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Glassy freezing in relaxor ferroelectric lead magnesium niobate

Adrijan Levstik, Zdravko Kutnjak, Cene Filipicˇ, and Rasˇa Pirc
Jožef Stefan Institute, P.O. Box 3000, 1001 Ljubljana, Slovenia

~Received 21 July 1997!

The freezing process in lead magnesium niobate~PMN! has been investigated by measurements of the
frequency-dependent complex dielectric constant and its third harmonic component. The linear complex di-
electric susceptibility was analyzed by a temperature-frequency plot in order to determine the temperature
dependence of the dielectric relaxation spectrum and to identify the freezing temperature. It was found that
both the shape of the relaxation spectrum and its temperature behavior in the PMN relaxor show remarkable
similarities to dipolar glasses, i.e., the longest relaxation time diverges according to the Vogel-Fulcher law,
while the bulk of the distribution of relaxation times remains finite even below the freezing temperature. The
frequency and the temperature dependence of the third harmonic susceptibility, similar to the behavior ob-
served in linear dielectric response, indicate that the same underlying relaxation spectrum and therefore the
same slowing-down mechanism is controlling both linear and nonlinear dynamic response. The observed
splitting between the field-cooled and zero-field-cooled dielectric constant—comparable to the one obtained in
spin glasses—effectively demonstrates the occurrence of typical glassy nonergodic behavior in the vicinity of
the transition temperature where the ferroelectric phase would appear above a threshold electric field.
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I. INTRODUCTION

Lead magnesium niobate Pb(Mg1/3Nb2/3)O3 ~abbreviated
as PMN! is considered as a typical representative of fer
electrics with diffuse phase transitions known as relaxor
roelectrics. These are characterized by a broad frequency
persion in the complex dielectric constant, slowi
dynamics, and logarithmic polarization decay.1,2

Recently established electric-field–temperature (E-T)
phase diagram3,4 shows that by cooling PMN in a dc electr
field higher thanEC'1.7 kV/cm, a long-range ferroelectri
phase is formed. Both ferroelectric hysteresis5 and
nanodomain structure6 were observed in the PMN relaxo
Also, it was shown7,16,19that for values of the static externa
electric field belowEC , PMN undergoes a transition in th
vicinity of Tf5220 K into a nonergodic state without long
range ferroelectric order, which is similar to the dipolar gla
state.3,8,9

In spite of intensive investigations, the mechanism
sponsible for the freezing process is not yet understood.
instance, it is well known that PMN shows a broad peak
the real part of the temperature-dependent dielectric cons
which grows and shifts to lower temperatures with decre
ing frequency.1 Dielectric permittivities of various dipola
glasses show similar behavior.10 In addition, the slowing
down of the characteristic relaxation time according to
Vogel-Fulcher law,8 the observed critical behavior of dielec
tric nonlinearity,9 and theE-T phase diagram seem to ind
cate that at low values of external dc electric-field PMN is
glasslike system.

While it is known that the relaxation spectrum in dipol
glasses undergoes a dramatic change in shape and wid
cooling the system toward the freezing transition, only f
attempts were made to address this question in case o
PMN relaxor. So far, the width of the distribution of rela
ation times was indirectly estimated from a master plot.9,3 In
570163-1829/98/57~18!/11204~8!/$15.00
-
r-
is-

s

-
or
n
nt,
s-

e

on

he

another turn, the assumption of asymmetric widening of
relaxation spectrum with decreasing temperature—based
the dielectric data obtained in rather narrow range of f
quencies over five decades only—was made some time a7

In contrast, another description of the relaxation spectrum
based on a symmetric Fro¨hlich ansatz—was very recentl
given in Ref. 11. However, a quantitative description of t
temperature dependence of this important dynamic quan
based on a direct measurement has not yet been formul

It should be mentioned that the actual temperature dep
dence of the characteristic relaxation time itself is not
firmly established. Previous works—based on a Vog
Fulcher-type analysis of dielectric data, again obtained
rather narrow range of frequencies—suggest various po
bilities including a simple Arrhenius behavior with devia
tions observed at low and high temperatures,9,3 a more com-
plicated Vogel-Fulcher law,8 and the recently introduced
‘‘power-modified’’ Arrhenius ansatz.12,11 The situation re-
garding the relaxation in PMN got even more confused
the discovery of two relaxation modes in the PM
ceramics.13

