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Electric-field—temperature phase diagram of the relaxor ferroelectric lanthanum-modified
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Transition lines between various phases in the electric-field—temperature phase diagram of 9/65/35
lanthanum-modified lead zirconate titanate ceramics were determined by measurements of the temperature and
electric-field-dependent dielectric constant. Above a critical fiéld)(the dc bias electric field induces a
transition from the relaxo(R) to the long-range ferroelectri®E) phase. In the temperature direction of the
approach to the FE phase the R-FE transition line was determined from the field-cooled—field-heated dielectric
susceptibilities, while depolarization temperatures were obtained from the field-cooled—zero-field-heated di-
electric susceptibilities. A considerably large shift was found for the above two R-FE transition lines demon-
strating the strong impact of the electric field on the stability of the FE phase with increasing temperature. It
was found that belowE: ergodicity is broken due to the divergence of the longest relaxation time at the
freezing temperatur@,=259 K. Hence the system exhibits a transition line between the ergg&cand
nonergodic(NR) relaxor state. In the dc bias field direction of the approach to the FE phase, the temperature
dependence dE¢, i.e., the transition lines between ER or NR and FE phases were studied by measurements
of the complex dielectric constant as a function of a dc bias field at several fixed temperatures. The experi-
mental results are compared with the results of a spherical random bond-random field model of relaxor
ferroelectrics[S0163-18209)00233-7

[. INTRODUCTION observed? The relaxor freezing process has been studied
both in the PMN system and in 9/65/35 PLZT
Lanthanum-modified lead zirconate titanate ceramicseramics?~1"° Recent investigatiod$ based on the tem-
Py _xLa,(ZryTi; )1 405 (PLZT) is a very promising ma- perature behavior of the frequency dependent complex di-
terial for numerous applications. The compositional phaselectric constant, the quasistatic field-cool&€) and zero-
relations of this material were first explored by Haertling. field-cooled (ZFC) dielectric (linear and the third-order
For certain compositions, including the onex#0.09 and  nonlineal susceptibilities, and the pyroelectric current in
y=0.65 (denoted as 9/65/35 PLZT ceramic& belongs to  zero dc electric field, indicate a glasslike freezing process
relaxor materials. PLZT ceramics thus allows studies of thesimilar to one observed in the PMN system and dipolar
relaxor properties, which are typically characterized by aglasses. Here it should also be mentioned that nanometer-
broad frequency dispersion in the complex dielectric consized polar regions, which are often associated with relaxor
stant and slowing dynamiés? behavior**'8were observed in some65/35 PLZT ceramics
The results of the dielectric experiments on the most studusing TEM microscopy® Nanodomain structure has also
ied relaxor system lead magnesium  niobatebeen reported in PMN and lead stroncium tantalate
Pb(MgysNb,,5) O3 (PMN) show that no long-range ferroelec- relaxors?®?*
tric order is established in zero dc bias field. However, by In spite of intensive investigations, the E-T phase diagram
cooling the PMN monocrystal in an electric field higher thanof PLZT ceramics has not been studied in detail yet. In par-
the critical fieldEc~1.7 kV/cm (Ref. 5 or the PMN ce- ticular, only depolarization temperatures at a few dc bias
ramics in a field higher thaEc~4 kV/cm® a long-range fields have been determined so far in 9/65/35 PLZT
ferroelectric phase is formed. Evidence that a dc electric field¢eramics->*! In this work we present three different sets of
can induce such a transition came from an x-ray study.experimental results of the dielectric behavior in 9/65/35
Later, the electric-field—temperatu(g-T) phase diagram of PLZT ceramics in order to determine the E-T phase diagram:
the PMN relaxor was proposéd,® based on the linear and (i) temperature dependences of the complex dielectric con-
nonlinear dielectric studies. stant measured at several dc bias fields higher than critical
Similar investigations have already been initiated in thefield E¢, (ii) the temperature dependence of the frequency-
PLZT relaxor system. Behavior of the field-cooled—zero-dependent complex dielectric constant, which allows studies
field-heated (FC-ZFH) dielectric susceptibiliti€'* has  of the freezing process in bias fields smaller tt&n, and
shown that by applying a dc bias field higher thag (iii) the dielectric response vs dc bias field at several fixed
~5 kV/cm a long-range ferroelectric order is established intemperatures.
9/65/35 PLZT ceramics. In particular, this was confirmed by The experimental procedures are summarized in Sec. Il.
studies of the ferroelectric polarization and depolarization byThe results and analysis of measurements are given in Sec.
means of the pyroelectric current measureméhts. Ill. A discussion of the results is given in Sec. IV, in which
Below E no long-range order is formed in 9/65/35 PLZT the E-T phase diagram of 9/65/35 PLZT ceramics is also
ceramics at temperatures ranging between 723 and 90 K ammtesented and compared to the results of the spherical ran-
only a broad dielectric peak typical of relaxors can bedom bond-random field model of relaxor ferroelectrics.
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Il. EXPERIMENTAL PROCEDURES

