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The dielectric and ferroelectric behaviors of relaxor ferroelectrics over the ferroelectric transition
range are simulated using Monte Carlo simulation. The simulation is based on the Ginzburg—
Landau ferroelectric model lattice in which a random distribution of two types of def@opmants$

which will suppress and enhance the local polarization, respectively, is assumed. The simulation
reveals an evolution of the ferroelectric transitions from a normal first-order mode toward a
diffusive mode, with increasing defect concentration. The simulated lattice configuration shows the
microdipole ordered clusters embedded in the matrix of paraelectric phase over a wide range of
temperature, a characteristic of relaxor ferroelectrics. The relaxor-like behaviors are confirmed by
the lattice free energy, dielectric susceptibility, and ferroelectric relaxation evaluated as a function
of the defect concentration. Finally, we present a qualitative comparison of our simulated results
with the simulation based on the coarse-grain mddel C. Su, B. Vugmeister, and A. G.
Khachaturyan, J. Appl. Phy80, 6345(2000)]. © 2004 American Institute of Physics.
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I. INTRODUCTION random-field model;** among some other models are com-
monly employed to explain those experimentally observed
Relaxor ferroelectric§RF9 represent a class of ferro- effects for various RF&1°
electric materials exhibiting abnormal dielectric and ferro- In the comprehensive understanding of the microscopic
electric properties” They show an excellent electrome- characteristics of RFs, the concept of defect is basically im-
chanical performance and high dielectric susceptibilityportant. It can also be viewed as a kind of compositional or
around the diffusive phase transition point, which are of spestryctural inhomogeneity. As is well known, those mostly
cial interest for sensor and transducer applications, whilgnterested RFs are doped perovskite oxides in which special
normal ferroelectric$FEs usually exhibit a sharp ferroelec- types of crystal defects are believed to be responsible for the
tric transition at a certain temperature. Structurally, it iS be-gpserved relaxor behaviotd*~1°These defects can be either
lieved that RFs are disordered electric-dipole media in whichmpurity atoms distributed randomly in the lattice or off-
nanosized dipole ordered clusters are randomly embedded #gnter dopant ions which generate the so-called internal ran-
the matrix of nonpolar phasgaraelectric phase, PBelow  gom fields or random bonds, or even a frustration of long-
a certain temperaturgypically 1 K).>"*°A number of ex-  range ordering state due to some reaofierefore, the
perimental and theoretical studies on the mechanism respopycqg| polarization may be suppressed or enhanced by these
sible for the abnormal polarization characteristics in RFsyefects, depending on the types of interaction between these
have been performed in the last several decades since thRfects and the lattice. The role of these defects is considered
compositional  inhomogeneity  model  proposed  byip the theoretical models mentioned above in direct or indi-
Smolensky, although a widely accepted physical portrait hasyect manner. For example, in the compositional inhomogene-
not yet been available. The micromacro domain transitior]ty model, the defects may be impurity atom or dopant’on.
model? the superparaelectric modelthe dipole-glass  For the former, the impurity atoms in the lattice are viewed
model? the order—disorder model and random-bond- ¢ disorderedrandom static defects coupled locally with
the transformational mode which is responsible for a stable

