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Abstract

The real distribution function of the relaxation timg@) of the relaxor ferroelectric ceramics 0.4PSN-0.3PMN-0.3PZN is calculated from
the experimental dielectric spectra obtained in the frequency range from 20 Hz to 1.25 GHz. Below the Burns tenTpexa386:K, where

the clusters begin to appear on cooling, the distribution of the relaxation times is symmetrically shaped. On cooling, the permittivity and
loss spectra strongly broaden and slow down. ¢ function becomes asymmetrically shaped and the second maximum appears. The
width of theg(t) function is calculated at different temperatures. The shortest relaxation time is of the ordet%sf 46d it remains almost
temperature independent. The longest relaxation time diverges according to Vogel—Fulcher law.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction structures and seems to be universal behaviour of disordered
systems.

Since the discovery of relaxor ferroelectrics, a num- Recently, new ternary relaxor compounds PhSc
ber of concepts have been introduced to account for Nb;,O3—PbZn 3Nby303—PbMgi/aNby303  (PSN—PZN-
their unusual physical behaviour: diffuse phase transition, PMN) have been synthesiz&dirst dielectric investigations
superparaelectricand dipolar glass modefstandom field  showed high value of dielectric permittivity (more than
frustrated ferroelectricsand reorienting polar cluste?s®Re- 10,000 atTmay at 1 MHz), and temperature behaviour of
cently, spherical random bond-random field model have beenpermittivity and dielectric loss were typical for relaxors.
developed. Nevertheless, the relaxors posses an extremely  The aim of the present work is to investigate dielectric dis-
broad distribution of the relaxation times at low tempera- persion of 0.4PSN—0.3PMN-0.3PZN relaxor ceramics, and

tures, which have not been fully understood. One of the lat- to discuss the distribution of the relaxation times and their
est attempts to explain such broad distribution has been mad@emperature dependence.

in.” A Landau type thermodynamic model based on the per-

ovskite structure near the morphotropic phase boundary was

proposed for calculating the energy barriers for polarization 2. Experimental

reversal near the polar cluster boundaries and due to that ex-

plaining the broad distribution of the relaxation times. Ithas  The ternary PSN-PZN—-PMN solid solution was synthe-

been shown, that such broad distribution of the relaxation sjzed by solid state reactions from high grade oxides b0

times at low temperatures is not attributed only to perovskite Nb,Os, MgO, ZnO, Se0s. The primary ingredients were ho-

mogenized and grinded in agate ball mill for 8 hin ethanoland
* Corresponding author. Tel.: +370 52366077; fax: +370 52366003, dried at 250 C for 24 h. The dried mixture was fired in plat-
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perovskite structure the synthesis was repeated three times: (i) Static permittivity of this ceramics is very high, the peak

at first at 800C, the second at 90, the third at 1000C,

value reaches 17,000 at frequencies lower than 0.1 kHz.

2h each. After each synthesis the mixture was grinded in (ii) The present results show typical relaxor behaviour in

agate ball mill in ethanol, dried at 25C for 24 h, and the
phase composition was analysed by X-ray diffraction. De-
tailed forming and sintering conditions are presented in.

The dielectric studies were performed by a computer con-

trolled LCR meter HP 4284A in the frequency range 20 Hz
to 1MHz, and by the coaxial (frequency range 1 MHz to
4 GHz) dielectric spectrometet$.At high frequencies, the
complex permittivitye” was calculated taking into account
the inhomogeneous distribution of the microwave field in the
sample!! All the measurements were performed on cool-
ing with the rate of 0.1 K/min in the weak electric fields
(E <100 mV/cm).

3. Results and discussion

The temperature dependences of the red) @nd
imaginary €”) parts of the complex dielectric per-
mittivity ¢"(w)=¢' —i¢” at different frequencies for
0.4PSN-0.3PMN-0.3PZN ceramics show a typical relaxor
behaviour from low frequencies to microwavégy. 1). Sim-
ilar behaviour has been observed in PLZT relaxor ceraffics.
Several points are worth mentioning:
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a very wide frequency range, from low frequencies to
microwaves, and the peaks gfand¢” move towards
higher temperatures with increasing frequency.

(iif) Permittivity remains of the order of 1000 even in
microwave range and losses are also very high
(tars > 1) at microwaves. It indicates that the main
dielectric dispersion occurs in the microwave range.
Temperature—frequency dependence of the real and
imaginary part of the permittivity shows a typical re-
laxational dispersion.

Near the temperature of the maximum permittivity, the
dispersion beginsin the kilohertz region, but at higher temper-
atures the dispersion occurs in the higher frequency range of
10’-10" Hz like in most of order—disorder ferroelectrits.

3.1. Analysis of the dielectric spectra

Owing to the roughly symmetrical shape of the Cole—Cole
plots at high temperatures, the diffused dielectric spectra
of 0.4PSN-0.3PMN-0.3PZN can be fitted by the empirical
Cole—Cole equation:

n Ae
1+ (iwr)*’

where Ae =¢(0) — e00, Ac is the contribution of the relax-
ation to the static permittivity(0) (dielectric strengthk is

the contribution of the phonon modes and higher-frequency
electronic processes to permittivity,= 2f is the angular
frequency andy is the mean relaxation time. The parameter
0 <« <1 characterizes the distribution of relaxation times.

