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First-principles study of instantaneous and averaged local potential in BaTi@Q
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The minima of the local mode’s potential energy in the unit cell of BaTate 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 Gtraks
[Solid State Commun6, 715(1968 ] 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 insimulations'®-2The experimental studies to detect possible
BaTiO; has been a topic of much interest in condensed mateff-center potential minima of Ti in the cubic paraelectric
ter physics. In particular, there have been discussions cophase of BaTiQ have been based mainly in EPR
cerning the order-disorder and displacive characteristics afeasurementd!4 and nuclear magnetic resonan@¢MR)
the transition. In the first microscopic theory for Baj@he  studiest®’In fact, Zalaret all® have recently shown evi-
transition was considered to be order disofderthis theory, dence of the coexistence of order-disorder and displacive
the potential energy of the Ti ions in the unit cell is off components.
center. It may be considered that there are eight minima lo- To get a clear idea about the nature of the phase transition
cated in the eight equivaleft11) directions of the unit cell. in BaTiO; we study the behavior of the potential energy in
In the paraelectric phase, the Ti ions are disordered betwedhe cubic cell of BaTiQ at the paraelectric and ferroelectric
the potential minima resulting in a zero-spontaneous polarPhases. In particular, it is possible to study the value of the
ization, but they order preferentially in four well-defined po- total potential energy/(u;,t) at a particular local cell and at
sitions at the tetragonal ferroelectric regime. The main objeca given time t as the local mode displacemeny;
tion to this view came from Jaynewho pointed out that the =(ux;,uy;,uz) (or local polarizatiorp;) takes different values
transition entropy, calculated within the framework of ain the cell.
purely order-disorder system, considering the change from The most interesting feature of the potential concerning
eight minima to four minima was too large in comparisonour study is the value of the local modpg{ for which the
with the change observed experimentally. A different point oflocal potential has a minimum at a given tirheThe first
view came from Cochran’s displacive theory for the ferro-question to answer is whether or not this instantaneous mini-
electric transition in BaTi@2 In the displacive theory, the mum is centered or off-centered at the different phases.
potential for the Ti motion in the paraelectric phase exhibits To answer this question, we calculate the potential energy
a minimum at the center of the cell, but it changes at theusing first-principles numerical simulations. It is important to
critical temperature, allowing temperature dependent offstress that the calculated local mode potential energy takes
center minima and a spontaneous polarization different froninto account the effect of all unit cells in the sample. The
zero. This theory was later confirmed by measurements ahodel used is the same effective Hamiltonian specified by
inelastic neutron scatteritgand Raman spectroscopy ultrasoft pseudopotentials introduced by Zhatgl*1° This
which revealed the softening of a transverse optic phonoeffective Hamiltonian takes into account a local soft-mode
near the Brillouin zone center. self-energy containing intersite interactions to quartic anhar-

However, near the cubic-tetragonal critical temperaturemonic order, a long-range dipole-dipole coupling, a short-
the diffuse x-ray scattering was shown to be anomafous.range correction to the intersite coupling going up to
Such an anomaly was originally interpretédas a result of third neighbors, a harmonic elastic energy and finally, an
the existence of off-center minima in the potential energy ofanharmonic straiiw) -soft mode(u) coupling. Details about
Ti as corresponding to an order-disorder mechanism, but thithe model and values of the parameters may be found in
was made compatible with a displacive motiglOf course, Ref.19. The sequence of critical temperatures obtained by the
the possibility of a coexistence of order-disorder and displamodel does not exactly match the experimental transition
cive components in the ferroelecetric phase transition ofemperatures, mostly due to the defective description of
BaTiO; cannot be discarded completely. In fact, this ideathe thermal expansiorf8, but successfully reproduces
seems to be supported by first-principles-based simuldtionshe phase transitions sequence for BafliQgy~ 300 K
and by results from recent molecular dynamicsversus Te,,~400 K for the cubic-tetragonal transition,

1098-0121/2005/717)/1741164)/$23.00 174116-1 ©2005 The American Physical Society



MANUEL I. MARQUES PHYSICAL REVIEW B 71, 174116(2009

a) b)

uz (a.u)

0.0

FIG. 1. Position(in atomic unity of the instantaneous local .
‘4\'@“}

minimum uf} at (a) t=10000 Monte Carlo Step$MCS), (b)
t=12 000 MCS, andc) t=13 000 MCS. Temperature is equal to
T=400 K corresponding to the paraelectric phase. Solid lines are FIG. 3. (Color onling Position (in atomic unitg of all the in-
just a guide for the eyes. stantaneous local minima; found after thermalization fron=1
MCS tot=20 000 MCS. Temperature is equal(® T=400 K cor-

Ten~230 K versus Tg,,~280 K for the tetragonal- . . —

. - ding to th lectric ph =250 K d-
orthorhombic transition andTgy~200 K versus Tey, responding to the paraelectric phase &kt correspon