Furthermore, it was shown recently14 that the widely ac-
cepted Vogel-Fulcher analysis of temperature shifts of«8
and«9 peaks with changing frequency does not necessa
imply freezing, i.e., deviations from an Arrhenius behav
of the characteristic relaxation time could arise solely fro
the temperature variations in dielectric intensity and chan
in the shape of the relaxation spectrum even in the case
the relaxation time behaves nondivergently according to
Arrhenius law. The above problem clearly calls for a diffe
ent approach in dielectric data analysis than was used so
in the case of the PMN and some other relaxor systems
addition, reports9,3 of an activated temperature dependen
of the relaxation time in the PMN—though obtained in rath
narrow range of temperatures—are further indications t
the question whether there is a glassy freezing in the P
11 204 © 1998 The American Physical Society
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57 11 205GLASSY FREEZING IN RELAXOR FERROELECTRIC . . .
relaxor at all is still waiting for an unambiguous answer.
The observed peaks in the temperature dependence o«8

and«9 in case of high values of dc electric field~close to or
aboveEC)15,3,16,17and the existence of Barkhausen jumps
microdomains controlling the poling process below freez
temperatureTf ~Ref. 16! should exclude glassiness in fav
of a random-field mechanism of freezing into a domain st
on a nanometric length scale.16 However, as pointed out by
Colla et al.4 according to the model proposed by Westph
and co-workers,16 neither history-dependent effects19 nor
nonlinear phenomena18,9 were taken into account.

It has been known for some time that, in contrast to
linear susceptibility, the third harmonic componentx3
should exhibit a critical singularity at freezing temperatu
Tf in spin glasses.20,21 Moreover, a scaling behaviorx3
;(T2Tf)

2g was found in several glassy systems,22,23 with
g ranging from 0.9 to 3.8. It should be noted that simi
behavior—i.e., critical temperature dependence of the h
temperature side of the peak in third harmon
susceptibility—was observed in the PMN relaxor,18,9,24with
g52.86. However, as recently noted25 the situation in dipo-
lar glasses is more complicated than in magnetic spin gla
due to the presence of random local electric fields. It w
shown within the framework of a dynamic random-bo
random-field model that in the experimentally relevant lo
frequency limit, the quasistatic susceptibilityx3 diverges on
approaching the freezing temperatureTf .25 This means that
the nonlinear part of the susceptibility should be viewed a
dynamic quantity showing frequency-dependent effe
analogous to the behavior observed in the case of the li
susceptibility. Thus, an investigation of the dynamic effe
in the nonlinear susceptibility—i.e., an identification of th
relevant quasistatic limit—should be appropriate before
analysis of the critical behavior is attempted.

It is known that the response of the glassy system to
external field should depend on the history of the syste
Specifically, if the system has been cooled in an exter
field, the corresponding field-cooled susceptibilityxFC will
differ from the zero-field-cooled susceptibilityxZFC, which
is observed after cooling the sample in zero field. Such sp
ting betweenxFC and xZFC—i.e., indication for nonergodic
behavior—has been observed in many glassy systems,10 in-
cluding dipolar26 and quadrupolar glasses.27

It should be noted that history-dependent effects such
the difference between FC and ZFC dependencies of neu
quasielastic scattering intensity19 and the linear
birefringence16 were observed in the PMN relaxor. Howeve
an experiment performed in the typical manner as is wid
used in the case of dipolar glassy systems26 and therefore a
direct observation of the splitting betweenxFC and
xZFC—i.e., «FC and «ZFC—is required in order to demon
strate the onset of the nonergodicity in the PMN relaxor.

In this work we present experimental results, which in
cate specific glasslike freezing process in the PMN simila
the one observed in dipolar glasses. These results have
obtained by studying the quasistatic and frequen
dependent linear and nonlinear dielectric response at s
ciently low values of the external dc electric field in order
ensure that PMN remained during experiments in the gla
regime. In order to avoid the above shortcomings of
Vogel-Fulcher-type analysis, a recently introduced meth
f
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of dielectric data analysis via the temperature-freque
plot28 was adopted.

The experimental procedures are briefly summarized
Sec. II. The results and the analysis of the linear and non
ear dielectric response are given in Sec. III. A discussion
the results are given in Sec. IV, which also includes a co
ment on the glassy nature of our data.

