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Induced relaxor behavior and domain breakdown in soft ferroelectrics

Qi Tar* and Dwight Viehland
Department of Materials Science and Engineering and Materials Research Laboratory, University of lllinois at Urbana-Champaign,
Urbana, Illinois 61801
(Received 10 November 1995

The complex dielectric response was studied for various compositions iPtpe s Lay)(Zrg gsTio 3903
(PLZT y/65/35 crystalline solution as a function of ac drive amplitude, frequency, and temperature. These
studies reveal the presence of nonlinearities with respect to the amplitude of the ac drive. Ror<00024,
the magnitude of the dielectric constant was observed to increase dramgtiealp—1000 % and the tem-
perature of the dielectric maximufii ,,,,) was observed to be shifted down significantly with increasing drive
amplitude between 20 and 500 V/cm. In addition, strong frequency dispersion was observed in the nonlinear
dielectric response, whereas the linear response was found to be frequency independent<fer0.08, the
magnitude of the nonlinearities were significantly decreased with increasing La content and the Viglyge of
was nearly independent of drive. Frequency dispersion was observed in the linear dielectric response; however,
the nonlinear response was noticeably frequency independent. Sawyer-Tower polarization studies then re-
vealed that the polarization behavior was linear in the range of electrical-field strengths used to measure the
dielectric responses. These results indicate that the observed dielectric nonlinearities are not due to polarization
nonlinearities, but rather related to the dynamics of various stable domainlike structures. On the basis of the
results, an attempt is made to distinguish the similarities and differences between soft and relaxor ferroelectric
behaviors[S0163-18206)00222-9

[. INTRODUCTION ence of tweedlike precursor structufesich have strong

morphological resemblance to those previously report in pre-

Lead zirconate titanate Fr,Ti, ,)O; [PZT x/(1—x)]  martensitic state$® Recent investigations of PLZT have
crystalline solutions are technologically important and haveshown that these tweedlike structures are long-time present
been widely investigated. These materials are ferroelectrigt temperatures significantly below that of the average

and are characterized by the presence of normal micron-sizdgansformatiorf, indicating that the ferroelectric transition is
domain structures in the low-temperature product state in thé€stroyed by the quenched impurities and that a pretransitory

unpoled condition. La modificationy] of PZT ceramics state is long-time stab|I|zed_. Karttet al. .have previously _
[PLZT y/x/(1—x)] is known to result in the destabilization d€veloped a theory concerning the coupling of quenched dis-
of the long-range ferroelectric order. With increasing La im-Order to martensitic phase transformations, and have pre-

purity content, the evolution of polar order has been showrfiCted the presence of long-lived premartensitic states below

to occur through a common sequence of domainlike state?e average transformation. In addition, polarization switch-

for PLZT y/65/35 andy/40/60" including: normal micron- ihg investigations of PLZT compositions in this intermediate

. ) : . La-content range have indicated that switching occurs
sized domains, tweedlike precursors and polar nanodomalr{ﬁrough the tweedlike precursor structufesather than by
(or clusters$, as illustrated in Table I.

the creation and motion of normal micron-sized domains.

In the strongly disorder condition, relaxor ferroelectric be- |, the weakly disordered condition, the macroscopic prop-
havior is observed. In these materials, the cluster state has

been shown to be long lived at temperatures significantly TABLE I. Common sequence of domainlike states observed
below that of the average transformation temperatliyg,),  With increasing La content in PZT ceramics.
as indicated by the dielectric response characteristics. Vieh- Formation of nanopolar domains

land et al?® have shown that this long-lived polar cluster 4
state is characterized by glasslike behavior in the macro- Y !
scopic response characteristics, similar to dipolar and qua- 3 Coarsening of nanopolar domains z
drupolar glasses. The observed freezing behavior in relaxors § ‘g
clearly indicates the presence of a correlated freezeout of § Textured nanopolar domains (tweed-like structure) 5
polarization fluctuations, however it is not yet clear whether & o
this correlated freezeout involves a phase transformation into  § F
a state with a long-range “glassy” order parameter or rather  § Fine ferroelectric subdomains g
the development of a finite-range order parameter on the me- . -
soscopic scale. Y