10000 =400 Hz
The platelet-shaped sample was cut from the hot pressed o 1 KHz
9/65/35 PLZT ceramics. After polishing, the thickness of the 8000 10 KHz

sample was 0.52 mm. Gold electrodes were applied to the

surface area of 4¥3.5 mnf by the evaporation technique.
Three different sets of measurements were performed in - 6000

order to determine the phase transition temperatures in the

E-T phase diagram. In all cases the complex dielectric con- 4000

stant was measured in the frequency range from 20 Hz-1 I

MHz by using HP4282 Precision LCR Meter. The amplitude 2000

of the probing ac electric signal wal V for all measuring

frequencies. . . . . . .
The first set of measurements was designed to study the O 50 200 250 300 350 400

field induced transition from the ergodic relaxor phase to the T (K)

long-range ferroelectric phase. The sample was first cooled

from 410 K down to 150 K in a dc bias field. At 150 K the FIG. 1. Temperature dependence of the real part of the complex

dc bias field was switched off and the sample was shorflielectric constant measured in the FC-ZFH run at the dc bias field

circuited. Then, the sample was heated back to 410 K. Thaf 8:5 kv/icm.

cooling and heating rates werel K/min. In both, cooling

and heating run, the complex dielectric constant was mea-

sured at various frequencies. In this way, the measurement This section gives a description of the dielectric results
was repeated by applying several different dc bias fieldand their analysis measured as a function of the temperature
ranging from 3—8.5 kV/cm. Since it is well known that the at several fixed dc bias fields as well as the dielectric results

history-dependent effects play an important role in relaxoimeasured as a function of the dc bias field at several fixed
systems?***"the sample was annealed at 410 K for onetemperatures.

hour prior to each measurement run in order to ensure the
equal conditions for all runs and to eliminate the effects of
previous treatments.

The second set of measurements was performed in order
to study the freezing process of the system, i.e., the transition Several measurements of the temperature dependent com-
from the ergodic to the nonergodic relaxor phase. Recentlyplex dielectric constant in relaxor materiaf$1%"23re-
it was shown that the aging effect strongly influences thevealed that below the critical dc bias fielt no anomalies
dielectric data taken in the first few hours after annealing theean be detected in the dielectric response. However, if the dc
PLZT ceramics. In order to reduce the aging effect enough bias field is higher tha&, additional peaks in the dielectric
not to interfere with the regular dielectric dynamics, theresponse can be observef1®?*These anomalies were ex-
sample was cooled from 410-345 K and aged for one dayplained as a consequence of the electric-field induced phase
However, it was found that the application of the dc biastransition into the long-range-order  ferroelectric
electric field on the ZF aged sample induces again the aginghase®1%! Several measurements of the temperature de-
of the ac dielectric constant. Thus before measuring the freggendent dielectric response in the dc bias field have been
quency dependent complex dielectric constant in a small dperformed in PLZT ceramic¥ 2’ Nevertheless, the FC-ZFH
bias field E<E¢), the sample was aged at 345 K for one ac dielectric measurements together with the pyroelectric
day in this particular field. After that, the frequency depen-measurements have established the value of the critical elec-
dent complex dielectric constant was measured during cookric field Ec~5 kV/cm in the 9/65/35 PLZT ceramic8:!!
ing the sample from 345 K down to 200 K. In this way, the In the temperature direction of the approach to the FE
freezing dynamics was studied subsequently in the dc biasrdered state the FE-ER phase transition temperatures were
fields of O, 1, and 2.5 kV/cm. determined from the temperature dependence of the complex

