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We have conducted a systematic investigationyeinradiated polyvinylidene fluoride-trifluoroethylene
equimolar samples. The appearance of relaxor features is clearly demonstrated for this copolymer, for gamma-
irradiation doses comparable to those of electron irradiated samples. This material constitutes a new class of
relaxor ferroelectrics, since its structure has no direct relationship with perovskite or tungsten-bronze structures
and it is also the first non-displacive relaxor ferroelectric. Dielectric, calorimetric, structural, and spectroscopic
data allowed us to draw a picture of the chemical and morphological modifications that cause the appearance
of the relaxor behavior of the material. In particular, the loss of stability of the ferroelectric domains is
attributed to the freezing of the amorphous phase, which forbids the establishment of long-range ferroelectric
order.
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I. INTRODUCTION tric field,2® pressure® or chemical impuritie/?® The com-
mon feature between these quite different systems was al-
Relaxor ferroelectrics are disordered materials whichways linked to the appearance of nano-scale random electric
present a smeared phase transition and a frequency dispélipoles. In this paper, we shall consider the relaxor behavior
sion of the temperature where the dielectric constant attaingf P(VDF-TrFE) copolymers.
its maximum. In general, they are displacive inorganic ma- P(VDF-TrFE) copolymers are semi-crystalline materials
terials, belonging either to the perovskite or to the tungstenthat can show ferroelectricity at room temperature either, by
bronze structuresSince their discovery circa 50 years &go, _dlrect crystallization from the melt, for_ TrFE cont_ent_s rang-
these materials have attracted much attention because of théffd from 18 to 63 mol %, or by stretching the solid films by

: L <33
high electrostrictive response—which gives them technologiS 4 times their original length, for lower TrFE contefits:

cal applications as sensors and actudtérsand the absence The pollar tﬂhasf betlongsthto th? orthorﬂo_rr@mﬁm tspa::]e |
of a satisfactory description of their macroscopic behavior. igroup. in this structure, tné polymer chains adopt a nearly

is well known that quenched chemical defects are always #Ianar zigzag conformation, the so-called all-trans conforma-

. . on, along the crystallographic axis. The resultant chain
the orngn of the _relaxor fe_atures of these dlsorplered ferroEjipole is consequently perpendicular to this direction and the
electrics. An old idea that is also well accepted is that thes

. . €hains are packed with all dipoles pointing along the crystal-
systems present polar nanoregions which 7§OUId havgygraphich axis. The basal plane is a distorted hexagon, the
quenched random critical temperatuiles fields.™” In the  yigiortion being caused by the presence of the ordered di-
last ten years, two models appeared that explained the phy%‘oles. The copolymers with 18—50-mol % TrFE present a
cal behavior of most relaxor ferroelectrics: one that considyjffyse phase transition into a high temperature paraelectric
ered that they are caused by frustrated interactions betwegfhase®*3® This transition has a first-order thermodynamic
randomly distributed dipole momefits® and other which  character, being of an order-disorder type and it leads to a
was based upon the idea of quenched random ftéid€The parent hexagonal phase, whose structure possess the 6/mmm
most recent advances in experiments and theory show thpbint-group®*—23Thus, during the phase transiti¢RT), the
these models are not completely exclusive and that frustratddss of the ordered conformation by the appearance of disor-
interaction would be the dominant effect in dipolar glassesdered chain segmentgauche destroys the elastic deforma-
like KTL and DRADP, while random fields would pre- tion of the quasi-hexagonal phase.
dominate in cubic(PMN-typg and uniaxial (SBN-type Although the ferroelectric PT of (¢/DF-TrFE) copoly-
relaxorst®-2 mers is always smeared, in general, this transition does not

