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Glassy dynamics in an electron-irradiated polyvinylidene fluoride-trifluoroethylene)
copolymer system
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The dynamic processes in electron-irradiated pahylidene fluoride-trifluoroethylene[P(VDF-TrFE)],
copolymer with a VDF content of 55 mol % have been studied by measurements of the temperature and
frequency-dependent lineat ) and third-order nonlineareg) dielectric constants. Analysis of the complex
linear dielectric response by a temperature-frequency plot has revealed that the longest relaxation time diverges
at T=277 K, while the bulk of the relaxation times remains finite below this freezing temperature. Such an
asymmetric behavior is, together with the temperature dependence of the static field-cooled dielectric constant,
very similar to that observed in classical relaxor systems, such as lead magnesium niobate and lanthanum lead
zirconate titanate, and is reminiscent of the dynamic behavior observed in various spin glasses. In addition, a
paraelectric-to-glass crossover in the temperature dependence of the dielectric nonl@gaﬁg//sgs‘l‘,
typical for relaxors, has been observed.
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I. INTRODUCTION characteristic relaxation time according to the Vogel-Fulcher
law.X?> However, a breakthrough in understanding the dielec-
Ever since high piezoelectric coefficients in polyvi- tric properties of classical relaxor systems has been achieved
nylidene fluoride have been reportethese polymers have only after static field-cooled dielectric polarization
played an important role in sensor and actuator applicationsneasurementd'#and the temperature-frequency plot analy-
A high piezoelectric effect has also been found in a ity  sis of the complex dielectric response had been carried out.
nylidene fluoride-trifluoroethylend P(VDF-TrFE)], copoly-  The latter showed that, like in various spin glasses, the er-
mer, which, after the ferroelectricity in this material was ob-godicity is broken at the freezing transition temperattlire
served, attracted a great interest in its basic physicadlue to the divergence of the longest relaxation time, while
properties > Recently, a giant electrostrictive response of anthe bulk of the relaxation times remains finite even below
electron-irradiated ®/DF-TrFE) copolymer has been T;.'* Furthermore, nonlinear dielectric spectroscopy also
reported® making it a promising material for numerous ap- turned out to be a powerful tool for investigations of relaxor
plications. After irradiation, the (% DF-TrFE) copolymer ex-  properties: the temperature dependence of the dielectric non-
hibits typical relaxor behavior, suggesting that high-energylinearity a;=e3/e3e1, wheree, ande; are linear and third-
electrons break up all-trans chains in normal ferroelectriorder nonlinear dielectric constants, respectively, can in fact
P(VDF-TrFE) into nanopolar regions. The expanding of distinguish between ferroelectric and glass transitions, be-
these polar regions under external electric fields, coupledauseaz should vanish at the ferroelectric transition or di-
with a large difference in the lattice strain between polar andrerge at the glass transitidn.
nonpolar phases, generates an ultrahigh strain resfonse. Therefore, in order to deepen our knowledge of relaxor-
Classical relaxor systems, such as lead magnesium nidike properties of the electron-irradiated VDF-TrFE) co-
bate and lanthanum lead zirconate titanate ceramics, agolymer, the dielectric dynamics in this system has been
characterized by a broad frequency dispersion in the complestudied by detailed measurements of the temperature and
dielectric constant, slowing dynamics, and logarithmic polarfrequency-dependent linear and third-order nonlinear dielec-
ization decay. These systems are believed to provide a contric constants. The (WDF-TrFE) copolymer with a VDF
ceptual link between ferroelectrics and dipolar glassescontent of 55 mol % has been used for investigations. While
Namely, in zero electric field no long-range ferroelectricnonirradiated material undergoes a paraelectric-to-
state is established and relaxors undergo a freezing transitidarroelectric transition af,~320 K,'? analysis of the com-
into nonergodic staté.On the other hand, by cooling the plex linear dielectric response by a temperature-frequency
relaxor material in an electric field higher than the critical plot revealed that the longest relaxation time in the electron-
field, a long-range ferroelectric phase is fornfed. irradiated system diverges @t=277 K, while the bulk of
Intensive investigations of the electron-irradiaté®BF-  the relaxation times remains finite below this freezing
TrFE) copolymer, carried out in recent yedrs? indeed re-  temperature—a behavior that is typical for classical relaxor
vealed some typical relaxor properties, such as a broad disystems. Furthermore, the temperature dependencies of the
persive dielectric maximum and a slowing down of thestatic field-cooled dielectric constant and dielectric nonlin-
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earity a3=s3/s§s‘l" were found to be very similar to those
observed in the classical relaxor systems.