In the less strongly disordered condition, transmission Normal micron-sized domains

electron microscopyTEM) studies have revealed the pres-
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erties of PZT are characterized by decreases in the remane®65/35, 4/65/35, 6/65/35, 7/65/35, 8/65/35, 15/65/35.
polarization, coercive field;/a ratio, and phase transforma-  The complex dielectric permittivity was measured using a
tion temperature with increasing La contémiowever, TEM  Hewlett-Packard 4284A inductance-capacitance-resistance
studies have shown that normal micron-sized domain strucLCR) meter which could cover a frequency range from 20
tures are maintained throughout this compositional r&ngeto 1¢° Hz with an ac driving field in the range 0.005-20 V.
For PLZT y/65/35, a normal ferroelectric state cannot beHigh-temperature dielectric data were obtained by putting
maintained above~4 at. %° Studies of the polarization the samples into a small tube furnace specifically equipped
switching characteristics have been performed in this comfor such measurements. Low-temperature measurements
positional range and it is generally believed that polarizationwere made by placing samples in a Delta Design 9023 test
switching occurs by the creation and motion of normal do-chamber. TheP-E behavior was characterized using a
main boundaries. C8das recently shown that the domain computer-controlled, modified Sawyer-Tower circuit with a
mobility makes a significant contribution to the dielectric measurement frequency of 50 Hz. TEM specimens were pre-
and piezoelectric properties, over that predicted by thepared by ultrasonically drilling 3-mm discs which were me-
single-crystalline single-domain Landau thebNfhese pre- chanically polished to~100 um. The center portions of
dictions are consistent with experimental investigations othese discs were then further ground by a dimplertt0
“soft” PZT materials, which are well known to have signifi- wm, and argon-ion milled to perforation. Specimens were
cantly enhanced response characteristics over that of the cazoeated with carbon before examination. The TEM studies
responding undoped based compositions. were done on a Phillips EM-420 microscope operating at an
In spite of a large number of studies on PLZT's with accelerating voltage of 120 kV.
micron-sized domains and polar clusters, the behavior of the
intermediate states and the detailed transitional processes be-
tween normal and relaxor behaviors under external fields
have not been studied in detail. Nonlinearity due to domain-A. Dependence of dielectric properties on ac drive amplitude

wall motion and/or domain switching under high ac electri- Figures 18—1(f) show the 18 Hz dielectric response

1 : ia] 11,12
Zalltfle:dsl g‘%"e prewolufsly belen trgpo:te;d byl?"al.' ht and characteristics using various ac drive amplitudes between 10
rt etal.=in normal lerroelectric states. it might appear 5,4 560 v/jcm for the compositions 0/65/35, 2/65/35, 4/65/

feasible to correlate changes in the domain configuration%5 6/65/36, 8/65/35, and 15/65/35, respectively. For the
domam-swm_:hmg _mechgnls_ms, and Ion_g-raqge p_olar Ord.eéomposition 0/65/35(undoped PZT, the dielectric response
by systematically investigating the nonlinearities in the di- an be seen to be only slightly changed with increasing ac
electric response of various PLZT ceramics as a function o rive between 22 and 445 Vicm, as shown in Figa)1in

the ac drive amplitude. However, only limited studies of ac-;:_ = ' . .
field-induced(>1 kV/cm) dielectric nonlinearities in ferro- this figure, the temperature of the dielectric maxim(ing.)

. . can be seen to be shifted down slightty4 °C) with increas-
electrics have previously been reportéd®Recently, Setter e - ) :
etall’ have studied the ac field dependence ofn9 drive, in addition the value of the permittivity maximum

. . o
Pb(Mg,sNb,5)O5 (PMN) relaxors. They observed an appre- EV:;NZZR ggghglzdlr;c(srgeizedvsm) In the temperature range
ciable softening of the dielectric response using ac drive Upon increasing the La content to 2 at. %, the dependence

fields in excess of 1.5 kV/cm. Also, Li and_ Vle_hlaﬂﬁmavg on the ac drive was found to be strongly changed, as can be
recently observed a softening of the dc-bias-induced piezo-

) o ! seen in Fig. (b). For this composition, the average transfor-
electric response of PMN-based relaxors with increasing ag ation temperature was shifted down fron810 °C using a
drive amplitude. In addition, Viehlanet all® have previ-