II. EXPERIMENTAL PROCEDURES

The platelet-shaped samples were cut and polished fro
single crystal of the PMN. The silver electrodes were appl
by evaporation technique on~001! faces, and therefore th
dielectric response was always measured perpendicular
the ~001! plane.

The frequency-dependent complex dielectric const
«* (n,T)5«82 i«9 was measured between 190 and 400 K
a sample, which was 1 mm in diameter and 1 mm thick. T
frequency range from 20 Hz to 20 GHz was covered by th
different techniques:~a! Low-frequency measurements from
20 Hz to 1 MHz were carried out by using a HP4282 Pre
sion LCR Meter.~b! The measurements in the frequen
range from 1 MHz to 1 GHz were performed by the HP42
RF Impedance Analyzer. Here the sample was fixed at
center of a radial line effectively terminating the coaxial r
flectometer.~c! The data in the range of frequencies from
GHz to 20 GHz were taken by the HP 8510B Network An
lyzer. The amplitude of the probing ac electric signal was
all measuring frequencies 20 V/cm. Having in mind that t
history-dependent effects play an important role in the PM
relaxor, special attention was paid to the way the lo
temperature phase was reached, i.e., all runs were perfor
in the same way starting at the same high temperature of
K and the dielectric constant was always determined on c
ing the system with the same cooling rate of20.5 K/min.

The temperature dependencies of the field-cooledPFC and
zero-field-cooled PZFC quasistatic dielectric polarization
have been measured between 80 and 350 K by using
corresponding method as described in Ref. 26 on 43430.41
mm3 sample. The zero-field-cooled dielectric constant«ZFC
5 limE→0PZFC(E,T)/«0E was determined by cooling th
system down in zero fieldE50 by applying an external elec
tric field E5245 V/cm at temperatureT580 K, and slowly
heating the sample~0.5 K/min! up to 350 K while measuring
the corresponding polarization charge by the Keithley 6
programmable electrometer. At temperatureT5350 K, the
scanning rate was reversed (20.5 K/min! and the field-
cooled dielectric constant«FC5 limE→0PFC(E,T)/«0E was
measured by cooling the system down to 80 K in the sa
external electric fieldE5245 V/cm. A long-living remanent
polarizationPR has been observed at 80 K where the fieldE
was switched off and monitored on heating~0.5 K/min! the
sample in zero field again up to 350 K.

The nonlinear dielectric response, i.e., the third-ord
nonlinear susceptibilityx3 was determined always on coo
ing the system (20.5 K/min! between 330 and 190 K on th
same sample as in the case of FC/ZFC experiments. Du
the weakness of the response signal, various experime
techniques have been tested ranging from simple lock-in
wave analyzer technique, but eventually, in all cases,
same reproducible results have been obtained. Measurem
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11 206 57LEVSTIK, KUTNJAK, FILIPIČ, AND PIRC
in the range of frequencies between 1 Hz and 30 kHz,
ported in this paper, have been performed by the HP 356
dynamic signal analyzer. Here the amplitudeE5245 V/cm
of the probing ac electric signal—applied at the fir
harmonic frequency—was equal for all measuring frequ
cies.

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

III. RESULTS AND ANALYSIS

This section is concerned with a description of the res
obtained in linear and nonlinear dielectric experiments a
with their analysis.

A. FC and ZFC dielectric susceptibility

One of the fundamental experiments in order to probe
glassy nature of the material under investigation is to m
sure the splitting between FC and ZFC susceptibility.10 The
results obtained on PMN system shown in Fig. 1 repres
strong evidence that the nature of the state in low exte
electric field is indeed spin-glasslike. Namely, a splitting b
tween field-cooled (h) and zero-field-cooled (s) dielectric
constants—as a consequence of ergodicity breakdown—
indeed been observed.

