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The freezing of the dynamic process in a 9/65/35 lanthanum lead zirconate-ti(t®hat€) 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 sys86153-18209)01101-7

I. INTRODUCTION ing down of the characteristic relaxation time according to

the Vogel-Fulcher law? the observed critical behavior of
For certain compositions, lanthanum-modified lead zir-the dielectric nonlinearity>'® and theE-T phase diagrafh
conate titanate ceramics PRlay(Zr,Ti;_,)1_54Os (abbre-  have favored the interpretation that at low values of external
viated as PLZT belongs to relaxor ferroelectrics. These aredc electric field the relaxor state may be a glassy state. In
characterized by a broad frequency dispersion in the complefect, it was suggested that relaxor systems could be consid-
dielectric constant, slowing dynamics, and a logarithmic po€red as a dipolar gllglss based on the freezing of super-
larization decay:® Although in these systems no transition Paraelectric clusters:

- - - 10,20
is observed down to very low temperatures in zero electric Contrary rtlo th:s, various Explerlmef'ﬂg | hayeflater .
field, a long-range ferroelectric order can be stabilized by>u99ested that glassiness should be excluded in favor of a

applying an electric field above a certain threshold 1&v&l, 15.0

thus effectively inducing a relaxor-to-ferroelectric i/

transition'®®>!! For instance, Fig. 1 shows a schematic 125

electric-field—temperature ET) phase diagram for the ""

PLZT compositionx=0.09, y=0.65 labeled as 9/65/35, 100k :

which is probably the most studied PLZT composition. It can ~ ) Para-

be seen that by cooling 9/65/35 PLZT ceramics in a dc elec- 5, 5 |Femoelectric electric

tric field higher thanE-~5 kV/cm a long-range ferroelec- g T 29K

tric phase is formed. The ferroelectric polarization was in- B sobssisrrime ¢

deed observed through pyroelectric curfeand hysteresis f/

loop measurements. 2.5 [Nonergodic /- Ergodic

Below the threshold fieldE., only a typical relaxor be- Relaxor —/ Relaxor

havior could be observed and no transition anomaly was de- 0.0 . 4 - - // - -

240 24 250 255 260 480 500

tected between 723 K and 90°KThe nanodomain structure,
which can typically be associated with relaxor beha¥iét
was observed ix/65/35 PLZT ceramics by using transmis-  F|G. 1. Schematic electric-field—temperatueT) phase dia-
sion electron microscop]f. gram. Data represented by solid circles were obtained from pyro-
In spite of intensive investigations, the mechanism re-lectric current measurements and dielectric susceptibility experi-
sponsible for the relaxor freezing process is not yet underments(see Refs. 5)9 while the freezing transition represented by a
stood. Several earlier experimental results such as the slowelid box was determined from the temperature-frequency plot.

T(K)
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random field mechanism of freezing into a domain state on dehavior similar to the one observed in many glassy
nanometric length scafd. For example, measurements systems? including dipola?® and quadrupolar glass&sit
studying the dielectric response of lead magnesium niobatghould be noted, however, that the FC-ZFC experiment de-
(PMN) ceramics in high ac and dc electric fields have showrpends strongly on the experimental time scale and on various
that the observed dynamics in the ergodic phase may be ekistory effects such as aging, which is a particularly strong
plained as a domain-wall motion procés$? However, it effect in the PLZT relaxor. These similarities lead to the

