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Abstract. Interatomic potentials are determined in the framework of a shell model used to
simulate the structural instabilities, dynamical properties, and phase transition sequence gf BaTiO
The model is developed from first-principles calculations by mapping the potential energy surface
for various ferroelectric distortions. The parameters are obtained by performing a fit of interatomic
potentials to this energy surface. Several zero-temperature properties of:Bafi@h are of

central importance, are correctly simulated in the framework of our model. The phase diagram as
a function of temperature is obtained through constant-pressure molecular dynamics simulations,
showing that the non-trivial phase transition sequence of Bai§@orrectly reproduced. The
lattice parameters and expansion coefficients for the different phases are in good agreement with
experimental data, while the theoretically determined transition temperatures tend to be too small.

1. Introduction

Despite sharing a common formula AB@nd a high-temperature cubic phase, the ferroelectric
and related perovskites exhibit a variety of structural phase transitions. The ideal cubic structure
displays a wide variety of energy instabilities. These may involve rotation and distortions of
the oxygen octahedra as well as displacement of the cations from their ideal sites.

Among the ferroelectric perovskites, Baki®as been one of the most exhaustively
studied materials. At high temperatures, it has the classic perovskite structure. This is
cubic centrosymmetric, with the Ba at the corners, Ti at the centre, and oxygens at the face
centres. However, as the temperature is lowered, it goes through a succession of ferroelectric
phases with spontaneous polarizations along the [001], [011], and [111] directions of the
cubic cell. These polarizations arise from net displacements of the cations with respect to the
oxygen octahedra along the above directions. Each ferroelectric phase involves also a small
homogeneous deformation which can be thought of as an elongation of the cubic unit cell
along the corresponding polarization direction. Thus the system becomes tetragonal at 393 K,
orthorhombic at 278 K, and rhombohedral below 183 K.

First-principles calculations have contributed greatly to the understanding of the origins
of these structural phase transitions, providing considerable insight into the nature of the
ferroelectric instabilities. These methods are based upon a full solution for the quantum
mechanical ground state of the electron system within the local density approximation (LDA)
to density functional theory (DFT). The calculations for BaJi@dicate that the ferroelectric
instability arises from a delicate cancellation between short-range repulsive and ionic forces,
demonstrating that the hybridization between the titanium 3d states and the oxygen 2p states
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is essential for ferroelectricity [1,2]. This hybridization is also responsible for the giant values
of the Born effective charges in AB(perovskites [3—6].

The two more widely used approximations to DFT, LDA and GGA (generalized gradient
approximation), underestimate and overestimate the equilibrium volume of ferroelectric
perovskites [7, 8]. As a result, quantities that depend sensitively on the lattice constant, such
as ferroelectric instabilities, are seriously affected when they are evaluated at the theoretical
equilibrium volume. On the other hand, the results are closer to the experimental behaviour if
one works at the experimental lattice constants.

Although first-principles methods are extremely precise, they are restricted to studying
zero-temperature properties. For the study of the thermal behaviour of perovskites, a very
successful approach has been developed on the grounds of effective Hamiltonians. In this
approach, a model Hamiltonian is written as a function of a reduced number of degrees of
freedom (a local soft-mode amplitude vector and a local strain tensor), and the Hamiltonian
parameters are determined in order to reproduce the spectrum of low-energy excitations of a
given material as obtained from first-principles calculations. This approach has been applied
with considerable success to several ferroelectric materials, including B§O

Atomistic simulation methods are well known to play an important role in solid-state and
material sciences. The traditional approach consists in adjusting unknown model parameters
to macroscopic crystal properties. The success and scope of the field is evident from the large
number of investigations on complex oxides crystals. In this way, Lewis and Catlow [10]
developed a shell model fitted for BaTi@ reproduce its lattice spacing, elastic properties,
and dielectric constants. This model has been applied recently to the study of point defects [11]
and surface structure [12].

Regarding dynamical properties, the most successful approach to the lattice dynamics
study of ferroelectric perovskites has been carried out in the framework of the non-linear
oxygen polarizability model [13]. In this shell model, an anisotropic core—shell interaction is
considered at the® ions, with an harmonic core—shell interaction on the O—A planes, and a
fourth-order core—shell interaction along the O-B bond. The model parameters were obtained
by fitting experimental phonon dispersion curves, and the soft-mode temperature dependence
was studied within the self-consistent phonon approximation. This model has been applied to
several ferroelectric perovskites [14—17], including BaglfC8].

