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The minima of the local mode’s potential energy in the unit cell of BaTiO3 are studied by first-principles
effective Hamiltonian numerical simulations. Instead of a constant potential with eight minima, we find a
single minimum with position and depth changing in time. In agreement with the early view by Comeset al.
fSolid State Commun.6, 715s1968dg and recent nuclear magnetic resonance experiments, we find that deeper
values at the paraelectric phase are mainly found when the minimum is located at eight off-centered regions at
the body diagonals of the unit cell. This situation changes at the ferroelectric phase, where four of the eight
noncentered regions are privileged, and deeper values are found when the minimum is located in a surface
around them. This order-disorder behavior of the instantaneous potential disappears when considering the
long-term time-averaged potential: The paraelectric phase single minimum of the averaged potential is located
at the center of the unit cell and it becomes displaced along the local dipole axis in the ferroelectric phase.
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The mechanism leading to the ferroelectric behavior in
BaTiO3 has been a topic of much interest in condensed mat-
ter physics. In particular, there have been discussions con-
cerning the order-disorder and displacive characteristics of
the transition. In the first microscopic theory for BaTiO3, the
transition was considered to be order disorder.1 In this theory,
the potential energy of the Ti ions in the unit cell is off
center. It may be considered that there are eight minima lo-
cated in the eight equivalentk111l directions of the unit cell.
In the paraelectric phase, the Ti ions are disordered between
the potential minima resulting in a zero-spontaneous polar-
ization, but they order preferentially in four well-defined po-
sitions at the tetragonal ferroelectric regime. The main objec-
tion to this view came from Jaynes2 who pointed out that the
transition entropy, calculated within the framework of a
purely order-disorder system, considering the change from
eight minima to four minima was too large in comparison
with the change observed experimentally. A different point of
view came from Cochran’s displacive theory for the ferro-
electric transition in BaTiO3.

3 In the displacive theory, the
potential for the Ti motion in the paraelectric phase exhibits
a minimum at the center of the cell, but it changes at the
critical temperature, allowing temperature dependent off-
center minima and a spontaneous polarization different from
zero. This theory was later confirmed by measurements of
inelastic neutron scattering4 and Raman spectroscopy5,
which revealed the softening of a transverse optic phonon
near the Brillouin zone center.

However, near the cubic-tetragonal critical temperature,
the diffuse x-ray scattering was shown to be anomalous.6

Such an anomaly was originally interpreted6,7 as a result of
the existence of off-center minima in the potential energy of
Ti as corresponding to an order-disorder mechanism, but this
was made compatible with a displacive model.4,8 Of course,
the possibility of a coexistence of order-disorder and displa-
cive components in the ferroelecetric phase transition of
BaTiO3 cannot be discarded completely. In fact, this idea
seems to be supported by first-principles-based simulations9

and by results from recent molecular dynamics

simulations.10–12 The experimental studies to detect possible
off-center potential minima of Ti in the cubic paraelectric
phase of BaTiO3 have been based mainly in EPR
measurements13,14 and nuclear magnetic resonancesNMRd
studies.15–17 In fact, Zalaret al.18 have recently shown evi-
dence of the coexistence of order-disorder and displacive
components.

To get a clear idea about the nature of the phase transition
in BaTiO3 we study the behavior of the potential energy in
the cubic cell of BaTiO3 at the paraelectric and ferroelectric
phases. In particular, it is possible to study the value of the
total potential energyVsui ,td at a particular local celli and at
a given time t as the local mode displacementui
=suxi ,uyi ,uzid sor local polarizationpid takes different values
in the cell.

The most interesting feature of the potential concerning
our study is the value of the local modeui,t

m for which the
local potential has a minimum at a given timet. The first
question to answer is whether or not this instantaneous mini-
mum is centered or off-centered at the different phases.