. N drive amplitude of 19 V/cm to-285 °C using a drive am-
ously reported an anomalous nonlinearity in the comple

>blitude of 478 V/cm. In addition, the magnitude of the di-

elastic response with respect to the amplitude of ac meChané1ectric constant can be seen to be increased significantly

cal drive in dc-biased PMN relaxors. The purpose of th(?over a wide range of temperatures between 200 and 300 °C.

present study was to investigate the nonlinearities in the di
electric response with respect to the ac drive at lower dr'v?ncreased from-4000 using a drive of 19 V/cm to-44000

amplitudes(<1 kv/cm) _for vaﬁous PLZT ceramics. It was ufsing a drive of 476 V/cm. These results unambiguously
hoped that these studies might reveal the characteristics Yemonstrate a significant increase in the nonlinearity of the

the dynamical responses of the various types of domt""n“k%ielectric constant with small increments in the La content.

configurations which are known to exist. Upon further increment of the La content to 4 at. %, the
dependence of the dielectric response on the ac drive was
further increased and was in fact the maximum for all the
compositions in they/65/35 sequence which were investi-
PLZT powders were batched according to the formulagated. The average transformation temperature was shifted
Pb,_,La,(Zr,_4Tiy); 405 by a mixed oxide method start- down by ~50 °C with increasing drive amplitude between
ing from high-purity starting oxide§>99.9%. Excess PbO 16 and 313 V/cm, in addition the magnitude of the dielectric
was incorporated in the formula to account for PbO lossconstant was significantly increased in the temperature range
during heat treatment. Ceramic pellets were formed by hobetween 150 and 250 °C. For example, the magnitude of the
pressing at 1150 °C fa2 h at apressure of 60 MPa, which dielectric constant at 225 °C was found to be increased from
was followed by an annealing at 1300 °Q @ h in a PbO 5000 to~25 000 with increasing drive. These results clearly
excess environment. The rhombohedral-structured PLZBhow the presence of a strong dependence of the dielectric
compositions chosen for study were 0/65/35, 2/65/35response characteristics on ac drive amplitude in the La-

