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The Ginzburg–Landau theory on ferroelectrics with random field induced by dipole defects is studied by using

Monte Carlo simulation, in order to investigate the dipole configuration and the dielectric relaxation of relaxor ferro-

electrics. With the increase of random field, the dipole configuration evolves from the long-range ferroelectric order into

the coexistence of short-range dipole-clusters and less polarized matrix. The dipole-cluster phase above the transition

temperature and superparaelectric fluctuations far below this temperature are identified for the relaxor ferroelectrics.

We investigate the frequency dispersion and the time-domain spectrum of the dielectric relaxation, demonstrating the

Vogel–Fulcher relationship and the multi-peaked time-domain distribution of the dielectric relaxation.
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1. Introduction

Relaxor ferroelectrics (RFs) represent a specific

class of ferroelectric (FE) materials whose dielectric

and ferroelectric behaviours are unusual and differ-

ent from normal ferroelectrics (NFs).[1−4] For exam-

ple, RFs usually exhibit diffusive phase transitions

and significant frequency dispersion in terms of di-

electric susceptibility χ as a function of temperature

T , while NFs offer a sharp transition peak and much

weaker frequency dispersion. Furthermore, the excel-

lent piezoelectric and electromechanical performances

of RFs and high dielectric susceptibility are of spe-

cial interest for sensor and transducer applications in

smart structures,[5] although the physical mechanisms

responsible for these superior properties have not yet

been well understood so far.[6,7]

Intensive studies on RFs have collected a huge

amount of knowledge on the relationships between

the microstructure and property of RFs.[6−15] It is

believed that most RFs are inhomogeneous in nano-

scale and consist of nanosized more polarized regions

coexisting with less polarized regions below a certain

temperature (typically 102 K), whereas the more po-

larized and the less polarized regions may be viewed

as FE phase (clusters) and paraelectric (PE) phase in

a less strict sense respectively. Here it should be men-

tioned that for some RFs, the microstructure consists

of FE clusters randomly embedded in the matrix of

PE phase,[16−19] where spherical random bond ran-

dom field model may hold ture.[9] However, the co-

existence of more polarized regions and less polarized

ones seems to be a more general scenario for RFs,[19]

with a typical characteristic length comparable to the

chemical short-range order.

Furthermore, it is well believed that the dipole

clusters may even appear well above temperature Tm

at which χ(T ) reaches a maximum. This microstruc-

ture of two-phase existence plays an essential role in

determining the dynamic response of χ of the whole

system to external electric field E, and thus resulting

in the frequency dispersion and diffusive ferroelectric

transitions. The relatively easy relaxation dynamics

of the dipole-clusters in RFs is argued to be respon-

sible for the excellent electromechanical property and

giant χ, considering the fact that NFs are facilitated

with long-range dipole order and thus hard to respond

to external fluctuations of E as T << Tc.

Along this line, experimental and theoretical

studies on the microstructures and dielectric physics of

RFs in last several decades have been conducted. The-
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oretically, a series of random field models including

