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Linear and third-order nonlinear dielectric susceptibilities and the dielectric polarization were measured in
6.5/65/35 lanthanum lead zirconate titané®.ZT) hot-pressed ceramics. On cooling linear dielectric data
show a transition from an ergodic to a nonergodic relaxor phase, while, on heating, a ferroelectric to ergodic
relaxor phase transition appears. The third-order dielectric response is reminiscent of an ergodic to nonergodic
relaxor phase transition. Below the Vogel-Fulcher temperature, at which the longest relaxation time diverges,
spontaneous polarization exists, which indicates the possibility that the sample breaks up at low temperatures
into relaxor glasslike and ferroelectric order—dominated regions at nonzero transition temperatures. Additional
measurements of the quasistatic field-cooled—field-heated dielectric susceptibilities revealed an electric-field—
temperature phase diagram, which confirmed the coexistence of both phases. The dielectric susceptibility at
various bias electrical fields, obtained from polarization data, revealed a field-induced transformation between
the disordered state and ordered ferroelectric state. The results were analyzed in the framework of the spherical
random-bond-random-field model.
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[. INTRODUCTION sintering for PLZT materia)s which favors chemical hetero-
geneity and residual streksn relaxorlike materials it is be-
Lanthanum doped lead zirconate titanate ceramic$ieved that correlations between polar nanodomains and sub-
Phy _Lay(Zr,Ti1_y)14403 (PLZT), with La content varying sequent freezing of polarization fluctuations into a state with
between 4 and 12 at.%, belong to the ferroelectric relaxoglasslike characteristics at lower temperatures control the ob-
systems. Between 4 and 7 at.%, the macroscopic propertieserved relaxor behaviér:®1° These nanopolar regions be-
change from normal ferroelectric to relaxor-ferroelectricshave like spins “feeling” local electric random fields and
with increasing La content. For lanthanum concentrationgnteracting via random bonds:!
above 7 at.%, these materials show a shift of the frequency The ferroelectric phase can only be stabilized in these
peak maximum of the frequency dependent dielectric permitglassy relaxor systems by cooling the system with applied
tivity with decreasing temperature, the absence of any maclectrical fields of values higher than the critical electrical
rosymmetry changes, a characteristic slowing of dynamic§ield Ec, as was shown recently foi/65/35 PLZT relaxors
according to the Vogel-Fulcher law, and a strong deviation(7<x<12),*1%12 or by mechanical stre§s? An external
from Curie-Weiss behaviar® electrical field can overcome the random local fields in such
The formation of ferroelectric domains is strongly inhib- a way that a normal ferroelectric phase may be induced. This
ited as the La content increases and a broad diffuse relaxotransition is often referred to in the literature as the field-
like dielectric maximum also appears. Substitution of*Pb induced micro- to macrodomain transitidhus, when an
ions by L&" ions creates vacancies in thesite of the per- electric field is applied, nanodomains will grow in size and
ovskite ABO; structured ferroelectric PLZT ceramics and merge to form large polar regions, which results in
this is believed to break the long-range Coulomb interactiormacrodomaing?
in the lattice. Between ferroelectrically active oxygen octa- It was shown that if6—7)/65/35 PLZT ceramics cooled
hedrals containing-site cations this interaction drives the in zero electric bias field at low temperatures, regions domi-
formation of spontaneous polarization beldly. Above a nated by both ferroelectric and glassy relaxor states could be
critical (>7 at. %) La content, the decoupling might be ex- formed. Optical and electrical measurements reported the co-
pected to be sufficiently strong to prevent spontaneous forexistence of microsized ferroelectric domains and also nano-
mation of a long-range ferroelectric state with micron-sizedsized glassy polar regioR$:1°At room temperature the sizes
domains. Instead, a state with locally polarized regions on af ferroelectric and glassy polar regions in
nanometer scale is observett.is therefore commonly rec- (6-7)/65/35 PLZT are estimated to be 1+3n and ap-
ognized that all relaxor materials are highly proximately 10 nm, respectivel}:16
inhomogeneou’3® While most earlier results were either focused on the limit
Polar nanodomain region results because of the abovef low electrical field$” or on the samples well above 6 at. %
mentioned fluctuation of composition and the appearance dfa concentration, i.e., for pure glasslike systems, we have
lattice defects due to the method of their preparatfmwder investigated the dielectric properties of the limiting system
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between the ferroelectric dominated and glassy dominated 0.30 = . . . - .
La concentrations by linear and nonlinear dielectric experi- 025 | s g ok (a)_
ments. Both point to the coexistence of ferroelectric and re- ) v 20kHz ¥ 600 kHz AAAAAAAA
laxor phases, in the absence of external bias electrical field. 0.20 | ® 100kHz & IMHz A8 4
In addition, the electric-field—temperatu(é-T) phase dia- . NS
gram was determined by quasistatic measurements of the < 0.15F ‘/AAA CXKF KKKy,
field-cooled—field-heated=C/FH) dielectric susceptibilities, g aaanlt XX *X *x
which confirmed the coexistence of both phases. 0.10 ﬁiii****x* * EEREAE A ]
33334433303050995 5 xs
0.05 &%%%%gvvvvvvvva AL IOGEE
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Il. EXPERIMENTAL PROCEDURES 0.00 | | | AC, F%ﬂi%@
PLZT samples were prepared by a mixed oxide method i AAA(Z)
starting from high-purity oxide$>99.9 at.%). After being 0.25 NS A
hot pressed at 1420 K for 2 h in PbO excess environment, 0.20 L 2 4
gold electrodes were sputtered onto the sample by the evapo- < / A
ration technique. Measurements were made on three § 0.15f A KKKFKx T
6.5/65/35 PLZT ceramic samples with thicknesses from ABS X A
0.26 mm to 0.32 mm. Complex dielectric permittivity was 0.10 :AAAAAAAAAAAAA*X***:;**** ]
measured using a Hewlett-Packard 4282A Precidi@R 0.05 jﬁ**gg*”;;; §§3§”ii<<2§§
meter. The amplitude of the ac excitation voltage was 1 V. ff@&}gjmwwggﬁq MY
Measurements were performed on cooling and heating the 0.00 . ' L
sample between 453 K and 295 K, typically with the rate of 340 360 380 400 420 440
+60 K/h, in several dc bias electrical fields from 0 to T (K)
i IK/IVF{;:‘m and in the frequency range between 20 Hz and FIG. 1. The dielectric loss factor t&#) as a function of tem-

