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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 follo@@inghe
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 ferroele¢g)cEhe 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 n{8jerials.
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 mo@i8D163-182@08)03514-Q

[. INTRODUCTION view, what is most important is the value of dielectric con-
stant and both the temperature and frequency dependence of

A great deal of attention has been given to ferroelectricghe dielectric constant. Thus, a lot of work has been reported
with diffuse phase transitiofDPT), with relaxor character- on these characteristics of RE£13-18
istics. These materials have high dielectric constants, high In order to characterize the dielectric constant peak, two
electrostriction coefficients, and switchable pyroelectric andelationships, one the Vogel-Fulcher relationship and the
piezoelectric propertiels.® All these useful properties of re- other a superexponential function, have been proposed to
laxor ferroelectricSRFE’s) have their origin in the strange describe the frequency dependence of the dielectric constant
polarization mechanism that is associated with the relaxormaximum temperatureT(,) for RFE’® Both relationships
type DPT. Although various models, such as the inhomogeare based on the consideration that the experimental result on
neous microregion mod&lthe micro-macro domain transi- the material has only one relaxation process. Although both
tion model>® the superparaelectric modethe dipolar glass relationships can well descrilig, and the frequency at radio
models’® the order-disorder modéf!! and the local frequency, only the results of the superexponential function
electric-field modet? have been proposed to explain the po-are in the range of its physical significarft€.However, the
larization mechanism, the polarization mechanism has nqgphysical origin of the superexponential function is not clear.
been fully clarified so far. However, it is widely accepted To describe the temperature dependence of the dielectric
that the polarization is associated with the behavior of theonstant in a larger temperature range, there are at least four
polar regions in the materials. methods reported in the literature. The first one is based on

The most important feature of the RFE is a broad peakhe inhomogeneous microregion mod&l*® Although the
that appears in the dielectric constant as a function of temmethod is widely used, it can only determine the behavior of
perature. From both theoretical and application points othe static dielectric constant. Therefore, the dielectric absorp-
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tion and the frequency dependence of the dielectric constamhicro-origin of the resonance polarization is discussed with
cannot be described with this method. The other three metithe breathing model of the frozen polar regions in the mate-
ods are based on the superparaelectric model, with differerial.
considerations of the size distribution of the polar regions in
the materiat®~8In the superparaelectric model, it is thought
that the dielectric behavior of RFE has its origin in the ther-
mal flips of polar regiongsuperparaelectrigsn the material. The materials used in this study were two solid solution
Thus, the size distribution of the polar regions and its temceramics with perovskite structurefi) 10 mol % PbTiQ
perature dependence determine both the distribution of thin P(Mg;,sNb,,505 (PMN-PT), which is a widely studied
relaxation times and the static dielectric constant, which argypical RFE®“22° (ji) PZN-PT-BT with composition
the key parameters to describe the dielectric behavior of thef 0.87 (Pl _,La,;K, /) (ZNny;sNby5)03—0.08 PbTIiQ
RFE. In all these three methods, the temperature dependene.05 BaTiQ, x=0.04, which is also a typical RFE:242°
of the static dielectric constant, the size distribution of theBoth the samples, which were in disk forms and about 1 mm
polar regions, and the temperature dependence of the size thickness, were prepared with the starting materials of
distribution were assumed based on the experimental resultgltrahigh purity. Both samples were of pure perovskite phase
All three methods can simulate both the frequency depenas identified by x-ray diffraction.
dence and temperature dependence of both the dielectric con- The gold electrodes were deposited on the two sample
stant and dielectric absorption. The method reported bygurfaces by dc sputtering. An HP4274ACR meter was
Chenget al, in which a homogeneous distribution of the used to measure the temperature dependence of both the ca-
polar region sizes in some limited range was assumed, casacitance and loss tangent with a cooling rate of about 0.8 °C
describe all the dielectric features of the RFE. per minute at 11 frequencies: 0.1, 0.12, 0.2, 0.4, 1.0, 2.0,
It is interesting to compare the experimental results with4.0, 10, 20, 40, and 100 kHz. The four test leads were con-
the simulated results derived from the above methods. Fafiected directly to the electrodes on the sample to increase the
the frequency dependence of the dielectric constant, Lu angheasuring accuracy. Before the measurement, the samples
Valvarin’s method, in which an exponential distribution of had been thermally treated at temperatures much higher than
the size of polar regions was assumed, can well fit the meaF,, to remove the effect of electric history. The oscillating
sured results at the temperatures n&gr. However, their  |evel of the measuring signal was about 0.5 V/mm to ensure
method gives incorrect frequency dependence of the dieleghe measured results are the small-signal dielectric proper-
tric absorption at low temperatures. Meanwhile, althoughties. In addition, before each measurement a standard cali-
Cheng’s method can well fit the measured results at temperaration was performed to remove any stray capacitance, lead,
tures lower thaT ,,, its fitted results at temperature nélgy ~ and contact resistance. The high-resolution function of the
have a little deviation from the experimental results. For theHP4274A meter was applied in the measurement. The tem-
temperature dependence of the dielectric constant, if thgerature was measured using an HP3455A multimeter via a
simulated results are close to the experimental data at the00 () platinum resistance thermometer. To increase the
temperatures higher thah,, it is found that the simulated measuring accuracy of the temperature, a four-wire configu-
dielectric constant at the temperatures lower tfignis al-  ration was used to measure the resistance of the(}l piati-
ways much smaller than the experimental d4@® In all  num resistance thermometer. The dielectric constant was cal-
three methods, every possible distribution of the polar reculated from the measured capacitance using a parallel-plate
gion's size has been included, and different relations beeapacitance model with the geometric parameters of the
tween the static dielectric constant and temperature haveample.
been used. Therefore, the above results strongly indicate that, The measured temperature dependence of the dielectric
besides the contribution of the thermally activated flips of theconstant at different frequencies for both materials is shown
polar regions, there may be other contributions to the dielecin Fig. 1. They demonstrate the typical dielectric behavior of
tric behavior of the materials at low temperatures. In addi-RFE1*® At high temperatures the temperature dependence of
tion, with regard to the dielectric constant at the temperaturethe dielectric constant is much stronger than that for the De-
far away fromT,, two different general relations have been bye medium. It was found that the temperature dependence
found to describe the experimental results at low temperaef the dielectric constant for RFE at temperatures much
tures and high temperatures, respectif@yhat is, an expo-  higher thanT,, obeys the following relatiofi
nential function for the dielectric behavior at temperatures

