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Measurement of the pyroelectric coefficient of poly„vinylidene fluoride… down to 3 K

R. W. Newsome, Jr. and E. Y. Andrei
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855

~Received 6 September 1996; revised manuscript received 22 November 1996!

The temperature dependence of the pyroelectric coefficientp8 of polyvinylidene fluoride (PVF2) was mea-
sured from 307 K to the previously unexplored region of 3 K. The measurements were performed on a film of
oriented (b-phase! PVF2 by monitoring its surface charge response to quasistatic heating and cooling tran-
sients. The data exhibit a pure cubic temperature dependence from 3 to 6 K with no evidence of a linear term.
This is consistent with the prediction by Szigeti and the Debye limit, respectively, for the primary~i.e.,
strain-free! and secondary contributions to pyroelectricity. The data from;20 to;150 K, which include the
region of largest change, are well fit by an exponential function~i.e., a0e

2u/T), corresponding to a thermal
activation energy ofu5(25.960.06) K. Our data forp8, from 100 to 250 K, are approximately proportional
to the thermal expansion coefficient, recently published by Hartwig, which indicates that the observed pyro-
electricity is dominated by piezoelectric~i.e., secondary! contributions in that temperature regime.
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I. INTRODUCTION

A. Overview

Most studies of the pyroelectric coefficient of polyv
nylidene fluoride~i.e., PVF2 or PVDF! have focused on the
temperature regime above the primary glass transition
;200 K, where the coefficient is comparatively large. The
are no previously reported measurements of it below 10
for PVDF,1–4 or for its related copolymer with trifluorethyl
ene, P~VDF-TrFE!.5,6 Predictions by phenomenologica
models for idealized crystals have differed, historically, b
tween a linear7–9 and a cubic10–13 temperature dependenc
for the primary~i.e., strain free! component of the pyroelec
tric coefficient in the low-temperature Debye limit.

Our measurements of the pyroelectric coefficient, defin
as p85(1/A)(]Q/]T), of oriented (b-phase! PVF2 extend
from 3 to 307 K. The change in chargeDQ on the sample
surface of areaA was measured in response to a change
the temperatureDT under conditions of negligible externa
mechanical stress and electric fields. The temperature reg
below 20 K received special emphasis because prev
measurements there are sparse and qualitative.1–6 The mea-
surements presented here provide evidence of a pure c
temperature dependence ofp8 from 3 to 6 K. There is a
break in the slope ofp8 at 6 K, and the data show evidenc
of quadratic and linear temperature-dependent terms in
transition region from;6 to;20 K. From;20 to;150 K,
the data are readily fit by an exponentiala0e

2u/T, typical of
thermal activation over a barrier, withu525.9 K.14 In the
vicinity of the primary glass transition region at;200 K, the
magnitude ofp8 shows evidence of thermally driven hyste
esis.

There are many articles which review the properties a
applications of PVF2.

15–18This polymer was first fabricated
as a functional ferroelectric in 1969.19 The fast response an
small thermal mass of thin films of PVF2 make them increas
ingly popular as sensors in various applications such as p
topyroelectric spectroscopy, as differential thermometers
calorimetry, and for measurements of thermal diffusion. T
550163-1829/97/55~11!/7264~8!/$10.00
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extended range and improved accuracy of our data may
in their evaluation for such roles.

B. Background and definitions

Symmetry constraints for pyroelectric phenomena ass
ate them with a specific direction in space, and they can o
occur in noncentrosymmetric crystals.20,21When there is no
external electric field, the pyroelectric coefficient is defin
as the change in the bulk polarization in response to a t
perature change, typically performed under conditions of
external mechanical stress. The bulk polarizationP is repre-
sented classically as a macroscopic manifestation of me
field effects due to residual electric-dipole moments.20,21Dis-
continuities at the sample boundaries create a surface ch
densitys5P3, whereP3 is the component of polarization
normal to the surface. This surface charge is rapidly neut
ized by stray charges in the external environment. Althou
this classical model provides a useful framework for the p
nomenological theories referred to here, its utility does
extend to ongoing efforts, focused on systems simpler t
PVF2, to predict residual polarization fromab initio
quantum-mechanical calculations based on microsco
properties.22

An equivalent expression for our measured quantity
obtained by expanding the thermodynamic equation of s
~i.e., the Gibbs free energy!20,21,23

up8u[
1

A S ]Q

]T D
S,E¢ 50

5S ]P3

]T D
h,E¢ 50

1d3 jkcjklma lm1P3aA . ~1!