To answer this question, we calculate the potential energy
using first-principles numerical simulations. It is important to
stress that the calculated local mode potential energy takes
into account the effect of all unit cells in the sample. The
model used is the same effective Hamiltonian specified by
ultrasoft pseudopotentials introduced by Zhonget al.9,19 This
effective Hamiltonian takes into account a local soft-mode
self-energy containing intersite interactions to quartic anhar-
monic order, a long-range dipole-dipole coupling, a short-
range correction to the intersite coupling going up to
third neighbors, a harmonic elastic energy and finally, an
anharmonic strainsvd -soft modesud coupling. Details about
the model and values of the parameters may be found in
Ref.19. The sequence of critical temperatures obtained by the
model does not exactly match the experimental transition
temperatures, mostly due to the defective description of
the thermal expansions,20 but successfully reproduces
the phase transitions sequence for BaTiO3 sTEH,300 K
versus Texp,400 K for the cubic-tetragonal transition,
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TEH,230 K versus Texp,280 K for the tetragonal-
orthorhombic transition andTEH,200 K versus Texp
,180 K for the orthorhombic rhombohedral transitiond. The
behavior of the Hamiltonian at different temperatures may be
studied using standard Monte Carlo techniques. The system
is thermalized at a given temperature and then the instanta-
neous potentialVsui ,td for each particular equilibrium con-
figuration of local modes and strains in the system is calcu-
lated. Vsui ,td is given by the sum of all terms in the
Hamiltonian which depends on the value ofui si.e., the local
soft mode, the dipole-dipole interaction, the short-range cor-
rection, and the strain-mode couplingd. Vsui ,td is then ob-
tained by freezing all the local modesuj with j Þ i at a given
time t and retainingui as a variable. The value ofui for
which we get a minimum inVsui ,td is defined asui,t

m. The
study is focused in BaTiO3 cubic systems with 93939 unit
cells at a constant pressureP=−4.8 GPa.9 The boundary
conditions considered are periodic. In order to search for
nonzero minima in the potentials and to compare among the
different phases, simulations are performed at the following
temperatures: T=400 K scubic-paraelectric phased and
T=250 K stetragonal-ferroelectric phased.

The values ofui,t
m for several instantaneous configurations

in the paraelectric and ferroelectric phases are shown in Figs.
1 and 2. The first noticeable feature is that there is always a
single minimum for any given timesthe existence of a single
instantaneous minimum is related to the shape of the self-
energy for the model BaTiO3 used, where there is just a
single minimum located at the center of the celld, and the
second important feature is that the position of the minimum
seems to be off center for both, the paraelectric and the ferro-
electric phases.

With this result, we answer the question of the existence
of off-centered minima but, in order to have an idea of the
behavior of the system, we should collect the position of all
these instantaneous minima for a given period of time
to get an idea of where they are localized. Results for
Nconf=20 000 different instantaneous configurationsfi.e., af-
ter t=20 000 Monte Carlo stepssMCSdg in the paraelectric
and the ferroelectric phase are shown in Fig. 3

Figure 3 shows how instantaneous minima are homoge-
neously distributed inside the studied region in the paraelec-
tric phase and how they seem to be more concentrated in
one-half of the studied boxsdisplaced in the −x directiond at
the ferroelectric phase. Note how no instantaneous minimum
is located outside the studied regionsi.e., the studied region
considered is large enoughd. In principle, a structure of the
minima as the one given by the eight-site model proposed a
long time ago by Comeset al.6 does not seem to hold from
Fig. 3. However, in order to analyze this result in more
detail, we need to consider not just the positionui,t

m of the
different minima but also the value of the potential minima
Vsui,t

m ,td at each particular instantaneous configurationt.
Clearly, the most important minima are the deeper minima.
To show them up, we plot in Fig. 4 the deepest minimum
found Vm together with all minimaVsui,t

m ,td fulfilling,

Vsui,t
m,td , sVm + fVmd s1d

for a given factorf. We considerf =0.5.
Figure 4sad shows how the early view by Comeset al.,6

