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Dielectric behavior of lead magnesium niobate relaxors
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The dielectric behavior of a solid solution, 10 mol % lead titanate in lead magnesium niobate, is measured
at different frequencies from 100 Hz to 100 kHz in the temperature range from2100 to 120 °C. A standard-
izing method is introduced to analyze the curve of the dielectric constant vs temperature. It results a master
curve behavior between the dielectric constant and temperature at temperatures higher than the temperature of
the dielectric constant maximum. The dielectric relaxation behavior is analyzed with various models. The best
way to characterize the degree of the dielectric relaxation for relaxor ferroelectrics is established using the
experimental data. It is indicated that the temperature dependence of the static dielectric constant can be well
described by an exponential function, while the temperature dependence of the relaxation time is described by
a superexponential function. Based on the specialty of the relaxor ferroelectrics, a distribution function for the
relaxation times is introduced and a model is introduced to simulate the dielectric behavior of the relaxor
ferroelectrics. The model can express well both the temperature and frequency dependence of the dielectric
behavior for a relaxor ferroelectrics. All of the parameters in the fitting formula can be experimentally deter-
mined. The model shows that in the low-temperature range, there are two simple relationships about the
dielectric frequency spectrum:«9(v,T)5(2p/2)]«8(v,T)/] lnv and «85B(T)* (lnv02lnv). These rela-
tionships are verified by the experimental results. A way to obtain the accurate value of«` in the low-
temperature range is described.@S0163-1829~97!06713-1#
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I. INTRODUCTION

Since the discovery of dielectric relaxation behavior
lead magnesium niobate~PMN! by Smolensky and
Agranovskaya,1 the studies on the relaxor ferroelectri
~RFE!, especially with Pb(B1/38 B2/39 )O3-type and its solid-
solution-type perovskites, have been intensified due to t
excellent dielectric and electromechanical properties, on
one hand, and to their strange polarization mechanism on
other.2 Therefore research on the RFE has two objects. O
is to find high-performance materials for applications, a
the other is to understand its polarization mechanism
theory. Many physical models have been proposed to exp
the behavior of the RFE, for example, the inhomogene
microregion model,3,4 the micro-macro domain transitio
model,5,6 the superparaelectric model,2 the dipolar glass
model and the glass model,7,8 the order-disorder model,9,10,11

the local electric field model,12 etc. Although it is widely
accepted that the behavior of the polar region~cluster! in the
material is a key to the behavior of the RFE, a full und
standing of the RFE’s behavior does not exist yet.

The characterization of the dielectric behavior of a RFE
important for both applications and theoretical research.
main characteristic of the RFE is that a broad peak appea
the temperature dependence of the dielectric behavior, an
research on the characterization of the dielectric behavio
the RFE is focused on the relation between the dielec
constant and temperature. A great amount of work, wh
550163-1829/97/55~13!/8165~10!/$10.00
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can be divided into three kinds, has been done on the c
acterization of the dielectric relaxation behavior of the RF
The first kind is that which focuses on the characterization
the relationship between the dielectric constant and the t
perature at temperatures higher than the temperature (Tm) of
the dielectric constant maximum;3,13 the second one is on th
characterization of the frequency dependence ofTm ,

7,8 and
the last one is about the fitting of the temperature dep
dence of the dielectric constant.14–16 However, there are
some indeterminacy and some contradictions in
characterization.15,17 Therefore, the characterization of th
RFE’s dielectric behavior is still an open problem.

The solid solution of PMN with the lead titanate~PT! is a
typical system with perovskite structure, in which the pha
transition behavior can change from a diffused phase tra
tion to a typical ferroelectric phase transition.18 It is, there-
fore, a very interesting system for research on the RFE
this paper, we carefully measure the dielectric behavior o
solid solution in the PMN-PT system with a diffused pha
transition. The experimental results and the general feat
of the RFE are given in Sec. II. Based on the experimen
data, the characterization of the dielectric relaxation beha
of the RFE is investigated. The advantage and disadvan
of various characterizing methods are discussed. The t
perature dependence of the static dielectric constant is g
in Sec. III A based on the characterization study of the
electric behavior at the temperatures much higher thanTm .
The temperature dependence of the relaxation time and
8165 © 1997 The American Physical Society
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distribution are given in Sec. III B. A characterizing meth
is introduced based on it. The formula to simulate the diel
tric behavior of the RFE is given in Sec. III C. In Sec. III D
the experimental results are used to verify the model. T
discussion and comparison of our present model with
existing ones are given in Sec. IV, and finally the conc
sions are given in Sec. V.