the compositional inhomogeneity model,[4] the micro–

macro domain transition model,[4] the superparaelec-

tric model,[7] the dipole–glass model,[9] the order–

disorder model[6] and the random-bond-random-field

model[2,9,20] were proposed in order to explain the ex-

perimentally observed effects for various RFs. While

the random-bond-random-field model refers to two-

phase coexistence in the mesoscopic scale, the other

models emphasize more on the nanoscale features. Re-

cently, the dipole defect model proposed by Semen-

ovskaya and Khachaturyan[11] and Su et al.[15] has re-

ceived much attention. It originates from the follow-

ing experimental findings. As is well known, those RFs

that have been well studied so far are doped perovskite

oxides, such as A-site La-doped Pb(ZrxTi1−x)O3

(PLZT), B-site Mg-doped PbNbO3 (PMN), B-site

Zr(Hf)-doped BaTiO3 etc., in which the doping is be-

lieved to introduce local dipole defects responsible for

the abnormal behaviours of RFs.[2,10,12,20] These de-

fects can be either impurity atoms distributed ran-

domly in the lattice or off-centre dopant ions which

generate internal random fields, or even a frustration

of long-range ordering state due to some reasons.[2] In

addition, the implantation of external particle beam

such as electrons, protons and ions into NFs would

be able to generate extrinsic defects so that the im-

planted NFs eventually evolve into RFs.[12] Therefore,

the local polarization at these defect sites may be sup-

pressed or enhanced, depending on the types of inter-

action between these defects and the lattice. The role

of these defects is considered in the theoretical mod-

els in direct or indirect manners. For example, in the

compositional inhomogeneity model, the defects may

be impurity atoms or dopant ions.[4,9] For the former,

the impurity atoms in the lattice are viewed as disor-

dered (random) static defects coupled locally with the

transformational mode which is responsible for a sta-

ble dipole. Therefore, the defects may reduce the mag-

nitude of local dipoles from site to site. For the latter,

if the lattice is doped by off-centre dopants, a local

dipole will form and the local dopant may occupy one

of the crystallographically equivalent off-centre sites

around the unit cell centre, and the resultant dipole

moment may align along one of the equivalent vec-

tors. Such an off-centre displacement may lead to an

enhancement of local dipole moment.

The microscopic mechanisms described above

provide a physically sound basis for the dipole de-

fect model. This model begins from the Ginzburg–

Landau (GL) approach to NFs[21,22] although other

models were also employed.[23−25] This model im-

poses the spatial random field by introducing random

fluctuations in the Landau potential on the dipoles,

which correspond to the randomly distributed dipole

defects.[11,15,16] Thus, the dipole defect model is of

microscopic sense, and represents a realistic descrip-

tion of multi-domain NFs in which the dipole–dipole

interaction, domain wall energy and even long-range

elastic energy are taken into account in addition to

the Landau potential, while these interactions have

less been considered in other models. In addition, this

model allows us to investigate the effect of dipole de-

fects on the ferroelectric and the dielectric properties

of RFs which may not be accessible in other mod-

els. In fact, the dipole configuration and the dielec-

tric dynamic relaxation of a mode RF system were

simulated in our earlier work.[16,26−28] Here it should

be mentioned that the random fluctuations imposed

on the Landau potential imply a random field associ-

ated with the magnitude rather than the orientation

of dipoles. Nevertheless, our preliminary simulation

demonstrated that a random field directed to the ori-

entation of dipoles does not affect much the equilib-

rium configuration of RFs in terms of orientation be-

cause of the role of the inter-dipole gradient energy

term, while a sufficient number of orientations makes

the simulation extremely tedious. We do not care

much about the random field associated with dipole

orientation.

In this work, we extend our simulation to the dy-

namic aspects of the dielectric relaxation in RFs. We

focus on the study of dipole cluster feature above Tm,

and the frozen superparaelectric behaviours well be-

low Tm. Furthermore, we evaluate the time–domain

distribution of the dielectric relaxations of both NFs

and RFs, from which we identify the extended time-

domain spectrum and consequently explain the diffu-

sive transition behaviours of RFs.

2. Model and Monte Carlo simu-

lation

In this section we present a brief description on

the GL model of ferroelectrics with dipole defects,

although it was extensively studied.[11,15,16] We in-

vestigate the T -dependent evolution of the equilib-

rium dipole configuration through using Monte Carlo

(MC) simulation. The MC simulation is performed

097702-2



Chin. Phys. B Vol. 19, No. 9 (2010) 097702

on a two-dimensional (2D) L × L lattice with peri-

odic boundary conditions, where the PE and the FE

phases take the square and the rectangular configu-

rations, respectively. For each lattice site, a dipole

vector P = (Px(r), Py(r)) where Px and Py are the

two components along x- and y-axis, respectively, is

characterized with its moment and orientation defined

by the energy minimization. The lattice Hamiltonian

includes the Landau double-well potential, the long-

range dipole–dipole interaction and the gradient en-

ergy associated with domain walls. The long-range

elastic energy will not be taken into account because

this energy term is not important for RFs while its

calculation is very time-cunsuming.[26−28]