Relaxor effects have been recently found in two kindsshow glassy behavior. In fact, relaxor behavior has been
of organic materials: high-energy electron irradiated vinyl-clearly demonstrated only for high-energy electron irradiated
idene fluoride-trifluoroethylene copolymers®® hence- sample$22336:3’An acknowledged consequence is that this
forth AVDF-TrFE), and a tetrathiafulvalene-para-chloranil system presents the largest known electrostrictive response
complex?* Both are one-dimensional ferroelectrics and the(strain level of 4% of all electro-active materiafs:3¢-3°Al-
relaxor features were intentionally provoked by irradiation orthough the appearance of cross-linking bonds on the electron
chemical modification, respectively. Similar examples of ex-irradiated polymer has been demonstrafetf;*'the mecha-
ternally driven normal-to-relaxor ferroelectric crossovers innisms responsible for the induction of the relaxor and elec-
inorganic materials were also recently demonstrated by eledroestrictive features have not yet been established. Some
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uncertainty even remains concerning the relationship be- 70
tween crystallinity decrease and the appearance of cross 80
linking and about the nature of defects in the crystalline _ 40:
region. Wyg
The effects ofy irradiation on the ferroelectric properties 20
of P(VDF-TrFE) copolymers were previously studied by — 10 ===
Odajimaet al*2. A similarity has been shown between the
dielectric behaviors of electron- and gamma-irradiated 70
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appearance of relaxor features is clearly demonstrated. Di- ] ) o
electric, calorimetric, structural and spectroscopic measure- F'G- 1. Dielectric responses of the non-irradiated copolymer
ments were used to investigate the chemical and morphologf_amples for the first and third thermal heatings, for the increasing

cal modifications responsible for the relaxor behavior of theduencies: 500 Hz, 3 kHz, 10 kHz, 30 kHz, 100 kHz, 300 kHz,
material. and 1 MHz. The arrows indicate increasing frequencies.

mopolymer belongs to the centrosymmetric monoclinic
P2cm space groufl> while its copolymer with 50-mol %
PVDF and equimolar ®%DF-TrFE) films with 80.um  TrFE belongs to the polar Cm2m space group, as already
thickness were prepared from commercial resingointed out.
(ATOCHEM) melted at 200°C, presse(B00 baj and PVDF and its copolymer with 50 mol% TrFE were irra-
quenched to room temperature. Some of the obtainediated within the same experimental conditions, i.e., 500
samples were irradiated with 500 k@50 Mrad of a ®®Co  kGy of 1.25 MeV y rays. The homopolymer showed a high
source(1.25 MeV, dose rate 0.1 Mrad/lunder ambient at-  stability under irradiation, while the copolymer showed mi-
mosphere, at room temperature, at EMBRARAD/IPEN-croscopic and macroscopic changes and relaxor behavior. We
CNEN, Brazil, and their behaviors compared with those ofcan initially wonder why the copolymer is susceptible to
nonirradiated samples. irradiation and the homopolymer is not. Besides the struc-
Structural characterization was made by x-ray diffrac-yral difference, the main difference between these polymers
tometry (RIGAKU), with a 2° 20/min scan rate, using ®l,  is of chemical nature: the presence of CHF segments in the
radiation(30 mA, 40 kV). Thermal analyses were performed copolymers. In this paper, we first show and then discuss the
by differential scanning calorimetryDSC, Mettler TA10-  results of our investigations.
DSC30 system with heating/cooling rates of 20 °C/min and  The dielectric response of as-crystallizeVBF-TrFE)
by dielectric spectroscop$DETA, Impedance Analyzer HP  copolymer samples is shown in Fig. 1, for the first and third
4192A) at 1 °C/min, for frequencies ranging from 300 Hz to heating runs, for several frequencies ranging between 500 Hz
10 MHz and temperatures from -40 to 115°C. Typicaland 1 MHz. Thermal cycling is necessary to stabilize the
sample weight and area were 10 fi@SC) and 45 mmM  sample propertie&rystallinity, defect relaxation We notice
(DETA). Fourier transform infraredFTIR) spectroscopy the diffuse character of the ferroelectric Firoads’ peaks
was used to verify structural and chemical modifications ofwith a maximum at 66 °Cwithout frequency dispersion. The
the samples. The spectra were recorded between 1500 agdrves for dielectric loss tangeftans) show three features:
4000 cm* with a BOMEM-DA8 spectrometer, equipped a low-temperature broad peak with a relaxation character, a
with a Globar source, a KBr beamsplitter and a HgCdTethinner peak around 66 °C without any frequency depen-
detector. The spectral resolution was better than 2'cm dence, and the tail of a high absorption at high temperatures.
The first peak is linked to the micro-Brownian motion of the
Il RESULTS AND DISCUSSIONS main polymer Chain into the amorphous phas_e, th_e so-called
a relaxation which freezes at22 °C (the quasi-static glass
Melt-crystallized PVDF and copolymers present ran-transition temperature of this polyméf The second peak is
domly oriented crystalltes embedded in an amorphoushe signature of the ferroelectric PT and is linked to dielectric
matrix*® The crystallite dimensions are in the nano-scale redosses into the crystalline region due to dipole fluctuations in
gion, i.e., 5 nm along the-axis (chain direction and 10 nm  the critical region and the tail is due to increasing losses near
perpendicular to it. It is also accepted that the crystallinethe melting point. Although the PT is of a first-order thermo-
amorphous interface, called an anchored or strained amodynamic character, we did not discern any thermal hysteresis
phous phase, is partially orienté®The degree of crystallin- within the experimental accuracy of about 1 °C.
ity (x), @ measure of the crystalline fraction in the material, is Let us discuss now the results of the dielectric investiga-
generally higher than 50%. At room temperature, PVDF ho+ions of the irradiated copolymer samples, presented in Fig.