Il. EXPERIMENTAL PROCEDURES

A P(VDF-TrFE) 55-/45-mol% copolymer was supplied -
by Solvay and Cie. Thé\,N-dimethyl formamide solvent W
was used to cast unstretched films. Films, having the thick-
ness of=10 um, were annealed at 408 K for 10 h in order
to improve their crystallinity. The electron irradiation was
carried out in a nitrogen atmosphere at 373 K with 1.2-MeV
electrons. While earlier investigations were carried out in

copolymers irradiated with electrons of higher 0 , , , ,
energie$%112it was found recently that irradiation at a o '
temperature above a paraelectric-to-ferroelectric transition sk 12 _
reduces the electrons’ energy and the irradiation dose needed =
to achieve a high electrostrictive respo$&he irradiation 4H 8 :g §
dose of 55 Mrad was chosen, thus in the range of 40-100 = _ | s =
Mrad, where the irradiated copolymer exhibits relaxor w  3}| T=221.8:12K _
behavior.**° 32 34 36 38

Samples having silver paste electrodes on both surfaces 20 1000/T(K ™" 3 1
were used for dielectric measurements. It was found that ho
sputtering of gold is not suitable for these samples, as will be 1 .
shown in detail in the next section. A complex linear dielec-
tric constante} (w,T)=¢;—ie] was measured in the fre- 0 p , , , B
guency range of 20 Hz—1 MHz using an HP4282 Precision 150 200 250 300 350
LCR meter. The amplitude of the probing ac electric signal T (K)

was 1 V. Samples were first heated up to 350 K and then the

dielectric response was detected during cooling of the system FIG. 1. Temperature dependence of the reél, and imaginary,
with the rate of—0.5 K/min. Only a small amount of ther- &, parts of the complex linear dielectric constant, measured at
mal hysteresis was observed in the dielectric data monitoreskeveral different frequencies. The inset shows that the characteristic
during subsequent heating runs. The same procedure weglaxation time follows the Vogel-Fulcher law.

used for the third-order nonlinear dielectric response mea-

surements, which were carried out at several frequencies b&sas stabilized to within=0.01 K by using a lock-in bridge
tween 1 Hz and 10 kHz by using an HP35665A dynamictechnique with the platinum resistor Pt100 as a thermometer.
signal analyzer. Here, the first;, and the third,e;, har-

monic dielectric responses were measured simultaneously, IIl. RESULTS AND DISCUSSION

thus greatly reducing noise in the subsequent computation of

the ratioas=e5/¢3¢%. The absolute value of the third-order ~ Figure 1 shows the temperature dependence of the real,

nonlinear dielectric respongg and the real part of the linear ey, and imaginarygf , parts of the complex linear dielectric
dielectric constant, were used in this computation. cpnstan_t, mt_aasurgd at sgveral different frequenC|es..A b.road
The temperature dependence of the static dielectric poladiSPersive dielectric maximum can be observed, which is a
ization can be measured by using the corresponding methd@sult of the fact that, as in dipolar glass and relaxor systems,
described in Ref. 17. After the external electric figidis €1, at & certain temperature dependent on the experimental
applied at the highest temperature in the desired temperatuféne scale, i.e., frequency, starts to deviate from its static
range, the sample is cooled down in the same electric field/alue. Besides this broad dielectric maximum only a conduc-
and the corresponding polarizatid®c (FC denotes field tivity contribution in €7 can be observed at the highest tem-
cooled is monitored via a charge accumulation techniqueperatures, while there is no additional anomaly &t
using a Keithley 617 programmable electrometer. The static=320 K, which means that high-energy electrons com-
dielectric constané ; can then be calculated directly from the pletely transformed the ferroelectric material into a relaxor-
dielectric polarization ag.=1+ Prc(E,T)/eoE. Here, the like system. The inset to Fig. 1 shows that the characteristic
relatively high conductivity of the copolymer prevents relaxation frequency, determined from peakseff{T), fol-
charge measurements at higher temperatures, thereforelaws the Vogel-Fulcher law = vgexd —U/k(T—Tg)] with
slightly modified method was adopted. The sample was firsthe Vogel-Fulcher temperatuiig,=221.8-1.2 K.
cooled in zero electric field to a fixed temperature, where the Here it should be noted that two different relaxation pro-
conductivity is sufficiently low, and then the external electriccessesa and 3, have been observed in thé\VF-TrFE)
field was applied. After the measured charge reached its sateopolymer*1? The a-relaxation process is associated with
rated valug Pcc=P,c(t—>)], the temperature-dependent the local dipolar motions in the crystalline region, while the
measurement commenced. The temperature of the sampl@srelaxation process is attributed to the molecular motions in
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ionic and electronic polarizability of the system;is the