The Landau double-well potential fL takes the

following form:

fL(Pi) = A1(P
2
x + P 2

y ) +A11(P
4
x + P 4

y )

+A12P
2
xP

2
y +A111(P

6
x + P 6

y ), (1)

where subscript i refers to lattice site i, A1, A11, A12

and A111 are the energy coefficients, respectively. For

NFs, a non-zero dipole is favoured if A1 < 0 which

may take one of the four orientations: [±1, 0] and [0,

±1].

The gradient energy fG at site i can be written

as

fG(Pi,j) =
1

2
G11(P

2
x,x + P 2

y,y) +G12Px,xPy,y

+
1

2
G44(Px,y + Py,x)

2

+
1

2
G′

44(Px,y − Py,x)
2, (2)

where Pi,j = ∂Pi/∂xj , and G11, G12, G44 = G′
44 are

all positive material parameters. This gradient term

prefers long-range FE ordering. The dipole–dipole in-

teraction fdip for site i in SI units can be written as

fdip(Pi) =
B

8πε0χ

∑
<j>

[
P (ri) · P (rj)

|ri − rj |3
− 3 [P (ri) · (ri − rj)] [P (rj) · (ri − rj)]

|ri − rj |5

]
, (3)

where B is a constant, ⟨j⟩ represents a summation

over all sites within a separation radius R centred at

site i, parameters ri, rj , P (ri) and P (rj) here should

be vectors, ri and rj are the coordinates of sites i

and j, respectively. In a strict sense, R should be in-

finite but an effective cut-off at R = 8 is reliable for

our simulation.[29] The electrostatic energy induced by

external electric field E is

fE(Pi) = −Pi · E, (4)

which takes the [1, 0] orientation. The Hamiltonian

for the 2D lattice is expressed as

H =
∑
⟨i⟩

fL + fG + fdip + fE . (5)

We now extend the above GL model by introduc-

ing dipole defects. The defects are introduced into the

lattice by imposing fluctuations on parameter A1 for

site i if this site is defective while the other parameters

remain unchanged. One may refer to earlier reports

on detailed discussion.[11,15,16] We have:

A1(ri) = A10 + bm · c,
A10 = α(T − T 0), α > 0, (6)

where α > 0 is a material constant, T 0 is the critical

temperature for an NF crystal (usually T 0 ≤ Tc), c

takes 0 or 1 to represent a perfect site or a defective

site, bm is the coefficient characterizing the influence of

defects on T 0. We denote the defect concentration in

the lattice by C0, representing L2C0 defects randomly

distributed in the lattice.

To illustrate the internal random field as gener-

ated by the doped defects, we take the case of T = T 0

as an example. For a lattice site i, A1(ri) > 0 if

bm > 0, implying defect-suppressed ferroelectricity,

and A1(ri) < 0 if bm < 0 for enhanced ferroelectric-

ity. We define a second variable Cp ∈ [0, 1], which

means C0 · Cp · L2 defect sites with bm > 0 and the

left C0 · (1− Cp) · L2 sites with bm < 0. The value of

bm for a site is randomly taken from a range [0, 1]bM

for bm > 0 and [−1, 0]bM for bm < 0, where bM > 0

scales the strength of the random field induced by the

defects.