should be pointed out that random fields have been demorfuestion whether ergodicity breaking takes place also in
strated to result in glassy states as &f* 9/65/35 PLZT ceramics in zero bias elect_rlc field as reported
Several more recent experiments point toward the exisfor PMN single crystal system. Some hints at such a phe-
tence of the qualitative equivalence between the nonergoditc®menon were already observed from the saturation of the
relaxor state and the dipolar glass state. Specifically, inved?@man intensity below the freezing temperatlifeconfirm-
tigations of PLZT ceramics by micro-Raman scattering havdnd answer would strengthen the idea that the slowing dy-
shown that for lanthanum contents abowe0.08 in rhom- Namics and subsequently broken ergodicigmpirically
bohedral compositions/65/35, the relaxor behavior is asso- Similar to that observed in dipolar glassgsaces these two
ciated with the observation of second order Raman selectiofemically and structurally different relaxor systems in the
rules down to very low temperatures which is, in turn, in S&Me category. _ L
agreement with the glassy character of the low temperature '" this work we present experimental results, which indi-
relaxor staté? In addition, recent investigations of the linear Cat€ @ specific glasslike freezing process in 9/65/35 PLZT
and the third-order nonlinear dielectric response in the PMNFIMilar to the one observed in the PMN system and dipolar
relaxof® have shown that ergodicity is effectively broken glasses. 'Qua'ntltatlve results have been ob"[alned' by studying
due to the divergence of the longest relaxation time. Also, it"€ guasistatic and frequency-dependent dielectric responses
has been shown that the splitting between the quasistatif the zero-limit of the external dc (_alectrlc _f!eld_ln_ order to
FC-ZFC susceptibilities occurs in that system. Furthermore€nsure that no relaxor-to-ferroelectric transition is induced in

it has been demonstrated that in both rhombohedral 9/65/3%1€ PLZT system. In order to keep the dielectric data analysis
PLZT ceramics and in the PMN system the third order nonT€€ of any model, a method of dielectric data repres_gntatlon
linear dielectric constant behaves in a way similar as exVia the temperature-frequency [ﬂ_%wé_ls adopted. Addition-
pected of a typical orientational glass systéri® ally, pyroelectn(_: current determinations at zero field h_ave

It seems, however, that many of these rather contradictory©&n made, which confirm the above mentioned analysis.
interpretations are actually due to experimental results beinﬂ The experimental procedures are briefly outlined in Sec.
obtained in much different bias electric field regimes, i.e.,l- The results and the analysis of the dielectric response are
different regions of theE—T phase diagram. Clearly, this 91Ven in Sec. lll. A discussion of the results is given in Sec.
calls for a set of experiments in a low field region of tae
T phase diagram in order to provide an insight into the nature
of the nonergodic relaxor state. _ Il EXPERIMENTAL PROCEDURES

It has been known for some time that the temperature
behavior of the relaxation spectrum in dipolar glasses under- The platelet-shaped sample of X8x5 mn? was cut
goes a dramatic change in shape and width on cooling thand polished from a block of 9/65/35 hot pressed PLZT ce-
system toward the freezing transitiét?’ While similar be-  ramics previously used in Raman studiéEhe golden elec-
havior was found to exist in the PMN relaxoronly a few  trodes were applied by evaporation technique.
attempts were made to address the question of slowing dy- The frequency-dependent complex dielectric constant
namics in PLZT ceramics, which is probably the least stud<* (w,T)=¢’ —ie” was measured between 79 and 415 K
ied among relaxor systems. So far, the width of the distribuand in the frequency range from 0.01 Hz to 1 MHz. The
tion of relaxation times and the average relaxation time werdrequency range was covered by two different techniq(as:
estimated from frequency dependent linear dielectric suscepew frequency measurements from 0.01 Hz to 1 kHz were
tibility data in 9/65/35 PLZT ceramicslt was found that carried out by using a Schlumberger 1250 Impedance Meter.
rather far away from the temperature of the field inducedb) The measurements in the frequency range from 20 Hz to
relaxor-to-ferroelectric transition, i.e., in the temperaturel MHz were performed by the HP4282 Precision LCR
range from 360 K to 480 K the average relaxation time fol-Meter. The amplitude of the probing ac electric signal was 5
lows the nondivergent Arrhenius law. V/cm for all measuring frequencies.

Later, the analysis of the third order nonlinear dielectric It was found that the history-dependent effe@teluding
susceptibility has shown that the typical relaxation time ofaging play an important role in the PLZT relaxdt Specifi-
the nonlinear dynamics is governed by divergent Vogel-cally, Fig. 2 shows the dielectric constant measured at two
Fulcher law® with the freezing temperature close to the tem-different frequencies at given fixed temperature as a function
perature of the field induced relaxor-to-ferroelectric transi-of waiting time as described below. It is obvious that the
tion. It should be mentioned that similar behavior in third aging effect can strongly influence the temperature depen-
order nonlinear dielectric constant was recently reported talence of the dielectric data taken within first few hours after
exist in the PMN relaxof® the annealing. However, for waiting times longer than one

