
PHYSICAL REVIEW B 1 APRIL 1998-IIVOLUME 57, NUMBER 14
Temperature dependence of the dielectric constant of relaxor ferroelectrics
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The temperature dependence of the dielectric constant under different frequencies is measured and analyzed
for two different relaxor ferroelectrics, the solid solution ceramics of lead magnesium niobate and lead zinc
niobate, respectively. Compared with the experimental results, the disadvantage of simulated results from
different methods about the temperature dependence of the dielectric constant for relaxors is given. Based on
this and the general behavior of the temperature dependence of the dielectric constant at both high and low
temperatures, it is assumed that there are two kinds of polarization processes in the relaxor ferroelectrics. One
of the polarization processes is associated with the thermally activated flips of the polar regions in the mate-
rials. Thus, a set of formulas is proposed to fit the temperature dependence of the dielectric constant at different
frequencies. The formulas are strictly certified with the measured data of both materials. The formulas can fit
the measured relation with high precision. The fitted results confirm and/or show the following:~1! The
dielectric behavior at high temperatures is mainly contributed from a relaxation polarization process, which is
associated with the thermally activated flips of polar regions in relaxor ferroelectrics.~2! The dielectric behav-
ior at low temperatures is mainly contributed from the other polarization process. The frequency dependence of
the dielectric constant shows that this process is something like a resonance polarization in the materials.~3!
The dielectric behavior at temperatures around the temperatures of the dielectric constant maximum is deter-
mined with both polarization processes. The micro-origin of the resonance polarization is discussed with the
breathing of frozen polar region in the materials. Based on the breathing model, all of the characteristics of the
resonance polarization are explained. The amplitude dependence of the dielectric constant for relaxor ferro-
electrics is also explained with the breathing model.@S0163-1829~98!03514-0#
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I. INTRODUCTION

A great deal of attention has been given to ferroelect
with diffuse phase transition~DPT!, with relaxor character-
istics. These materials have high dielectric constants, h
electrostriction coefficients, and switchable pyroelectric a
piezoelectric properties.1–3 All these useful properties of re
laxor ferroelectrics~RFE’s! have their origin in the strang
polarization mechanism that is associated with the relax
type DPT. Although various models, such as the inhomo
neous microregion model,4 the micro-macro domain trans
tion model,5,6 the superparaelectric model,1 the dipolar glass
models,7,8 the order-disorder model,9–11 and the local
electric-field model,12 have been proposed to explain the p
larization mechanism, the polarization mechanism has
been fully clarified so far. However, it is widely accepte
that the polarization is associated with the behavior of
polar regions in the materials.

The most important feature of the RFE is a broad pe
that appears in the dielectric constant as a function of t
perature. From both theoretical and application points
570163-1829/98/57~14!/8166~12!/$15.00
s

h
d

r-
-

-
ot

e

k
-
f

view, what is most important is the value of dielectric co
stant and both the temperature and frequency dependen
the dielectric constant. Thus, a lot of work has been repo
on these characteristics of RFE.7,8,13–18

In order to characterize the dielectric constant peak, t
relationships, one the Vogel-Fulcher relationship and
other a superexponential function, have been propose
describe the frequency dependence of the dielectric cons
maximum temperature (Tm) for RFE.7,8 Both relationships
are based on the consideration that the experimental resu
the material has only one relaxation process. Although b
relationships can well describeTm and the frequency at radio
frequency, only the results of the superexponential funct
are in the range of its physical significance.8,19 However, the
physical origin of the superexponential function is not cle

To describe the temperature dependence of the diele
constant in a larger temperature range, there are at least
methods reported in the literature. The first one is based
the inhomogeneous microregion model.13–15 Although the
method is widely used, it can only determine the behavior
the static dielectric constant. Therefore, the dielectric abso
8166 © 1998 The American Physical Society
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57 8167TEMPERATURE DEPENDENCE OF THE DIELECTRIC . . .
tion and the frequency dependence of the dielectric cons
cannot be described with this method. The other three m
ods are based on the superparaelectric model, with diffe
considerations of the size distribution of the polar regions
the material.16–18In the superparaelectric model, it is thoug
that the dielectric behavior of RFE has its origin in the th
mal flips of polar regions~superparaelectrics! in the material.
Thus, the size distribution of the polar regions and its te
perature dependence determine both the distribution of
relaxation times and the static dielectric constant, which
the key parameters to describe the dielectric behavior of
RFE. In all these three methods, the temperature depend
of the static dielectric constant, the size distribution of t
polar regions, and the temperature dependence of the
distribution were assumed based on the experimental res
All three methods can simulate both the frequency dep
dence and temperature dependence of both the dielectric
stant and dielectric absorption. The method reported
Cheng et al., in which a homogeneous distribution of th
polar region sizes in some limited range was assumed,
describe all the dielectric features of the RFE.18

It is interesting to compare the experimental results w
the simulated results derived from the above methods.
the frequency dependence of the dielectric constant, Lu
Valvarin’s method, in which an exponential distribution
the size of polar regions was assumed, can well fit the m
sured results at the temperatures nearTm . However, their
method gives incorrect frequency dependence of the die
tric absorption at low temperatures. Meanwhile, althou
Cheng’s method can well fit the measured results at temp
tures lower thanTm , its fitted results at temperature nearTm
have a little deviation from the experimental results. For
temperature dependence of the dielectric constant, if
simulated results are close to the experimental data at
temperatures higher thanTm , it is found that the simulated
dielectric constant at the temperatures lower thanTm is al-
ways much smaller than the experimental data.16–18 In all
three methods, every possible distribution of the polar
gion’s size has been included, and different relations
tween the static dielectric constant and temperature h
been used. Therefore, the above results strongly indicate
besides the contribution of the thermally activated flips of
polar regions, there may be other contributions to the die
tric behavior of the materials at low temperatures. In ad
tion, with regard to the dielectric constant at the temperatu
far away fromTm , two different general relations have bee
found to describe the experimental results at low tempe
tures and high temperatures, respectively.20 That is, an expo-
nential function for the dielectric behavior at temperatu
much higher thanTm ,8,18,20and a superexponential functio
for it at temperatures much lower thanTm .19,20 All these
results strongly indicate that RFE should have two polari
tion mechanisms.21