The left side of this equation defines the magnitude ofp8
under conditions of no external mechanical stressS or elec-
tric fieldsE. The first term on the right is the primary pyro
electric coefficientpI . It represents the thermal response
P3 under conditions of no strain,h ~i.e., fixed macroscopic
7264 © 1997 The American Physical Society
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55 7265MEASUREMENT OF THE PYROELECTRIC COEFFICIENT . . .
dimensions!. The second term on the right represents
secondary or piezoelectric contributionspII . It is due to ther-
mally induced changes in macroscopic dimensions, and c
sists of a product of the direct piezoelectric coefficientd, the
elastic stiffness tensorc, and the thermal-expansion coeffi
cienta. The third term, which contains the two-dimension
thermal-expansion coefficientaA5a11a2, where a1 and
a2 are the coefficients along principal axes of the surface
a correction21,23,24which arises because we measure the s
face charge and not the surface charge density.

Several theoretical models of pyroelectricity have de
with the low-temperature behavior ofpI .

7–13 One of the
early models, developed by Born, used an acoustic-pho
representation7 to predict a linear temperature dependen
for pI in the Debye limit. A subsequent version,10 based on
the assumption that the anharmonic term in the potential
pears only in pII , predicted a cubic temperature dependen
which is consistent with measurements25 of p8 down to 10 K
for a crystal of ZnO. A cubic temperature dependence w
also predicted when the Born model was subsequently
tended to include contributions topI from the anharmonic
potential term as well as the second-order moment,11,12 aris-
ing from deformations of the electron clouds. Neither
these models include possible effects due to the long-ra
order associated with ferroelectricity. They may become s
nificant near the Curie point, which occurs in PVF2 at about
20 K above its melting point of 448 K,15 but they should be
negligible at the temperatures of our measurements.

A mean-field molecular theory was alternatively used8,9 to
predict a linear low-temperature dependence forpI in sub-
stances with large values ofp8, on the premise that the latte
implies large deformations of the electron clouds. But th
modynamical arguments were used to exclude this poss
ity in substances wherepI is negative.13 Specifically, the
claim is that a negativepI cannot have a temperature depe
dence which decreases slower than that of the specific he
constant volume, without the contradictory inference o
decrease in entropy as the temperature approaches abs
zero. Several measurements have confirmed that the sig
pI is negative for PVF2 in the vicinity of room
temperature.15,16 Related measurements on the copolym
show no evidence of a sign change at low temperature.5

Since our experiments give a global measure ofp8, and
provide no direct information aboutpI , comparison to theo-
retical models can be made only by making certain assu
tions about the remaining terms.

The temperature dependence of the second termpII can
be estimated by noting that it is dominated bya, because the
multiplicative compliance coefficients are typically consta
at very low temperatures. Sincea is related to the specific
heat by the Gru¨neisen factorg, one expectspII}T

3 in the
Debye limit, if g is constant there.26

To estimate the contribution from the third term, we no
that related measurements on the copolymer5 indicate that
P3 is proportional top8 from 10 K to room temperature. I
we assume that this property is unchanged in the stretc
version of the material, i.e., thatP3 and p8 have the same
temperature dependence down to low temperatures, the
third term should have the same temperature dependen
p8a. Our low-temperature data showp8}T3 below ;6 K,
and exhibits quadratic and linear temperature-depen
e
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terms in the transition region from;6 to ;23 K. If a has
the typicalT3 dependence below the effective Debye te
perature, estimated to be well above 20 K,26,27 then these
results also imply that the third term in Eq.~1! has aT4

dependence, or greater, for temperatures below 20 K. As
observed temperature dependence isT3 or less, we conclude
that the third term contribution is negligible. This contrib
tion is not negligible at room temperature, however, wher
is estimated to be;25%. Nevertheless, no correction wa
applied to our higher-temperature measurements, becau
the limited temperature range and accuracy of available d
for the bulk polarization and thermal-expansion coefficien
This convention also facilitates direct comparisons w
other reported measurements ofp8, which are customarily
presented in this way.