In the third set of measurements, the dielectric responsdielectric constant measured in several fixed dc bias fields. In
was studied as a function of the dc bias field at several fixethis subsection only the determination of the depolarization
temperatures. In this case, the transition line between themperatures, i.e., the temperatures of the FE-ER phase tran-
ergodic or nonergodic relaxor phase and the induced FEition measured in a zero-field-heating run following the
phase was probed. The sample was cooled down in a zef@ld-cooling run(FC-ZFH), will be presented. The other dc
bias field after being annealed at 410 K to a given fixedbias field sequence§-C and FC-FhH will be discussed in
temperature. Then, the dc bias field with an increasing rate dbec. IV. Figure 1 shows the real part of the complex dielec-
10 Vicms was applied to the sample, hence the complekic constant obtained in the ZFH run on the sample cooled in
dielectric constant was measured at various frequencies asaadc bias field of 8.5 kV/cm. Besides the broad dispersive
function of the dc bias field. The whole procedure was re-dielectric maximum, typical for relaxors, also a peak at
peated at various temperatures between 195 and 310 K. The260 K can be observed. The maximum value of the peak
temperature was stabilized within0.01 K by using lock-in  was found to be frequency dependent. Its temperature posi-
bridge technique with a platinum resistor Pt1000 as a thertion, however, did not depend on the frequency, contrary to
mometer. the broad peaks associated with the ergodic relaxor phase.

© 100 kHz

Ill. RESULTS AND ANALYSIS

A. Temperature dependence of the dielectric response
aboveEc
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2, 400 i FIG. 3. Real part of the complex dielectric constant obtained in
300 L E the FC-ZFH run for two different dc bias fields after subtraction of
= the background. The depolarization temperatures of the ferroelectric
200 - to ergodic relaxor phase transition were determined from the peak
% positions.
100 %
e &400 ramics can be detected below the threshold figjd. %
T K) Here, the relaxor system undergoes a transition from the er-

