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Slow dynamics and ergodicity breaking in a lanthanum-modified lead zirconate
titanate relaxor system
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The freezing of the dynamic process in a 9/65/35 lanthanum lead zirconate-titanate~PLZT! ceramics has
been investigated by measurements of the frequency-dependent complex dielectric constant and the quasistatic
field-cooled~FC! and zero-field-cooled~ZFC! dielectric susceptibilities. It was found that the aging process is
responsible for the difference in temperature variations of the FC static dielectric constant and the static
dielectric constant determined in the dynamic ZFC experiment. Analysis of the complex dielectric suscepti-
bility by a temperature-frequency plot has revealed that for an aged PLZT sample the ergodicity is broken due
to the divergence of the longest relaxation time in the vicinity of 249 K, i.e., the temperature where the
ferroelectric phase can also be induced by applying sufficiently high electric field. However, the bulk of the
distribution of relaxation times was found to remain finite even below the freezing temperature. It is shown that
the behavior of the relaxation spectrum and the splitting between the field-cooled and zero-field-cooled dielec-
tric constants in PLZT relaxor is qualitatively similar to what was observed in the lead magnesium niobate
~PMN! relaxor and is reminiscent of the nonergodic behavior reported in various spin glasses. Moreover, the
temperature dependence of the third order nonlinear susceptibility indicates a glassy rather than ferroelectric
multidomain nature of the nonergodic relaxor state in both PMN and PLZT systems.@S0163-1829~99!01101-7#
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I. INTRODUCTION

For certain compositions, lanthanum-modified lead z
conate titanate ceramics Pb12xLax(ZryTi12y)12x/4O3 ~abbre-
viated as PLZT! belongs to relaxor ferroelectrics. These a
characterized by a broad frequency dispersion in the com
dielectric constant, slowing dynamics, and a logarithmic
larization decay.1–5 Although in these systems no transitio
is observed down to very low temperatures in zero elec
field, a long-range ferroelectric order can be stabilized
applying an electric field above a certain threshold level6–9

thus effectively inducing a relaxor-to-ferroelectr
transition.10,5,11 For instance, Fig. 1 shows a schema
electric-field–temperature (E–T) phase diagram for the
PLZT compositionx50.09, y50.65 labeled as 9/65/35
which is probably the most studied PLZT composition. It c
be seen that by cooling 9/65/35 PLZT ceramics in a dc e
tric field higher thanEC'5 kV/cm a long-range ferroelec
tric phase is formed. The ferroelectric polarization was
deed observed through pyroelectric current5 and hysteresis
loop measurements.

Below the threshold fieldEC , only a typical relaxor be-
havior could be observed and no transition anomaly was
tected between 723 K and 90 K.5 The nanodomain structure
which can typically be associated with relaxor behavior10,12

was observed inx/65/35 PLZT ceramics by using transmi
sion electron microscopy.13

In spite of intensive investigations, the mechanism
sponsible for the relaxor freezing process is not yet und
stood. Several earlier experimental results such as the s
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ing down of the characteristic relaxation time according
the Vogel-Fulcher law,14 the observed critical behavior o
the dielectric nonlinearity,15,16 and theE–T phase diagram8

have favored the interpretation that at low values of exter
dc electric field the relaxor state may be a glassy state
fact, it was suggested that relaxor systems could be con
ered as a dipolar glass based on the freezing of su
paraelectric clusters.17,18

Contrary to this, various experiments19,7,10,20 have later
suggested that glassiness should be excluded in favor

FIG. 1. Schematic electric-field–temperature (E–T) phase dia-
gram. Data represented by solid circles were obtained from p
electric current measurements and dielectric susceptibility exp
ments~see Refs. 5,9!, while the freezing transition represented by
solid box was determined from the temperature-frequency plot.
294 ©1999 The American Physical Society
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PRB 59 295SLOW DYNAMICS AND ERGODICITY BREAKING IN A . . .
random field mechanism of freezing into a domain state o
nanometric length scale.10 For example, measuremen
studying the dielectric response of lead magnesium niob
~PMN! ceramics in high ac and dc electric fields have sho
that the observed dynamics in the ergodic phase may be
plained as a domain-wall motion process.21,22 However, it
should be pointed out that random fields have been dem
strated to result in glassy states as well.23,24