Il. EXPERIMENTAL PROCEDURE AND RESULTS

much higher tharT,,,818%°and a superexponential function

for it at temperatures much lower thah,.'%?° All these en(T)=expla—pBT), @)
results strongly indicate that RFE should have two polariza-

tion mechanismé! where « and B are the constants] is the temperature in

Based on the above results and the general dielectriKelvin, andey(T) is the measured dielectric constant at high
theory, a set of formulas is proposed to describe the relatiotemperatures. The value @fis associated with the product
between the temperature and the dielectric constant at differate of the polar regions in the materials.
ent frequency for RFE in this paper. The formulas are tested Fitting the measured results with Ed.), we get the val-
with the measured data on two different materials. The reues of both parameters and 8 for PMN-PT and PZN-PT-
sults show that the formulas can fit the experimental dat®8T, which are shown in Table®!° It can be seen that the
with high precision. The fitted results suggest that one of theroduct rate of polar regions in PMN-PT is larger than that in
polarization mechanisms in these materials is resonance. THRZN-PT-BT.
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e, Iis determined by the electronic and ionic
polarization'® Thus, it should be nearly independent of the
temperature as the RFE does not show any observable phase
transition. Therefore, the temperature dependence of the
value of A(T) is the key to describe the temperature depen-
dence of the dielectric constant at low temperatures. It was
found thatA(T), at temperatures much lower than thg,
can be expressed as follows2°

0 - : : - A(T)=exd as+(T/B)* "], ()
100 50 0 50 100

where «a4(>0), B1(>0) and §(>0) are constants. The
value of § is associated with the frozen rate of polar regions
in the material.

Fitting the measured results with Eq®) and(3), we get
the value of the parameters in Eq2) and (3) for PMN-PT
and PZN-PT-BT, which are shown in Tablé’llt shows that
the frozen rate of polar regions in PMN-PT is larger than that
in PZN-PT-BT.

For the dielectric relaxation properties of both materials,
from Fig. 1 and Table I, it can be seen that the dielectric
PZN-PT-BT relaxation strength of PMN-PT is much smaller than that of
PZN-PT-BT. The value ofl,, for PMN-PT is much lower

0 : - : than that for PZN-PT-BT. From the structure point of view,

0 >0 100 150 200 in PMN-PT only theB site of the perovskite ABOs) is
() Temperature (°C) occupied by different atoms, while in the case of PZN-PT-
FIG. 1. Dielectric constante) as a function of temperature at BT, both A and B sites are occupied by different atoms.
. Thus, PMN-PT and PZN-PT-BT represent two kinds of the

frequencies of 0.1, 0.12, 0.2, 0.4, 1, 2, 4, 10, 20, 40, and 10 . . "
KHz for PMN-PT: 0.9 PEMgyNbygOs-0.1 PbTIQ (a) and RFE with perovskite structure. In addition, La enhances the

PZN-PT-BT:  0.87 (Pb. L8, ;pK) (Z sNby)Os—0.08 PbTIQ rela>_<or behgwor z_ind decreases thg of the_ sample. The _
—0.05 BaTiQ with x=0.04 (b). The largest dielectric constant is MaXimum dielectric constant of both materials at 100 Hz is

for the 100 Hz, the smallest for the 100 kHz, and the other curves iRPOUt 2.4<10% and 1.6<10%, respectively. Higher dielectric
between are in the order of increasing frequency. constant of the samples reflects that both samples are of good
stoichiometry?® Therefore, both samples are suitable for the

If the temperature is much lower thah,, it was found ~Present studies.
that the frequency dependence of the dielectric constant can
be described with the following relatiof: Ill. ANALYSIS AND FORMULA TO SIMULATE
THE DIELECTRIC BEHAVIOR OF RFE

eL(w,T)=e.+A(T)(In wo—In ), 2 A. Formula to simulate dielectric constant of RFE

wheree.. is the dielectric constant at the infinite frequency, For an RFE, as discussed in the Introduction, it is very
w, is the relaxation frequency of a polar unit cell that is difficult to simulate the dielectric behavior in a broad tem-

independent of the temperature,(w,T) is the measured perature range with only one relaxation polarizgtion process.
dielectric constant at temperatur&)(and frequency(w in The temperature dependence of the dielectric behavior at

Hz), andA(T) is an intrinsic parameter of the material. temperatures much higher and much lower thanTteol-
lows a different mathematical approach. Thus, it is con-

TABLE I. The parameters in Eq€1) and (2) for PMN-PT and cluded that the RFE should at least have two polarization

PZN-PT-BT. mechanisms contributing to the dielectric behavior of the
material. In addition, the simulated results based on one re-
Parameter PMN-PT PZN-PT-BT laxation polarization can describe the dielectric behavior at
high temperatures. In other words, one of the polarization
@ 15.67 14.48 processes, which is associated with the thermally activated
B (1073 K™ 18.20 12.85 flips of the polar regions in the materials, determines the
a; 3.11 2.47 dielectric behavior of the materials at high temperatures. On
B1 (K) 151.1 121.9 the other hand, at temperatures much lower tharTthethe
) 0.950 0.304 simulated dielectric constants based on one relaxation pro-
., (109 2.8 45 cess are always much smaller than the measured results. We
wo (H2) 7.9x 101 3.24x 108 can assume, as an extreme case, that the dielectric behavior
m 2.874 3.016 of the RFE at temperatures much lower than Theis gov-
n 3.849 3.573 erned by some different polarization process in the material.

