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Abstract

Some diverse characters between relaxor ferroelectric ceramics and their single crystals remain unknown. Based on dual polarization model
used in ceramics, we modeled and analyzed dielectric spectrum of PMN-PT single crystals above characteristic tefpématndistinct
characteristic temperatuf® was made clear. The results of simulation for single crystals fitted with experiments. It is shown that high
temperature model in the dual polarization model is also valid for single crystals, and a characteristic tenipensayreignify the onset of
dipolar regions freezing. The relaxor materials experience different polarization processes in different temperature ranges Tivitleel by
reasons resulted in the discrepancy between ceramics and single crystals were analyzed. We believe that the divergence between ceramics ar
single crystals is induced by the difference of polar region concentration, electric interaction and inner elastic stress among polar regions.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction Compared with PMN—-34%PT crystals, PMN-24%PT crys-
tals possess larger values&fandwy, and wider regions of

A typical relaxor ferroelectric displays a diffused phase temperature in which the experimental data obey empirical
transition, a strong frequency dispersion of the dielectric Eg. (1) In other words, the dielectric relaxation strength
properties, and an absence of macroscopic polarization atof PMN-34%PT is smaller than that of PMN—-24%PT. At
zero electric field. Although the origin of these dielectric higher temperature regions, deviations fréyg. (1) were
features is still controversial, it has been suggested that thefound in both crystals. The authors believed that it could
presence of polar microregions in nano scale is crucial to thebe attributed to the contribution of the ionic conductiv-
relaxor behaviors. Various models have been presented taty activated by thermal energy. However, in PMN and
account for the unusual physical properties of relaxor ferro- PMN-25%PT (ceramic samples), the dielectric permittivity
electrics. Based on these models, several methods were proebeys the relatios’, /¢'(f, T) = 1+ [T — TA(f)]2/28§ ina
posed to describe the temperature dependence of the dielecwide temperature range abovg [2]. But, such an empiri-
tric permittivity. But there is no universal formula describing cal quadratic law could not fit better th&y. (1) with the
the temperature dependence of the dielectric permittivity in dielectric data of PMN-34%PT and PMN-24%PT single

a wide temperature range. crystals. They could not explain this difference between
By studying the PMNxPT single crystals, Tu et all] ceramics and single crystals, and wished to find a formula
found that the dielectric permittivity’ above the dielectric ~ describing the temperature dependences’ofn a wider
spectrum peal, fitted the empirical formula: temperature range.
/ v Cheng et al.[4] assumed that there are two kinds of
fm__ _ 1+ m Q) polarization processes in relaxor ferroelectrics. One is as-
/ 2 :
gLD 25, sociated with thermally activated flips of the polar regions,
which dominated the dielectric behaviors at high temper-
* Corresponding author. Fax:86-21-65985179. atures. Above an indistinct critical temperatufe, the
E-mail address: yanzonglin@fmrl.ac.cn (Z. Yan). temperature dependence of dielectric permittivity can be
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written as:

50000 1
en(T) = expla — BT) (2)
wherea and 8 are constants. The value gfis associated 40000 1

with the production of the polar regions in the materidls. 100kHZ

>
is defined by Cheng as a characteristic temperature at which = 30000
the differential of dielectric permittivity with temperature is €
minimum. Another feature of is that dielectric permit- & 20000

tivity of aged sample deviates from that of their fresh state

when temperature decreasingTat This phenomenon was 10000
observed by Chenff], but he could not give it reasonable

account. The dielectric behaviors at low temperatures are

mainly contributed from another polarization process origi-

nating from a breathing model. The simulation formula de- Temperature(°C)

rived from Cheng'’s dual polarization model fitted the mea- Fig. 1. Temperature dependence of dielectric permittivity at 1 and 100 kHz.
sure results with high precision in a very wide temperature

range. Furthermore, Cheng believed that there is no sub-
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stantial contribution from the grains and grain boundaries to 1200
dielectric permittivity of relaxor ceramics. And dielelctric o
behaviors of ceramics didn't show any difference with a 5 800 I
single crystal. Using concise formula, Cheng described the &
. S 400} -

temperature dependencedfat high temperatures and low g
temperatures. In the vicinity dfy,, complex formula is used % ol |
to model experimental data. That results depiction of the 2
process complication. 3; 400 1 4