This experiment can also provide an estimate for
freezing temperatureTf , i.e., the temperature where th
splitting between«FC and «ZFC should occur. It should be
noted, however, that the freezing temperatureTf'240 K
thus obtained is not a true static quantity, but rather depe
on the experimental time scaletexpt connected with the rate
of temperature scan in the zero-field-cooling experiment,26,28

which in our case wastexpt'300 s.
Also, it should be noted that the splitting observed in t

PMN relaxor is not as sharp as it was observed, for insta
in deuteron glasses.26,29 Instead, FC and ZFC curves ope
gradually, thus making an estimate ofTf(texpt) more diffi-
cult. Since this effect was more pronounced at higher val
of the external dc electric field applied in FC experime
~compare Figs. 1 and 2!, one may argue that the result of th

FIG. 1. Temperature dependence of the field-cooled (h) and
zero-field-cooled (s) quasistatic dielectric constant«8 of the PMN
measured perpendicularly to the~001! plane. Also shown is the
remanent polarizationPr (d) obtained in a heating run.
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FC experiment would essentially depend on the actual tra
tory in theE-T phase diagram,4 i.e., gradually increasing gap
can be viewed as a consequence of finite external ele
field applied in the FC experiment that slightly changes
properties of the glass state toward properties character
of an induced ferroelectric phase.

A remanent polarizationPR (d) has been observed afte
the external field in FC experiment was switched off. Here
small gap between«FC and PR curves in Fig. 1, appearing
immediately after removal of the external field at the lowe
temperature, is a consequence of the fast high-frequenc
electric response. By measuring the size of this gap it w
possible to make an additional and independent estimatio
«` .

At fixed low temperature,PR was found to be indeed a
long-living quantity remaining constant on time scales long
than several hours. On heating the samplePR decreased with
increasing temperature and the slow relaxation was obse
at temperatures approaching the freezing temperature c
to 220 K. This is in agreement with the previously report
observation of a long-living relaxing electric polarizatio
created by cooling down PMN sample in the low-fie
regime.3,9,7

B. Complex dielectric constant

Direct information on the dynamic processes occurring
PMN relaxor was obtained via measurements of the lin
part of the frequency-dependent complex dielectric const
Figure 2 shows the temperature dependencies of the real
of the linear dielectric constant«8 measured at different fre
quencies.

Analogous to other dipolar glassy systems10,29 lead mag-
nesium niobate exhibits pronounced dispersion in«8, i.e., the
real part of the linear dielectric constant starts to devi
from the static value~1! at temperatures, which shift to
lower values with decreasing frequency. The result of t
effect is broad peaks, which grow in size with increasi
experimental time scale. It should be noted that the size
the position of peaks measured at frequencies in kHz reg
were in good agreement with previously publish
values.1,8,7,9

FIG. 2. Temperature dependence of the static dielectric cons
«s ~1! determined via standard Cole-Cole plots analysis. In orde
demonstrate typical glasslike slowing down occurring in the PM
system,«8(n,T) is plotted at various frequenciesn.
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57 11 207GLASSY FREEZING IN RELAXOR FERROELECTRIC . . .
1. Standard analysis via Cole-Cole plots

Although Fig. 2 is very effective in showing the dramat
slowing down of the relaxation process, it cannot prov
unambiguous information about characteristic relaxat
time14 nor relaxation spectrum. As already mentioned in
Introduction, deviations from an Arrhenius behavior o
tained via the Vogel-Fulcher analysis of temperature shifts
«8 and«9 peaks measured at different frequencies could b
consequence of temperature variations in dielectric inten
and changes in the shape of the relaxation spectrum, and
necessarily of the divergent behavior of the characteri
relaxation time.

One standard way to overcome these problems is to
lyze the so-called Cole-Cole plots where«9 is plotted as a
function of «8 by using some specific model for the distr
bution of relaxation timesg(lnt). The general idea is that th
complex dielectric constant can be described as a sum
Debye relaxations,

«* ~v!2«`5~«S2«`!E
t1

t2 g~ lnt!dlnt

11 ivt
. ~1!

Here, t1 and t2 are lower and upper cutoffs, respective
and the distribution of relaxation times satisfies the norm
ization condition*t1

t2 g(lnt)dlnt 51. Figure 3 shows a set o

typical Cole-Cole diagrams for four different temperatur
Here, solid lines were obtained by numerical fit to a line
model for the distribution of relaxation timesg(lnt),28,29

g~z!52
~z22z!