later investigated in detail by Chaveset al.,7 of a Ti ion—
located at eight positions shifted from the center along the
body diagonals of the unit cell—turns out to be not far from
the truth, at least from the point of view of the results ob-
tained by first principles numerical simulations. Note how
the eight off-centered regions are clearly shown in the three
projections. However, Fig. 4sbd seems to indicate that in the
ferroelectric phase, deeper minima are located in an extended
surface formed mostly by only four of the eight previously
reported regions. The surface is slightly displaced toward the
direction given by the axis of the local dipole. These results

FIG. 1. Positionsin atomic unitsd of the instantaneous local
minimum ui,t

m at sad t=10 000 Monte Carlo StepssMCSd, sbd
t=12 000 MCS, andscd t=13 000 MCS. Temperature is equal to
T=400 K corresponding to the paraelectric phase. Solid lines are
just a guide for the eyes.

FIG. 2. Positionsin atomic unitsd of the instantaneous local
minimum ui,t

m at sad t=10 000 MCS,sbd t=12 000 MCS andscd
t=13 000 MCS. Temperature is equal toT=250 K corresponding to
the ferroelectric phase. Solid lines are just a guide for the eyes.

FIG. 3. sColor onlined Position sin atomic unitsd of all the in-
stantaneous local minimaui,t

m found after thermalization fromt=1
MCS to t=20 000 MCS. Temperature is equal tosad T=400 K cor-
responding to the paraelectric phase andsbd T=250 K correspond-
ing to the ferroelectric phase. Projections over the planes are repre-
sented with greenslight grayd, red sgrayd and blue sdark grayd
points.
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are compatible with previous ones obtained for BaTiO3 using
the shell model.21 In order to study in more detail around
which k111l direction the minima are located in both the
ferroelectric and the paraelectric phase, the cell shown in
Fig. 4 has been divided in eight cubic regions, corresponding
to the eightk111l directions and the percentage of minima
located at each region has been calculated. Results are sum-
marized in Table I. Note how all percentages are very similar
at the paraelectric phase, indicating that the eight regions are
almost equally populated. On the other hand, only the direc-
tions with uxi ,0 are populated in the ferroelectric phase.

However, there is still the question of why experimental
results have mainly extended an opinion of a Ti ion sitting at
the center of the unit cell in the paraelectric phase and dis-
placed at the ferroelectric phase. From extended x-ray-
absorption fine structure, pair-distribution function, and
NMR, it is concluded that the local structure of high-Tc
superconductors22–26, and oxide ferroelectrics27 deviates
from the average structure obtained from x-ray or neutron
crystallography. As former experiments are based on a much
faster time scale than the conventional scattering methods,
the results are in fact not in conflict but show that the various
collective particle dynamics are governed by different time

scales28,29. A molecular dynamics simulation of a model
ferroelectric10 has shown that the coexistence of these vari-
ous times scale gives rise to a central peak in addition to
mode softening, and a coexistence regime of order-disorder
and displacive behavior. So, to address the question we need
to take into account that the response of the system when
considering the instantaneous value of the potential is going
to be different from the one obtained when considering the
long-term time-averaged value. In this study, the temporal
average means the average over MCS. Next we study the
temporal averaged value of the potential at any point of the
studied region forNconf=20 000 different instantaneous con-
figurationsst=20 000 MCSd:

V̄suid =
1

Nconf
o
t=1

Nconf

Vsui,td. s2d

The value ofui in this equation is not averaged over the
MCS. Now there is a total minimum of the averaged poten-
tial for a particular value of the local mode that we will
denote asui

m. We find thatui
m,0 in the paraelectric phase

andui
mÞ0 at the ferroelectric phase. So, the question about

why BaTiO3 behaves as if the Ti atom is centered at
paraelectric phase and displaced at the ferroelectric phase is
now answered considering the long-term averaged behavior
of the potential. In Fig. 5, we plot the position of the mini-
mum for both phases together with all values of local modes
fulfilling

