viable later on. MgO forcefields are readily
available in the literature (including within the Lewis and Catlow set
[25]) which model MgO very well. When we tested these forcefields
within our (and other BaTiOg forcefields) we found that these parameter
sets showed a strong energetic preference for doping the Mg onto the A
site. Although there is evidence in experimental studies that Mg can be
doped onto the A site of BaTiO3 [26] using careful compositional mix-
ing, there is a preference for doping on the B site [27]. We verified this
result with the use of DFT simulations using the CASTEP code [28]
(ultrasoft pseudopotentials with 560 eV cutoff, gamma point, 4 x 4 x 4
cell with 320 ions, full geometry optimization) which showed a clear
energetic preference for B-site doping with Oxygen loss compensation
versus the isovalent A site doping by 0.22 eV (per formula unit).
Therefore, we refitted the Mg-O interaction focusing on producing the
correct energetic preference for doping in BaTiOs. It should be stressed
that the parameters produced for MgO are only suitable for this specific
case of B-site doping and not necessarily for general use in other ceramic
systems.

Mixing of BMT into BCT was achieved using a monte carlo algorithm
with the standard metropolis function. Each monte carlo run started
from a random arrangement of the cations on their respective sites (i.e.
Bi, Ba and Ca on the A site, Mg and Ti on the B site). The structure was
then energy minimized. The following basic process was used which is
visually represented in SI Fig. S2.

1 An A or B site cation is randomly selected, the position of this ion is
swapped with a different type of atom from the same type of site (e.g.
if a Ti was selected it was randomly swapped with a Mg).

2 Minimize energy of new configuration.

3 Compare optimized energy of new configuration with original
configuration.

4 If the energy of the new configuration is lower than the original
configuration then the swap is selected and the original configura-
tion replaced with the new one. If the energy is higher then the
difference between the energies is calculated and compared to a
random number. If the difference is smaller than the random number
then the swap is selected and the original configuration is replaced
with the new one. If the difference is larger (or equal to) the random
number then the swap is rejected and the original configuration is
kept.

5 Return to step 1 using either the original configuration or the new
one based on the outcome of step 4. In all cases store the data on the
new configuration even if the swap is ultimately rejected.

Configurations were selected as viable when the configuration
reached a stable minima and/or the gnorm for the optimization was 0.1
or below. Four separate monte carlo runs were attempted for each
composition studied to generate a total of 2000 different configurations.
Each cell contained Aj16B216064g ions.

Molecular dynamics simulations were performed using the DL POLY
classic package [29]. Cells containing 1728 formula units (total 8640
ions) were generated from the two most energetically stable configu-
rations. These were run using an NPT ensemble with 0.1 ps relaxation to
hold the temperature and pressure at 300 K and 1 atm, respectively. The
timestep was 0.5 fs. A range of electric fields were applied until polar-
ization of the cell was observed with a field of 2.5 kVm . Note this field
is larger than those used in experimental systems. As the cell lacks any
interfaces which could be the nucleation point for a polarization process
and the classical simulations will not include all the higher order po-
larization terms associated with the alignment of the electron density we
would expect the system to require a greater field to induce polarization.
These simulations can therefore be viewed as a process to understand
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the response to an electric field but the absolute numerics should not be
expected to directly correlate to the real experimental systems. polari-
zation vectors were calculated for each A and B site cation by comparing
the actual position of the ion with the ideal central point of the sur-
rounding polyhedra created by the neighboring Oxygen ions.

3. Results and discussion
3.1. Energetics and thermodynamics

The mixing energy calculated by considering the reaction scheme
shown in Eq. (1) and using the most stable configuration obtained for
each composition in our monte carlo search is shown in Fig. 1. This
scheme minimized the energy of the left-hand side of the equation.

xBaTiO3 + yCaTiO3 + vMgO + zBiyO3 + (w—x—y)TiO; =
BayCayBi, TiyMgyOg4s (€))

Mixing of all the compositions is unfavorable (positive) with a small
increase in the energetic penalty as more BMT is mixed into the
composition. This is the expected behavior of a mix where the enthalpy
penalty increases as the two systems are combined. It is, however,
interesting to note that the energy increase is small across the join and
the penalty for a 0.55 mole fraction addition is not much larger than for
a 0.01 mole fraction (0.52 vs 0.62 eV) where we might expect a more
substantial energy penalty.