~z22z1!2 , z1<z<z2 , ~2!

wherez5 ln(vat) is the integration variable withva as an
arbitrary unit frequency, and againg(z) is the distribution of
relaxation times with lower and upper cutoffsz1 and z2. It
should be stressed that no evidence was found suggestin
additional relaxation process in the single PMN crystal.
the other hand, the Cole-Cole diagrams show clearly tha
lowering the temperature the dielectric relaxation becom

FIG. 3. Measured values of«9 plotted vs«8 in the PMN at four
temperatures. Solid lines are fits obtained via standard analysi
ing a particular ansatz for the relaxation spectrum.
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strongly polydispersive, i.e., the dielectric dispersion can
be completely covered even with a ten decades wide rang
frequencies, which was experimentally available. The ab
procedure can provide information about the temperature
pendencies of important parameters«S , «` , and t. How-
ever, the results depend on the choice ofg(lnt), i.e., some
prior knowledge about the shape of the relaxation spect
is needed. Therefore, the Cole-Cole plots cannot provide
rect and independent information about the actual relaxa
spectrum under investigation.28,29

2. Temperature-frequency plot

Recently, it was shown that the information about t
behavior of the relaxation spectrum can be directly extrac
by using a special representation for the real part of the
electric constant in a so-called temperature-frequency plo28

This method was later effectively applied to various glas
systems such as deuteron glasses,29 quasi-one-dimensiona
deuteron glasses,30 spin-density-waves systems,31 and other
orientational glasses.32

A detailed description of this method is given in Refs.
and 29. Here we will only briefly summarize its essent
steps in order to keep our focus on the results. In the fi
step, a reduced dielectric constant is defined as28

d5
«8~n,T!2«`

«s2«`
5E

z1

z2 g~z! dz

11~v/va!2exp~2z!
. ~3!

Again, a natural assumption is made that the distribution
relaxation timesg(z) is limited between lower and uppe
cutoffsz1 andz2. High-frequency dielectric constant«` was
found to be a temperature-independent quantity. Its valu
determined from Cole-Cole plots—is equal to 10. The lo
frequency limit of the real part of the dielectric constant«s
was obtained by extrapolation of the measured«8(n) to zero
frequency.29 It should be noted that similar to the case
deuteron glasses«s determined in the above way was foun
to be essentially equal to the independently measured
dielectric constant.28,29

In the second step, by scanningd—now playing the role
of an experimentally adjustable parameter—between the
ues 1 and 0,«8 will vary between«s and«` , and the filter in
the second part of the Eq.~3! will scan the distribution of
relaxation timesg(z), thus probing various segments of th
relaxation spectrum.29

For each fixed value ofd a characteristic temperature
frequency profile was obtained in the (T,n) plane. A typical
(T,n) plot for PMN is shown in Fig. 4. As pointed out in
Refs. 28 and 29, the (T,n) plot should provide a reliable
qualitative description of the temperature variation of vario
segments of the relaxation spectrum. Consequently, the
perature dependence of the relaxation cutoffsz1(T) and
z2(T) can be deduced from Fig. 4 before any analysis
made.

For instance, the data corresponding to the smallest v
of d lie nearly on a straight line. This, in turn, suggests
linear relationship betweenz1 and 1/T, which implies an
Arrhenius-type behavior of the shortest relaxation tim
namely, t15t01exp(E/T). On the other hand, the dramat
bending of the lowest curves ford close to 1 with decreasing

s-
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11 208 57LEVSTIK, KUTNJAK, FILIPIČ, AND PIRC
temperature indicates a possible divergent behavior ofz2(T),
therefore implying a Vogel-Fulcher-type behavior oft2, i.e.,

t25t02exp@U/~T2T0!#. ~4!

At this point, the parameterst01, t02, E, U, andT0 can be
extracted in two ways:~a! By a best-fit analysis of the dat
based on the exact numerical evaluation of the integral in
~3!. Though by using this method it is possible to descr
entire (T,n) plot in a unique way, one needs a specific mo
for the relaxation spectrumg(z). ~b! In another method one
can simply use the generic Vogel-Fulcher-type ansatz gi
in Eq. ~4! and fit separately each curve in Fig. 4. Extrapo
tion of the set of fitting parameters thus obtained towardd
51 andd50 should than provide the parameter values
the relaxation cutoffs.33,30 It should be mentioned that in th
second method no model forg(z) is needed, thus making th
(T,n) analysis completely free of any prior assumptio
about the shape of the relaxation spectrum.