The observation of the splitting between the field-cooledday, changes in the dielectric constant due to aging become
susceptibility yec and the zero-field-cooled susceptibility negligible within the experimental window of a few hours.
xzece i both the PMN crystal and 8/65/35 PLZT No significant aging effect was detected in dc field experi-
ceramic$®>?® provides additional indication of nonergodic ments(see Sec. Il A.
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FIG. 2. Aging effect on the real part of the complex dielectric ~ FIG- 3. Temperature dependence of the field-cooled @nd

constant taken at two different frequencies represented in a log-loge0-field-cooled—field-hea®) quasistatic dielectric constaat
plot. of 9/65/35 PLZT ceramics. Also shown is remanent polarizallpn

(solid triangle obtained in a heating run.

Due to this important effect, special attention was paid to ! . ) . :
the way the low temperature relaxor phase was reached. THREO field hea_tmggfter zero field CQOImD run at a heating
frequency dependent dielectric constant was measured in wgte of 1 K/min using the same Keithley electrometer.

different runs. In both runs the sample was first annealed at% r-ergfotsvrirgﬁii rftgrgloLt?rletEZTeprfse\?:irzt?::IZ:?r:rgdSE)ntc:)nI-
415 K for one hour, then in the first cooling run the data - P g

were taken immediately after annealing. In this case, the d 425 K by using a lock-in bridge technique with a platinum

Yesistor PT1 hermometer
namics of the sample within the initially rapid aging regime esisto 00 as thermometer.

was studied. In the second run the sample was first cooled

down to 345 _K, i.e., in the vicinity of the broad die_l_ectric IIl. RESULTS AND ANALYSIS

constant maximum. There the temperature was stabilized and

the sample was aged for one day. In this way the aging effect This section gives a description of the results obtained in
was reduced so that it did not interfere anymore with regulaFC/ZFC quasistatic and spectroscopic dielectric experiments
dielectric dynamics. The dielectric constant was always deand their analysis.

termined on cooling the system with the same cooling rate of

—1 K/min.

The temperature variations of the field-cool&}., and A. FC and ZFC dielectric susceptibility
zero-field-cooled,P,rc, quasistatic dielectric polarization Quasistatic measurements of the splitting between FC and
were measured between 80 and 425 K by using the corréZFC susceptibilities is one of the fundamental experiments
sponding method as described in Ref. 30. The zero-fieldto probe the onset of nonergodic behavior in the material
cooled dielectric constamtc=limg_,oP,r(E,T)/egE was  under investigatioR® The results obtained on 9/65/35 PLZT
determined by cooling an annealed sample down to 80 K ieramics are shown in Fig. 3 and are very similar to those
zero field E=0. There an external electric field dE  obtained on the 8/65/35 PLZT samfil@and PMN relaxof®
=50 V/cm was applied and the sample was slowly heated'hey provide a strong indication that the nature of the low
(1 K/min) up to 400 K while the corresponding polarization temperature state is qualitatively similar to the one reported
charge was measured by the Keithley 617 programmablin various orientational glassé$>?where the observed split-
electrometer. At temperatur€=400 K the scanning rate ting between field-cooled®) and zero-field-cooled®) di-
was reversed {1 K/min) and the field-cooled dielectric electric constants indicates the onset of ergodicity breaking.
constante = limg_ oPrc(E, T)/eoE was measured by cool- It should be mentioned, however, that in contrast to the
ing the system down to 80 K in the same external electriabove data and the data taken on the PMN system, which
field E=50 V/cm. After the electric fieldle was switched were obtained in low-field limit in order to stay away from
off at 80 K, a long-living remanent polarizatid®, was ob-  the relaxor-to-ferroelectric transition line, the FC/ZFC data
served and monitored on heatiigy K/min) the sample in obtained on 8/65/35 PLZT ceramics were obtained in rather
zero field again up to 425 K. In the second run, beth and  high dc bias field$3—5 kV/cm), thus moving the system into
P were also measured by applying a ten times smaller eledhe vicinity of the transition line.
tric field E=5 V/cm. It should be stressed that an estimate of the freezing tem-