Ill. RESULTS

For example, at 285 °C the value of the dielectric constant

Il. EXPERIMENT
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content range between 2 and 4 at. %. In this compositional The temperature-dependent dielectric loss spetamad)
range, normal micron-sized domain structures have previtaken using various ac drive amplitudes between 20 and
ously been reported to be maintairfedowever, the limit of 1000 V/cm at a constant drive frequency of?16z are
stability of the long-range-ordered ferroelectric phase hashown in Figs. 2a)—2(f) for the compositions 0/65/35, 2/65/
been reported to be close to the composition where the max85, 4/65/35, 6/65/35, 8/65/35, and 15/65/35, respectively.
mum nonlinearities were observBdAbove this stability —These figures clearly reveal a significant increase in the value
limit, relaxorlike ferroelectric behavior begins to emerge. of tans with increasing drive amplitude for every composi-
At higher La contents, the dependence of the dielectridion investigated. The largest nonlinearity was found for
response on drive amplitude was found to be significantly2/65/35, where the magnitude of @&imcreased by nearly a
reduced, as can be seen by inspection of Figh-1(f). For  factor of 20. At both higher and lower La contents, the de-
the composition 6/65/35, the value 6f,,, was shifted down pendence of taliwas significantly reduced. Also, the peak
only slightly (<10 °C) with increasing drive between 12 and value of tad was shifted to lower temperatures with increas-
424 Vicm. Correspondingly, the magnitude of the nonlinearing drive amplitude. For 2/65/35 and 4/65/35, the peak val-
ity in the dielectric constant was greatly reduced; the largesties of ta were shifted down by~25 and 50 °C, respec-
nonlinearity was found neaF ., and was equal t6-20%. tively, consistent with the relatively large shifts observed in
With additional increment in the La content, the nonlineari-the real component of the resporisee Figs. (b) and Xc)].
ties in the dielectric response can be seen to be further dét higher La contents, the peak values of fdamere signifi-
creased; however no dramatic changes were found as for thaantly less sensitive to the drive amplitude in the range in-
between 4 and 6 at. %. In the compositional range between @estigated; in fact for these compositions the edges of the
and 10 at. % La, the shift i, decreased from-10 °C to  tand curves were shifted to higher temperatures with increas-
less than 1 °C and the degree of nonlinearity in the dielectritng amplitude.
constant decreased from20% to less than 5%. For the The most pronounced changes with La content in the non-
composition 8/65/35, it is interesting to note the similaritieslinearity of tand were found in the compositional range be-
of the results shown in Fig.(&) taken at various drive am- tween 2 and 4 at. %. In this range, the degree of nonlinearity
plitude using a constant frequency to results previously redecreased from-2000% for 2/65/35 te~500% for 4/65/35.
ported at various frequencies using a constant drivé&Jpon further increment in the La content between 6 and 15
amplitude?®?! Similar relaxational effects in the dielectric at. %, the degree of nonlinearity further decreasee 100%
constant and shifts i ., can be seen to be induced with for 8/65/35 and then t6-30% for 15/65/35. Inspection of
changes in the drive amplitude between 19 and 465 V/cm, akig. 2 will reveal that the magnitude of taor 4/65/35 was
would be expected with drive frequency between 20 arfd 10close in value to that for the relaxor compositions. For the
Hz. In addition, for 8/65/35 the dependence of the dielectriccompositions between 4/65/35 and 15/65/35, the value of
constant on drive can be seen to decrease dramatically belaans was nearly constant at0.1%, using a drive amplitude
the temperature range 40-50 °C. of ~500 V/cm. The larger nonlinearities for 4/65/35 than
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15/65/35 were not due to higher #walues under higher back to higher temperatures, broadening out significantly
drives, but rather lower values under weaker drives. It is als@over a wide enough temperature interval, which was suffi-
interesting to note the similarities between the effects of incient to encompass the responses of all the lower field mea-
creasing frequency and drive amplitude ond&dar the re-  surements. We believe that these results demonstrate that the
laxor compositions. It can be seen in Figée)2and 2f) that  nonlinearities observed in the complex dielectric responses
the effects of increasing drive amplitude are similar to thoseshown in Figs. 1 and 2 are related to the dynamics of the
previously reported with increasing frequency. These trenditrinsic domain states, rather than induced polarization
are in distinct comparison to those for the real component o$witching and the growth of preferred domains.
the response, where with increasing drive amplitude the di- The combination of the dielectric and the-E data
electric constant increased; however, with increasing freelearly indicates two different types of dielectric nonlineari-
guency it has previously been shown to decrease. ties. One is associated with induced polarization effects and
In order to determine the possibility that the strong non-macrohysteretic behavior, and the other is probably associ-
linearities in the complex dielectric response might be due to
electrically induced nonlinear polarization effects, the polar-
ization electric field P-E) hysteresis behavior was mea- e E
sured using a modified Sawyer-Tower circuit. Figure 3 30 F .
shows theP-E behavior for 2/65/35 at various maximum ac 20 ] //_-ﬁ 3

40 [T T T T T T T T T T T g

drive fields. In this figure, th&-E behavior can be seen to
be linear for field levels below 1.2 kV/cm. Strong nonlineari- 10 |
ties and hysteresis effects were not induced until signifi- i
cantly higher field levels. These results clearly demonstrate
that the strong nonlinearities observed in the complex dielec-
tric responsdFigs. 1 and 2are not due to the development
of a macroscopic polarization under an electrical field.
Figure 4 shows the temperature dependence of the dielec-

0 '— o o TR _;

Polarization (uC/cm® )
3

...............

tric constant at various field levels between 19 and 952 V/cm P A i N I
for the composition 2/65/35. In this figure, the dielectric re- -20 -10 0 10 20
sponse characteristics can initially be seen to be shifted down Electric Field (kV/cm)