Although both above-mentioned shell models fitted for BaTi@produce several
properties of its cubic phase, they do not describe its structural instabilities and phase transition
sequence. Nowadays it is possible to perform first-principles calculations on complex phases,
and more reliable potentials can be derived. However, obtaining accurate interatomic potentials
which are able to describe the structural instabilities of ABg@rovskites constitutes a
challenging problem.

The goal of this work is to obtain an atomistic model for Bajuhich describes accurately
its dynamical properties, energy instabilities, and phase transition sequence. To this end, we
develop a shell model from first-principles calculations by mapping the potential energy surface
for various configurations of some carefully selected atomic displacements. The potential
parameters are obtained by performing a fit of interatomic potentials to this energy surface.
The temperature-driven structural transitions are then investigated through molecular dynamics
simulations.

2. Model and computational details

For the atomistic simulation we chose the non-linear oxygen polarizability model previously
applied to BaTiQ [18], since this model provided an accurate description of its lattice
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dynamics. Here each ion is modelled as a massive core linked to a massless shell. An
anisotropic core—shell interaction is considered at thei@ns, with a fourth-order core—shell
interaction along the O—Ti bond. This emphasizes the large anisotropic polarization effects at
the oxygens produced by variations of the O-B distance [16]. Such effects are expected in
view of the strong environment-dependent oxygen polarizability and its enhancement through
hybridization between oxygen p and transition metal d orbitals. The Ba and Ti ions are
considered isotropically polarizable.

The first-principles total-energy calculations were performed within the LDA to DFT,
using the highly precise full-potential linear augmented-plane-wave (LAPW) method. We use
the WIEN97 implementation of the method [19] which allows the inclusion of local orbitals
(LO) in the basis, making possible a consistent treatment of semicore and valence states in one
energy window, hence ensuring proper orthogonality. The Ceperley and Alder [20] exchange—
correlation potential for the many-body interactions between electrons, as parametrized by
Perdew and Zunger [21], was used.

Muffin-tin sphere radii(R;) = 2.0, 1.95 and 1.50 au were used for Ba, Ti and O, resp-
ectively. The value of the paramet®&K,,.., which controls the size of the basis sets in
these calculations, was chosen to be 8. This gives well converged basis sets consisting of
approximately 1100 LAPW functions plus local orbitals.

We introduced LO to include the following orbitals in the basis set: Ba 5s, 5p and 4d; Ti
3s and 3p; and O 2s. Integrations in reciprocal space were performed using the special-points
method. We used & 6 x 6 meshes which represent 2b(oints in the first Brillouin zone.
Convergence tests indicate that only small changes result from increasing to aideresdr.

In order to better quantify the ferroelectric instabilities of the cubic phase, we determined
the phonon frequencies and polarizations of the infrared-attiyemodes, which include
the ‘ferroelectric soft’ mode, by calculating atomic forces for several small displacements
(~0.01 A) consistent with the symmetry of the mode. From the force as a function of
displacement, the dynamical matrix was constructed and diagonalized. Finally, the total
energy is evaluated as a function of the ferroelectric soft-mode displacement pattern for
different directions in the cubic phase. We analyse also the effects of the tetragonal strain
by performing the [001] soft-mode displacements at a lattice parametet fatie 1.01 with
the same primitive-cell volume.

The shell-model parameters were initially taken from set Il in reference [18]. For a
numerical simulation of the system across its different phases it is necessary to replace the
harmonic force constants (HFC) of the model by pairwise interatomic potentials. Since the
HFC for the pairs Ti-O and Ba—O correspond to repulsive interaction, we choose for these
the Born—Mayer formV (r) = a€'~"/#), which is usual for ionic crystals. For the pair O-O,
however, the HFC correspond to an attractive interaction, a fact which is commonly observed in
oxides. Therefore we consider in this case a Buckingham poteWitia),= ae~"/? — ¢/r8.