Several more recent experiments point toward the e
tence of the qualitative equivalence between the nonerg
relaxor state and the dipolar glass state. Specifically, inv
tigations of PLZT ceramics by micro-Raman scattering ha
shown that for lanthanum contents abovex50.08 in rhom-
bohedral compositionsx/65/35, the relaxor behavior is ass
ciated with the observation of second order Raman selec
rules down to very low temperatures which is, in turn,
agreement with the glassy character of the low tempera
relaxor state.12 In addition, recent investigations of the line
and the third-order nonlinear dielectric response in the P
relaxor25 have shown that ergodicity is effectively broke
due to the divergence of the longest relaxation time. Also
has been shown that the splitting between the quasis
FC-ZFC susceptibilities occurs in that system. Furthermo
it has been demonstrated that in both rhombohedral 9/6
PLZT ceramics and in the PMN system the third order n
linear dielectric constant behaves in a way similar as
pected of a typical orientational glass system.16,25

It seems, however, that many of these rather contradic
interpretations are actually due to experimental results be
obtained in much different bias electric field regimes, i.
different regions of theE–T phase diagram. Clearly, thi
calls for a set of experiments in a low field region of theE–
T phase diagram in order to provide an insight into the nat
of the nonergodic relaxor state.

It has been known for some time that the temperat
behavior of the relaxation spectrum in dipolar glasses un
goes a dramatic change in shape and width on cooling
system toward the freezing transition.26,27 While similar be-
havior was found to exist in the PMN relaxor,25 only a few
attempts were made to address the question of slowing
namics in PLZT ceramics, which is probably the least st
ied among relaxor systems. So far, the width of the distri
tion of relaxation times and the average relaxation time w
estimated from frequency dependent linear dielectric sus
tibility data in 9/65/35 PLZT ceramics.4 It was found that
rather far away from the temperature of the field induc
relaxor-to-ferroelectric transition, i.e., in the temperatu
range from 360 K to 480 K the average relaxation time f
lows the nondivergent Arrhenius law.

Later, the analysis of the third order nonlinear dielect
susceptibility has shown that the typical relaxation time
the nonlinear dynamics is governed by divergent Vog
Fulcher law16 with the freezing temperature close to the te
perature of the field induced relaxor-to-ferroelectric tran
tion. It should be mentioned that similar behavior in thi
order nonlinear dielectric constant was recently reported
exist in the PMN relaxor.25

The observation of the splitting between the field-coo
susceptibility xFC and the zero-field-cooled susceptibili
xZFC in both the PMN crystal and 8/65/35 PLZ
ceramics25,28 provides additional indication of nonergod
a
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behavior similar to the one observed in many glas
systems,29 including dipolar30 and quadrupolar glasses.32 It
should be noted, however, that the FC-ZFC experiment
pends strongly on the experimental time scale and on var
history effects such as aging, which is a particularly stro
effect in the PLZT relaxor. These similarities lead to t
question whether ergodicity breaking takes place also
9/65/35 PLZT ceramics in zero bias electric field as repor
for PMN single crystal system. Some hints at such a p
nomenon were already observed from the saturation of
Raman intensity below the freezing temperature.5 A confirm-
ing answer would strengthen the idea that the slowing
namics and subsequently broken ergodicity~empirically
similar to that observed in dipolar glasses! places these two
chemically and structurally different relaxor systems in t
same category.

In this work we present experimental results, which in
cate a specific glasslike freezing process in 9/65/35 PL
similar to the one observed in the PMN system and dipo
glasses. Quantitative results have been obtained by stud
the quasistatic and frequency-dependent dielectric respo
in the zero-limit of the external dc electric field in order
ensure that no relaxor-to-ferroelectric transition is induced
the PLZT system. In order to keep the dielectric data analy
free of any model, a method of dielectric data representa
via the temperature-frequency plot26 was adopted. Addition-
ally, pyroelectric current determinations at zero field ha
been made, which confirm the above mentioned analysis

The experimental procedures are briefly outlined in S
II. The results and the analysis of the dielectric response
given in Sec. III. A discussion of the results is given in Se
IV.