The measured dielectric behavior of the RFE is the sum of
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the contributions of these two polarization processes, i.e. thehip. That is also why the noticeable master curve behavior

dielectric constant of RFE can be expressed as was found in RFE® ThereforeC, is also related t@;, and
C, is related toB,.
em(w, T =¢e1(w,T)+ex(w,T), (4) Based on both the characteristics and physical significa-

tion of C; andC,, bothC; andC, are dependent on both
wheree, ande, are the dielectric responses of two polariza-the temperature and frequency. Considering the above dis-
tion processes, respectively;,, the measured dielectric be- cussion, the temperature dependence of bothand C,
havior of the material, represents the total dielectric responsghould be determined from Eqgl) and (3). Thus, Eq.(5)
of the material. Likes,,, both e, ande, are dependent on ©&n be written as
both the temperaturel() and frequencyw). If £, represents

the dielectric constant contribution from the relaxation polar- g1(@,T)= en(T) (63)

ization process, which originates from the thermally acti- ’ 1+ D (en(T/A(T)IN wp)™

vated flips of the polar regions, then represents the con-

tribution from the other polarization process. - e (w,T) ob
Based on the general dielectric thed™? the dielectric #2(0. 1) = T8 AT wolen(T)" (6b)

response of botle; ande, can simply be written as
wherem(>1) andn(>1) are constants that should be inde-

Bi(w,T) pendent of both the temperature and frequency; wbile

15C(oT) (i=1,2), (5)  andD, should be independent of the temperature, but depen-
"o dent on the frequency, i.eD;=D(w) andD,=D,(w).

. In conclusion, we can use Eq4)—(4), and Eqs(6) to fit
wher_e both B(w,T) and Ci(w,T), _respectlvely, are the o measured dielectric constant of the RFE. The fitted re-
function of bothT and w. The function forms of8;(w,T) gyt will be helpful to verify the correctness of EdS). If
andCi(w,T) are dependent on both the polarization mechagqs (6) can fit well the measured curve, the results will

nism and the material. _ _ provide a clue about the frequency dependence of Bath
As discussed above, if the temperature is very high, anq D, which will be useful to study the polarization

>e; and ep=e;. When the temperature is very lowy  pechanism in the material. This is of great interest and im-
<g, and e,=¢,. Therefore, the measured dielectric con- portance to the study of RFE.

stant at very high temperature can be used to determine some -
features ofs;, and that at very low temperature can be used B. Verification of formula

to determine some features of. With the parameters in Table |, we can fit the measured
For &4, the dielectric behavior at high temperatures canrelation between the dielectric constant and temperature at

be used to describe its static dielectric constant. If one usesach frequency using Eq&l) and(6). In this case, for each

Eq. (1) to expressB,, which increases with decreasing tem- frequency there are four parameters to be determined through

perature,C, should be very small at high temperatures andthe fitting process, i.em, n, D;, andD,. Based on Eqg4)

increases with decreasing temperature. At low temperaturegnd(6), for each material there is a special temperattg (

C, should be larger thaB,, so thate; is much smaller than at which the measured dielectric constant is only related to

em. Considering the general dielectric theory, b&hand  the value of bottD; andD,. The value ofT, is determined

C, are dependent on the intrinsic properties of the materialsyy the following relation:

such as the dipole moment and concentration of the polar

regions, the size and distribution of the polar regions, the expla—BTe)=In weexg a;+(To/B1) 7. @)

interaction among the polar regions, and the interaction be-

tween the polar and nonpolar regions. Theref@e,is re-  The value ofT, is 26.4 °C and 81.2 °C for PMN-PT and

lated toB,; . PZN-PT-BT, respectively. Compared with the results in Fig.
For &,, the dielectric behavior is not clear. Based on thel, one can find thale is in the range ofl,,. The relation

above discussion, it is known that the dielectric behavior abetweenD; andD, at T is

low temperature can be well described with E@.and(3).

Si(w,T):

Thus, if one uses E@2) to express8,, which increases with en(w,Te)  e(0Te) - g
increasing temperatur€, should be very small at low tem- 1+Dy(w) 1+Dy(w) =em(©,Te). ®)
peratures and it increases with increasing temperature. At

high temperaturesz, should be larger thaB,, so thate, is Using Eg.(8), we can fit the measured relation between

much smaller thar,,,. B, and C, reflect the different fea- the dielectric constant and temperature at each frequency
tures of the polarization process. Bdh andC, are depen- with three independent parameters. The fitted results at 11
dent on the intrinsic properties of the polarization processfrequencies for the studied materials show the following fea-
Thus,C, is related toB,. tures:

All of the measured relations between the temperature and (1) Equations(6) do fit well the measured data.
dielectric constant for RFE are smooth in the whole tempera- (2) Both D, and D, are strongly dependent on the fre-
ture range. Therefore, for the RFE, although there are twauency. With increasing frequency, the valuedbgfincreases
different polarization processes, the weight of eithgpre,  and that ofD, decreases.
in e, changes with the temperature smoothering. This indi- (3) There is no regular pattern between the frequency and
cates that both of them should have some intrinsic relationthe value of eithem or n.
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TABLE Il. The fitted value ofD,; andD, at different frequency
for PMN-PT and PZN-PT-BT, respectively.

Frequency
(Hz) PMN-PT PZN-PT-BT
D, D, D, D,
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

(4) The standard deviation of both andn for the studied
materials is less than 5% of its average value.

These four results confirm the validity of Ed$) and the
definition of the relation between the parametens n, D4,
andD,) in Egs.(6) and the parameteférequency and tem-
perature in the measurements. That is, bathand n are
independent of the frequency.
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independent fitting parameters of bdh andD,. Using the
least-squares method, we get the values of all the parameters
for PMN-PT and PZN-PT-BT, respectively. The values of
bothm andn for the two materials and those of bdih and

D, at different frequencies for both materials are shown in
Tables | and Il, respectively.

In Fig. 2, fitted plots of the relations between the dielec-
tric constant and temperature are compared with the mea-
sured results. It is clear from Fig. 2 that the fitted results are
of very high quality over the whole temperature range for
both materials andl) the discrepancy of the fitted results at
each frequency in the most temperature range for both ma-
terials is quite smaller, on the order of 0.198) the maxi-
mum total discrepancy is about 1% for both materials at all
measured frequencies and temperature.

Compared to the fitted results by using the other
methods:*~*®2%one can notice that the results of the present
method are of the highest fitting quality. As PMN-PT and
PZN-PT-BT relaxors belong to two different crystallo-
graphic systems, the high fitting quality for both materials at
all the measured frequencies and temperatures strongly indi-
cates the validity of Eq96). First, it confirms that the RFE
indeed has two polarization processes, and second, an en-
tirely different approach is needed to understand the dielec-
tric behavior of the RFE.