~180 K for the orthorhombic rhombohedral transitiofine ing to the ferroelectric phase. Projections over the planes are repre-
behavior of the Hamiltonian at different temperatures may b si?r;[tesd with greerflight gray), red (gray and blue (dark gray
studied using standard Monte Carlo techniques. The syste '
is thermalized at a given temperature and then the instanta- ) ) ]
neous potentiaV/(u;,t) for each particular equilibrium con-  With this result, we answer the question of the existence
figuration of local modes and strains in the system is calcu®f Off-centered minima but, in order to have an idea of the
lated. V(u;,t) is given by the sum of all terms in the behavior of the system, we should collect the position of all

. 11 . .. . . .
Hamiltonian which depends on the valuewfi.e., the local N€S€ instantaneous minima for a given period of time

soft mode, the dipole-dipole interaction, the short-range corl® 9€t an idea of where they are localized. Results for
rection, and the strain-mode couphng/(u,t) is then ob- Nconi=20 000 different instantaneous configuratipns., af-

tained by freezing all the local modeswith j #i at a given ter t=20 000 Monte Carlo step$CS)] in the paraelectric

time t and retainingu; as a variable. The value af; for anclj:.the fe:;roilectrlch pha;e taret shown in .F|_g. 3 h
which we get a minimum iV(u;,t) is defined aai;. The Igure > SNOWS how Instantaneous minima are homoge-

study is focused in BaTi@cubic systems with 9 X 9 unit ?riecouﬂgsﬂsgr:téufgwmtﬂge tsheeefr;[ug el;:iereng]]gorg Igotr?feﬁﬁrgglcﬁ;l
cells at a constant pressufe=-4.8 GP& The boundary b y

conditions considered are periodic. In order to search foone-half of the studied botdisplaced in the x direction) at

o : Ihe ferroelectric phase. Note how no instantaneous minimum
nonzero minima in the potentials and to compare among the

. . ; .15 located outside the studied regi@re., the studied region
different phases, simulations are performed at the foIIowmq:Onsidered is large enoughin principle, a structure of the
temperatures: T=400 K (cubic-paraelectric phaseand 9 P pi€,

T=250 K (tetragonal-ferroelectric phase minima as the one given by the eight-site model proposed a

The values oll"} for several instantaneous confi urationsIong time ago by Comest al does not seem to hold from
. St . guration Fig. 3. However, in order to analyze this result in more
in the paraelectric and ferroelectric phases are shown in Figs, = . . . g
detail, we need to consider not just the positigh of the

1 and 2. The first noticeable feature is that there is always Qifferent minima but also the value of the potential minima
single minimum for any given timéhe existence of a single V(U™.1) at each particular instantaneous configuration

instantaneous minimum is related to the shape of the selélegr’l the most i?n ortant minima are the dee ger minima
energy for the model BaTiQused, where there is just a To shg;/v them up V\I/Je plot in Fig. 4 the deepesﬁ minimum.

single minimum located at the center of the pednd the ) . o
secgond important feature is that the position of the minimunfound V" together with all minimav(uf, 1) fulfilling,
seems to be off center for both, the paraelectric and the ferro- VU™, 1) < (V™ FUm) (1)
electric phases. b
for a given factorf. We considerf=0.5.

Figure 4a) shows how the early view by Comes al.®
later investigated in detail by Chaves al,’” 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.() seems to indicate that in the

FIG. 2. Position(in atomic unity of the instantaneous local ferroelectric phase, deeper minima are located in an extended
minimum u} at (a) t=10 000 MCS,(b) t=12 000 MCS and(c) surface formed mostly by only four of the eight previously
t=13 000 MCS. Temperature is equalg 250 K corresponding to  reported regions. The surface is slightly displaced toward the
the ferroelectric phase. Solid lines are just a guide for the eyes. direction given by the axis of the local dipole. These results
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FIG. 4. (Color online Position(in atomic unity of all the in- FIG. 5. (Color onling Position (in atomic unit$ of all local
stantaneous local minima{'; found after thermalization from=1  modes u; with V(u) <[V(u")+fV(uM] for (a) T=400 K with
MCS tot=20 000 MCS withV(u{f},t) <(V™+fV™M). Temperature is =50 and(b) T=250 K with f=0.5, after performing a time average
equal to(a) T=400 K corresponding to the paraelectric phase withwith t=20 000 MCS. Projections over the planes are represented
f=0.5 and(b) T=250 K corresponding to the ferroelectric phase with green(light gray), red (gray), and blue(dark gray points.
with f=0.5. Projections over the planes are represented with green

(light gray), red (gray), and blue(dark gray points. scale®®2® A molecular dynamics simulation of a model
ferroelectrié® has shown that the coexistence of these vari-