Within the framework of Debye relaxation, the di-

electric relaxation of the lattice is defined by dynamic

dielectric susceptibility χ = χ′ + iχ′′, with[15,16]

χ′ =
C

NT

⟨
N∑
i

1

1 + (ω · τ/ω0)2

⟩
,

χ′′ =
C

NT

⟨
N∑
i

ω · τ/ω0

1 + (ω · τ/ω0)2

⟩
, (7)
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where ⟨ ⟩ represents the configuration averaging, χ′

and χ′′ are the real and the imaginary parts, ω is the

frequency of external electric field E, ω0 is the po-

lariton frequency (ω0 = 1 for simplification), N = L2

and C is a temperature independent constant. Here,

time τ depends on both the local Landau potential

and dipole flip among those candidate states at site i,

which can be written as:

τ = τ0 · τ ′ = τ00 exp(−fL/kT ) · τ ′, (8)

where τ0 is the characteristic flip time for a non-

interacting system, which is actually determined by

the energy barrier referring to fL in the mean-field

approximation, τ00 = 1.0 is the pre-exponential factor

which scales the characteristic time for lattice vibra-

tion, and τ ′ is the averaged inverse number of flips for

the dipole at site i per Monte Carlo step (MCS).

The detailed procedures of the simulation and

the parameter choice were reported earlier.[16] Some

of the material parameters are converted into the di-

mensionless ones as done by Hu and Chen.[30] All pa-

rameters chosen for the simulation are given in Table

1, which do not refer to any real materials, although

their values are chosen by referring to the parameters

of BaTiO3. In our simulation, Cp = 0.5 is fixed, which

means that half of the dipole defects tend to enhance

the local polarization, and the other half tend to sup-

press the local polarization. C0 and bM are treated as

variables. In addition, field E = Em sin(2πωt), where

Em is the ac-signal amplitude and t is time. We take

T 0 = 4.0 in our simulation.

Table 1. Parameters chosen for the present simula-

tion.

T 0 4.0 α 1.0

A11 –0.5 A12 9.0

A111 0.8 G11 3.0

G12 0.6 G44 3.0

bM 0.0–20.0 L 64

Cp 0.5 C0 0.0–01.0

What should be mentioned here is that for a re-

liable simulation, a 3D lattice should be employed.

However, the computational capacity is extremely big

and because we do not focus much on the critical phe-

nomena associated with the FE phase transitions, all

of our simulations will be performed on a 2D lattice.

We once employed a 16×16×16 cubic lattice for a pre-

simulation and did not find significant difference of

the simulated results (e.g. dielectric relaxation) from

those we obtained for a 2D lattice of L ∼ 64. Fur-

thermore, a quantitative comparison of the simulation

results with experimental results on BaTiO3 is not

available since in one hand no many dielectric data on

doped BaTiO3 are available, and on the other hand

we take into account neither the lattice symmetry nor

long-range elastic energy of BaTiO3.

3. Results of simulation and dis-

cussion

3.1.Dipole configuration

We first investigate the 2D dipole configurations

at different values of T for RFs, and the snapshoted

images at T = 5.2, 4.2 and 2.0, respectively, for an

RF lattice of C0 = 1.0 and bM = 5.0, are shown in

Figs. 1(a)–1(c) (left column). For comparison, we also

present the snapshoted images for a NF (C0 = 0.0) in

Figs. 1(d)–1(f) (right column).

Fig. 1. Snapshoted dipole configurations for an RF lattice

(left column, C0 = 1.0, bM = 15) and an NF lattice (right

column) at several temperatures as indicated. T 0 = 4.0.

The open circles cover the FE nano-clusters.

It is clearly shown that at T = 5.2 > T 0, one

already observes dipole clusters in the RF lattice as
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indicated by open circles in Fig.1(a), although these

dipole clusters are very small in size and well isolated

from one and another. They are randomly oriented

along one of the four orientations and no spatial corre-

lation between them can be identified although the en-

ergetic inter-cluster interactions cannot be excluded.

However, at this temperature the lattice in Fig. 1(d)

shows homogeneous PE phase, indicating typical NF

features above Tc.