In Egs.(6), although the parametens andn are constant,

When Eq.(8) is used to determine the relation betweenthe parameter®, andD, are strongly frequency dependent

D, andD,, the measured dielectric constantTatis over-

(Table Il). Thus, the relations between the frequency and

emphasized. To overcome it, we use the same value of bothwth D; andD,, which are shown in Fig. 3 and Fig. 4 for
m and n for all the frequencies in the fitting process with PMN-PT and PZN-PT-BT, respectively, are very interesting
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FIG. 2. Measureddashed lingand fitted relatior(solid line) between the dielectric constant and temperature for both materials at some
frequencies with Eq95) and (6). The results of botlz; (dotted ling ande, (break ling are also shown.
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6 1.0 TABLE 1ll. The fitted parameters of Eq99) and (10) for
PMN-PT and PZN-PT-BT, respectively.
Parameters PMN-PT PZN-PT-BT
4 o
-~ 05 5 D1o 0.80769 1.7165
= — D, w; (H2) 694.04 0.1069
A 1ly 3.1283 6.237
2 - Dy —0.16532 —0.07973
j D, w, (H2) 174.102 0.69621
. . J0.0

Frequency (Hz)

lati ‘ . |  Both cesses. The fitted temperature dependencs, @it different
dFIIDG‘fS' E&Etlgr}bithweenl'(;elquepctmarﬁt 'téed valtue;fo Et?]lt frequencies is shown in Fig. 5 for both materials. The fol-
il © and the dashed e is the fitted ?e;,uletdlr;jvl;thsE 1(\%) lowing features can be noticed from Fig. 5:
q-© q- (29 (1) The value ofe; rapidly decreases with decreasing
to study the polarization behavior of RFE. For both materi_temperatu_re at the te.mperatures lower than the temperature
o of &, maximum (T1);
als, it is found that the frequency dependenceDgfobeys . .
. (2) The value ofg; at T,,;; decreases with increasing fre-
the relation .
quency;
D =Dt (wlwy)?, 9 (3) The value ofT,,; increases with increasing frequency;
(@) =Daot(w/wy) © (4) At high temperature there is no dielectric dispersion,
whereD ;o(>0) andy(>0) are constantsy,(>0) isacon- while at temperatures around and lower tfigp there is a
stant in Hertz, andv is the frequency in Hertz. The fitted strong dielectric dispersion as the dielectric constant always
points are shown in Figs. 3 and 4 as a solid line. It can balecreases with increasing frequency.
seen that Eq(9) can indeed fit well the relation between the  All these indicate that, originates from a relaxation po-
frequency and,. The fitted values of three parameters for larization process. This is in agreement with the definition of
both materials are listed in Table IIl. it, discussed in Sec. lll A. That is, the micro-origin of is

It is also found that the frequency dependenc®gfcan  the thermally activated flips of the polar regions in RFE.
be described by the relation

Da(w)=Dyot (w/wy) %, (10 151
whereD,¢(<0) andy(>0) are constants, and,(>0) is a
constant in Hertz. The fitted results are shown in Figs. 3 and £ 10l
4 as a dashed line. It can be seen that @) also fits well &
the relation betweew andD,. The fitted parameters in Eq. 5
(10) for both materials are listed in Table IIl. = st
PMN-PT
C. Basic features of both polarization processes
0 . L
It is very interesting to compare the fitted temperature 250 300 350
dependence of both, ande, under different frequencies in @ Temperature (K)
order to study the basic features of both polarization pro-
12
12 035 PZN-PT-BT
" PZN-PT-BT
10.4 o 8t
o &
= {03 & >
Q — — 4 -
{02
4l. . . .. 0 ' '
100 1k 10k 00k 300 350 400 450
Frequency (hz) (b) Temperature (K)
FIG. 4. Relation between frequency and fitted values of Both FIG. 5. Temperature dependencesgfat different frequencies

and D, for PZN-PT-BT. The solid line is the fitted results Bf; for PMN-PT (a) and PZN-PT-BT(b). The largest dielectric constant
with Eq. (9), and the dashed line is the fitted resultDof with Eq. is for the 100 Hz, the smallest for the 100 kHz, and the other curves
(10). in between are in the order of increasing frequency.



8172 Z.-Y. CHENG, R. S. KATIYAR, X. YAO, AND A. S. BHALLA 57

350K
1.0 E“Et:tﬁ:;“;‘:‘:*t*:tttr+'+7+'+'+>+'+'*’ bbby,
ey 7Y e, ey,
e, o *ey
6, Y N
AN V\' KS
\‘\\ \v\ ‘\. 325K
= D NN -
3 ~ Yy AN
< L 05¢ 273K W % 300K
M; & \\ v\'\ .\0
- — \.\ v \.\
N 250K ——*, "™, “
\ PMN-PT RN
9 : n 0.0 " e ol " " . " " N ."‘“‘,*111 Tx-;
200 250 300 350 @ o rEw—rT "
(a) Temperature (K)
15 Lo zt::t::t”’3:331::2:::_:_:::0-000—0004.“?;2;05}3‘
o 0o L‘AA a V"‘V v
PZN-PT-BT 08 B, e, " A00K
= . e, s, WVV\
g 06y e ., 375K v
& atee 350K %,
;: 04 | - ‘o\.\ AA&
) 250K\‘-, *o, ‘ AA&A
o 02} T, S
PZN-PT-BT fraltee,,
0.0 Lottt et et ot ottt 288
: : 10° 10°
%00 350 400 450 (b) Frequency (Hz)
(b) Temperature (K) FIG. 7. Frequency dependence of at different temperatures

for PMN-PT (a) and PZN-PT-BT(b).
FIG. 6. Temperature dependencesgfat different frequencies
for PMN-PT (a) and PZN-PT-BT(b). At low temperatures, the D. Frequency dependence of dielectric constant
largest dielectric constant is for the 100 Hz, the smallest for the 100

kHz, and the other curves in between are in the order of increasing. To study the frequency dependencesqf, Eq. (63 can