; : ous times scale gives rise to a central peak in addition to
1

thﬁ. shhell 1mog'e?. tl.n o:(r:i]er tq §tudy n rlnort?[ ge.tallba:ﬁutr;}d mode softening, and a coexistence regime of order-disorder
which < D Irection the minima are ocated in bo € and displacive behavior. So, to address the question we need
fgrroelectrlc and .the pa}rae'lectrlc p.hase3 the cell shown' IR take into account that the response of the system when
Fig. 4 has been divided in eight cubic regions, corresponding,nsidering the instantaneous value of the potential is going
to the eight(111 directions and the percentage of minima ; e gifferent from the one obtained when considering the
located at each region has been calculated. Results are sufgng-term time-averaged value. In this study, the temporal
marized in Table I. Note how all percentages are very similayerage means the average over MCS. Next we study the
at the paraelectric phase, indicating that the eight regions a@mporal averaged value of the potential at any point of the

almost equally populated. On the other hand, only the direcsdied region folN,=20 000 different instantaneous con-
tions with ux <0 are populated in the ferroelectric phase.  figurations(t=20 000 MCS:

However, there is still the question of why experimental

are compatible with previous ones obtained for BagliGing

results have mainly extended an opinion of a Ti ion sitting at _ Neont
the center of the unit cell in the paraelectric phase and dis- V(y) = > V(). (2
placed at the ferroelectric phase. From extended x-ray- conf t=1

absorption fine structure, pair-distribution function, and  The value ofu in this equation is not averaged over the
I . I
NMR, it is conc_llzjéjed that the local structure of hi§h- \;cs. Now there is a total minimum of the averaged poten-
superconductof$ % and oxide ferroelectri€$ deviates g for a particular value of the local mode that we wil
from the average structure obtained from x-ray or neutrorgenote aa™. We find thatu™~ 0 in the paraelectric phase
(I 1

crystallggraphy. As former experiments are basgd on a MUCHLq M+ 0 at the ferroelectric phase. So, the question about
faster time scale than the conventional scattering method%hy IBaTiO3 behaves as if the Ti atom is centered at

the res_ults are in fact not ?n conflict but show tha_t the Vari.ouﬁ)araelectric phase and displaced at the ferroelectric phase is
collective particle dynamics are governed by different time, .\ answered considering the long-term averaged behavior
of the potential. In Fig. 5, we plot the position of the mini-

TABLE |I. Percentage of instantaneous local minima found .
g ofa mum for both phases together with all values of local modes

around the eight possib{@&11) directions. Minima were found after

thermalization front=1 MCS tot=20 000 MCS usind=0.5 at the fulfilling
paraelectricT=400 K and ferroelectrid@ =250 K phases. — _ _
V(w) < [Vum + fvum | 3)
T=400 K T=250 K .
for a given factorf.

111 6.65 0.05 In order to get an idea about the behavior of the averaged
1-11 8.45 0.19 potential energy inside the cell, it is useful to p\diu;) ver-
11-1 14.74 0.7 susy; for u;=(ux,0,0). Results are presented in Fig. 6 for
1-1-1 13.31 1.12 both, the paraelectric and the ferroelectric phases. Note how
-111 12.05 20.75 in the paraelectric phase the minimum\&iy;) is almost zero
-1-11 17.80 32.80 and it is located at the center of the unit cell. However, in the
-11-1 15.48 17.21 ferroelectric phase, the minimum is negative and different
“1-1-1 1.33 26.63 from zero, and it is displaced from the center of the unit cell

as corresponding to a typical displacive transition.
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0.015 — T T 7 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 phaser at
=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-
: 0.4 mum instead of a constant potential with eight minima. Ba-

ux (a.u.) sically, the behavior of the system depends on how fast the
— _ response of the local mode is to the dynamic changes of the

FIG. 6. V(u) versus u with u=(ux,0,0 for T=400K  jngtantaneous minimum. A fast response is responsible for
(continuous ling corresponding fo the paraelectric phase andy,o o qer disorder component and a slow response is respon-
T=250 K (dashed ling corresponding to the ferroelectric phase. _. . . - o
The time- average performed fis 20 000 MCS. s!ble for .th'e dlspllacwe component. Since the position of thgz

single minimum is due to the overall status of the sample, it

To conclude, a first-principles numerical simulation of theis possible to state that the degree of order-disorder and dis-
instantaneous local potentials in BaTgi€hows how the en- placive components in BaTiOs a measurement of the re-
ergy felt by the Ti ion is not due to a constant potential withsponse of a single Ti ion compared to the cooperative evo-
eight minima but to a single minimum with position and |ution of the whole sample.
depth changing in time. This single minimum is noncentered
in both the paraelectric and the ferroelectric phases. In the | am indebted to J.A. Gonzalo for enlightening discus-
paraelectric phase, the deeper values are found when tisons. Comments from J. ifiguez, M. G. Stachiotti, and R. L.
minimum is localized in eight regions along the body diago-Migoni are gratefully acknowledged. | acknowledge the
nals. In contrast, in the ferroelectric phase, deeper values ai2GICyT for financial support through Grant No. BFM 2000-
found when the minimum is localized in a surface formed0032.
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