II. EXPERIMENTAL PROCEDURES

The platelet-shaped sample of 1.93435 mm3 was cut
and polished from a block of 9/65/35 hot pressed PLZT
ramics previously used in Raman studies.5 The golden elec-
trodes were applied by evaporation technique.

The frequency-dependent complex dielectric const
«* (v,T)5«82 i«9 was measured between 79 and 415
and in the frequency range from 0.01 Hz to 1 MHz. T
frequency range was covered by two different techniques:~a!
low frequency measurements from 0.01 Hz to 1 kHz we
carried out by using a Schlumberger 1250 Impedance Me
~b! The measurements in the frequency range from 20 H
1 MHz were performed by the HP4282 Precision LC
Meter. The amplitude of the probing ac electric signal wa
V/cm for all measuring frequencies.

It was found that the history-dependent effects~including
aging! play an important role in the PLZT relaxor.31 Specifi-
cally, Fig. 2 shows the dielectric constant measured at
different frequencies at given fixed temperature as a func
of waiting time as described below. It is obvious that t
aging effect can strongly influence the temperature dep
dence of the dielectric data taken within first few hours af
the annealing. However, for waiting times longer than o
day, changes in the dielectric constant due to aging bec
negligible within the experimental window of a few hour
No significant aging effect was detected in dc field expe
ments~see Sec. III A!.
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296 PRB 59ZDRAVKO KUTNJAK et al.
Due to this important effect, special attention was paid
the way the low temperature relaxor phase was reached.
frequency dependent dielectric constant was measured in
different runs. In both runs the sample was first anneale
415 K for one hour, then in the first cooling run the da
were taken immediately after annealing. In this case, the
namics of the sample within the initially rapid aging regim
was studied. In the second run the sample was first co
down to 345 K, i.e., in the vicinity of the broad dielectr
constant maximum. There the temperature was stabilized
the sample was aged for one day. In this way the aging ef
was reduced so that it did not interfere anymore with regu
dielectric dynamics. The dielectric constant was always
termined on cooling the system with the same cooling rate
21 K/min.

The temperature variations of the field-cooled,PFC, and
zero-field-cooled,PZFC, quasistatic dielectric polarizatio
were measured between 80 and 425 K by using the co
sponding method as described in Ref. 30. The zero-fi
cooled dielectric constant«ZFC5 limE→0PZFC(E,T)/«0E was
determined by cooling an annealed sample down to 80 K
zero field E50. There an external electric field ofE
550 V/cm was applied and the sample was slowly hea
~1 K/min! up to 400 K while the corresponding polarizatio
charge was measured by the Keithley 617 programma
electrometer. At temperatureT5400 K the scanning rate
was reversed (21 K/min) and the field-cooled dielectri
constant«FC5 limE→0PFC(E,T)/«0E was measured by cool
ing the system down to 80 K in the same external elec
field E550 V/cm. After the electric fieldE was switched
off at 80 K, a long-living remanent polarizationPR was ob-
served and monitored on heating~1 K/min! the sample in
zero field again up to 425 K. In the second run, both«FC and
PR were also measured by applying a ten times smaller e
tric field E55 V/cm.

The original third order nonlinear susceptibility da
which will be analyzed in the last section have been p
lished together with the corresponding measuring method
Refs. 16 and 25 for 9/65/35 PLZT ceramics and for the PM
single crystal, respectively.

Pyroelectric current measurements were performed

FIG. 2. Aging effect on the real part of the complex dielect
constant taken at two different frequencies represented in a log
plot.
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zero field heating~after zero field cooling! run at a heating
rate of 1 K/min using the same Keithley electrometer.

The temperature of the samples was stabilized and m
tored to within60.01 K in the temperature range from 80
425 K by using a lock-in bridge technique with a platinu
resistor PT100 as thermometer.

III. RESULTS AND ANALYSIS

This section gives a description of the results obtained
FC/ZFC quasistatic and spectroscopic dielectric experime
and their analysis.