dAuthor to whom correspondence should be addressed; electronic maig'DOIe'_Therefore' th? defecf[s may suppress the magn'tUde of
liujm@nju.edu.cn local dipoles from site to site. For the latter, a model was
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proposed by Vugmeister and GlincHukhere a highly po- PE phase takes the square configuration and the FE phase the
larizable paraelectric host lattice with a displacive dielectricrectangular one. On each lattice siten electric dipolgpo-
response to external electric fiel is considered. If this lar) is imposed with its moment vecté=(P,,P,), where
lattice is doped by off-center dopants, a local dipole will P, andP, are the two components alongaxis andy axis
form and the local dopant may occupy one of the crystallotespectively, and their magnitude is allowed to change in
graphically equivalent off-center sites around the unit cellorder to minimize the lattice free energy. Although it was
center, and the resultant dipole moment may align along onelentified that for some RF systems the thermally activated
of the equivalent vectors. Such an off-center displacemerips of the dipoles may not be the unique mechanism with
may lead to an enhancement of local dipole moment. which the system undergoes the dielectric relaxation over the
From the above picture on the role of defects in RFs, ong@hase transition range, we still assume this mechanism to be
may argue that RFs can be virtually viewed as originatinghe unique one because the other possible one, such as po-
from a random doping of the two types of defects into alarization resonance, cannot be dominant unless the tempera-
normal FE lattice, although it could be difficult to clearly ture is low?® Furthermore, each moment veciis limited
identify the type of doping which can certainly enhance orto take four orientationf0.+1] and[*=1.0] while its magni-
suppress the local polar moment. Quite a few models mertude is allowed to take any value with{@.1). This limitation
tioned above are based on this argument and they introducedfers to the tetragonal structure of typical ferroelectric
a random field into the polar interactions considered in theBaTiO;.2% It should be noted here that the coarse-grain
original models. Recently, this idea was once more adoptethodel by Su and co-workers represents an updated descrip-
by Semenovskaya and Khachaturfain the Ginzburg— tion of the domain structure of RFs, and the extensive three-
Landau thermodynamic description of the FE lattice withdimensional3D) simulation based on this model indeed re-
impurity-induced defects and subsequently by the samegeals the major features of RFs in terms of both
group in the coarse-grain description of the Ginzburg—microstructure and dielectric behaviors. Here in this article
Landau theory® They included the effect of local dipole we give our attention to the configuration of electric dipoles
fluctuations induced by impurity ions and dopants in thein RFs. Although there is no quantitative comparison be-
Landau free energy. In addition, these models represent aveen our simulation and the 3D simulatibha qualitative
realistic description of multi-domained FE lattice in which consistence between them will be revealed.
the dipole—dipole interaction, domain wall energy, and even  As proposed by Semenovskaya and Khachatuf§ave
long-range elastic energy are taken into accdtifftt while  consider several free energy terms which will determine the
these interactions have been less considered in other modetipole configuration in the lattice. They include the Landau
Therefore, it would be interesting to apply the Ginzburg—free energy, the dipole—dipole Coulomb interaction, and the
Landau model to study the dipole configuration, the dielecgradient energy accounting for the domain wall inhomoge-
tric and ferroelectric behaviors in a FE lattice doped withneity. For normal FEs, the long-range elastic interaction can-
various defects. In a previous work, we employed this modehot be neglected, but it is not essential for RFs if one adopts
to study the relaxation of dielectric and ferroelectric behav-the picture of microdipole ordered clusters embedded in the
iors observed in ferroelectric copolymers irradiated by high-nonpolar matrix. For a dipole of momeRtat sitei in a 2D
energy proton beams in which the irradiated sites werdattice, the Landau free energy can be written as
viewed as induced defects suppressing the local
p_olarizatiorf.5 The simul_ated results show a satisfactory con-  F,(P,)=A( p)2(+ p)zl) +Aq( |:>§+ p‘y‘) +A12p§p§
sistency with the experiments.
In this article, we would like to perform a Monte Carlo +A1(PR+PD), 1
(MC) simulation on the dipole configuration and dielectric
behaviors in a defected Ginzburg—Landau model lattice irwhere subscript refers to lattice site, A;, A;;, Agp, and
which both types of defects mentioned above are assumed 1, are the free energy coefficients, respectively. For normal
exist in a disordered configuration. We shall show a graduaFEs,A;>0 favors a stable or metastable paraelectric phase
evolution of the lattice from normal FE pattern to a coexist-while a first-order ferroelectric transition will occur &;
ence of micropolar regions and nonpolar matrix. It is shown<O0.
that the simulated dielectric susceptibility and polarization ~ The domain wall gradient energy for a siteand its
relaxation reproduce the main characteristics of RFs. Waeighborj can be written &8-%
shall also perform a qualitative comparison of our simulated
results with the simulation based on coarse-grain model of 1 ) )
Su, Vugmeister, and Khachatury&h. FolPij) = 5[Gu(Pixt Py y) + GraPuxPyy