Both options have been tested. In the first method,
asymmetric linear ansatz given in Eq.~2! was used forg(z),
which, in turn, did not contain any additional paramete
The solid lines in Fig. 4 were obtained by fitting the data
the exact numerical evaluation of the integral in Eq.~3! for
the functiong(z). It should be stressed that within the err
of estimation both methods gave the same results for
fitting parameters:T0522466 K, f 0151/2pt0156.431012

Hz, f 0251/2pt0253.73109 Hz, E5100650 K, and U
59706100 K.

It is obvious that in this case there were no problems w
the unrealistic values for fitting parameters as previously
ported in the case of some other standard approaches.12 Also,
the value forT0 is close to the previously reported Voge
Fulcher temperature determined via Vogel-Fulcher-ty
analysis.8 This suggests that in the PMN relaxor the dive
gence of the characteristic time has indeed its origin in
true divergence of the maximum relaxation time and is
merely a consequence of the temperature variations in
dielectric strength and the shape of the relaxation spectr

FIG. 4. Temperature-frequency plots for several fixed values
the reduced dielectric constantd, top to bottom, 0.05, 0.10, 0.20
0.40, 0.60, 0.80, 0.90, 0.95. Solid lines are fits obtained wit
linear expression for the relaxation spectrum.
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C. Third-order nonlinear dielectric susceptibility

It has been argued20 that the analysis of the critical behav
ior of the third-order nonlinear susceptibility in the vicinit
of the freezing transition can provide additional insight in
the nature of the freezing process and specifically an in
pendent information on the freezing temperature. Howev
the above expectations can be justified only for the nonlin
response measured at least on the quasistatic experim
time scale.25

In another turn, it is natural to expect that on all oth
finite experimental time scales one would observe the th
order nonlinear susceptibility influenced by the glassy d
namics in a similar way as it was observed in the case
linear susceptibility. Specifically, one can expect that
temperature dependence of the staticx3 will play the role of
an envelope for all otherx3 curves obtained on a finite-tim
scale.25 Figure 5 shows that similar behavior of the thir
order nonlinear dielectric constant indeed takes place in
PMN relaxor. Herex3 measured at various frequencies
plotted as a function of temperature. Similar, as in the cas
linear response, peaks shift to lower temperature and gro
size by decreasing the frequency.

The inset in Fig. 5 shows the results of the Vogel-Fulch
type analysis applied to the third-order nonlinear data. T
use of this method can be justified at this point by recall
the results of the temperature-frequency plot analy
namely, actual freezing in the dynamics of the Vog
Fulcher-type indeed takes place in the PMN relaxor. He
the third harmonic frequency denoted asf 3 is plotted as a
function of the temperature where the correspondingx3
curve reaches its maximum value. Clearly, the above beh
ior can be well described by the Vogel-Fulcher law with
corresponding freezing temperatureT0 5 215 K, which is
between the temperature of the divergence of maximum
laxation time obtained via temperature-frequency plot a
the temperatureTC5212 K of the field-induced ferroelectric
phase transition taking place when the external field ab
EC is applied.

It should be noted that the analysis of the third harmo
data by a critical power-law ansatz (T2Tf)

2g was not suc-
cessful due to the dynamic and rounding effects similar

f

a

FIG. 5. Temperature dependencies of the third-order nonlin
dielectric susceptibilityx3 measured at various frequenciesn. Inset
shows that the temperature shift ofx3 peaks with changing fre-
quency is governed according to the Vogel-Fulcher law.
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57 11 209GLASSY FREEZING IN RELAXOR FERROELECTRIC . . .
those, which were reported previously in the case of the
ear susceptibility analysis.2 Specifically, the fitting results
were unstable on shrinking the temperature range in wh
fits were performed.

IV. DISCUSSION

Within the framework of macroscopic dielectric expe
ments performed in a small external electric field, the PM
relaxor system clearly shows a number of properties, wh
are widely accepted as typical for dipolar glasses.

A. Broken ergodicity

The existence of the splitting between the FC and Z
static linear dielectric susceptibilities was observed on a q
sistatic experimental time scale, indicating that ergodicity
broken below some apparent freezing temperatureTf . Con-
sequently, a long-living remanent polarizationPR was found
to exist belowTf . In contrast to dipolar glasses wherePR
vanishes on approachingTf(texpt),

26,29 a change of slope ha
been observed at the temperature of the peak in zero-fi
cooled dielectric constant, and a long-living tail has be
found extending up to'320 K, i.e., well above the freezin
temperature. The same tailing was also reported in the
of PLZT-8 ceramics.34 This behavior suggests that on hea
ing part of the system remains in the nonergodic, i
frozen-state34 even after crossing the freezing temperatu
indicating a hysteresis effect in the glass transition line so
unknown to exist in dipolar glasses.