Based on the above results and the general diele
theory, a set of formulas is proposed to describe the rela
between the temperature and the dielectric constant at di
ent frequency for RFE in this paper. The formulas are tes
with the measured data on two different materials. The
sults show that the formulas can fit the experimental d
with high precision. The fitted results suggest that one of
polarization mechanisms in these materials is resonance.
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micro-origin of the resonance polarization is discussed w
the breathing model of the frozen polar regions in the ma
rial.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The materials used in this study were two solid soluti
ceramics with perovskite structure:~i! 10 mol % PbTiO3
in Pb~Mg1/3Nb2/3!O3 ~PMN-PT!, which is a widely studied
typical RFE,18,22,23 ~ii ! PZN-PT-BT with composition
of 0.87 (Pb12xLax/2Kx/2)(Zn1/3Nb2/3!O320.08 PbTiO3
20.05 BaTiO3, x50.04, which is also a typical RFE.19,24,25

Both the samples, which were in disk forms and about 1 m
in thickness, were prepared with the starting materials
ultrahigh purity. Both samples were of pure perovskite ph
as identified by x-ray diffraction.

The gold electrodes were deposited on the two sam
surfaces by dc sputtering. An HP4274ALCR meter was
used to measure the temperature dependence of both th
pacitance and loss tangent with a cooling rate of about 0.8
per minute at 11 frequencies: 0.1, 0.12, 0.2, 0.4, 1.0,
4.0, 10, 20, 40, and 100 kHz. The four test leads were c
nected directly to the electrodes on the sample to increase
measuring accuracy. Before the measurement, the sam
had been thermally treated at temperatures much higher
Tm to remove the effect of electric history. The oscillatin
level of the measuring signal was about 0.5 V/mm to ens
the measured results are the small-signal dielectric pro
ties. In addition, before each measurement a standard
bration was performed to remove any stray capacitance, l
and contact resistance. The high-resolution function of
HP4274A meter was applied in the measurement. The t
perature was measured using an HP3455A multimeter v
100 V platinum resistance thermometer. To increase
measuring accuracy of the temperature, a four-wire confi
ration was used to measure the resistance of the 100V plati-
num resistance thermometer. The dielectric constant was
culated from the measured capacitance using a parallel-p
capacitance model with the geometric parameters of
sample.

The measured temperature dependence of the diele
constant at different frequencies for both materials is sho
in Fig. 1. They demonstrate the typical dielectric behavior
RFE.1,18 At high temperatures the temperature dependenc
the dielectric constant is much stronger than that for the
bye medium. It was found that the temperature depende
of the dielectric constant for RFE at temperatures mu
higher thanTm obeys the following relation:8,18

«H~T!5exp~a2bT!, ~1!

where a and b are the constants,T is the temperature in
Kelvin, and«H(T) is the measured dielectric constant at hi
temperatures. The value ofb is associated with the produc
rate of the polar regions in the materials.

Fitting the measured results with Eq.~1!, we get the val-
ues of both parametersa andb for PMN-PT and PZN-PT-
BT, which are shown in Table I.8,19 It can be seen that the
product rate of polar regions in PMN-PT is larger than that
PZN-PT-BT.
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If the temperature is much lower thanTm , it was found
that the frequency dependence of the dielectric constant
be described with the following relation:18

«L~v,T!5«`1A~T!~ ln v02 ln v!, ~2!

where«` is the dielectric constant at the infinite frequenc
v0 is the relaxation frequency of a polar unit cell that
independent of the temperature,«L(v,T) is the measured
dielectric constant at temperature (T) and frequency~v in
Hz!, andA(T) is an intrinsic parameter of the material.

FIG. 1. Dielectric constant~«! as a function of temperature a
frequencies of 0.1, 0.12, 0.2, 0.4, 1, 2, 4, 10, 20, 40, and
kHz for PMN-PT: 0.9 Pb~Mg1/3Nb2/3!O320.1 PbTiO3 ~a! and
PZN-PT-BT: 0.87 (Pb12xLax/2Kx/2)~Zn1/3Nb2/3!O320.08 PbTiO3

20.05 BaTiO3 with x50.04 ~b!. The largest dielectric constant i
for the 100 Hz, the smallest for the 100 kHz, and the other curve
between are in the order of increasing frequency.

TABLE I. The parameters in Eqs.~1! and~2! for PMN-PT and
PZN-PT-BT.

Parameter PMN-PT PZN-PT-BT

a 15.67 14.48
b (1023 K21) 18.20 12.85
a1 3.11 2.47
b1 ~K! 151.1 121.9
d 0.950 0.304
«` (102) 2.8 4.5
v0 ~Hz! 7.931011 3.2431013

m 2.874 3.016
n 3.849 3.573
an

,

«` is determined by the electronic and ion
polarization.19 Thus, it should be nearly independent of th
temperature as the RFE does not show any observable p
transition. Therefore, the temperature dependence of
value ofA(T) is the key to describe the temperature dep
dence of the dielectric constant at low temperatures. It w
found thatA(T), at temperatures much lower than theTm ,
can be expressed as follows:19,20

A~T!5exp@a11~T/b1!11d#, ~3!

where a1(.0), b1(.0) and d(.0) are constants. The
value ofd is associated with the frozen rate of polar regio
in the material.

Fitting the measured results with Eqs.~2! and~3!, we get
the value of the parameters in Eqs.~2! and ~3! for PMN-PT
and PZN-PT-BT, which are shown in Table I.19 It shows that
the frozen rate of polar regions in PMN-PT is larger than t
in PZN-PT-BT.

For the dielectric relaxation properties of both materia
from Fig. 1 and Table I, it can be seen that the dielec
relaxation strength of PMN-PT is much smaller than that
PZN-PT-BT. The value ofTm for PMN-PT is much lower
than that for PZN-PT-BT. From the structure point of vie
in PMN-PT only theB site of the perovskite (ABO3) is
occupied by different atoms, while in the case of PZN-P
BT, both A and B sites are occupied by different atom
Thus, PMN-PT and PZN-PT-BT represent two kinds of t
RFE with perovskite structure. In addition, La enhances
relaxor behavior and decreases theTm of the sample. The
maximum dielectric constant of both materials at 100 Hz
about 2.43104 and 1.63104, respectively. Higher dielectric
constant of the samples reflects that both samples are of g
stoichiometry.26 Therefore, both samples are suitable for t
present studies.