godic into the low-temperature nonerg?%i%: stdt€he freez-
FIG. 2. Temperature dependence of the real and imaginary parts 9 PTO¢€sS In the 9/65/35 PLZT ceramicis qualitatively
of the complexpdielectric cgnstant measured at 10 kHz ?n th}el FIJZC-SlmIlar tg.that Qbserved_ in the PMN syst€hand deuteron
ZFH run at several dc bias fields. The inset shows peaks indicatin lasses, n which the dlverg(-?n_ce of the longest relaxation
the ferroelectric to relaxor phase transition. time effectively brea_ks_ ergodicity at a Vogel-Fulcher freez-
ing temperaturd . Similar to the PMN system? the freez-
The real and imaginary parts of the complex dielectric coni"d temperature in 9/65/35 PLZT ceramics was found to be
stant obtained during FC-ZFH measurements in different d@€arly the same as the depolarization temperature obtained at
bias fields are shown in Fig. 2. For simplicity, only results =~ Ec-~" However, the freezing process in 9/65/35 PLZT
obtained at one frequen¢$0 kH2) and in four different bias C€ramics has been studied only in zero dc bias field, i.e., in
fields are shown. While @&=3 kV/cm no peaks were ob- the regime of the pure r_elaxor_ state. Here we r(.aport.result.s of
served, aE=4 kV/cm rounded peaks appear at the Saménea_sure_ments of the dlelectrlc_: dynamlcs obtained in various
temperature in both, the real and imaginary part of the comdc b'e_ls fields smaller_thaEC, .e., In the relaxor to ferro-
plex dielectric constant. AboveE=4.5 kV/cm these eIectrlc_crossoyer regime. . .
rounded peaks become sharper, thus indicating the ferroelec- The information about the beh:_;\wor of the relaxat'lon spec-
tric to ergodic relaxor phase transition. Similar results havd"Um and thus_ about the dynamic process was dlrecztly ex-
been reported in 8/65/35 PLZT ceramiddn addition, the ~tacted by using a so-called temperature-frequency plot.
observed hysteresis loops prove the FE nature of the fieigis method has_;il"eady been successfully applied to various
induced low- temperature phase with the typical value for thé!2SSY s;;s_tem%s, and recently aiso to the 9/65/35 PLZT
remanent polarization of £C/cn?. cgramlcé in zero dc plas field. The extended descrlpnon qf
The depolarization temperatures were determined frorl.tnhIS method IS given in Refs. 28.and :”.2' The essential point
the temperature positions of peaks, obtained after the suth® that by varying the reduced dielectric constant
traction of the dielectric background coming from the broad ,
relaxor dielectric peak. Two of the resulting peaks, obtained =" (0.T)~ex _ fzz 9(2)dz 1)
during FC-ZFH measurements in two different dc bias fields, 2 1+ (0l w,)* exp(22)”
are shown in Fig. 3. On the low-temperature side, FE-ER . i
peaks can be rather well fitted to the Curie-Weiss law. On thé&lifferent segments of the relaxation spectrg(a) are being
other hand, the decay on the high-temperature side of therobed. Here, the distribution of relaxation .tlmes is limited
peak is too sharp for the continuous mean-field behavior?y the lower and upper cutofts andz,. In this procedure,
thus indicating that the transition between the field inducedhe knowledge of the parameters ande.. is necessary. As
long-range ferroelectric and the ergodic relaxor phase coul@ointed out in(Ref. 17, the aging process substantially re-
be weakly first order. duces the value ofg in the first few hours after annealing.
Therefore it is necessary to study the dynamics on the
B. Temperature depegi?:;z of the dielectric response ﬁirgplfypﬁgf gg\;\r/}zsti?rr]iv\ﬁ;s I(})/naegggylln a particular dc bias
C

The temperature-frequency plot obtained from measure-
Similar to the other relaxor materials, no transition ments in the dc bias field of 1 kV/cm is shown in Fig. 4.

anomaly in the dielectric response of the 9/65/35 PLZT ceSince the aim of our work was determination of the transi-

€™ €
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FIG. 4. Temperature-frequency plots for several fixed values of 1400 - (%3
the reduced dielectric constafidetermined at the dc bias field of 1 1200 i . | . . . . . I%p
kV/cm. Solid lines are fits obtained with a generic Vogel-Fulcher ' ' ' ! ‘ ! ! * *
expression. 0o 1 2 3 4 5 6 7 8 9

E (kV/em)

tion temperatures, only values éfclose to 1 are shown. The FIG. 5. Real part of the complex dielectric constant as a func-
results are very much similar to the ones observed unddion of the dc bias field measured at several fixed temperatures
zero-field conditions’ Bent curves indicate the divergence below the freezing temperatufie.