frequency. imply be rewritten as
€1(0,T)
The fitted temperature dependencesgfat different fre- e1(w,T)= I+ p(Ma’’ (13)
guencies is shown in Fig. 6 for both materials. The following K
conclusions can be obtained from Fig. 6: where £,(0,T) is the value ofe; at static electric field,
(1) &, is of a strong dielectric dispersion in the whole 7(T)(>0) increases with decreasing temperature.
temperature range at the studied frequencies. Using Eq.(11) and the parameters in Tables | and Ill, the
(2) With increasing frequency;, increases at high tem- calculated frequency dependencesgfat selected tempera-
peratures while it decreases at low temperatures. tures is shown in Fig. 7. Considering Debye dielectric
(3) The dielectric constant maximum temperatuﬂ'enD theory,27 the results in Flg 7 Clearly indicate that the relf’:lx-
of £, increases with increasing frequency. ation process has a broad distribution of the relaxation times
(4) The value ofe, at T, decreases with increasing fre- and the dlstrl_butlon is flat in Fhe limited range, which is in
quency. agreement with the assumption taken for it in the method

- described by Chengt al® As #(T) in Eq. (11) increases
(5) When the temperature is higher thdn,,, e, de- X . ; 7
creases rapidly with irl?creasing temgerature tha. &2 with decreasing temperature, E@1) and Fig. 7 indicate that
It is impossible to explain all these featur.esa%fwith a the distribution width of the relaxation times for the relax-

. o . . tion polarization increases with decreasing temperature,
relaxation polarization process, as the dielectric consta

o . hich is in agreement with the interpretation of the dielectric
contribution from the relaxation process always decreaseB

o . S roperties of relaxors based on the superparaelectric
with increasing frequency. It seems thatoriginates froma | ,,qe|7.17.18

resonance polar.ization. For thig resonance po_larization Pro- For the value ofe,(0,T) in Eq. (12), it is found that it
cess, the following characteristics can be derived from th§ncreases with decreasing temperature at high temperatures,
above results. The polarization process does not exist in thg,d it decreases with decreasing temperature at low tempera-
materials at high temperature. With decreasing temperatufgres. Based on the general dielectric theory, this behavior
from the higher temperature side, the polarization procesgdicates that with decreasing temperature the amount of po-
appears rapidly in the material when the temperature apar regions contributing to the relaxation process increases at
proachesT ,,. For the contribution to the dielectric constant high temperatures, while it decreases at low temperatures.
of the materials, the lower the temperature the higher is th&hat is, the amount of the polar regions associated with the
weight of the resonance process. relaxation process changes with temperature. This behavior
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20 (2) When the temperature is higher than, the reso-
waans. 275K nance frequencyds,), which is the singularity ok,, de-
15} “‘*AAL“L . creases with increasing temperature. In this caseglways
. 250K ";ox{:" e q increases with increasing frequency.
£ 10p Teeee,,, 7 e, (3) When the temperature is lower than, ¢, has a
& 300K «,J *evee, ey \‘» m'aximum at a frequencyd,,). The yalue ofw, .dec.reases.
N = rededd “tan, with decreasing temperature. In this case, with increasing
= and 3251(‘_,.«” Soeeens frequency,e, increase at the frequencies lower thap,,
0 *"*********:***:’*”35:++-+++'++I+<‘ ot -+ 442 4+ while e, decreases at the frequencies higher than
S PMN-PT ‘ /,,./’" (4) When the temperature is much lower thag, the

- maximum ofe, appears at the static field. Thus, decreases
(@) Frequency (Hz) with increasing frequency. In this case, the dielectric behav-
ior of &, is similar to the dielectric behavior of a relaxation
process. In view of the resonance polarization
mechanisnt®?’ it indicates that the damping coefficient of
the process is very largéurther details are given in Sec.
IV). That is why the measured relation between the dielectric
constant and frequency for RFE is somewhat like the re-
sponse of a relaxation process.

In principle, the frequency dependence of the dielectric
absorption for both polarization processes can be obtained
with the Kramers-Kronig equatioff. However, in order to

-5 PZN-PT-BT // obtain the frequency dependence of the dielectric absorption
e — A using the Kramers-Kronig equation, the exact frequency de-
® 10 Frequency (Hz) 10" pendence of the dielectric constant in a very broad frequency

range is needed. The present frequency dependence of the
FIG. 8. Frequency dependence of at different temperatures dielectric constant for both processes is obtained in a limited
for PMN-PT (@) and PZN-PT-BT(b). frequency range. Although the results extrapolated for both
low and high frequencies express well the basic characteris-
is different compared to that of the general dipole processtics of each process, it is difficult to ensure that the extrapo-
whereas the amount of the dipoles do not change with théated results are quantitatively of very high precision. In ad-

temperature. dition, most of the investigations about the dielectric
With regard to the frequency dependence=9f Eq.(6b)  characteristics of RFE are based on the analysis of the fre-
can be rewritten as guency or temperature dependence of the dielectric
constant*>"~%15Thus, we do not pursue the frequency de-
[+ A(T)IN wg]—A(T)IN @ pendence of the dielectric absorption for each process.
eo(w,T)= (12

