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Glassy freezing in relaxor ferroelectric lead magnesium niobate

Adrijan Levstik, Zdravko Kutnjak, Cene Filipiand Raa Pirc
Jozf Stefan Institute, P.O. Box 3000, 1001 Ljubljana, Slovenia
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The freezing process in lead magnesium niok@&®IN) 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.
[S0163-182698)05718-X

[. INTRODUCTION another turn, the assumption of asymmetric widening of the
relaxation spectrum with decreasing temperature—based on

Lead magnesium niobate Pb(MdNb,;5)O; (abbreviated the dielectric data obtained in rather narrow range of fre-
as PMN is considered as a typical representative of ferro-quencies over five decades only—was made some timé ago.
electrics with diffuse phase transitions known as relaxor ferin contrast, another description of the relaxation spectrum—
roelectrics. These are characterized by a broad frequency dibased on a symmetric Fitich ansatz—was very recently
persion in the complex dielectric constant, slowinggiven in Ref. 11. However, a quantitative description of the
dynamics, and logarithmic polarization decdy. temperature dependence of this important dynamic quantity

Recently established electric-field—temperatur-T( based on a direct measurement has not yet been formulated.
phase diagraff shows that by cooling PMN in a dc electric It should be mentioned that the actual temperature depen-
field higher thanEc~1.7 kV/cm, a long-range ferroelectric dence of the characteristic relaxation time itself is not yet
phase is formed. Both ferroelectric hystergsiand firmly established. Previous works—based on a Vogel-
nanodomain structufewvere observed in the PMN relaxor. Fulcher-type analysis of dielectric data, again obtained in
Also, it was shown'®%that for values of the static external rather narrow range of frequencies—suggest various possi-
electric field belowE-, PMN undergoes a transition in the bilities including a simple Arrhenius behavior with devia-
vicinity of T;=220 K into a nonergodic state without long- tions observed at low and high temperatutés, more com-
range ferroelectric order, which is similar to the dipolar glassplicated Vogel-Fulcher laW,and the recently introduced
state®8° “power-modified” Arrhenius ansatz>!! The situation re-

In spite of intensive investigations, the mechanism re-garding the relaxation in PMN got even more confused by
sponsible for the freezing process is not yet understood. Fdhe discovery of two relaxation modes in the PMN
instance, it is well known that PMN shows a broad peak inceramics:3
the real part of the temperature-dependent dielectric constant, Furthermore, it was shown receriflythat the widely ac-
which grows and shifts to lower temperatures with decreaseepted Vogel-Fulcher analysis of temperature shiftse bf
ing frequency: Dielectric permittivities of various dipolar ands” peaks with changing frequency does not necessarily
glasses show similar behavith.In addition, the slowing imply freezing, i.e., deviations from an Arrhenius behavior
down of the characteristic relaxation time according to theof the characteristic relaxation time could arise solely from
Vogel-Fulcher lawf the observed critical behavior of dielec- the temperature variations in dielectric intensity and changes
tric nonlinearity® and theE-T phase diagram seem to indi- in the shape of the relaxation spectrum even in the case that
cate that at low values of external dc electric-field PMN is athe relaxation time behaves nondivergently according to the
glasslike system. Arrhenius law. The above problem clearly calls for a differ-

While it is known that the relaxation spectrum in dipolar ent approach in dielectric data analysis than was used so far
glasses undergoes a dramatic change in shape and width anthe case of the PMN and some other relaxor systems. In
cooling the system toward the freezing transition, only fewaddition, report$® of an activated temperature dependence
attempts were made to address this question in case of tlaf the relaxation time in the PMN—though obtained in rather
PMN relaxor. So far, the width of the distribution of relax- narrow range of temperatures—are further indications that
ation times was indirectly estimated from a master pfin ~ the question whether there is a glassy freezing in the PMN
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relaxor at all is still waiting for an unambiguous answer.  of dielectric data analysis via the temperature-frequency
The observed peaks in the temperature dependeneé of plot?® was adopted.