(E)_erature for several measurement frequencies taken on caaling
and heatingb). Both cooling and heating runs were taken in zero
bias electric field.

The temperature and the dc field dependence of the effe
tive quasistatic field-cooledFC) dielectric susceptibility
xec=Prc(E,T)/E was determined by cooling=C) and sub-
sequently heating=H) an annealed sample, in a dc bias elec- ,
tric field E, while the corresponding polarization charge was®f the sample slowly converts to the long-range ferroelectric
measured by the Keithley 617 programmable electromigter. state as the space charge field builds up after the redistribu-

Since it is well known that history-dependent effects playtion of the defects and space charges has taken place. The
an important role in relaxor systems, the samples were arfedistribution qf the defects and space charges via diffusion
nealed at 453 K for 1 h before each measurement, in order tg2V€ Support in the aging effects observed in PLZT system,

ensure identical conditions for all measurements and td/hich occur — below —some particular ~ temperature
eliminate the effects of previous treatmehis. (ca. 420—470 K in PLZT ceramics, see for instance Ref. 20

and references therginAs the diffusion of the defects is
rather slow at lower temperatures, so are also aging effects
and conversion to longe-range ferroelectric state, which both

The temperature dependence of the dielectric loss factdtould take hours or days. However, the space charge mecha-
tar‘(&):sa’_lsii obtained on C00|ing and heating the Samp|e’ jishism should Only be looked as and an aUXI|IaI’y me.Chanlsm
shown in Figs. (a) and ib). Data taken on cooling differ that helps to convert the system to the ferroelectric order.
from those obtained on heating the sample. While on coolind hiS conversion might account for the rather smooth change
the sample from 458 K the dielectric loss factor shows conln the slope in ta)(T) data near 385 Hsee Fig. {a)].
tinuous evolutior{Fig. 1(a)]; on heating, this quantity exhib- |t appears that the above conversion to a long-range ferro-
its a less discontinuous increase near 41fFK. 1(b)]. electric state is rather sluggish, so that immediately after