II. EXPERIMENTAL PROCEDURES
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FIG. 3. The Vogel-Fulcher behavior of the apparent critical tem-
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Temperature (°C) Temperature (°C) perature for the irradiated copolymer, obtained from the dielectric
constant peaks in the third heating run.
FIG. 2. Dielectric responses of the irradiated copolymer samples

for the first and third thermal heatings, for the increasing frequen- Figure 4 displays x-ray diffractograms of theVi®F-
cies: 500 Hz, 3 kHz, 10 kHz, 30 kHz, 100 kHz, 300 kHz, and 1 1yrE) copolymer, before@ and after(b) irradiation. The

—_
[=)
o

MHz. The arrows indicate increasing frequencies. inset shows a zoom in the region of higher angles. These

diffractograms show the typical profiles for the quasi-

2, for the first and third heating runs. We observe the appea'ﬁexagonalCmZm structure, also called thg phasedls The

ance of a relaxation character of the dielectric constant peak ~. peaks at 19.16, 19.60, and around 4@lggrees corre-

around the ferroelectric PT, which is enhanced after the firsgpond respectively, to thé00), (110, and (201 Bragg

heating, suggesting the creation of a relaxor phase. It i eaks. We observe that, apparently, the 500-k@yadiation

worth noting that the dielectric anomaly became also muc ;
o . dose does not change the crystallographic structure of the
broader after irradiatiofthe PT became more diffusén the .
olymer. In fact, although the main peaks at lower angles

dielectric loss curves, we observe the existence of a smallé)r . . .
frequency-independent peak around 48 °C, in the first hea{_)resent a little evolution, the201) peak remains at the same

ing curves. as a shoulder on the large relaxation absor tioﬁ)osition, which indicates that the interchain distance, linked
9 ’ 9 POl thec axis, remains close to 2.56 A, a characteristic of the

This feature corresponds to the narrow peak that appeared Igt hase of these polvmers

the critical temperatur€66 °C) in the nonirradiated sample. P POy :

Its presence on the first heating #@nourve indicates that the In order to explore the changes due to the irradiation in
s pr . 9 : the strongest Bragg peaks, in Fig. 5 we present the fittings of
irradiated sample still contains a fraction of a normal-

ferroelectric phase beside the relaxor one. Nevertheless, aftthrese peaks around 19° by pseudo-Voigt functions, before

heating the sample up to 100 {@tal transformation into the nd after irradiation. The vertical dashed line shows that the

paraelectric phageonly the relaxor phase subsists, as showndm'd"lehEd curve, corresponding to 80 peak, remains

by the enhancing of the relaxation characteebfnd tand. approximately at the same position. Otherwise, the dashed