with increasing drive amplitude. However, upon more
closely approaching the field strength necessary to begin to FIG. 3. P-E behavior for 2/65/35 at various maximum electric
induce polarization reversal, the transition peak was shiftedield strengths.
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2/65/35 down in temperature with increasing drive amplitude, with-
60 77— out signs of significant broadening effects. We believe that a
- f 865 Viem ] possible explanation is that the ferroelectric coupling within
[ 50 - . g . . .
(= : ] a characteristic distandg) of the boundary is being weak-
= wof ] ened by the continuous depinning process. At higher tem-
[=4 - 7 . . . s .
s : ] peratures, this decoupling may result in the stabilization of
5 s0f 3 the paraelectric state, shifting,,,, down. At lower tempera-
o : ] tures, the decoupling may result in a roughening and coars-
o F 1 . . . .
5 20 | E ening of the domain boundaries. If the boundaries are then
2 w0f : driven hard enough that polarization switching occurs, long-
[=) 3 ] range domain motion is induced and a remanent polarization
0 B 1 A develops; consequently,, ., increases due to the expulsion
150 200 250 300 350 400 of the roughened boundaries.
Temperature (°C) The changes in the degree of dielectric nonlinearity with

' . composition undoubtedly reflect changes in the common se-
FIG. 4. Dependence of the 4tHz dielectric constant for quence of domain like states with increasing La contérats
2/65/35 on the amplitude of the ac drive between approximately 13nown in Table |. The maximum nonlinearity and shift in
and 1000 Vicm. Tmax Was found for the composition 4/65/35, which is close
to the crossover between normal micron-sized domain struc-

ated with local domain boundary excitations and microhys-,

teretic effects. We believe that the anomalous amplitude geres and tweedlike statéClose to this composition, the

pendence of the complex dielectric respofBigis. 1 and 2 domain boundaries may becqme increasingly' rogghened and
for the lower La content specimens is related to the late oarsened due to an increasing number of pinning sites and

mechanism. Domain boundaries are well known to be pinne € inﬂuenc_e of moderat_e ac_excitations;_ consequently, the
by defect structures resulting in the presence of thermall egree of dielecic nonlinearity may be increased. In fact,

activated processes in displacive systems, i.e., thermal mal EM studies revealed a change in the stable domain like

tensite. Aliovalent La modification of PZT results in the in- State after moderate ac excitations. Figurés) Bnd %b)

: e . . : show bright-field images for 4/65/35 taken from specimens
:L%ducéfSpﬁLg S'tgeﬁzae?'e‘;’éx/:éfgcmglE/Ot c;r::ltyi/vlg;g;upt which had not been and had been excited by moderate ac

octahedraf? but might also provide a source of quencheddrives’ _respectively. The;e s_pecimt_—:-ns were cut fr_om_the
defects on which domain walls could become pinned. Larg ame sintered ceramic disc, just prior to the_ |nvest_|gat|0n.
amplitude drivegin excess of the coercive fieldEf) ] would igure “U‘a). reveals the presence of normal micron-size do-
result in the long-range motion of domain boundaries, th ains, which possegse_d subdomain structures. However, qf-
development of remanent polarization, and saturation effect er mo_derate ac excitations, only the presence of gubdomam
However, under smaller ac driveE€E_.), domain bound- weedlike structures were present, as can be seen m(Pél)g. 5
aries might be continuously depinned around an average pir'][hese results can be explained in terms of a roughening of

ning site, without long-range boundary motion. The dielec.the domain boundaries by moderate ac excitations that re-

tric nonlinearities associated with these fluctuation effectsduce local ferroelectric orderings within a distariceesult-

; - : Ing in a change in the stability of the domainlike state.
might be significantly larger than those from induced polar- . o
ization effects, due to the lack of saturation. On increment of the La content between and 5 at. %,

The pronounced lowering of the average transformatior]fweed"ke structures are known to become the stable domain
tate, with or without a prior applied moderate ac excitation.

temperature by ac electrical drive for 2/65/35 and 4/65/35'5C dinalv in thi itional A q
might also be explained by considering this continuous de- orrespondingly In thiS compositional rangeé, a strong de-

L ; ; : crease in the dielectric nonlinearity and shift Ti,,, were
pinning (or roughening, as we will call it belowof the do- . . ax
main boundaries under excitation. The pinning of boundarieé)bserveoI in the present study. We believe that these changes

by random quenched-in defects would result in the stabilizaa" be explained by conjecturing the possibility that the sub-

tion of the boundary to higher temperatures than would béiomain .S.tructures and polar clusters are not pinned in th?s
compositional range, but rather the long-range polar order is

expected in the unpinned condition, due to a lowering of th . . i :
energy of the boundary via interactions with defects. Consgpmken by the aliovalent substitution of t'afor P’". Con-

quently, if the boundaries are electrically excited away fromsequently, a pretransitory state is long-time stabilized and the

the frozen pinning sites, the average transformation temperei]—ormal phase  transformation prevented, as recently