FIG. 2. The temperature dependencies of the third-order non”n_gharacteristic relaxation time; aids the parameter describ-

ear dielectric constants and dielectric nonlinearitp,, measured INg the distribution of the relaxation timeh=0 describes

at three different frequencies. The inset shows the paraelectric-tgnonodispersive relaxation, while <th<<1 indicates the
glass crossover in the temperature dependenes.of broad distribution of the relaxation times in the system. This

procedure can provide information about parametgrs., ,

the amorphous region of the copolymer. The latter are only” andh, howe_ver, CoI_e-CoIe plots cannot provide d_|rect and
weakly polar in nature, therefore, does not show any sig- iIndependent information about the actual relaxation spec-

o . trum under investigation. Furthermore, since the relaxation
nificant anomaly connected to th® process. This process . . . ;
o -~~~ spectrum becomes extremely polydispersive with decreasing
can be detected inj(w,T), however, at lower frequencies

than in th We ch ¢ temperature, as can clearly be seen in Fig. 3, even this stan-
an in théa process. YWe chose a irequency measuremenya analysis can be performed only at higher temperatures.
range such that dominantly therelaxation process was de-

On the other hand, information on the relaxation spectrum

tected. ThL!S’ all the dat_a In th_|s paper describe Fe'ax_a“o ehavior and thus on dynamic processes can directly be ex-
processes in the crystalline region of the electron-irradiate

acted using the so-called temperature-frequency plot. This
P(VDF-TrFE) copolymer. g P d y P

X . . thod h Iready b full lied t [
Figure 2 shows the temperature dependencies of the thlr(gne i arcady been Secessilty appiec fo varlols

: ; : . _ _ jlassy?~2*and relaxor systemis:**Its extended description
ordfer nonllneag d4|electr|c constaat and .dlelectrlc nonl|n.- is given in Ref. 22. The essential point is that by varying the
earityaz=e3/eqe], measured at three different frequencies. oq,ced dielectric constant
The inset to Fig. 2 shows that;, when approaching the
freezing transition from above, undergoes a crossover from 5 el(0,T)—e. (2 g(z)dz
decreasing paraelectriclike to increasing glasslike tempera- = =f 2
ture behavior. Whilea; should vanish at the paraelectric-to- z 1t (wfwg)"exp(22)
ferroelectric phase transitihor diverge at the freezing tran- between the values 1 and 0 different segments of the relax-
sition in dipolar glasse¥, such behavior is typical for ation spectrung(z) can be probed{=1 probes the upper
relaxors. The paraelectric-to-glass crossoveagrhas been limit of the relaxation spectrum, i.e., the longest relaxation
detected in several relaxor systéf®?'and is in fact in  time). The distribution of relaxation times is limited by the
accordance with the predictions of the spherical randomtower and upper cutoffg, andz,.
bond—random-field model of relaxor ferroelectrics. Obviously, the knowledge of and e, is necessary to

The complex linear dielectric constant data, shown in Figthis procedure. Due to rapidly increasing polydispersivity
1, are shown again in Fig. 3 in thg vs &; representation. with decreasing temperature, analysis of Cole-Cole plots,
One standard way to analyze these experimental data is fit foresented in Fig. 3, provided values ©f only at tempera-
the Cole-Cole expression tures above 290 K. Indeed, it can be deduced from Fig. 3 that

)

€5~ €
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FIG. 4. Determination of the temperature dependence (of 1000/T (K'l)
Main frame: measured voltage, corresponding to the dielectric po-
larization. Inset: temperature dependencesof determined from FIG. 5. Temperature-frequency plot for several fixed values

data shown in the main frame after subtraction of the conductivitygf the reduced dielectric constait Solid lines are fits obtained

effect. At higher temperatures rapidly increasing conductivity pre-yith Vogel-Fulcher §=0.95,0.8...,0.05) or Arrhenius §

vents determination of. =0.03,0.01) expressions. The inset shows dependence of the Vogel-
Fulcher temperaturé, on §.

£, is almost independent of temperature, having the value of
2.3. But still, independent measurement of at lower
temperatures is necessary for temperature-frequency plot
analysis. . . . . .
Figure 4 thus shows determination of the temperature de-
pendence ofsg in a broad temperature range by using a
charge accumulation technique. First the sample was cooled
in zero electric field to the temperature of 280 K, where
conductivity is sufficiently low. Then the external electric
field was applied, and after the measured charge reached its = —
saturated value, temperature-dependent measurement com- ©
menced. The main frame of Fig. 4 shows voltage measured
by an electrometer. Here, the effect of the conductivity can
clearly be seen, causing measured values during cooling and
subsequent heating runs to be slightly different. Also, high
conductivity of the copolymer at temperatures above 300 K
is very noticeable. The inset to Fig. 4 shows the temperature
dependence ofg, calculated from values presented in the
main frame, after the effect of conductivity had been sub-
tracted. Obviously, at higher temperatures, rapidly increasing
conductivity prevents this determination, but fortunately in
this temperature range the values &f were successfully s _
extracted from Cole-Cole plots. Using these values &dind @
the value ofe,=2.3, the temperature-frequency plot was
determined and is shown in Fig. 5. In practice, this procedure
requires that within the set of dielectric data at a given tem-
peratureT a frequencyr be found at which the prescribed
value of § can be reached. Solid lines through tldée