+ G44( Px,y+ Py,x)2+ 64’14( Px,y_ Py,x)z],

@
Il. MODEL AND ALGORITHM OF SIMULATION

A. Model WherePi'J:(?Pi/axj. Since parametelG,,, G1,, G44, and

G,, are all positive, in most cases this free energy term is
Our MC simulation starts from a two-dimensior(@D)  positive, favoring a uniformly parallel alignment of dipoles.
LXL lattice with periodic boundary conditions, where the In addition, a generic choice &, G, G44, andG,, may
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result in anisotropic domain wall energy. The dipole—dipoleto partition the defects into the two types. There are totally
Coulomb interaction for sité and its neighborg has the Cp~C-L2 type | defects and (& Cp)-C~L2 type Il defects

following form in the Sl unit?® in the lattice.
P(ri)-P(r:)
Fa(P)=g———2 —
oX @ [ [ri—rj B. Algorithm of simulation
3[P(ri)-(ri—rpI[P(r-(ri—r)] As mentioned above, we assume that the dielectric and
- Iri—r|5 .+ () ferroelectric relaxation is uniquely determined by the ther-
il

mally activated flip sequence. Thus the MC simulation is
where e, and y are the vacuum susceptibility and relative performed via the kinetic Metropolis algorithm. The simula-
dielectric susceptibility, respectivelyj) represents a sum- tion procedure is described below. For the initial lattice, each
mation over all sites within a separation radRigentered at  site is assigned a dipole with its moment magnitédiaken

site i, parameters;, r;, P(r;) and P(r;) here should be randomly within(0,1), and its orientation being one of the
vectors,r; andr; are the coordinates of siteéandj, respec-  four states:[+1.0] and [0.=1], respectively. At the same
tively. In a strict senseR should be infinite but an effective time, whether a defect to be chosen to attach this site is
cutoff at R=8 is taken in our simulation without losing determined by comparing a random numisgr with C. If
much accuracy. A minimization d% 4 favors the head-to-tail R;<<C, this site is attached with a defect and is not other-
alignment of dipoles. The energy for an antiparallel dipolewise. Then second random numiiy is generated to deter-
alignment between two neighboring rows is slightly lower mine the type of this defect. R,<C,, this defect belongs
than that for a parallel alignment between the two rows. Byto type |, and to type Il otherwise. The degree of order of
an appropriate choice of parametd®s,, Gi,, G4, and both the moment enhancement and suppression is chosen
G4, the system prefers a ferroelectric transition upon a low+andomly within[0.50,,b,].

ering of temperature. The simulation begins at an extremely high temperature
Finally, the electrostatic energy induced by an externakT=12.0 wherek is the Boltzmann constant and will be
electric field is omitted later for convenience, and th&rdecreases step by

step during the simulationTC= 3.0 is chosen At each tem-

Fe(Pi)=—Pi-E, 4 perature step, a sités chosen at randonk, 4, Fg, Fg, and

whereE is the external electric field, an, andE are vec-  Fe are calculated, respectively, to obt&in. This site is then
tors. In our simulation, vectdE takes thd 1.0] direction. The assigned another dipole with its magnitude and orientation

total free energy counting all of these interactions for sige ~ {aken randomly to simulate the dipole flip. Subsequery,
is calculated again to compare with the valué-pbefore the

Fi(P)=FetFgt+FgtFe. (5)  assigned flip, and the difference Bf after and before the

Now we consider the effect of defects. It may be argueﬁls;'%%%?igllgléﬁi&r'nA probability pis calculated from the

that a doping of these defects not only influences on the
Landau free energl .4 but also the other three terrfrg, and p=exp(AF;/kT). 7