For PVDF, the only observable variation in the dielectric S"Ve: corresponding to @10 peak, present an important

roperties with irradiation was an increase of the dieIectricdownShift' By estimating the cell parameters from (280,
prop (110, and (201) peak positions, we goa=9.25 A, b

loss at hlgh_er temperatures, which occurrs also_for the co= 519 A, and c=2.58 A, before irradiation anda
polymer. This behavior can be explained by the increase of

the ionic conduction in the dielectrics, since it is more im-_g'26 A, b=5.48 A, andc=2.57 A, after irradiation. We
portant for lower frequencies, and can be attributed to the
appearance of ionic species created by irradiation.

In order to demonstrate the relaxor behavior of the irradi-
ated copolymer in Fig. 3 we plot the measurement frequen-
cies versus the reciprocal apparent critical temperatures,
taken from the dielectric constant maxima, for the third heat-
ing run of the irradiated copolymer. We note that this system
obeys quite well the Vogel-Fulcher law, a characteristic of
both glassy systerffs and relaxor systems with activated
critical dynamics:* b

The above results show that gamma-irradiation is effec-
tive to change the macroscopic dielectric response of the 10 15 20 25 30
ferroelectric polymer, by inducing a relaxorlike behavior. 2 0 (degrees
Then, we can wonder what are the microscopic changes that
lead to this behavior? Let us present the results of our struc- FIG. 4. X-ray diffractograms for the (WDF-TrFE) copolymer,
tural, thermal and spectroscopic investigations to discuss thisefore(a) and after(b) irradiation. The inset shows a zoom in the
guestion. region of the(201) Bragg reflection.
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FIG. 5. Detail and fittings of the main x-ray Bragg peaks of the
copolymers, before and after irradiation. Dashed and dot-dashed
lines represent respectively tli#10 and (200 Bragg peaks. The
vertical dashed line shows that the position of the latest peak does
not change with irradiation.

b)

N\h 1" heat.
5" heat.

note that the structure remained quasi-hexagonal (

~/3b), but that the cell volume increased by 5%. The vol-

ume increase is close to that undergone by this polymer in its

ferroelectric-to-paraelectric phase transition, but the changes

in cell pargmeters are very different. Ir_l fact, the hgxagonal 0 80 20 160 200

paraelectric phase has a contracted. mterchgln @stance ( Temperature ( OC)

~2.2-2.3 A) (Refs. 30 and 3Rand intrachain distances

comparable to thdé axis of the irradiated sample, though  FIG. 6. DSC curves for the copolymer, befda and after(b)

with a= \/§b. Note that, as a consequence of the irradiationjrradiation, for the various thermal runs indicated in the figure.

the (ferro) elastic deformation, which is proportional ta (

—/3b), transforms from positive to negative. Thus, the bility of the ferroelectric phase. We also note that the thermal

main observable effect of irradiation on the crystalline cellsanomalies became more complex after irradiatidouble

is the 5% unit cell increase in thedirection. Concerning the and triple peaks which is a clear indication of the presence

irradiated PVDF homopolymer, we did not observe anyof defects into the polymer structure.

change in its diffractograms with irradiation. The calorimetric results show that the irradiation-induced
The x-ray results showed that the crystalline structure oflefects do not disappear after melting the sample and that the

the irradiated copolymer samples could be either the ferroloss of stability of the paraelectric crystalline phase is still

electric 8 phase or a very similar structure. The cell volume higher for the melted recrystallized sampé®wnshift of the

increase is surely linked to the presence of defects affectingielting poin. We interpret these results as follows: most of

the crystallites. But, what is the nature of such defects? Caldhe induced irradiation defects are chemical bofttley do

rimetric techniques are well adapted to investigate whetheRot disappear after meltingmainly in the amorphous phase.

