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Dielectric and polarization switching anomalies near the morphotropic phase boundary
in Pb„Zr 1ÀxTi x…O3 ferroelectric thin films

Dongsun Sheen and Jong-Jean Kim*
Department of Physics, Korea Advanced Institute of Science and Technology, Taejon, 305-701, Korea

~Received 12 September 2002; revised manuscript received 15 November 2002; published 4 April 2003!

Dielectric constants (e8, e9) and switching current transients of Pb(Zr12xTix)O3 thin films are measured for
mixing concentrations ofx50.46, 0.48, and 0.49 in the morphotropic phase boundary~MPB! region as a
function of temperature from 80 K to 600 K. Anomalies ine8 ande9 are observed in the measuring frequency
range of 10 Hz to 100 KHz. The anomalies exhibiting a frequency dispersion tend to a low-temperature phase
transition. The MPB transition temperatures forx50.46, 0.48, and 0.49 are located at;490 K, ;325 K, and
;235 K, respectively, by dielectric measurements at 50 kHz. We have found that a frequency dispersion in the
peak anomaly ofe9 associated with the MPB transition may be represented by Vogel-Fulcher law with a finite
freezing temperature. The freezing temperatures are obtained as 309.6 K, 194.9 K, and 182.2 K forx50.46,
0.48, and 0.49, respectively. It is suggested that the frequency dispersion between the MPB transition and the
freezing temperature may be ascribed to a coexistence between tetragonal and monoclinic~or rhombohedral!
phases. The switching current transients measured at different driving fields and fitted to the Ishibashi model
characterize well a low-dimensional nature of the lead zirconic titanate~PZT! thin films in the domain dynam-
ics. We have found that the maximum switching current density in the infinite field limit exhibits a plateau
dependence across the MPB transition, which reflects a polarization saturation. The reduction of activation
fields observed in the MPB transition may be caused by increasing random competitions of phase coexistence
leading to local fluctuations of polar directions near the MPB. These results conform with the low-temperature
phase transitions in the PZT thin films of the MPB concentration.

DOI: 10.1103/PhysRevB.67.144102 PACS number~s!: 77.80.Bh, 64.70.Kb, 85.50.Gk
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I. INTRODUCTION

The lead zirconate titanate thin-film syste
Pb(Zr12xTix)O3 ~PZT! is one of the most attractive perov
skite materials for microstructured ferroelectric devic
In general, a morphotropic phase boundary~MPB! of
the PZT system separates the Ti-rich tetragonal ph
~space groupP4mm) from the Zr-rich rhombohedral phas
(R3m or R3c). Electromechanical and dielectric suscep
bilities are known to exhibit the maximum at the rhomboh
dral side close to the MPB in Pb containing perovsk
oxides such as PZT, Pb~Zn1/3Nb2/3!O3-xPbTiO3 ~PZN-PT!,
Pb~Mg1/3Nb2/3!O3-xPbTiO3 ~PMN-PT!, etc. Additionally, a
recent observation of a very large piezoelectricity in
rhombohedral-structured PZN-PT single crystal poled in
@001# direction1 has revived interest in the phase transition
the MPB.2–4 To manifest this phase transition in the PZ
system is not easy because of the lack of a single crystal
the steepness of the MPB in thex-T phase diagram. For PZT
ceramics, the studies on the phase transition near the M
have been carried out by measuring the temperature de
dencies of x-ray-diffraction~XRD! peaks, real parts of di
electric constants, electromechanical coefficients, Ram
modes, etc.5–9 The results confirm the existence of a pha
transition at the MPB in the PZT ceramics although the
ture of the phase transition is unclear. Recently, a monocl
phase~space groupCm) has been suggested from both fi
XRD studies of PZT ceramics10,11 and first-principles calcu-
lations of a PZT cell structure12 as a buffered phase betwee
the tetragonal and rhombohedral phases near the M
(0.45&x&0.52). It is also known that tetragonal and rhom
0163-1829/2003/67~14!/144102~8!/$20.00 67 1441
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bohedral~or monoclinic! phases can coexist near the MPB
the PZT system.4,5 Several works suggest a region of pha
coexistence in PZT ceramics.7,11,13Compared with the num-
ber of PZT ceramics studies, only a few studies related to
phase transition at the MPB for the PZT thin films have be
reported in spite of the tremendous technical importance
thin films.