B. Divergence of the longest relaxation time

Analogous to the case of deuteron glasses, an asymm
broadening of the relaxation spectrum and the divergenc
its low-frequency limit were found to take place in the PM
relaxor. In particular, the divergence of the longest relaxat
time implies a transition from the ergodic into a nonergo
state, i.e., ergodicity is effectively broken at the Vog
Fulcher temperatureT0, which can be identified as the free
ing temperatureTf . On the other hand, while the longe
relaxation time diverges the bulk of the relaxation spectr
remains active even below the Vogel-Fulcher tempera
T0. This is in agreement with previous observations of sl
polarization decay far below the freezing temperature.34 It is
interesting to note that this behavior of the relaxation sp
trum is qualitatively in accordance with the predictions of t
theory of hierarchically constrained dynamics.35,36

C. Slowing dynamics and the third-order
nonlinear susceptibility

The third-order nonlinear dielectric constant behaves i
way similar as expected for a typical orientational glass s
tem. The expression forx3 based on a soft-spin version o
the random-bond–random-field Ising model

bH52
1

2
b(

i j
Ji j SiSj2b(

i
~hi1E!Si ~5!

was derived in Ref. 25,
-

h

h

a-
s

ld-
n

se

.,
,
r

tric
of

n

re

c-

a
-

x3~v!5b3
@~123p2!~12p2!#x~12 ivt!

~12 i3vt!~12 ivt!2b2J2@~12p2!2#x
,

~6!

implying thatx3 is actually a dynamic quantity and therefo
depends on the experimental time scale. Herev is the fre-
quency of the probing signal, i.e., the frequency of the fi
harmonic dielectric response,b51/T with Boltzmann con-
stant set to 1. The random-bond interactionsJi j and the ran-
dom local electric fieldshi are assumed to have a Gaussi
probability distribution with zero mean and variancesJ2/N
and J2D̃, respectively. The local polarizationp in a unit

Gaussian random fieldx is given byp5tanh(b JAq1D̃x),
and the glass order parameterq is determined by the self
consistent equationq5@p2#x , where@•••#x means a Gauss
ian average (2p)21/2*dxexp(2x2/2)@•••#. The quasistatic
value ofx3 is then

x35b3
@~123p2!~12p2!#x

12b2J2@~12p2!2#x
. ~7!

Although critical slowing down for the characteristic re
laxation timet is predicted by the above theory, it was a
ready pointed out in Ref. 25 that the corresponding distri
tion of relaxation times—as deduced from linear dielect
data—should be included in a phenomenological mo
based on Eq.~6! in order to describe nonlinear measur
ments. Indeed, the divergent behavior of the character
relaxation time for x3 is actually—within the error of
determination—the same as the behavior of the longest
laxation time in the relaxation spectrum of the linear diele
tric response. The temperature behavior ofx3(T,v) de-
scribed by Eq.~6! for various frequencies is schematical
shown in Fig. 6 witht obeying the Vogel-Fulcher law~4!.

While the above theory qualitatively reproduces the o
served dynamic features in the third-order nonlinear susc
tibility of PMN, there are clearly two distinct discrepancie
Similar to the linear data shown in Fig. 2, it is obvious fro
Fig. 6 that the staticx3 should play the role of an envelop
for other high-frequency curves, which start to deviate fro

FIG. 6. The third-order nonlinear dielectric susceptibili
x3(T,v) at various frequencies according to the random-bon
random-field model. Here, the Vogel-Fulcher law Eq.~4! was
adopted for the temperature behavior of the characteristic relaxa
time t.
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it at temperatures where the corresponding measuring
quency exceeds the lowest relaxation frequency in the re
ation spectrum. In contrast to this expected behavior, no
iting envelope can be deduced from the nonlinear data ta
in the range of frequencies from 1 Hz to 30 kHz. Instead
curve obtained at lower frequency always lies above
other curve taken at higher frequency.