A. FC and ZFC dielectric susceptibility

Quasistatic measurements of the splitting between FC
ZFC susceptibilities is one of the fundamental experime
to probe the onset of nonergodic behavior in the mate
under investigation.29 The results obtained on 9/65/35 PLZ
ceramics are shown in Fig. 3 and are very similar to tho
obtained on the 8/65/35 PLZT sample28 and PMN relaxor.25

They provide a strong indication that the nature of the l
temperature state is qualitatively similar to the one repor
in various orientational glasses,30,32where the observed split
ting between field-cooled (s) and zero-field-cooled (d) di-
electric constants indicates the onset of ergodicity break
It should be mentioned, however, that in contrast to
above data and the data taken on the PMN system, w
were obtained in low-field limit in order to stay away from
the relaxor-to-ferroelectric transition line, the FC/ZFC da
obtained on 8/65/35 PLZT ceramics were obtained in rat
high dc bias fields~3–5 kV/cm!, thus moving the system into
the vicinity of the transition line.

It should be stressed that an estimate of the freezing t
peratureTf , i.e., the temperature where the splitting betwe
«FC and «ZFC should occur is not a true static quantity, b
depends strongly on the experimental time scale in the z
field-cooling experiment,30,26 which was in our casetexpt
'300 s. In principle, the limitTf(texpt→`) should provide
the temperature of static ergodicity breaking, however,

og

FIG. 3. Temperature dependence of the field-cooled (s) and
zero-field-cooled–field-heat (d) quasistatic dielectric constant«8
of 9/65/35 PLZT ceramics. Also shown is remanent polarizationPr

~solid triangle! obtained in a heating run.
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PRB 59 297SLOW DYNAMICS AND ERGODICITY BREAKING IN A . . .
experiment of this kind is very time consuming and the
sults thus obtained would suffer from a rather high level
noise.

A frozen remanent polarizationPR is observed after the
external field in FC experiment is removed. The small g
between«FC andPR curves in Fig. 3 is due to the very fas
high-frequency dielectric response and can in principle p
vide an independent estimate of«` .

At temperatures below 100 K,PR was found to be time
independent on time scales longer than several hours.
heating the sample,PR was decreasing with increasing tem
perature and the slow relaxation was observed at temp
tures above 150 K. Qualitatively, this is in agreement w
the previously reported observation of a long-living relaxi
electric polarization created by cooling down 8/65/35 PL
ceramics28 and PMN sample in the low-field regime.25 The
temperature of the inflection point of thePR(T) plot is 250
K, i.e., it coincides with the already determined freezing te
perature in 9/65/35 PLZT~see Fig. 1 and Ref. 5!.

Another hint at ergodicity breaking is provided by th
zero field cooling weak pyroelectric current peaks which
pear in the vicinity of the freezing temperatureTf on heating
~Fig. 4!. Their sign and amplitude are at random, and dif
from one run to another. This reflects the nonreproducibi
of the low temperature ground state, as expected for a n
ergodic system.

B. Complex dielectric constant

The frequency-dependent complex dielectric constant
provide a direct information on the dynamic processes oc
ring in PLZT relaxor.

Figure 5 shows a set of dielectric data taken at sev
temperatures in a Cole-Cole diagram. Analogous to the P
system25 and to other dipolar glassy systems,29,27 9/65/35
PLZT ceramics exhibits pronounced dispersion in the die
tric constant, i.e., the Cole-Cole plots start to deviate fr
the ideal monodispersive or Debye semicircles at temp
tures below 350 K. With decreasing temperature, the re
ation becomes extremely polydispersive, in fact much m

FIG. 4. Pyroelectric current I obtained in a zero field heating
after zero field cooling experiments. Note randomness in pyroe
tric current peaks.
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than it was observed in PMN or some dipolar glasses.27 As
shown in Fig. 6, it manifests itself in a rather small and ve
flat, i.e., almost frequency independent imaginary part of
complex dielectric constant. This, in turn, leads at low te
peratures to the very strongly suppressed Cole-C
plots.1,33,34

The standard analysis of Cole-Cole plots could in pr
ciple provide information about the temperature variations
important parameters such as the static dielectric cons
«s , the dielectric constant at very high frequencies«` , and
the characteristic relaxation timet. However, these result
would strongly depend on the choice of the distribution
relaxation timesg(ln t), i.e., some prior knowledge is re
quired about the shape of the relaxation spectrum. T
means that Cole-Cole plots cannot provide direct and in
pendent information about the actual relaxation spectrum
der investigation.26,27 In addition, the rapidly increasing
polydispersivity of the relaxation that cannot be complet
covered even by an eight decades wide range of frequen
at any temperature, makes the above analysis practically
possible.

n
c-

FIG. 5. Measured values of«9 plotted vs «8 in an unaged
9/65/35 PLZT ceramics at five temperatures.