In this work, we present the temperature dependencie
dielectric responses and polarization reversal propertie
the Pb(Zr12xTix)O3 thin films near the MPB. The result
show that both real and imaginary parts of the dielectric c
stants have anomalies of frequency dispersions near
MPB. These anomalies can be described by a Vogel-Fulc
law with a finite freezing temperature. A correspondence
tween the frequency dispersion region and the phase coe
ence region is shown. From the analysis of switching curr
transients, we have found that the maximum switching c
rent density in the infinite field limit and thus the activatio
field exhibit anomalies near the MPB in the PZT thin-fil
system. These anomalies depict a precursory temperatur
pendence toward the low-temperature phase transition a
MPB concentration.

II. EXPERIMENT

PZT thin films of different compositions were prepared
a conventional sol-gel process. PZT thin films o
Pt(111)/TiO2 /SiO2 /Si substrates were deposited by sp
coating a PZT solution with excess lead by 10 mol %. F
pyrolysis the thin films were dried at 450 °C for 10 min on
hot plate. The thin films were treated by thermal annealing
650 °C for 30 min in an ambient oxygen for the perovsk
crystallization with ~111! orientation. The Pb(Zr12xTix)O3
©2003 The American Physical Society02-1



DONGSUN SHEEN AND JONG-JEAN KIM PHYSICAL REVIEW B67, 144102 ~2003!
FIG. 1. Temperature and frequency dependencies of dielectric constantse8 and e9 in Pb(Zr12xTix)O3 thin films for ~a! and ~b! x
50.46~c! and~d! x50.48 and~e! and~f! x50.49 real parte8 in ~a!, ~c!, and~e! and imaginary parte9 in ~b!, ~d!, and~f!. Arrows guide for
corresponding dielectric data curves in the directions of increasing frequency.
ic
of
m

de
o
a
-

en

ic
b
a

te
tu

m
ri-
s

rie
li-

th
th

lta-
use
nd
lses
lied
in
ing
lses
with
se
m
me
t,
s

om

s

re-
thin films used in the present study were about 250-nm th
with compositions ofx50.46, 0.48, and 0.49. Thickness
the thin films was confirmed by a surface profiler. Platinu
dots were sputtered onto the PZT thin films for top electro
to form capacitors. The area of each capacitor was ab
4.931024 cm2. The PZT capacitors were annealed
650 °C for 30 min in ambient oxygen to provide for im
proved contact by suppressing interface defects betwe
top electrode and PZT thin-film.

In order to study temperature dependence of electr
properties of the PZT thin film capacitors, a sealed pin pro
method was employed. By employing this method with
Linkam heating stage, samples could be isolated from ex
nal disturbance during electrical measurements. Tempera
was controlled in the range of 80 K to 600 K using a te
perature controller and a liquid-nitrogen supplier. All elect
cal measurements were performed after temperature was
bilized. The dielectric constant measurements were car
out in the frequency range of 10 Hz to 100 kHz with amp
tude of 0.08 Vrms using a lock-in amplifier~EG&G model
DSP7260! and a standard capacitor. The capacitance of
standard capacitor was sufficiently larger than those of
PZT thin-film capacitors. Real (e8) and imaginary (e9) parts
14410
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of the complex dielectric constants were measured simu
neously. Switching current transients were measured by
of a digital oscilloscope, a wave-form function generator a
a small standard resistor. Only one set of square pu
was programmed by the function generator and app
on the samples to avoid a fatigue effect of the PZT th
films. A set of square pulses was constructed by combin
two positive square pulses and two negative square pu
in series. Pulses were separated by 2-msec each
amplitudes between 0.5 and 9.0 V. A full current pul
and a nonswitching current pulse were derived fro
the pulses of opposite polarity and the pulses of sa
polarity, respectively. A true switching current transien
which is almost free from the circuit conditions, wa
then obtained by subtracting the nonswitching current fr
the full current pulse.