Our data are also not corrected for the temperature de
dence of the area normalization factor (1/A). That correction
was neglected as it is only;3% over the temperature rang
from 24 to 250 K.26,28

The possibility of a fourth contributor was suggested b
cause individually resolved measurements ofpI andpII fell
short by;35% of the independently measured value ofp8 at
room temperature.16,29 Reversible phase changes in the vo
ume amount of crystallinity were proposed to explain th
short fall,16,29,30but a theoretical model of this phenomeno
yields results that are much too large.31 It was then postu-
lated that the discrepancy may be due to reversible disor
ing of dipoles associated with strain throughout the volu
of the sample.32 This would be another form of seconda
pyroelectricity, and would also depend on the therm
expansion coefficient. Uncertainty still exists as to the re
tive importance of these contributors to pyroelectricity, a
this issue cannot be resolved by our data.

Our data show a ‘‘pure’’T3 temperature dependence fo
p8 below 6 K. This is significant because measurements
the temperature dependence ofp8 become increasingly sen
sitive to T1 compared toT3 terms as the temperature d
creases below the Debye value. On the basis of the prev
discussion, we conclude that the first and second terms in
~1!, i.e., pI andpII , are the primary source of this temper
ture dependence ofp8, however, our measurements cann
resolve their relative contributions.

II. MEASUREMENT AND CALIBRATION PROCEDURES

A. Sample and apparatus

The polymer PVF2 consists of long chains of the molecu
lar monomer CH2CF2, where the hydrogen and fluorine a
oms are offset from the backbone of the carbon chain. T
orientedb phase of the polymer has two parallel dipoles p
unit cell, and it retains a residual polarization after it is m
chanically stretched and then poled by a strong electric fi
at elevated temperature. The strong polar bond between
fluorine and carbon atoms can account for approxima
50% of the bulk polarization of PVF2 at room temperature
The dipole strength of a monomer unit of PVF2 is 2.1 D, or
equivalently, 7.0310230 C m, obtained by adding the dipol
moments of11.39 and20.29 D, respectively, for the cova
lent bonds of C-F and C-H.15,18Estimates based on the ortho
rhombic cell dimensions of 8.58, 4.91, and 2.56 Å for sid
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7266 55R. W. NEWSOME, JR. AND E. Y. ANDREI
a, b, andc, respectively, lead to a polarization density p
unit cell of 0.13 C/m2, which is surprisingly close to the
measured value.15,18 At room temperature, approximatel
50% by weight of these chains crystallize into lamellar d
mains that radiate out from ball-shaped clusters known
spherulites, which reside in an amorphous matrix of tang
chains.

The PVF2 sample in these experiments was an orient
b-phase film obtained from ATOCHEM/AMP, Inc. Thi
phase was created by mechanically stretching the materia
a factor of approximately 5, in order to align the molecu
chains. The residual polarization was then induced by ap
ing a poling field, oriented perpendicular to the surface. T
polarb phase can also be created via a mixture of two po
mers that form a copolymer, which avoids the need for m
chanical stretching.5,6,15The linear expansion coefficients fo
the stretched sample at room temperature,
a150.1331024 K 21 anda251.4531024 K 21, where the
subscripts refer to directions in the plane of the surfa
which are respectively parallel and perpendicular to the d
direction.29 Both surfaces of the film were coated with
;340-Å-thick layer of NiCu to facilitate detection of in
duced charge.

The sample was 6 mm in diameter and 9m thick. It was
mounted vertically, with a thin layer of vacuum grease, o
an alumina substrate, of 0.038-cm thickness. The subs
was glued with epoxy to the inner surface of a copper b
which served as a high conductance heat reservoir and a
electrical shield. Electrical leads of maganin wire were co
nected to the PVF2 film with silver paint. The charge on th
film was monitored with a Keithley 617 electrometer. T
preamplifier of the electrometer has a negative feedback
which creates an effective capacitance much larger than
of the film. Charge is therefore efficiently swept off the fil
electrodes, which reduces external electric fields to ne
gible values.21 The temperature of the substrate was mo
tored with an encapsulated silicon diode. This thermome
was attached to the alumina substrate with a thin laye
General Electric GE-7031 varnish. It was calibrated bel
90 K by direct comparison with readings from a precisio
calibrated resistor when both were cooled over a range
tending down to a few degrees below that of liquid heliu
A least-squares fit of a sixth-order polynomial to the calib
tion data points yielded a curve of voltage versus tempe
ture whose slope was smooth and slowly varying excep
the region of the;25-K knee, which was avoided in the da
analysis.