The Born—Mayer potential parametarsand o for the Ti-O and Ba—O interactions were
determined from the corresponding transverse and longitudinal HFC. In the case of the O-O
interaction, we need to fix one of the Buckingham parameters to obtain the other two from the
HFC. Thus we select an initial value ofwhich leads to reasonable values of the parameters

a andp.

Then the potential energy of the model was evaluated for the same displacement patterns
as were employed in the initio total-energy calculations. For each given core configuration
the shell coordinates were obtained by solving the adiabatic condition iteratively by a steepest-
descent procedure. The results obtained with the initial model parameter set showed serious
discrepancies with thab initio results; in particular, the sequence of energy minima in [001],
[011]and[111]directions was notinthe same order. Thus we modified some model parameters
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in order to fit the model energy behaviour to #i®initioresults. While doing this, we also took
care to ensure that the equilibrium lattice constant of the model in the cubic phase reproduces
the extrapolationda 0 K of the experimental lattice constant in the cubic phase, which yields
a =3.995 A [22]

It is important to remark that one cannot afford to reproduce ‘spot-oralhiaitio total-
energy surface with such simple interatomic potentials. In addition, the adjustment of the
potentials is not a straightforward and easy procedure, because all pair potentials and core—
shell coupling constants contribute to the total energy of a given distorted lattice structure. So,
the goal was to obtain a model which reproduces, as closely as possible, the energetics and
instabilities calculated by the LAPW method.

3. Results

By modifying the potential parameters initially determined, we obtain the energy behaviour
shown in figure 1 for various structural distortions. The calculations were performed at the
experimental primitive-cell volume for 0 K, which corresponds to a cubic lattice constant

4.003 A [23]. The results obtained using the model are compared with the LAPW calculations
for the amplitudes of (001), (011), and (111) ferroelectric mode normal coordinates, which
are obtained from the following LDA eigenvectorgz, = —0.017, ety = —0.660, o, =

0.644 eo, = eo, = 0.273. For the sake of simplicity, these are represented on the abscissa
of the figure through the Ti displacement relative to Ba. A satisfactory overall agreement is
achieved. The model yields clear ferroelectric instabilities with similar energetics and minima
locations to the LAPW calculation. Energy lowerings~et.2, 1.65 and 1.9 mRyd/cell are
obtained for the (001), (011), and (111) ferroelectric mode displacements, respectively; this
is consistent with the experimentally observed phase transition sequence. Concerning the
energetics for the (001) displacements, it can be also seen in figure 1 that the effect of the
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Figure 1. Total energy as a function of the ferroelectric mode displacements along the [001] (left
panel), [011], and [111] (right panel) directions. Energies for [001] displacements in a tetragonal
strained structure are plotted in the left panel. The ferroelectric normal coordinate is represented
through the Ti-relative-to-Ba ionic shifts. The energies are referred to the cubic structure. The
results of the LAPW calculation are denoted by the various symbole, ¢, [J) in both panels.

In the left panel, full (broken) lines correspond to the strained (unstrained) structure. In the right
panel, full (broken) lines correspond to the [111] ([011]) direction.
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tetragonal strain is to stabilize these displacements with a deeper minimum and a higher energy
barrier at the centrosymmetric positions. A similar feature is observed for the orthorhombic
strain, while an almost negligible effect on the total energies for the rhombohedral strain is
observed. The resulting model potential parameters obtained by the fitting procedure are listed
intable 1. We remark that the most significant changes were performed in the Ti—O interaction
and the core—shell couplings at the oxygenion, while only slight modifications were introduced
in the Ba—O and O-O potential parameters.

Table 1. Potential parameters of the shell model p, ¢: Buckingham parameterg;, Y: ionic and
shell chargesK>, K4: on-site core—shell force constants. The symljaad_L refer to directions
parallel and perpendicular to the Ti-O bond, respectively.

