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Low-temperature measurements of the specific heat capacity of a thick ferroelectric copolymer
film of vinylidene fluoride and trifluoroethylene
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The specific heat capacity ¢, of a 110 um thick and partially crystallized (~77%) ferroelectric copolymer
film of vinylidene fluoride (PVDF) (~75 mol %) and trifluoroethylene (~25 mol %) was measured from
2 to 20 K. The temperature dependence of ¢,/ T? reveals a shallow hump, centered at ~5 K, consistent with
non-Debye behavior of semicrystalline materials. These ¢, data were used, in conjunction with previous

measurements of the pyroelectric coefficient |p’

, to infer the temperature profile of the macroscopic Griineisen

parameter based on ratios of |p’|/ ¢p- Comparisons with similar data for PVDF are consistent with a correlation
between anharmonicity of the interaction potential and excess specific heat capacity.
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I. INTRODUCTION

The  copolymer  vinylidene  fluoride  (PVDF)/
trifluoroethylene (TrFE), with a composition of ~75 mol %
PVDF and ~25 mol % TrFE, is ferroelectric! with well es-
tablished pyroelectric>™ and piezoelectric® properties. Our
measurements of the specific heat capacity ¢, of a 110 um
thick sample of this copolymer extend from 2 to 20 K in
intervals of 0.2 K and supplement the uneven coverage of
prior measurements.>”® These data are used, in conjunction
with prior measurements of the pyroelectric coefficient,*> to
infer the temperature dependence of the macroscopic Grii-
neisen parameter and to compare it with similar results de-
duced from available data for PVDF.° Our data also exhibit
an excess value of ¢, that exceeds the predictions of the
Debye approximation and a hump in the plot of ¢,/ T°. These
are characteristic signatures of ¢, for semicrystalline dielec-
trics at low temperatures.'%-1?

There is good scaling overlap between our low-
temperature ¢, data for PVDF/TrFE and those reported for
PVDF by Privalko et al.” when they are normalized with
their respective Debye values and plotted as a function of
their Debye normalized temperatures. This implies that the
temperature dependence of the excess specific heat capacity
of the copolymer PVDF/TrFE is similar to that of its primary
constituent.

Another noteworthy aspect of our ¢, data is their overall
agreement with independent estimates deduced from the
sum of available ¢, data for the two constituents of the
copolymer,'3-10 weighted with their molar representation.
This agreement supports the principle of additivity, formerly
used to estimate ¢, of linear fluoropolymers above ~40 K by
adding contributions from their vibrational subunits.'”!® It is
also consistent with the behavior of some epoxies, whose ¢,
data are insensitive to chemical composition and cross-link
densities.!” However, it also implies that the specific heat of
the copolymer in this temperature range is insensitive to its
amorphous fraction. It was ~0.23 for our copolymer sample
but ~0.50 and ~O0, respectively, for ¢, data from other
sources for its two components, PVDF (Ref. 9) and
TrFE.'*!3 This insensitivity to amorphous fraction was, how-
ever, not observed in ¢, measurements of miscible blends
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of semicrystalline PVDF and amorphous poly(methyl
methacrylate).”

The specific heat capacities of some polymers are in fact
sensitive to the amorphous fraction, whereas others are not,
and the reason for the difference is not well understood.!*-?!
Quantitative resolution of the effects of amorphous content is
confounded by ambiguities in defining the amorphous state
and in measuring it. For example, the two-phase classifica-
tion of polymer structures into purely crystalline and amor-
phous constituents is often a coarse oversimplification.??2*
This inadequacy is reflected in significant differences for
crystalline to amorphous ratios measured via different physi-
cal procedures, such as volume fraction, mass fraction, x-ray
diffraction, small angle x-ray scattering, infrared absorption,
and nuclear magnetic resonance.?”?* There is also evidence
for inhomogeneities in crystallinity>> from measurements
which show that orientational order decreases with increas-
ing distance from the surface of stretched copolymer films
whose composition and thickness are similar to those used
for our ¢, measurements.