AM+u(T)ow X '
IV. DISCUSSIONS
where u(T) = X (A(T)Inwy/ey(T))"(>0) increases with in- o o
creasing temperature, whileA (T) =1+ Do(A(T)INwo/ A. Micropicture of the resonance polarization
ey(T))" decreases with increasing temperature. At some Although the results on only two materials are presented
special temperaturelg), A(T) is equal to zero as the value in this paper, we have studied six RFE in ceramics form. The
of Dy in EQ. (10) is smaller than zero. The value @k is  fitted results for all of them exhibit similar characteristics.
66.8 °C and 170.9 °C for PMN-PT and PZN-PT-BT, respec-Although the result is not an occasional phenomenon, one
tively. Thus, when the temperature is higher than the speciahay question the possibility of the contribution from grain
temperatureTs), A(T) is smaller than zero. In this cass,  boundaries to the dielectric behavior of RFE. In general,
has a singularity at a frequencw§g), which is equal to there are two cases in which the grain boundaries make a
[ (T A(T)| M. clear contribution to the dielectric behavior of the ceramics.
Using Eq.(12) and the parameters in Tables | and Ill, the One is the typical ferroelectric ceramics. In this case, the
calculated frequency dependenceeefat selected tempera- contribution of the grain boundaries can be resonant in na-
tures is shown in Fig. 8 for both materials. Comparing theture. Thus, the dielectric behavior of the typical ferroelectrics
results in Fig. 8 with the dielectric response of a resonancen a single crystal is much different than that of ceramics.
polarization proces, the frequency dependence e at  The resonance originates from the piezoelectric properties of
different temperature is indeed very similar to the frequencythe grains’® However, for RFE, although there are polar re-
dependence of the dielectric constant contributions from gions of nanosize in the grains, the grain is nonpolar on
resonance polarization with different resonance frequencieaverage. Thus, it is not possible to expect substantial contri-
and different damping coefficients. Using the dielectric re-butions from the grain piezoelectric resonance in the case of
sponse of the resonance polarization to analyze the results RFE ceramics. In addition, the dielectric behavior on ceram-
Fig. 8, one can conclude the following features fgr. ics does not show any difference with that of a single crystal
(1) The damping coefficient of the resonance polarizatiorfor RFE?*3° The other case is dielectric ceramics with con-
increases with decreasing temperature. ductive grain boundaries, which results in a relaxation pro-
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cess named the Maxwell-Wagner efféttiowever, for the the frozen polar regions. Thus, they will not contribute to the
samples used in this study, at temperatures a bit higher thaelaxation process. Therefore, although the amount of polar
Tm, the dielectric loss is very small and also suggests a gootégions in the material increases with decreasing tempera-
quality ceramics. This is a general behavior of RFE. That isture, the amount of polar regions contributing to the relax-

it is improbable that the Maxwell-Wagner effect has any no-ation process decreases with decreasing temperature at low
ticeable contribution to the measured dielectric behavior ofémperatures. That is why at low temperature the value of
RFE. Therefore, what we obtain in Sec. Il is RFE’s intrinsic £1(0.T) in Eq. (11) decreases with decreasing temperature.
behavior that excludes possible contributions from the grain FOr the frozen polar regions in the materials, its dielectric

boundaries. Thus, such fitting of a dielectric behavior on €SPONse or contribution is different with the thermally acti-
single-crystal RFE will give very much the same results. vated flips under the external electric field as its polarization

As discussed in the Introduction, it is widely accepted thaf
the dielectric characteristics of RFE are mainly due to th '

micropolar regions in the materials. In addition, the density"’tate can be induced in all RFE at low temperatures with

of polar regions in RFE always increases with decreasin o :

temperature. The experimental results of the thermal expa lrong external electric field. _AISO’ under eXt?m'?" elect_rlc
sion for RFE have shown that the polar regions appear i jeld, .the. surfgce of polgr region chan_ges. \.N'th Increasing
relaxors at temperatures much higher than.32-34 Mean- electric fields, in some directions the dimension of the polar

while, the polar regions freeze with decreasing temperaturf891on increases, while in other directions it decreases, re-

over a wide temperature range?® The lower the tempera- sulting in the shape change of the frozen polar regions re-
ture, the more frozen polar regions. For the unfrozen poIaFembllng somethmg_ like a breathlng mode. The breathlng of
' 519_9 frozen polar regions results in the change of total dipole

ing its dielectric response with the thermally activated ﬂipmome.nt per unit VO'U”!e- Thus, it contributes to the d_|electr|c
model as the dielectric response is the result of the orientepeh"’“/.'Or of the mat'erlals. Th|s is another polarlzatlo_n pro-
tion of the polar regions under external electric field. How-C€sS 1N RFE a:f,soc_:lated with the polar regions l:_)es,ldes the
ever, the dielectric response of the frozen polar regions igelaxatlon polarlzat_lon of th_e therm_ally_ activated flips of the
very difficult to analyze with relaxation theory as the frozen unfroz_ep polar regions. .Th|s polarization process .ShOUId be
polar regions do not have the orientation behavior. the origin of the dielectric response of, desprlbed in Sec.

At high temperatures, almost all polar regions are ther !l At Iovx_/ temperature, _almost all polar regions are frozen,
mally activated. Thus, their dielectric response is mainlyso_ the dielectric be_hawor of _the material is mainly de_ter-
from the relaxation polarization. The distribution of the re- mined by the bfeath"f‘g behawqr of the frozen polar regions.
laxation times depends on the distribution of both the sizni? cc_)ohng the material fro_m h|gh to low temperature, t_he
and polarization strength of the polar regions. Therefore, th action of frozen polar regions increases, so that the weight

contribution from the relaxation process to the static dielecOf €2 in the total dielectric constant increases. This is what

tric constant increases with decreasing temperature as ti2S Peen obtained in Sec. lil about the weight change, of

amount of polar regions increases. As a result, at high tem@d &2 With temperature. Using this breathing model, the

peratures the value of,(0.T) in Eq. (11) increases with d!electric response of _frozen polar regions can be further
decreasing temperature and the dielectric constant of RFE giscussed in the following text. _ _
high temperatures is much more strongly dependent on the FOT the perovskite-structuré\@ O;) materials, the differ-

temperature, Eq1), than that of the Debye medium. For the €NCe between the ferroelectric phageolar stat¢ and
Debye medium, the static dielectric constant is proportionaParaelectric phaseonpolar statgis the difference of related

to the inversion of the temperature in KelfhThe size  POSition of ions, especiallf andA ions in the structuré®
distribution of the polar regions depends on the space distril "erefore, the difference between the polar region and the
bution of microcompositions as all RFE are the solid solu-oNPolar region is the difference of related positions of both
tions. The polarization strength of a polar region depends oft 1dB ions. Thus, the breathing of the frozen polar regions
the temperature and its composition. As the materials ar® N fact the oscillation of the ions around its equilibrium
homogeneous on micronanoscale, the change of the micr®osition in the materials. It is known that the dielectric re-
composition in RFE with position is smooth. Thus, the sizeSPONse of an electric particle oscillating around an equilib-
of the polar region distribution is of a broad range. There-'Um position is a resonancé: That is why the dielectric
fore, the relaxation times of the relaxation process has gehavior ofe, resembles the dielectric response of a reso-

broad range distribution. With decreasing temperature, hdl@nce polarization. o
sides the increase in the number of polar regions, the size of FOr the resonance polarization, there are two parameters

some polar regions also increases. Thus, the large dimensidp@t influence the frequency dependence of the dielectric
of the polar region increases with decreasing temperatur€onstant. One is the resonance frequensy) ( which is de-
For RFE, the small dimension of a polar region is limited to pendent on the intrinsic proper_tles of the electric particle and
the unit cell of the material. Thus, it does not change with the?@n be expressed by the relation
temperature. Therefore, the distribution of the relaxation
times broadens with decreasing temperature. ws= VK/mg, (13