The copper container was mounted at the end of a sea
stainless-steel tube which could be readily raised or lowe
into a column of liquid helium. The sample holder was op
at one end to facilitate equilibrium with the helium hea
exchange gas. A resistive heater, located between the he
reservoir and the sample holder, was used to initiate qu
static variations in temperature above that of the reserv
Heating and cooling runs were alternated for temperatu
below 30 K. Each run lasted from 40 to 60 s, and the el
trometer was discharged after each run. At higher temp
tures, where thermal time constants are larger, the hea
and cooling runs were grouped in bunches of each kind
order to minimize start-up transients in temperature.
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B. Measurement procedures

Our measurements ofp8 consist of monitoring the sample
response to a heating~or cooling! pulse which is produced
by changing the power into the heater. In parts~a! and~b! of
Fig. 1 we show the time evolution of both temperature a
sample charge obtained in a cooling run to;4 K which was
initiated by disconnecting the heater. The same data are
drawn in Fig. 1~c! with the time axis suppressed to show th
temperature dependence of the chargeQ(T). The slope of
theQ(T) curve represents the absolute value of the pyroele
tric coefficient up8u. This slope was obtained33 via straight-
line approximations over temperature intervals of about 0
K. The slopes were also calculated by taking the derivati
of the analytical expression obtained from a fourth-ord
polynomial fit to the data shown in Fig. 1~c!. That method
has the advantage of givingp8(T) without averaging over a
finite-temperature window. There was no significant diffe
ence, in either the averages or their scatter, for the data p
cessed by the two methods.

One of the pitfalls in measurements based on therm
transients is the production of spurious signals from therm
gradients. Such gradients may create local changes in c
talline symmetry that can cause tertiary contributions to t
pyroelectric response.20,34The thin layer of vacuum grease is

FIG. 1. A typical cooling run, showing the thermal~a! and
charge~b! responses of the PVF2 film near the temperature of liq-
uid helium. The predicted charge response in~b!, is the product of
the sample areaA, and the integral of the measuredp8 over the
temperature interval. The measured charge is plotted as a func
of temperature in~c!.
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55 7267MEASUREMENT OF THE PYROELECTRIC COEFFICIENT . . .
a potential source of gradients in temperature and mech
cal stress, because it may clamp the bottom of the film to
substrate when it freezes.35–37 There is, however, indepen
dent evidence from measurements on an unstretched cop
mer, that surface clamping is not effective at temperatu
well below the glass transition, due to the increased stiffn
of the elastic compliance factors.36 This is likely to be the
case for our samples also, since the piezoelectric strain c
ficients for our stretched polymer are similar to those for t
copolymer.36,38Data for the thermal expansion coefficient
PVF2 show that most of the stress due to thermally induc
strain occurs above 150 K.26

Thermal gradients in the sample often produce rate
fects. The absence of rate-dependent biases in the da
therefore a good indication of thermal equilibrium. There
no evidence of such effects in the extensive collection of r
data forp8 displayed in Fig. 2, which are sorted over a wid
range of heating and cooling rates. The comparatively l
background signal, observed at quiescent temperature
also consistent with the absence of unrelieved strain in
sample.

The temperature dependence ofup8u, over the entire range
of our measurements, is presented in Fig. 3. The data
obtained by averaging many heating and cooling runs o
small temperature intervals. The combination of heating a
cooling runs is important because the sign of the induc
charge reverses for pyroelectric effects but not for most ot
sources of background, such as thermally stimulated
charge of trapped charge and triboelectric charging due
friction and differences in contact potentials.39,40 Therefore

FIG. 2. Plots of the raw data from 3 to 10 K, with inserts fro
10 to 23 K, grouped to display rate effects.
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an equally weighted average of the magnitudes of hea
and cooling runs was used to cancel the first-order effect
background due to unidirectional charging.

The response of our PVF2 sample to a sinusoidal hea
source is shown in Fig. 4. These data provide an alterna
evaluation of the relative contributions from pyroelectric a
thermally stimulated sources of current, because the for
are out of phase with the thermal source, whereas the la
are in phase with it.41 Specifically, the current associate
with pyroelectricity is proportional to the time derivative o
the temperature,i p5p8A(dT/dt), and therefore, pyroelectric
currents should be out of phase with the temperature as
as most spurious modulations. Harmonic analysis of
charge and temperature response to the sinusoidal voltag
frequencyf50.05 Hz, plotted in Fig. 4, confirm the absen
of in-phase contributions to the charge current, measure
an average temperature of;5.5 K. The ratio of the 2f com-
ponent of the charge and temperature response, norma
by the sensor areaA, yields a value forup8u in good agree-
ment with our other measurements at this temperature, s
marized in Fig. 2.