of the longest relaxation time that can be described by the

Vogel-Fulcher law

electric constant starts to decrease very steeply above some
threshold field. Such dependence is the result of a first-order
Eaché curve in Fig. 4 was fitted separately to Eg). Then  transition from the nonergodic relaxor state to a long-range
fitting parameters were extrapolatedde 1 giving values of ferroelectric ordef:*’ However, even at fields above the
To=259t4 K, fo=1/2w79,=(9.7-0.6)x10° Hz, and critical one, the real part of the dielectric constant is still
U=1100+200 K. In the same way, the frequency- decreasing, indicating that the long-range ferroelectric phase
temperature plot in the zero dc bias field givEg=259 s still incompletely ordered. The persistence of the logarith-
+4 K, fp,=(6.5+0.5)x10° Hz, and U=1000+100 K, mic relaxation process in such a field induced phase transi-
and for the dc bias field of 2.5 kV/ci,=258+8 K, fy, tion has been clearly shown in the PMN relaXor.
=(5.3=0.8)x 10" Hz, andU=1800=400 K. It is inter- In the temperature range from 259 K down to 235 K the
esting to note that by increasing the dc bias field the activaeritical bias field is almost independent of the temperature,
tion energy and the frequendy, increase. The freezing tem- however for temperatures below 2358 starts to increase
perature was found to be independent of the magnitude qkee Fig. 5 Above Ty, Ec is increasing with increasing
the dc bias field and within the error of determination it temperature, as shown in Fig. 6. By comparing Figs. 5 and 6
coincides with the depolarization temperatureEqf. The ifferent behavior of the real part of the dielectric constant
analysis described above was performed o_nIy in the tempergg|ow E. can be seen. Beloi,, in the nonergodic relaxor
ture range whereg was exactly kpown, while:,, was esti- phases’ was more or less constant, while abdvgthe real
mated to be very sr.naI.I in comparisongband could thus be part of the dielectric constant is increasing with increasing dc
neglectedsee details in Ref. 37 bias field all the way up to the critical field. Similar behavior
in the ergodic relaxor phase has already been reported in the
PMN crystaf***and 9/65/35 PLZT ceramics,and has been
explained as being a consequence of the dc bias field induced
In order to study the R-FE phase transition in the fieldreorientation of the polar nanoregions, favoring their align-
direction of the approach to the FE ordered state the complement in the direction of the fiel?
dielectric constant as a function of the dc bias field was mea- Figure 7 shows the imaginary part of the complex dielec-
sured at several constant temperatures. The electric-field d&ic constant. Its dependence on the dc bias field is very
pendence of the real part of the complex dielectric constansimilar to the dependence of the real part. At temperatures
obtained at several temperatures below the freezing temperaboveT,, the initial decrease at low fields in both, the real
ture Ty is shown in Fig. 5. Due to the similarity of the results and imaginary parts is probably a result of the interfering
obtained at different frequencies in the range from 100 Hz-aging process, since the measurement was initiated immedi-
100 kHz only those obtained at frequency of 10 kHz areately after the sample was cooled from 410 K to a particular
shown. It can be seen that the real part of the complex difixed temperature.

TZZTOZeXn:U/(T_To)]. (2)

C. Dielectric response as a function of a dc bias field
measured at fixed temperatures
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FIG. 6. Real part of the complex dielectric constant as a func- 0.0 . . ) . L .
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FIG. 8. E-T phase diagram of 9/65/35 PLZT ceramics, wizn
FE phase is approached in the temperature directigh)an the dc
bias field direction. The transition lines between various phases
The experiments described in the previous section enableere determined on the basis of three different types of measure-
construction of the E-T phase diagram of 9/65/35 PLZT cedments: (i) squares denote transition temperatures determined from

ramics shown in Fig. 8. The transition lines separating varithe FC-ZFH and FC-FH complex dielectric constafit) circles
denote freezing temperatures determined from temperature-

frequency plots, andiii) triangles denote critical field, which was

IV. ELECTRIC-FIELD —-TEMPERATURE PHASE
DIAGRAM

500 v = 10 kHz obtained from the dc bias field dependent dielectric response mea-
i R sured at fixed temperatures. Arrows indicate the direction of the
450 ” crossing over the specific transition line.

400 T=

ous phases are drawn through the experimental points indi-
cating phase-transition temperatures. Since the transition
350 ™ lines were found to depend on the way of the approach to the

& FE phase, the phase diagram is shown for each of these two
directions — the temperature and the dc bias field direction.
In both Figs. 8 and 8b) arrows indicate the direction of
the crossing over the specific transition line.