Historically, the specific heat capacity was not expected to
be sensitive to the amorphous fraction at low temperatures
where the phonon wavelength is large compared to micro-
scopic details of crystalline structure and amorphous voids.'?
Subsequent measurements, however, produced evidence to
the contrary.!%!1:2021 Many measurements also indicate that
the amorphous environment is a primary source of non-
Debye behavior of ¢, for some polycrystalline materials at
cryogenic temperatures. Characteristic manifestations are c,
values that deviate from a cubic temperature dependence and
that exceed Debye predictions based on sound velocities in
the media. This non-Debye behavior, known as excess spe-
cific heat capacity, is conjectured to be caused by low fre-
quency  vibrations  of  localized  defects.'?20-26:27
Recent attempts to understand this phenomenon have led to
consideration of Bosonic modes in glassy phenomena,?3!
whose long range van der Waals interactions are characteris-
tically anharmonic.?-32-3

The Griineisen parameter is a phenomenological measure
of anharmonicity.’® It was developed for crystalline solids
but is often used, with varying levels of success, to charac-
terize anharmonicity in other media, including polymers. On
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a microscopic level, the Griineisen parameter 7y, for each
vibrational mode »n of frequency v, is defined in terms of the

change in v, due to a change in volume V:!19-37-38
dlnvy,
== = . 1
Ty )

Thermodynamic relations may then be used to derive the
macroscopic Griineisen parameter 7y, which relates the ther-
mal expansion coefficient « to ¢, for cubic and isotropic
media: %383

lp
a= 3 K, p77 (2)
where p represents the density and «, the adiabatic bulk
modulus (inverse compressibility).

A derivation of Eq. (2) shows that vy is equal to a normal-
ized sum of the microscopic Griineisen parameters v,
weighted with the specific heat capacity of each mode.3”
The microscopic parameters are usually assumed to be tem-
perature independent, and the temperature dependence of the
macroscopic parameter is then determined by the density of
states, which determines the contribution of each mode to
c. 37

! The temperature dependence of ¢, is therefore a measure
of the density of thermally induced excitations,'® whereas y
reflects the asymmetry of the binding potentials as mani-
fested by the anharmonic changes in their frequencies of
oscillation.!” Calculations of ¢, are usually terminated with
quadratic contributions from the interaction potential, which
are inherently harmonic.!'%340

At liquid helium temperatures, p and «, have a negligible
temperature dependence. Under those conditions, the tem-
perature dependence of y depends only on a and c,,.'*204!
Fortunately, «(7) is readily accessible for our copolymer due
to experimental confirmation that the temperature depen-
dence of the pyroelectric coefficient of PVDF is dominated
by « at cryogenic temperatures.®#>*3 We assume that similar
physical properties hold for our copolymer, PVDF/TrFE,
whose primary component is PVDF. The parameters which
define the pyroelectric coefficient are summarized in Appen-
dix A.

Note that the parameters in Eq. (2) represent averages
over vibrational modes for an isotropic medium. This is ap-
propriate for the copolymer but not necessarily for PVDEF,
which must be mechanically stretched to produce the polar-
ized B phase required for pyroelectric measurements. The
stretching preferentially aligns the crystal domains along the
stretch axis. Modified forms of Eq. (2) for uniaxially stretch-
ing are summarized in Appendix B. However, they were not
used to interpret our measurements because the pyroelectric
coefficients exhibited negligible differences in the tempera-
ture dependence for the unstretched copolymer compared to
a uniaxially stretched sample of PVDFE.

II. MEASUREMENT PROCEDURES

A. Sample

Most of our ¢, measurements were conducted with a
110 pwm thick film of PVDF/TrFE obtained from Measure-
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ment Specialties.** It had no metallic backings and was re-
ported to consist of (~75 mol %) PVDF (~25 mol %)
TrFE. The density and fractional crystalline content were ap-
proximately 1.78 g/cm? and ~0.77, respectively. The mass
was limited to ~0.8 mg by the 9 mm? area of the calorim-
eter platform which supported it.