these defects are of physical or chemical origin. Thus we _ i

have performed several cycles of DSC runs on our samples TABLE I. Endotherr_n_lc peak temperatur_es and gnthalples_ at the

and the results for the copolymers are presented in Fig. 6, fgiructural phase transitioPT) and crystalline melting, obtained

the nonirradiated@ and irradiated(b) samples. The two '"om the indicated DSC heating runs.

endothermic peaks for increasing temperatures on the heaf- . . .

ing runs correpspond, respectively? to thFe) first-order ferroele:’:% Heating  Tor(°C)  AHpr()  Tne(®C)  AHmeJ/9)

tric PT and to the melting of crystallites. The cooling cyclesBefore irradiation:

dQ/dt (<= Endo)

IS
o
o

present exothermic peaks for recrystallization andist 69.0 8.5 — —
paraelectric-to-ferroelectric PT, for decreasing temperatureong 68.5 6.7 — —
In the two first cycles, the samples were heated only up taq 68.5 6.3 157.0 252
95°C; the samples were melted only during and after they, 66.0 6.8 159 5 26.2

third cycle. The temperatures and latent heats of PT and
melting are given in Table I, showing a high stability after After irradiation:

the first cycle. 1st 54.5 3.8 — —
The irradiated copolymer sample also presents an endognd 52.0 1.4 — —
hermic anomaly in the region of the ferroelectric FHig.  3rd 52.0 1.6 149.0 20.6
6(b)]. Nevertheless, the transition temperature decreasesth 52.0 2.4 137.0 12.2
about 16 °C and the transition latent heat became much lowesth 52.0 2.5 136.0 11.9

