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Ferroelectric soft mode and relaxation behavior in a molecular-dynamics simulation
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A molecular-dynamics simulation is performed for KTa@nd the paraelectric phase of KN the
framework of the nonlinear oxygen polarizability model. The dynamical structure factor for wave ector
=0 is studied as a function of temperature. In KNb®peak corresponding to the ferroelectric mode can
hardly be identified only near the melting point. It coexists with a well developed central peak which grows in
intensity and narrows with decreasing temperature. The latter is correlated with the observation of a relaxation
dynamics between off-center minima of the effective potential for the soft-mode coordinate. The soft-mode
peak shifts to higher frequencies and gains intensity as the temperature is further increased above the melting
point, while the central peak disappears. This behavior constitutes theoretical evidence of a crossover from a
displacive to an order-disorder dynamical regime near the ferroelectric phase transition in;. KNii®
crossover was originally postulated to interpret the experimental data. Although these are available in the lower
temperature range where the soft mode is not observed as a separate excitation, a coexistence of both dynamics
had to be proposed to interpret the various experiments. In KTeOobserve a well-defined ferroelectric-
mode peak which softens with temperature in good agreement with experimental [G&XB63
-182997)00522-5

I. INTRODUCTION transitions. According to the eight-site model, all sites are
visited with equal probability by th& ion (Nb or Ti) in the

Both KTaO; and KNbQ; exhibit the cubic perovskite cubic phase. Four sites with equal projection along one of the
structure at high temperatures. While KTa@oes not un- cubic axes become preferentially populated in the tetragonal
dergo any phase transition and remains paraelectric down fghase. Among these only two nearest-neighbor sites remain
temperatures of 0 K, KNbgbecomes ferroelectric at 708 K, most probable in the orthorhombic phase, and finally only
with a tetragonal distortion and polarization alond1®0] one site is occupied in the rhombohedral phase.
direction, transforms to orthorhombic wikti10] polarization A ferroelectric soft mode is very well defined in KTgO
at 498 K, and finally settles in a rhombohedral phase withas observed by various techniqdés!’ It softens steadily
[111] polarization below 263 K. The polarization of the three with cooling untl 0 K is approached, where it remains stable
ferroelectric phases is mainly related to the relative Nbjust due to quantum fluctuations. A quite similar behavior
oxygen octahedron displacement. has been observed in SrTjOwhich induced these two com-

In the framework of the nonlinear oxygen polarizability pounds to be termed quantum paraelectrics. A relaxational
(NOP) model, we evaluated recently the energy as a functiomlynamics has been observed in addition to the soft-mode
of Nb displacements on E011] plane which contains the dynamics in the quantum regime of both compoutfdSev-
above directiond. In agreement with previous eral attempts have been made to observe the ferroelectric
semiempiricdl and ab initio® calculations, we obtained an mode also in KNb@(Refs. 7, 19 and BaTiQ;2*?* however,
energy maximum at the octahedron center, absolute minimgne results had to be interpreted in terms of an overdamped
on the[111] directions, lower saddle points on ti#10]  oscillator with such a high damping that it could hardly be
directions, and higher saddle points on fi€0] directions.  distinguished from a relaxator. In fact, an unified interpreta-
The relative energy values of the NOP model and localtion of the infrared reflectivity, dielectric, Raman, and hyper-
density approximation calculations show a good quantitativdRaman scattering data for KNh@as been given by assum-
agreement as well. The presence of fié1] minima has ing the coexistence of a relaxational mode and a soft phonon
been confirmed by an extended x-ray-absorption analysiswhich is extremely overdamped in the cubic and tetragonal
Such energy behavior is consistent with the sequence of traphase$. The thus obtained frequency of the ferroelectric
sitions observed in KNbg) as predicted by an early pro- mode softens continuously throughout the cubic, tetragonal,
posed eight-site modéf This order-disorder model had and orthorhombic phases without vanishing at any transition.
been initially developed in order to explain the markedlyA crossover from a displacivésoft phonon to an order-
anisotropic diffuse scattering observed for x rays. Furthedisorder(relaxation behavior could occur at very high tem-
evidence of an order-disorder behavior was provided by inperatures in the cubic phase, since the ferroelectric mode is
frared spectroscopyand the direct observation of a relax- overdamped 4r/wg>v2) below at least 1200 K. An
ation dynamics through a central component in the Ramaanalogous behavior is observed in BaTitd
spectrunf® A similar order-disorder behavior has been ob-  Theoretically, a crossover from a soft-mode to a relax-
served in BaTiQ > *which displays the same sequence ofational dynamics, with the signature of a central peak in the
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dynamic response and precursor order clusters, has been pestions, is a very reliable starting point to be used for
dicted within a qualitative model with on-site double-well atomistic simulations of both compounds. Preliminary results
potential and intersite harmonic interacti®ii?* however, a  presented at the 8th European Meeting on Ferroelecticity
quantitative account of the overall behavior in KNp@nd  did not allow the observation of a soft-mode peak in
BaTiO; is still missing. An accurate description of the ferro- KNbOz. We show here that it appears at very high tempera-
electric soft-mode regime iMBO; perovskites has been tures. Also we havg solved problems in thg thermahz_atl.on of
given on the grounds of the NOP mod&This model em- the S|m_ulat|on wh|ph were encquntered in the prellmlnary
phasizes the large anisotropic polarization effects at the oxycalculations and arise from the high degree of harmonicity of
gens produced by variations of the Bdistance. Such ef- the model.