3 : ; .
e migh be obsenved fo b cifcively maved down Do LS Srvanceents i e St consont v
temperature, due to additional extrinsic contributions to themoderate ac excitations could influence tr?e kingiics of an !
permittivity from the boundary motion. However, we believe f . ﬁ i th diik d volar cl y
that such a simple picture, although it gives correct insights, uctuation effects in the tweediike and polar cluster states.
does not provide an adequate explanation in detail for the
observed changes. If this were the case, the shift down in
TmaxWould occur by a broadening of the transformation with  Figure §a) shows the dielectric response for the compo-
the high-temperature side of the response left unchanged, aition 2/65/35 as a function of temperature at various fre-
in the paraelectric state domain mechanisms can not contrilijuencies between 1@nd 16 Hz using drive amplitudes of

ute to the permittivity. However, inspection of Figgbland 19, 238, and 476 V/cm, respectively. Using the low ac drive,
1(c) will reveal that the entire permittivity curves are shifted no frequency dispersion was observed in the dielectric re-

B. Frequency effects at various drive amplitudes



14 108 QI TAN AND DWIGHT VIEHLAND 53

2/65/35
50 T T T

476 Viem
A\

40 [

Dielectric Constant (10°%)

25 T T T
313 Viem

Dielectric Constant (10%)

o n " " I " n 1 " " 1 i L i "
150 200 250 300 350

Temperature (°C)

FIG. 6. Frequency-dependent dielectric response for several
PLZT compositions using various drive amplitudes between ap-
proximately 20 and 500 V/cm(@) 2/65/35 and(b) 4/65/35. The
measurement frequencies from the top to the bottom curves for
under each ac drive are 4a.0°, 10, 1¢°, and 5<10° Hz.

FIG. 5. Bright-field images for 4/65/35 befofe) and after(b)

ac electrical excitation. served that the frequency dependence of the dielectric con-

stant andT,,., are both increased with increasing drive.

sponse. Rather, the response resembled that of a normabain, the nonlinearities were largest at the lowest drive fre-
long-range ferroelectric state. However, upon increasing thguencies. The difference between thé Hx response was
drive amplitude to 238 V/cm, strong frequency dispersionnearly negligible between the two drive levels used. The
became evident. The magnitude of the dielectric constant dtequency-dependent response characteristics under larger
low frequencies was increased by50% by the increased drives were identical to that expected for a relaxor, however
drive; however, the enhanced dielectric softness was signifat lower drives this was not the case. These results clearly
cantly reduced with increasing frequency. Using a frequencylemonstrate for the first time that relaxor ferroelectric behav-
of 10° Hz, the dielectric constant was nearly equal for bothior can be induced by ac electrical drive. Upon further incre-
drive amplitudes. Upon further increasing the drive ampli-ment in the La content to 8 at. %, relaxor behavior was ob-
tude to 476 V/cm, the dielectric response was shifted dowrserved in both the low- and high-amplitude responses, as can
in temperature and enhanced frequency dispersion was obe seen by inspection of Figs(a8 and &b), respectively.
served. Again, with increasing frequency, the enhanced dincreasing ac drive had some effects on the dielectric re-
electric softness was observed to relax, however the shift isponse, however the nonlinearities were weak in the field
the average transformation temperature remained unchangednge investigated. In addition, with increasing La content in
Similar results were obtained for the composition 4/65/35, ashe relaxor region, the magnitudes of the nonlinearities fur-
shown in Fig. b). The only noticeable differences in the ther decreased, as can be seen by inspection of Rigsaid
dielectric response for 4/65/35 relative to that for 2/65/358(d) for 15/65/35.
were an enhanced broadening of the temperature-dependentlt has previously been reported that the addition of less
response, stronger frequency relaxation regy, under low  than 4 at. % La in PZT does not result in the appearance of
drives, and a larger shift iff ., with increasing drive am- relaxor behaviof* However, these results clearly demon-
plitude. strate that relaxorlike characteristics can be induced in the