after irradiation(also see Table)] denoting the loss of sta-
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0__ _ rial, and is probably due to-£0 stretching vibratiorf?>°
SN e T A After ambient atmosphere irradiation this band becomes very
intense. Beside this chain oxidation, we also observe the ap-
pearance or intensification of five bands, marked by aster-
isks, respectively at 1614, 1855, 3528, 3592, and 3698
cm 1. We believe that these bands correspond to bending
and stretching vibrations of NH and OH bonds, participating
of the cross-linking bonds in the amorphous phase.
At this point we can wonder how the appearance of cross-
0.0 linking bonds in the amorphous phase could be related to the
1500 2000 2500 3000 3500 4000 relaxor effect, which is a characteristic behavior of nano-
Wavenumber (cm_l) crystalline materials? The morphological organization of the
ferroelectric polymers could have the answer. In fact, the
FIG. 7. Transmission FTIR spectra of the copolymer sampleyvery small crystallitegtypical dimensions-10 nm are or-
before (dashed and after(continuous ling irradiation. New bands ganized in groups of lamella, with a partially oriented amor-
induced by irradiation are indicated by asterisks. phous intralamella phagé“*The density of this intralamella
amorphous phase is higher than that of the interlamella one.
In the crystalline region, the ordered chain packing preventtn normal ferroelectrics the domain size should be larger
higher degrees of irradiation damages. In the melted recryghan a critical value; otherwise, the domain would not be
tallized sample, the defects were segregated outside the crystable and would collapsé.In PMN, it has been shown that
tallites, but they should be so numerous that they provoke the critical correlation length is of the order of 20 firti.the
drastic decrease of the sample crystallifishich is roughly  correlation length becomes higher than this value, below the
proportional to the melting enthalpy freezing temperature, the polydispersive dynamics disappear
As was also observed by other authors in electron ofnon-ergodic behavigprand the system behaves like a normal
gamma-irradiated (WDF-TrFE) copolymers, we verify that, ferroelectric. On the other hand, on heating the sample the
after irradiation, the 50-mol % TrFE copolymer became in-correlation length decreases continuously down to 5 nm,
soluble in dimethylacetamide, which is compatible with theleading to the relaxotergodig behaviof’ Thus we believe
appearance of cross-linking chain bor@8>*%° These that the amorphous phase in ferroelectric polymers plays an
bonds should be associated with defluorination of the CHRmportant role in the formation of stable ferroelectric do-
sequence, since calorimetric measurements of irradiatehains, which should contain several crystallites and part of
PVDF homopolymer show only a 4 °C melting temperaturethe amorphous phase. One or more lamella could participate
downshift, with no change in the melting enthalpy. Thus weof each domain. In nonirradiated samples, the chains in the
conclude that the calorimetric behavior of the irradiatedamorphous phase are relatively free to rotate helping, neigh-
samples is compatible with the appearance of cross-linkingor crystallites to obtain parallel polarizations. After irradia-
bonds in the amorphous phase of the material. Within thigion, the movements of those chains are somewhat frozen by
picture, we can understand the relationship between crystathe cross-linked bonds. Thus the interaction between adja-
linity, a characteristic of linear polymers, and cross-linking, acent crystallites is reduced and smaller polar clusters would
characteristic of network polymers. In the present case, thedse formed. Although ®/DF-TrFE) polymers are order-
two properties are present, but in different parts of thedisorder ferroelectrics, these polar clusters could have similar
sample. behavior to that observed in inorganic relaxors, i.e., they
The structural and morphological modifications of would be dominated by correlated dynamical fluctuations
P(VDF-TrFE) copolymer induced by the irradiation, i.e., into the relaxor phase, which freeze into ferroelectric nan-
the unit cell expansion along theaxis and the creation of odomains at low temperatures.
cross-linking bonds in the amorphous phase, should both be A last remark concerns the qualitative differences on us-
responsible for the macroscopic relaxor-like dielectric behaving electron or gamma irradiation to induce the observed
ior of the material. We can use FTIR spectra to investigateelaxor features in these polymeric materials. In fact, assum-
the changes in the chain conformation and the formation ofng that the same absorbed dose is delivered to the sample,
new chemical bonds due to the irradiation. Thus in Fig. 7 wesome differences exist mainly related to the dose rate and to
present the transmission FTIR spectra of the copolymethe oxidative degradation of the material, at or near the sur-
sample, beforddashed and after(continuous ling irradia-  face. For electron and gamma sources of same strength, the
tion. The strongest bands at 2978 and 3014 troorre- dose rate is much higher for electrons than that for the
spond, respectively, to the symmetrical and anti-symmetricajamma source, because the electron beam is generally colli-
stretching CH vibrations in the polar all-trans pha$&Their ~ mated and focused in a smaller region. This has the advan-
intensification after irradiation can signify the enhancing oftage of a lower exposition time, but some disadvantages
this dipolar vibration. A shoulder in the higher frequency when the recovery time is not respectsdme systems can
side of the 3014-cm' band can indicate the increase of present saturation effegtsBesides, the interaction of elec-
gauchesegments, but there is no additional evidence thatrons with other electrons is much stronger than with pho-
they are located in the crystalline region of the material. Thaons. On the other hand, since the gamma rays have a deeper
strong band near 1750 crhis not predicted for this mate- penetration length and reach the targets as plane waves, the

0.8
0.6

0.4

Transmission

0.2

144103-5



C. WELTER, L. O. FARIA, AND R. L. MOREIRA PHYSICAL REVIEW B67, 144103 (2003
energy transfer to the sample is more homogeneous than for The vy rays produce a decrease of the copolymer crystal-
electrons. Finally, it can be said that all polymeric materialslinity, the appearance of new chemical bonds, an increase of
undergo less embrittlement under electron-beam than undéhe b lattice parameter, and the loss of the stability of the
gamma-ray irradiation as a result of reduced oxidative chaimormal ferroelectric phase. Although the mechanism for the
scissiom? 6 Although some work has been already done inrelaxor formation is not yet completely understood, we pro-
irradiated BPVDF-TrFE) copolymergl®=444% a systematic pose that cross-linking bonds created in the amorphous phase
study of the differences under these different types of irra-of the polymer prevent the formation of stable ferroelectric

diation remains a task for the future.

IV. CONCLUSIONS

It has been shown that high dosesyoirradiation are as

domains: the correlation length would become smaller than
the critical domain size, leading to the appearance of dy-
namically unstable polar clusters, which drive the macro-
scopic dielectric response of the system.

effective as equivalent electron-irradiation doses to induce

the formation of a relaxor phase in ferroelectric polymers.