ande” in case of high values of dc electric fiefdlose to or The experimental procedures are briefly summarized in

aboveEC) 1531617514 the existence of Barkhausen jumps ofSec. Il The results and the analysis of the linear and nonlin-

microdomains Contro”ing the po||ng process below freezingear dielectric response are given in Sec. Ill. A discussion of

temperatureT; (Ref. 16 should exclude glassiness in favor the results are given in Sec. IV, which also includes a com-

of a random-field mechanism of freezing into a domain staténe€nt on the glassy nature of our data.

on a nanometric length scal®However, as pointed out by

4 .
Colla et al: acc%rdlng to thg model proposed by Westphal Il. EXPERIMENTAL PROCEDURES
and co-workers® neither history-dependent effettsnor
nonlinear phenomen®® were taken into account. The platelet-shaped samples were cut and polished from a

It has been known for some time that, in contrast to thesingle crystal of the PMN. The silver electrodes were applied
linear susceptibility, the third harmonic componegt by evaporation technique af©01) faces, and therefore the
should exhibit a critical singularity at freezing temperaturedielectric response was always measured perpendicularly to
T; in spin glasse&®?! Moreover, a scaling behavioy;  the (001) plane.
~(T—T;) " was found in several glassy systefAs? with The frequency-dependent complex dielectric constant
y ranging from 0.9 to 3.8. It should be noted that similare*(»,T)=g’ —ie" was measured between 190 and 400 K on
behavior—i.e., critical temperature dependence of the higha sample, which was 1 mm in diameter and 1 mm thick. The
temperature side of the peak in third harmonicfrequency range from 20 Hz to 20 GHz was covered by three
susceptibility—was observed in the PMN relax®f?*with  different techniques(a) Low-frequency measurements from
y=2.86. However, as recently notédhe situation in dipo- 20 Hz to 1 MHz were carried out by using a HP4282 Preci-
lar glasses is more complicated than in magnetic spin glass&on LCR Meter.(b) The measurements in the frequency
due to the presence of random local electric fields. It wagange from 1 MHz to 1 GHz were performed by the HP4291
shown within the framework of a dynamic random-bondRF Impedance Analyzer. Here the sample was fixed at the
random-field model that in the experimentally relevant low-center of a radial line effectively terminating the coaxial re-
frequency limit, the quasistatic susceptibilipg diverges on  flectometer(c) The data in the range of frequencies from 1
approaching the freezing temperatite.?® This means that GHz to 20 GHz were taken by the HP 8510B Network Ana-
the nonlinear part of the susceptibility should be viewed as dyzer. The amplitude of the probing ac electric signal was for
dynamic quantity showing frequency-dependent effects@ll measuring frequencies 20 V/cm. Having in mind that the
analogous to the behavior observed in the case of the lined¥istory-dependent effects play an important role in the PMN
susceptibility. Thus, an investigation of the dynamic effectsrelaxor, special attention was paid to the way the low-
in the nonlinear susceptibility—i.e., an identification of the temperature phase was reached, i.e., all runs were performed
relevant quasistatic limit—should be appropriate before anyn the same way starting at the same high temperature of 420
analysis of the critical behavior is attempted. K and the dielectric constant was always determined on cool-

It is known that the response of the glassy system to aing the system with the same cooling rate-00.5 K/min.
external field should depend on the history of the system. The temperature dependencies of the field-co8lggand
Specifically, if the system has been cooled in an externatero-field-cooled P-c quasistatic dielectric polarization
field, the corresponding field-cooled susceptibiligyc will have been measured between 80 and 350 K by using the
differ from the zero-field-cooled susceptibilify,rc, which ~ corresponding method as described in Ref. 26 B440.41
is observed after cooling the sample in zero field. Such splitmm® sample. The zero-field-cooled dielectric constapc

ting betweenygc and yzec—i.€., indication for nonergodic =limg_oPzr(E,T)/eoE was determined by cooling the
behavior—has been observed in many glassy syst®ins, system down in zero fiel&=0 by applying an external elec-
cluding dipolaf® and quadrupolar glassés. tric field E=245 V/cm at temperaturé=80 K, and slowly