As T = 4.2, very close to T 0 = 4.0 as shown in

Fig. 1(b), much more dipole clusters appear in the lat-

tice and their sizes are also larger than those shown

in Fig. 1(a). The lattice exhibits typical structure

of RFs with coexisting dipole clusters (or more po-

larized regions) and PE matrix (or less polarized re-

gions). At this temperature, the lattice transits from

PE state into typical NF state and the dipole align-

ment for NF (Fig. 1(e)) is already long-ranged. As

T = 2.0 << T 0, the dipole clusters in the RF lattice

continue growing, and significant inter-cluster coales-

cence occurs and eventually forms long-range order

dipole configuration as shown in Fig. 1(c), whereas

Fig. 1(f) shows a typical multi-domained NF struc-

ture. A comparison between Fig. 1(c) and Fig. 1(f)

allows us to argue that the RF lattice may begin to

frustrate at T < 2.0 and the dipole configuration is

quite similar to the multi-domained structure of NFs,

although there are still high dipole defects inside the

domains. In fact, because we only employ the Debye

mechanism of dielectric relaxation to evaluate the di-

electric susceptibility as shown below, the frozen tem-

perature for RFs would be close to T = 0.

The above simulated dipole configurations at dif-

ferent values of T seem to reveal the main features of

RFs, suggesting that the defect model as an approach

to RFs is physically sound. We then further investi-

gate the dynamic dielectric susceptibility as a function

of T and dipole defects.

3.2.Dielectric susceptibility

We calculate the values of dielectric susceptibil-

ity (χ′ and χ′′) as a function of T for a set of lattices

with different values of C0 and bM. As an example,

we present in Figs. 2(a) and 2(b) the simulated re-

sults for C0 = 1.0 and ω = 0.05 mcs−1 but with bM
from 0.0 to 15.0. Here mcs (Monte Carlo step) is a

time unit in Monte Carlo simulation. As bM = 0.0,

corresponding to the NF lattice, χ′ and χ′′ as func-

tions of T mark the typical ferroelectric phase tran-

sitions at T ≈ 4.2, featured by the sharp transition

peaks. When bM increases up to bM = 6.0, the transi-

tion peak becomes significantly broadening, while the

peak position remains roughly unchanged. Further in-

creasing of bM from 6.0 to 15.0 seems to result in the

behaviours of superparaelectric relaxation, character-

ized by the tremendous rising of χ′ in the low-T regime

below Tc, while χ
′(T ) at T ≈ Tc shows a broad saddle-

back feature. In particular, at bM = 15.0, the low-T

susceptibility exhibits the exponential growth with T

decreasing, a typical feature of low-T superparaelec-

tric behaviour, which is to be discussed below.

Fig. 2. Real part χ′ − T (a) and imaginary part χ′′ −
log(T ) of simulated dielectric susceptibility for various val-

ues of bM, C0 = 1.0, Em = 30.0 and ω = 0.05 mcs−1.

Corresponding to χ′(T ), χ′′(T ) shows a sharp

peak at the low-T front of χ′(T ) peak for NFs and

the sharp peak becomes gradually diffusive with bM

increasing until the broad plateau as bM increases up

to 9.0 and above. The simulated behaviours are es-

sentially the same as those observed for RFs.

3.3.Dipole cluster states

The broad transition profile of χ′(T ) around the

transition peak for RFs is an indication of dipole clus-

ter state above Tm. To illustrate this phenomenon, we

replot the curves for 1/χ′ as a function of T above Tm

for a series of RFs with C0 = 1.0 and bM = 0.0 to 15.0

in Fig. 3(a). For bM = 0.0, i.e. an NF lattice, 1/χ′(T )

shows a linear dependence of T above Tm, according

to the Curie–Weiss law, as demonstrated here. We
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present as an inset the locally amplified dipole config-

uration for this lattice at T = 5.2 > Tc ∼ 5.0, which

shows homogeneous PE state. As bM > 0, we observe

a clear positive deviation of 1/χ′(T ) from the linear

dependence. The bigger the value of bM is, the more

serious the positive deviation will be. Correspond-

ingly, we present as insets the locally amplified dipole

configurations of these RFs at T = 5.2, 5.6, 6.6, 8.1

and 9.2 for bM = 3.0, 6.0, 9.0, 12.0 and 15.0, respec-

tively. Dipole clusters are identified for each case, as

labeled by open circles, although the temperatures at

which these dipole configurations are snapshoted are

well above Tm. As bM = 15.0, ordered dipole clusters

can be identified even at T = 9.2 >> Tm, although

these clusters are well separated from each other and

small in size. These results indicate that for RFs the

ordered dipole cluster state is already stable at a tem-

perature well above Tm.