Fq4i- However, the latter two terms are related to the dipole—, |, . . .
. . . A third random numbeR; is generated and compared with
dipole interactions and then are the resultant effects. The . -2 .
. If Rz<p, the assigned flip is performed and rejected oth-

randomly distributed defects lead to a spatial distribution fo . . S
erwise. Then one cycle of simulation is completed and a new

the coefficientshs, Az, Azp, andAyy in the Landau free cycle is initiated until a given number of cycles has been

energy Eq(1). It was assumed that ony, is affected by the ompleted. The time of simulation is scaled by the Monte
defects and the other three coefficients remain unchange@arlo step.(mcs) and one mcs represents<L cycles de-

: 20
That is scribed above. In our simulation, the initial 600 mcs runs are
Ai(r)=A 0+ by, -C(ry), done and then the configuration averaging is performed over
(6)  the subsequent 2500 mcs. The lattice saved in the last run is
A= a(T=Tp), a>0, chosen as the initial lattice for the next temperature step, and

the simulation is done with the same algorithm. The data

where >0 is a materials constant, is temperatureA g is ted bel ¢ ) ¢ ith
the coefficientA; in Eq. (1), Ty is the critical temperature for presented below Tepresent an averaging over four runs wi
different seeds for random number generator.

a normal FE crystal with first-order phase transition features. . . )
y b For the thermally activated dipole flips, under an exter-

Here we do not identify the difference betwe€&p and the | lectric fieldE of f d litudeE.- th
Curie pointT. because we do not focus on the critical phe—nf”1 ac-electric nield- ol frequencyw and amplitude,, the
dielectric susceptibilityy is defined a¥

nomena associated with the FE transitioG$r) is the con-
centration of both types of defects,, is the coefficient char- K | N 1

acterizing the effect of defects dn,, and it may be positive X' = N_T< > ,

or negative, depending on the type of defects considered. We

consider two types of defects: typavhich can enhance the K | N w7l ®)
local dipole momentlf,,<0) and typell that will suppress X'= —< 2 —°>,

the moment ,,>0). We define a parametéx, within [0.1] NT\ T 1+ (- 7 wg)"

T 1+ (o 7 wp)"
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TABLE I. System parameters used in the simulation.

Parameter Value Parameter Value Parameter Value
T 3.0 a 1.0 Ay -0.5
A 9.0 A 0.8 Gy 1.0
Gy 0.2 G 1.0 L 40 =
Eo 0.20 Cp 0.3 o (mes™?) 0.01 < v
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where ( ) represents the configuration averagimgijs the
frequency dispersion exponent which depends on the system
to be studied and we follow the Debye model and take
=2, x¥' andy” are the real and imaginary partsgfw is the . e
polariton frequency which is a material constantijs the < (b) T=3.5§-,'1,"
averaged time for dipole switching from one state to another, P R
N=L? andK is a temperature-dependent constant. For RFs,

the lattice is inhomogeneous on€e>0, time 7 becomes site
dependent and it can be expressed in the Arrhenius*form

7=170- T = TooXP(— F¢q/KT) - 7/, (9)

where 7 is the characteristic flip time for a noninteracting
system, which is actually determined by the energy barrier
referring to the Landau free enerdy,q in the mean-field
approximation,rqq is the pre-exponential factor which scales
the characteristic time for lattice vibration. F,4<<O, it
means that this dipole is in a stable state and its flip becomes

relatively difficult. Here,7qo=1.0 and7’ is the averaged in- Jo G
versely number of flips for the dipole at sitgper mcs The eres Al
free energy and lattice parameters used in the simulation are ~ |::::: -
chosen and the dimensionless normalization of them is done
following the work by Hu and Chen on the dynamics of
domain switching in BaTi@ systen? Such a choice is
somewhat arbitrary since we are not focusing on any realistic
system in a quantitative sense. These parameters are given in
Table I.
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[ll. RESULTS OF SIMULATION AND DISCUSSION

A. Dipole configuration

We first study the evolution of the dipole configuration
with increasing defect concentratié®(C,=0.3). In Fig. 1 )
we show the snapshot lattices for a normal FE lattice at sev- iy et
eral temperatures, where the length and direction of the ar-
rows represent the magnitude and orientation of the dipole
moment. For a higf=5.0>T,, as shown in Fig. (8), the
moment of all dipoles is very small and their alignment is
totally disordered, a typical configuration for a paraelectric
phase. AsT is close toT, [T=3.5, Fig. 1b)], the dipole
moment is still small and no long-range dipole order is
found, either.