300 T=2773K

:w '
250 T-2647K

200 T=-2447K A. The temperature direction of the approach

to the ferroelectric phase

150

The phase diagram, constructed on the basis of the tem-
perature dependent complex dielectric constant measured at
several fixed dc bias fields, is shown in Figa)3 The line A
indicates temperaturédenoted by squargsf the ferroelec-
tric to ergodic relaxor phase transition, determined from FC-
9 ZFH measurements described in the Sec. Il A. Line C indi-

E (kV/cm) cates the freezing transition line separating the ergodic from
the nonergodic relaxor state. Freezing temperatures deter-

FIG. 7. Imaginary part of the complex dielectric constant as amined from frequency-temperature pldtsee Sec. Ill Bin
function of the dc bias field measured at several fixed temperatureslifferent dc bias fields are denoted by circles. They nearly

100 T=1948K

50|I.I.I
o 1 2 3
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(SRBRP model of relaxor ferroelectric®, which was ini-

10000 - : :Ok::z tially developed for PMN. In analogy to PMN the glassy
80001 o 100Kz behavior of the system is expected to be due to reorientable
polar clusters embedded in a random array of chemically
6000 L ordered nanodomains. We introduce a dimensionless order
w parameter field; , related to the dipole moment of the polar
4000 clusterC; . The vectorS has a large number of equilibrium
2000 | orientations lying on a quasispherical shell of radj&d,

which scales with the number of unit celts in C,. Herei
0l— . . . . . =1,2,... N, whereN is the total humber of reorientable
clusters. Going over to the continuous limit we assume that

800 |
each componentS, (#=x,y,z) varies in the range
s00 L —2<§;,<+=, and that the set of all fields is subject to the
spherical constraint
® o0} N
> S2=3N. )
i=1
200+

The Hamiltonian of a relaxor ferroelectric is written in the

\k%x form

1é0 200 250 S(I)O 3£I'>0 400 1

FIG. 9. Temperature dependence of the real and imaginary parts i .
of the complex dielectric constant measured at several frequencié’ghere']ii repr(_asents a_ S_Et_Of randomly frustrated |nteract|_ons
in a FC-FH run. Arrows indicate the position of the anomalies©' bonds, which are infinitely ranged and are characterized
corresponding to the transition from the field induced ferroelectricOy the mean value of the COUP"r[g]ij]avao/N and the
to ergodic relaxor phase, which in this particular dc bias field Sevariance[Jizj]gszle. The random field$; are similarly
quence of 6.5 kv/cm occurs at25 K higher temperature than in  characterized by the variang; ,h;, Jay= 8 8,.,A 37 There
the case of the FC-ZFH run. are in general two order parameters in the system, namely,

the polarizatioris with components

coincide with the depolarization temperaturekat, similar
to the case observed in the PMN syste. 1 N

The temperature dependence of e aboveT, [line E P,=< > (S (5)
in Fig. 8(b), which will be discussed in the next subseciion N =1
suggests that one should enter the ferroelectric phase yhd the glass order parameter
crossing this line during cooling the sample under the dc bias
field, i.e., at much higher temperatures than suggested by the 1 N
depolarization line A. Indeed, anomalies in the temperature 9u=N > (S (6)
dependence of the FC and FC-FH complex dielectric con- =1
stant exist at temperatures determined by line E, thus inditn an isotropic system or a pseudocubic system with
cating the field induced relaxor to ferroelectric transition. eH[lll], both order parameters ageindependent, i.eP
The results of the FC-FH run obtained in the dc bias field OE P andq,=q. Since in a ceramic system all orientations
6.5 kviem are showr_1 in Fig. 9. Distinctive change n SIOpe.Sare represented with the same average probability, we will in
of both the real and imaginary part of the complex dielectric,

. the following limit ourselves to the above isotropic case with
constantdenoted by arrowsmarks the FE-ER phase transi- only two order parametei® and .