Fig. 3. (a) Curves for simulated 1/χ′ as a function of

T for various values of bM, where insets show the locally

amplified dipole configurations corresponding to various

1/χ′ − T curves at various temperatures, and (b) simu-

lated log(χ′) − log(T ) curves with C0 = 1.0, Em = 30.0

and ω = 0.05 mcs−1.

To evaluate the temperature dependence of the

statistically averaged dipole cluster size, one may

consult the concept of Griffiths phase which is

widely employed to describe the spin cluster states

above the Curie point for inhomogeneous magnetic

systems.[31,32] The concept of Griffiths phase is based

on percolation effects in diluted magnets with the

nearest neighbouring interaction, and it relies on the

finite probability of finding sufficiently large clusters

of magnetic species interacting with other magnetic

species. The physical problem studied here is concep-

tually different from the above. However, here we take

only the form with the Griffiths phase to roughly illus-

trate the dipole cluster state of RFs. If a similar phase

(not in physical essence) can be defined for the dipole

cluster phase in RFs, we may assume that each dipole

in dipole clusters has a constant moment p = 1 within

the finite temperature regime above Tm, although this

assumption is not physically sound. Then, we have

1/χ′ ∝ Tm

P + 1

(
T

Tm
− 1

)
, (9)

where (P + 1) is the effective dipole moment of the

dipole clusters. For NFs, P = 0 because no dipole

cluster exists in the lattice and Eq. (9) recovers back

to the Curie–Weiss law. From Eq. (9) one sees that

the local slope of 1/χ′ as a function of T is propor-

tional to (P + 1)−1, indicating the smaller the slope

is, the larger the value of P will be. Therefore, one

understands from Fig. 3(a) that the dipole cluster size

increases with T decreasing and bM increasing, respec-

tively, demonstrating the dipole cluster state of RFs

above Tm.

In Fig. 3(b) we plot the simulated χ′−T relation-

ships in the log− log coordinates for the RFs with

bM = 0.0 to 15.0, in order to investigate the super-

paraelectric behaviours at low-T regime. Over the

high-T regime, the perfect linear logχ′ − log T rela-

tion is shown for all the cases as long as T >> Tm,

typical paraelectric behaviour. Over the low-T regime

well below Tm, we also observe the linear relationship

between logχ′ and log T as long as bM is large enough,

indicating the possible superparaelectric behaviour of

the RFs. In fact, take the cases of bM > 6.0 as ex-

amples, the slopes of the logχ′ − log T lines over the

low-T regime are much smaller than those of the high-

T logχ′ − log T lines, indicating that the sizes of the

dipole clusters in the low-T regime is larger than in

the high-T regime. The larges the size is, the smaller

the value of bM will be. Looking back to Fig. 1(c), the

dipole configuration at T=2.0, one understands that

the dipole clusters at low-T keep close to each other,

thus strong inter-cluster interaction can be expected.

These clusters may be eventually frozen when T de-

creases further. All of these results support the low-T

superparaelectric state of RF lattice studied here.
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3.4.Dielectric dispersion and Vogel

Fulcher relation

The dipole cluster state of RFs as revealed above

can be further characterized by the frequency disper-

sion of the χ′−T dependence. The underlying physics

is that these clusters may have their own characteris-

tic time of relaxation, which is dependent on cluster

size, although the inter-cluster interactions may more

or less modulate these characteristic times. As an ex-

ample, we show in Fig. 4(a) the evaluated χ′ − T re-

lationships for the RF with C0 = 1.0 and bM = 5.0

under different frequencies. The arrow indicates the

increasing of frequency ω. As expected, the χ′−T re-

lation does exhibit remarkable frequency dispersion,

characterized by the significant down-right shifting of

the transition peak increasing ω.