It should be noted that history-dependent effects such aieating the sampl@.5 K/min) up to 350 K while measuring
the difference between FC and ZFC dependencies of neutrdhe corresponding polarization charge by the Keithley 617
guasielastic  scattering inten§1’?y and the linear programmable electrometer. At temperatdre350 K, the
birefringencé® were observed in the PMN relaxor. However, scanning rate was reversed-0.5 K/min) and the field-
an experiment performed in the typical manner as is widelycooled dielectric constartrc=Ilimg_ oPr(E, T)/eoE was
used in the case of dipolar glassy systéhasd therefore a measured by cooling the system down to 80 K in the same
direct observation of the splitting betweegrc and external electric field&e=245 V/cm. A long-living remanent
Xzrc—i.€., egc and ezpc—is required in order to demon- polarizationPy has been observed at 80 K where the figld
strate the onset of the nonergodicity in the PMN relaxor. was switched off and monitored on heatit@5 K/min) the

In this work we present experimental results, which indi-sample in zero field again up to 350 K.
cate specific glasslike freezing process in the PMN similar to The nonlinear dielectric response, i.e., the third-order
the one observed in dipolar glasses. These results have beranlinear susceptibilityy; was determined always on cool-
obtained by studying the quasistatic and frequencying the system{ 0.5 K/min) between 330 and 190 K on the
dependent linear and nonlinear dielectric response at suffsame sample as in the case of FC/ZFC experiments. Due to
ciently low values of the external dc electric field in order tothe weakness of the response signal, various experimental
ensure that PMN remained during experiments in the glassiechniques have been tested ranging from simple lock-in to
regime. In order to avoid the above shortcomings of thewave analyzer technique, but eventually, in all cases, the
Vogel-Fulcher-type analysis, a recently introduced methodame reproducible results have been obtained. Measurements
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FIG. 1. Temperature dependence of the field-coolerj @and T(K})

zero-field-cooled ©) quasistatic dielectric constaat of the PMN
measured perpendicularly to t801) plane. Also shown is the
remanent polarizatioR, (@) obtained in a heating run.

FIG. 2. Temperature dependence of the static dielectric constant
g (+) determined via standard Cole-Cole plots analysis. In order to
demonstrate typical glasslike slowing down occurring in the PMN

. . tem,e’ (v, T) is plotted at various f [
in the range of frequencies between 1 Hz and 30 kHz, re>y>eme (v.T) s plotted at various frequencies

ported in this paper, have been performed by the HP 356654£C experiment would essentially depend on the actual trajec-
dynamic signal analyzer. Here the amplitufle-245 V/icm  tory in theE-T phase diagrarhj.e., gradually increasing gap

of the probing ac electric signal—applied at the first-can be viewed as a consequence of finite external electric
harmonic frequency—was equal for all measuring frequenfield applied in the FC experiment that slightly changes the
cies. properties of the glass state toward properties characteristic

The temperature of the samples was stabilized and monbf an induced ferroelectric phase.

tored to within=0.01 K in the temperature range from 80 to A remanent polarizatio, (@) has been observed after
400 K by using an ac bridge technique with the platinumthe external field in FC experiment was switched off. Here, a

resistor PT100 as a thermometer. small gap betweersrc and Pi curves in Fig. 1, appearing
immediately after removal of the external field at the lowest
Ill. RESULTS AND ANALYSIS temperature, is a consequence of the fast high-frequency di-

. L . _ electric response. By measuring the size of this gap it was
This section is concerned with a description of the result$,ggsible to make an additional and independent estimation of
obtained in linear and nonlinear dielectric experiments andaw_
with their analysis. At fixed low temperaturePr was found to be indeed a
long-living quantity remaining constant on time scales longer
A. FC and ZFC dielectric susceptibility than several hours. On heating the sanipdedecreased with