As temperature decreases, the relaxation time of the polar
regions increases and hence the interaction among polar reherem, is the mass of the electric particle, akdis the
gions increases. That makes some polar regions difficult telastic constant of the restoring force on the electric particle.
orient under external electric field. These polar regions aré&quation (13) conveys that the resonance frequency in-

irection does not change under the weak external electric
eld. However, the size of polar regions in RFE can change
nder external electric field. That is why the ferroelectric
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creases with increasing if the mass does not change. The laxation polarizatiori’ All these are consistent with our

second parameter is the damping coefficient, which deterdiscussion about the dielectric response of the breathing of

mines the damping force on the moving particle. frozen polar regions in RFE. This can be thought of as indi-
For the frozen polar regions in RFE, the higher the temIect evidence to support the above discussion.

perature, the smaller is the difference between the polar and

nonpolar regions. In addition, with increasing temperature B. Peak of dielectric constant

the interaction among the frozen polar regions decreases as gzsed on the above discussion and the fitted results in

the amount of frozen polar regions decreases. Thus, for thejg 2 the peak in the temperature dependence of the dielec-
breathing of the frozen polar regions in a material, the highefric constant is determined by both the polarization processes
the temperature, the smaller is the valuekofHowever, the  jj the RFE. The range dF,, corresponds to rapid change of
mass of bottA andB ions does not change with temperature. the fraction of frozen polar regions. Thus, the frequency de-
Therefore, the resonance frequency of the breathing dgsendence off,, cannot be simply explained with only one
creases with increasing temperature. Meanwhile, with depgarization process. That is why both Debye and Vogel-
creasing temperature, the increase of the interaction amongicher relationships cannot describe well the experimental
the frozen polar regions makes the damping coefficient intejation between the frequency afig, for RFE. Therefore,
crease. Thus, the damping coefficient of the breathing of thgny expression for the relation between the frequency and
frozen polar regions increases with decreasing temperaturg. “is only a mathematical treatment. That is why it is also
All these features are in agreement with the resulte.of  gifficult to get the physical signification of a parameter in the
derived in the Sec. II. _ superexponential relation, although the relation can well de-
For the dielectric response of a resonance polarization, écripe the experimental relation between the frequency and
was shown that in two extreme cases the dielectric behaviof
prefers the dielectric response of the relaxation process. The gased on the present model, the peak of the dielectric
first case is that the mass tends to zero while the ratio of thggnstant does not correspond to any phase transition in the
damping co7efﬁcient to the elastic constant maintains a conmaterials on macroscopic level, and hence the x-ray diffrac-
stant valué’ The second case is that both the damping Cotjon does not show any phase change of the RFE materials in
efficient and elastic constant tends towards infinity while thene wide temperature range. Although, the frozen polar re-
ratio of the dampgng coefficient to elastic constant maintaingjions are anisotropic, the optical and mechanical properties
a constant valu€® In both cases, the ratio of the damping of the material are isotropic, as the size of the frozen polar
coefficient to elastic constant is related to the relaxation timgegions is smaller than a few nanometers and the polar di-
for the equal relaxation polarization. With regard to therection of the frozen polar regions is randomly distributed.
breathing of the frozen polar regions, as discussed abovejs is in agreement with the experimental results on RFE.
both the damping coefficient and elastic constant increases o regular ferroelectrics, the depolarization temperature
with decreasing temperature. At low temperature, both ofs the same a3,,.%® But, it is found that the depolarization
these are very large, so that the dielectric response of thl%mperature of RFE is always a few tens of degrees lower
breathing of_frozen polar regions is spmgwhat like the resultgnan T,,.562930This is an important characteristic of RFE.
of a relaxation process when considering the second casge depolarization temperature is the temperature at which
above. This result mistakenly leads to that all of the theorety,acrodomains disappear. Based on the present model, the
ical treatment and analysis of the dielectric behavior of RFEy|eciric-field-induced ferroelectric state for RFE is the result
at low temperature are based on the relaxation theory so fags expanding and coalescing of the frozen polar regions.
As discussed above, there is a broad size distributioRys the depolarization temperature should be the tempera-
range of the polar regions. The composition of the polak,re at which most polar regions are frozen. Based on the
regions differ from each other a and B ions randomly fitteq results of the dielectric behavior, in Sec. Il B, this

occupy the lattice position_s iABO\q{..Therefore, both the temperature is a few tens of degrees lower tfian
elastic constant and damping coefficient spread over a broad

range. This results in the ratio of the damping coefficient to
elastic constant being distributed over a broad range. Thus,
the equifinal relaxation times have a broad distribution. That Recently, experimentally it was found that the dielectric
is why the dielectric behavior of RFE can be dealt with aconstant of RFE is strongly dependent on the amplitude of
relaxation process with very broad distribution of the relax-the measuring signal at temperatures around and lower than
ation times:® T, although the dielectric constant at high temperature was

RFE has a close relation to typical ferroelectrics as RFEndependent of the amplitud@?° The higher the amplitude,
belongs to the modified ferroelectrics. The frozen polar rethe higher was the dielectric constant and the lowerTihe
gions can be considered as ferroelectric regions of nanosizeias. The temperature dependence of the dielectric constant
So, the breathing of the frozen polar regions is a kind ofat different amplitudes is similar to that at different frequen-
domain-wall motion. Thus, the above discussion about theies. The effect of increasing amplitude on the dielectric con-
resonance of the frozen polar regions has some similaritgtant is very similar to the effect of decreasing frequencies on
with the domain-wall motion in a ferroelectric single crystal the small-signal dielectric constant. It was indicated that the
with multidomain. It is known that the dielectric response of behavior could not be explained with the orientation polar-
the domain-wall vibrations in a ferroelectric single crystal is,ization of the polar regions. It was thought that the amplitude
in nature, resonarit-*® However, in some special cases this dependence of the dielectric constant is related to the surface
dielectric response is, in form, very similar to that of a re-behavior of the polar regions.

