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Dynamics of interacting clusters and dielectric response in relaxor ferroelectrics
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The dielectric response in relaxor ferroelectrics is analyzed in the framework of a model for the polarization
dynamics in the presence of polar clusters. We associate the origin of polar clusters with atoms displaced from
their centrosymmetrical positions even abdye Their collective hopping in multiwell potentials induced by
disorder is analogous with the situation in glasses. The theory explicitly takes into account the distribution of
cluster reorientation frequencies and the effect of cluster-cluster interactions in highly polarizable crystals,
which we describe in terms of the local field distribution function. The dielectric constant is obtained from an
integral master equation for the polarization dynamics in the presence of a time-dependent electric field. The
theory is applied to the analysis of the shape of the frequency-dependent permittivity in the typical relaxor
ferroelectric PST as a function of temperature. Comparison of theory with experiment shows that in contrast to
earlier assumptions, the observed Vogel-Fulcher dependence of the permittivity maximum is a consequence of
the Vogel-Fulcher temperature dependence of the cluster-reorientation freqU@e0t§3-182808)07213-7

I. INTRODUCTION assumption of independent clusters cannot explain, however,
the appearance of long-range order with the change of the
In the family of ferroelectrics a large group of mixed and material composition or due to an applied external field. The
disordered “relaxors” has been identified including perovs-appearance of long-range order also cannot be explained by
kites PbMg;sNb,;s053 (PMN), PbSg,Ta,0; (PST), La-  the inclusion of frustrated interactions between super-
modified PbZy_,Ti,O5 (PLZT), tungsten-bronze structure paraelectric momerftshat lead to the dipole spin glass state.
oxides like PhBa; _,Nb,Og (PBN), etc>~'°Due to the effect An alternative propositidht>~°relates the origin of relaxor
of configurational disorder the properties of relaxor ferro-behavior to the domain states induced by the static random
electrics are very different from those in translationally in-field caused, for example, by charged composition fluctua-
variant ferroelectrics. Among the unusual properties of theséions. Although this model seems very attractive, it encoun-
materials arga) the coexistence of slow kinetics typical for ters difficulties in explaining the observed cluster dynamics
spin glasses with a very large dielectric constant indicatingn the high-temperature phase.
intermediate-range polar order on the nanometer length scale We will show that the proposed model is capable of de-
which can be transformed to true long-range or@ler., to  scribing the anomalies of dielectric response of relaxor fer-
macroscopic polarization and straioy a suitable change of roelectrics and can be applied for systems possessing first- or
the composition or by applying an external electric fi€l));  second-order phase transitions or remaining only incipient
the existence of a frequency-dependent slim hysteresis lodjerroelectrics with very high dielectric constant and vanish-
even above the transition temperatui®;the difference be- ing spontaneous polarization.
tween field-cooled and zero field-cooled dielectric suscepti- The origin of polar clusters in relaxor ferroelectrics is still
bility, etc. All these findings indicate that the observed prop-not understood. It has been propoSethat off-center ions
erties of relaxor ferroelectrics are nonequilibrium propertiesmight be responsible for relaxor properties in analogy with
Relaxor ferroelectrics thus represent a new low-temperatur; ,Li,TaO; (KLT) where Li impurity ions occupy the off-
state of polar dielectrics compared with conventional ferro-center positions near the vacant K sites. It is well
electrics. establishet! that in the case of impurity induced relaxors
Experiments show that there is symmetry breaking on dike KLT the single impurity potential possesses multiwell
nanometer scale as observed from Raman scatfesind  structure which allows the thermal jumps of off-center ions
x-ray and neutron diffraction® This observation implies that between different potential minima. In contrast, in disordered
polar clusters exist even well abovie, and the observed complex perovskites the displacement of atoms from their
properties of relaxors are strongly affected by the reorientacentrosymmetrical positions is caused apparently by the
tions of the clusters. In particular, cluster reorientation in thecharge compositional fluctuations, which violate the charge
applied electric field induces strong polar-strain couplingbalance within the adjacent unit cells and lead to the addi-
which makes relaxor ferroelectrics the candidate materialtional electrostatic forces on the atoms. In this situation one
for the next generation of ultrasonic transducdérs. would not expect that the single atom potential energy pos-
It has been proposedin analogy with the cluster model sesses multi-minima structure. Atom reorientations would
of spin glasses, that the polar clusters behave like large sumore probably take place if they associate with the collective
perparaelectric dipole moments. The broad distribution ofmotion of atoms within small clustefse., the cluster poten-
relaxation times for cluster orientations originates from thetial energy is characterized by the multiwétlouble wel)
distribution of the potential barriers separating different ori-structurg.
entational states. The superparaelectric nfodased on the Such a picture is analogous to the situation in glasses
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where the origin of two level systems responsible for glass _ t a0(t—t')
anomalies is associated with the double well potentit8it P(t)=P(0)Q(t)— f dt/ ———Pqt"). (2
is generally assumed that the existence of the double well 0 ot