=0.95,0.8...,0.05 data in Fig. 5 are fits to the Vogel- 15'0 2(')0 25'0 3(')0 35'0
Fulcher law, which demonstrate the diverging behavior of T (K)

relaxation times. The inset to Fig. 5 shows dependence of the

Vogel-Fulcher temperaturé, on o. Freezing temperature, FIG. 6. Temperature dependence of the reél, and imaginary,

where the longest relaxation diverges, was determined &g parts of the complex linear dielectric constant, measured at
Ti=To(6—1)=277=2 K. Its value is considerably higher several different frequencies on the sample having sputtered gold
than the Vogel-Fulcher temperaturg=221.8 K of the char-  electrodes. Anomalies &,~320 K indicate the existence of the
acteristic relaxation timésee inset to Fig. )] because the ferroelectric phase.

094205-4



GLASSY DYNAMICS IN AN ELECTRON-IRRADIATED . . . PHYSICAL REVIEW B67, 094205 (2003

bulk of the relaxation times remains finite beldly. The  cess caused partial transformation of nonpolar trans-gauche
high-frequency part of the relaxation spectrum even remainsonformation back into the polar all-trans ferroelectric state.
active down to the lowest temperatures. Namely, solid linegherefore, it is very important to manipulate irradiated
through thes5=0.03 and 0.01 data in Fig. 5 represent fits tosamples carefully, since presence of the polar phase highly
the Arrhenius lawr= 7exp(E/kT). Such an asymmetric be- reduces giant electrostriction of the irradiated, relaxorlike
havior of the relaxation spectrum has already been detectde VDF-TrFE) copolymer.
in many glass$?2*and relaxor systems:}* The activation
energy of 0.63 eV, resulting from th&= 0.01 data fit, seems
relatively high. However, as has already been repdited;
tivation energies for the irradiated copolymers are higher Using linear and third-order nonlinear dielectric spectros-
than that of the noniradiated ones due to random transsopy measurements we showed that high-energy electron ir-
gauche chain conformatiofinstead of all-trans conforma- radiation with the dose of 55 Mrad transformed a ferroelec-
tion) in the nonpolar phase, induced by irradiation process.tric P(VDF-TrFE) 55-/45-mol % copolymer into nanopolar
Irradiation of the PVDF-TrFE) 55-/45-mol % copolymer regions. A temperature-frequency plot analysis of the com-
with 1.2-MeV electrons, with the dose of 55 Mrad, com- plex linear susceptibility revealed typical glas&glaxop
pletely transformed the ferroelectric material into a relaxorasymmetric behavior of the relaxation spectrum: While er-
system. However, several observations of the coexistence godicity of the system is effectively broken due to diver-
the relaxor and ferroelectric phases in electron-irradiategdience of the longest relaxation time at a freezing temperature
P(VDF-TrFE), either using x-ra}f or dielectric spectroscopy T;=277+2 K, the bulk of the relaxation times remain ac-
investigation$® have been reported. It is very interesting tive belowT;, the low-frequency part, obeying the Arrhen-
that both phases coexist not only if small doses of irradiationus law, even to the lowest temperatures. The temperature
are used, but also after irradiation with high doses. Namelydependence of, reaching almost a constant value at lower
in the 68-/32-mol %, copolymer reentrant polarization hys-temperatures, is by itself reminiscent of the dynamic behav-
teresis was observed after irradiation with doseg5 ior observed in various glassy systems. Also, the dielectric
Mrad!® suggesting that there exists an optimized dose thatonlinearity a; undergoes a crossover from decreasingly
generates a copolymer with a nonpolar structure whose eleparaelectriclike to increasingly glasslike temperature behav-
tromechanical performance is the best. It should be pointetbr when approaching the freezing transition from above,
out that we also have detected both phases in our sampleshich is a typical behavior for relaxor systems. It can there-
but only after gold electrodes had been sputtered to the sufere be concluded that an electron-irradiate/ PF-TrFE)
faces. Figure 6 shows the temperature dependence of the realpolymer system is an organic system in which dielectric
and imaginary parts of the complex linear dielectric constantdynamics in fact shows the same characteristics as in dipolar
measured at several different frequencies on the sample haglasses and relaxor ferroelectrics.
ing sputtered gold electrodes. Besides dispersion, typical for
relaxors, also frequency-independent peaksefn at T,
~320 K were detected, demonstrating that the ferroelectric
phase coexists in the system together with the relaxor phase. This work was supported by the Ministry of Education,
It seems that higher temperatures during the sputtering prdcience, and Sport of Slovenia.
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