III. RESULTS AND DISCUSSION

A. Dielectric responses

Both e8 and imaginarye9 parts of the dielectric constant
of Pb(Zr12xTix)O3 thin films for x50.46, 0.48, and 0.49 are
shown in Fig. 1 as a function of temperature at varying f
2-2
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DIELECTRIC AND POLARIZATION SWITCHING . . . PHYSICAL REVIEW B67, 144102 ~2003!
quencies. The data were obtained in the cooling process.
proaching the Curie temperature (TC) ;660 K of the ferro-
electric phase transition,e9 as well ase8 rapidly increase
with decreasing frequency, imply that conductivity of th
films may increase rapidly at high temperatures. The colu
nar grain boundaries of polycrystalline thin films can provi
a current path for mobile charges at high temperatures
temperature decreases fromTC , all the PZT thin films used
in the present study were expected to reach the morphotr
phase boundary. We have seen that anomalies not only ie8
but also ine9 exist at a lower temperature than the Cu
temperature. Bothe8 and e9 exhibit a shoulder and a
small peak anomaly at each frequency, respectively, a
low temperature (TL) dependent on the mixing compos
tions. These anomalies move to lower temperatures as
mixing concentration~x! increases. The anomalies exhib
frequency dispersions for all the three compositions.
lower frequencies, the anomalies in bothe8 and e9 shift to
lower temperatures. In fact, the frequency dependence
small peaks ine9 has not been reported in previous MP
studies of PZT ceramics, whereas similar anomalies nea
MPB have been observed by Schmidtet al.14 in dielectric
constant measurements of a@PMN#0.66@PT#0.33 single-crystal
system.

This low-temperature anomaly may indicate the prese
of a phase transition near the MPB. This phase transi
of the Pb(Zr12xTix)O3 system with x50.46, 0.48, and
0.49 implies a change from a tetragonal to a monocli
symmetry with decreasing temperature. The MPB transit
temperatures (TL) for x50.46, 0.48, and 0.49 may b
assigned as;490 K, ;325 K, and;235 K, respectively,
by the high-frequency~50 kHz! dielectric measurement
~see Appendix A!. The result is consistent with previou
suggestions5,7,11 regarding PZT ceramics. Considerin
frequency dispersions with anomalies in bothe8 and e9,
this phase transition may well belong to a diffuse pha
transition. The frequency-dependent anomalies in bothe8
ande9 can be also evidence of a phase coexistence nea
MPB.

The frequency dispersion in the imaginary part (e9) of
dielectric constants can be described by a superpositio
Debye relaxors with varying relaxation timest,

e9~v,T!5e0~T!E
0

`

g~t,T!
d~vt!

11v2t2
, ~1!

where g(t,T) is a distribution function15,16 of relaxation
times t and the normalization is given by*0

`g(t,T)d(ln t)
51. The frequency dispersion ine9 is also characterized by
Vogel-Fulcher law,

nc5n0expS 2
Uc

T2T0
D , ~2!

wherenc5v/2p is a cutoff frequency ande9 shows a maxi-
mum peak at measuring temperatureT, Uc is activation en-
ergy, n0 is attempt frequency, andT0 is Vogel-Fulcher tem-
perature. By imposingg(t,T)d(ln t)5f(Uc)dUc , we can
derive a distribution function of activation energy barriers
14410
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In Fig. 2 the measured frequencies (nc) as a function of
the maximume9-peak temperature (Tmax) were plotted for
each composition. In the case ofx50.46, the maximume9 is
not distinct but affected by both the ferroelectric phase tr
sition and the increasing conductivity as shown in Fig. 1~b!.
For an accurate determination ofTmax, a peak structure of
e9 was deconvoluted by the best-fit Lorentzian distributi
functions~see Appendix B!. The frequency dispersion in th

TABLE I. Best-fit parameters obtained from fittingnc(Tmax) of
e9(T;n) by the Vogel-Fulcher law and MPB transition temperatur
(TL).

x 0.46 0.48 0.49

TL ~K! ;490 ;325 ;235
Uc ~K! 2800.66314.2 1310.26109.7 540.8664.8
T0 ~K! 309.6615.3 194.965.4 182.263.9
n0 ~Hz! 6.331010 1.73109 9.03108

t0 ~sec! 2.5310212 9.5310211 1.8310210

FIG. 2. Cutoff frequencync as a function ofTmax, the tempera-
ture of maximume9, for ~a! x50.46, ~b! x50.48, and ~c! x
50.49. The solid lines represent the best fit curves ofnc(Tmax) to
the Vogel-Fulcher law of Eq.~2!.
2-3
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DONGSUN SHEEN AND JONG-JEAN KIM PHYSICAL REVIEW B67, 144102 ~2003!
x50.49 sample is relatively narrow. The dielectric dispers
data are well fitted to the Vogel-Fulcher~VF! law except for
a small deviation in the low frequency side. The parame
evaluated from the best fits are summarized in Table I. T
freezing temperatures (T0) are 309.6615.3 K, 194.9
65.4 K, and 182.263.9 K for x50.46, 0.48, and 0.49
respectively. Both the activation energy (Uc) and the
attempt frequency (n0) can be seen to decrease as the c
centration~x! is increased. A Vogel-Fulcher plot of the rela
ation times (tc51/2pnc) is redrawn in Fig. 3 to depict a