tion, which takes place at higher temperatures than in the After applying the replica trick and imposing the spherical

FC-ZFH run. Th_erefore on the basis of the FC and I:C":'_|c:onstraint(3) (Ref. 38 the average free energy can be cal-
complex dielectric constarftesults are denoted by squaras culated leading to the following coupled equations for the
new line B indicating the ER-FE and FE-ER field inducedOroler parameters:

phase transitions was drawn. As already pointed out, this

transition line coincides with the line E shown in Figbg It q=B%3%(q+A/J?)(1—-q)*+P?, (7)
should be stressed, however, that hysteresis in transition tem-

peratures of 5 K fo_r th_e FC and F_C-FH measurements was P=8(1-q)(JoP+E). (8)
found, perhaps indicating a weak first-order character of the ) ) .

field induced ER-FE transition. By analyzing the solutions of these equations we are led to

the following conclusions: ForE=0 and Jo<Jo.=(J?
+A)Y2 a spherical glass stateg€0) without long-range
order (P=0) is formed. IfE=0 andJy>Jy., an inhomo-

We now discuss the properties of PLZT ceramics in termgeneous ferroelectric state with a nonzero polarizatiBn (
of the recently proposed spherical random bond-random fielé=0) becomes stable foF<T., where

B. Random bond-random field model of relaxor ferroelectrics
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3500
= — T=243.3K
kT JO( 1 JOZ—J2> ' © sa0p L V=400 Hz
In case of a nonzero electric fielE§0), Egs.(7) and (8) . * < *
can easily be solved numerically, yieldirg=q(E,T) and 3300 -
P=P(E,T), from which the derivatives such as the dielec- A %
tric susceptibilityx(E,T) = dP/JE can be obtained. "w 3200 [ 4 E
Returning to the E-T phase diagram, we realize that a I ©
change from a glassy phase to a ferroelectric one in afeld 3100 1 ’
can occur if the parameted, is E dependent, i.e.Jg
=Jo(E), which can be explained, in principle, by the field 3000 L
induced polarization-strain couplifig.Thus a critical field
Ec may exist such that foE>E one hasly(E)>J,.. We o
can expressgy(E) as a power series to leading termEn 2900 3 4 5 6 7
2 E (kV/cm)

Jo(E,T):JOC+J1 —-1].

Ec(T)

As long asJy<<J one can draw a vertical transition line C in
the E-T phase diagram between the ergodic and nonergod
relaxor phases at a freezing temperature

kTo=VJI°+A, (11 o _ . » .

o ] o direction. Lines E and F indicate the critical dc bias field, at
which is independent of the applied dc bias fi@ldFor E  \yhich the long-range ferroelectric order is induced. Line E
above Ec and Jo>Joc, the temperature of the relaxor to jndicates transition temperatures between ER and FE phases,
ferroelectric phase transition can be determined from thgnq line F divides NR and FE phases. These two lijues
.temperature pOSitiOI’] of the peak in the dielectric Susceptibilnoted by triang|ebwere determined from measurements of
ity the complex dielectric constant as a function of the dc bias

field at constant temperatures as described in Sec Il C. For
Y= A(1-a)(1+2J,PE/EC) , (12) orientation, the transition line C which separates the ergodic
1-BJo(1=q)+2BP(JP+E)G from the nonergodic relaxor state is plotted again.
_ While line E in Fig. 8b) coincides with line B in Fig.
where  1G6=1+2p23%(q+A/J?)(1—q)— B2I*(1—q)>. . o
This can be done formally, since the observed weakly first-s(a)’ which means tha_t the transition temperatures between
: LER and FE phase are independent of the way of the approach
mean-field behavior. to the FE phase, it is interesting to note that the temperature

Using J/k=258.4 K, Jo./J=1.01, J,/3=0.04, and dependence of the line F in Fig(8 differs considerably