potentials is due to the disorder in glasses, so that local re- =
arrangements of atoms might switch the system between twd!€ functionQ(t)=e""7, where the overbar denotes the av-

adjacent local energy minima. Attempts to detect double welfr@9e over the relaxation time characterizes the slow non-
potentials in computer simulatiotfbased on the assumption €XxPonential kinetics of the system. In addition

of the motion of single atond$ have been unsuccessful. In-

stead the origin of double well potentials in glasses has been PeY(t)= f dEPZYE)f(E,P(1)), 3
successfully explainédin terms of collective motion of at-

oms within small clusters.

In this paper we develop further the cluster model of re
laxor ferroelectrics taking explicitly into accourif) the
broad distribution of local field experienced by each cluste
due to cluster-cluster interactions afi) the broad distribu-
tion of potential barriers controlling cluster dynamics. We
will show that the proposed model is capable of describin

the anomalies of dielectric response of relaxor ferroelectric - :
and can be applied for systems possessing first- or secon isordered systems the effect of composition fluctuations

order phase transitions or remaining incipient ferroelectricd€2ds t0 a deviation from the simple mean field picture that
with very high dielectric constant and vanishing spontaneou§an Pe taken into account by the replacement ofdtienc-
polarization. tion by the functionf with finite width. The shape and the
width of T(E) depend on the explicit form of the cluster-
cluster interactions as well as on static random fields caused
Il. MODEL by the material imperfections.

Based on the analogy between disorder induced double '€ ValueyeoEq/4m is the local field induced by the

well potentials in glasses and disordered relaxor ferroelec@Xtemal field in the dielectric media with the dielectric con-

trics we will adopt the following picture of the cluster dy- Stantéo>1 (Ref. 23 (i.e., we assume that the polar clusters
namics in relaxor ferroelectrics. Each minimum in a double@'€ distributed in a highly polarizable dielectric medjuiim
well potential for a given cluster is characterized by the clus/€/axor ferroelectrics which are mainly perovskﬂe(—}g)ased
ter dipole moment or cluster polarizatiét, . The potential Nghly polarizable materials, the typical values age- 10°.
barrier between different minima determines the atom hop- Eduation(2) can be applied for the analysis of different
ping frequencyr L. Clusters interact with each other, and experlmental sﬁuatpnée.g., decay of the _polarlzatlon, _the
interacting reorientable polarizable clusters should increasgifference between field-cooled and zero field-cooled dielec-
the crystal dielectric response. This conclusion is supporte§ic Susceptibility, the effect of a frequency-dependent hys-
by the experimeritin PST where the effect of disorder in the L€resis 10op, efc In this paper we will concentrate, for illus-
relative occupation oB sites by Sc or Ta atoms dramatically tration, on the caI_Cl_J!atlon of the frequency-dependent linear
increases the dielectric constant. dielectric susceptibility. In order to calculate the steady state
Time- or frequency-dependent dielectric response can bgUSceptibility in Eg‘)e presence of &) ad(gf)'oigf“ time-
analyzed with the use of the master equation independent fieldE,,’ we write Eq,(t) =Ee,’+ E¢,'e'" and
P(t)=Ps+P4(t), wherePy is the time-independent polar-
ization induced by the field2, (for E)=0, we denoteP

wheref (E,P(t)) is the distribution function of the local field
‘which depends parametrically on the value of the average
Polarization of the systen(t). We will consider below
f(E,P) in the formf(E,P)=T (E— yP— yeoEey/4m). This
form of f is consistent with the mean field approximation
(E,P)=6(E— yP— yeoEd4m), whereé is the delta func-
ion andv is the local field phenomenological parameter. In