One of the fundamental experiments in order to probe thdncreasing temperature an(_j the slow relaxation was observed
glassy nature of the material under investigation is to mea@t temperatures approaching the freezing temperature close
sure the splitting between FC and ZFC susceptiblfityhe 0 220 K. This is in agreement with the previously reported
results obtained on PMN system shown in Fig. 1 represerffbservation of a long-living relaxing electric polarization
strong evidence that the nature of the state in low externdfeated by cooling down PMN sample in the low-field
electric field is indeed spin-glasslike. Namely, a splitting be-fegime:
tween field-cooled (1) and zero-field-cooled@) dielectric ) _
constants—as a consequence of ergodicity breakdown—has B. Complex dielectric constant
indeed been observed. Direct information on the dynamic processes occurring in

This experiment can also provide an estimate for thePMN relaxor was obtained via measurements of the linear
freezing temperaturd’;, i.e., the temperature where the part of the frequency-dependent complex dielectric constant.
splitting betweenegc and ¢ should occur. It should be Figure 2 shows the temperature dependencies of the real part
noted, however, that the freezing temperatlires240 K  of the linear dielectric constast’ measured at different fre-
thus obtained is not a true static quantity, but rather dependguencies.
on the experimental time scalg,,; connected with the rate Analogous to other dipolar glassy systéffs lead mag-
of temperature scan in the zero-field-cooling experini®f, nesium niobate exhibits pronounced dispersioa’ini.e., the
which in our case wag.,,~300 s. real part of the linear dielectric constant starts to deviate

Also, it should be noted that the splitting observed in thefrom the static valug(+) at temperatures, which shift to
PMN relaxor is not as sharp as it was observed, for instancépwer values with decreasing frequency. The result of this
in deuteron glasse$:?® Instead, FC and ZFC curves open effect is broad peaks, which grow in size with increasing
gradually, thus making an estimate ®f(t.,,) more diffi-  experimental time scale. It should be noted that the size and
cult. Since this effect was more pronounced at higher valuethe position of peaks measured at frequencies in kHz region
of the external dc electric field applied in FC experimentwere in good agreement with previously published
(compare Figs. 1 and)2one may argue that the result of the values®"°



57 GLASSY FREEZING IN RELAXOR FERROELECTRI . .. 11 207

10000 strongly polydispersive, i.e., the dielectric dispersion cannot
T=290K be completely covered even with a ten decades wide range of
5000~ frequencies, which was experimentally available. The above
. | ' ) . , procedure can provide information about the temperature de-
pendencies of important parameters, .., and . How-
L T=173 ever, the results depend on the choicegflin7), i.e., some
000 prior knowledge about the shape of the relaxation spectrum
e 4 , , , | . is neede(_JI. Therefore, _the Cole_-CoIe plots cannot provide_di-
T 263K rect and mdepen_dent |.nfor.ma2tgon about the actual relaxation
S000 - spectrum under investigaticf:
0 . ‘ ! L L 2. Temperature-frequency plot
sl T=257K Recently, it was shown that the information about the
behavior of the relaxation spectrum can be directly extracted
0 . ! | | | by using a special representation for the real part of the di-
0 5000 10000 15000 20000 25000 30000 electric constant in a so-called temperature-frequency®plot.
s’ This method was later effectively applied to various glassy

systems such as deuteron glasSeguasi-one-dimensional
FIG. 3. Measured values ef’ plotted vse' in the PMN at four  qauteron glasség,spin-density-waves systerﬁjsand other
Femperatu_res. Solid lines are fits obta_lined via standard analysis UStientational glasse3§.
ing a particular ansatz for the relaxation spectrum. A detailed description of this method is given in Refs. 28
and 29. Here we will only briefly summarize its essential
steps in order to keep our focus on the results. In the first
Although Fig. 2 is very effective in showing the dramatic step, a reduced dielectric constant is defined as
slowing down of the relaxation process, it cannot provide

1. Standard analysis via Cole-Cole plots

unambiguous information about characteristic relaxation e'(n,T)—s 2 9(2) dz
time'* nor relaxation spectrum. As already mentioned in the o= — =f 1T (ol o) 57 3
Introduction, deviations from an Arrhenius behavior ob- BsT 8 7 1+ (0l wg)"exp(22)

tained via the Vogel-Fulcher analysis of temperature shifts of o o

' ande” peaks measured at different frequencies could be Again, a natural assumption is made that the distribution of
consequence of temperature variations in dielectric intensitjélaxation timesg(z) is limited between lower and upper
and changes in the shape of the relaxation spectrum, and ng#toffsz, andz,. High-frequency dielectric constaat. was
necessarily of the divergent behavior of the characteristifound to be a temperature-independent quantity. Its value—
relaxation time. determined from Cole-Cole plots—is equal to 10. The low-