FIG. 1. Dielectric behavior as a function of temperature at m
sured frequency~0.1, 1, 10, and 100 kHz! for 0.9 PMN–0.1 PT
with a cooling rate 0.8 °C/min.~a! Dielectric constant~«8! ~solid
line! and fitted results~dotted line! of Eq. ~3! with a510.70 and
b50.0182.~b! Dielectric absorption~«9!. ~c! Loss tangent~tand!.
-

e
e
-

II. EXPERIMENTAL PROCEDURE AND RESULTS

The starting materials of ultrahigh purity are used to p
pare a solid solution ceramic of 10 mol % PT in PMN~0.9
PMN–0.1 PT!. The perovskite-phase powders were synth
sized through the columbite-precursor method as descr
in Ref. 19. The samples were prepared by the conventio
ceramic processing. The gold electrodes were deposited
the surfaces of the disk-type samples by the dc sputter
The capacitance and loss tangent were measured in the
perature range from 120 to2100 °C with a cooling rate of
0.8 °C per minute using an HP4274A LCR meter with
high-resolution function at the frequencies of 0.1, 0.12, 0
0.4, 1, 2, 4, 10, 20, 40, and 100 kHz. The oscillating level
the signal was about 0.5 V/mm. The four test leads, wh
were connected directly to the electrodes of the sample, w
used to increase the measuring accuracy. Before the m
surement, a standard calibration was performed to rem
any stray capacitance, lead, and contact resistance. Th
electric constant was calculated from the measured cap
tance, with the geometric parameters of the sample, and
ing a parallel-plate capacitance model. The temperature
measured using an HP3455A multimeter via a 100-V plati-
num resistance thermometer. To increase the measuring
curacy of the temperature, a four-wire configuration w
used to measure the resistance of the 100-V platinum resis-
tance thermometer. The temperature controller, HP345
and HP4274A were interfaced to a computer.

Some measured dielectric constant~«8!, dielectric absorp-
tion ~«9!, and loss tangent~tand! data versus temperature a
shown in Fig. 1. It demonstrates a typical dielectric behav
of a RFE. The basic features of the dielectric behavior are
following.

~1! There is a broad peak in the dielectric constant a
function of temperature. With increasing frequency,Tm in-
creases, while the magnitude of the peak decreases.

~2! There is a strong dielectric dispersion in radio fr
quency region around and belowTm . This dielectric disper-
sion does not obey the Debye theory.8

~3! At temperatures around and above its peak temp
ture (Tm8 ) of the dielectric absorption, the dielectric absor
tion exhibits a strong frequency dependence, i.e., the die
tric absorption increases with increasing frequency.

~4! The value ofTm8 is much lower than that ofTm at the
same frequency.

~5! With increasing frequency,Tm8 shifts to higher tem-
perature and the magnitude of the dielectric absorption p
increases.

~6! With decreasing temperature, the dielectric absorpt
increases rapidly in the temperature region aroundTm .

~7! The dielectric absorption is nearly independent of t
frequency~in fact, the dielectric absorption shows only
very small decrease with the increase of the frequency! at a
temperature much lower thanTm8 .

~8! With decreasing temperature in the lower-temperat
range, although both the dielectric constant and the dielec
absorption rapidly decrease, the loss tangent decreases
little.

The maximum dielectric constant of the sample at 100
is about 2.43104 atTm . Based on research on lead scandiu
tantalate relaxors,20 the relaxor with the stoichiometric com
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55 8167DIELECTRIC BEHAVIOR OF LEAD MAGNESIUM . . .
pound has the highest dielectric constant to compare with
nonstoichiometric compound. Thus a higher dielectric c
stant of the sample reflects the fact that the sample is
stoichiometric compound and is, therefore, an ideal can
date for research on basic behavior of the RFE.

III. CHARACTERIZATION AND MODEL OF DIELECTRIC
RELAXATION FOR THE RFE

A. Temperature dependence of dielectric constant
at temperatures higher thanTm

Since Smolenky’s work,3 the characterization of the tem
perature dependence of the dielectric constant, aboveTm ,
has been widely studied with various models as an impor
feature to characterize the dielectric relaxation behavior o
RFE. There are mainly two methods, which have be
widely used in research on the RFE, to characterize it.
first one is a quadratic relation, which was given by Smol
sky as follows:3

1

«8~T,v!
5

1

«max~v! F11
@T2Tm~v!#2

2d2 G , ~1!

wherev is the angular frequency,T is the temperature,«max
is the magnitude of the dielectric peak, andd is a constant
which was used to express the degree of the dielectric re
ation in a RFE. The second one is a power relation, wh
was given by Martirena and Burfoot as follows:13

1

«8~v,T!
5

1

«max~v! F11
@T2Tm~v!#g

2dg
2 G , ~2!

wheredg andg are constants. The value ofg ~1<g<2! is the
expression of the degree of dielectric relaxation in a RF
When g51, Eq. ~2! expresses the Curie-Weiss behavior
the ferroelectrics, while forg52, Eq. ~2! is identical to Eq.
~1!.