The original third order nonlinear susceptibility data peraturery, i.e., the temperature where the splitting between
which will be analyzed in the last section have been puberc and ezec should occur is not a true static quantity, but
lished together with the corresponding measuring methods iflepends strongly on the experimental time scale in the zero-
Refs. 16 and 25 for 9/65/35 PLZT ceramics and for the PMNfield-cooling experiment®?® which was in our caseeyy
single crystal, respectively. ~300 s. In principle, the limifl¢(teyo— ) should provide

Pyroelectric current measurements were performed in ¢he temperature of static ergodicity breaking, however, an
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9/65/35 PLZT ceramics at five temperatures.
FIG. 4. Pyroelectric current | obtained in a zero field heating run

after zero field cooling experiments. Note randomness in pyroelecian it was observed in PMN or some dipolar gla§§e¢$s
tric current peaks. shown in Fig. 6, it manifests itself in a rather small and very

. . ) , flat, i.e., almost frequency independent imaginary part of the
exloenrr:"nent Sf 'Fh'sdk'nd IIZ very time consur::mghgnhdlthelre—complex dielectric constant. This, in turn, leads at low tem-
sults thus obtained wou suffer from a rather high leve Ofperatures to the very strongly suppressed Cole-Cole
noise. o _ plots 13334

A frozen remanent polarizatioRg is observed after the The standard analysis of Cole-Cole plots could in prin-
external field in FC experiment is removed. The small gap

betweens - and Py curves in Fig. 3 is due to the very fast ciple provide information about the temperature variations of
FC R . :

high-frequency dielectric response and can in principle pro1mportant parameters such as the static dielectric constant

vide an independent estimate ©f . g5, the dielectric constant at very high frequencies, and

At temperatures below 100 KPg was found to be time the characteristic relaxation time However, these results
independent on time scales longer than several hours. opould strongly depend on the choice of the distribution of
heating the samplé® was decreasing with increasing tem- relaxation timesg(in 7), i.e., some prior knowledge is re-
perature and the slow relaxation was observed at temper&uired about the shape of the relaxation spectrum. This
tures above 150 K. Qualitatively, this is in agreement withmeans that Cole-Cole plots cannot provide direct and inde-
the previously reported observation of a long-living relaxingpendent information about the actual relaxation spectrum un-
electric polarization created by cooling down 8/65/35 PLZTder investigatiorf®?’ In addition, the rapidly increasing
ceramicé® and PMN sample in the low-field regini@The  polydispersivity of the relaxation that cannot be completely
temperature of the inflection point of tH&(T) plot is 250 covered even by an eight decades wide range of frequencies
K, i.e., it coincides with the already determined freezing tem-at any temperature, makes the above analysis practically im-
perature in 9/65/35 PLZT{see Fig. 1 and Ref.)5 possible.

Another hint at ergodicity breaking is provided by the
zero field cooling weak pyroelectric current peaks which ap-

pear in the vicinity of the freezing temperatufeon heating 5000 L
(Fig. 4). Their sign and amplitude are at random, and differ
from one run to another. This reflects the nonreproducibility 000 |
of the low temperature ground state, as expected for a non-
ergodic system.
3000 |-
B. Complex dielectric constant
2000 |
The frequency-dependent complex dielectric constant can
provide a direct information on the dynamic processes occur- 1000 | .
ring in PLZT relaxor. €
Figure 5 shows a set of dielectric data taken at several N I e rrmmrrE——— :

temperatures in a Cole-Cole diagram. Analogous to the PMN
systend® and to other dipolar glassy systefi$’ 9/65/35
PLZT ceramics exhibits pronounced dispersion in the dielec-
tric constant, i.e., the Cole-Cole plots start to deviate from F|G. 6. Frequency dependence of the real and imaginary parts of
the ideal monodispersive or Debye semicircles at temperahe complex dielectric constant at given temperature. Note the very
tures below 350 K. With decreasing temperature, the relaxsuppressed and almost flat imaginary dielectric constant, which in-
ation becomes extremely polydispersive, in fact much morelicates very broad distribution of relaxation times.