III. ANALYSIS AND FORMULA TO SIMULATE
THE DIELECTRIC BEHAVIOR OF RFE

A. Formula to simulate dielectric constant of RFE

For an RFE, as discussed in the Introduction, it is ve
difficult to simulate the dielectric behavior in a broad tem
perature range with only one relaxation polarization proce
The temperature dependence of the dielectric behavio
temperatures much higher and much lower than theTm fol-
lows a different mathematical approach. Thus, it is co
cluded that the RFE should at least have two polarizat
mechanisms contributing to the dielectric behavior of t
material. In addition, the simulated results based on one
laxation polarization can describe the dielectric behavior
high temperatures. In other words, one of the polarizat
processes, which is associated with the thermally activa
flips of the polar regions in the materials, determines
dielectric behavior of the materials at high temperatures.
the other hand, at temperatures much lower than theTm , the
simulated dielectric constants based on one relaxation
cess are always much smaller than the measured results
can assume, as an extreme case, that the dielectric beh
of the RFE at temperatures much lower than theTm is gov-
erned by some different polarization process in the mate
The measured dielectric behavior of the RFE is the sum

0
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57 8169TEMPERATURE DEPENDENCE OF THE DIELECTRIC . . .
the contributions of these two polarization processes, i.e.
dielectric constant of RFE can be expressed as

«m~v,T!5«1~v,T!1«2~v,T!, ~4!

where«1 and«2 are the dielectric responses of two polariz
tion processes, respectively;«m , the measured dielectric be
havior of the material, represents the total dielectric respo
of the material. Like«m , both «1 and «2 are dependent on
both the temperature (T) and frequency~v!. If «1 represents
the dielectric constant contribution from the relaxation pol
ization process, which originates from the thermally ac
vated flips of the polar regions, then«2 represents the con
tribution from the other polarization process.

Based on the general dielectric theory,20,27 the dielectric
response of both«1 and«2 can simply be written as

« i~v,T!5
Bi~v,T!

11Ci~v,T!
~ i 51,2!, ~5!

where bothBi(v,T) and Ci(v,T), respectively, are the
function of bothT and v. The function forms ofBi(v,T)
andCi(v,T) are dependent on both the polarization mec
nism and the material.

As discussed above, if the temperature is very high,«1
@«2 and «m>«1 . When the temperature is very low,«1
!«2 and «m>«2 . Therefore, the measured dielectric co
stant at very high temperature can be used to determine s
features of«1 , and that at very low temperature can be us
to determine some features of«2 .

For «1 , the dielectric behavior at high temperatures c
be used to describe its static dielectric constant. If one u
Eq. ~1! to expressB1 , which increases with decreasing tem
perature,C1 should be very small at high temperatures a
increases with decreasing temperature. At low temperatu
C1 should be larger thanB1 , so that«1 is much smaller than
«m . Considering the general dielectric theory, bothB1 and
C1 are dependent on the intrinsic properties of the materi
such as the dipole moment and concentration of the p
regions, the size and distribution of the polar regions,
interaction among the polar regions, and the interaction
tween the polar and nonpolar regions. Therefore,C1 is re-
lated toB1 .

For «2 , the dielectric behavior is not clear. Based on t
above discussion, it is known that the dielectric behavio
low temperature can be well described with Eqs.~2! and~3!.
Thus, if one uses Eq.~2! to expressB2 , which increases with
increasing temperature,C2 should be very small at low tem
peratures and it increases with increasing temperature
high temperatures,C2 should be larger thanB2 , so that«2 is
much smaller than«m . B2 and C2 reflect the different fea-
tures of the polarization process. BothB2 andC2 are depen-
dent on the intrinsic properties of the polarization proce
Thus,C2 is related toB2 .

All of the measured relations between the temperature
dielectric constant for RFE are smooth in the whole tempe
ture range. Therefore, for the RFE, although there are
different polarization processes, the weight of either«1 or «2
in «m changes with the temperature smoothering. This in
cates that both of them should have some intrinsic relat
e
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ship. That is also why the noticeable master curve beha
was found in RFE.18 Therefore,C2 is also related toB1 , and
C1 is related toB2 .

Based on both the characteristics and physical signifi
tion of C1 and C2 , both C1 and C2 are dependent on bot
the temperature and frequency. Considering the above
cussion, the temperature dependence of bothC1 and C2
should be determined from Eqs.~1! and ~3!. Thus, Eq.~5!
can be written as

«1~v,T!5
«H~T!

11D1„«H~T!/A~T!ln v0…

m , ~6a!

«2~v,T!5
«L~v,T!

11D2„A~T!ln v0 /«H~T!…n , ~6b!

wherem(.1) andn(.1) are constants that should be ind
pendent of both the temperature and frequency; whileD1
andD2 should be independent of the temperature, but dep
dent on the frequency, i.e.,D15D1(v) andD25D2(v).

In conclusion, we can use Eqs.~1!–~4!, and Eqs.~6! to fit
the measured dielectric constant of the RFE. The fitted
sults will be helpful to verify the correctness of Eqs.~6!. If
Eqs. ~6! can fit well the measured curve, the results w
provide a clue about the frequency dependence of bothD1
and D2 , which will be useful to study the polarizatio
mechanism in the material. This is of great interest and
portance to the study of RFE.

B. Verification of formula

With the parameters in Table I, we can fit the measu
relation between the dielectric constant and temperatur
each frequency using Eqs.~4! and ~6!. In this case, for each
frequency there are four parameters to be determined thro
the fitting process, i.e.,m, n, D1 , andD2 . Based on Eqs.~4!
and~6!, for each material there is a special temperature (Te)
at which the measured dielectric constant is only related
the value of bothD1 andD2 . The value ofTe is determined
by the following relation:

exp~a2bTe!5 ln v0exp@a11~Te /b1!11d#. ~7!

The value ofTe is 26.4 °C and 81.2 °C for PMN-PT an
PZN-PT-BT, respectively. Compared with the results in F
1, one can find thatTe is in the range ofTm . The relation
betweenD1 andD2 at Te is

«H~v,Te!

11D1~v!
1

«L~v,Te!

11D2~v!
5«m~v,Te!. ~8!