Fig. 4. (a) Curves for simulated χ′ as a function of T at

different values of frequency ω, and (b) evaluated Tm as

a function of frequency ω, with C0 = 1.0, bM = 6.0 and

Em = 30.0.

Furthermore, the significant frequency dispersion

effect shown in Fig. 4(a) allows one to check the appli-

cability of the Vogel–Fulcher relation which is usually

thought to hold for RFs. This relation reads[4]

ω = ω00 · exp
(
− Ea

(Tm − Tf)

)
, (10)

where ω00 is the pre-exponential factor, Ea the

thermal-activation energy for the dipole clusters, and

Tf the frozen point below which the clusters are es-

sentially frozen and the thermally driven relaxation

becomes negligible.

As mentioned above, we evaluate the dielectric

susceptibility according to the Debye mechanism only,

which means that for the present model, Tf would be

close to zero. Under this assumption, we plot Tm as

a function of log(ω) in Fig. 4(b). A good fitting of

the simulated data by Eq. (10) is given, indicating the

applicability of the Vogel–Fulcher relation. Secondly,

Ea = 17.20 is much bigger than (fLD+fdip+fG) for a

dipole in the NF lattice, reflecting that the relaxation

is for dipole cluster rather than a single dipole. These

results thus support the argument that dipole cluster

state is favoured in RFs.

3.5.Time-domain distributions of di-

electric relaxation

The broad temperature regime of the FE transi-

tions for RFs allows one to speculate that the time-

domain distribution of the dielectric relaxation is very

broad. To check this speculation, we may evaluate the

time-domain distribution G(log τ, T ) by the following

approach:[8]

∞∫
0

G(log τ, T ) · d(logτ) = 1,

χ′(ω, T ) = χ′
s

∞∫
0

G(log τ, T ) · d(logτ), (11)

where τ is the relaxation time, and χ′
s is the static

susceptibility. However, in the present work this dis-

tribution can be evaluated directly from Eq. (8) and

the simulated data.[33]

The evaluated G(log τ, T ) at T = 7.2, 4.7 and

3.0 for the NF lattice (bM = 0.0) and two RFs with

bM = 6.0 and 12.0, are presented in Figs. 5(a)–5(c),

respectively. Here, Em = 15 and ω = 0.005 mcs−1.

From Fig. 5, one observes that for the NF lattice,

distribution G(log τ, T ) at each temperature is single-

peaked. At the PE state (T = 7.2), the peak profile is

very sharp. Upon T decreasing from the PE state into

the FE states (T = 4.7 and 3.0), G(log τ, T ) becomes

significantly broadened in the absolute time scale, and

the peak position shifts considerably towards the long-

time domain. These features are typical of NFs where

the dipole relaxation is believed to occur rapidly in a

097702-7



Chin. Phys. B Vol. 19, No. 9 (2010) 097702

cooperative manner due to the long-range dipole or-

dering.

Fig. 5. Simulated time-domain distributions of the di-

electric relaxation for an NF lattice (bM = 0) and two RF

lattices (bM = 6.0 and 12.0) at T = 7.2 (a), 4.7 (b), 3.0

(c), with C0 = 1.0, Em = 30.0 and ω = 0.05 mcs−1.

However, the evaluated distributions for RFs

show very different behaviours. At T = 7.2 in the PE

state, G(log τ) is single-peaked, but the peak profile is

much broader than that of the NF lattice. The bigger

the value of bM is, the broader the distribution will be.

More interestingly, it is observed that G(log τ) shows

a clear saddle-back shoulder in the long time tail if

plotted in a logarithmic scale, which is indicated by

arrows in Fig. 5(a). This is an imprint that G(log τ) at

a given temperature may no longer be single-peaked.