f (Hz)
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C. Temperature-frequency plot 10000
In this method, which was recently successfully applied to
various glassy and relaxor systeMig/**-3"25%the special
representation of the real part of the dielectric constant in the 2000 1
so-called temperature-frequency pfallows a direct extrac- cet.
tion of the information on the behavior of the relaxation N T%%%00ee
spectrum. 8000
Since an extensive description of this method was already €
given in Refs. 26 and 27, we will keep focus on its results
after some basic definitions. Here a natural assumption is 7000 [
made that the distribution of relaxation timg&z) is limited
by the lower and upper cutoffg; and z,, respectively,
wherez, = In(w,7) With w, as an arbitrary unit frequency. By 600%80 . 29')0 : 3(')0 : 3;0 . 350 . 3;0 . 34"0 50
being varied between the values 1 and 0, a reduced dielectric
constant? T
, FIG. 7. Temperature dependence of the static dielectric constant
S= e'(0T)~ex — JZZ 9(z)dz (1) obtained on the 9/65/35 PLZT sample after being aged for one day.
Es™ €x 2 1+ (0l w,)°exp(22) The static dielectric constant remains temperature independent in an

. . . . experiment in which the dielectric dispersion is measured immedi-
is probing various segments of the relaxation spectrumatmy after each change of temperature.

Here, by scanning thé, the filter in the second part of Eq.
(1) is actually probing the distribution of relaxation times
g(z) by shifting its position inw space?’ In practice, this is
achieved by finding within the set of the dielectric data at
given temperaturd a frequencyw=2=f at which the pre-
scribed value of5 is reached.

Obviously, a prior knowledge about the temperature be- _ _
havior of the two required parametess and .. is needed. 72= 70X U/(T=To)]. @

The high frequency dielectric constast was found to be It is interesting to mention that the same asymmetric be-

negligible small in comparisc_)n o the large stz_itic .dielecmchavior of the relaxation spectrum was very recently reported
constants;. As already mentioned and shown in Fig. 2, thefor PMN relaxor?® The parametersy;, 7op, E, U, and T,

static dielectric constantg, which itself is required in_ this were extracted by fitting each curve in Fig. 8 separately to
method, was found to be strongly affected by the aging Proshe generic Vogel-Fulcher ansatz given by E2). and ex-

cess duri.ng a ZF.C ac dielectric measurement run. Speciﬁ['rapolating the set of fitting parameters thus obtained towards
cally, during the first few hours of cooling the sample down5:1 and 5=0. The solid lines in Fig. 8 are results of

from the annealing temperature, was gradually reducing he above fitting procedure with the following fitting param-
its value by as much as 20%, regardless of the rate of cooly,, .. To=249+4 K, fo=1/2m7,=3.8<10% Hz, fyp

diers from the duasisatc value of the independently mea.; /272" 7:2¢ 10° Hz, E=200:150 K, and U=1400
sured FC dielec?ric susceptibility, contrary topwhat Wle ob-i 180| :f It is worth megtlgmnﬁ th?t up tok_th|s Fr’]%'m no
served in PMN system, in which the aging effect was negli-mo el for g(z) was needed, therefore making the,{)
gibly small?® As a consequence, the static value of the
dielectric constant becomes uncertain at lower temperatures. 4 5 6
In order to avoid this problem, the dielectric dispersion
was analyzed only in the sample, which was first aged for the 16
period of one day. In this way, the aging effect was slowed 12
down so that it did not interfere any more with the slow
regular dielectric dynamics. As shown in Fig. 7, it was found
that the Cole-Cole extracted static dielectric constanof
the sample aged for one day was temperature independent in
the whole temperature range, whergcould be determined.
Thus one may conclude that the static dielectric constant
remains constant down to very low temperatures.
A characteristic temperature-frequency profile for each
fixed value of the reduced dielectric constahtepresented
in the (T,f) plane is shown in Fig. 8. As pointed out in Refs.
26 and 27, the temperature dependence of the relaxation cut-
offs z;(T) and z,(T) can be deduced from Fig. 8 without
any model-based assumptions about the relaxation spectrum. FiG. 8. Temperature-frequency plots for several fixed values of
In particular, the straight lines for low values 6fin Fig.  the reduced dielectric constast Solid lines are fits obtained with
8 suggest a linear relationship betweenand 1T, which  a generic Vogel-Fulcher expression.

implies an activated or Arrhenius-type behavior;

= 701eXpE/T) for the shortest relaxation time. Further, bent
curves forés close to 1 indicate a divergent behaviorg{T)
that can be effectively described by a Vogel-Fulcher law,