To find the most accurately experimental values ofTm
and «max, the curves of the dielectric constant vs the te
perature for each frequency were smoothed and interpol
in a narrow temperature range aroundTm . When Eq.~1! is
used to fit the experimental results with the experimen
values of bothTm and «max, we find that the value ofd is
indeed nearly a constant, provided that the fitting tempe
ture range is far fromTm . But the fitted relation strongly
deviates from the experimental point~Tm ,«max!. Meanwhile,
as the fitting temperature range is close toTm , the value ofd
is strongly dependent on the choice of both the freque
and temperature ranges used in the fitting process. As
example, the relation between«max~v!/«8~v,T! and (T2Tm)

2

at 1 kHz for 0.9 PMN–0.1 PT is shown in Fig. 2.
The form of Eq.~1! can be also written as

1

«8~T,v!
5a1bT1cT2, ~18!

wherea, b, andc are constants. All ofTm , «max~v!, andd
are uniquely decided by the values ofa, b, andc. Therefore
all the values ofTm , «max~v!, andd can be directly given by
using Eq.~18! to fit the experimental relation betweenT and
«8~T,v!. When Eq.~18! is used to fit the experimental result
for the temperature range far fromTm , even though the value
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of d is indeed nearly a constant, the fitted values ofTm and
«max~v! strongly deviate from their experimental values. Fo
the fitting temperature range close toTm , all of the values of
Tm , «max~v!, andd are strongly dependent on both the fre
quency and temperature ranges used in the fitting process.
an example, the results of 1 and 100 kHz for 0.9 PMN–0
PT are shown in Table I.

The above results indicate that the quadratic relation ca
not characterize well the dielectric behavior of 0.9 PMN–0.
PT at temperatures aboveTm . Since the value ofd is depen-
dent on the choice of the frequency and temperature rang
there is indeterminacy in characterizing relaxation behavi
of a RFE. For the power relation, the form of Eq.~2! can be
changed to Eq.~28! to fit the experimental results when the
experimental values of bothTm and«max are used:

y5 ln@«max~v!/«8~v,T!21#

5g ln@T2Tm~v!#2 ln~2dg
2!. ~28!

So a linear relation will be expected betweeny and
ln(T2Tm). However, as shown in Fig. 3, the relation be
tween y and ln(T2Tm) cannot describe correctly a linear
function, even though the relation is nearly a linear functio
in the temperature range fromTm to aboutTm110 °C. More-
over, the power function cannot characterize well the expe
mental results adequately. Thus it is very difficult to use th
value ofg to characterize the degree of the dielectric relax
ation behavior in a RFE. Therefore the characterization
the dielectric constant at the temperatures aboveTm is still an
open problem for the research on the RFE.

Based on the dielectric relaxation theory,21 for a material
with a relaxation polarization, when the temperature is ver
high, the relaxation time~t! of the relaxation polarization is
very small, and so the measured dielectric constant at rad
frequency equals the static dielectric constant~«s!. On de-
creasing the temperature, both«s and t monotonically in-
crease, and the measured dielectric constant deviates from«s
to a lower value. Therefore the dielectric relaxation behavio
of a material with a relaxation polarization is dependent o
two factors, vs the temperature dependence of«s and that of
t. Here«s is dependent on both the dipole moment and th

FIG. 2. «max/«8(T) vs (T2Tm)
2 for 0.9 PMN–0.1 PT at 1 kHz

at temperatures higher thanTm , whereTm and«max are the experi-
mental results.
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TABLE I. Fitted results ofTm , «max, andd using the experimental results at 1 and 100 kHz with Eq.~1a!
in different temperature range at temperatures aboveTm .

Temperature
range~°C!

1 kHz 10 kHz

d ~K! Tm ~°C! «max d ~K! Tm ~°C! «max

Measureda 28.077 22 690 35.758 19 781
Tm–50 36.2 18.983 23 652 29.6 33.218 15 827
Tm–70 40.6 12.294 24 852 38.1 24.587 21 004
30–60 40.8 11.211 25 204
40–70 41.1 10.467 25 392 39.7 20.038 22 058
50–80 39.7 18.721 22 689 39.8 20.144 22 002
60–90 38.8 26.488 20 179 38.9 27.111 19 850
70–100 38.3 32.801 18 146 38.4 33.228 17 962
80–110 38.3 38.867 16 289 38.3 39.218 16 134
90–120 38.6 45.258 14 381 38.6 44.095 14 659

aMeasured results of bothTm and «max are obtained by fitting the curve of the dielectric constant vs te
perature in a small temperature range aroundTm .
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concentration of the dipoles in the material, and the dip
orientations under an external electric field, whilet is the
orientational relaxation time of the dipoles under extern
electric field, which is dependent on both the activation e
ergy and the infinite relaxation time~t0! of the dipoles.
Therefore it needs at least two sets of parameters to cha
terize the dielectric relaxation behavior of a material syst
with a relaxation polarization process.