fects are expected in view of the strong environment-

dependent oxygen polarizability and its enhancement Il. MODEL AND COMPUTATIONAL DETAILS

through hybridization between oxygerand transition-metal

d orbitals. Recent electronic-structure calculatitfis?®
have demonstrated that hybridization between oxygen an
transition-metal states is an important feature for driving th
ferroelectric instability. Thus a shell model was propose
where the only source of lattice anharmonicity is an interac
tion term of fourth order in the oxygen shell-relative-to-core
displacement component along theBdsond. The harmonic
part of the model is unstable against the ferroelectric mod

We summarize briefly the main characteristics of the NOP

odel, which has been described in detail elsewfetéit is

shell model with isotropic core-shell couplingka(kg)

nd shell chargesY(y,Yg) for the A and B ions in the
ABO; system. For the O ions two different harmonic core-
shell couplings Kog.koa) are considered, depending on
whether the displacement of the shell relative to the core lies
along the OB bond or perpendicular to it, respectively. In
fhe first case an additional fourth-order couplikgg g is
! ) ®fKcluded, which is the only anharmonic force constant of the
tially becagse the strong CoulombB?attracUon OVErcoOmes - qgel. Interionic short-range interactions are represented by
the repulsive forces that h_o_ld the ion at the C_Ub'c cell axially symmetric harmonic force constants between the
center. Therefore the stability should be provided by the xygen shell and those of its nearest B, and O ions.
fourth-order term. This has been harmonically approximate inally, harmonic Coulomb interactions éouple cores and
by temperature averaging a pair of displacements, which ighells 6f every ion
evaluated self-consistently. Hence the temperature depen- The parameteré of the model have the same values for

dence of the complete phonon dispersion can be calculate%.
. - - . nd KNbQ, except for the oxygen core-shell -
The effective harmonic term stabilizes the ferroelectric mod IinagO(B:oansOtlantS?i ai deeCE)B BO Th:yow}égrlg fir(::t) g e?efmir?gg

I?_:fs prSg{{?'ggT'.tS tzesmK[)Iia”r)aOturZ% %epTe.”di{,‘Ce- Ap:cl)hcatlt(;]ns t or KTaO; by fitting the experimental phonon frequencies
a0;, rTiO;, 3 aTio; ™ as well as the through a calculation within the self-consistent phonon ap-

mixed compound KTa. ,Nb,O; (Ref. 29 for all Nb concen- proximation (SPA).1” One set of parameters, including the

trations, lead to results in excellent agreement with the exénharmonickOB 5, was sufficient to reproduce the experi-
perimental phonon data. *