Figures Ta) and 71b) show the dielectric responses for the dielectric response of a normal ferroelectric using higher ac
composition 6/65/35 taken at drive amplitudes of 19 and 384lrive amplitudes, which are insufficient to induce polariza-
V/cm, respectively. From these figures, it can readily be obtion nonlinearity in theP-E behavior. Relaxorlike character-
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istics were present in the magnitude of the dielectric re-
sponse; however, no significant shiftsTip,,, were observed
with increasing frequency, as would be expected for a re-
laxor. Rather,T . was shifted down with increasing ac
drive and did not shift back up with increasing measurement
frequency. The frequency dispersion of the dielectric con-
stant for 2/65/35 and 4/65/35 demonstrates the presence of a
relaxational phenomenon. Increasing drive amplitude may
roughen or disorder the domain structures, however the ex-
trinsic contribution to the dielectric response from these
boundary excitations relaxes rapidly with increasing fre-
quency.

One might be able to explain the compositional trends
between 6/65/35 and 8/65/35 by again considering the stable
domainlike states, illustrated in Table I. Tweedlike subdo-
mains have been shown to exist in the bright-field images for
6/65/35, at temperatures far beldw,,,. These subdomains
preserve a high degree of regularity between tweeds along
particular crystallographic directions. Previous dielectric in-
vestigations for this composition using low-amplitude drives
have revealed a broadened response which exhibited some
frequency relaxation, however it is generally believed not to
be a relaxor ferroelectri¢®, rather, the term “incipient” re-
laxor has been usédlUnder moderate ac excitations, the
tweedlike structures may undergo driven fluctuations, result-
ing in the partial interruption of local polar order. Conse-

FIG. 7. Frequency-dependent dielectric response for 6/65/35 ugjuently, the polar cluster state may be stabilized over the
ing various ac drive amplitude&) 20 V/cm and(b) 384 V/cm. The
measurement frequencies from the top to the bottom curves foenhanced relaxorlike characteristics. For the composition
under each ac drive are 4A.¢%, 1%, 1¢°, and 5<10° Hz.

8/65/35

tweedlike under excitation, resulting in the development of

8/65/35, only weak nonlinearities were observed; corre-

15/65/35
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FIG. 8. Frequency-dependent dielectric response for several PLZT compositions using various ac drive anipli@/@&435 under 12
V/cm, (b) 8/65/35 under 465 V/cn{c) 15/65/35 under 25 V/cm, and) 15/65/35 under 500 V/cm. The measurement frequencies from the
top to the bottom curves for under each ac drive are 1C°, 1¢%, 10°, and 5<10° Hz.
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TABLE Il. Generalization of the influence of ac drive amplitude boundary roughening, however a true relaxor state is not
on the dielectric response for the various PLZT compositions.  induced. Upon increasing the La content to a critical range,

w La-] electric behavior, normal micron-s omains moderate ac excitations result in the destabilization of the
Low La-FE FE dielectric behavi rmal mi ized domai derat tat It the destabilizat f th
increasing normal micron-sized domains, resulting in tweedlike struc-
AC drive i icti
relaxor-like disperyion. with nonlincar response to AC tures and enhanced relaxorlike characteristics. Hoyvever, a
drive, domain roughening strong frequency dependencelqf,, was not observed in the
Critical LAFE  Soft FE behavior, micron-sized domains range of ac drives investigated. Upon increasing th(_a La con-
i ) tent to the range of 6 at. %, the tweedlike domains were
increasing . . s - ..
AC drive inherently stable with “incipient” relaxor characteristics.
induced relaxor-like characteristics in nonlinear However, under moderate ac drives, a relaxor ferroelectric
dielectric response, but no strong frequency X X .
dependence Of Tmax, tweed-like structures state was induced. Upon further increasing the La content,
Intermediate "Incipient" relaxor, stable tweed-like structures the_d_rlve level needed to |n(_juc_e the relaxor state decre_as_ed,
La-relaxors . ) until it was presumably intrinsically present under an infi-
AC arves nitely small drive(>8 at. % L3, i.e., relaxor characteristics
relaxor FE state, coarse nanopolar domains were present in the linear response and are driven by thermal
High La-relaxors Relaxor characteristics in linear dielectric response, fluctuations.
nanopolar d°mamsimeasmg These results require an extension of the definition of
AC drive what constitutes a relaxor state, including both weak- and