It is widely known that the dielectric relaxation behavio
of the RFE originates from the polar regions~clusters! in the
material.2,3,5–8A polar region is something like a dipole; i.e
a RFE is a material with a special kind of the relaxati
polarization. Thus the measured dielectric constant of a R
at temperatures much higher thanTm can be used to estimat
its «s and to characterize the temperature dependence o«s .
It was experimentally found that the relation, between«8 and
T at temperatures much higher thanTm in the RFE, can be
expressed as follows:8,22

«8~T!5exp@a2b~T2273.15!#, ~3!

FIG. 3. y5ln„«max/«8(T)21
… vs ln(T2Tm) for 0.9 PMN–0.1 PT

at 1 kHz at temperatures higher thanTm , whereTm and«maxare the
experimental results.
e

l
-
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E

wherea and b are the constants, and they are larger th
zero. The fitted results for 0.9 PMN–0.1 PT are shown
Fig. 1, wherea510.70 andb50.0182/°C. The stability of
the fitted parameters, with the change of both the temp
ture range and the frequency used in the fitting process
shown in Table II. The results in Table II clearly show th
Eq. ~3! can describe well the dielectric behavior of the m
terial at temperatures much higher thanTm . Based on the
general dielectric relaxation theory,21 the orientational polar-
izability of the dipole is proportional to the inverse of th
absolute temperature. Thus, to express the static diele
constant of the RFE, we can modify Eq.~3! to Eq. ~3a!:

«s5
1

T
exp@a82b8~T2273.15!#, ~3a!

whereT is the absolute temperature anda8 andb8 are the
constants. We can use the value ofb8 in Eq. ~3a! as a pa-
rameter to characterize the producing process of the p
regions in the RFE. The fitted results area8516.356 and
b850.0156 for 0.9 PMN–0.1 PT.

It is very interesting to compare Eqs.~1!, ~2!, and~3! for
the degree of characterization of the dielectric relaxation
havior in a RFE. Both Eqs.~1! and ~2! attempt to describe
the degree of the dielectric relaxation behavior at tempe
tures higher thanTm with only one set of parameter: there

TABLE II. Fitted results ofa and b using the experimenta
results at 1 and 100 kHz with Eq.~3! in different temperature
ranges at temperatures aboveTm .

Temperature
range~°C!

1 kHz 100 kHz

a b ~1/°C! a b ~1/°C!

40–70 10.58 0.0164 10.53 0.0157
50–80 10.63 0.0173 10.62 0.0171
60–90 10.67 0.0179 10.67 0.0178
70–100 10.70 0.0183 10.70 0.0182
80–110 10.71 0.0183 10.71 0.0183
90–120 10.69 0.0182 10.69 0.0181
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55 8169DIELECTRIC BEHAVIOR OF LEAD MAGNESIUM . . .
fore, they have some intrinsic shortcomings to characte
the dielectric relaxation behavior of a RFE. In addition,
indicated in the above discussion, they cannot fit well
experimental results. Meanwhile, it was also found that th
was not a good corresponding relation between the valu
eitherd or g and the degree of the dielectric relaxation in t
RFE.17,23Thus eitherd or g in Eqs.~1! and~2!, respectively,
is not a good parameter to completely characterize the de
of dielectric relaxation behavior of a RFE. Moreover, it
widely known that in the RFE the volume fraction of th
polar regions monotonically increases with decreasing t
perature. Equation~1! is not a monotonic function of tem
perature. Thus, although Eq.~1! may be used to describe th
dielectric behavior of the material at high temperature
cannot be used to describe the temperature dependence«s
for a RFE. Equation~3!, though it can well describe th
temperature dependence of«s for a RFE, requires anothe
parameter to characterize the temperature dependence o
relaxation time in the material to adequately describe
degree of dielectric relaxation for the material, because
discussed above the degree of dielectric relaxation~or the
width of the peak! is dependent on the temperature dep
dence of both«s and t. In addition, Eqs.~1! and ~2! have
three and four parameters, respectively, in the fitting proc
but Eq. ~3! has only two parameters. Thus the good fitt
results indicate the reasonability and correctness of Eq.~3!.
By the way, all ofd, g, andb8 ~or b! have a common ad
vantage, which is error free from the geometric parameter
the sample, since the geometry parameters only affect«max in
Eqs.~1! and ~2! anda in Eq. ~3!, respectively.

To find more information from the temperature depe
dence of the dielectric constant at temperatures higher
Tm , the dielectric constants at different frequencies are co
pared with a standardizing method which is somewhat an
gous to the method used by Jonscheret al. to analyze the
frequency dependence of the dielectric absorption;21 i.e., the
dielectric constant at a frequency is divided by its expe
mental maximum value («max8 ) to get the normal dielectric
constant, while the normal temperature is equal to the
temperature minus experimental value ofTm . The results for
0.9 PMN–0.1 PT at 11 frequencies from 100 Hz to 100 k
are shown in Fig. 4, which clearly indicates that there i
master curve between the normal dielectric constant and
normal temperature for the dielectric constant of the mate
at the temperatures higher thanTm . The existence of a mas
ter curve confirms the correctness in using Eq.~3a! to ex-
press«s .