It was reported that such behavior could be a consequen&®0ling most of the sample ends up actually in a state similar
of a space charge field.In PLZT ceramics a space charge t0 the relaxor glassy state. The glassy nature of the state
field is built up by the redistribution of the defects and/or feached immediately after cooling is also evident from the
space charge. This field is stabilized by coupling with thenalysis of the freezing dynamics. The temperature depen-
spontaneous polarization. An internal field thus helps to indence of the characteristic relaxation frequency obtained
duce the ferroelectric staté By heating the sample to 473 K from the temperatures corresponding to the diffuS€T)
the space charge and the internal field completely disappedteaks obtained on cooling obeys the Vogel-Fulcher ansatz
Therefore on cooling, the internal field is much smaller than _ _ _
on heating, and consequently a difference:i(T) between f=foexd - BJ/(T=T)], @
the cooling and heating cycles appears. This means that tiveith E;=0.039 eV,f;=132 MHz, and the freezing tempera-
low temperature state, which was reached immediately afteure T,=360+2 K. Such behavior is characteristic for a
cooling the sample, is not yet in equilibrium and conformsfreezing process from an ergodic to a nonergodic relaxor
more to the relaxor glassy state. On further cooling the parphase®!” The observed dynamics are similar to the glassy

A. Results and analysis
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dynamics reported for the pure relaxor in zero external bias ' ' ' ' ' '
field, 9/65/35 PLZT ceramit,which does not show ferro- 3 @ -
electric long-range order in zero electric bias fields. Here the z
nanoclusters interact through random bonds in the environ- "% 5L |
ment of random fields. b4

In 6.5/65/35 PLZT ceramics, due to the gradual growth 5.‘0
of the polar nanoregions in the relaxor phase on coolingand <= 1} .
due to the decreasing thermally activated reorientation of the &
polarization in nanoregions, the correlation between the nan- ™ N
oregions increases. Consequently the size of the polar re- or ]
gions also increases with tile Thus a similar time depen- f } } I f f
dence was observeéd??in measurements of the ferroelectric i (b)
hysteresis loop at room temperature. However, the predomi- " 8 b
nant broad glassy relaxor dielectric response which persists S H
in the whole temperature range indicate that the ferroelectric E 6 ]
phase is probably stabilized in only a very small fraction of o 4L i
the sample. Moreover, Dait al. reported® the detection of S
both polar nanocluster state and micrometer-sized ferroelec- E" 5 b / |
tric domain state, using x-ray diffraction, i.e., the coexistence  —
of both relaxor and ferroelectric phases at room temperature. = L i
Indeed it seems that the system properties based on our data | ! ! | ! !
conforms to the case of the relatively spatialy large corre- 300 330 360 390 420 450
lated ferroelectric regions in the presence of a large volume T (K)

of unconverted glassy polar nanoclusters.

In contrast to the response obtained on cooling, a rather FIG. 2. (a) The total static third order nonlinear dielectric sus-
sharp change of slope in the dielectric loss factor is seen ofeptibility x3 as a function of temperature afhl) the temperature
heating at 412 KFig. 1(b)]. The sharpness of the change of dependence of the quasistatic nonlinegaty measured on cooling.
slope and the transition temperature hysteresis are indica-
tions of the weakly first order nature of the transition in FC measurements! Thus, due to the nearly critical nature
which the ferroelectric part of the samples converts to theof these systems, an external field strongly modulates inter-
ergodic relaxor stat&23Recent investigations, involving di- cluster coupling which strongly influences the temperature
electric hysteresis and x-ray diffraction measurements, supependence ofag|™© obtained in an FC experimeft?8 In
port the above idea that a spontaneous ferroelectric to eorder to verify the temperature dependenceaﬁ the di-
godic relaxor phase transition takes place at thislectric polarizationPrc was measured at various static ex-
temperaturé>*® The space charge field which helped to in- ternal fieldsE. The quasistatic third order nonlinear dielectric
duce the ferroelectric state gradually disappears with increa&z:{)efﬁcient)(gC [see Fig. 2a)] was then calculated from
ing temperature, thus allowing the thermal fluctuations to
destroy the long-range correlations between micro domains. re_ Xrc(BEp) = xrc(Ep)