During the Monte Carlo search many of the configurations failed to
optimize successfully, and therefore these arrangements of the ions are
fundamentally unstable and do not represent viable configurations. This
is due to the close proximity of particular cations, e.g. too many Bi
around a Ti etc. The percentage of non-viable configurations identified
during our sampling for each composition is shown in Fig. 2. When
mixing a solid solution we expect to form an ideal or near-ideal solid
solution where a large range of symmetrically unique configurations
exist with similar energies. Below 0.15 mole fraction a large amount of
variation in failed compositions with an average of ~15% is observed.
This suggests these materials are difficult to mix. The natural ion
migration and sintering process will be inhibited by the atomic ar-
rangements that are energetically non-viable. With a further increase in
the BMT content there is a rapid increase in the percentage of failed
compositions up to ~70% at ~0.5-0.55 BMT. Therefore, beyond the
small mixing composition this suggests a vast range of the potential
configurations cannot form and therefore it will become difficult to
achieve a single-phase material when mixing. We can further explore
this effect by examining the availability of the configurations within the
solid solution. As indicated, an ideal or near-ideal solid solution should
have the majority of the states accessible within the mix. We can test this
by calculating the energy difference between each configuration and the
lowest energy configuration for that mix and compare this to the
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Fig. 1. Plot of energy of mixing for BCT-BMT with energies given per A site.
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Fig. 2. Plot of percentage of non-viable configurations that failed to optimise
during simulations.

ambient heat available i.e. kgT (where kg is the Boltzmann constant and
T is the temperature - assumed to be 1600 K based on the standard
sintering conditions for these materials).

We have combined the data for the number of configurations within
10 kBT of the lowest energy configuration with the data for non-viable
configurations to calculate the percentage of configurations that might
be occupied at each mix as shown in Fig. 3. We can immediately see how
this percentage rapidly decreases with increasing BMT content and be-
comes a single digit beyond 0.05 BMT demonstrating that the BCT-BMT
mix is far from ideal. There is speculation in highly disordered materials
with multiple components that the entropy gain of mixing may offset the
penalty from the enthalpy of mixing, so-called high entropy materials
[9]. In the case of BCT-BMT the system does not gain a lot of entropy
from the mixing process as many configurations are not viable or
accessible and therefore this material cannot be considered to be a high
entropy ceramic where entropy is key to stabilizing an enthalpic mixing
penalty [14,17].

Taken together, the energetic information provides an interesting
pattern of information about the BCT- BMT solid solution.

e At low BMT content (up to ~0.1 BMT) a more traditional defect/
solid solution type of mixing occurs. There is a large enthalpic pen-
alty associated with mixing BMT into the BCT system but this gen-
erates multiple possible configurations. We can consider x=0.1 as a
conventional solid solution limit. Mixing will therefore be difficult
which relates to experimental findings e.g. [1] but can be achieved
and should generate a relatively wide range of potential structures
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Fig. 3. Plot of % of potentially occupied configurations (with 10 kT ambient
energy) with BMT mole fraction. Inset shows 0.10 to 0.55 mole fraction of BMT
on a reduced scale.
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with a range of different local geometries and behave more like a
traditional solid solution. We might expect to observe the formation
of micro-segregation in these region as incomplete diffusion takes
but a general continuous mix is achievable.

With higher BMT contents we find increasingly more configurations
that will not mix at all but that very specific arrangements of the ions
which have smaller enthalpic penalties can occur. Therefore, in this
region we will see a nanoscale segregation that would be associated
with these more specific atomic arrangements and not a general
heterogeneous features (those configurations will simply fail to mix).
This suggests making these materials will be extremely challenging
as is seen in experimental processing.

3.2. Structure

The difference between structural order at various length scales has
been analyzed experimentally using PDF in other relaxor-like materials
[19,21]. These have indicated that a short-range view of the material
shows tetragonal or rhombohedral unit cells in these materials but at
longer ranges these cells will average out to be pseudocubic. We have
performed a similar analysis on our simulation cells as presented in
Fig. 4. Here the simulation cells are divided into smaller cells of a single
unit cell length (i.e. one A-A site separation), three and six unit cells. We
then examine the lattice parameters and angles for each of these cells
and define the reduced cells as orthorhombic, tetragonal or cubic. The
total number of each type of cell can then be counted and reported as a
fraction of all the total number of reduced cells. These results show how
as the view length increases (i.e. the larger the divided cell) from top to
bottom in Fig. 4 there is an increasing percentage of cells defined as
cubic within the system. This follows a similar pattern to that observed
in experiments. So at a local level, a cell may appear non-cubic but the
cell would appear cubic with a larger view. Across the mixing range, the
added BMT stabilizes the orthorhombic and tetragonal cells as the Bi and
Mg ions drive distortions. This suggests the size of the distorted regions
are growing within the cell as the BMT content increases.