One standard way to overcome these problems is to andequency limit of the real part of the dielectric constagt
lyze the so-called Cole-Cole plots whesé is plotted as a Was obtained by extrapolation of the measuré() to zero
function of &' by using some specific model for the distri- frequency?® It should be noted that similar to the case of
bution of relaxation timeg(In7). The general idea is that the deuteron glasses; determined in the above way was found

complex dielectric constant can be described as a sum df be essentially etzqgual to the independently measured FC
Debye relaxations, dielectric constant®

In the second step, by scannidgg—now playing the role

. 7 g(InT)dinT of an experimentally adjustable parameter—between the val-
e*(w)—ex=(es78x) | g7 — ues 1 and Oz’ will vary betweene ande.., and the filter in
i the second part of the E¢3) will scan the distribution of

Here, 7, and , are lower and upper cutoffs, respectively, relaxation timegy(z), thus probing various segments of the
and the distribution of relaxation times satisfies the normalrelaxation spectrurf
ization conditionf:ig(lnr)dlnrz1. Figure 3 shows a set of For each fixed value ob a characteristic temperature-

typical Cole-Cole diagrams for four different temperatures.frequency profile was obtained in thé ) plane. A typical

S ; ; . : T,v) plot for PMN is shown in Fig. 4. As pointed out in
Here, solid lines were obtained by numerical fit to a Ilnear( ' .
model for the distribution of relaxgtion timegIn7), 232 Refs. 28 and 29, theT(v) plot should provide a reliable

qualitative description of the temperature variation of various
(2,—2) segments of the relaxation spectrum. Consequently, the tem-
g(z)=2m, 2,<7<2,, 2 perature dependence of the relaxation cutaff$T) and
2 1

Z,(T) can be deduced from Fig. 4 before any analysis is
where z=In(w,7) is the integration variable witw, as an made.
arbitrary unit frequency, and agag{z) is the distribution of For instance, the data corresponding to the smallest value
relaxation times with lower and upper cutoffs andz,. It  of & lie nearly on a straight line. This, in turn, suggests a
should be stressed that no evidence was found suggesting Bimear relationship betweem; and 1T, which implies an
additional relaxation process in the single PMN crystal. OnArrhenius-type behavior of the shortest relaxation time,
the other hand, the Cole-Cole diagrams show clearly that bpamely, 7= 79:€xpE/T). On the other hand, the dramatic
lowering the temperature the dielectric relaxation becomebending of the lowest curves férclose to 1 with decreasing
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. FIG. 5. Temperature dependencies of the third-order nonlinear

FIG. 4. Temperature-frequency plots for several fixed values ofjigiectric susceptibilitycs measured at various frequenciesinset
the reduced dielectric constadt top to bottom, 0.05, 0.10, 0.20, ghoys that the temperature shift g peaks with changing fre-
Q.40, 0.60, 0.30, 0.90, 0.95. Splld lines are fits obtained with aquency is governed according to the Vogel-Fulcher law.
linear expression for the relaxation spectrum.
C. Third-order nonlinear dielectric susceptibility

temperature indicates a possible divergent behaviag(af),

. : ) ) It has been arguéfthat the analysis of the critical behav-
therefore implying a Vogel-Fulcher-type behaviormf i.e.,