FIG. 4. x-T phase diagram in the vicinity of the MPB fo
Pb(Zr12xTix)O3 thin films. The data points represent, (d) the VF
freezing temperaturesT0, and (s) the MPB transition temperature
TL and (n) TL8 obtained from dielectric measurements and swit
ing current data, respectively. The shaded region indicates the
quency dispersion region. The phase boundaries are indicate
guide lines from other references~see text and Ref. 27! with C, T,
M, andR representing cubic, tetragonal, monoclinic, and rhom
hedral phases, respectively.

FIG. 3. Vogel-Fulcher plots of relaxation time (tc51/2pnc)
against inverse temperature for (L) x50.46, (n) x50.48, and
(s) x50.49 in Pb(Zr12xTix)O3 thin films. The solid lines are the
best fits with the three parametersn051/2pt0 , T0, andUc .
14410
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scaling behavior. The data set on the lines implicate a g
Vogel-Fulcher scaling with the best-fit parameters as sca
variables.

Considering the MPB relaxations governed by the Vog
Fulcher law, one can expect that the frequency dispers
may be limited to a region between the MPB transition te
perature (TL) and the freezing temperature (T0). The fre-
quency dispersion may be ascribed to a phase coexiste
Then we can expect that the coexistence of the tetragonal
monoclinic~or rhombohedral! phases may be also limited t
the same region between the MPB transition tempera
(TL) and the freezing temperature (T0). Figure 4 shows an
experimental phase diagram near the MPB of the PZT t
films. TheTL andT0 obtained in this study are collected i
the x2T phase diagram. The boundary lines of the fr
quency dispersion region betweenTL andT0 ~shaded region!
are not parallel to the MPB but can be seen to become

-
e-
by

-

FIG. 5. Switching current transients observed
Pb(Zr12xTix)O3 thin films (x50.48): ~a! at 230 K with varying
electric field, and~b! at 20.0 V/mm with varying temperature.
The solid lines represent the best fits to the model of Eq.~5!. The
arrows show a corresponding guidance to switching current d
curves in the directions of~a! decreasing field and~b! increasing
temperature.
2-4
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DIELECTRIC AND POLARIZATION SWITCHING . . . PHYSICAL REVIEW B67, 144102 ~2003!
rower with increasing concentration (x). For the PZT ceram-
ics, the phase coexistence region suggested by Zhanget al.7

is parallel to the MPB with a width of;110 K while the one
by Nohedaet al.11 has the shape of a right-angle triangle11

The frequency dispersion region in our phase diagram for
PZT thin films is a hybrid of the above two results of th
phase coexistence region. This similarity between the ph
coexistence regions and the frequency dispersion region
gests a close relation between the two.

Although the results reflect a glassy behavior of dip
glasses16–18 or ferroelectric relaxors,19,20 there is a distinct
difference. A polarization order parameter exists in the f
quency dispersion region such as that of t
@PMN#0.67@PT#0.33 single-crystal system.14 The frequency
dispersions may be caused by random interactions betw
two types of randomly distributed ferroelectric clusters w
tetragonal and monoclinic~or rhombohedral! symmetries. A
random distribution of the two types of polar clusters m

FIG. 6. ~a! Temperature dependence ofJmax
` , the maximum

switching current density in the infinite field limit. Solid lines a
the best fits byJmax

` (T)5auTC2Tub/g with TC5660 K. ~b! Devia-
tion of Jmax

` ~experimental data! from the theoretical fit based on th
order parameter polarization anomaly. BothJmax

` and DJmax
` are

shifted to avoid overlap confusions by10.2 and10.4 mA/mm2 for
(n) x50.48 and (s) x50.49, respectively.
14410
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range ordering.