FIG. 6. Frequency dependence of the real and imaginary par
the complex dielectric constant at given temperature. Note the v
suppressed and almost flat imaginary dielectric constant, which
dicates very broad distribution of relaxation times.
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298 PRB 59ZDRAVKO KUTNJAK et al.
C. Temperature-frequency plot

In this method, which was recently successfully applied
various glassy and relaxor systems,26,27,35–37,25the special
representation of the real part of the dielectric constant in
so-called temperature-frequency plot26 allows a direct extrac-
tion of the information on the behavior of the relaxatio
spectrum.

Since an extensive description of this method was alre
given in Refs. 26 and 27, we will keep focus on its resu
after some basic definitions. Here a natural assumptio
made that the distribution of relaxation timesg(z) is limited
by the lower and upper cutoffsz1 and z2 , respectively,
wherezi5 ln(vati) with va as an arbitrary unit frequency. B
being varied between the values 1 and 0, a reduced diele
constant26

d [
«8~v,T!2«`

«s2«`
5E

z1

z2 g~z! dz

11~v/va!2exp~2z!
, ~1!

is probing various segments of the relaxation spectru
Here, by scanning thed, the filter in the second part of Eq
~1! is actually probing the distribution of relaxation time
g(z) by shifting its position inv space.27 In practice, this is
achieved by finding within the set of the dielectric data
given temperatureT a frequencyv52p f at which the pre-
scribed value ofd is reached.

Obviously, a prior knowledge about the temperature
havior of the two required parameters«s and«` is needed.
The high frequency dielectric constant«` was found to be
negligible small in comparison to the large static dielect
constant«s . As already mentioned and shown in Fig. 2, t
static dielectric constant«s , which itself is required in this
method, was found to be strongly affected by the aging p
cess during a ZFC ac dielectric measurement run. Spe
cally, during the first few hours of cooling the sample dow
from the annealing temperature,«s was gradually reducing
its value by as much as 20%, regardless of the rate of c
ing. Due to this effect, the static limit of the ac dielectric da
differs from the quasistatic value of the independently m
sured FC dielectric susceptibility, contrary to what was o
served in PMN system, in which the aging effect was ne
gibly small.25 As a consequence, the static value of t
dielectric constant becomes uncertain at lower temperatu

In order to avoid this problem, the dielectric dispersi
was analyzed only in the sample, which was first aged for
period of one day. In this way, the aging effect was slow
down so that it did not interfere any more with the slo
regular dielectric dynamics. As shown in Fig. 7, it was fou
that the Cole-Cole extracted static dielectric constant«s of
the sample aged for one day was temperature independe
the whole temperature range, where«s could be determined
Thus one may conclude that the static dielectric cons
remains constant down to very low temperatures.

A characteristic temperature-frequency profile for ea
fixed value of the reduced dielectric constantd represented
in the (T, f ) plane is shown in Fig. 8. As pointed out in Ref
26 and 27, the temperature dependence of the relaxation
offs z1(T) and z2(T) can be deduced from Fig. 8 withou
any model-based assumptions about the relaxation spect

In particular, the straight lines for low values ofd in Fig.
8 suggest a linear relationship betweenz1 and 1/T, which
o
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implies an activated or Arrhenius-type behaviort1
5t01exp(E/T) for the shortest relaxation time. Further, be
curves ford close to 1 indicate a divergent behavior oft2(T)
that can be effectively described by a Vogel-Fulcher law

t25t02exp@U/~T2T0!#. ~2!