A broad dielectric maximum is seen at 445 K in the real and X3 = E%— Ef ' 3
imaginary part of the complex permitivity. This maximum

was shown to be purely of dynamic origiff. Whenever the  where E;=3.5 kV/cm andE,=13.8 kV/cm. In contrast to
longest relaxation time of the system exceeds the experimehe dynamic resul® the agc(T) shown in Fig. 2b) re-

tal time scale, the measured dielectric constant starts to dg@ambles more the response expected for ferroelectrics as
viate from the static response, resulting in a broad peak at @ould be expected in an applied bias electric ffdldt
temperature which depends on the measuring frequency. Aghould be mentioned that both quantiti§S andaC shown
additional indication of the slug_glsh conversion from f[he re-in Figs. 2a) and 2b) exceeds previously published values
laxor to the ferroelectric phase is given by the dynamic meagptained in glassy relaxor systems such as PMN single crys-
surements of the third harmonic nonlinear dielectric responsgy| and 9/65/35 PLZT ceramita28 by a three orders of
|eg|- 2 magnitude. The reason for this could be the existence of

It was shown recently that the static dielectric nonlinearity|arger ferroelectric domains at low temperatures, which sig-

lag| = [xall/x2* 2) nifi<_:antly cont_ribute to the_ dielectric nonlir_learity via_the _do-

main wall motion mechanism. The dynarfiand quasistatic

in zero bias electric fieldZFC) could reveal the universality nonlinear results show that the aforementioned relaxor mate-
class of the system under stutf??6 According to Kutnjak rials exhibit a class of nonlinear behavior different from that
et al.* |ag| should decrease continuously through the glassyound in dipolar glasses or ferroelectric mater#132
relaxor to ferroelectric phase transition or rather steeply in- Quasistatic measurements of the FC/FH effective dielec-
crease in the case of the ergodic relaxor to nonergodic reric polarization response at several different dc fields ob-
laxor phase transition. It was shown recently that a differentained with 6.5/65/35 PLZT ceramics are shown in Fig. 3.
response should be expected in these systems in the caseR#sults are very similar to those obtained previously at simi-
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FIG. 3. Temperature dependence of FC/FH effective dielectric
polarization P, measured at different bias external fields. Arrows
indicate a heating and cooling run.

FIG. 5. Spontaneous polarization as a function of temperature at
E=3 kV/cm. The solid line represents a tentative fit of measured
data toPg=(T-T.)#, whereT,=412 K and8=0.15.

lar fields on glassy ferroelectric-relax©8-9)/65/35 PLZT It should also be noted th&g vanishes at the same tem-

i~né,9,29 7 H
ceramic$®2 and on PMN relaxof” In particular, the FC perature at which the pyroelectric current exhibits a sharp

dielectric susceptibility increases very sharply with decreasbeak(Fig. 6). The pyroelectric currents were calculated from

ing temperature and nearly saturates at lower temperaturea qerivatives of thePeeey(T) data(Fig. 3. This allows

This rathgr sharp increase corresponds to the .relaxor Yetermination of the ergodic relaxor to ferroelectiig) tran-
ferroelectric conversion, which takes place even in a zero-. . i
. . . sition temperatures from the temperature positions of the py-
field cooled run. It can be seen, as previously described, as’a

steplike anomaly in the dielectric loss on heatjiig. 1(b)]. roelectric current peaks-ig. 6). N

Again hysteresis is observesiig. 3) between FC and FH . From measurements of the spontaneous polarlz_a_t|_0n a de-
quasistatic dielectric polarizations in the temperature ranggvaﬂve corresponding to the effective susceptlbll_le
around the ferroelectric transition. =dP/dE was calculated at each measured value of bias elec-

Figure 4 shows the field dependence of the FC quasistatitrlcal field and particular temperature. Subsequently each of

dielectric polarization deduced from different FC scéfig. these susceptibility values was drawn for each temperature at

. . e . which they were calculated in order to obtain the suscepti-
3) obtained at various dc electrical fieldd After an approxi- ... ; . G
. . S . ility graph for different values of bias electrical fieldg. so
mately linear regime, the polarization saturates in an aImostf
field-independent plateau. This plateau corresponds to the T T T T T
spontaneous polarizatid?s, which reaches a value of nearly 1.0 T (a)cooling
0.37 As/nt at low temperatures.