weak nonlinearities to AC drive, nanopolar domains strong-field drives, or more correctly whether the relax-

ational process occurs in the linear or nonlinear dielectric

dinalv. th I | is Kk b bl responses. This extension should allow us to distinguish the
spondingly, the polar cluster state Is known to be stablegyaities and differences between a soft PZT and a relaxor
Higher ac driveg>1 kV/cm) have been reported to induce

stronger nonlinearities; however, these nonlinearities argic response is intrinsically frequency dispersive. The non-

weak compared to 4/65/35. linear contribution is weak and does not add significantly to

The presence of weak nonlinearity in the relaxor compo- . . S
. - 'F¥the overall degree of frequency dispersion. These intrinsic
sitions (8/65/35 and 15/65/3-demonstrates that the Kinetics oy yelaxations indicate inherent fluctuations in the stabil-

of the polarization fluctuations can be driven by ac excitay, ot the state, which undoubtedly are due to the presence of
tion. In fact, the influences of increasing amplitude and de

) > ; X pretransitorylike structure@weeds and clustersin the soft
creasing frequency were similar, as mentioned in Sec. lll APZT’s, a phase transformation does occur into the low-
b dual ; ¢ volarization f diveith ?é(mperature product state. For these compositions, only the

e a gradual freezing of polarization fluctuatidgth re- o qiinear contributions to the permittivity are frequency de-
spect to the time constant of the measurement frequencﬁfendent The linear terms are nondispersive
(Timead]- A possible interpretation is that the system is begin- It is clear that both soft PZT and relaxor behaviors are

ning to settle into a series of metastable states over a relagtact-induced states, whose macroscopic response charac-

Steristics are related to the metastabilities of their respective

tem  exhibits microhysteresis around these metastablg,ainjike configurations. However, the nature of the meta-

minima. Inspection of the data for the composition 8/65/35q,pjjities for soft PZT's is significantly different than that

(Fig. 8 will reveal the presence of pronounced nonlinearitiest, - re|axors. The metastability of soft PZT's arises due to the
only in the temperature range between 40 and 120 °C. Cor:

dinal ) larizati Fém h h pinning of transformed regions which are of macroscopic
respondingly, previous polarization studiégve shown that - qj;e - Consequently, the number of metastable states and the
the onset of remanenad;) occurs near~40 °C, demon-

) R . . difference between them are both relatively small. However,
strating that the polarization fluctuations can be driven byye etastability of relaxors arises due to the correlated

$odera':jeTac g”vez onlyhln the tenlwperat(;neh rafnge tr)]etwiel’?eezing of pretransitory states, which are of nanometer size.
max @nd T;. Based on these results and the fact that g, sequently, the number of possible degenerate metastable

degree of dielectric nonlinearity decreased significantly W'thstates through which the system can evolve is enormous. As

increasing frequency, one could conjecture that the gradua] oqits of this near continuous degenerate sequence of

fre_e_zing_ of the p(_)lari_zation fluctu_ations intq mEtaStab_lemetastable states and the strongly correlated nature of the
minima is cooperative in nature. This cooperative nature iNyqaze out. the relaxor may be best viewed in terms of a
dicates that the freezing process is not lg¢al., single clus- glassy polarization state.

ters, but rather a correlated freeze out of many clusters.

state. In the relaxor state, the linear component of the dielec-

IV. SIMILARITIES AND DIFFERENCES V. CONCLUSIONS

BETWEEN SOFT PZT's AND RELAXORS L . . .
Investigations of the ac field dependence of the dielectric

The results presented above clearly demonstrate a genexa@nstant have been performed for various La contents across
trend with increasing La content, as illustrated in Table Il.the PLZT y/65/35 crystalline solution. These studies have
For low La-content materials, relaxorlike dispersion can beevealed the presence of strong nonlinearities and large shifts
induced by increased ac drive, presumably due to domaim T, for 0.02<y<0.04. At higher La contents, the mag-
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