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In this work, we carry out molecular dynamics simulations based on an extended version of the bond
valence force field to investigate the underlying physics of relaxor dielectrics with static temperature-stable
dielectric response. We focus on the perovskite solid solution (1 − x)Ba0.95Ca0.05TiO3 − (x)Bi0.5MeO3(Me =
Mg1/2Ti1/2, Sc, Zn1/2Ti1/2), which has a flat dielectric response over a wide temperature range which was
recently observed experimentally. Our molecular dynamics simulations can not only reproduce the temperature-
dielectric relationship observed in experiments, but also provide an atomic scale explanation. Specifically,
doping Bi(Mg1/2Ti1/2)O3 into the (BaCa)TiO3 crystal reduces the spatial correlation length of electric dipole
orientations to the minimum distance, which is only within the neighboring unit cells. This nearest-neighbor
correlation even persists at high temperatures. As a result, in this perovskite solid solution, the correlation length
and macroscopic polarization change little with the temperature, leading to temperature-stable relaxor dielectric
responses. The relationships between our theory and previously proposed models, such as the independent
local mode and correlated rattling cations model, are also discussed. This theoretical work aims to deepen our
understanding of the theory of connecting between atomic composition and temperature-stable relaxor dielectric
response.
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I. INTRODUCTION

The dielectric constant measures the first-order change of
polarization with an external electrical field. In a conven-
tional perovskite ferroelectric, such as PbTiO3 or BaTiO3,
the dielectric constant is strongly temperature dependent
and has sharp peaks at the temperatures under which phase
transitions occur. However, a relaxor ferroelectric, with dis-
ordered chemical doping, has a diffuse phase transition and
a much smoother change of dielectric constant with tempera-
ture [1–3]. In prototypical relaxors, such as Ba(Zr1/2Ti1/2)O3

(BZT) and (0.75)PbTiO3-(0.25)Pb(Mg1/3Nb2/3)O3 (PMN-
PT), the dielectric response is high magnitude over a wide
temperature range, giving them numerous military and indus-
trial applications such as capacitors and transducers [1,4–14].

The unique properties of relaxors have attracted intense
research interest. Due to their intrinsic complexity, relaxor
systems have been described as a “hopeless mess” [15].
However, recent developments in computational techniques,
especially molecular dynamics based on bond-valence mod-
els, enable large-scale simulations that have provided deep
insights into the relaxor behavior [9,16,17]. Specifically, the
slushlike polar nanodomain (PND) model was recently pro-
posed to explain the relaxor behavior in PMN-PT. In this
model, a relaxor structure is composed of nanodomains,
which transit from fully frozen domains to a mixture of
frozen and dynamic ones, and finally to fully dynamic do-
mains as temperature increases [11]. It can be useful to view
each nanodomain as having a distinct phase transition tem-
perature, leading to a large and smooth dielectric constant
over a large temperature range, rather than an infinite dielec-
tric response at one curie temperature. However, there is a

temperature (denoted as Tmax) at which a long-range correla-
tion is more likely to transform into short-range correlations,
corresponding to the breakup of a large frozen polar domain
into several dynamic domains. The dielectric response peaks
at this temperature, which inspires the search for a new type of
relaxor with even greater temperature stability of its dielectric
response [18,19].

There is an immense desire for temperature-stable re-
laxor dielectrics (TSRDs), which have promising applications
in devices with robust temperature stability; designing and
searching for TSRDs have inspired intense research interest
that has led to great progress. For example, recent experimen-
tal studies showed that doping BiMeO3 into BaTiO3 [where
Me = Mg1/2Ti1/2, Sc, Zn1/2Ti1/2)] can induce a stable dielec-
tric response over a wide temperature range [18–22]. Several
models have been proposed to understand the temperature-
stable dielectric response [18,20,23]. For example, in the
correlated rattling cations (CRC) model, A-site and B-site
atoms are assumed to have coupled rattling motions [23,24].
The CRC model was determined by the reverse Monte
Carlo method in order to reproduce the observed physical
quantities, such as pair distribution functions and scattering
signals, experimentally. The rattling coupling was found to
be short range for a wide range of temperatures, leading
to temperature-stable polarization fluctuations and dielectric
responses. In the independent local mode (ILM) model, the
transverse optical mode, which is soft originally, is hardened
by Sc or Bi substitutions [18]. As a result, the large dielectric
responses induced by phase transitions are suppressed [18].
Both of these models are built on direct observations from ex-
periments. A complete independent atomistic understanding
of stable dielectric response is needed.
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FIG. 1. Dielectric constants of (1 − x)BCT-(x)BMT as a function of temperature. (a) Theory calculations. (b) Experimental results of
1MHz dielectric response taken from Ref. [49]. As x increases, the dielectric constant curves get flatter, indicating the transition from
conventional ferroelectrics to TSRDs.