C. Amplitude dependence of dielectric constant
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In order to explain the experimental results, a model wa®n the present model, the dielectric response of the breathing
proposed. Based on the model, the higher the external eleof frozen polar regions shows the amplitude dependence of
tric field, the smaller is the relaxation time of the domain-the dielectric constant. At high temperature, the weight fac-
wall motion3® Thus, the dielectric constant increases withtor of dielectric constant contribution from the breathing be-
increasing external electric field. That is, the dielectric re-havior is very small as the fraction of the frozen polar re-
sponse of the domain-wall motion is thought as a relaxorgions is very small. Thus, the measured results are
This is inconsistent with the dielectric response of generaindependent of the amplitude of the measuring signal.
domain-wall vibratiort’*8In this model, the volumes of the
domains and domain walls are thought of as being constant. D. Infinite dielectric constant (.,)

This is contrary to the experimental results of RFE. It is ) ) .
known that the ferroelectric state can be electrically induced AN important difference between Ed®) and(1) is in the
in RFE. That is, the volume of domains in RFE can peconsideration of the contribution ef. . In Eq. (1), the con-

changed with external electric field. In addition, this modeltribution of ., is not included. The results derived from Eg.
directly results in that the dielectric absorption decreasesl) Were not much different with or without the consideration
with increasing external electric field. This is contrary to the©f €= - To understand this, it is interesting to compare it with

experimental results that show that the dielectric absorptioff’® Curie-Weiss law for normal ferroelectrics. Curie-Weiss
strongly increases with increasing external electric fild.  law indicates that the dielectric constas) at temperatures

Based on above discussion, the contributing mechanisriigher than_ phase-transition temperatures can be described
of the domain walls to the dielectric behavior of RFE is notPY the relation
clear. Based on the present model, the dielectric behavior of
the materials are dependent on two processes. For the orien- e= L
tation behavior of the polar regions, the general Debye T-T¢
theory indicates that the parameyeis the key to discuss the
nonlinear behavior of the dielectric behavior, i.e.,

(15

where C is the Curie-Weiss constant, adq is the Curie-
Weiss temperature. The contributionf is not included in
it. When the contribution ok, is considered, Eq15) be-

_ MoEe comes
. . . . C
wherep is the dipole moment of the polar regidg, is the e=¢g,+ T (16)
Cc

electric field on the polar regions, andis the Boltzmann
constant. If the value of is much smaller than unity, the |t was expected that E§16) should fit the experimental data
dielectric behavior is independent of the signal amplittfde. much better than Eq15). However, the experimental results
As the dipole moment of the polar region cannot be ob-4ndicated that Eq(15) is a much better than Eq16).** The
tained directly from the experimental measurements, thgimilarity between Eq(1) and the Curie-Weiss law indicates
spontaneous polarization of the ferroelectrics with perovskiteéhat the volume fraction of polar regions for RFE is very
structure can be used as a reference. The spontaneous polaigh. However, with regard to the breathing behavior of the
ization of the ferroelectrics with the perovskite structure isfrozen polar regions, only the surface has the contribution to
generally on the order of I8 to 10 2 C/n2.* It is widely  the dielectric behavior. Therefore, although the fraction of
accepted that the size of the polar regions is not larger thangolar regions at low temperature is higher than that at high
few nanometers. Thus, the valuesof is smaller than that of temperature, the contribution ef, cannot be ignored as the
10 Cm. Assumed thatE, is on the order of volume fraction of the surface of frozen polar regions is
10" V/m (=10? kV/cm), which is much higher than the elec- much smaller than the volume fraction of frozen polar re-
tric field used in the experiments on RFE. For this extremeyions. That is why the contribution &f, must be considered
case, the value of is not higher than 107 (which is much  in the dielectric behavior of the materials at low temperature,
smaller than the unily Therefore, the static dielectric re- as shown in Eq(2).X®
sponse of the relaxation processin RFE does not show the
amplitude dependence of the dielectric constant. Anyway, V. CONCLUSION
based on above discussion about the freezing of the polar
regions, the increase of the amplitude of the external electric Based on the general behavior of the RFE and the insuf-
field results in the decrease of freezing temperature of a poldiciency of explaining the results derived from different mod-
region. Therefore, the higher the amplitude of the externagls, it is assumed in this paper that there are two polarization
electric field is, the lower the temperature range, in which theprocesses in RFE. One part has its origin from the thermally
fraction of e, and e, in e, changes rapidly, is. Therefore, activated flips of the polar regions and an expression is pro-
the T,, decreases with increasing amplitude of the externaposed to describe the relation between the dielectric constant
electric field. and both the temperature and frequency dependence of the
For the breathing of the frozen polar regions, the highempolarization processes. The formula is tested against the
the electric field, the larger is the breathing amplitude. Thameasured results on two relaxor compositions, namely, lead
is why the ferroelectric state can be induced in RFE withmagnesium niobate:lead titante, and lead zinc
strong electric field. Thus, the higher the amplitude of externiobate:PbTiQ solid solution ceramics. When compared
nal electric field, the larger is the dielectric constant. This iswith other methods, the fitted results from the present
in agreement with the experimental results. Therefore, baseuiethod are of the highest quality. The computed results
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show that the peak of the dielectric constant as a function obr concept, it is easy to understand most of the characteristics
temperature is decided by the two polarization processe®f ¢, obtained from the computation in the present method.
The temperatureT,,,, corresponds to the range in which the The amplitude dependence of the dielectric constant for RFE
weight factor ofe; and e, in determininge,, changes rap- can also be easy to understand with the present model.

idly with temperature.

The computed plots show that the other polarization pro-
cess in the RFE materials is a resonance phenomena. Con-
sidering the frozen polar regions in the material and the char- This work was supported by the DE-FG02-94ER75764
acteristics of RFE, it is concluded that the origin of theand the NSF-OSR-9452893 of the U.S.A. and the National
resonance polarization is from the breathing of the frozerNatural Science Foundation of China under Contract No.
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