OnceT is below Ty, the ferroelectric phase transitions . . . . .

. . . . FIG. 1. Simulated snapshot dipole configuration at various temperdfires
occur and the disordered dipole alignment evolves into &, 2 normal ferroelectric lattice.
long-range ordered structure. A clear ferroelectric multi-
domain configuration is formed, with the well-predicted
head-to-tail dipole alignment and preferred 90° domaintheir alignment remains partially disordered. At a [GWT
walls, as shown in Fig. (t), where one sees the moment =1.0), the degree of disordering on the walls is significantly
magnitude become much bigger than the PE phase. Thoseippressed and an almost perfect multi-domain lattice is ob-
dipoles on the domain walls are still small in moment andserved.
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FIG. 2. Simulated snapshot dipole configuration at various temperdfires
for a defective lattice o€=0.5. The circles indicate the local ordered dipole
clusters.

When the defects are doped into the latti€e>0), one

Wang et al.

in which the dipole alignment is ordered &t>Tq(T
=5.0), i.e., some local clusters of ordered dipoles form at a
temperature much higher thdg. As T=3.5, slightly above

Ty, this clustering tendency becomes more significant, as
shown by the circled areas in Figi®. The number and size

of the clusters increase with decreasingon the other hand,
asT is belowT,, however, we do not see a perfect long-
range ordered dipole configuration, while the lattice still con-
sists of clustered areas of ordered dipoles embedded in the
matrix of paraelectric phase. With further decreasing o&
gradual growth and coalescence of these ordered clusters is
observed, and a normal ferroelectric configuration can be
predicted at a very low temperature.

Obviously, all features described above are well evi-
denced for RFs in which nanopolar clusters are embedded in
the PE matrix over a wide range of temperature both above
and belowT,. The feature of diffusive phase transitions is
clearly reproduced, indicating that the present model works
well in describing the microstructure of RFs. Here, it should
be mentioned that in Fig. 2 the long-range ordered configu-
ration is already well developed dsfalls down toT=1.0
[Fig. 2(d)], at which the well-defined domain pattern can be
identified although there still are some small dipole-
disordered zones inside the domains. This configuration can
be viewed as the frozen one, which reflects somehow the
freezing behavior of relaxor ferroelectrics with decreasing
temperaturé® To further confirm this feature, we simulate
the evolution of dipole configuration &=0.9, as shown in
Fig. 3. We can see that the FE phase transitions become even
broader. While quite a number of relatively bigger dipole-
ordered clusters can be seenTat5.0 and 3.5, no well-
defined domain is available even whénis as low asT
=1.0. That is to say that whe@ is bigger, the ferroelectric
transitions cannot be completed unleBss lower. Given
the temperature, the bigg€ris, the smaller the ordered clus-
ters are.

B. Dielectric susceptibility

We present in Figs.(4) and 4b) the evaluated dielectric
susceptibility(real and imaginary partg’ and y”) as a func-
tion of T for lattices of different defect concentrations. Look-
ing at the behaviors of the real part, the latticeCat 0 ex-
hibits a typical FE transition characterized with the sharp
peak of ¥’ at the transition point. Here it should be men-
tioned that the dielectric peak remains finite although the
transition is first ordered, due to the limited lattice size and
multi-domained structure. Correspondingly, the imaginary
part also shows a peak at the transition point. With increasing
defect concentration, one sees a remarkable broadening of
the dielectric peak around the transition point and the peak
position also shifts slightly toward the loWwside. Over the
high temperature rangel &T;), x' decreases slightly with
increasingC, while over the lowT range T<Ty) it in-
creases significantly wit@. This result may partially explain
why the relaxor materials show a higher dielectric suscepti-