Interaction a (eV) » A c(eVA® lon Z(e) Y(el) K2@VA2 KieVAH

Ba-O 864536  0.38729 0.0 Ba 186 —3.76 251

Ti-O 4526635 0.25239 0.0 Ti 3.18 -1.58 321

0-0 4102743 Q29581 300.0 O -168 -259 3100 || 3000Q00 ||
10127 L

The bulk modulus, as iab initio calculations, can be obtained from the evaluation of the
total energy as a function of the uniform volume expansion for the cubic phase. The model
calculations yield a lattice parameter of 3.99 A for the static cubic structure. The bulk modulus
evaluated at this equilibrium volume is 226 GPa, which agrees fairly well with the LDA value
of 195 GPa[8]. The detailed behaviour of the energy as a function of the cubic lattice parameter
a is shown in figure 2, where the model’s results are compared with LDA calculations. In order
to better compare the results, the energy is plotted as a functien-af,,, whereq,, is the

T T T T T T T
—— Shell Model
0.02 ---¢O--- LDA

0.01

Energy (Ry)

0.00

-0.1 0.0 0.1 0.2

a-a, (a.u.)

Figure 2. Total energy as a function of the lattice parametésr cubic BaTiG. In order to better
compare the results, the energy is plotted as a functien-efs,,, wherea,, is the equilibrium
lattice parameter obtained within each approach: 3.99 A for the shell model, and 3.94A for the
LDA calculations.
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equilibrium lattice parameter obtained within each approach: 3.99 A for the shell model, and
3.94 A for the LDA calculations. The agreement is again very satisfactory.

Another interesting test of the resulting model concerns its phonon dispersion relations.
Afirst-principles linear response calculation of the phonon dispersion curves of cubic8aTiO
using the plane-wave pseudopotential approach, revealed the presence of structural instabilities
with pronounced two-dimensional character in the Brillouin zone, corresponding to chains of
displaced Ti ions oriented along the [001] directions [24]. The same wave-vector dependence
of the instabilities had been previously found in KNptBrough a linear response approach
based on a LAPW calculation [25]. To check whether our model is able to reproduce such
kinds of instability, we compute the phonon dispersion curves of the cubic structure at the same
lattice constant as was used in the previous work [24], i.e. the experimentakval#e00 A.

The result is shown in figure 3. An excellent agreement withahenitio linear response
calculation is achieved, particularly for the unstable phonon modes (compare with figure 2
of reference [24]). Two transverse optic modes are unstable at gant, and they remain
unstable along th&-X direction with very little dispersion. One of them stabilizes along
theI'-M and X—M directions; and both become stable alonglthR® and R—M lines. These
features, which were also observed in KNp@dicate chain-like instabilities in real space.

As was already pointed out by Yu and Krakauer [25], the finite thickness of the slab region
of instability corresponds to a minimum correlation length of the displacement required to
observe an unstable phonon mode. From the phonon dispersion curves showed in figure 3, the
length of the shortest unstable chain can be estimated4teathe which is in agreement with

the estimation made in reference [24].
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Figure 3. Phonon dispersion curves of BaG©@alculated with the optimized model for the cubic
structure at the experimental lattice constant. Imaginary phonon frequencies are represented as
negative values.

TheT phonon frequencies obtained from our model have also been compared with LDA
and experimental results. It can be observed in table 2 that they are in fairly good agreement.
It is worth mentioning also that the eigenvector of the unstable ferroelectric mode as obtained
from the model is given byegy = —0.009 eri = —0.686 ¢0, = 0.621 ep, = e¢p, = 0.269,
which is in very good agreement with the previously given one, obtained from the LAPW
calculation.
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Table 2. Comparison of the shell-model IR-active optical phonon frequenciesi(rwith ab initio
and experimental results.

Mode Shell model First principles  Experim@nt

TO1l  231i 2197, 239F Soft
Lo1 718 63P 717
TO2 172 168, 16%F 181
LO2 162 159 180
TO3 447 458, 45 487
LO3 443 448 468

a Experimental values from reference [26].
b DA calculation from reference [24].
¢ LDA calculation (present work).