The high level of crystallinity (~77%) reported for a
230 wm sample was confirmed by a 2-0 diffractometer mea-
surement. The primary peak was sharp and narrow, at 20°,
with a broad amorphous halo at smaller angles. This is con-
sistent with results reported by Ikeda et al.* and Wong et
al.*¢ for a similar sample. Lorentzian functions provided ad-
equate fits to our data. The ratio of areas in the two peaks
yielded a crystallinity fraction of ~0.83, which is consistent
with the estimate of ~0.77 from the supplier.** Two obvious
sources of error in our X-ray measurements are scattering
from the crystalline peak into the amorphous halo and an
orientational bias in the scattering due to inadvertent stretch-
ing of the sample during processing.?>>47

The copolymer PVDF/TrFE consists of polymerized
chains of the monomer vinylidene fluoride (CH,CF,) inter-
spersed with randomly distributed monomers of trifluoroeth-
ylene (CF,CHF). The structure of TrFE differs from that of
PVDF due to the replacement of a hydrogen atom by a larger
fluorine atom. The resulting steric conflict causes a sponta-
neous transition to the 8 phase which has a net polarization
per unit cell. Covalent bonding between carbon and fluorine
atoms is the dominant source of electric dipole moments in
both monomers.!*® Additional details about the structure of
PVDF and PVDF/TrFE are provided by recent ab initio
studies.*®3" Note that PVDF requires mechanical stretching
to create the polarized B phase required for pyroelectric
measurements.*

B. Measurements

The specific heat capacity of the copolymer film was mea-
sured from 2 to 20 K with a general purpose calorimeter
from Quantum Design.’"> It utilizes the Hwang algorithm??
to extract heat capacity data from the thermal response of the
sample to heat pulses. A minute amount of Apiezon-N
grease®* provided the thermal interface between the sample
and the substrate of the support platform. The specific heat
capacity of the addenda (measured with the grease in place
before the sample was positioned on it) was always less than
that of the sample but comparable in magnitude. Therefore,
addenda runs were as extensive as those with the sample in
place in order to minimize statistical errors.

Measurements were repeated multiple times at each tem-
perature, which was monotonically increased (i.e., heating)
or decreased (i.e., cooling) over the full temperature range.
The 110 um thick sample and its addenda were measured
over both heating and cooling sequences. They revealed a
small hysteresis in the form of a broad hump in the heating
data which was similar in shape and temperature range for
the addenda and the sample plus addenda runs. The hyster-
esis from ~2.5 to ~5 K never exceeded 10% of the average
value of c,. This was attributed to helium gas contamination

»
due to a malfunction of the calorimeter.’' A similar problem

094103-2



LOW-TEMPERATURE MEASUREMENTS OF THE SPECIFIC...

i 2.5 «— Specific Heat Capacity, ¢, /T3
° O PVDF/TIFE, (Mean = o). i
£ 27 —— Least Sgs. fit to above. |
i - £
£ 5t i% 19
E s E &
& 17 . g, 1~
Pyroelectric P | e
| Coefficient, Ip’l/T? XXX&%X E
051 75 pvDF Teeoed @
oL x PVOFMEE
0 2 4 6 8 10 12 14 16 18 20
T(K)
L Tty 4
_ 2.5 *+
< +
X 2 + B
°
E 15t :
5
£
~ 1[ 4 TIFE,ATHASdb. 1
‘;";1 — PVDF/TIFE, (Fit to data).
S 05F O % Molar addition. i
! {) PVDF, (Privalko, et. al.). (b)
------- Least Sq§. Fit to above.