From polarization dat&Fig. 4), a spontaneous polariza- = 08
tion Pg at different temperatures can be obtailigee Fig. 3. EU 0.6 F
A tentative fit to the critical ansat2s=(T-T,)? gives rather %“
small value of theB=0.15(see solid line in Fig. b This can . 04
be explained as an artifact of the smeared weakly first or- g
dered transition, which results in a steeper rise ofRgehus = 0.2F
effectively suppressing the critical exponght 0.0 L
T T T T T T I : : I : :
0.4} P=037 As/m’ o——_’% ] 1.0 (b) heating %l & i
< / A4 08k © E=4000V/cm ‘ i
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FIG. 4. Dielectric polarization measured on cooling at different  FIG. 6. Rescaled pyroelectric current peaks proportional to the
temperatures and different electrical fields. The value of spontanedP/dT obtained at different bias external electrical fields fay
ous polarization at 300 K is also shown. cooling and(b) heating run.
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FIG. 7. Effective dielectric susceptibility as a function of tem- 3 k¥jom o« ®
perature at various bias electrical fields, obtained from spontaneous 1500 0kViem 15 ~ ° . .
polarization data on cooling. " = : s
€ ot o [3
obtained and presented in Fig. 7 resembles features typical of 1000 |- 4 o o Aﬂfb%; 1
the inhomogeneous ferroelectric transition. In particular, the 5kV/em .
broad smeared peakBig. 7) correspond to the smeared soft 500 |F2.28 2.34 2.40 2.46 2.52 ® Mo
mode anomaly, typically observed at a ferroelectric transi- 1000/T (K™ o
tion. These peaks appear at the temperatures at which the
pyroelectric current exhibits peak anomalies, that is, at the . L ' 1 ' 1 L
ferroelectric transition points at which the polarization ex- 300 330 360 39 420 450
hibit strong changes. T (K)

Furthermore, the FC susceptibility curve corresponding to
the particular value of the dc electric field saturates at lowe
temperatures, typically at rather larger plateau values, inste
of decreasing back to small values similar to those above th . : . )

. . . L axation frequency as a function of the inverse temperature in zero
peak anomaly. With the increasing dc electric field the pea ias electric field and iE=5 KV/cm
anomalies become more pronounced while the low tempera- '
ture plateau values decrease. This behavior is reminiscent of

the dc_)maln .Wa” motion effectg typically obse_rvgd in ferro- Furthermore, temperature positions of the diffuse peaks of
electrics which usually results in a strong deviation from the

: . : : o the imaginary part of the dielectric constant become almost
Curie-Weiss behavior or even saturation of susceptibility vaI-fre uency independent. as one would expect for the critical
ues below the ferroelectric transition temperature. This in q Y P ' P

turn agrees with the idea that, with increasing dc electrics!o.Wing d.°".V” in the viginity of the ferroelectric phase tran-
field, part of the sample becomes more and more ferroeledition. This is reflected in very steep curves for the tempera-
triclike with growing domains. ture dependence of the characteristic relaxation frequency

On the other hand, analysis of the frequency—depender{_{nset to Fig. 8b)], which become more and more activated-
complex dielectric constartFig. 8) reveals that, in small like as more and more of the sample converts to the ordered

bias electrical fields, part of the sample still freezes into thderroelectric state with the increasing external bias electrical

glasslike nonergodic relaxor state, even below the RF transfi€!d- It appears that, at much larger electric bias field, a

tion temperature. The freezing transition temperafTieof ferro_electric state would be domiqant, as relaxor. pola}r nan-
this glassy relaxor state is shown as a function of the bia§r€9ions would tend to convert into ferroelectric micron-
electric field in Fig. 9b). Here, the temperature dependences'zed domal_n_s. In thl_s case, a _sharper flrgt order _ferroe_lectrlc
of the characteristic relaxation frequency determined fronPhase transition exhibiting a divergence in the dielectric re-
the temperature positions of the diffuse imaginary dielectriSPOnse should be seen and an additional critical-slowing-
peaks obtained at different bias electrical fieftiset to Fig. doWwn anomaly should appear in the Arrhenius temperature
8) obeys the Vogel-Fulcher ansdqg. (1)] with the freezing dependence of the characteristic relaxation frequency.
temperaturel: now strongly dependent on the bias electric