In fact, as T goes down to T = 4.7 ∼ Tm, for the two

RF lattices (bM = 6.0 and 12.0), the peaks of G(log τ)

are not only very broad but also exhibit broad double-

peaked patterns. The left peak corresponds to a time

shorter than that for the NF lattice and the right peak

to a time much longer than that for the NF lattice. If

T is further reduced down to T = 3.0 in the deep

RF regime, the curves of G(log τ) of the two RFs be-

come multi-peaked, as indicated by the arrows shown

in Fig. 5(c).

To understand the multi-peaked distributions of

the relaxation times, we may consult to the dipole

cluster state of RFs. In fact, the dynamic responses of

RFs to external fluctuations are different from those

of NFs where the long-range FE ordering does not

allow sufficient relaxation of local dipoles alone due

to the inter-dipole interaction unless the relaxation

is in the cooperative manner. The dipole clusters in

RFs may respond to external fluctuations either by

local dipole re-orientation or through a spatial shift

from their equilibrium positions, or by both.[6] If each

dipole is treated as a relaxator and no interaction be-

tween these relaxators is considered, RF usually offers

a very broad monotonic or single-peaked distribution

of relaxation time, thus resulting in diffusive phase

transition and remarkable frequency dependence of

the dielectric relaxation. However, one has a reason

to argue that the dipoles inside one dipole-cluster are

not independent of each other, but they are interac-

tive. Therefore, all dipoles inside a cluster relax in a

cooperative manner. In a rough sense, the dipole clus-

ters and the PE matrix phase have their own time dis-

tributions and characteristic times (peaked times) of

dielectric relaxation, respectively. Because of the dif-

ferent types of dipole defects and sizes of the clusters,

the evaluated distribution represents a superposition

of the individual monotonic or single-peaked distribu-

tions. If the peaks of these distributions are well sep-

arated from each other in the time-domain, a double-

peaked or multi-peaked pattern becomes inevitable.

Surely, if the random field intensity (bM) due to the

defect doping is not so strong enough that these peaks

are separated far from each other, a simple superpo-

sition of them may develop into a broad (diffusive)

single-peaked distribution. When bM is large enough

(bM > 6.0), the multi-peaked pattern is the natural

outcome.

Unfortunately, up to date we have no direct ex-

perimental evidence for the multi-peaked time distri-

bution of the dielectric relaxation. Experimentally,

G(log τ, T ) is derived by Eq. (11) from experimental

χ′ − T data at different frequencies. However, due to

the limited ω-range covered, the time domain covered

by G(log τ, T ) is limited too. Furthermore, for those

RFs often studied, like Pb(Mg1/3Nb2/3)O3, Zr(Hf)-

doped BaTiO3 and La(Pr)-doped Pb(Zr,Ti)O3, the

diffusive phase transitions occur at relatively high

temperatures.[34,35] The thermal flip times for dipoles
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or dipole clusters between normal FE and RFE may

not be very different in the sense of order of magni-

tude, which does not allow the reliable checking of the

multi-peaked distribution. Nevertheless, it would be

possible to check this predicted effect if an RFE of

phase transition point as low as 100K or even lower

can develop, in which the relaxation time scale may

be as broad as more than 10–20 orders of magnitude.

For such cases, we expect a multi-peaked time-domain

distribution of the dielectric relaxation.

4. Conclusion

We present a Monte Carlo simulation on the

dipole configuration and dielectric relaxation of RFs

by using the Ginzburg–Landau theory of ferroelectrics

with random field induced by dipole defects. We

successfully reproduce the dipole microstructures of

RFs where dipole clusters are embedded in the PE

matrix. The evaluated dielectric susceptibility and

its frequency dispersion demonstrate the dipole clus-

ter state in the high temperature regime above the

ferroelectric transitions and the superparaelectric be-

haviour at low temperature regime below the ferro-

electric transitions. The time-domain distribution of

the dielectric relaxation below the ferroelectric transi-

tions exhibits the multi-peaked pattern with multi-

characteristic times instead of monotonic or diffu-

sive single-peaked pattern. The present dipole de-

fect model reproduces all of the main features of RFs,

demonstrating the applicability of the dipole defect

model as a good approach to RFs.
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