We have fitted the experimental Cole—Cole plots at dif-
ferent temperatures with Eql) and determined the fit-
ting parameters(0), s, Ae, T and @. The almost tem-
perature independent valug,~ 40 corresponds to the
contribution of phonon modes. Temperature dependences
of the fitted parametersg and « are shown inFig. 2
Cole—Cole fits were performed only in the limited tem-
perature interval where the fits are reliable. At high tem-
peratures, the relaxation frequencies approach the phonon
soft mode, which is above the investigated frequency
range.

Atlow temperatures (below 275 K9, is almost frequency
independent, the dielectric spectrum is very diffused and
a very wide distribution of relaxation times have been ob-
served. Frequency independence’aloes not allow estimat-
ing the relaxation time using conventional relaxation models
or empirical equations. Therefore the low temperature (below
320K) dielectric spectra of 0.4PSN—-0.3PMN-0.3PZN must
be analysed separately.

The rapid increase in the mean relaxation timéth the

1)

g (w) = 00

Fig. 1. Temperature dependence of real and imaginary parts of dielectric temperature decrease (about 1000 times in the interval of

permittivity.

80 K — seeFig. 2) shows a substantial slowing down of the
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Fig. 2. The fit parameterAe, t anda.

relaxation processes. The simultaneous increase in the distri-The high-frequency limiting value,, and the total contri-
bution parametex up to the value of about0.9 shows that  bution of the dipoles to the permittivithe = | g(7) d(Int)
the dielectric spectrum becomes extremely diffused. Corre-can be either given together with the initial data or de-
spondingly, the distribution of the relaxation times becomes fined during the solution. This constrained regularized mini-
extremely wide. mization problem is solved by least squares technique mak-
ing use the simplified version afonTIN program devel-
oped by Prowentch& and later developed for dielectric
spectral®
The real distribution function of the relaxation times
of the 0.4PSN-0.3PMN-0.3PZN ceramics calculated from
the experimental dielectric result§ig. 1) is shown on
. 3 The regularization parameter=8 was found as
opt|mal. Below the Burns temperatuiigg = 380K, where
the clusters begin to appear on cooling, the distribution of
the relaxation times is symmetrically shaped (Cole—Cole
function is satisfactory to describe the dielectric response).
At lower temperatures, the distribution of the relaxation

3.2. Uniform distribution function of the relaxation times

The diffused dielectric spectrum at low temperatures does
not allow proper estimating the relaxation time using con-
ventional relaxation models or empirical equations. A speC|aI
algorithm was developed to resolve this problem.

The original program performs the direct calculation of
relaxation time distribution functiog(z) of the complex di-
electric permittivity at fixed temperatures versus frequency
dependence according to superposition of the Debye-like pro-

cesses: : .
times becomes asymmetrically shaped. On further cool-
o0 g(7) | ing the second maximum appears. With the decrease of
£(v) = o+ 1+ (2rv7)2 (In), the temperature it broadens to the long relaxation times
—0o0 . . . . . .
% o and indicates a strong increase in inter-cluster correlation.
¢'(v) = / Lg(r)zd(m 7) 2) Also, its contribution to the permittivity augments at lower
—o0 1+ (2v7) temperatures.
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Fig. 3. Distribution of the relaxation times.

The limits of theg(r) function were calculated (level

0.05 was chosen as sufficient accurate) at different tempera-

tures Fig. 4). The shortest relaxation time is about #8s
and it decreases slowly with the decrease of temperature

The spectra are compatible with the Jonscher’s universal

law.’®> The longest relaxation time diverge according to the
Vogel-Fulcher lawt = rg expUve/[ T — To]). The saturation
of the g() function is caused by the finite lower frequency
of experimental technique (reliable data were used from
100 Hz). The real distribution of the relaxation times gives
the same freezing temperatuie,=210K, but the activa-
tion energies are differentyyr =E/k=700 and 1000K for
Cole—Cole model and the real distribution function, respec-
tively. These values are a little bit lower than in PLZT relaxor
ceramics'014

Fig. 5shows the fits of the experimental dielectric spec-
trum with the relaxation times obtained from the uniform
distribution function. The relaxation times describe well the
experimental findings.

Broad dielectric spectra below room temperature indi-
cate a strong increase in inter-cluster correlation. The low-
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Fig. 4. Temperature dependence of upper and lower limits of relaxation time
distribution.
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Fig. 5. The best fits of real and imaginary parts of dielectric permittivity
with uniform distributions of the relaxation times presente&ig. 3.

frequency cut-off is much below 20 Hz (our lowest measured
frequency) and the losses become independent of frequency.
Appreciably high and temperature dependent losses (about
0.3 and higher) and permittivity dispersion were observed
also belowTy in the nonergodic frozen phase. The quanti-
tative estimate indicates a strongly anharmonic potential for
polarization fluctuations which are restricted to inter-cluster
boundaries.

4. Conclusions

On cooling, the dielectric dispersion and loss spec-
tra of 0.4PSN-0.3PMN-0.3PZN relaxor ceramics strongly
broaden and slow down. As they remain symmetric one
can apply the Cole—Cole model and to determine the width
of the uniform distribution function of the relaxation times
and its temperature dependence above room temperature.
The longest and mean relaxation times diverge according
to the Vogel-Fulcher law with the same freezing tempera-
tureTo = 210 K. The shortest relaxation time is about 10s
and remains almost temperature independent. The spectra are
compatible with the Jonscher’s universal law. They broaden-
ing indicate a strong increase in inter-cluster correlation. The
extraction of continuous relaxation times distribution of the
Debye fundamental processes directly from the broadband
dielectric spectra allows better understanding dynamic phe-
nomena in solid state.
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