Using Eq.~8!, we can fit the measured relation betwe
the dielectric constant and temperature at each freque
with three independent parameters. The fitted results a
frequencies for the studied materials show the following f
tures:

~1! Equations~6! do fit well the measured data.
~2! Both D1 and D2 are strongly dependent on the fre

quency. With increasing frequency, the value ofD1 increases
and that ofD2 decreases.

~3! There is no regular pattern between the frequency
the value of eitherm or n.
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~4! The standard deviation of bothm andn for the studied
materials is less than 5% of its average value.

These four results confirm the validity of Eqs.~6! and the
definition of the relation between the parameters~m, n, D1 ,
andD2! in Eqs.~6! and the parameters~frequency and tem-
perature! in the measurements. That is, bothm and n are
independent of the frequency.

When Eq.~8! is used to determine the relation betwe
D1 and D2 , the measured dielectric constant atTe is over-
emphasized. To overcome it, we use the same value of
m and n for all the frequencies in the fitting process wi

TABLE II. The fitted value ofD1 andD2 at different frequency
for PMN-PT and PZN-PT-BT, respectively.

Frequency
~Hz! PMN-PT PZN-PT-BT

D1 D2 D1 D2

100 1.3122 0.9411 4.6750 0.4745
120 1.3541 0.9040 4.7650 0.4648
200 1.4801 0.8069 5.0624 0.4322
400 1.6661 0.6955 5.4392 0.3943

1000 1.9653 0.5662 6.1543 0.3408
2000 2.2371 0.4809 6.6357 0.3084
4000 2.5708 0.4053 7.1617 0.2790

10 000 3.1589 0.3152 7.9249 0.2437
20 000 3.7599 0.2561 8.6236 0.2184
40 000 4.3400 0.2132 9.4775 0.1942

100 000 5.7633 0.1541 10.8678 0.1642
th

independent fitting parameters of bothD1 andD2 . Using the
least-squares method, we get the values of all the param
for PMN-PT and PZN-PT-BT, respectively. The values
bothm andn for the two materials and those of bothD1 and
D2 at different frequencies for both materials are shown
Tables I and II, respectively.

In Fig. 2, fitted plots of the relations between the diele
tric constant and temperature are compared with the m
sured results. It is clear from Fig. 2 that the fitted results
of very high quality over the whole temperature range
both materials and~1! the discrepancy of the fitted results
each frequency in the most temperature range for both
terials is quite smaller, on the order of 0.1%;~2! the maxi-
mum total discrepancy is about 1% for both materials at
measured frequencies and temperature.

Compared to the fitted results by using the oth
methods,14–18,20one can notice that the results of the pres
method are of the highest fitting quality. As PMN-PT an
PZN-PT-BT relaxors belong to two different crystallo
graphic systems, the high fitting quality for both materials
all the measured frequencies and temperatures strongly
cates the validity of Eqs.~6!. First, it confirms that the RFE
indeed has two polarization processes, and second, an
tirely different approach is needed to understand the die
tric behavior of the RFE.

In Eqs.~6!, although the parametersm andn are constant,
the parametersD1 andD2 are strongly frequency depende
~Table II!. Thus, the relations between the frequency a
both D1 andD2 , which are shown in Fig. 3 and Fig. 4 fo
PMN-PT and PZN-PT-BT, respectively, are very interesti
some
FIG. 2. Measured~dashed line! and fitted relation~solid line! between the dielectric constant and temperature for both materials at
frequencies with Eqs.~5! and ~6!. The results of both«1 ~dotted line! and«2 ~break line! are also shown.
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to study the polarization behavior of RFE. For both mate
als, it is found that the frequency dependence ofD1 obeys
the relation

D1~v!5D101~v/v1!g, ~9!

whereD10(.0) andg(.0) are constants,v1(.0) is a con-
stant in Hertz, andv is the frequency in Hertz. The fitte
points are shown in Figs. 3 and 4 as a solid line. It can
seen that Eq.~9! can indeed fit well the relation between th
frequency andD1 . The fitted values of three parameters f
both materials are listed in Table III.

It is also found that the frequency dependence ofD2 can
be described by the relation

D2~v!5D201~v/v2!2x, ~10!

whereD20(,0) andx(.0) are constants, andv2(.0) is a
constant in Hertz. The fitted results are shown in Figs. 3
4 as a dashed line. It can be seen that Eq.~10! also fits well
the relation betweenv andD2 . The fitted parameters in Eq
~10! for both materials are listed in Table III.

C. Basic features of both polarization processes

It is very interesting to compare the fitted temperatu
dependence of both«1 and«2 under different frequencies in
order to study the basic features of both polarization p

FIG. 4. Relation between frequency and fitted values of bothD1

and D2 for PZN-PT-BT. The solid line is the fitted results ofD1

with Eq. ~9!, and the dashed line is the fitted results ofD2 with Eq.
~10!.

FIG. 3. Relation between frequency and fitted values of bothD1

andD2 for PMN-PT. The solid line is the fitted results ofD1 with
Eq. ~9!, and the dashed line is the fitted results ofD2 with Eq. ~10!.
-

e

d

e

-

cesses. The fitted temperature dependence of«1 at different
frequencies is shown in Fig. 5 for both materials. The f
lowing features can be noticed from Fig. 5:

~1! The value of«1 rapidly decreases with decreasin
temperature at the temperatures lower than the tempera
of «1 maximum (Tm1);

~2! The value of«1 at Tm1 decreases with increasing fre
quency;

~3! The value ofTm1 increases with increasing frequenc
~4! At high temperature there is no dielectric dispersio

while at temperatures around and lower thanTm1 there is a
strong dielectric dispersion as the dielectric constant alw
decreases with increasing frequency.

All these indicate that«1 originates from a relaxation po
larization process. This is in agreement with the definition
it, discussed in Sec. III A. That is, the micro-origin of«1 is
the thermally activated flips of the polar regions in RFE.

FIG. 5. Temperature dependence of«1 at different frequencies
for PMN-PT~a! and PZN-PT-BT~b!. The largest dielectric constan
is for the 100 Hz, the smallest for the 100 kHz, and the other cur
in between are in the order of increasing frequency.

TABLE III. The fitted parameters of Eqs.~9! and ~10! for
PMN-PT and PZN-PT-BT, respectively.