field. The susceptibility anomalies could also be used to es-

tablish the phase transition temperatures and thu€the ll. THEORY

phase diagram. In zero bias electric field the ferroelectric

phase transition temperature was found to be 383 K on cool- It has been shown that the SRBRF mdd€kan be used
ing and 413 K on heating, while on increasing the bias electo describe the transition from ergodic to nonergodic relaxor
tric field, a nearly linear increase in ergodic relaxor to ferro-phase or even the field-induced transition from ergodic re-
electric (RF) phase transition temperature was observedaxor phase to ferroelectric pha¥e'? The Hamiltonian is
(+11 K per 1 kV/cm on cooling(Fig. 9). written in the form

FIG. 8. Imaginary part of the linear dielectric constant as a
¥ nction of the temperature on cooling in a zero bias electric field
g) and inE=5 kV/cm (b). The inset shows the characteristic re-
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N ' ', ' ' ' ' ' ' | 0.4 '. 4006 V/cm
5 (a) heating » A 1000 V/em
/ ® 450 V/em
4k Py TFE Py _ 0.3 F o 100 V/em|
g o3f - %
§ , z 021 1
v 2T /” l =
m Lk o i 0.1F 1
s | T ey
0F | . . . ¢ | . | N 0.0 I I I LTS I ]
s | T ) ! ) 'A ) m|+ ] 300 330 360 390 420 450
(b) cooling : / T (K)
fE\ +r —o—T i FIG. 10. FC dielectric polarization as a function of temperature
S 3L-A-T i at various bias electrical fields. Solid lines represent fits to Egs.
> ’ B)~7).
=
E 2+ i
B=1/KT, J, are given in As/m, 1/J, J, respectively. Here
I L.t T parametep is related to the sample-dependent volume den-
oL ac . ,F/ ] sity of dipoles and trfmslates the dimensionlége the mac-
- ! L - ! ; L roscopic polarizatior®. The ferroelectric phase exists only if
360 380 400 420 440 Jo>Jox Where the critical value is givéh3® by Jg.
T (K) =\J?+A. In order to describe the change from a glassy phase

to a ferroelectric one in an electric field&, the field-

FIG. 9. (a) Relaxor to ferroelectric transition temperatdig: on dependent parametd(E) was recently introducéd
heating andb) on cooling together with freezing transition tem-

peratureTg as a function of the electric field. = )
Jo= VI + A+, (7

H=- }2 JSS - > hS-¢g> ES, (4)  Wwhich provided rather well a quantitative phenomenological
275 i i description of the E-T phase diagram of relaxor

. , _ferroelectricst? Here y is a free parameter.
where§ is a scalar order parameter field, related to the di- Nonlinear least square fits of the above equations to our

pole moment of theth polar cluster. Random bondsg are . s P .
characterized by the mean value of the couplgklN and the dat_a 31|<?qu(fl_5,_T) and P(E,T) (solid Ié)rlles in Fig. 10, with
varianceJ?/N and random fields; are characterized by the YPIC8! free fitting parametersee Table I
varianceA. Electric field,E inﬂuelnce is scaled with avgra e It should be noted that the SRBRF fits are quantitatively
i T 9€ \vell at lower electric fields, while at higher electrical fields

cluster dipole momeng, and is the local field factor. Cal- geviations start to appear at lower temperatures and conse-
culation of the average free energy yields equations for thquently susceptibility peaks start to deviate from RF tem-

spherical glass order parametgand polarizatior in the peratures as an artifact of the poor fit. These low temperature

12,27,28
form deviations could be due to the fact that at higher electrical
q= B2 (q+ A1) (1-qg)*+P? (5) fields the conversion to the ferroelectric phase is more com-
plex than could be described by our model and perhaps ad-
P=pB(1-a)(JP+ ¢gb). (6) ditional higher order terms for electrical field influence

. . . _should be incorporated. The effects of impurities and pinning
The above dimensionless equations could be rescaled by igffects could also play an important role not incorporated in

troducingl~3:pP so that standard metric units apply, i.B,,  our model.