sees quite different lattice configurations, as shown in Fig. dility than the normal FEs. The imaginary paft does not
for C=0.5. Because the lattice is doped with two types ofshow largeC dependency over the high+tange, but it in-
defects, we indeed find that there are some small-sized areaseases, too, with increasing over the lowT range, the
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FIG. 3. Simulated snapshot dipole configuration at various temperdflires
for a defective lattice o€=0.9. The circles indicate the local ordered dipole
clusters.

more remarkable wheil is lower. As C is extremely big
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nously with decreasing temperature. This behavior has never
been observed experimentally and its significance is under
doubt(to be discussed below

The significantly broadening behavior gf is the major
characteristic of RFs whose microstructures are featured by
the simulated configurations shown in Figs. 2 and 3. To un-
derstand the susceptibility enhancemenT atT,, one may
consult Eq.(8) and we focus on the real payt. It depends
mainly on termry~exp(—F./kT) and 7. For 7y, given a
temperatureT, as the first-order approximation, one has
Fea~[A1- (T—To) +by,- C(1-2C,)]P? where Fyy is the
averaged value over the whole lattice. Sg, increases with
increasingC and r, becomes shorter &S is bigger. On the
other hand,” would be shorter if a site is attached with a
type Il defect and longer for a type | defect. On the average
sense,7 becomes shorter sinc€,=0.3<0.5. Therefore
(79-7') is smaller whenC is bigger, resulting in largex’
andy” whenT is belowT,. WhenT>T,, the energy barrier
for dipole flip is zero and thus, can be viewed as a con-
stant. However, those sites with the type | defects would
need a longer time to realize the dipole flip because of the
larger dipole momen®, thus 7 will become longer wher©
is bigger. Therefore, abovEg, one is shown a lower suscep-
tibility for a lattice of biggerC.

For the diffusive phase transitions, the two parameters
associated with the susceptibility peak, i.e., the peak position
T, and heighty/,, as a function of the defect concentration
C, is interesting. The evaluaten,, and x,, are presented in
Fig. 4(c). Both parameters show a roughly linear decreasing
with increasingC, indicating a significant suppression of the
sharpness of the ferroelectric transition by the doped defects
induced to the lattice.

C. Dynamic response of polarization

The excellent electromechanical performance of RFs is
believed to originate from the flexible dynamic switching of
the dipoles under external electric field, relative to the rela-
tively worse dynamic response of the normal FEs of long-
range dipole orde?’ We evaluate the static polarization com-
ponentP, of the lattice averaged over about 2500 periods of
the ac-electric field and the results are presented in Fig. 5
where P, is plotted as a function of temperature. With de-
creasingT, P, increases gradually untifr~T,, and then
begins to fall down whef is belowT,. This peak pattern
reflects the strong fluctuations of ordering of the dipole mo-
ment during the phase transitions. What is interesting here is
the dependence @, below the peak position on the defect
concentratiorC. It is easily understood that for a normal FE
of multi-domain structure, the residual polarization at [dw
under a small-signal field must be very close to zero, as
shown in Fig. 5 asC=0.0. As C increases, one sees the
residual polarization also increase and reach up-®05 as
C=0.50. This remarkable residual polarization allows us to
argue that the microordered dipole clusters as shown in Figs.
2(c) and Zd) are more flexible in responding to the external

(C=0.9), which means almost all lattice sites are occupiedfield than the long-range ordered domain shown in Fi¢s. 1

by the two types of defects, no peak fgf all around the

and 1d), because for the latter any dipole flip is seriously

transition point can be observed and it increases monotdsonded by the dipole—dipole interaction and the domain wall
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FIG. 4. Simulated dielectric susceptibility as a function of temperatures fof€MPeraturer for lattices of different concentratiog.

lattices of different defect concentrations numerically labeledReal part
x' and(b) imaginary party”. (c) Evaluated temperaturg,, for the dielectric
susceptibility(x') peak and the peak heigh, as a function of concentra- The flexible dynamic response effect in RFs as revealed

tion C. The exponenh=2 is taken for the simulatio[Eq. (8)]. above can no |Onger be reflected by param@gg_r

. Dependence of free energy terms on defect

energy, while for the former the clusters have no neighborin ;
oncentration

resistance on their boundaries.