Parameters PMN-PT PZN-PT-BT

D1

D10 0.80769 1.7165
v1 ~Hz! 694.04 0.1069

1/g 3.1283 6.237

D2

D20 20.16532 20.07973
v2 ~Hz! 174.102 0.69621

1/x 5.55684 8.4499
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The fitted temperature dependence of«2 at different fre-
quencies is shown in Fig. 6 for both materials. The followi
conclusions can be obtained from Fig. 6:

~1! «2 is of a strong dielectric dispersion in the who
temperature range at the studied frequencies.

~2! With increasing frequency,«2 increases at high tem
peratures while it decreases at low temperatures.

~3! The dielectric constant maximum temperature (Tm2)
of «2 increases with increasing frequency.

~4! The value of«2 at Tm2 decreases with increasing fre
quency.

~5! When the temperature is higher thanTm2 , «2 de-
creases rapidly with increasing temperature.

It is impossible to explain all these features of«2 with a
relaxation polarization process, as the dielectric cons
contribution from the relaxation process always decrea
with increasing frequency. It seems that«2 originates from a
resonance polarization. For this resonance polarization
cess, the following characteristics can be derived from
above results. The polarization process does not exist in
materials at high temperature. With decreasing tempera
from the higher temperature side, the polarization proc
appears rapidly in the material when the temperature
proachesTm . For the contribution to the dielectric consta
of the materials, the lower the temperature the higher is
weight of the resonance process.

FIG. 6. Temperature dependence of«2 at different frequencies
for PMN-PT ~a! and PZN-PT-BT~b!. At low temperatures, the
largest dielectric constant is for the 100 Hz, the smallest for the
kHz, and the other curves in between are in the order of increa
frequency.
nt
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D. Frequency dependence of dielectric constant

To study the frequency dependence of«1 , Eq. ~6a! can
simply be rewritten as

«1~v,T!5
«1~0,T!

11h~T!vg , ~11!

where «1(0,T) is the value of«1 at static electric field,
h(T)(.0) increases with decreasing temperature.

Using Eq.~11! and the parameters in Tables I and III, th
calculated frequency dependence of«1 at selected tempera
tures is shown in Fig. 7. Considering Debye dielect
theory,27 the results in Fig. 7 clearly indicate that the rela
ation process has a broad distribution of the relaxation tim
and the distribution is flat in the limited range, which is
agreement with the assumption taken for it in the meth
described by Chenget al.18 As h(T) in Eq. ~11! increases
with decreasing temperature, Eq.~11! and Fig. 7 indicate that
the distribution width of the relaxation times for the rela
ation polarization increases with decreasing temperat
which is in agreement with the interpretation of the dielect
properties of relaxors based on the superparaelec
model.7,17,18

For the value of«1(0,T) in Eq. ~11!, it is found that it
increases with decreasing temperature at high temperat
and it decreases with decreasing temperature at low temp
tures. Based on the general dielectric theory, this beha
indicates that with decreasing temperature the amount of
lar regions contributing to the relaxation process increase
high temperatures, while it decreases at low temperatu
That is, the amount of the polar regions associated with
relaxation process changes with temperature. This beha

0
g

FIG. 7. Frequency dependence of«1 at different temperatures
for PMN-PT ~a! and PZN-PT-BT~b!.
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is different compared to that of the general dipole proce
whereas the amount of the dipoles do not change with
temperature.

With regard to the frequency dependence of«2 , Eq. ~6b!
can be rewritten as

«2~v,T!5
@«`1A~T!ln v0#2A~T!ln v

L~T!1m~T!v2x , ~12!

wherem(T)5v2
x(A(T)lnv0 /«H(T))n(.0) increases with in-

creasing temperature, whileL(T)511D20(A(T)lnv0 /
«H(T))n decreases with increasing temperature. At so
special temperature (TS), L(T) is equal to zero as the valu
of D20 in Eq. ~10! is smaller than zero. The value ofTS is
66.8 °C and 170.9 °C for PMN-PT and PZN-PT-BT, respe
tively. Thus, when the temperature is higher than the spe
temperature (TS), L(T) is smaller than zero. In this case,«2
has a singularity at a frequency (vSO), which is equal to
um(T)/L(T)u1/x.

Using Eq.~12! and the parameters in Tables I and III, th
calculated frequency dependence of«2 at selected tempera
tures is shown in Fig. 8 for both materials. Comparing
results in Fig. 8 with the dielectric response of a resona
polarization process,27 the frequency dependence of«2 at
different temperature is indeed very similar to the frequen
dependence of the dielectric constant contributions from
resonance polarization with different resonance frequen
and different damping coefficients. Using the dielectric
sponse of the resonance polarization to analyze the resu
Fig. 8, one can conclude the following features for«2 :

~1! The damping coefficient of the resonance polarizat
increases with decreasing temperature.

FIG. 8. Frequency dependence of«2 at different temperatures
for PMN-PT ~a! and PZN-PT-BT~b!.
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~2! When the temperature is higher thanTs , the reso-
nance frequency (vso), which is the singularity of«2 , de-
creases with increasing temperature. In this case,«2 always
increases with increasing frequency.

~3! When the temperature is lower thanTs , «2 has a
maximum at a frequency (vm). The value ofvm decreases
with decreasing temperature. In this case, with increas
frequency,«2 increase at the frequencies lower thanvm ,
while «2 decreases at the frequencies higher thanvm .

~4! When the temperature is much lower thanTs , the
maximum of«2 appears at the static field. Thus,«2 decreases
with increasing frequency. In this case, the dielectric beh
ior of «2 is similar to the dielectric behavior of a relaxatio
process. In view of the resonance polarizati
mechanism,20,27 it indicates that the damping coefficient o
the process is very large~further details are given in Sec
IV !. That is why the measured relation between the dielec
constant and frequency for RFE is somewhat like the
sponse of a relaxation process.

In principle, the frequency dependence of the dielec
absorption for both polarization processes can be obta
with the Kramers-Kronig equation.27 However, in order to
obtain the frequency dependence of the dielectric absorp
using the Kramers-Kronig equation, the exact frequency
pendence of the dielectric constant in a very broad freque
range is needed. The present frequency dependence o
dielectric constant for both processes is obtained in a lim
frequency range. Although the results extrapolated for b
low and high frequencies express well the basic characte
tics of each process, it is difficult to ensure that the extra
lated results are quantitatively of very high precision. In a
dition, most of the investigations about the dielect
characteristics of RFE are based on the analysis of the
quency or temperature dependence of the dielec
constant.1,4,5,7–9,15Thus, we do not pursue the frequency d
pendence of the dielectric absorption for each process.