B. Temperature dependence of the relaxation time
and distribution of relaxation times

Based on the above discussion, the relaxation time
creases with decreasing temperature. The larger the re
ation time is, the more the measured dielectric constant
viates from«s . Thus the peak of the dielectric constant
dependent on the temperature dependence of both«s andt.
That is, the peak of the dielectric constant contains inform
tion of both«s andt. The master curve in Fig. 4 also show
that the peaks of the dielectric constant at different frequ
cies for the materials originate from only one mechanis
Thus we can use the frequency dependence ofTm to get
e
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e
e
of
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insight into the temperature dependence of the relaxat
time. Because the Debye relationship cannot describe
relationship,7,8 two models have been introduced to chara
terize the relationship. One is the Vogel-Fulcher~VF! rela-
tionship based on considering the concept of a polar glass.7 It
shows that the relaxation time~tVP! in the Vogel-Fulcher
model is dependent onT as given below:

tVP5
1

v0
expS T0

T2Tf
D , ~4!

wherev0 is the attempt frequency of a microdipole~or the
Debye frequency!, T0 is the equivalent temperature of the
activation energy of the relaxation process, andTf is the
freezing temperature of the polar regions in a RFE.

Because Eq.~4! is singular atTf , it cannot continuously
describe the dielectric behavior of a RFE in the whole tem
perature range. In addition, there are some intrinsic sho
comings in Eq.~4! when it is used for the RFE.8 A more
reasonable model was proposed by Chenget al., which is
based on the special features of the RFE. It shows that
temperature dependence of the relaxation time~tC! can be
expressed as a super exponential function given below:8

tC5
1

v0
exp@~T0 /Tm!p#, ~5!

wherep~.1! is a constant, which connects with the degre
of dielectric relaxation in a RFE.

To describe the dielectric behavior of a RFE, we can u
Eq. ~5! to express the temperature dependence of the rel
ation time. Thus the degree of the dielectric relaxation can
characterized well with both parameterb8 in Eq. ~3a! andp
in Eq. ~5!, whereb8 determines the high-temperature side o
the dielectric constant peak, whilep determines the low-
temperature side of the dielectric constant profile. In an
case, it is impossible for all of the polar regions in a RFE
have the same relaxation time. Thus, although Eq.~5! can
describe the main characteristics of the relaxation time,
distribution function of the relaxation times is also needed
completely describe the dielectric behavior of the materia
The distribution of the relaxation times cannot be direct

FIG. 4. Master curve for 0.9 PMN–0.1 PT at temperature
higher thanTm . There are 11 curves with different frequencies from
100 Hz to 100 kHz, whereTm and«maxare the experimental results.
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determined by experiment, because it is very broad in
RFE. And there is no prior analysis which is widely a
cepted. In the RFE, the polar region cannot be infinite
small and would have at least the volume of a crystall
cell. Thus the value of the relaxation times must have a li
at the short end and the value of the short limit is nea
independent of the temperature. The polar region canno
also infinitely large as the RFE cannot reach the ferroelec
phase at low temperatures when there is no external ele
field to induce it. Thus the value of the relaxation times mu
also have a limit at the long end. With decreasing tempe
ture, it is widely known that the size of the polar region
increases. Thus the value of the long limit should incre
with decreasing temperature. Meanwhile, new polar regi
appear in some nonpolar regions. Therefore it is assum
that the distribution@f ~t!# of t is a constant from the shor
end ~t0! to the long end~t1! in the logarithmic scale as
shown in Fig. 5. Based on the above discussion, it is reas
able to assumet051/v0 andt1 equals the value oftC in Eq.
~5!. Thus the distribution oft can be expressed as follows

f „ln~t!…5H 0 ~t,t0 , t.t1!,
1

ln~t1 /t0!
~t0<t<t1!,

~6!

where

t1~T!5t0exp@~T0 /T!p#. ~7!

C. Model to simulate the dielectric response for the RFE

The dielectric relaxation response of each polar reg
can be described with the following Debye relation:

D«*5«*2«`5
«s2«`

11 ivt
, ~8!

where«*5~«82i«9! represents the total complex dielectr
constant and«` is the dielectric constant at high frequenc
which results from the electron polarization, ionic polariz
tion, and other polarization in the material with a rapid r
sponse time.

For the RFE, the value of«s is generally of the order of
104 or higher and the value of«8 is generally of the order of

FIG. 5. Distribution function of the relaxation times for th
RFE.
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103–104. These can be clearly seen from the above result
0.9 PMN–0.1 PT. The value of«` is generally smaller than
a few hundreds. Thus Eq.~8! can be written as

«* ~v,T!'
«s~T!

11 ivt~T!
. ~8a!

Now let us consider with the dielectric relaxation r
sponse of the RFE with a constant distribution of the rel
ation times as shown in Eq.~6!. Using Eqs.~6! and~8a!, we
get the total dielectric response of the RFE as follows:

«*5E
t0

t1 «s
ln~t1 /t0!