The reason for this discrepancy may be the same as
the gradually increasing gap between FC and ZFC cur
Namely, in order to ensure a good signal to noise ratio,
amplitude (E 5 245 V/cm! of the ac measuring signal use
in nonlinear experiment was 10 times larger than in lin
susceptibility measurements. Consequently, a finite exte
ac field may be more effective at lower frequencies in m
ing the system along the finite-field trajectory in theE-T
phase diagram. This idea is supported by linear dielec
constant data that were taken simultaneously with the th
order nonlinear data. Curves taken at different frequencie
not form an envelope in contrast to Fig. 2, but behave i
way similar to thex3 data, thus indicating that the path of th
approach toward the freezing is different for various meas
ing frequencies. Furthermore, it was shown recently tha
similar increase in linear dielectric permittivity with increa
ing ac and dc external electric field can be viewed as a c
sequence of the ferroelectric domain-wall motion proces38

The second discrepancy, which also seems to be relate
the above problem is the fact that the drop ofx3 at different
frequencies after reaching the maximum is not so p
nounced as suggested by the theory. The shape of devia
and their appearance close to the transition temperature~de-
noted by an arrow in Fig. 5 for data at 1 Hz!—where even
stronger anomalies were observed in linear susceptib
when ferroelectric state was induced by a strong bias ele
field15,3,16,17—suggest that the same mechanism of fie
induced ordering is responsible for both effects.

The fact thatx3 is a dynamic quantity has another impo
tant consequence for the (E-T) phase diagram. Namely, th
position of the transition line between the paraelectric a
glassy phase obtained from the position in the peaks inx3
~Ref. 24! is not well defined since it depends on the meas
ing frequency, i.e., it will shift to much higher temperatur
in case of higher measuring frequencies.

V. CONCLUSIONS

It is obvious that the state of the PMN relaxor in low
external electric field can beempirically described as the
dipolar glass state. The underlying microscopical mechan
responsible for glasslike behavior of relaxors may be diff
ent than in other dipolar glass systems. Specifically, in
case of deuteron glass systems Rb12x(ND4!xD2PO4, the
glass state is much more stable against an external ele
field contrary to the metastable glasslike state in the P
relaxor, i.e., no crossover towards a long-range order ph
e-
x-
-

en
a
y

or
s.
e
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ic
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do
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nor any significant influence on the linear dielectric const
could be observed in those systems, even for values of
bias field much larger thanEC in the case of the PMN
relaxor.26,33

On the other hand, NMR measurements39 suggest that a
phase segregation between ferroelectric nanodomains
glassy regions occurs for ferroelectric-rich mixtures 0
,x,0.3 in Rb12x(ND4)xD2PO4 thus providing a possible
conceptual link between dipolar glasses and relaxors.
question remains still open whether PMN relaxor glass ph
is a dipolar glass state with randomly interacting po
microregions34,37 in the presence of random fields or a ferr
electric state broken up into nanodomains under the c
straint of quenched random fields.16 It should be mentioned
however, that the qualitatively same experimental res
were obtained on glassy mixtures 0.3,x,0.65 in
Rb12x(ND4)xD2PO4 in which case no nanodomains hav
been observed.39 While our experiments seem to beempiri-
cally more in accordance with the dipolar glass picture,
cent measurements studying the dielectric response of P
ceramics in high ac and dc electric fields have shown that
observed dynamics in the ergodic phase may be explaine
a domain-wall motion process.38 However, one would actu-
ally expect to observe various domain-type effects as
instance Barkhausen jumps while probing different gla
ferroelectric crossover states in the (E-T) phase diagram3,4

induced by the finite dc bias fields typically used in su
experiments. Clearly, additional experiments in the zero-fi
limit are needed to answer this question.

In summary, the investigation of the linear and the thir
order nonlinear dielectric response shows that ergodicit
indeed effectively broken in the PMN relaxor due to t
divergence of the longest relaxation time in the distributi
of relaxation times. The glassy dynamics together with
splitting between the quasistatic FC-ZFC susceptibilit
demonstrate that the nonergodic state can be at least em
cally described as a dipolar glass state. This can be ea
perturbed by an external electric field, which induces grow
of the long-range ferroelectric order and consequently cro
over effects can be observed in the quasistatic linear
nonlinear dielectric constants measured in a finite elec
field.4
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