IV. DISCUSSIONS

A. Micropicture of the resonance polarization

Although the results on only two materials are presen
in this paper, we have studied six RFE in ceramics form. T
fitted results for all of them exhibit similar characteristic
Although the result is not an occasional phenomenon,
may question the possibility of the contribution from gra
boundaries to the dielectric behavior of RFE. In gene
there are two cases in which the grain boundaries mak
clear contribution to the dielectric behavior of the cerami
One is the typical ferroelectric ceramics. In this case,
contribution of the grain boundaries can be resonant in
ture. Thus, the dielectric behavior of the typical ferroelectr
on a single crystal is much different than that of cerami
The resonance originates from the piezoelectric propertie
the grains.28 However, for RFE, although there are polar r
gions of nanosize in the grains, the grain is nonpolar
average. Thus, it is not possible to expect substantial co
butions from the grain piezoelectric resonance in the cas
RFE ceramics. In addition, the dielectric behavior on cera
ics does not show any difference with that of a single crys
for RFE.29,30 The other case is dielectric ceramics with co
ductive grain boundaries, which results in a relaxation p
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cess named the Maxwell-Wagner effect.31 However, for the
samples used in this study, at temperatures a bit higher
Tm , the dielectric loss is very small and also suggests a g
quality ceramics. This is a general behavior of RFE. That
it is improbable that the Maxwell-Wagner effect has any n
ticeable contribution to the measured dielectric behavior
RFE. Therefore, what we obtain in Sec. III is RFE’s intrins
behavior that excludes possible contributions from the gr
boundaries. Thus, such fitting of a dielectric behavior o
single-crystal RFE will give very much the same results.

As discussed in the Introduction, it is widely accepted t
the dielectric characteristics of RFE are mainly due to
micropolar regions in the materials. In addition, the dens
of polar regions in RFE always increases with decreas
temperature. The experimental results of the thermal exp
sion for RFE have shown that the polar regions appea
relaxors at temperatures much higher thanTm .32–34 Mean-
while, the polar regions freeze with decreasing tempera
over a wide temperature range.19,20 The lower the tempera
ture, the more frozen polar regions. For the unfrozen po
regions, it is reasonable to use a relaxation process exp
ing its dielectric response with the thermally activated fl
model as the dielectric response is the result of the orie
tion of the polar regions under external electric field. Ho
ever, the dielectric response of the frozen polar region
very difficult to analyze with relaxation theory as the froz
polar regions do not have the orientation behavior.

At high temperatures, almost all polar regions are th
mally activated. Thus, their dielectric response is mai
from the relaxation polarization. The distribution of the r
laxation times depends on the distribution of both the s
and polarization strength of the polar regions. Therefore,
contribution from the relaxation process to the static diel
tric constant increases with decreasing temperature as
amount of polar regions increases. As a result, at high t
peratures the value of«1(0,T) in Eq. ~11! increases with
decreasing temperature and the dielectric constant of RF
high temperatures is much more strongly dependent on
temperature, Eq.~1!, than that of the Debye medium. For th
Debye medium, the static dielectric constant is proportio
to the inversion of the temperature in Kelvin.35 The size
distribution of the polar regions depends on the space di
bution of microcompositions as all RFE are the solid so
tions. The polarization strength of a polar region depends
the temperature and its composition. As the materials
homogeneous on micronanoscale, the change of the m
composition in RFE with position is smooth. Thus, the s
of the polar region distribution is of a broad range. The
fore, the relaxation times of the relaxation process ha
broad range distribution. With decreasing temperature,
sides the increase in the number of polar regions, the siz
some polar regions also increases. Thus, the large dimen
of the polar region increases with decreasing temperat
For RFE, the small dimension of a polar region is limited
the unit cell of the material. Thus, it does not change with
temperature. Therefore, the distribution of the relaxat
times broadens with decreasing temperature.

As temperature decreases, the relaxation time of the p
regions increases and hence the interaction among pola
gions increases. That makes some polar regions difficu
orient under external electric field. These polar regions
an
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the frozen polar regions. Thus, they will not contribute to t
relaxation process. Therefore, although the amount of p
regions in the material increases with decreasing temp
ture, the amount of polar regions contributing to the rela
ation process decreases with decreasing temperature a
temperatures. That is why at low temperature the value
«1(0,T) in Eq. ~11! decreases with decreasing temperatur

For the frozen polar regions in the materials, its dielect
response or contribution is different with the thermally ac
vated flips under the external electric field as its polarizat
direction does not change under the weak external elec
field. However, the size of polar regions in RFE can chan
under external electric field. That is why the ferroelect
state can be induced in all RFE at low temperatures w
strong external electric field. Also, under external elect
field, the surface of polar region changes. With increas
electric fields, in some directions the dimension of the po
region increases, while in other directions it decreases,
sulting in the shape change of the frozen polar regions
sembling something like a breathing mode. The breathing
the frozen polar regions results in the change of total dip
moment per unit volume. Thus, it contributes to the dielec
behavior of the materials. This is another polarization p
cess in RFE associated with the polar regions besides
relaxation polarization of the thermally activated flips of t
unfrozen polar regions. This polarization process should
the origin of the dielectric response of«2 , described in Sec
III. At low temperature, almost all polar regions are froze
so the dielectric behavior of the material is mainly det
mined by the breathing behavior of the frozen polar regio
In cooling the material from high to low temperature, th
fraction of frozen polar regions increases, so that the we
of «2 in the total dielectric constant increases. This is wh
has been obtained in Sec. III about the weight change o«1
and «2 with temperature. Using this breathing model, t
dielectric response of frozen polar regions can be furt
discussed in the following text.

For the perovskite-structure (ABO3) materials, the differ-
ence between the ferroelectric phase~polar state! and
paraelectric phase~nonpolar state! is the difference of related
position of ions, especiallyB and A ions in the structure.36

Therefore, the difference between the polar region and
nonpolar region is the difference of related positions of b
A andB ions. Thus, the breathing of the frozen polar regio
is in fact the oscillation of the ions around its equilibriu
position in the materials. It is known that the dielectric r
sponse of an electric particle oscillating around an equi
rium position is a resonance.27,35 That is why the dielectric
behavior of«2 resembles the dielectric response of a re
nance polarization.