1000/T(K)
7 8 9 10 11 12 13

In(f(Hz))
WS W o 0 Bo A~

9 3.0 3.1 3.2 33 3.4
1000/T(K)
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analysis completely free of any prior assumptions about the

shape of the relaxation spectrum. In addition, the analysis of 1000

7> was performed only in the temperature range where the

static dielectric constant; was exactly known. 800
The value forT, thus obtained is in fact very close to the

previously reported Vogel-Fulcher temperature determined 600

from the third order nonlinear dielectric ddteand to the y

freezing temperature indicated by Raman scattering

experiments. Moreover, within the experimental errdy, is 4007
equal to the temperature at which the relaxor-to-ferroelectric
transition could be induced by applying a sufficiently high 200
electric field®
A S A S S
IV. DISCUSSION 1000/T(K)

The above results clearly indicate that the low tempera- FIG. 9. Temperature dependence of the effective wislihof
ture state in 9/65/35 PLZT ceramics possesses a number tfe relaxation spectrum, which remains active even below the tem-
empirical properties, which are characteristic for dipolarperature at which the maximum relaxation time diverges, i.e., er-
glasses. godicity is broken. Hereg, was assumed to remain temperature

In particular, the existence of the splitting between the FGndependent even at low temperatures as suggested by the behavior
and ZFC static linear dielectric susceptibilities observed on ghown in Fig. 7.
quasistatic experimental time scale in both 9/65/35 PLZT
ceramics and the PMN crystal, indicates the onset of brokethat were already indicating glasslike freezing in 9/65/35
ergodicity below some apparent freezing temperafiye ~ PLZT ceramics:** Moreover, the relaxor dynamics behavior
The same behavior together with a long-living remanent poempirically agree with the behavior reported on some dipolar
larization Pg was previously found in various orientational glasses®
g|asse§_0'32 In addition to this, an asymmetric broadening of The significance of the third order nonlinear susceptibility
the relaxation spectrum and the divergence of the maximumyz in characterizing orientational glasses was discussed in
relaxation time in both 9/65/35 PLZT ceramics and the PMNvarious theoretical and experimental wofRS® Recently, it
relaxor is analogous to the behavior reported in severavas suggested that; should be considered as a dynamic
glassy system®2/:3537Here, the divergence of the longest quantity in these systenfS.within the Ising random-bond
relaxation time implies a transition from the ergodic into arandom-field model it was shown that the quasistatic limit of
nonergodic relaxor state at the Vogel-Fulcher temperatur@ dynamicy; reflects the critical behavior of the glass order
To, which, in turn, can be identified as the freezing temperaparameter and therefore should diverge in the vicinity of the
ture T;. Almeida-Thouless line, i.e., the freezing temperaftye

Nevertheless, while the longest relaxation time diverges Indeed, such behavior was very recently confirmed to ex-
the bulk of the relaxation spectrum remains active even beists in betaine deuteron glass system D-BP:B4#0:60.%°
low the Vogel-Fulcher temperatufg, as clearly shown in Furthermore, it was shown in both 9/65/35 PLZT cerarfics
Fig. 5. This behavior is in agreement with the observation ofnd PMN relaxo? that the third order nonlinear dielectric
the slow polarization decay far below the freezing temperaconstant behaves in a way similar as expected for a typical
ture and with previously reported behavior in PMN cryStal orientational glass system. Specifically, in both systems
and Rh_,(ND,),D,PO, deuteron glass systeth?’ Further- ~was found to be a dynamic quantity reflecting the slowing
more, the rather small activation energy of the high fre-dynamics similar to the dynamic behavior in linear dielectric
quency limit of the relaxation spectrum obtained in 9/65/35constant>® With decreasing temperature, the quasistatic
PLZT ceramics has—within the experimental error—thelimit of x; was found to increase in both relaxors more rap-
same order of magnitude as reported in PMN relaxor. Iidly than the linear susceptibility. For various reasons, a criti-
should be noted, however, that the existence of an “unfrocal analysis of this quantity was not possible in the PMN
zen” part of the relaxation spectrum is qualitatively in ac- relaxof® thus preventing a characterization of the critical
cordance with the predictions of the theory of hierarchicallybehavior. However, at least a qualitative approach is pos-
constrained dynamic$:®® For the linear ansatg(z)=2(z  sible.
—2,)/(z,—2,1)%,%% the width of the relaxation spectruthz In a system with average cubic symmetry and3 com-
=2,—2,=2(s5—€.)(1— 8)Y%&" can be deduced from the ponents of the order parameter, the relation between the po-
result of the integral evaluation fe* [cf. Eq.(2) of Ref. 27] larization P and electric fieldE can be written as a power
with the assumption thakz>1. The width of the unfrozen series P, = x,E;— x1,E1(E5+E3)— x3E5+---. This can
relaxation spectrunjestimated by using the above angatz be inverted to give the equation of state
continuously grows with decreasing temperature. It soon ex-