However, the self-consistent treatment of the quartic ir1_menta| data from 0 to 1200 K. Ana]ogous calculations -have
teraction in’the NOP model washes out the potential maxi-been performed for KTa,Nb,Os with 0=<x<1, where it
. . was found that only the change kg andkqg g allowed the
mum at the cubic structure in terms of the soft-mode coor- hors t duce the phonon data on KNBO®730 K
dinate. It therefore excludes a relaxation behavior, which hagUt ors to repro P b >
i . and the temperature dependence of the ferroelectric soft
wrongly led to the conclusion that the NOP model is purely . . :
displacive. In order to test the capability of the model tomode in the paraelectric phase measured for the entire range
p p y 29
describe a crossover from displacive to order-disorder tran-
sition mechanism, a qualitative study with a simplified two-
dimensional diatomic version of the model was perforrited. 1 1
To this purpose the instability originated by competition be-  V(u,w)=> u'(S+C*%u+ 5 wi(S+K+C"Mw
tween short-range and Coulomb forces was simulated by tak-
ing a quartic double-well potential for the core-shell interac- 1
tion at one of the atomic units, while the other was +ul(S+C*)w+ Tl Kog,s> Wa(10,), (1)
considered rigid, and only short-range interatomic forces ' e
were left. A molecular-dynamics simulation with this model whereu and w denote core and shell relative to core dis-
allowed us to observe, in addition to the soft mode, the applacements, respectively. The short-range shell-shell interac-
pearance of a central peak in the dynamical structure factotions are represented by the matfixand the Coulomb shell-
a local relaxation dynamics, and fluctuating precursor doshell, shell-ion, and ion-ion interactions are represented by
mains on approaching the transition. the matricesC'Y, C%Y, and C%%, respectively,Y denoting
In this paper we analyze the dynamical structure factoshell andZ ionic charges.KC is a diagonal matrix which
obtained through molecular-dynamics simulations at severalontains the harmonic core-shell coupling constants. The last
temperatures in the paraelectric phase of Khbénd term represents the nonlinear core-shell interaction at the
KTaO,. The validity of any potential simulation study de- O~2 ions, where Q denotes an oxygen whod® neighbor
pends, to a considerable extent, on the quality of the paiions lie in thea direction and is a cell index. The adiabatic
potentials used. Taking into account our previously men-<ondition requires that the electronic shell configuration be a
tioned results,we consider that our model, even in the har- potential minimum for an arbitrary core configuration, thus
monic approximation for the short-range and Coulomb interdeading to

The model potential is



568 M. SEPLIARSKY, M. G. STACHIOTTI, AND R. L. MIGONI 56

------ 800K

[ ----1100K
0 . - 1400 K
E \ —— 1600 K
s :
=
£
- g
—_ G
123 —
p= B
S T
> z
> L @B
<
B
=
2
=&
E) Frequency (cm™)
s F
1]
g FIG. 2. Dynamical structure fact@(q=0,w) of KNbO; at sev-
(]

eral temperatures in the paraelectric phaseJet(2,0,0)(2r/a),
in the low-frequency range corresponding to the ferroelectric mode.

r(t+8t)=r(t)+ stv(t) + % (8t 4a(t)—at—at)],  (5)
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. For the time step we choose the valug 50~ 1° s, which
FIG. 1. Dynamical structure fact®q=0,0) of KNbO; at 730 s —10 times smaller than the smallest normal mode
K, for G=(1,1,1)(27/a), in a frequency range that includes all period.zg We let the system evolve over 3000 time steps,
TO(T) modes. which we verified are sufficient to thermalize and reach sta-
N L bility, and then we consider 12 000 additional time steps for
2 o (SHCODUH(SHE+CMW+ — Ko g gf (W) =0, the evaluation of the physical quanti'ties. . '
oW 31 The temperature of the system is adjusted by letting a
(20 NoseHoover(NH) thermosta¥* act on each core coordinate.
where the vector f(w) has components f (I «) This is achieved b_y modifying the previous equations of mo-
=w3(10,) d«,0,- With w implicitly determined by Eq(2) as tion (3) as follows:
a nonlinear function oy, Eq. (1) gives an effective long- m,U,=F;— p;mu; , )
range anharmonic potential for the cores. _ _
The lattice(core$ equations of motion which correspond whereF; represents the right-hand side of Eg), and the
to the potential in Eq(1) are “friction” coefficient #; of the thermostat evolves according

to
MU= (S+C%)u+(S+C*M)w, 3

wherew is a nonlinear function ofi, as already explained.
The molecular-dynamics simulation reported here was
carried out in thel,V,T) ensemble, considering a supercell

of 4X4X4 unit cells with periodic boundary conditions. model couples a limited number of modes to each otimer
The actual cubic lattice parametaris significant only for cluding the ferroelectric modemany modes do not inter-
the dimensions of several magnitudes, since all interatomiEhange energy. As a consequence, the temperature of the
forces are harmonic. The Coulomb matrices are calculategoup|ed modes may differ from the n’”nean temperature of the
once (by the usual Ewald's methodas well as the short- g0 depending on the initial conditions of the simulation.
range matrixs, Wh'c.h red.uces greatly 'Fhe compgtanonql e This led us to a wrong evaluation of temperature and possi-
fort. The shell configuration at each time step is obtained 1y, 5150 to distortions of the dynamical structure factor in our
from Eq. (2) by iterating the following expression: preliminary calculations? where the temperature was fixed

1 by rescaling particle velocities after each step. The usual NH

w=—K Y (S+C" MW+ (S+C Hu+ =7 Ko sf(W) |. procedure of applying a unique thermosfsingle ») to ev-
3! ery degree of freedom also did not help to achieve thermal
@ equilibrium.