It is interesting to mention that the same asymmetric
havior of the relaxation spectrum was very recently repor
for PMN relaxor.25 The parameterst01, t02, E, U, andT0
were extracted by fitting each curve in Fig. 8 separately
the generic Vogel-Fulcher ansatz given by Eq.~2! and ex-
trapolating the set of fitting parameters thus obtained towa
d51 and d50. The solid lines in Fig. 8 are results o
the above fitting procedure with the following fitting param
eters: T0524964 K, f 0151/2pt0153.831014 Hz, f 02
51/2pt0257.231010 Hz, E52006150 K, and U51400
6100 K. It is worth mentioning that up to this point n
model for g(z) was needed, therefore making the (T, f )

FIG. 7. Temperature dependence of the static dielectric cons
obtained on the 9/65/35 PLZT sample after being aged for one
The static dielectric constant remains temperature independent
experiment in which the dielectric dispersion is measured imme
ately after each change of temperature.

FIG. 8. Temperature-frequency plots for several fixed values
the reduced dielectric constantd. Solid lines are fits obtained with
a generic Vogel-Fulcher expression.
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PRB 59 299SLOW DYNAMICS AND ERGODICITY BREAKING IN A . . .
analysis completely free of any prior assumptions about
shape of the relaxation spectrum. In addition, the analysi
t2 was performed only in the temperature range where
static dielectric constant«s was exactly known.

The value forT0 thus obtained is in fact very close to th
previously reported Vogel-Fulcher temperature determi
from the third order nonlinear dielectric data16 and to the
freezing temperature indicated by Raman scatter
experiments.5 Moreover, within the experimental errorT0 is
equal to the temperature at which the relaxor-to-ferroelec
transition could be induced by applying a sufficiently hi
electric field.5

IV. DISCUSSION

The above results clearly indicate that the low tempe
ture state in 9/65/35 PLZT ceramics possesses a numb
empirical properties, which are characteristic for dipo
glasses.

In particular, the existence of the splitting between the
and ZFC static linear dielectric susceptibilities observed o
quasistatic experimental time scale in both 9/65/35 PL
ceramics and the PMN crystal, indicates the onset of bro
ergodicity below some apparent freezing temperatureTf .
The same behavior together with a long-living remanent
larization PR was previously found in various orientation
glasses.30,32 In addition to this, an asymmetric broadening
the relaxation spectrum and the divergence of the maxim
relaxation time in both 9/65/35 PLZT ceramics and the PM
relaxor is analogous to the behavior reported in sev
glassy systems.26,27,35,37Here, the divergence of the longe
relaxation time implies a transition from the ergodic into
nonergodic relaxor state at the Vogel-Fulcher tempera
T0 , which, in turn, can be identified as the freezing tempe
ture Tf .

Nevertheless, while the longest relaxation time diverg
the bulk of the relaxation spectrum remains active even
low the Vogel-Fulcher temperatureT0 as clearly shown in
Fig. 5. This behavior is in agreement with the observation
the slow polarization decay far below the freezing tempe
ture and with previously reported behavior in PMN crysta25

and Rb12x(ND4)xD2PO4 deuteron glass system.26,27Further-
more, the rather small activation energy of the high f
quency limit of the relaxation spectrum obtained in 9/65/
PLZT ceramics has—within the experimental error—t
same order of magnitude as reported in PMN relaxor
should be noted, however, that the existence of an ‘‘un
zen’’ part of the relaxation spectrum is qualitatively in a
cordance with the predictions of the theory of hierarchica
constrained dynamics.38,39 For the linear ansatzg(z)52(z
2z1)/(z22z1)2,26 the width of the relaxation spectrumDz
5z12z252(«s2«`)(12d)1/2/«9 can be deduced from th
result of the integral evaluation for«* @cf. Eq.~2! of Ref. 27#
with the assumption thatDz@1. The width of the unfrozen
relaxation spectrum~estimated by using the above ansa!
continuously grows with decreasing temperature. It soon
ceeds one hundred decades, thus demonstrating that a
part of the material is effectively frozen~see Fig. 9 for de-
tails!.