V̄suid , fV̄sui
md + fV̄sui

mdg s3d

for a given factorf.
In order to get an idea about the behavior of the averaged

potential energy inside the cell, it is useful to plotV̄suid ver-
susui for ui =suxi ,0 ,0d. Results are presented in Fig. 6 for
both, the paraelectric and the ferroelectric phases. Note how

in the paraelectric phase the minimum ofV̄suid is almost zero
and it is located at the center of the unit cell. However, in the
ferroelectric phase, the minimum is negative and different
from zero, and it is displaced from the center of the unit cell
as corresponding to a typical displacive transition.

TABLE I. Percentage of instantaneous local minimaui,t
m found

around the eight possiblek111l directions. Minima were found after
thermalization fromt=1 MCS tot=20 000 MCS usingf =0.5 at the
paraelectricT=400 K and ferroelectricT=250 K phases.

T=400 K T=250 K

1 1 1 6.65 0.05

1 −1 1 8.45 0.19

1 1 −1 14.74 0.7

1 −1−1 13.31 1.12

−1 1 1 12.05 20.75

−1−1 1 17.80 32.80

−1 1 −1 15.48 17.21

−1−1−1 11.33 26.63

FIG. 4. sColor onlined Position sin atomic unitsd of all the in-
stantaneous local minimaui,t

m found after thermalization fromt=1
MCS to t=20 000 MCS withVsui,t

m ,td, sVm+ fVmd. Temperature is
equal tosad T=400 K corresponding to the paraelectric phase with
f =0.5 andsbd T=250 K corresponding to the ferroelectric phase
with f =0.5. Projections over the planes are represented with green
slight grayd, red sgrayd, and bluesdark grayd points.

FIG. 5. sColor onlined Position sin atomic unitsd of all local

modes ui with V̄suid, fV̄sui
md+ fV̄sui

mdg for sad T=400 K with
f =50 andsbd T=250 K with f =0.5, after performing a time average
with t=20 000 MCS. Projections over the planes are represented
with greenslight grayd, red sgrayd, and bluesdark grayd points.
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To conclude, a first-principles numerical simulation of the
instantaneous local potentials in BaTiO3 shows how the en-
ergy felt by the Ti ion is not due to a constant potential with
eight minima but to a single minimum with position and
depth changing in time. This single minimum is noncentered
in both the paraelectric and the ferroelectric phases. In the
paraelectric phase, the deeper values are found when the
minimum is localized in eight regions along the body diago-
nals. In contrast, in the ferroelectric phase, deeper values are
found when the minimum is localized in a surface formed

mostly by four of the eight previously reported regions. The
long-term time-averaged behavior of the potential energy be-
haves completely different and presents a single minimum at
the center of the local cell in the paraelectric phase atT
=400 K and a noncentered minimum in the ferroelec-
tric phase atT=250 K, as corresponding to a displacive
transition.

The results obtained show how the soft-mode long-term
behavior is compatible with the order-disorder component
when considering the existence of a single dynamic mini-
mum instead of a constant potential with eight minima. Ba-
sically, the behavior of the system depends on how fast the
response of the local mode is to the dynamic changes of the
instantaneous minimum. A fast response is responsible for
the order-disorder component and a slow response is respon-
sible for the displacive component. Since the position of the
single minimum is due to the overall status of the sample, it
is possible to state that the degree of order-disorder and dis-
placive components in BaTiO3 is a measurement of the re-
sponse of a single Ti ion compared to the cooperative evo-
lution of the whole sample.

I am indebted to J.A. Gonzalo for enlightening discus-
sions. Comments from J. Íñiguez, M. G. Stachiotti, and R. L.
Migoni are gratefully acknowledged. I acknowledge the
DGICyT for financial support through Grant No. BFM 2000-
0032.
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