1

11 ivt
d ln~t!. ~9!

After integrating Eq.~9!, we get the final results for both th
dielectric constant and the dielectric absorption of the R
as

«85
«s

2 ln~t1 /t0!
lnS t1

2

t0
2

11v2t0
2

11v2t1
2D , ~10!

«95
«s

ln~t1 /t0!
@ tan21~vt1!2tan21~vt0!#. ~11!

As discussed above, the value of«s for the RFE can be
expressed as

«s~T!5
1

T
exp@a82b8~T2273.15!#. ~12!

Thus, using Eqs.~7!, ~10!, ~11!, and ~12!, we can calculate
both the temperature dependence and the frequency de
dence of both the dielectric constant and the dielectric
sorption for the RFE. For 0.9 PMN–0.1 PT, the frequen
dependence ofTm had been analyzed with the model bas
on Eq. ~5!. It shows that the parameters in Eq.~7! are
p58.81,v051.1631013 Hz, andT05430 K. With these pa-
rameters, the simulated temperature dependence of both
dielectric constant and the dielectric absorption at differ
frequencies are shown in Fig. 6. All of the basic dielect
features of a typical RFE, described in Sec. II, clearly app
in Fig. 6. Although the contribution of«` to the dielectric
constant is overlooked, the dielectric behavior in the lo
temperature range is extrapolated by the dielectric beha
at the temperature around and higher thanTm , and the value
of v0 determined by the frequency dependence ofTm is of
some derivation from realv0,

8 Fig. 6 clearly shows that the
estimated dielectric response is very similar to the exp
mental results in Fig. 1. It strongly suggests that the pres
model can be used to describe the dielectric behavior of
RFE.

D. Verification of the present model

For the dielectric behavior of the RFE, what is the mo
difficult to understand is its dielectric behavior in the low
temperature range. Thus the dielectric relaxation behavio
the material in the low-temperature range is a good objec
verify the present model. For a material with a temperat
dependence of the relaxation time, as expressed in Eq.~5!, it
was shown thatvt'1 atTm .

8 With decreasing the tempera
ture fromTm , the relaxation time increases rapidly. That
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in the low-temperature range, we havev2t1
2@1. Meanwhile,

v2t0
2!1. For example,t0'10213 for 0.9 PMN–0.1 PT;

therefore,vt0,1026 for frequencies lower than 10 MHz.
Thus Eqs.~10! and ~11! can be simplified as follows:

«85
«s

ln~t1 /t0!
ln~v0 /v!, ~13!

«95
«s

ln~t1 /t0!
S p

2
2@vt11~vt2!

21# D
5

«s
ln~t1 /t0!

p

2
. ~14!

Hence,

]«8~v!

] lnv
52

p

2
«9. ~15!

From Eq.~14!, it can be noticed that although the dielec
tric absorption is nearly a constant, the dielectric absorpti
has a small decrease with increasing frequency whent2 is so
large thatvt1.1/~vt2!. Figure 7 shows the frequency depen
dence of the dielectric constant for 0.9 PMN–0.1 PT at tem

FIG. 6. Simulated dielectric response of 0.9 PMN–0.1 PT b
Eqs. ~10! and ~11! with parameters ofa8516.356,b850.0156 °C,
p58.8,T05430 K, andt0510213 s. The frequencies are 0.1, 1, 10
and 100 kHz, respectively.
n

-

peratures in the low-temperature range. As expected, it i
cates that there is indeed a linear relationship between
dielectric constant and the logarithm of the frequency. Eq
tion ~13! can be rewritten as follows:

«85A~T!2B~T!lnv, ~16!

where

A~T!5
«s

ln~t1 /t0!
lnv0 , B~T!5

«s
ln~t1 /t0!

.

Thus,

A~T!

B~T!
5 lnv0 , B~T!5

2

p
«9~T!.

The frequency dependence of the dielectric constan
some temperatures in the low-temperature range is fi
with Eq. ~16!. The best-fitted parameters@A(T) andB(T)#
and the measured dielectric absorption at the temperat
are shown in Table III. It is clearly shown that the ratio of th
fitted parameterA(T) to B(T) is very close to the value o
ln v0, which was obtained by fitting the frequency depe
dence ofTm based on Eq.~5!.8 It can also be seen from Tabl
III that the ratio of the measured«9 to the fitted paramete
B(T) is very close to the expected value of 1.57 for t
present model. All of these good agreements strongly c
firm the correctness of the present model. Thus, based

y

FIG. 7. Frequency dependence of the dielectric constant at s
temperatures in the low-temperature range for 0.9 PMN–0.1 P
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TABLE III. Fitted results ofA(T) andB(T) using the experimental results at low temperatures with
~16!.