ior of the third-order nonlinear susceptibility in the vicinity
of the freezing transition can provide additional insight into
_ _ the nature of the freezing process and specifically an inde-
72= ToXHU/(T=To)] @ pendent information on the freezing temperature. However,
the above expectations can be justified only for the nonlinear
At this point, the parameters,, 7o, E, U, andTy can be response measured at least on the quasistatic experimental
extracted in two ways(a) By a best-fit analysis of the data time scal€®®
based on the exact numerical evaluation of the integral in Eq. In another turn, it is natural to expect that on all other
(3). Though by using this method it is possible to describefinite experimental time scales one would observe the third-
entire (T,») plot in a unique way, one needs a specific modelorder nonlinear susceptibility influenced by the glassy dy-
for the relaxation spectrum(z). (b) In another method one namics in a similar way as it was observed in the case of
can simply use the generic Vogel-Fulcher-type ansatz givetinear susceptibility. Specifically, one can expect that the
in Eq. (4) and fit separately each curve in Fig. 4. Extrapola-temperature dependence of the statiowill play the role of
tion of the set of fitting parameters thus obtained towa¥ds an envelope for all othey; curves obtained on a finite-time
=1 and&=0 should than provide the parameter values forscale?® Figure 5 shows that similar behavior of the third-
the relaxation cutoffé3°|t should be mentioned that in the order nonlinear dielectric constant indeed takes place in the
second method no model fg(z) is needed, thus making the PMN relaxor. Herey; measured at various frequencies is
(T,v) analysis completely free of any prior assumptionsplotted as a function of temperature. Similar, as in the case of

about the shape of the relaxation spectrum. linear response, peaks shift to lower temperature and grow in
Both options have been tested. In the first method, theize by decreasing the frequency.
asymmetric linear ansatz given in Eg) was used fog(z), The inset in Fig. 5 shows the results of the Vogel-Fulcher-

which, in turn, did not contain any additional parameters.type analysis applied to the third-order nonlinear data. The
The solid lines in Fig. 4 were obtained by fitting the data touse of this method can be justified at this point by recalling
the exact numerical evaluation of the integral in E8).for  the results of the temperature-frequency plot analysis,
the functiong(z). It should be stressed that within the error namely, actual freezing in the dynamics of the Vogel-
of estimation both methods gave the same results for th&ulcher-type indeed takes place in the PMN relaxor. Here,
fitting parametersTy=224+6 K, fo,=1/27w79;=6.4x10'?  the third harmonic frequency denoted fsis plotted as a
Hz, foo=1/2m79,=3.7X10° Hz, E=100+50 K, and U  function of the temperature where the corresponding
=970+ 100 K. curve reaches its maximum value. Clearly, the above behav-
It is obvious that in this case there were no problems withor can be well described by the Vogel-Fulcher law with a
the unrealistic values for fitting parameters as previously recorresponding freezing temperatufg = 215 K, which is
ported in the case of some other standard approdéifdso,  between the temperature of the divergence of maximum re-
the value forT, is close to the previously reported Vogel- laxation time obtained via temperature-frequency plot and
Fulcher temperature determined via Vogel-Fulcher-typghe temperaturd =212 K of the field-induced ferroelectric
analysis® This suggests that in the PMN relaxor the diver- phase transition taking place when the external field above
gence of the characteristic time has indeed its origin in thé=c is applied.
true divergence of the maximum relaxation time and is not It should be noted that the analysis of the third harmonic
merely a consequence of the temperature variations in théata by a critical power-law ansatZ { T;) ~” was not suc-
dielectric strength and the shape of the relaxation spectruntessful due to the dynamic and rounding effects similar to
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those, which were reported previously in the case of the lin-
ear susceptibility analysfs.Specifically, the fitting results 2000 -
were unstable on shrinking the temperature range in which
fits were performed. 1500
0.01 Hz
IV. DISCUSSION
s 1000 |
Within the framework of macroscopic dielectric experi-
ments performed in a small external electric field, the PMN
relaxor system clearly shows a number of properties, which SO0
are widely accepted as typical for dipolar glasses.
0 n I I 1 I 1 1 1 1
180 200 220 240 260 280 300 320 340

A. Broken ergodicity

The existence of the splitting between the FC and ZFC T
static linear dielectric susceptibilities was observed on aqua- Fig, 6. The third-order nonlinear dielectric susceptibility
sistatic experimental time scale, indicating that ergodicity is, (T ) at various frequencies according to the random-bond—
broken below some apparent freezing temperafyreCon-  random-field model. Here, the Vogel-Fulcher law He) was
sequently, a long-living remanent polarizatibg was found  adopted for the temperature behavior of the characteristic relaxation
to exist belowT;. In contrast to dipolar glasses whePg  time 7.