00 2 4 6 8 10 12 14 16 18 20
T(K)

FIG. 1. (a) Data for c,/T°, averaged over the heating and cool-
ing runs with the 110 um thick sample of PVDF/TrFE. It also con-
tains plots of |p’|/T> from previous measurements of the pyroelec-
tric coefficient for PVDF/TTFE (Ref. 5) and PVDF (Ref. 4). The
solid curve represents a least squares fit to the specific heat capacity
data. (b) The same fit to c,,/T3 for the copolymer, compared with
results (square symbols) deduced from the sum of ¢, for its two
constituents. The data for PVDF are from Privalko ez al.® and those
for TrFE are from the ATHAS database (Refs. 13—-15).

was reported by another user of a Quantum Design
calorimeter.® Although the hysteresis was eliminated with
additional activated charcoal in the sample chamber, we were
unable to improve on the data reported here. Our addenda
subtraction provided a first order correction to the helium
problem, and we therefore chose to average our heating and
cooling data. There were inherent difficulties in obtaining a
good thermal contact between the substrate and the polymer
films, because random stresses during production and subse-
quent cutting of the films apparently caused elastic distor-
tions during the cooling process.’®>’

Measurements were initially performed with a 230 um
thick sample, but they were conducted before the helium gas
contamination problem was discovered and contain only a
heating sequence. They are in general agreement with c,
measurements from the 110 wm thick sample but tend to be
about one mean standard deviation larger, and were therefore
not included in the processed results below 20 K.

III. PRESENTATION OF THE DATA
A. Temperature dependence of c,/ T3

Data for the 110 pum thick sample, averaged and normal-
ized with T3, are plotted with circles in Fig. 1(a). The vertical
error bars show the range of one standard deviation above
and below the mean values for cp/ 73, and most are too small
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to be resolved in this plot. The solid curve is a least squares
fit to these data. All the ¢, data are expressed in units
of monomer moles, which are, respectively, 64.03 and
68.53 g/mol for PVDF and PVDF/TrFE with molar concen-
trations of (0.75/0.25).

Figure 1(a) also contains plots of previously measured
pyroelectric coefficients, normalized by 77, for the copoly-
mer PVDF/TtFE (Ref. 5) and PVDFE.* They have an almost
identical dependence on temperature, which resembles that
of the normalized specific heat capacity. The pyroelectric
data from PVDF also exhibit a distinct peak at ~4 K,
whereas the noisier data from the copolymer hint at the pos-
sibility of a peak at lower temperatures.

The rectangular symbols in Fig. 1(b) show the agreement
between our results for ¢,/ T? of the copolymer and values
based on molar weighted sums of ¢, for the two primary
constituents of the copolymer. The sources of the latter were
recent measurements by Privalko et al., of ¢, for PVDF (Ref.
9) (plotted with diamond symbols) and estimates of ¢, for
TrFE from tabulations in the ATHAS database'* (plotted
with crosses). The copolymer consisted of ~75 mol %
PVDF. Tabulations of ¢, for TrFE in the ATHAS database'*
were extrapolated from data at higher temperatures using the
Tarasov approximation for Debye crystalline media.’® Note
that cp/T3 values for the TrFE data are flat below ~4 K
because the Tarasov approximation reduces to a cubic (De-
bye) temperature dependence there. The data for PVDF also
show a peak at ~5.4 K.

The more distinctive hump in the PVDF data compared to
those for the copolymer, is consistent with established trends
that correlate enhanced non-Debye behavior with increased
values of amorphous content. Note that the amorphous frac-
tion of the PVDF and PVDF/TrFE were, respectively, ~0.5
and ~0.23.

1. Comparison with Debye prediction for c,

The low-temperature Debye prediction of ¢,/ T for crys-
talline matter is>

@_zﬁéw_z) 3
T3_15ﬁ3p U? v? ’

where v; and v, represent, respectively, the longitudinal and
transverse sound velocities and kj is the Boltzmann constant.

The sound velocities of lamellar crystalline films of
PVDF/TrFE at 10 K, averaged over longitudinal and trans-
verse components, are, respectively, 2672 and 1495 m/s.%0:6!
These velocities were extrapolated to 0 K using rates of
dv,/dT=-2.5 ms™' K~! and dv,/dT=-2.0 ms~! K='.° The re-
sulting average (Debye) sound velocity v, at 0 K for PVDF/
TrFE is 1642 m/s, compared with 1716 m/s reported for
PVDF.’ The velocity v, is defined as®

11 ( 12 ) @
- ===+
vy 3\v) o}
Note that the generic product pv? is invariant to corrections
for thermal length contraction.®?