Temperature
~°C! A(T) B(T) A(T)/B(T) «9(T) «9(T)/B(T)

A(T)
B(T)lnv0

289.5 2909.3 96.945 30.009 151.98 1.568 0.998
280.0 3345.2 112.73 29.674 174.28 1.546 0.986
270.0 3909.0 132.48 29.506 206.70 1.560 0.981
260.1 4613.2 157.64 29.264 246.40 1.563 0.973
249.9 5502.2 189.55 29.027 297.03 1.567 0.965
239.9 6649.2 232.07 28.652 361.60 1.558 0.952
230.9 7973.3 282.43 28.231 440.76 1.561 0.938
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Eqs.~13!, ~14!, and~15! of the present model, it is very eas
to understand the dielectric relaxation behavior of a RFE
the low-temperature range.

IV. DISCUSSION

The temperature dependence of the relaxation time
pressed by Eq.~5! can be interpreted as a Debye relations
with a temperature dependence activation energy. Thus
equivalent temperature~Teff! of activation energy increase
on decreasing temperature with a power function of the
verse of the temperature as follows:

Teff5T0~T0 /T!p21. ~17!

It is generally believed that the activation energy for t
thermal fluctuation of a polar region is proportional to
volume (V).7,23,24That is,

Teff5QV, ~18!

whereQ is an equivalent temperature of anisotropical e
ergy, which is dependent on the material. Thus the distri
tion function of the relaxation times in Eq.~6! results in a
constant distribution of the size of the polar regions an
strong temperature dependence of the size of the larges
lar region. Unfortunately, the value ofQ cannot be obtained
directly from the experimental measurement. It is assum
that the activation energy of the polar regions in the mate
and the transition enthalpy of the paraelectric-ferroelec
phase transition in the material have the same origin. T
we can use the transition enthalpy to estimate the value oQ.
The transition enthalpy of the ferroelectic-paraelectric ph
transition in the perovskite compound is generally in the
der of 100 J/mol. For example, it is 209, 364, and 75 J/m
for BaTiO3, ordered Pb~Sc1/2Ta1/2!O3, and PLZT 11/30/70,
respectively.25,26 Thus the equivalent temperature of the a
tivation energy of a unit cell is about 10–30 K~the transition
enthalpy divided by the Avogadro’s number!, i.e.,Q510–30
K per unit cell. Thus the number (N) of the unit cells in a
largest polar region is dependent on the temperature by

N~T!5
T0
Q

~T0 /T!p21, ~19!

so thatN'300–700 for a largest polar region in 0.9 PMN
0.1 PT at the temperature of 300 K, which is in the tempe
ture range ofTm ; i.e., the size is about 3–4 nm, while its siz
is about 5–9 nm at the temperature of 250 K. These res
n
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are close to the experimental results in PMN, PMN-PT, a
PLZT.27–29Anyway, it seems difficult to explain the continu
ous growth of individual polar regions in the low
temperature range. Such behavior can be explained as
lows: In the low-temperature state, a high concentration
the polar regions increases the interaction among th
thereby increasing the relaxation time of each polar regi
Therefore, even though the size growth of individual po
region is slow with decreasing temperature in the lo
temperature range, the increase of relaxation time of the
lar regions is much stronger than their size growth; i.e.,
the low-temperature range, the activation energy of the p
region is not proportional to its volume. If the interactio
among the polar regions is very strong, it can result in
phase transition in the materials. It is known as the spon
neous relaxor-normal ferroelectric transition. Such a beh
ior has been found in PST and PNN-PT-PZ.30,31

Based on Eqs.~10! and~11!, either the peak of the dielec
tric constant or the peak of the dielectric absorption does
correlate with any phase transition in the materials. The p
only reflects the fact that the relaxation time of the larg
polar region in the material increases to a value which
approximately the inverse of the frequency. These agree w
the experimental results. For example, studies by neu
and x-ray diffraction on PMN and its solid solution hav
revealed a mean cubic structure even at the tempera
down to 5 K, but there are some nanometeric polar regi
with rhombohedral distortion.32,33

It is very interesting to compare the present model w
the other models reported earlier. For the fitting of the te
perature dependence of the dielectric constant, a great de
work, in which it was assumed that the dielectric constan
the polar region in the ferroelectric phase was a constant
that the dielectric constant of the polar region in the parae
tric phase was dependent on the Curie-Weiss law, has b
done based on the inhomogeneous microregion model.15–17

The results cannot describe accurately the temperature
pendence of the dielectric constant. In addition, there was
way to get both the frequency dependence of the dielec
constant and the behavior of the dielectric absorption. Ho
ever, there were two models proposed based on cons
ation of relaxation behavior of the polar regions in the m
terials. One was introduced by Bell based on ide
superparaelectrics.24 A logarithmic Gaussian distribution o
the polar region size in the material was assumed in
model. The results of this model cannot give the basic f
ture Nos.~7! and~8! of the RFE in Sec. II. Another one wa
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introduced by Lu and Valvarin.34 An exponential distribution
of the polar region sizes was assumed in the model. T
results of the latter model are better than that of the Be
model, but it predicts that the dielectric absorption alwa
increases with increasing frequency, which contradicts
experimental results in the low-temperature range. Compa
with these models, the advantage of the present model is
the simulated dielectric behavior in the present model c
characterize all of the basic features of the RFE. In additi
all of the parameters used in the fitting process are exp
mentally determined in the present model, whereas there
some artificial parameters in both Bell’s and Lu and Calv
rin’s models. Both these latter models were based on a str
inhomogeneous distribution of the polar region sizes, wh
the present model is based on a homogeneous distributio
some limited range. Thus the advantage of the present m
indicates that the distribution of the polar region size in t
RFE is very smooth in a limited range.