B. Switching characteristics

In Fig. 5 typical switching current transients in anx
50.48 sample are shown at 230 K with varying applied el
tric field @Fig. 5~a!#, and at 20.0 V/mm with varying tem-
perature@Fig. 5~b!#. A switching current@JSC(t)# was ob-
tained by subtracting a nonswitching current@JNS(t)# from a
full current @JFC(t)#. Switching characteristics related to th
domain reversal kinetics of ferroelectric systems have b
successfully described by Ishibashi and Takagi21 based on
the Johnson, Mehl, and Avrami model:22–24

JSC~ t !5JFC~ t !2JNS~ t !5
dP~ t !

dt
52Ps

dQ~ t !

dt
, ~3!

wherePs represents saturation polarization at long times
high fields andQ(t) is the fraction of switched volume
at time t. In general, the nucleation time is very short—
several nanoseconds in ferroelectric thin films. Therefore,
suming that domains may grow at a fixed velocity after t
nucleation, the fraction of the switched volume can be w
ten as

Q~ t !512exp@2~ t/t0!n#, ~4!

wheren is an effective dimension andt0 is a characteristic
time. The current density due to the domain switching is th
given as

JSC~ t !52Ps~n/t0!~ t/t0!n21exp@2~ t/t0!n#. ~5!

In Fig. 5 the experimental data were fitted by Eq.~5! to
obtain three parameters,Ps , t0, andn. From each best fit we

FIG. 7. Temperature dependence of activation fielda obtained
from fitting Jmax(E,T) to Eq. ~6!. a data sets are shifted to avoi
overlaps by110 and 120 V/mm for (n) x50.48 and (s) x
50.49, respectively. The dotted lines are guides to the eyes.
2-5
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DONGSUN SHEEN AND JONG-JEAN KIM PHYSICAL REVIEW B67, 144102 ~2003!
could also obtain maximum switching current dens
(Jmax), times of maximum switching current density (tmax),
and switching time (tsw). At higher fields and higher tem
peratures, the switching current curve can be seen to h
shorter switching times and symmetric forms.

Switching current transients were measured at elec
fields from 2 V/mm to 32 V/mm with varying temperature
for all three samples ofx50.46, 0.48, and 0.49. All the dat
of switching currents were fitted by Eq.~5!. The results show
that the effective dimension~n! increases from 1.0 to 2.5
and the characteristic time (t0) decreases with increasin
field or increasing temperature. Unlike the@PMN#2x@PT#
or PMN crystal system,14 an abrupt step change or a plate
behavior in the temperature dependence of polarization
not observed in the PZT thin films of the present work. In t
PZT thin-film systems, in fact, it was difficult to obtain rel
able saturation polarizations at high fields due to dielec
breakdown. Therefore, an alternative to the saturation po
ization should be considered.

FIG. 8. Determination of the MPB transition temperatures (TL)
from e8 data measured at 50 kHz for~a! x50.46, ~b! x50.48, and
~c! x50.49. The solid lines represent best-fit linear slopes.
14410
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The maximum switching current density (Jmax) and the
switching time (tsw) as a function of the applied field~E!
follow the well-known empirical laws25

Jmax~E,d,T!5Jmax
` ~d,T!exp@2a~d,T!/E#, ~6!

tsw~E,d,T!5tsw
` ~d,T!exp@a~d,T!/E#, ~7!

wherea(d,T) is the activation field dependent on thickne
~d! and temperature (T), andJmax

` (d,T) andtsw
` (d,T) are the

maximum switching current and switching time, respe
tively, in the limit of infinite electric field.Jmax

` (d,T) of the
high-field limit is related to the saturation polarization.

The temperature dependence ofJmax
` (T) is shown forx

50.46, 0.48, and 0.49 in Fig. 6~a! ~for a clear view of com-
parisions, the data ofx50.48 and 0.49 are shifted each b
10.2 and10.4 mA/mm2, respectively.!. Jmax

` (T), the maxi-
mum switching current density at infinite electric fiel
shows a plateau near the MPB transition with a smooth te
perature dependence for all three compositions. Si
Jmax

` (T) is associated with the saturation polarization at h
fields, Jmax

` (T) may be a substitute for an order paramet
Although the ferroelectric transition of the PZT system
familiar as a first-order phase transition, we may attemp
fit the data byJmax

` (T);Ps
1/g.auTC2Tub/g to emboss the

anomalies. WithTC5660 K and the best-fit exponentb/g
50.575, 0.588 and 0.603 for each system ofx50.46, 0.48,