dPg 1 o as the spontaneous polarizatiowe obtain from Eq(2) the
dt - ;[Pcl_ PaEL], oy following self consistent equation fd?g:
well known from the theory of ferroelectrics of order- Ps:j dEPG{E)f(E,Py). 4

disorder typeé®?* describing the relaxation of the polariza-

tion of each cluster to its quasiequilibrium vallREYE, )  AssumingP(0)=Psin Eq. (2), considering a linear expan-

which depends on the value of the local fi€ld induced by ~ sion of PeYt) with respect toE(; and P,(t), and taking

other clusters at any moment of time. In general the local-aplace transform of E¢2), we obtain

field E, is a time-dependent random field. It also includes the

contribution from the applied fiel&,, and the contribution €

from the static random fields caused by the material imper- €, )= 1T 00T’
- ~k(T)Q(w,T)

fections.
In order to apply Eq.1) to relaxor ferroelectrics one where we used the definition of the dielectric constant

should perform the average over the distribution of relax-¢(y, T)=479P;(w)/IEL + €. In Eq. (5)

ation timesr and the distribution of the local fields, . For

this purpose we rewrite Edq1) in the equivalent integral

form and take the average with respect/o E_, and the K(T):f dEPS(E)

initial cluster polarizatiorP,4(0) to obtain

®)

df(E,Py)

—_— 6
dPg ©
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andQ(w,T) is the Laplace transform d@(t)/at given by

Qlow,T)=(UN1+iwT]). (7)
Assuming an Arrhenius or Vogel-FulchévF) law for 7,
(T)=roexg U/(T—Ty)]1, (8)

we may calculateQ(w,T). Thus we obtain forQ’(w,T) €/e
(Ref. 26

(T-T)In(Uwrg)

Q’(w,T)=f dug(V), ©)

0

whereg(U) is the distribution function of the potential bar-

riers. 00 0.5
In the spirit of Landau phenomenological theory one can T
further expand the right hand side of E¢é) and (6) in a FIG. 1. Real part of the dielectric susceptibility in relaxors with

power series with respect 8 assuming that the applied incipient ferroelectric order.
field is sufficiently small, and presertas

k=a,+3a3P2+5a5P?. (10)  Position of the relaxation maximum. In order to reproduce
) ) ) this behavior within the proposed phenomenological theory
Equations(5), (9), and (10) give the phenomenological de- pne should assume a;>0. For example, for
scription of the dynamical response of relaxor ferroelectricsy,=1.7a,= — 11 and the values af;(T) andQ’ being the
and can be applied for systems possessing first- or secondame as used above, the first-order phase transition occurs at
order phase transitions or remaining as only incipient ferroT_~ 0.2 (in the chosen dimensionless upits

electrics with very high dielectric constant and vanishing ~The calculated values of are shown in Fig. 2. A re-

spontaneous polarization. markable feature of the’ temperature dependence is that
the relaxation maximum o&’ approaches the phase transi-
Ill. ANOMALIES IN THE DIELECTRIC RESPONSE tion temperature with a decrease of the frequency until it

finally disappears, transforming to a sharp peak like that in

In this section we illustrate a capability of the model in conventional ferroelectrics. This behavior is in qualitative
the description of the dielectric response of relaxor ferroelecagreement with that observed in PST.
trics. Reconstruction of the relaxation function(®,T). PST

Relaxors with incipient ferroelectric ordedn order to  with B-site chemical disorder undergoes a first-order relaxor-
simultaneously reproduce the high values of the dielectriderroelectric phase transition at,~269 K. The dielectric
constant in relaxor ferroelectrics and the absence of spont@ermittivity of PST shows pronounced frequency dispersion
neous polarizatioflike that in PMN or PST with vacancigs with the position of a frequency-dependent maximum obey-
one should assume that;<0 and a;(T)—1 remaining, ing the VF law w=wyexg—U/(T,—To)], wherew is the
however, less than 1 at all temperatures. We chose for thigequency of the applied field anf, is the temperature of
illustrative calculationsa;(T)=0.95tanh(0.5T) [which, ac- the permittivity maximum corresponding to the frequency
cording to Eq.(5), reproduces Curie-like high-temperature » . It has been widely acceptddee, e.g., Ref. 27hat the
behavior ofe(0,T) and its high saturation value at low tem- VF type relation for the permittivity maximum is a conse-
perature$ and g(U)=2.5U%/(0.5+U®)?. We assume also
the Arrhenius temperature dependence(df), i.e., T;=0 in 15
Eq. (8). Using the chosen values af(T), g(U), andT, we
calculated the dielectric permittivity as a function of tem-
perature for different values of In(af).