To further explore the structures we collected various coordination
data. [18] reported a segregation of Ba-Ti rich regions and Bi-rich re-
gions in the x=0.55 composition. Due to the necessity of charge
balancing they suggested that the Bi-rich regions would also be Mg-rich.
Within the composition we would expect Mg cations to cluster around
Bi®* cations to reduce the Coulombic repulsion associated with neigh-
boring Bi>*-Ti**. We observed a small tendency for Bi to neighbor to
Mg. We do not see a clear tendency for Ba-Ti segregation (see SI Fig. 1).
We suggest that the potential segregation observed in experimental

T
e

fraction of phase

1 5 10 15 20 25 30 35 40 45 50 55
BMT mole fraction

I
~
T

fraction of phase

1 5 10 15 20 25 30 35 40 45 50 55
BMT mole fraction

fraction of phase

1 5 10 15 20 25 30 35 40 45 50 55
BMT mole fraction

Fig. 4. Fraction BCT-BMT cells showing cubic (purple), tetragonal (green) and
orthorhombic (blue) cells at a single unit cell length (top), three unit cells
length (middle), and six unit cells length (bottom) across the composition range
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).

Acta Materialia 246 (2023) 118649

samples would link to the previously reported non-viable configura-
tions. In these regions, poorly formed material that is not fully mixed is
obtained. This would not be detected as a separate phase as it will
represent small deviations from the desired mix and could be more
viewed as nano segregation discussed in some perovskite mixes.

Examination of the local coordination of the cations with Oxygen
(see Table 1) shows that the mean A-site cation to O separations increase
with the BMT content whereas the B-site cation to O separations
decrease. The standard deviations of these separations indicate that the
coordination shells become increasingly varied, particularly on the A-
site, as the BMT content increases. The BaO and CaO distributions widen
significantly (with the deviation becoming 0.25 and 0.39 A, respec-
tively) and a range of different Ca-O and Ba-O separations are present.
Closer inspection of individual cation sites shows these correspond to a
range of different cation-O environments i.e. each A-site can have
slightly different combinations of Ca-O or Ba-O separations.

The Bi-O separation behaves differently, Fig. 5. At low BMT content
(0.01-0.1) this shows one dominant peak at 2.7 A and small peaks at 2.5
and 2.95 A. Examination reveals this stems from two different BiO en-
vironments. One with all the Bi-O separations similar and around 2.7 A
and another with a 3x short, 6x medium and 3x long Bi-O separations.
These later cases occur when a Mg is nearest neighbor to the Bi. This
suggests that the presence of the Mg facilitates the Bi to move off center
within its A-site. As we increase the BMT content the frequency of the
shorter peak for BiO at 2.5 A increases whereas the longer peak de-
creases. Examination of individual configurations reveals we are now
beginning to see a variety of different Bi-O environments forming with a
preference for shorter Bi-O separations as more and more Bi ions move
off the centre of their site. Once again this appears to be linked to the
presence of Bi-Mg neighboring sites. Beyond x=0.1 the peaks overlap
and the mean Bi-O separation increases due to the maximum Bi-O sep-
aration increasing. Beyond x=0.3 the broad Bi-O peak refines and one
major dominant peak occurs at about 2.5 A and a further peak at about
3.2 A. This structure relates to an 8x short and 4x long Bi-O coordina-
tion. As we increase the BMT content further the Bi all become neighbors
to Mg cations. This can therefore be viewed as a percolation process
where we need a large enough number of Bi and Mg present to find each
other and to enable the relaxations around the Bi site.

The B-site cations, Mg and Ti, have a much narrower B-O

Table 1
Average inter-atomic separations (with standard deviation) at different mole
fractions of BMT.