ACKNOWLEDGMENTS

These materials constitute a new class of order-disorder re-

laxor ferroelectrics. Another particularity is that their parent

We thank Dr. A. B. Luga, IPEN/CNEN and EM-

phase is of a hexagonal symmetry, with no relationship to thRARAD for the irradiation of our samples. This work was
perovskite or tungsten-bronze structures, which hold for alpartially supported by the Brazilian government agencies

known inorganic relaxors.

CNPq and Fapemig.

*Corresponding author. Email address: bmoreira@fisica.ufmg.br

IM. E. Lines and A. M. GlassPrinciples and Applications of
Ferroelectrics and Related Material®©xford University Press,
Oxford, 1977.

2G. A. Smolensky and V. A. Isupov, Sov. J. Tech. PH34. 1375
(19549.

3L. E. Cross, Ferroelectricgs, 241 (1987).

4V. A. Isupov, E. P. Smirnova, N. K. Yushin, and A. V. Sotnikov,
Ferroelectric95, 179(1989.

5S.-E. Park and T. R. Shrout, J. Appl. Ph$&, 1804 (1997).

®H. Fu and R. E. Cohen, Natufeondon 403 281 (2000.

"H. Diamond, J. Appl. Phys32, 909 (1961).

8G. A. Smolensky, J. Phys. Soc. Jpn. Supp8, 26 (1970.

°D. Viehland, M. Wauttig, and L. E. Cross, Ferroelectrit®0, 71
(1991.

Methods Phys. Res. B05 225(1995.

23Q. M. Zhang, V. Bharti, and X. Zhao, Scien280, 2101 (1998.

243. Horiuchi, R. Kumai, Y. Okimoto, and Y. Tokura, Phys. Rev.
Lett. 85, 5210(2000.

25V, Bobnar, Z. Kutnjak, and A. Levstik, Appl. Phys. LeT, 2773
(2000.

26G. A. Samara, E. L. Venturini, and V. H. Schmidt, Appl. Phys.
Lett. 76, 1327(2000.

2ic., Ang, Z. Yu, and Z. Jing, Phys. Rev. @&, 957 (2000.

28\. M. Kumar, K. Srinivas, and S. V. Suryanarayana, Appl. Phys.
Lett. 76, 1330(2000.

29A. J. Lovinger, Scienc€20, 1115(1983.

303, F. Legrand, Ferroelectri€l, 303(1989.

81K. Tashiro, Phase Transitiors, 213 (1989.

82T Furukawa, Ferroelectrick04, 229 (1990.

10p. Viehland, S. J. Jang, L. E. Cross, and M. Wuttig, Phys. Rev. B**R. L. Moreira, inThe Polymeric Materials Encyclopediadited

46, 8003(1992.

E V. Colla, E. Y. Koroleva, N. M. Okuneva, and S. B. Vakhru-
shev, Phys. Rev. Let#4, 1681(1995.

2p Levstik, Z. Kutnjak, C. Filipic, and R. Pirc, Phys. Rev. 33,

11 204(1998.

137, Kutnjak, C. Filipic, R. Pirc, A. Levstik, R. Farhi, and M. El
Marssi, Phys. Rev. B9, 294 (1999.

14\, Westphal, W. Kleemann, and M. D. Glinchuk, Phys. Rev. Lett.
68, 847(1992.

W, Kleemann, Int. J. Mod. Phys. B 2469(1993.

A, K. Tagantsev and A. E. Glazounov, Phys. Rev.58 18
(1998.

M. D. Glinchuk, E. A. Eliseev, V. E. Stephanovich, and B. Hilc-
zer, Fiz. Tverd. TelaSt. Petersbung43, 1247 (2001 [Phys.
Solid State43, 1299(2001)].

BR. Pirc, B. Tadic, and R. Blinc, Phys. Rev.35, 8607 (1987).

¥R. Pirc and R. Blinc, Phys. Rev. 80, 13 470(1999.