vanishes on approachirig(tey,,*>*?a change of slope has

been observed at the temperature of the peak in zero-field- . [(1-3p")(1-p)](1l-iwT)

cooled dielectric constant, and a long-living tail has been xs(@)=p°—— SRRy Y R vl
found extending up te=320 K, i.e., well above the freezing (1713w (L-en) =B (1 =P X (6)

temperature. The same tailing was also reported in the case

of PLZT-8 ceramics? This behavior suggests that on heat-implying thaty; is actually a dynamic quantity and therefore
ing part of the system remains in the nonergodic, i.e.depends on the experimental time scale. Heres the fre-
frozen-staté even after crossing the freezing temperatureguency of the probing signal, i.e., the frequency of the first

indicating a hysteresis effect in the glass transition line so faharmonic dielectric respons@=1/T with Boltzmann con-
unknown to exist in dipolar glasses. stant set to 1. The random-bond interactidpsand the ran-

dom local electric field$; are assumed to have a Gaussian
probability distribution with zero mean and variancE¢N
and J?A, respectively. The local polarizatiop in a unit

Analogous to the case of deuteron glasses, an asymmetrj . o _ =
broadening of the relaxation spectrum and the divergence o aussian random field is given byp=tanh{3Jvq+ Ax),

its low-frequency limit were found to take place in the PMN and Fhe glass or_der parzametqans determined by the self-
relaxor. In particular, the divergence of the longest relaxatiorf ©"'S/Stent equat|9t11/2:[p s whzere[- ] means a Gauss-
time implies a transition from the ergodic into a nonergodic'd" &verage (&) "/ dxexp(-x72)[ - --]. The quasistatic
state, i.e., ergodicity is effectively broken at the Vogel-value Ofx3 is then

Fulcher temperatur€,, which can be identified as the freez- [(1-3p?)(1-p?)]
ing temperaturel;. On the other hand, while the longest x3=pB° Xy Y ay
relaxation time diverges the bulk of the relaxation spectrum 1=p771(1=p9)
remains active even below the Vogel-Fulcher temperature
To. This is in agreement with previous observatiorg‘és of slowI
polarization decay far below the freezing temperatQng.is . . . .
interesting to note that this behavior of the relaxation spec[eady pointed out in Ref. 25 that the corresponding distribu-

. L : X I tion of relaxation times—as deduced from linear dielectric
trum is qualitatively in accordance with the predictions of the . . .
: : : 6 data—should be included in a phenomenological model
theory of hierarchically constrained dynamfcs’

based on Eq(6) in order to describe nonlinear measure-

ments. Indeed, the divergent behavior of the characteristic

C. Slowing dynamics and the third-order relaxation time for y; is actually—within the error of
nonlinear susceptibility determination—the same as the behavior of the longest re-

The third-order nonlinear dielectric constant behaves in 4@xation time in the relaxation spectrum of the linear dielec-

way similar as expected for a typical orientational glass syst/iC_response. The temperature behavior yaf(T,w) de-
tem. The expression fors based on a soft-spin version of scribed by Eq.(6) for various frequencies is schematically

the random-bond—random-field Ising model shown in Fig. 6 withr obeying the Vogel-Fulcher la4).
While the above theory qualitatively reproduces the ob-

1 served dynamic features in the third-order nonlinear suscep-
H=—— J.SS — h+E 5 tibility of PMN, there are clearly two distinct discrepancies.
A 2'8%: IS 'BZ (i +E)S © Similar to the linear data shown in Fig. 2, it is obvious from
Fig. 6 that the statigyz should play the role of an envelope
was derived in Ref. 25, for other high-frequency curves, which start to deviate from

B. Divergence of the longest relaxation time

)