FIG. 3. Temperature dependence of the pyroelectric coeffic
up8u of PVF2, averaged over all heating and cooling runs, and co
pared with the thermal expansion coefficient,a ~Ref. 26!, whose
data points are represented by the symbolL. The length of each
vertical error bar bounds the region of6s̄, wheres̄ represents the
root-mean-square standard deviation of the mean of approxima
equal numbers of heating and cooling runs. The solid curve re
sents the least-squares fit of a ninth-order polynomial to the
data. Theh symbols represent the ratioup8u/a, plotted with an
arbitrary scaling factor.
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III. DATA PRESENTATION

A. Overview from 3 to 307 K

The comprehensive summary of our data forp8 in Fig. 3
is generally consistent with reports from recent measu
ments at temperatures above;180 K.1–6,42,43 In addition,
our data indicate the possible existence of temperat
dependent hysteresis in the glass transition region at;200
K. For example, rapid cooling of the cryostat yielded da
points only along the upper branch of the apparent dou
valued region forup8u in the vicinity of 200 K, as plotted in
Fig. 3. The associated peak inup8u observed in this region
may be due to internal stress caused by differences betw
the thermal-expansion coefficients for the amorphous
crystalline components of PVF2.

44

Our data in Fig. 3 are compared with recently publish
values for the linear expansion coefficient in PVF2.

26 If the
last two terms in Eq.~1! were dominant at intermediate tem
peratures, thenp8 would have the same temperature dep
dence asa, if their multiplicative coefficients were constan
The ratiop8/a is indeed comparatively flat from about 100
-

e-

e-

en
d

d

-

to ;250 K. This result is consistent with previous claim
that pII dominates at higher temperatures. Below 100
p8/a deviates significantly from the constant value. Simi
results were obtained in radiant heating~laser!
measurements,3 which are sensitive to the ratiop8/cp , and

by direct comparisons of extrapolated values forcp .
27 In all

cases, however, there is an obvious need for more exten
and accurate measurement ofa, and ofcp , at temperatures
below 20 K.

B. Intermediate-temperature range from 10 to 150 K

The data in Fig. 5 are well fit over the 20–150-K ran
by, (ao)e

2u/T, with u5(25.960.06) K, indicating a ther-
mally activated process.14 Note that the least-squares fit
not to the composite averages, but to the individual data
each of the heating and cooling runs from which the
grouped averages were deduced. The data points outsid
interval from ;20 to ;150 K, show small but consisten
deviations from the fitted line in Fig. 5.
FIG. 4. Least-squares fits to harmonic temperature and charge responses of PVF2, for a heater-voltage frequency of 0.05 Hz.
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An alternative explanation for this temperature depe
dence in Fig. 5 is that it reflects contributions from optica
modes which remain dominant at low temperatures. T
temperature dependence of such modes is characterized
Einstein functions, which are also exponential in temper
ture. These functions are often used to fit temperatur
dependent measurements ofp8 and cp for various
substances,5,45–49although such data may sometimes be a
equately explained by variations in the density of localize
states.50,51 Attempts at detailed fits to optic modes are ofte
plagued with an excessive number of adjustable paramete
unless a few of the modes are dominant. This latter assum
tion is fortunately justified for studies of LaNbO3 and
TiNbO3, because their neutron- and Raman-scattering d
provide evidence for soft-mode enhancement of the amp
tudes for a few optical phonons associated with structu
phase transitions.24,49The amplitudes of the dominant optica
modes are significantly enhanced at low temperature in the
compounds as their frequencies approach zero~i.e., soft
mode! ~Ref. 24! in the vicinity of a displacive phase transi-
tion. Such transitions occur when two stable configuratio
separated by a potential barrierkTc become unstable near the
transition temperatureTc . Order-disorder transitions, on the
other hand, have barrier heights much larger thankTc , and
therefore tunneling is dominant.52

There is, however, no evidence of any ‘‘soft’’ mode
which might selectively enhance optical transitions i

FIG. 5. Data averages plotted forp8 vs T, and logp8 vs 1/T.
The straight line in the inset represents a linear least-squares fi
the raw data from 10 to 160 K. This fit yielded a slope o
(25.960.06) K. The solid curve in the linear plot represents th
corresponding exponential function.
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PVF2 at low temperatures.51,53,54This indicates that thermal
activation is a more plausible mechanism.