As C is bigger, the volume fraction of the ordered dipole We also study the free energy ternks,y, Fqi, andFg,
clusters becomes lower and thus the componBptis  as a function off for the lattices of different values @&, and
smaller, too, because the averaging is over the whole latticéhe results are shown in Fig. 6. It is shown that the behavior
of F,q as a function ofT can be divided into two regions:
T>T, andT<T,. In the two regiond-,4 changes linearly
with T, with the slope aff <T, larger than that aT >T,.

The whole curve shifts downward with increasi@ The

two well-separated regions &=0.0 become hardly identi-
fiable from each other with increasin@. To qualitatively
understand these behaviors, we again look at (Ej. Be-
cause there are two types of defects doped into the lattice, as
a rough approximation, we neglect the fourth-order and
higher order terms and writé,4 as

Fea~aP3T+[|by|-C(1-Cp)— aTolP3+ aPiT

e
NI
=

0.05

P_(arb. unit)

0.00

= (|by|-C-Cp+aTo) P
T (arb. uniy ~aPT=(|by|-C-CytaTo) P}, 10

FIG. 5. Simulated polarization compone®y averaged over the whole lat- Wherepl and |_32 are the averaged dipole moment for those
tice as a function of temperatufieat different concentratiot. sites doped with type | and type Il defects, respectively. Ob-
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viously, P;>P,~0.0. It is clearly seen thdf,4 is a linear  The freezing effect of the dipole flip at low is also identi-
function of T as long as; does not change much. In fact, in fied if one refers to the dipole configurations shown in Figs.
the case oC=0, except from the transition poift, which 1-3. We did not simulate the configuration evolution from an
is site dependent in the case Gf>0, P, does not change ordered initial lattice, but it can be predicted that such a
remarkably above and beloW,, respectively, but aT<T, simulation will produce similar results as revealed in the
it is larger than that al>T,, thus the slope oF ,((T) at  coarse-grain model.
T<T, is, of course, bigger than that &t>T,. As C>0, the Furthermore, looking at the dielectric constant as a func-
change ofP is gradual over a wide range of temperature andion of T, one is shown that the coarse-model of Su and
the two linear regions & =0 are smeared gradually, too. As co-worker$® reveals a diffusive frequency dispersion of the
for the downshift of ther ,q— T curve, Eq.(10) shows that dielectric constant for RFs in comparison with normal ferro-
the increasindC results in this effect, and basically, one can electrics. This diffusing frequency dispersion behavior can
predict a linear dependence of the shift@n be indirectly reflected in our simulated results shown in Figs.
The behaviors of termB g andF g, as a function off as 4 and 5, where the significantly broadening dielectric con-
various values of, shown in Figs. &) and €c), are easily  stant[Fig. 4@] and dipole momen®, (Fig. 5 as a function
understood. FoF 4, we look at the dependence @nbelow  of temperature, with increasing defect concentratrare
To, as shown in Fig. ®). Take the case =0 as a refer- indicated. Therefore, we are shown that our simulation is
ence. Once the FE transition occurs, the dipole orderingualitatively consistent with the coarse-grain model and the
leads to a rapid decrease Bf;. The introduction of the —associated MC simulatioh.
defects gives rise to the disordering of the dipole alignment  The main properties of RFs have been reproduced as
on the one hand, and a slight reduction of the dipole momerghown above by using the Ginzburg—Landau model for a
on the other. Both effects will increase;;. At C=0.9, one defective lattice. We are shown that this model reproduces
cannot observe the transition anymore. the coexistence of the microdipole-ordered regions and PE
For the gradient energdy,,, it is always positive and its phase, and the diffusive phase transition behaviors for dielec-
magnitude is determined by the degree of disorder of dipoléric susceptibility and domain switching as well. Compared
alignment, i.e., the difference in moment and orientation beto other models for RFs, the Ginzburg—Landau model repre-