TABLE |. Fit parameters for Eqg5)—7) obtained from nonlinear least square fits to dielectric polariza-
tion data(see Fig. 10

E (V/cm) 100 450 1000 4000
Jk (K) 398 400 406 419
A1 J? 0.0009 0.034 0.16 0.24
Yk (m2 K/V?) 9.8x 10710 2.4x10°8 1.0x10°8 8.9x 10710
©g/k (MK/V) 1.4x107° 3.7x10° 3.7x107 3.4x107
p (As/mP) 1.15 1.16 1.15 1.10
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FIG. 11. Spherical glass order parameter obtained from polar- s
ization measurements by using E@S) and (6) as a function of —g 0.5 7
temperature at two different bias electrical fields. g /
59
The experimental behavior of the spherical glass order _=
parameterq(E,T) so determined is shown in Fig. 11. Its 0.0 | 4
value gradually approaches zero with increasing temperature, ! ! ' ! ' L
in accordance with SRBRF model predictions in the pres- 300 330 360 390 420 450
ence of weak random fields. Increasing the electric bias field T (K)

increases the phase transition temperat(sesE—T phase
diagram in Fig. 9 and enhances ordering effects, hence the FIG. 13. Calculated temperature dependencgapfys(T) and
larger values ofy at all temperatures. The dielectric suscep-(®) a(T) on cooling obtained from Eqg9) and(2) using param-

tibility eters in Table I.

xi"“(E,T) = dPIIE, (8) Ya(E,T) = - (1/6)®PI9 E?, (9)
was calculated using Eq) and(7) and the fitting param- and Eq.(2), by using the fitting parameters in Table I.
eters in Table (see Fig. 12 Both calculated quantitieg5® and a5° in Fig. 13 agree

Calculated susceptibility curves at larger bias electricaualitatively with the observed behavior gi° anda5® [see
fields in Fig. 12 qualitatively resemble those obtained experiFigs. 4a) and 2b)].
mentally in Fig. 7, with the soft mode related susceptibility
peaks which gradually shift toward higher temperatures as
the RF transition temperature increases with increasing bias IV. CONCLUSIONS
field, indicating that the SRBRF model can indeed qualita-  peasurements of the linear and nonlinear dielectric re-

tively account for the main features observed at the RF tranéponse show that in 6.5/65/35 PLZT hot-pressed ceramics,
sition. e . on cooling in zero bias electric field, the ergodic to noner-
Figure 13 shows;~ andag - calculated frorf godic relaxor phase transition occurs at 360+2 K. A slow
conversion from the relaxor state to the microdomain ferro-

2x10° 1 ' ' ' ' T electric state takes place at low temperatures. As a conse-

. guence, the spontaneous transition from the ferroelectric to

the ergodic relaxor phase could be monitored at 412 K on

heating the sample. However, the presence of the soft mode
anomaly in the linear dielectric susceptibility and the slow-
ing dynamics according to the Vogel-Fulcher law, as well as
the temperature dependence of the dielectric nonlinearity
lag|, show that both relaxor glasslike and ferroelectric order

1x10”° b

3x10° +

X 1 (As/Vm)

4000 V/em \ : . ’
oo o \\;;f"‘ ] dominated regions coexist at low temperatures.
sx107 [, , o . o The E-T phase diagram, deduced from Vogel-Fulcher

1x10°

300 330 360 390 420 450 temperatures and pyroelectric current data, show for both
T (K) relaxor and ferroelectric states increase of the transition tem-
peratures with increasing bias electric field. The coexistence
FIG. 12. Dielectric susceptibility as a function of temperature at0f multidomain states in PLZT 6.5/65/35 is most probably
various bias electrical fieldeompare to Fig. Ycalculated from Eq. stabilized by a random distribution of local fields. Additional
(8) by using parameters obtained from SRBRF fits of spontaneousieasurements of the complex dielectric constant and FC/FH
polarization(see Fig. 10 quasistatic dielectric polarization in bias electrical field show
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that nanoscale polar regions slowly grow with increasingof the electric-field-induced dielectric features including the
bias field to the ordered ferroelectric microdomains. E-T phase diagram.

The linear dielectric response at larger values of the bias
electric field resembles a soft mode anomaly, similar to the

response one would expect near the inhomogeneous ferro-
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