These results qualitatively agree with the results rece
reported on PMN relaxor25 and with Raman scattering resul
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that were already indicating glasslike freezing in 9/65/
PLZT ceramics.5,12 Moreover, the relaxor dynamics behavio
empirically agree with the behavior reported on some dipo
glasses.26,35

The significance of the third order nonlinear susceptibil
x3 in characterizing orientational glasses was discusse
various theoretical and experimental works.40,35 Recently, it
was suggested thatx3 should be considered as a dynam
quantity in these systems.40 Within the Ising random-bond
random-field model it was shown that the quasistatic limit
a dynamicx3 reflects the critical behavior of the glass ord
parameter and therefore should diverge in the vicinity of
Almeida-Thouless line, i.e., the freezing temperatureTf .

Indeed, such behavior was very recently confirmed to
ists in betaine deuteron glass system D-BP:BPI~40:60!.35

Furthermore, it was shown in both 9/65/35 PLZT ceramic16

and PMN relaxor25 that the third order nonlinear dielectri
constant behaves in a way similar as expected for a typ
orientational glass system. Specifically, in both systemsx3
was found to be a dynamic quantity reflecting the slowi
dynamics similar to the dynamic behavior in linear dielect
constant.25,16 With decreasing temperature, the quasista
limit of x3 was found to increase in both relaxors more ra
idly than the linear susceptibility. For various reasons, a cr
cal analysis of this quantity was not possible in the PM
relaxor25 thus preventing a characterization of the critic
behavior. However, at least a qualitative approach is p
sible.

In a system with average cubic symmetry andn53 com-
ponents of the order parameter, the relation between the
larization PW and electric fieldEW can be written as a powe
series P15x1E12x12E1(E2

21E3
2)2x3E1

31•••. This can
be inverted to give the equation of state

E15a1P11a12P1~P2
21P3

2!1a3P1
31•••, ~3!

wherea151/x1 , a125x12/x1
4 , anda35x3 /x1

4 .
To characterize the nonlinear dielectric response let

consider the temperature dependence of the coefficienta3

FIG. 9. Temperature dependence of the effective widthDz of
the relaxation spectrum, which remains active even below the t
perature at which the maximum relaxation time diverges, i.e.,
godicity is broken. Here,«s was assumed to remain temperatu
independent even at low temperatures as suggested by the beh
shown in Fig. 7.
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and a12. Specifically, for a ferroelectric~FE! system the
scaling theory of second order phase transitions gives41

a3
FE}~T2Tc!

g22b, ~4!

whereg is defined byx1}(T2Tc)
2g and b is the order-

parameter critical exponent. It should be noted that in g
eral g22b.0 for cubic systems at spatial dimensional
d53, and hence the coefficienta3

FE should vanish atTc .
In a spin glass~SG! or dipolar glass~DG!, however,x3

behaves according to42,35

x3}~T2Tf !
2g3 ~5!

with g3.0, whereasx1 remains finite atTf . Thus,

a3
SG5

x3

x1
4
}~T2Tf !

2g3, ~6!

i.e., the third order coefficient diverges at the freezing tr
sition. An analogous analysis can be made for the coeffic
a12.

As shown in Fig. 10, the ratiox3 /x1
4 in both 9/65/35

PLZT and PMN relaxor increases sharply on approach
the freezing transition and thus its behavior is consistent w
the one expected of a glassy rather than pure ferroele
system. Moreover, the data obtained in 9/65/35 PLZT
laxor can be reasonably well fitted to the above SG an
with g351, which is the value expected from a mean-fie
theory of dipolar glasses40 and with Tf5253 K, which is
very close to the valueT05249 K obtained from the
temperature-frequency plot. Although, as discussed in R
25, no critical fits ofx3 data in PMN were possible in a stric
statistical sense, it is obvious from Fig. 10 that the tempe
ture behavior ofx3 /x1

4 is qualitatively closer to the glass
than the ferroelectric case.43 It should be stressed again th
the above results were obtained in zero bias field limit
below the threshold field, above which the ferroelectric m
crodomain multistate is observed.12,8
.
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In summary, the investigation of the linear and the thir
order nonlinear dielectric response in zero electric fi
shows the onset of nonergodic behavior in the 9/65/35 PL
ceramics. In the same way as in PMN single crystal
divergence of the longest relaxation time in the distributi
of relaxation times effectively breaks ergodicity. The glas
dynamics together with the splitting between the quasist
FC-ZFC susceptibilities and the critical behavior ofx3 /x1

4

demonstrate that the nonergodic state can be at least em
cally described as a dipolar glass state.
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FIG. 10. Temperature dependences of thex3 /x1
4 for ~a! 9/65/35

PLZT ceramics and~b! PMN single crystal. Solid line through
9/65/35 PLZT data is a tentative fit with critical exponentg351.
tt.