BMT mole Average Cation-O 1% coordination shell separation A
fraction Ba-O Ca-O Bi-O Mg-O Ti-O
0.01 2.83 + 2.79 + 2.69 + 2.10 £ 1.99 +
0.04 0.08 0.05 0.02 0.01
0.05 2.83 + 2.80 + 2.69 + 2.09 + 1.99 +
0.07 0.16 0.11 0.03 0.01
0.10 2.84 + 2.81 + 2.69 + 2.09 + 1.99 +
0.10 0.21 0.15 0.05 0.02
0.15 2.84 + 2.82 + 2.70 £ 2.09 + 1.98 +
0.12 0.25 0.19 0.05 0.02
0.20 2.85 + 2.83 + 2.71 + 2.09 + 1.98 +
0.15 0.29 0.23 0.06 0.02
0.25 2.86 + 2.83 + 272 + 2.08 £ 1.98 +
0.17 0.31 0.20 0.06 0.02
0.30 2.86 + 2.84 + 2.72 + 2.08 + 1.98 +
0.18 0.32 0.28 0.07 0.02
0.35 2.87 + 2.85 + 2.73 + 2.07 + 1.98 +
0.20 0.34 0.30 0.07 0.03
0.40 2.87 + 2.85 + 2.73 + 2.07 + 1.97 +
0.21 0.37 0.31 0.08 0.03
0.45 2.87 + 2.85 + 2.73 + 2.07 + 1.97 +
0.22 0.37 0.33 0.08 0.03
0.50 2.88 + 2.85 + 2.74 + 2.06 £ 1.97 +
0.23 0.38 0.34 0.08 0.03
0.55 2.88 + 2.86 + 2.75 + 2.06 + 1.97 +
0.25 0.39 0.36 0.09 0.03
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Fig. 5. Plot of the distribution of Bi-O separations at different BMT mole
fractions. The frequencies of the different separations are all scaled with the
most frequent separation with a value of 1.

distribution. For Ti-O the separation shrinks and broadens slightly as the
BMT content increases. For MgO there is also a gradual shrinking but
inspection of the distribution shows this relates to a change in the co-
ordination shells from regular octahedra (Fig. 6). As the BMT content
increases, a single Mg-O separation increases and some shrinkage of the
remaining 5 Mg-O separations occurs around the cation. This process is
gradual but becomes more dominant at 0.45 BMT mole fraction when
the peak for the shorter separations moves significantly from ~2.1 to
~2.0A

Following the structural changes with BMT content it is clear to see
that the A-site is much more deformed with increasing BMT content. The
larger A-site allows for more distortion of the cation-Oxygen separation.
The movement of the Bi off-center will push neighboring Ca and Ba off-
center. The other A-site relaxations, however, are not regular and pro-
duce a range of different environments. Each Ca or Ba is relaxing in
response to their local environment, e.g. Bi, Mg, Ti, etc. This induces
other relaxations in the other surrounding A-site cations. This helps
explain why a clear energy correlation is not observed for Bi to Mg co-
ordination as might be expected in more conventional defect chemistry.
Although Bi-Ti neighbors are generally unfavorable this pairing can be
mitigated by, for example, Ca ions that can shift off-center to reduce
Coulombic repulsion. Therefore, what we are observing in this system is
a set of interlinked local structures, i.e. the energetics of a site depends
not only on the first neighbors but also the second and third neighbors, i.
e. specific arrangements and relaxations of the ions that help stabilize
specific local structures. So we expect to have particular local structure
motifs that might be regularly observed but no clear simple repeat
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Fig. 6. Plot of the distribution of Mg-O separations at different BMT mole
fractions. The frequencies of the different separations are all scaled with the
most frequent separation with a value of 1.
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periodicity. This again connects to the symmetry of the unit cells
compared to the viewing length in Fig. 4 where we observed increasing
the BMT content increased the deviation within the structure. Struc-
turally we can identify three different regions in our BCT-BMT mixed
material.

e At low BMT content (up to 0.1) we see a more regular solid solution
type of behavior. The structure is effectively that of BCT. Small local
disruptions are occurring in the lattice caused by the BMT content
but the majority of the ions remain in the center of their sites. This
correlates to the same region identified energetically.

As the BMT content increases (from 0.1 to 0.45) we see increasing
structural distortions centred around the Bi and Mg imposing their
preferred coordination onto the structure. This generally involves
pushing cations off-center within their sites. The Bi ion achieves this
firstly around 0.3 BMT, then the Mg around 0.45 BMT.

At large BMT content (0.45-0.55) the Bi and Mg reach a percolation
limit where they are now coordinated regularly with each other and
have imposed relaxations across all the cation sites. This has led to a
very particular arrangement of all the ions in the material.

3.3. Dielectric properties

With an in-depth analysis of the structure completed it is appropriate
to examine the effect of these structures on the polarization of the ma-
terial. As discussed in the methods section we have performed a range of
molecular dynamics simulations on different BCT-BMT mixes with and
without an electric field applied to the system.