tween sitei and its four neighbors. The very weak dipole sents one of the realistic descriptions of FE phase transitions.
ordering sequence aboifg with decreasing is reflected by It takes into account the main interactions for ferroelectric
the decreasing oF ; with decreasingl, as shown in Fig. systems. In fact, this model has been very successful in de-
6(c). As C increases, the very small averaged dipole momenscribing the details of 90° and 180° domain structures which
aboveT, is enhanced due t€,=0.3, leading to a slight represent the most complicated issue in the physics of ferro-
upward shift ofF .. At C=0, the rapid decrease &f; ata  electrics. Therefore, together with the work of Semen-
temperature slightly below, is ascribed to the ferroelectric ovskaya and Khachaturyan, the present investigation is an
transition whereP;; in Eq. (3) is sharply reduced due to the important extension of the Ginzburg—Landau model to the
first-order dipole ordering. This effect will be weakened by relaxor ferroelectrics.
the introduced defects, since the defect-induced inhomoge- However, it is still too early to claim a realistic and
neity enhance®;; . Thus,F increases with increasing. guantitative calculation of the dielectric and ferroelectric
properties for real RFs using this model and associated simu-
lation algorithms. The main challenges can be summarized
as follows. First, the significant frequency dependence of the
As mentioned above, the extensive MC simulation in adielectric susceptibility for RFs cannot be reasonably repro-
3D lattice based on the coarse-grain model by Su anduced by this model, although this inconsistence may be as-
co-workerg® reproduced quite well the major features of cribed to the definition of the susceptibility E@) which is
RFs. A qualitative consistency of our simulation with the based on unique characteristic time for dielectric relaxation,
coarse-grain model simulation is identified. In terms of theas assumed in the Debye model. The frequency dispersion of
microstructure of RFs, both simulations reveal a picture ofdielectric susceptibility of RFs was extensively studied ex-
ferroelectric nano-sized polar-ordered regions embedded iperimentally and different models were proposed for differ-
the matrix of paraelectric phase due to the defect effect. Thent RFs. In fact, with the definition E§8) wheren=2, the
gradual or “diffuse” phase transition feature wheh in-  simulated frequency dispersion is much more significant than
creases is revealed in both simulations. Our simulatiorthat experimentally revealéd. Second, the Ginzburg—
started from a disordered dipole configuration, which pro-Landau model assumes that the thermally activated dipole
duces a nonzero but very small average macroscopic dipoféip is the unique mechanism for the dielectric relaxation.
moment for lattices of differenC at low T range, as shown This assumption was recently criticized and it was claimed
in Fig. 5, which coincides with the simulation of Su and that the low temperature resonance response is important for
co-workers® while the peaks appearing during the phasethe dielectric relaxation in the dipole-ordered regiéhs.
transitions in Fig. 5 are induced by the small ac-electric fieldThird, one may argue that the four allowed states of the
In fact, from the dipole configurations shown in Figs. 1-3, itdipole orientation as imposed over the whole temperature
is shown that each dipole in the ordered clusters increases nange is not reasonable. For the long-range ordered state well
magnitude with decreasing temperature, although the latticbelow T, in the rectangle lattice, this assumption is accept-
averaged dipole moment remains quite small even atTow able, while the number of allowed states may be more than
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four aboveT, and during the phase transitions. A bigger (2002CB613308 the National Natural Science Foundation
number of states will result in a higher dielectric susceptibil-of China through Project Nos. 50332020 and 50172020, and
ity because parametet is shorter. Finally, the disorder— LSSMS of Nanjing University as well.
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