The effective temperature (25.960.06) K of our two-
parameter fit is intriguingly close to the condensation tem
perature of liquid hydrogen~i.e., 20.8 K!, and is also in the
temperature regime where we observe a rapid change in
magnitude ofp8. There have often been conjectures that h
drogen bonds may be important in the ferroelectric chara
teristics exhibited by some substances near the condensa
point of liquid hydrogen.55 Although this exponential behav-
ior of the pyroelectric coefficient is often found at low tem
perature in other substances, the activation temperatures
duced from the fits to the data are typically not close to 20
K, even when hydrogen is present.45–47This issue might be
readily resolved for PVF2 if it is feasible to make compara-
tive measurements ofp8 with a deuterated sample, becaus
the boiling point of deuterium is approximately 3 K above
that of hydrogen at atmospheric pressure.

C. Low-temperature range from 3 to 23 K

The data in Fig. 6 show a distinctT3 dependence forp8
from 3 to;6 K. The linear least-squares fit from the log-log
plot yields an exponent of 3.0760.04 over this temperature
range. This fit is not significantly improved by the additio
of a linear term, predicted initially by Born7 and subse-

to

FIG. 6. Data averages ofp8 vs T, plotted with linear least-
squares fits to the raw data on log-log scales. The length of ea
vertical error bar bounds the region of6s̄, wheres̄ represents the
root-mean-square standard deviation of the mean of approxima
equal numbers of heating and cooling runs. The inset shows
same data plotted on linear scales, withup8u normalized byT2.
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7270 55R. W. NEWSOME, JR. AND E. Y. ANDREI
quently by Grout and co-workers8,9 for pI . Note that aT3

dependence for p8 is consistent with the Sziget
prediction11,12 for pI , and with the expected temperature d
pendence ofpII for a crystalline polymer in the Deby
limit.26 The data from 6 to 23 K are not as well fit by
straight line, but a similar least-squares fit yields a slope
1.9560.08.

The linear plot ofp8/T2 versusT, in the inset of Fig. 6,
provides additional insight into the temperature depende
of p8 at low temperature. The straight-line fit through t
data from 3 to 6 K confirm the cubic temperature depe
dence ofp8 there. The fact that the extrapolated line inte
sects the origin is also consistent with the absence of sig
cant contributions from eitherT2- or T1-dependent terms. In
the region above 6 K, however, the short temperature in
val of approximately zero slope, followed by the extend
region of negative slope, are consistent with dominant c
tributions fromT2 andT1 terms, respectively. As previousl
noted, the data in this transition region are also not well fit
the exponential function, successfully used at higher te
peratures. In spite of its apparent complexity, this transit
region merits further study because the relative amount
pI andpII might be inferred from measurements ofp8 if a
andcp are measured well there.

The temperature dependence ofp8 displayed in Fig. 6 is
consistent with the generic behavior of low-temperat
measurements for the related parameterscp anda for some
other polymers. For example, the specific heatcp for both
amorphous and crystalline polyethylene CH2 is reported to
be cubic from 1 to 6 K, followed byT2 andT1 dependences
at higher temperatures.56 A similar behavior has also bee
observed fora in the vicinity of 6 K for many polymers
classified as epoxy resins.26 This indicates that the clos
packing of polymer strands at very low temperatures of
facilitates enough phonon coupling between strands to
cessfully mimic a three-dimensional Debye medium.
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IV. SUMMARY AND CONCLUSIONS

Our measurements from 3 to 307 K show several disti
tive characteristics. The most remarkable is theT3 depen-
dence from 3 to 6 K. This is consistent with the prediction
Szigeti11,12 for the primary contribution to the pyroelectri
coefficientpI , and with the Debye limit for the secondar
contributionpII .

15,26 In the range from 20 to 150 K, wher
the change inp8 is largest, the data are readily fit by a
exponential (ao)e

2u/T, indicating a thermally activated pro
cess. At higher temperatures, near the glass transitio
T;200 K, our measurements suggest the possible existe
of thermally driven hysteresis.

The data at intermediate temperatures from;100 to
;250 K show an approximately constant value for the ra
of up8u/a.26 This is consistent with a dominance of secon
ary pyroelectric effects, associated with thermal expansio
the sample in that temperature regime.

The area of potentially greatest interest, which is likely
yield most information about the internal interactions
PVF2, is where the temperature dependence ofp8 deviates
from a andcp . Such deviations occur below;60 K, where
the magnitude ofp8 decreases rapidly with decreasing tem
perature. So far there is little data ona andcp at low tem-
peratures for PVF2, and there is an obvious need to exte
their range and accuracy there.26,27
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