Although critical slowing down for the characteristic re-
axation timer is predicted by the above theory, it was al-
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it at temperatures where the corresponding measuring frazor any significant influence on the linear dielectric constant
guency exceeds the lowest relaxation frequency in the relaxcould be observed in those systems, even for values of the
ation spectrum. In contrast to this expected behavior, no limbias field much larger thafEc in the case of the PMN
iting envelope can be deduced from the nonlinear data takefglaxor?®
in the range of frequencies from 1 Hz to 30 kHz. Instead, a On the other hand, NMR measureméntsuggest that a
curve obtained at lower frequency always lies above anphase segregation between ferroelectric nanodomains and
other curve taken at higher frequency. glassy regions occurs for ferroelectric-rich mixtures 0.2
The reason for this discrepancy may be the same as foEx<0.3 in Rl _,(ND,4),D,PO, thus providing a possible
the gradually increasing gap between FC and ZFC curvesonceptual link between dipolar glasses and relaxors. The
Namely, in order to ensure a good signal to noise ratio, thé€luestion remains still open whether PMN relaxor glass phase
amplitude € = 245 V/cm) of the ac measuring signal used is a dipolar glass state with randomly interacting polar
in nonlinear experiment was 10 times larger than in lineamicroregion$**’in the presence of random fields or a ferro-
susceptibility measurements. Consequently, a finite externglectric state broken up into nanodomains under the con-
ac field may be more effective at lower frequencies in mov-straint of quenched random fieldlt should be mentioned,
ing the system along the finite-field trajectory in tReT ~ however, that the qualitatively same experimental results
phase diagram. This idea is supported by linear dielectrigvere obtained on glassy mixtures €.8<0.65 in
constant data that were taken simultaneously with the thirdRb;—(ND,),D,PO, in which case no nanodomains have
order nonlinear data. Curves taken at different frequencies deeen observetf, While our experiments seem to leenpiri-
not form an envelope in contrast to Fig. 2, but behave in aally more in accordance with the dipolar glass picture, re-
way similar to they; data, thus indicating that the path of the cent measurements studying the dielectric response of PMN
approach toward the freezing is different for various measurceramics in high ac and dc electric fields have shown that the
ing frequencies. Furthermore, it was shown recently that @bserved dynamics in the ergodic phase may be explained as
similar increase in linear dielectric permittivity with increas- @ domain-wall motion proces8 However, one would actu-
ing ac and dc external electric field can be viewed as a corglly expect to observe various domain-type effects as for
sequence of the ferroelectric domain-wall motion procéss. instance Barkhausen jumps while probing different glass-
The second discrepancy, which also seems to be related ferroelectric crossover states in thE-T) phase diagradf
the above problem is the fact that the dropyafat different  induced by the finite dc bias fields typically used in such
frequencies after reaching the maximum is not so proexperiments. Clearly, additional experiments in the zero-field
nounced as suggested by the theory. The shape of deviatioligit are needed to answer this question.
and their appearance close to the transition temperétigre In summary, the investigation of the linear and the third-
noted by an arrow in Fig. 5 for data at 1 Hzwhere even order nonlinear dielectric response shows that ergodicity is
stronger anomalies were observed in linear susceptibilityndeed effectively broken in the PMN relaxor due to the
when ferroelectric state was induced by a strong bias electridivergence of the longest relaxation time in the distribution
field>31617_gyggest that the same mechanism of field-of relaxation times. The glassy dynamics together with the
induced ordering is responsible for both effects. splitting between the quasistatic FC-ZFC susceptibilities
The fact thaty; is a dynamic quantity has another impor- demonstrate that the nonergodic state can be at least empiri-
tant consequence for th&{T) phase diagram. Namely, the cally described as a dipolar glass state. This can be easily
position of the transition line between the paraelectric anderturbed by an external electric field, which induces growth
glassy phase obtained from the position in the peakgsin ©f the long-range ferroelectric order and consequently cross-
(Ref. 24 is not well defined since it depends on the measurover effects can be observed in the quasistatic linear and
ing frequency, i.e., it will shift to much higher temperaturesnonlinear dielectric constants measured in a finite electric

in case of higher measuring frequencies. field.*
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