For present model, the distribution function of the rela
ation times expresses the fact that the distribution of the v
ume of the polar regions is constant from the volume o
unit cell to that of the largest polar region, which is depe
dent on the temperature. In any case, the distribution of
volume of the polar region cannot strictly be a step functi
at the limit value. Based on Eq.~10!, the dielectric constant
maximum for a frequency appears where the long end of
relaxation time is equal to the inverse of the frequency.
results in the simulated frequency dependence of the die
tric behavior, at the temperature aroundTm , having a little
deviation from experimental results. Since the relaxati
time of a polar region contained only one unit cell, it must
dependent on the temperature, which is different from
assumedt0 in Eq. ~6!. As discussed above, the activatio
energy of a polar region containing one unit cell is ve
small. Thus its change is very small, and we still ha
vt0!1. Therefore we get the same result when the tempe
ture dependence oft0 is considered in the present mode
Although the ratio of the fittedA(T) to B(T) in Eq. ~16! is
nearly a constant, it can be noticed from Table III that t
ratio increases a bit with decreasing temperature. It can
explained due to the effect of«` as follows: If «` is not

FIG. 8. Relation between theA(T) andB(T) in Table III. The
solid line is the fitted result by Eq.~20! with the parameters«`5278
andv057.931011 Hz. j is the data.
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neglected in Eq.~10!, the parametersA(T) andB(T) in Eq.
~16! will have a following relation:

A~T!5«`1B~T!lnv0 . ~20!

It is known that the value of«` is nearly independent of the
temperature. Thus there is a linear relationship between
fitted A(T) andB(T) at different temperatures in the low
temperature range. The data in Table III are plotted in Fig
which clearly shows that the value ofA(T) is, as expected
dependent onB(T) by a linear relation. Fitting the data in
Fig. 8 with Eq. ~20!, we get «`5278, lnv0527.4, i.e.,
v057.931011 Hz. It is difficult to get the accurate value o
v0 by fitting the frequency dependence ofTm .

8 Therefore,
besides the value of«`, Eq.~20! also gives us an easy way t
obtain an accurate value forv0.

V. CONCLUSIONS

The dielectric behavior of 0.9 PMN–0.1 PT at tempe
tures higher than the temperature of the dielectric cons
maximum is analyzed with various characterization metho
A standardizing method is introduced to analyze the diel
tric constant for temperatures higher thanTm . It results in a
master curve behavior for the RFE. The shortcomings
both the quadratic relation and the power relation are in
cated. It is shown that the exponential function can char
terize well the static dielectric constant of a RFE. A sup
exponential function is used to characterize the tempera
dependence of the relaxation time. It is indicated that
degree of the dielectric relaxation behavior is dependent
two parameters: One, the parameterb8 in Eq. ~12!, deter-
mines the high-temperature side of the dielectric peak; s
ond, the parameterp in Eq. ~7! determines the low-
temperature side of the dielectric peak. A consta
distribution function of the logarithmic relaxation times fro
the short end to the long end is assumed. The value of
short end is independent of the temperature, while that of
long end is strongly dependent on the temperature with
superexponential function. Based on it, the formula to cal
late the dielectric behavior of the RFE is given. All of th
basic features of the RFE can be computed with the form
Both the temperature dependence and the frequency de
dence of the dielectric behavior are simulated using the
rameters, which can be determined by the experimental
sults of the material in the temperature around and hig
thanTm . The simulated result is very similar to the expe
mental results. The present model is rigorously verified w
the dielectric behavior of 0.9 PMN–0.1 PT in the lowe
temperature range. The way to obtain the accurate valu
«` in the low-temperature range is given. It is indicated th
«`5278 for 0.9 PMN–0.1 PT in the low-temperature rang

Based on our model, both the dielectric constant peak
the dielectric absorption peak do not correlate with any ph
transition in the materials. When the relaxation time of t
largest polar region in the material increases to the invers
a frequency with decreasing temperature, the dielectric c
stant at that frequency reaches its peak and the diele
absorption at the frequency strongly increases. It appears
the present constant distribution model is certainly an ide
ized model. In fact, the distribution cannot be a strict s
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function at the long end. It should be mentioned that
distribution smoothly decreases to zero at the long end
results in the simulated frequency dependence of the die
tric constant at the temperatures aroundTm having a little
deviation from the experimental results.
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