The convergence is accelerated by a steepest-descent proce-The dynamical structure fact®(q,w) is evaluated as the
dure. For the integration of the dynamic equations we use thgpace-time Fourier transform of the core-core displacement
following Beeman algorithni® correlation function:

7= (mu?—kgT)/ (kg T7). ®)

This procedure was necessary to drive the system into
thermal equilibrium. Since the anharmonic term of the NOP
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FIG. 3. Time evolution of the polarization in a single c&bove and in the supercelbelow) at several temperatures in KNRO

MZ E iR -R) appear below 200 cit. We cannot assign the structures ob-
€ oo served in this frequency range to anything else than effects of
the numerical integration.
><<Q.U'K(t)Q. u'K’,(o», 9) We search for evidence of the ferroelectric mode at in-
creasingly higher temperatures and try with sev&alec-
tors. As shown in Fig. 2 foiG=(2,0,0)(2w/a) no well-
defined structure appears below the melting point of the
material (1323 K). On the other hand, we observe a quasi-
elastic component 08(0,w) (central peakwhich sharpens

rect approactt® The choice ofG affects the relative inten- and grows in intensity with decreasing temperature. As we

sities of peaks corresponding to different modes. A GaussiaW'_” further d|s§:uss below, Fh'fs is the signature of a relax-_
. ; natlonal dynamics characteristic of an order-disorder transi-

tion mechanism. Nevertheless, with the aim to observe if a
crossover to a soft-mode dynamics can be detected in
S(0,w), we increase the temperature of our simulations
Ill. RESULTS AND DISCUSSION above the actual melting point. A wide structure in the
70—140 cm? frequency interval at 1100 K develops a peak
at ~125cnm ! as the temperature is increased to 1400 K.
We show in Fig. 1 the dynamical structure factor This peak, which corresponds to the ferroelectric mode,
S(0,w) for KNbO; at T=730 K in a frequency range that shifts to higher frequency and gains intensity as the tempera-
extends up to the highest TO modes. The LO modes do natire is further increased to 1600 K. This dynamical behavior
appear to be split from the TO ones because we do not inconstitutes theoretical evidence for the existence of a cross-
clude the macroscopic field. Thus each peak in Fig. 1 correever from a displacive to an order-disorder regime to explain
sponds to a triple degenerate optical mode. We select thhe mechanism of the ferroelectric phase transition in
reciprocal-lattice vectoG=(1,1,1)(27/a) in Eq. (9), such  KNbOs;.
as to obtain enough intensity for the high-frequency modes. We distinguish two dynamic regimes as a function of
By comparison with the SPA resuifave identify the peak at temperature, one signed by the presence of the soft mode
300 cmi ! as due to the silent mode bf,s symmetry, and the above~1400 K, and another signed by the central peak be-
peaks at 210 and 600 crh correspond to higher infrared- low ~1100 K. To characterize the particle dynamics in these
active modes of ;5 symmetry. No evidence shows up of the two regimes we plot in Fig. 3 the time evolution of the po-
lowest I';5 mode, i.e., the ferroelectric one, which should larization in a single unit cell and that of the whole supercell

sQu)= | dte

| k 1!

whereQ is an arbitrary wave vector, which can be decom-
posed in a reciprocal-lattice vect@ and a wave vectoq
within the first Brillouin zone,Q=G+q. To analyze the
zone-center modes we calcul&€0, w) by the so-calledli-

before the time Fourier transform is performed.