A/J?>=0.0058, the temperature dependences @ind P in from Iin_e D in Fig._ E{a)_. Obviou_s_ly, when the system is
various dc bias fields were determined by simultaneous sc:°°'€d in zero dc bias field conditions and undergoes a tran-

: o ition into the nonergodic relaxor phase, a higher dc bias
lution of Egs.(7) and(8). Temperature position of the peaks sition . .
in the dielectric susceptibility were then determined from Eq.f'eki IS n_eede(ii tg ('j”duc‘? t?ﬁ F(;E pbhas?_ tﬁ‘j‘”s'!" (_:laset, vl\{henBthe
(12), resulting in transition line Bsolid line in Fig. 8a)], system IS cooled down In the dc bias field. simiiar to fine b,

which agrees well with experimental results the experimental transition line E was approximated by using
In the case of the temperature direction of the approach t;q. (12). Here, the transition temperatures were determined

(10

FIG. 10. Real part of the complex dielectric constant obtained at
243.3 K during FC-ZFH runs as a function of the fixed dc bias field
ﬂpplied during cooling. The critical field of 4.8 kV/c(mdicated by
arrow) was determined as a dc bias field, at which the value’of
becomes saturated.

the FE phase in a FC-ZFH run, one can draw another pha %)rlnt the Iflelldtpgsmon ?f thte_ peaﬁhln (tjheb(jIeI(?_ctlréc stufs_ceg-
transition line D separating FE and nonergodic relaxo briity caiculated as a function ot the dc bias field at fixe

o . ) temperatures.
phases. This critical field line of 4280.1 kV/cm was deter- . L
mined as the dc bias field, at which the real pgrof the FE It should be mentioned that transition lines A and F are

peaks(see inset to Fig.)2becomes saturated. The proceduredynamlc quantities dependent on _the_ experlm_ental time
was performed in a way, such that the value bbbtained at scale. Therefore they cannot be in principle described by the
' results of the static spherical random bond-random field

a specific temperature during FC-ZFH runs was plotted as a - L ) .
function of the fixed dc bias field, which had been appliedmOdeI' The solid lines A and F in Fig. 8 are thus just guides

during cooling. The results of this procedure performed atto the eye.

243.3 K are shown in Fig. 10. In this manner, the critical
field separating FE and NR phageenoted by squargsvas V. CONCLUSIONS

determined as a function of the temperature. . . . .
P On the basis of the dielectric response measured in two

different ways of approach to the FE phase, the temperature

and dc bias field directions, the E-T phase diagram of the

9/65/35 PLZT ceramics was constructed. In the temperature
Figure 8b) shows the phase diagram obtained in the caseélirection, by cooling the system in the dc bias field abBye

of the approach to the ordered FE phase in the dc bias field relaxor to ferroelectric phase transition was induced, while

C. The dc bias field direction of the approach
to the ferroelectric phase
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by cooling belowE. the system undergoes the transitionwhen the system is cooled in zero dc bias field conditions
from the ergodic to the nonergodic relaxor state at a freezingrom ER into NR phase than in the case, when the system is
temperaturdl, at which the divergence of the longest relax- cooled down in the ER phase in a dc bias field. The ER-NR
ation time effectively breaks ergodicity. It was found that theand ER-FE transition lines can be well described by a spheri-
freezing temperatur@, is independent of the magnitude of cal random bond-random field model of relaxor ferroelec-
the dc bias field and it coincides with the depolarization tem+rjcs.
perature determined & .

In the field direction of the approach to the FE phase the

temperature dependence of the critical fiéld was deter- ACKNOWLEDGMENTS
mined. It was found that abovig, the critical field is increas-
ing with increasing temperature, white25 K below T it This work was supported by the Ministry of Science and

starts to increase again with decreasing temperature. Thigechnology of Slovenia. The authors would like to thank A.
behavior was not observed in the FC-ZFH run, thus suggestorell and R. Farhi for having kindly provided the PLZT
ing that higher dc bias field is needed to induce the FE phassamples.
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