The calculated real part of permittivity is shown in Fig. 1
Note that the frequency-dependent maximune'ofs not just
a relaxation maximum. It originates from the competitive
temperature dependences@f(T) anda,(T). The behavior €/eo
obtained fore’ is in reasonable qualitative agreement with
the experiment:"1°For a more detailed comparison with the
experiment one needs to find the functio@¢w,T) and
a;(T) corresponding to the best fit with the experimental
data.

Manifestation of the first-order phase transitidn some o
relaxor ferroelectricge.g., disordered PST or KLT above the 0 05
critical concentration of Li ionsthere is evidence of a first- !
order phase transition, which manifests itself in the sharp FIG. 2. Effect of the first-order phase transition on the dielectric
drop of the dielectric constant at the temperature below theesponse in relaxor ferroelectrics.
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guence of the VF law8) for 7(T). This assumption has been 35000 | :

argued recently by Tagantsé/who proposed that the ob- fw=0
servation in PST of the VF frequency dependencé gttan 1- 10KHz
be explained with the use of the Arrhenius temperature de- 2- 100Hz

pendence ofr taking into account the existence of the first- .., L
order phase transition and the fact that in PRiF=T.. An
important conclusion of Tagantsev’'s analysis is the indica-¢
tion thatT,, might be influenced significantly by the values
of static permittivity, not only by the specific temperature
dependence of. However, in order to be more conclusive
one should analyze the shape of the frequency-depender
permittivity as a function of temperature for different fre-
guencies, not just the frequency dependence of the permit

15000

5000

tivity maximum. Such an analysis is given below with the 250 350
use of Eq.(5). T K)

First, we extrapolated the experimental datnd ex- _ _
tracted the static permittivity abovE, as shown in Fig. 3 FIG. 3. €'(T) for disordered PST abové, for different fre-

(dotted curve Then, using Eq.5) and the fact that at quencies. The vertical line shows the phase transition temperature.
w=0 Q' is equal to 1, we obtained the values ofT) Solid lines 2, 3, and the circles are, respectively, the reconstructed

aboveT. We used the valug.~500 for the host lattice and the experimental values ef(T). The error bars indicate the

it C.i based h 0 tal low-t t Iuncertainties of the reconstruction due to the uncertainties in the
permittivity based on the experimental low-teémpera L_”e Valyalues obtained for(T) by the extrapolatior{dotted ling of ex-
ues of ¢(T) where the polar clusters are frozen. With the

) ) perimental data.
values obtained fok(T) and the experimental values of the

frequency-dependent permittivitg'(w,,T) at frequency Ref. 7. This result means that the employment of the VF law
@;=10 KHz (curve ) we have calculated the values of for (T) is very crucial for obtaining the correct temperature
Q'(wy,T) using Eq.(5). According to Eq(9) Q'(w,T) isa  and frequency dependence of the permittivity for PST. The
function of (T —To)In(w1o) that results in the scaling relation v/ relation for 7(T) results simultaneously in the very fast
Q'(w,T)=Q'(wy,T;) with Ty=(T=To)[In(wre)/IN(w170)]  temperature dependence of the permittivity and its rather
+To. Using this relation one can reconstruct the values okjow dependence on lag), observed in the experiment. At
Q'(w,T) at other frequencies and, therefore, the values ofhe same time an Arrhenius-like dependence-(@f) would
€'(w,T). The results of such a reconstruction are presentegesult in an extremely rapid dependence of the permittivity

in Fig. 3 for the upper 100 Hzcurve 2 and lower 1 MHz  on In(wry), which is inconsistent with the experimental data.
(curve 3 boundary frequencies used in the experiment. We
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