A. KNbO 5
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at different temperatures. To make evident the behavior de
scribed below we take 3000 of the total 12 000 time steps. A
1800 K (high-temperature regimeonly fast oscillations 100 -
around zero polarization are observed for both the single cel
and the supercell. At 1000 Kow-temperature regimethe
coexistence of fast oscillations around finite polarization val-
ues with slower changes in the polarization sign is clearly
seen for the case of a single cell. The critical motion, there- 50 2;0 : 4;0 : 6;0 : 3c;o : 10'00 : 12'00
fore, possesses two components with different time scales
While one component is associated with oscillations abou Temperature (K)
guasiequilibrium positions and give the phonon feature, the
other corresponds to a relaxational motion between equi- FIG. 5. Temperature dependence of the ferroelectric soft-mode
probable positions. From the mean frequency of the polarpeak in KTaQ (full line) compared to the experimental neutron
ization sign changes at 1000 K, we can roughly estimate theata(Ref. 17 (square dots
inverse relaxation time as 27 cm %, which is in quiteégood
agreement with the value fitted from the experimentye .
vgrified that the polarization reversals beconrw)e less frequent: As in KNbO; we taker(Z,0,0)(Zw/g) .for a better
upon cooling, which is related to the narrowing of the centraldiSPlay of the ferroelectic mode peak. This is quite well de-
component o5(0, ). fined and s_ofte_ns steadily over th_e whole temperature range.
The supercell polarization at a given temperature shows 45 Shown in Fig. 5, the frequencies at which the peaks are
less regular time evolution than a single o&ée, e.g., the centered have a temperature dependence in good agreement
plots for 1000 K in Fig. 2 This behavior should be related compared with inelastic neutron-scattering data in the same
with a restricted correlation between polarizations of differ—tempe"’_‘t“re7 range, and also with results of the SPA
ent unit cells. The central peak intensity growth with de-calculations. _ _
creasing temperature should reflect an increase of this corre-_ | "€ energy as a function of Ta displacements evaluated
lation. In fact we observe also in the supercell a slowingVith the NOP model shows a very flat minimum at the cen-
down of the polarization reversals while cooling. Neverthe-rosymmetric posltloﬁ, which agrees with anab initio
less, at least one reversal appeared in the observation intern/gSUlt" However, if the other ions are also allowed to dis-
of 12 000 time steps up to temperatures as low as 350 K. aplace according to the ferroelectric mode eigenvector, off-

300 K no reversal was observed, and the system may bgentered minimums only 0.05 mRy below the centrosymmet-
considered to be in the ferroelectric phase. At this tempera!c Maximum appeat.Therefore a quasiharmonic dynamics

ture the three polarization components turned out to béS expected for the ferroelectric mode in this effective poten-

equal, which corresponds to the rhombohedral phase. wial. This is.reflected in the sharpness of the high-temperature
recall that it has been predicted in the framework of theP€aks in Fig. 4, and in the fact that the SPA works well for
eight-site model, that only the direct transition to the lowesttiS material. In contrast with the good agreement obtained
energy phase will occur if the cubic lattice is rigid main- for the fgrroelectrlc mode frequency, its Wldth increases with
tained, thus not allowing for the homogeneous deformation§€creasing temperature, which contradicts the experimental
present in the various phase®e obtain at 30 K a polar- observatiort! .ThIS result_of the simulation seems pIz_:1u_3|bIe
ization of ~ 45 uClon?. for the classical dynamics of a system which exhibits an
effective double-well potential. In fact, one expects the soft
B. KTa0 mode to be increasingly coupled to the relaxation mode as
' 8 the temperature decreases, thus leading to a higher damping.
In Fig. 4 we show the dynamical structure factor for On the other hand, anharmonic perturbation theory would
KTaO; at g=0 at several temperatures between 0 and 1200ead to a decrease of the damping with temperature due to a
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smaller decay of the soft mode into other phonons. Such averdamped oscillator to adjust the experimental data, ap-
theory could be applied only if there is no instability at the pears as a distinct peak 8{q=0,w) at temperatures above
cubic centrosymmetric phase. Therefore, we can speculatee range of available experimental data.

on the possibility that the effective potential for the soft Due to the constant-volume treatment performed, the
mode is actually very flat but with no off-center minima. simulation leads to a direct transition to the lowest ferroelec-
This is a point which has been recently discuss&dn ad-  tric phase, with111] polarization. To obtain the intermedi-
dition, the very large peak width observed at 200 K, and theate tetragonal and orthorhombic phases it is necessary to per-
central peak which appears below this temperatiig. 4  form a constant-pressure simulation considering interionic
can be considered a spurious effect of the classical simulgotentials instead of force constants. This study, which is in
tion, where zero-point quantum fluctuations are not considprogress, could also help to elucidate the nature of dynamical
ered. These fluctuations provide energy to the soft mode. correlations near the cubic-tetragonal phase transition in
KNbOs. The dynamical structure factor of KTg@Ghows the
ferroelectric mode as a sharp peak which shifts with tem-

) ) perature in quite good agreement with experiments and with
The dynamics of the NOP model confirms a crossoveyegits from the SPA for the model.

from a displacive to an order-disorder mechanism for the
paraelectric-ferroelectric transition in KNROas has been
proposed to interpret various experiments. The order-
disorder behavior extends in the paraelectric phase over sev- We thank J. Kohanoff for advice on the molecular-
eral hundred degrees above the experimental transition tensdynamics technique. We acknowledge support from Consejo
perature to the tetragonal phase and explains the relaxatidwacional de Investigaciones Cidiitas y Tenicas de la Re-
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