FIG. 9. Determination of the maximum peak temperatu
(Tmax) of e9(T) for ~a! x50.48 and~b! x50.49. The solid line
represents a Lorentzian function best fit by Eq.~B1!.
2-6
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DIELECTRIC AND POLARIZATION SWITCHING . . . PHYSICAL REVIEW B67, 144102 ~2003!
and 0.49, respectively, we examined deviations of the d
Jmax

` (T) from each phase-transition curve of the theoreti
best fits. This deviation from the phase-transition anomal
seen to increase near the MPB and in the high tempera
region. Difference between data and each best-fit cu
DJmax

` (T), is plotted in Fig. 6~b!. Anomalies ofJmax
` (T) near

the MPB transitions can be seen to be pronounced.
arrow-marked region in a broad peak ofDJmax

` (T) corre-
sponds to the plateau anomaly region ofJmax

` (T) in Fig. 6~a!.
The anomalies are continuous at the MPB. The satura
polarization at high fields may have a similar plate
anomaly of a smooth temperature dependence near the M
For x50.46, 0.48, and 0.49, the temperatures of the plat
anomalies inJmax

` (T) are found to be in the ranges of 43
;490 K, 275;335 K, and 200;245 K, respectively. These
temperature ranges include the MPB transition temperat
(TL) obtained from the dielectric constant data at 50 kHz
the respective compositions.

Figure 7 shows temperature dependence of the activa
field (a) for each composition~for a clear comparison, the
data curves forx50.48 and 0.49 are upshifted each by110
and 120 V/mm, respectively!. a(T) exhibits a broad dip
around the MPB transition. Temperatures of minimuma in
each dip can be located at;460 K, ;320 K, and;225 K
for x50.46, 0.48 and 0.49, respectively. They are close
the MPB transition temperatures obtained from the meas

FIG. 10. Logarithmic plots ofe9(T) data forx50.46: ~a! ln(e9)
vs temperature, and~b! ac conductivity vs inverse temperature. Th
solid lines represent best fits by exp(aT1b) in ~a! and exp(2a/T
1b) in ~b!.
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ments of dielectric constants at 50 kHz for the respect
compositions. The minimum dip temperatures (TL8) are de-
noted byn symbols in Fig. 4. Reduction of the activatio
field near the MPB implies that the polarization domain
versal becomes easier with a shorter tail of polarizat
switching. In the vicinity of the MPB, random fluctuations o
polar directions can be caused by nearly isotropic f
energy26 as well as the phase coexistence. These additio
degrees of rotational freedom2,26 in polar directions may well
reduce the effective activation field for domain reversals.

IV. CONCLUSIONS

Temperature dependencies of dielectric constants
switching properties of the Pb(Zr12xTix)O3 thin films were
investigated in the range of 80;600 K to analyze anomalie
near the morphotropic phase boundary. In t
Pb(Zr12xTix)O3 thin films of x50.46, 0.48, and 0.49, we
could observe anomalies in bothe8 and e9 near the MPB
transition. The anomalies of the MPB exhibit a frequen
dispersion and tend to a low-temperature phase transit
We have found that the frequency dispersion of thee9 peaks
near the MPB follows the Vogel-Fulcher law. The frequen
dispersion in the region between the MPB transition and
freezing temperature may be ascribed to coexistence o
tragonal and monoclinic~or rhombohedral! phases. This
phase coexistence region for the PZT thin films has a fo
between parallel columnar and the right-angle triangle

FIG. 11. Determination of the maximum peak temperatu
(Tmax) of e9(T) for x50.46 at ~a! 8433 Hz and~b! 98 Hz. The
solid line represents a Lorentzian function best fit by Eq.~B1!.
2-7
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DONGSUN SHEEN AND JONG-JEAN KIM PHYSICAL REVIEW B67, 144102 ~2003!
ported for the PZT ceramics. The switching current transi
of polarization reversal could be characterized by the Ish
shi model. The maximum switching current density in t
infinite field limit, which is associated with the saturatio
polarization, has a plateau anomaly near the MPB transit
Reduction of activation fields for polarization reversals n
the MPB transition was found, which may be ascribed
increasing fluctuations due to phase coexistence and a
tional random distribution of polar directions at the MPB.
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APPENDIX A: DETERMINATION OF TL

Real part dielectric constant (e8) data measured at 50 kH
are plotted in the plane of inverse dielectric constant (1/e8)
versus temperature~T! in Fig. 8, where the best-fit extrapo
lations of the changing slopes locate crossover points to
fine the MPB transition temperatures within the error bars
;20 K.
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