The Born effective charge tensor is conventionally defined as the coefficient of
proportionality between the components of the dipole moment per unit cell and the components
of thek-sublattice displacement which gives rise to such a dipole moment:

. 3 Pg

P 98y 1)
For the cubic structure of ABQperovskites, this tensor is fully characterized by four
independent numbers. Experimental data [27] had suggested that the amplitude of the
Born effective charges should deviate substantially from the nominal static charges, with
two essential features: the oxygen charge tensor is highly anisotropic, and the Tijand O
effective charges are anomalously large. This was confirmed by more recent first-principles
calculations [3-5], demonstrating the crucial role played by the B(d)-O(2p) hybridization as
a dominant mechanism for such anomalous contributions [6]. Although our model does not
explicitly include charge transfer between atoms, it takes into account the contribution of the
electronic polarizability effects through the shell coordinates. So, itis possible to evaluate the
Born effective charge tensor calculating the total dipole moment per unit cell created by the
displacement of a given sublattice of atoms as a sum of two contributions:

Py = ZKSK,OI + Z Yewy . (2)

The first one is the sublattice displacement contribution while the second one is the electronic
polarizability contribution. For small displacements, the shell displacements can be readily
evaluated in the harmonic approximation, thus leading to an expressidf for[28]. The
calculated Born effective charges for cubic BaJi@e listed in table 3 together with results
obtained within different approaches. The two essential features of the Born effective charge
tensor of BaTiQ are satisfactorily simulated in the framework of our model.

So far we have shown that our model for BaZif@produces several zero-temperature
properties which are relevant for this material. To investigate whether the model will prove
successful for describing the temperature-driven structural transitions of Bavéperform
constant-pressure molecular dynamics (MD) simulations. Shell-model molecular dynamics,
in spite of its long history, is difficult to use due to the treatment of the adiabatic degree of
freedoms, i.e. the shells. Most workers have used a steepest-descent method to relax the
shell positions iteratively to zero-force positions on each step of the molecular dynamics.
Although this procedure has been improved on the basis of conjugate gradient relaxation of
the shells [29], in a typical simulation run an average of ten line searches are made within every
time step of the simulation, reducing greatly the efficiency of the method in comparison with
rigid-ion-model MD simulations. An alternative approach has been introduced by Mitchell
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Table 3. Born effective charges of BaTin the cubic structure.

Zga  Zn  Zp, 75, Reference

Nominal +2 +4 -2 -2
Experiment +29 +6.7 —24 -438 [27]
First principles +2.75 +7.16-2.11 -5.69 [5]

+2.70 +7.10-2.12 -556 [4]
Shell model (static) +1.86 +3.18-1.68 —1.68 Presentwork

Shell model (dynamic) +1.93 +6.45-2.3 —3.79 Present work

and Fincham [30] by assigning a small mass to the shells. Thus, their motion, like those of the
cores, is found by numerical integration of their equations of motion. They showed that the
results of this method are independent of the shell mass, provided that it is small enough, and
in agreement with those obtained using relaxation of massless shells. Regarding the efficiency
of the method, the shortcoming of this approach is that the time step of the simulation must be
reduced in order to provide enough accuracy for the integration of the shell coordinates.

We applied the latter approach in the present MD simulation, which is carried out using
the DL-POLY packaget. The runs were performed employing a Hoover congtafity-
algorithm with external stress set to zero; all cell lengths and cell angles were allowed to
fluctuate. Periodic boundary conditions ovex 77 x 7 primitive cells were considered; the
basic molecular dynamics cell therefore contained 1715 ions (plus 1715 shells which are
additional degrees of freedom). The time step was 0.4 fs, which provided enough accuracy
for the integration of the shell coordinates. The total time of each simulation, after 2 ps of
thermalization, was 20 ps.

In figure 4 (top panel) we plot the order parameters (the three components of the mean
polarization) as a function of temperature. The cell lattice constants are displayed in figure 4
(bottom panel). At high temperatures, the averaged polarizations,, andp, are all very
close to zero and the three lattice constants have almost identical values. As the system is
cooled down below 190 Kp, acquires a value clearly different from zero, while~ p, ~ 0,
and the structure presents a considerable tetragonal strain (see figure 4 (bottom panel)). This
indicates the transition from the paraelectric cubic to the ferroelectric tetragonal phase. When
the temperature is further reduced, the two lower ferroelectric phases appear: the orthorhombic
one below~120 K, with clearly finitep, ~ p, and still p, ~ 0, and finally the rhombohedral
phase below~90 K, with approximately equal values of the three polarization components.