The velocity vy of the copolymer is about 4% smaller
than that of PVDF (Ref. 9) in spite of respective crystallinity
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factors of ~0.77 and ~0.5. The sound velocity in the co-
polymer is slower, presumably because its crystals are local-
ized in lamellar domains that are acoustically isolated from
each other.5!

The cutoff frequency of acoustic phonons defines the De-
bye temperature ®,, which depends on the choice of the
vibrating unit, customarily chosen as the repeating unit for
polymer chains.>® The parameters ¢, and ©), are related by

cp 47t
F = g®—3DN(,nkB, (5)

where N, is the Avogadro number and n is the number of
degrees of freedom per vibrating unit. For fluoropolymers
with six atoms per repeating unit, there are four acoustic
normal modes at low temperatures.

In the Tarasov approximation for
polymers, 95859

elongated

0= 0,6, ©6)

where 6; and 6, are, respectively, the cutoff frequencies for
three-dimensional (3D) and one-dimensional (1D) propaga-
tion.

For T< 6;:%°

_NonkB’ (7)

Evaluation of Eq. (3) for the copolymer,' using p
=188 g/cm’, yields c¢p/T°=1.01 mJ/molK* and O,
=137 K. The corresponding values, based on sound veloci-
ties for PVDE? are, respectively, 0.877 mJ/mol K* and
143.5 K. Some of the difference in the excess specific heat
capacity observed for PVDF and PVDF/TrFE is undoubtedly
due to differences in chemical composition which alters
binding potentials of vibrating subunits.'® Some compensa-
tion for such effects might be attained by scaling the specific
heat capacity and temperature by their Debye values, as pro-
posed by Sokolov et al.%3 This scaling procedure was applied
to plots of ¢, versus T in Fig. 2 for our PVDF/TrFE data and
those for PVDF reported by Privalko et al.” The overlap is
surprisingly good even though the Debye normalizations, de-
duced from sound velocity data, do not include the Tarasov
correction,”® which approximates the presumed transition
from 1D to 3D phonon propagation in polymer chains as
they are cooled from intermediate temperatures to absolute
ZEero.

Equation (7) contains the Tarasov corrected form of the
Debye approximation at low temperatures. Reported values
of Ay and 6, for PVDF are 95 and 357 K, respectively.”’
Similar estimates from our measurements of PVDF/TrFE
are, respectively, 68 and 460 K. Attempts to use these scaling
parameters yielded poor overlap, as did use of the unscaled
temperature without the ®, normalizations. The tentative
conclusion is that the temperature range for our data
straddles the two Tarasov regimes and that our original at-
tempt yields a functional compromise.

Figure 2 also contains scaling of ¢, data for polytetrafluo-
roethylene (PTFE) (known as Teflon),%%+5 for which the
two hydrogen atoms in each repeat unit of PVDF are re-
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FIG. 2. Comparisons of the specific heat capacity of PVDF
(Ref. 9), PVDF/TrFE, and PTFE (Teflon) (Ref. 64), scaled with
their respective Debye values, deduced from velocity of sound data
(Refs. 9 and 60-62). The data are plotted as a function of their
Debye normalized temperature ® deduced from Eq. (5) for specific
numbers of acoustic modes, denoted by the column label # in the
legend.

placed with fluorine to form a repeat unit, CF,CF,. Good
overlap with the scaled data for PVDF and PVDF/TrFE is
readily attained only when ©, is calculated via Eq. (5), with
two rather than the four acoustic modes customarily assigned
to fluoropolymers at low temperature.'®> The shape and ver-
tical position of the scaled data for PTFE are only moder-
ately sensitive to changes within the ~10% uncertainty in ¢,
calculated from available velocity of sound data, but the
horizontal position is visibly sensitive to differences in @,
deduced for different numbers of acoustic modes. This latter
sensitivity is readily apparent in the scaled data for PTFE,
whose normalization factor ¢, was shifted to the lower range
of its estimated uncertainty in order to facilitate comparison
of its shape with the other data plotted in Fig. 2.