,

u-

. B

ro-

.:
1G. A. Smolenskii, V. A. Isupov, A. I. Aguanovska, and S. N
Popov, Fiz. Tverd. Tela~Leningrad! 2, 2906~1960! @Sov. Phys.
Solid State2, 2584~1960!#.

2D. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Phys. Rev
46, 8003~1992!.

3J. F. Li, X. Dai, A. Chow, and D. Viehland, J. Mater. Res.10, 926
~1995!.

4J. L. Dellis, J. Dallennes, J. L. Carpentier, A. Morell, and
Farhi, J. Phys.: Condens. Matter6, 5161~1994!.

5R. Farhi, M. El Marssi, J.-L. Dellis, J.-C. Picot, and A. More
Ferroelectrics176, 99 ~1996!.

6Y. Xi, C. Zhilli, and L. E. Cross, J. Appl. Phys.54, 3399~1983!.
7R. Sommer, N. K. Yushin, and J. J. van der Klink, Phys. Rev

48, 13 230~1993!; H. Christen, R. Sommer, N. K. Yushin, an
J. J. van der Klink, J. Phys.: Condens. Matter6, 2631~1994!.

8E. V. Colla, E. Yu. Koroleva, N. M. Okuneva, and S. B. Vakhr
shev, Phys. Rev. Lett.74, 1681~1995!.

9J.-L. Dellis, M. El Marssi, P. Tilloloy, R. Farhi, and D. Viehland
Ferroelectrics201, 167 ~1997!.
B

10V. Westphal, W. Kleemann, and M. D. Glinchuk, Phys. Rev. Le
68, 847 ~1992!.

11X. Dai, Z. Xu, and D. Viehland, Philos. Mag. B70, 33 ~1994!.
12M. El Marssi, R. Farhi, J.-L. Dellis, M. D. Glinchuk, L. Seguin

and D. Viehland, J. Appl. Phys.83, 5371~1998!.
13D. Viehland, Z. Xu, and D. A. Payne, J. Appl. Phys.74, 7454

~1993!; X. Dai, Z. Xu, J. F. Li, and D. Viehland,ibid. 79, 2023
~1996!.

14D. Viehland, S. J. Jang, and L. E. Cross, J. Appl. Phys.68, 2916
~1990!.

15E. V. Colla, E. Yu. Koroleva, N. M. Okuneva, and S. B. Vakhr
shev, J. Phys.: Condens. Matter4, 3671~1992!.

16J. L. Dellis, J. Phys.: Condens. Matter8, 7957~1996!.
17L. E. Cross, Ferroelectrics76, 241 ~1987!.
18D. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Phys. Rev

46, 8003~1992!.
19H. Arndt, F. Sauerbier, G. Schmidt, and L. A. Shebanov, Fer

electrics79, 439 ~1988!.
20O. Bidault, M. Licheron, E. Husson, and A. Morell, J. Phys



. B

t.

ig

-

K.

ne,

on,

L.

v

l

ata
oc.
ta
tric
of
ed
e
her
re.

PRB 59 301SLOW DYNAMICS AND ERGODICITY BREAKING IN A . . .
Condens. Matter8, 8017~1996!.
21A. E. Glazounov, A. K. Tagantsev, and A. J. Bell, Phys. Rev

53, 11 281~1996!.
22A. K. Tagantsev and A. E. Glazounov, Phys. Rev. B57, 18

~1998!.
23M. D. Glinchuk and R. Farhi, J. Phys.: Condens. Matter8, 6985

~1996!.
24B. E. Vugmeister and H. Rabitz, Phys. Rev. B57, 7581~1998!.
25A. Levstik, Z. Kutnjak, C. Filipič, and R. Pirc, Phys. Rev. B57,

11 204~1998!.
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