Therefore, we have extracted the localized polarization vectors
around each A and B lattice site. We analyzed the alignment of these
polarization vectors between neighboring A and B-sites, with and
without the applied electric field, by calculating the dot product of
neighboring vectors on each of the A and B-sites. An angle of 0° indicates
perfect alignment between the neighboring dipoles, an angle of 90° in-
dicates they are orthogonal to each other and an angle of 180° indicates
they are anti-parallel. The frequency of observing each angle was then
recorded throughout the simulations. Note that in the presence of no
field the cell has no overall dipole but small localized dipoles will
continually form throughout the simulation due to the natural move-
ment of the ions.

The average response for a range of configurations with varying
amounts of BMT is shown in Fig. 7. For all levels of BMT there is little
alignment of the neighboring polarization vectors. The distribution is
that of a random set of vectors with a maximum at ~ 90°. The polari-
zation vectors created by the cations are therefore unaffected by those of
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Fig. 7. Plot of alignment of neighboring ionic dipoles with no electric field.
BMT mole fraction 0.05 (purple), 0.15 (green), 0.30 (blue), 0.50 (orange) (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).



C.M. Handley et al.

their neighbors and there is no formation of localized domains or order.

Different behavior occurs when the system is subjected to an electric
field, Fig. 8. For 0.05 BMT content the ions are largely aligned parallel or
anti-parallel to the field but this is gradually lost with increasing BMT
content. We visualize this process in Fig. 9 which color codes the po-
larization direction of B-sites. Where the colors are similar, we observe
alignment with the field that is clear at 0.1 BMT with small units
breaking up these regions. As the BMT content increases we see a more
random pattern of colors implying sites are not generally aligning.

The alignment of Ti polarization vectors with electric field is shown
in Fig. 10. These are largely anti-parallel (i.e. 180°) at low BMT content
(which reflects the positive Ti moving toward the negative pole) but this
angle reduces with increasing BMT content and at 0.5 BMT there is a
substantial number that are orthogonal to the field. The response of the
Bi (Fig. 10) is more telling. There is parallel alignment at low BMT but a
smaller quantity that does not align (the region around 90°). As the Bi is
too small for the A-site it should be able to rattle and move under a field,
however, as we highlighted in our structural examination there are two-
environments for the Bi cation. When it sits more centrally within the A-
site, it can move with the field and polarize, but when it naturally relaxes
to an off-centered position, moving the cation due to the field will be
harder due to its strong ionic relaxations. A small quantity of the off-
centered Bi (generally coupled to Mg) appears to disrupt the field’s
alignment. As the BMT content increases and the number of off-centered
Bi sites increases, the alignment decreases until it is nearly a random
distribution at x=0.5. Similar behavior can be observed for the Mg po-
larization vectors although the loss of alignment with the field is more
gradual than for the Bi cation as highlighted in the structural analysis.

We also examined how temperature may alter the response of the
ions to the field by performing additional molecular dynamics simula-
tions at 400 and 500 K. Phase changes in materials are extremely
challenging to model and the changes that occur are clearly very small in
the BCT-BMT system. As a consequence, we did not observe any sig-
nificant structural changes in our simulations beyond a small thermal
expansion of the lattice. As temperature increases we would, however,
expect a breakdown in alignment of the ions with the field. Greater
thermal energy should lead to more random relaxations of the ions as the
system becomes paraelectric.

The fraction of Ti cations aligned anti-parallel (at an angle of
150-180°) with the field at different temperatures is shown in Fig. 11.
For 0.05 BMT the expected behavior is observed; as temperature in-
creases alignment is lost indicating the material will not respond as well
to the field. For 0.50 BMT the lower levels of alignment do not change
with temperature. This behavior stems from the distinct relaxations that
have taken place in the material that prevent significant movement of

0.07 T T T T T T T T T

0.06 | i

0.05 | ]

0.04 | 1

0.03 |

fraction of sites

0.02 | i

0.01 | i

0 ) ) ) ) . ) L ) i
0 20 40 60 80 100 120 140 160 180

Angle [°]

Fig. 8. Plot of alignment of ionic dipoles with electric field. BMT mole fraction
0.05 (purple), 0.15 (green), 0.30 (blue), 0.50 (orange) (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article).
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the ions. Therefore there is little movement of the ions to be disrupted
and randomized with thermal energy (as in the case at low BMT content)
nor does the extra thermal energy help move the ions out of their relaxed
positions to enable them to align with a field. This suggests the polari-
zation (and therefore measured permittivity) of the material will fluc-
tuate less with the temperature as is observed experimentally.