The structural parameters and spontaneous polarizations, for the different phases of
BaTiOs, obtained by the MD simulations are compared with the experimental results in table 4.
An excellent overall agreement is obtained, showing that our model reproduces the delicate
structural changes involved in the transitions. On the other hand, the theoretically determined
transition temperatures tend to be too small compared with experiment. The orthorhombic
and tetragonal phases are stabilized over temperature ranges ok88IK and~70 K,
respectively. Similar features are obtained with the effective Hamiltonian approach [9]. The
remarkable point, however, is that the non-trivial phase transition sequence of BaTiO
correctly reproduced.

T DL-POLY is a package of molecular simulation routines written by W Smitth iR Forester, Daresbury and
Rutherford Appleton Laboratory, Daresbury, UK.
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Figure 4. The phase diagram of BaTi®esulting from the MD simulation. Top panel: the three
components of the average polarization (each one represented with a different symbol); and bottom
panel: the corresponding cell parameters (again, each one represented with a different symbol) as
functions of temperature.

Since ferroelectricity is very sensitive to volume, the neglect of thermal expansivity in the
effective Hamiltonian models could be thought to be responsible for the shifts in the predicted
transition temperatures relative to experiment. Our model, however, takes into account the
anharmonic interactions among all phonon modes which are responsible for thermal expansion,
and, nevertheless, a similar behaviour is obtained for the transition temperatures. This seems
to indicate that LDA methods underestimate the ferroelectric instabilities of BaTiO

In order to verify that the thermal expansion is properly described by our model, we study
the behaviour of the pseudocubic lattice parameterV —%/3, whereV is the cell volume, as a
function of temperature. From these data we obtain the expansion coefficients for the different
phases listed in table 4. The agreement with the experimental values is quite satisfactory. In
order to make a detailed comparison of the thermal expansivity with experimental data [32],
we need to rescale the theoretical transition temperatures, since they do not agree with the



9688 S Tinte et al

Table 4. Structural parameters, cube-edge components of spontaneous polarization, and expansion
coefficients for the different phases of Ba%giO For the orthorhombic phase, the equivalent
pseudomonoclinic cell parameters are reported.

Parameter MD simulation  Experiments
Rhombohedral

a (A 4.012 4.008
o (deg) 89.81 89.84
P(uCcmr?) 125 1319
«(10°6°Ccy 72 52
Orthorhombic

a®) 3.995 3.987
b=c(A) 4.022 4.018
P (uCcnr?) 14 1425
«(10%°Cl) 43 4.6
Tetragonal

a(A) 4.002 3.999
c(A) 4.043 4.036
P (uCcm?) 17 1P-27F
a(10°6°Ccl) 77 6.5
Cubic

a (A 4.016 4.012
« (10°6°Cc-1l) 85 9.8

a Neutron diffraction data from reference [23].

b Calculated from the atomic positions, reference [23].

¢ Direct polarization measurements from reference [32].
d Dilatometric measurements from reference [33].

€ From reference [22].

experimental ones. We therefore linearly rescale the theoretical temperatures such that the end
points of the stability range of each phase coincide with the experim&rgallin addition,
in order to ensure that the graph preserves the expansion coefficients obtained, i.e. the slope
within each phase, we perform the same rescaling of the ordinate values. In figure 5 we plot
(a — ap) /ag versusT for both the theoretical and experimental results, whgie the value of
a atOK. Itisinteresting to note the volume anomalies at the phase transitions resulting from the
model simulation, a feature also observed experimentally, which indicate that the transitions
are all first order. In particular, the remarkable volume expansion at the Curie transition is
in very good agreement with the dilatometric measurements carried out on polycrystalline
samples [32]. According to these investigations, a small volume contraction is found for the
lowest transition, while a small volume expansion results from the model simulation. However,
one cannot be confident thatthisis a precise result due to the small temperature range of stability
of the orthorhombic phase in our simulation.

In conclusion, we have developed an atomistic model for BaTdich describes
its structural instabilities, phonon dispersion curves, and dynamical effective charges in
satisfactory agreement with LDA calculations. A further molecular dynamics simulation
allowed us to evaluate the phase diagram, reproducing correctly the non-trivial phase transition
sequence of BaTi® The structural parameters and coefficients of expansion are in very good
agreement with experimental data, while the theoretically determined transition temperatures
tend to be too small compared with experiment.
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