In this paper, the behavior of polar regions was analyzed
based on modeling the dielectric temperature spectrum. The § -800F BN .
relation of some above-cited models was compared. The g 'OT‘O’”
meaning of a characteristic temperaturg,was made clear. © -1200 . . 2 . . . ]
The temperature dependencys6if PMNT single crystals 120 130 140 150 160 170 180 190
was also compared with PMNT ceramics. We also discussed Temperature(°C)

the influence of frequency on the dynamic behavior of the ) ) ) ) o
polar regions. Fig. 2. Differential of dielectric permittivity with respect to temperature.
Fig. L The fitting results usingq. (2)are shown alongside
2. Experimental procedure the experimental data.
The B8 constants from the fitting usingq. (2)are 0.0313

We take a typical relaxor, single crystal PMN-32%PT, as and 0.0306 for frequencies 1 and 100 kHz, respectively. We
a sample in our experiment. The crystal was grown by a note that the fitting results are very close to the experimental
modified Bridgman methofb]. Plate-like specimens were data at temperatures more than°C5(AT) higher thanTy,.
cut into dimensions of Bcm x 0.5cm x 0.1 cm and elec- For 100 kHz, this temperature intervAll is larger than that
troded with silver paste. Dielectric measurements were op- of 1kHz. Fig. 2 shows the differential ot’ with respect
erated on an automated system, which was composed ofto temperature abovéy,. As we expected, the extremum
a precision LCR meter (Model HP 4284A), an automated of differential is nearT,. For 100 kHz, this characteristic
temperature-controlling chamber and computer automatedtemperature is larger than 1 kHz.
control programme. The frequencies used were 1, 10, 100, Fitting the measured results with empiridad). (1) the
and 1000 kHz, respectively. The dielectric spectra of sample values of the parameterg 4, and T at 1 and 100 kHz
at 1 and 100kHz were chosen in our discussion. Measure-are obtained. They are given ifable 1 T is a critical
ments under weak field were made in the temperature range
of 20-350°C at heating rate of 2C/min.

Table 1
Parameters from the fits &q. (1)to the dielectric permittivitys’ (above
Tm)
3. Results and discussion 5 5, T To(aT)
Anillustration of temperature dependence of the dielectric 1*H? 1.967 18.5 15.9
stra P P 100 kHz 1.782 13.9 17.3

constants at different frequencies, 1 and 100 kHz, is shown in
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20 A rational explanation foif>; on aging is also elicited. The
dipolar regions whos&. are higher than aging temperature
18l turned from meta-stable states to stable states. The bond en-
ergy that constrains those dipoles is to be enhanced. There-
161 fore, aged samples are deficient in unfrozen dipoles with re-
o spect to fresh samples at temperatures below aging tempera-
\g 1al ture. So their dielectric permittivity is less than that of fresh

samples with increasing temperature uftl. Above To,
there are no frozen dipoles and no influence resulting from
aging. ThusT, is also a crucial temperature that dielectric
permittivity of aged sample deviates from that of their fresh.