20y, Bobnar, Z. Kutnjak, R. Pirc, R. Blinc, and A. Levstik, Phys.
Rev. Lett.84, 5892(2000.

by R. SalamondCRC Press, Boca Raton, FL, 19960I. 11,
pp. 8596—-8602.

34R. L. Moreira and B. V. Costa, Ferroelectrit84, 247 (1992.

35R. L. Moreira, R. P. S. M. Lobo, G. Medeiros-Ribeiro, and W. N.
Rodrigues, J. Polym. Sci., Part B: Polym. Ph§g, 953(1994.

36\, Bharti, H. S. Xu, G. Shanthi, Q. M. Zhang, and K. Liang, J.
Appl. Phys.87, 452(2000.

37V, Bharti and Q. M. Zhang, Phys. Rev. &8, 184103(2001).

38X. Z. Zhao, V. Bharti, Q. M. Zhang, T. Romotowski, F. Tito, and
R. Ting, Appl. Phys. Lett73, 2054(1998.

397.-Y. Cheng, T.-B. Xu, V. Bharti, S. Wang, and Q. M. Zhang,
Appl. Phys. Lett.74, 1901(1999.

40B, Daudin, J. F. Legrand, and F. Machi, J. Appl. Ph¥@. 4037
(199)).

#H. Xu, G. Shanthi, V. Bharti, Q. M. Zhang, and T. Ramotowski,
Macromolecules33, 4125(2000.

42p. Odajima, Y. Takase, T. Ishibashi, and K. Yuasa, Jpn. J. Appl.
Phys.24, 881(1985.

43A. J. Lovinger, Macromolecule$8, 910(1985.

2lW. Kleemann, P. Licinio, Th. Woike, and R. Pankrath, Phys. Rev.**B. Daudin, M. Dubus, and J. F. Legrand, J. Appl. PH§2.994

Lett. 86, 6014 (2001).
223. F. Legrand, B. Daudin, and E. Bellet-Amalric, Nucl. Instrum.

(1987).
45A. J. Lovinger, inDevelopments in Crystalline Polymewesdited

144103-6



RELAXOR FERROELECTRIC BEHAVIOR OFy-. .. PHYSICAL REVIEW B 67, 144103 (2003

by I. D. C. BassetApplied Science, London, 1982Chap. 5. p. 208.
46R. L. Moreira, R. Almairac, and M. Latour, J. Phys.: Condens.32M. Le Meur, M. Attal, F. Carlin, J. Chenion, G. Gaussens, and P.
Matter 1, 4273(1989. Le Tutour, inEffect of Irradiation Dose Rate on Changes in the
*’L. O. Faria and R. L. Moreira, J. Polym. Sci., Part B: Polym.  properties of Polymer Material§Socigé Franaise d’Eriegie
Phys.37, 2996(1999. Nucleaire, Paris, 1989Vol. 1.
*®For a recent overview, see C. A. Angell, K. L. Ngai, G. B. McK- 53R | Clough and S. W. Shalaby, Radiation Effects on Polymers
enna, P. F. McMillan, and S. W. Martin, J. Appl. Phg8, 3113 (American Chemical Society, Washington DC, 1291
(2000. 54B. A. Briskman, V. P. Sichkar, L. B. Kras'ko, and V. K. Milin-
4%y, W. Tang, D. H. Wang, S. S. Guo, and X. Z. Zhao, Eur. Polym. chuk, High Energy Chen27, 172 (1993.
5 J.37, 471(2003. _ _ . 5S. W. Shalaby, Macromol. Rev. Part D: J. Polym. S}, 419
L. O. Faria and R. L. Moreira, J. Polym. Sci., Part B: Polym. (1979.
51 Phys.38, 34 (2000. i . 58B. Hilczer, H. Smogor, T. Pawlowska, S. Warchol, and M. Now-
B. A. Strukov and A. P. Levanyul;erroelectric Phenomena in icki, Ferroelectric<261, 803 (2001).

Crystals: Physical Foundation&Springer-Verlag, Berlin, 1998

144103-7