ceeds one hundred decades, thus demonstrating that a large E,=a,P,+ a12P1(P§+ p§)+a3p§+ oo 3
part of the material is effectively frozefsee Fig. 9 for de-
tails). wherea, = 1/y1, a;,= x12/x7, andaz=xs/x7.

These results qualitatively agree with the results recently To characterize the nonlinear dielectric response let us
reported on PMN relaxd? and with Raman scattering results consider the temperature dependence of the coefficents
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and a;,. Specifically, for a ferroelectri¢FE) system the T(K)
. " 300 320 340" 7360 380 400
scaling theory of second order phase transitions dlves T . . T .
16 9/65/35PLZT = 10Hz
a5 (T-Tg)" %, ) i} s
where y is defined byy,<(T—T.)~ ¥ and 8 is the order- 8T
parameter critical exponent. It should be noted that in gen- — a4k
eral y—28>0 for cubic systems at spatial dimensionality §
d=3, and hence the coefficiea™ should vanish aT . < OF

In a spin glasgSG) or dipolar glas§DG), however,ys Xe00f o PMN crystal = 1Hz

behaves according sk 2 © 10Hz
© ¢ 100Hz

Xa=(T=Tp) 7 (5) op 4 Tkh

50 |

with y3>0, whereasy,; remains finite afl ;. Thus, ol ® nay "

X 220 240 260 280 300 320
a3e="3(T=Tp) %, (6) )

X1 FIG. 10. Temperature dependences of,ﬂgéx‘l‘ for (a) 9/65/35

i.e., the third order coefficient diverges at the freezing tranPLZT ceramics andb) PMN single crystal. Solid line through
sition. An analogous analysis can be made for the coefficier/65/35 PLZT data is a tentative fit with critical exponent=1.
As shown in Fig. 10, the ratio(glx‘l" in both 9/65/35
PLZT and PMN relaxor increases sharply on approachin
the freezing transition and thus its behavior is consistent wit

In summary, the investigation of the linear and the third-
order nonlinear dielectric response in zero electric field
Lhows the onset of nonergodic behavior in the 9/65/35 PLZT
.8eramics. In the same way as in PMN single crystal the
. . ivergence of the longest relaxation time in the distribution
lsgxséfrzénMgéeg;esrérfggl ds\}:ﬁﬁig]?g ;Qegéﬁi/\f SP(IS_Za-l;lsr:t-Of relaxation times effectively breaks ergodicity. The glassy
with ve—1. which is theyvalue expected from a mean-field ynamics together with the splitting between the quasistatic

Ys© b P FC-ZFC susceptibilities and the critical behavior ypf/ x]

theory of dipolar glasséS anij with Tf:253 K, which is demonstrate that the nonergodic state can be at least empiri-
very close to the valueTy=249 K obtained from the X .
ally described as a dipolar glass state.

temperature-frequency plot. Although, as discussed in Ref
25, no critical fits ofy; data in PMN were possible in a strict
statistical sense, it is obvious from Fig. 10 that the tempera-
ture behavior ofys/x] is qualitatively closer to the glassy  This work was supported by the Ministry of Science and
than the ferroelectric cadé It should be stressed again that Technology of Slovenia and the Region of Picatffyance.

the above results were obtained in zero bias field limit farThe authors would like to thank V. Bobnar for assistance in
below the threshold field, above which the ferroelectric mi-data analysis, and A. Morell for having kindly provided the
crodomain multistate is observét samples investigated.
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