In this paper, we use molecular dynamics (MD) simula-
tions fitted to first-principle results to investigate the origin
of flat dielectric vs temperature. We compare our MD sim-
ulations with previous experiments and provide an atomistic
explanation of both the CRC and ILM models. Overall, we
aim to provide both physical insights into the TSRD response
and guidance to enable creative material design of future
TSRD for various applications.

II. METHODS

The MD simulations are performed based on the bond-
valence MD (BVMD) model [25–33]. Detailed descriptions
and parameters of the model are described in the Supple-
mental Material (SM) [34]. MD simulations are conducted
using LAMMPS, with 1 femtosecond as the time step [35].
The parameters for the force field are fitted based on
a database that consists of DFT calculations of 5000
structures. The DFT calculations are carried out with the
Quantum Espresso package [36] with the modified Perdew-
Burke-Ernzerh exchange-correlation functional for solids
(PBEsol) [37]. The norm-conserving pseudopotentials are
generated with the OPIUM package [38–40]. We used 50 Ry
for plane wave cutoff, and 4 × 4 × 4 Monkhorst-Pack k-point
mesh for integration over the Brillouin zone [41].

III. RESULTS

To test the performance of our force field, we begin
with calculating the static composition-dependent dielec-
tric constant of (1 − x)Ba0.95Ca0.05TiO3-(x) BiMg1/2Ti1/2O3

(BCT-BMT) and compare theoretical simulations with ex-
perimental results. We perform isobaric–isothermal ensemble
(NPT ) MD simulations with the pressure fixed at 1 atm
with the Parrinello-Rahman barostat [42]. The temperature
is controlled via the Nosé-Hoover thermo-stat with thermal
inertia parameter Ms set as 1.0 atomic unit [43,44]. At each
temperature for relaxor material, we find that running for 150
000 steps (0.15 ns) is enough for the system to reach an
equilibrium state, after which we run another 1 000 000 steps
(1.0 ns) to keep track of the polarization fluctuations. The

static dielectric constant is calculated with the Green-Kubo
formula [45–47]:

ε(0) − 1 = V

3ε0kBT
〈δ �P(t )2〉. (1)

Here, kB is the Boltzmann constant, T is the temperature, V is
the volume, �P(t ) is the polarization magnitude at time t , and ε0

is the permittivity of free space. The polarization is calculated
by

�P = 1

V

∑

n

(Z∗
n,A · �rn,A + Z∗

n,B · �rn,B + Z∗
n,O · �rn,O). (2)

Here, Z∗
n,. denotes the Born effect charge of the atom at the A,

B, or O site in a perovskite structure, and its value is acquired
through first-principles calculations [48].

The calculated concentration-dependent dielectric con-
stants for BCT-BMT are shown in Fig. 1, which are in good
agreement with experimental measurement [50]. At x = 0.0
(nondoped, traditional ferroelectric regime), the dielectric
constant curve peaks at 80 K and 175 K, which correspond to
the rhombohedral-to-tetragonal and tetragonal-to-cubic phase
transitions (Here, the orthorhombic phase is much suppressed
due to the Ca doping) [33]. This is because, at the phase tran-
sition temperature, at least one of the polarization components
(Px, Py, or Pz) fluctuates between zero and a finite value, lead-
ing to a divergence in polarization fluctuation and an infinite
dielectric constant. When a ferroelectric material is selectively
doped, relaxor properties can emerge, and the phase transition
becomes localized rather than perfectly uniform across the
entire crystal; each local domain has its distinctive dynamics
and phase transition temperature [9,11,51]. As a result, the
dielectric constant curve becomes broader and diffuses rather
than peak at a specific temperature [11].