10 1 1 1 1 H H H
0 10 200 300 400 500 In_ PMNT ceramics, there are numerous grain boundarl_es.
RE Besides, there are more defects and larger internal field
" than in single crystal. So, the coupling between the dipoles
Fig. 3. emax/e Vs. (T—Tm)" for PMN—32%PT at 1 and 100 kHz. is relative weak. The factors which influence the dipole

frozen temperature are randdit0]. Generally, a random
variable influenced by many uncertain factors will have a
temperature which reflects the onset of deviation from Gaussian-like distribution. That means the distribution of
Eq. (1) the numbers of dipoles according théy with temperature
The relationship betweetimad/e and T—Ty)Y at 1 kHz is Gaussian-like. It corresponds to the distribution deduced
and 100kHz is shown ifrig. 3. Because the fitting proce-  from composition fluctuationf3]. Therefore, the dielectric
dure is rather sensitive to the choice of temperature range,permittivity in ceramics obeys quadratic law; /&'(f, 7) =
we first determined the modeling temperature range. As cani + [T — TA(f)]Z/za)Z/_ On the other hand, in PMNT sin-
be noticed from literaturgs], the relationship between log gle crystal, there are large numbers of dipolar regions. Since
(emax'e—1) and log T—Tm) has two linear ranges when high polar region concentration and almost no affection com-
modeling is made in a wide temperature region. In the high ing from boundaries and defects, the electric interactions and
temperature region, slopewas larger than that of the low  elastic stress between the dipoles are relative strong. The
temperature range. We chose experimental data in the temstrong coupling between dipolar regions results in intense
perature range nedr, for analyzing. phase transition. In the temperature range betwieeand
From experiment and our modeling results, it can be seenT,,, being accompanied by merging each other and grow-
that the high temperature model in the dual polarization ing in size, the polar regions transform into microdomains
model proposed by Cheng was also valid for single crys- rapidly. The temperature range of the transformation is rela-
tal aboveT,. The results implied thal’ equals the char- tively narrow. That would result in a more distinct change in
acteristic temperatur@&,. In the temperature range above dielectric permittivity. Consequently, exponeptbecomes
T, dipolar regions begin to increase in number and grow small for PMN single crystal. The exponeptis known as
in size with decreasing temperature. Compared with the re-the expression of the degree of dielectric relaxation in a
sults taken from ref6], the modeling paramet@rin PMNT RFE. And we believe it also shows the speed and intense de-
single crystals is larger than that in PMNT ceramics. This gree of dipoles transition ned,. In our modeling results,
implies that there are more polar regions in single crystals some differences between various measurement frequencies

nearTm. That is consistent with the result of Skuldki. are observablezig. 1shows results at two different measur-

In temperature range abo\le, temperature dependence of ing frequency. When the frequency increasggets small.

dielectric permittivity obey€q. (2) This implies that with increasing frequency the dipolar re-
With decreasing temperature, the dielectric permittivity  gions concentration decreases. Because the timescale of po-

deviates from temperatui®e according toEq. (2) This re- larization flipping is shortened when frequency increases, so

flects the onset of polar regions freezing and the phase tran-some large dipolar regions cannot reach their equilibrium
sition of ergodic space shrinking in succesdi8h Between state within the observation time, i.e. these large dipolar re-
Tm and Ty, temperature dependencegdbbeysEqg. (1) Liu gions are frozen under high frequencies. For the same rea-
[9] calculated the proportion of frozen polarization in PMNT  son, modeling parametef® and AT would increase with

on the basis of a Landau-type phenomenological theory. Inincreasing frequency. The parameteys ands, have been

his works, the upper limit temperature of frozen polariza- used as a measure of degree of diffuseness for the diffuse
tions occurrence is about 2Q abovely. That is consistent  phase transition in relaxor-based ferroelectf&js For var-

with our characteristid. The supposition that the devia- ious materialsg, and AT of high relaxation degree mate-
tion from Eq. (1)may be attributed to the contribution of the rials are usually larger than that of low relaxation degree
ionic conductivity by thermal energy is untenable. Since the materials under same frequency. In our modeling resylt,
dielectric loss is small at temperature a bit higher thign decreases with increasing frequency, wheg@sncreases
The deviation frontq. (1)is due to onset of another process. with increasing frequency. That indicates the degree of di-



1422 Z. Yan, X. Yao/Ceramics International 30 (2004) 1419-1422
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