For the resonance polarization, there are two parame
that influence the frequency dependence of the dielec
constant. One is the resonance frequency (vs), which is de-
pendent on the intrinsic properties of the electric particle a
can be expressed by the relation

vS5AK/me, ~13!

whereme is the mass of the electric particle, andK is the
elastic constant of the restoring force on the electric parti
Equation ~13! conveys that the resonance frequency



e
te

m
a
ur
s
t

he

re
d
de
o
in
th

tu

n,
vi
T
th
o
co
th
in
g

im
he
ov
s
o
t

ul
ca
re
F
f

tio
la

ro
t

hu
ha
a
x

F
re
siz
o
th
ri
al
o
is
is
e

r
g of
di-

s in
lec-
ses
f

de-
e
el-
ntal

and
so
he
de-
and

tric
the

ac-
ls in
re-
ties
lar
di-
d.
E.
ure

wer
.
ich

, the
ult
ns.
era-
the
is

ric
of

than
as

,

tant
n-
on-
on

the
ar-
de
face

57 8175TEMPERATURE DEPENDENCE OF THE DIELECTRIC . . .
creases with increasingK if the mass does not change. Th
second parameter is the damping coefficient, which de
mines the damping force on the moving particle.

For the frozen polar regions in RFE, the higher the te
perature, the smaller is the difference between the polar
nonpolar regions. In addition, with increasing temperat
the interaction among the frozen polar regions decrease
the amount of frozen polar regions decreases. Thus, for
breathing of the frozen polar regions in a material, the hig
the temperature, the smaller is the value ofK. However, the
mass of bothA andB ions does not change with temperatu
Therefore, the resonance frequency of the breathing
creases with increasing temperature. Meanwhile, with
creasing temperature, the increase of the interaction am
the frozen polar regions makes the damping coefficient
crease. Thus, the damping coefficient of the breathing of
frozen polar regions increases with decreasing tempera
All these features are in agreement with the results of«2 ,
derived in the Sec. III.

For the dielectric response of a resonance polarizatio
was shown that in two extreme cases the dielectric beha
prefers the dielectric response of the relaxation process.
first case is that the mass tends to zero while the ratio of
damping coefficient to the elastic constant maintains a c
stant value.27 The second case is that both the damping
efficient and elastic constant tends towards infinity while
ratio of the damping coefficient to elastic constant mainta
a constant value.20 In both cases, the ratio of the dampin
coefficient to elastic constant is related to the relaxation t
for the equal relaxation polarization. With regard to t
breathing of the frozen polar regions, as discussed ab
both the damping coefficient and elastic constant increa
with decreasing temperature. At low temperature, both
these are very large, so that the dielectric response of
breathing of frozen polar regions is somewhat like the res
of a relaxation process when considering the second
above. This result mistakenly leads to that all of the theo
ical treatment and analysis of the dielectric behavior of R
at low temperature are based on the relaxation theory so

As discussed above, there is a broad size distribu
range of the polar regions. The composition of the po
regions differ from each other asA and B ions randomly
occupy the lattice positions inABO3 . Therefore, both the
elastic constant and damping coefficient spread over a b
range. This results in the ratio of the damping coefficient
elastic constant being distributed over a broad range. T
the equifinal relaxation times have a broad distribution. T
is why the dielectric behavior of RFE can be dealt with
relaxation process with very broad distribution of the rela
ation times.18

RFE has a close relation to typical ferroelectrics as R
belongs to the modified ferroelectrics. The frozen polar
gions can be considered as ferroelectric regions of nano
So, the breathing of the frozen polar regions is a kind
domain-wall motion. Thus, the above discussion about
resonance of the frozen polar regions has some simila
with the domain-wall motion in a ferroelectric single cryst
with multidomain. It is known that the dielectric response
the domain-wall vibrations in a ferroelectric single crystal
in nature, resonant.37,38 However, in some special cases th
dielectric response is, in form, very similar to that of a r
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laxation polarization.37,38 All these are consistent with ou
discussion about the dielectric response of the breathin
frozen polar regions in RFE. This can be thought of as in
rect evidence to support the above discussion.

B. Peak of dielectric constant

Based on the above discussion and the fitted result
Fig. 2, the peak in the temperature dependence of the die
tric constant is determined by both the polarization proces
in the RFE. The range ofTm corresponds to rapid change o
the fraction of frozen polar regions. Thus, the frequency
pendence ofTm cannot be simply explained with only on
polarization process. That is why both Debye and Vog
Fulcher relationships cannot describe well the experime
relation between the frequency andTm for RFE. Therefore,
any expression for the relation between the frequency
Tm is only a mathematical treatment. That is why it is al
difficult to get the physical signification of a parameter in t
superexponential relation, although the relation can well
scribe the experimental relation between the frequency
Tm .

Based on the present model, the peak of the dielec
constant does not correspond to any phase transition in
materials on macroscopic level, and hence the x-ray diffr
tion does not show any phase change of the RFE materia
the wide temperature range. Although, the frozen polar
gions are anisotropic, the optical and mechanical proper
of the material are isotropic, as the size of the frozen po
regions is smaller than a few nanometers and the polar
rection of the frozen polar regions is randomly distribute
This is in agreement with the experimental results on RF

For regular ferroelectrics, the depolarization temperat
is the same asTm .36 But, it is found that the depolarization
temperature of RFE is always a few tens of degrees lo
than Tm .5,6,29,30This is an important characteristic of RFE
The depolarization temperature is the temperature at wh
macrodomains disappear. Based on the present model
electric-field-induced ferroelectric state for RFE is the res
of expanding and coalescing of the frozen polar regio
Thus, the depolarization temperature should be the temp
ture at which most polar regions are frozen. Based on
fitted results of the dielectric behavior, in Sec. III B, th
temperature is a few tens of degrees lower thanTm .