As indicated by the Kubo-Green formula, the dielectric
constant depends on the fluctuation of macroscopic polariza-
tion, which is determined by the spatial correlation between
local dipoles. Such a spatial correlation between unit cells can
be described by the dipole correlation angle as [11]

θ (r) = arccos
(〈P̂(r0, t ) · P̂(r0 + r, t )〉r0,t

)
. (3)
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FIG. 2. Spatial correlation function of (1-x)BCT - xBMT. (a) Change of the spatial-correlation angle with distance in (1-x)BCT- xBMT
as a function of x. As x increases, the alloy system goes from a long-range correlation ferroelectric material into relaxor with a short-range
correlation that’s sensitive to temperature. Finally, it entered a relaxor dielectric phase in which the correlation function is insensitive to
temperature. For x=0.0, the material goes through a ferroelectric phase transition, as shown in Fig. 1. As a result of the ferroelectric phase
transition, the long-range aligned dipole disappeared, while short-range alignment still exists. The phase transition temperature from tetragonal
to cubic is 160 K in the simulation [33]. (b) A snapshot of the polarization profile in (1-x)BCT- x BMT when x = 0.0 and 0.5. The color panel
represents the radial angle of the in-plane polarization direction.

For a purely ferroelectric material, the spatial correlation
spans the entire material. On the other hand, in a relaxor,
compositional disorder breaks the long-range correlation. As
shown in Fig. 2(a), for pure BCT, the material is a ferro-
electric with a long-range correlation at temperatures below
TC [49]. When temperature increases, the long-range cor-
relation disappears, indicating a ferroelectric-to-paraelectric
phase transition. It is worth noting that even in the

paraelectric state, each unit cell in BCT still has a nonzero and
time-dependent dipole. This is because the transition exhibits
a mixture of order-disorder and displacive characters [33].
Moreover, the short-range correlations between neighboring
unit cells persist above TC but decrease as temperature in-
creases.

The last three figures of Fig. 2(a) shows the changes
of dipole correlation angle with distance at different
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FIG. 3. Displacements of Bi and Ti atoms at various neighboring environments. The displacements of Ti and Bi are defined as distance
from oxygen octahedral and oxygen cuboctahedron, respectively. (a) Displacements of Bi atoms under Ti environment. The low-temperature
displacements of Bi are not sensitive to the neighboring Ti environments. The lower right figure shows the position variance of Bi atoms at
475 K. Ti neighbors at high temperature increase the mobility of Bi due to the local random force, thus resulting in less net displacement.
(b) Displacement of Ti atoms are positively correlated to the local coordination of Bi. The displacements of Ti atoms are strongly controlled
by neighboring Bi numbers. This is due to the fact that Bi atoms have larger ferroelectric displacement compared to Ti atoms. And Bi
related ferroelectrics like BiFeO3 have a much larger curie temperature compared to Ti based ferroelectric materials like BaTiO3 indicating
ferroelectricity in Bi related materials are more thermodynamically stable compared to Ti counterparts[30,33,55–58]. The displacement of
A-site and B-site atoms in perovskite cations are coupled with each other [59].

temperatures when doped with BMT. There are two impor-
tant features. First, there is no long-range correlation at any
temperature. For the distances r equal to or greater than two
unit cells (1 nm), the dipole correlation angle θ is larger than
85◦, indicating little interaction. This is dramatically differ-
ent from conventional (non-temperature-stable) relaxors, such
as PMN-PT. In PMN-PT, large domains are likely to break
into smaller ones at temperatures around Tmax, leading to a
larger polarization variance and higher dielectric constant. In
BCT-BMT, the dipole correlations are mostly short-range, in-
dicating that increasing temperature does not change the sizes
of domains much, which is essential for a temperature-stable
dielectric constant. Here, the correlation is almost completely
within only the nearest neighbor, which we refer to as the
intrinsic correlation limit. Another feature is that the dipole
correlation angle values do not change much with tempera-
ture, indicating that the nearest-neighbor coupling is strong
and temperature insensitive. This is consistent with previous
experimental observations of nearly insensitive domain distri-
bution upon varying temperature [24]. In the following parts,
we will discuss the underlying reasons for these two features,
which jointly lead to the temperature-stable dielectrics, based
on an atomic-scale analysis.