Treating our analysis together and comparing it to the experimen-
tally recorded dielectric properties that have been reported we can
construct a model for the BCT-BMT system which we represent in
Fig. 12.

o At low BMT content we see a system relating to a more conventional
solid solution where ions remain largely centered in their sites and
the structure is mostly following a BCT lattice. When this system is
subjected to an electric field the ions will polarize with the field. This
follows a conventional phonon-softening process observed in con-
ventional ferroelectrics with a peak occurring around the phase
transition. The peak is broadened by the chemical and structural
heterogeneity of the system but the temperature of the peak
maximum does not shift with frequency as the polarizing regions are
all interconnected and we do not have isolated (polar nano) regions.
As the BMT content increases we now see the breakdown of the solid
solution and the formation of larger relaxations in the structure as
the Bi and Mg force the relaxations of the system. For x = 0.1-0.4
BMT content, these relaxations create localized regions. The re-
laxations within these regions are strong which means the cations
will not readily align with an electric field. This will decrease the
overall permittivity of the material as the BMT content increases. The
presence of these regions and sites will isolate sections of the struc-
ture which still maintain the more conventional BCT structure. These
become the polar nanoregions associated with relaxor-type behavior.
They will polarize with the electric field but due to the variation in
their size and chemistry the polarization and relaxation occurs across
a range of frequencies.

When the BMT content reaches x=0.45 and above the percolation of
Bi-Mg is fully achieved and all the ions are pushed into localized
relaxations. This essentially shrinks the polar nanoregions to atomic
sizes and therefore no large scale polarization alignment is possible
within the material and the permittivity shows essentially no peak as
the ions do not respond easily to an electric field. The permittivity
therefore essentially appears largely flat across the temperature
range as connected polarization is suppressed within the material.

We can see clear parallels between our findings with other suggested
models for these relaxor-like materials. Pramanick et al. [21] high-
lighted that the presence of Bi and Sc in Sn-doped BCT-BS disrupted the
ability of the Ti to undergo softening modes. Roncal-Herrero et al. [18]
highlighted the role of the Bi- Mg rich regions in isolating the polar
regions. Our results expand these models by providing an atomic view of
the system. We can see that natural mixing coupled with local re-
laxations will create the necessary distribution of non-polarizing regions
that will disrupt the formation of polar nanoregions. Our understanding
of the BCT-BMT system is also applicable to other Bi-based high T
relaxor ferroelectrics. The difference in the exact response will vary. For
example 1) 3+ valence cations (e.g. Sc) are used on the B site and
therefore relaxations on a whole may be smaller 2) the lack of the
smaller Ca?* cation on the A-site that facilitates relaxations and mixing
in the BCT-BMT system may mean that greater concentrations of
Bi-based material cannot be reached 3) different nano and
micro-segregation could take place due to the ability of the phases to mix
and the different atomic scale relaxations. These results also suggest that
a general disruption of the A site behavior through doping or other
defects in a range of perovskites could facilitate a smaller scale version of
these effects by causing B site cations to substantially relax inhibiting
their response to an electric field.
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Fig. 9. polarization of B sites in a slice through BCT-BMT mix represented by color coding. Similar colors indicate alignment of polarization vectors. Left 0.1 BMT.

Middle 0.3 BMT. Right 0.5 BMT.
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Fig. 10. Plot of alignment of dipoles of particular ion species with electric field.
BMT mole fraction 0.05 (purple), 0.15 (green), 0.30 (blue), 0.50 (orange) (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).

4. Conclusions

We have performed a set of classical simulations to study the BCT-
BMT solid solution and used these simulations to understand the ener-
getics, structure and dielectric behavior of this material. Our study
demonstrates (1) that the BCT-BMT system changes from a more con-
ventional solid solution at very low BMT content into a highly non-ideal
mix where only particular atomic arrangements are observed. (2) As the
BMT content increases there is a gradual shift towards percolation of Bi
and Mg in the lattice which causes strong local relaxations of the ions
into small polarized units. (3) The localized relaxations of these ions

Aligned fraction of Ti cations

250 300 350 400 450 500 550
Temperature [K]

Fig. 11. Fraction of Ti cations aligned anti-parallel with the field (within 30°)
for BMT mole fraction 0.05 (green) and 0.50 (purple) at temperatures 300, 400
and 500 K (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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disrupts the ability of the material to polarize with an electric field. (4)
This disruption of the polarization leads to the relatively flat
temperature-permittivity profiles observed experimentally in these
relaxor-like ferroelectric materials.
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