C. Amplitude dependence of dielectric constant

Recently, experimentally it was found that the dielect
constant of RFE is strongly dependent on the amplitude
the measuring signal at temperatures around and lower
Tm , although the dielectric constant at high temperature w
independent of the amplitude.39,40 The higher the amplitude
the higher was the dielectric constant and the lower theTm
was. The temperature dependence of the dielectric cons
at different amplitudes is similar to that at different freque
cies. The effect of increasing amplitude on the dielectric c
stant is very similar to the effect of decreasing frequencies
the small-signal dielectric constant. It was indicated that
behavior could not be explained with the orientation pol
ization of the polar regions. It was thought that the amplitu
dependence of the dielectric constant is related to the sur
behavior of the polar regions.35
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In order to explain the experimental results, a model w
proposed. Based on the model, the higher the external e
tric field, the smaller is the relaxation time of the doma
wall motion.39 Thus, the dielectric constant increases w
increasing external electric field. That is, the dielectric
sponse of the domain-wall motion is thought as a relax
This is inconsistent with the dielectric response of gene
domain-wall vibration.37,38 In this model, the volumes of the
domains and domain walls are thought of as being const
This is contrary to the experimental results of RFE. It
known that the ferroelectric state can be electrically indu
in RFE. That is, the volume of domains in RFE can
changed with external electric field. In addition, this mod
directly results in that the dielectric absorption decrea
with increasing external electric field. This is contrary to t
experimental results that show that the dielectric absorp
strongly increases with increasing external electric field.40

Based on above discussion, the contributing mechan
of the domain walls to the dielectric behavior of RFE is n
clear. Based on the present model, the dielectric behavio
the materials are dependent on two processes. For the o
tation behavior of the polar regions, the general Deb
theory indicates that the parametery is the key to discuss the
nonlinear behavior of the dielectric behavior, i.e.,

y5
m0Ee

kT
, ~14!

wherem0 is the dipole moment of the polar region,Ee is the
electric field on the polar regions, andk is the Boltzmann
constant. If the value ofy is much smaller than unity, the
dielectric behavior is independent of the signal amplitude35

As the dipole moment of the polar region cannot be o
tained directly from the experimental measurements,
spontaneous polarization of the ferroelectrics with perovs
structure can be used as a reference. The spontaneous
ization of the ferroelectrics with the perovskite structure
generally on the order of 1021 to 1022 C/m2.32 It is widely
accepted that the size of the polar regions is not larger th
few nanometers. Thus, the value ofm0 is smaller than that of
10229 Cm. Assumed that Ee is on the order of
107 V/m ~5102 kV/cm!, which is much higher than the elec
tric field used in the experiments on RFE. For this extre
case, the value ofy is not higher than 1022 ~which is much
smaller than the unity!. Therefore, the static dielectric re
sponse of the relaxation process«1 in RFE does not show the
amplitude dependence of the dielectric constant. Anyw
based on above discussion about the freezing of the p
regions, the increase of the amplitude of the external elec
field results in the decrease of freezing temperature of a p
region. Therefore, the higher the amplitude of the exter
electric field is, the lower the temperature range, in which
fraction of «1 and «2 in «m changes rapidly, is. Therefore
the Tm decreases with increasing amplitude of the exter
electric field.

For the breathing of the frozen polar regions, the hig
the electric field, the larger is the breathing amplitude. T
is why the ferroelectric state can be induced in RFE w
strong electric field. Thus, the higher the amplitude of ext
nal electric field, the larger is the dielectric constant. This
in agreement with the experimental results. Therefore, ba
s
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on the present model, the dielectric response of the breat
of frozen polar regions shows the amplitude dependenc
the dielectric constant. At high temperature, the weight f
tor of dielectric constant contribution from the breathing b
havior is very small as the fraction of the frozen polar r
gions is very small. Thus, the measured results
independent of the amplitude of the measuring signal.

D. Infinite dielectric constant „«`…

An important difference between Eqs.~2! and~1! is in the
consideration of the contribution of«` . In Eq. ~1!, the con-
tribution of «` is not included. The results derived from E
~1! were not much different with or without the consideratio
of «` . To understand this, it is interesting to compare it w
the Curie-Weiss law for normal ferroelectrics. Curie-We
law indicates that the dielectric constant~«! at temperatures
higher than phase-transition temperatures can be desc
by the relation

«5
C

T2Tc
, ~15!

whereC is the Curie-Weiss constant, andTc is the Curie-
Weiss temperature. The contribution of«` is not included in
it. When the contribution of«` is considered, Eq.~15! be-
comes

«5«`1
C

T2Tc
. ~16!

It was expected that Eq.~16! should fit the experimental dat
much better than Eq.~15!. However, the experimental resul
indicated that Eq.~15! is a much better than Eq.~16!.41 The
similarity between Eq.~1! and the Curie-Weiss law indicate
that the volume fraction of polar regions for RFE is ve
high. However, with regard to the breathing behavior of t
frozen polar regions, only the surface has the contribution
the dielectric behavior. Therefore, although the fraction
polar regions at low temperature is higher than that at h
temperature, the contribution of«` cannot be ignored as th
volume fraction of the surface of frozen polar regions
much smaller than the volume fraction of frozen polar
gions. That is why the contribution of«` must be considered
in the dielectric behavior of the materials at low temperatu
as shown in Eq.~2!.18

V. CONCLUSION

Based on the general behavior of the RFE and the in
ficiency of explaining the results derived from different mo
els, it is assumed in this paper that there are two polariza
processes in RFE. One part has its origin from the therm
activated flips of the polar regions and an expression is p
posed to describe the relation between the dielectric cons
and both the temperature and frequency dependence o
polarization processes. The formula is tested against
measured results on two relaxor compositions, namely, l
magnesium niobate:lead titante, and lead z
niobate:PbTiO3 solid solution ceramics. When compare
with other methods, the fitted results from the pres
method are of the highest quality. The computed res
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show that the peak of the dielectric constant as a function
temperature is decided by the two polarization proces
The temperature,Tm , corresponds to the range in which th
weight factor of«1 and «2 in determining«m changes rap-
idly with temperature.

The computed plots show that the other polarization p
cess in the RFE materials is a resonance phenomena.
sidering the frozen polar regions in the material and the ch
acteristics of RFE, it is concluded that the origin of th
resonance polarization is from the breathing of the froz
polar regions in the materials. Based on the breathing mo
e

i

of
es.
e

o-
on-

ar-
e
en
del

or concept, it is easy to understand most of the characteris
of «2 obtained from the computation in the present metho
The amplitude dependence of the dielectric constant for R
can also be easy to understand with the present model.
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