The A-site doped Bi atoms influence the dynamics of a
B-site Ti atom, whose displacement has a significant contri-
bution to the polarization of a cell. A Bi dopant, as a lower
concentration substitution at A-site, can induce a strong local
distortion, making the neighboring Ti atoms have preferred
distortions and unlikely to hop between different equivalent
displaced sites. In other words, doping Bi can make the origi-
nally soft transverse optical mode more damped as a result of

asymmetrical double well potential and local random forces
[52], and the extent of vibration and displacement of a Ti atom
depends on the number of its neighboring Bi atoms. As shown
in Fig. 3, the Ti atoms having more neighboring Bi atoms
are more displaced at any temperature. For different times
t , we calculate the time-dependent auto correlation function
φ(t ) = 〈 �D(τ ) · �D(t + τ )〉τ of different unit cells [9]. Here,
�D(t ) is the atomic displacement at time t . The relaxation time
is defined as the average time when the correlation reduces to
1 e of its initial value φ(t = 0). The shorter relaxation time
indicates shorter local memory [9]. Figure 4(a) shows distri-
butions of relaxation time for Ti atoms with different numbers
of Bi neighbors. Consistent with our analysis, the more Bi
neighbors a Ti atom has, the longer the relaxation time is. Ti
neighboring also has a similar effect on the dynamics of Bi
atoms by slightly decreasing the relaxation time of Bi atoms,
as shown in Fig. 4(b). These results indicate that Bi doping
breaks the long-range coupling; the dynamics of a Ti atom
depends mostly on the number of Bi neighbors, rather than on
the dynamics of its neighboring Ti atoms.

It is worth mentioning that the breaking of long-range
interactions by local chemical composition variation also
exists in prototype relaxors, such as PMN-PT. Specifically,
B-site doped Mg atoms change local structures (under-bonded
Oxygen atoms) and thus, weaken the long-range interaction.
However, the extent of weakening is less compared with that
in a TSRD, such as BCT-BMT, for the following reasons.
First, the A-site substitution in BCT-BMT leads to a strong
intracell A-B-site interaction, which is expected to be stronger
than the intercell B-B-site interaction in PMN-PT. Second,
the mismatch between the ionic size of the original atom and
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(a) (b) (c)

FIG. 4. (a) Distribution of the relaxation time of Ti atoms at 875 K with different numbers of Bi neighbors. The relaxation time of Ti atoms
are strongly affected by the neighboring Bi atoms coordination. The more Bi coordination results in longer relaxation time. (b) Distribution of
the relaxation time of Bi atoms with different numbers of Ti neighbors at 875 K. The more Ti neighbors will slightly reduce the Bi relaxation
time, which is a result of active motions of surrounding Ti neighbors. The effects are more evident at high temperature. (c) Definition of
relaxation time as the time when the auto-correlation function drop to 1 e of the initial value.

that of the dopant is larger in BCT-BMT(rBa = 1.61 Å, rBi =
1.03 Å) [53,54], leading to a larger distortion and stronger
suppression of long-range correlations. These facts explain
why PMN-PT is a relaxor and BCT-BMT is a TSRD.

Our results provide atomic-scale insights into phenomeno-
logical CRC and ILM models [18,23,24]. As shown in Figs. 3
and 4, Bi dopants can influence both the displacements and
dynamics of Ti atoms, providing theoretical support to the
A-B sites coupling in the CRC model. Our analysis also shows
that Bi doping suppresses the long-range correlation, making
each Ti atom rattle around its most favorable position and
couple with only near-site atoms, such as the neighboring
A-site atoms. Moreover, our MD simulations observe both
larger displacements and longer relaxation times induced by
Bi doping, which is consistent with the soft-mode confining
in the ILM mode.

IV. SUMMARY

In summary, we carry out molecular dynamics simula-
tions to investigate the underlying physics of a prototype
temperature-stable relaxor dielectric BCT-BMT. Our simu-
lations reveal that the BCT-BMT crystal is composed of
small nanodomains with only nearest-neighbor interaction
and temperature-insensitive fluctuation. By analyzing the

displacements and dynamics of atoms within different lo-
cal chemical environments, we demonstrate that it is the Bi
dopants which harden the originally soft Ti-centered modes
and also suppress the long-range interactions. This work also
provides atomic-level explanations for the independent lo-
cal mode and correlated rattling cations models, which were
phenomenologically proposed to explain experimental ob-
servations. This work aims to provide deeper insights into
the mechanisms of temperature-stable relaxor dielectrics and
thus, inspire future materials designing.
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[54] M. Čebela, D. Zagorac, K. Batalović, J. Radaković, B.
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