Previous ¢, measurements of fluoropolymers'® indicate
that the three-dimensional interchain interaction decreases
when hydrogen atoms are replaced by fluorine, with the ex-
ception of TrFE (CF,CHF) and PTFE (CF,CF,). We have no
explanation why two acoustic modes yield a ®, that pro-
vides a superior scaling fit to ¢, data for PTFE. This behavior
may indicate, however, that the temperature dependence of
non-Debye contributions to ¢, for fluoropolymers possesses
a common scaling parameter.

IV. TEMPERATURE DEPENDENCE OF THE
PYROELECTRIC COEFFICIENTS

Figure 3 displays previous measurements of the pyroelec-
tric coefficients |p’| for 10 um thick samples of PVDF and
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FIG. 3. Comparisons of the pyroelectric coefficients measured
for uniaxially stretched PVDF (Ref. 4) and the unstretched copoly-
mer PVDF/TrFE (Ref. 5). The arrows adjacent to the hysteresis
loops show the directions of the quiescent temperature changes near
the well known glass transition regions in the vicinity of 200 K.
The inset contains data from Fig. 1, normalized with T rather than
T3. The circular symbols represent cp/T2 for PVDF from Privalko
et al. (Ref. 9), whereas the crosses represent similar averages of our
data for a 110 um thick sample. The solid line is a linear least
squares fit to the latter data from 2 to 8 K. Also included in the
inset are averages of |p’|/T? for PVDF and the copolymer PVDF/
TrFE. The dashed line is a linear least squares fit to these data from
3t06K.

PVDF/TrFE, with the same properties as those used to ac-
quire the ¢,/T° data in Fig. 1.3 The similarity in the tem-
perature dependence of |p’| from ~3 to ~20 K indicates
that the alignment of the stretched PVDF sample does not
significantly affect the values of |p'[/c, over the low-
temperature range of interest here. That similarity does not
exist at higher temperatures, however, especially in the vi-
cinity of the primary glass transition near ~200 K.

The inset in Fig. 3 shows the data from Fig. 1 normalized
with 77 rather than 7°. Note that the temperature dependence
of |p’|/T? exhibits a break in the vicinity of ~6 K,*3 which
does not appear in our measurements of cp/T2 for PVDF/
TrFE or for those of PVDFE.? That difference undoubtedly
reflects the dependence of |[p’(T)| on a(T), which is inher-
ently more sensitive to anharmonicity than c,, whose inter-
action potential is dominated by quadratic terms. On the
other hand, the 72 normalization overemphasizes the domi-
nant cubic temperature dependence of our data because lin-
ear fits over the lower range of temperatures have intercepts
that are statistically consistent with zero.
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FIG. 4. Inferred temperature dependence of the Griineisen pa-
rameters, deduced from the ratios of the pyroelectric coefficient to
the specific heat capacity, as described in the text. The insert dis-
plays the same ratios with ¢, scaled by cp and plotted as a function
of the Debye scaled temperature.

V. INFERRED TEMPERATURE DEPENDENCE OF THE
MACROSCOPIC GRiNEISEN PARAMETER

The data in Fig. 4 show our estimates of the temperature
dependence of y for PVDF/TrFE and PVDF, inferred from
the ratios of |p’|/cp. Those ratios consist of the pyroelectric
data from Fig. 1 divided by the least squares fit to the corre-
sponding data for c,. The steep rise in the noisy data for the
copolymer may indicate a corresponding peak below 4 K.
The ratio will inevitably decrease again at lower tempera-
tures due to tunneling between localized anomalies in amor-
phous media, which contributes to ¢, but not a.' For higher
temperatures, the plotted ratios for the copolymer fall off
significantly faster than those for PVDF, which is consistent
with the lower amorphous fraction for the copolymer sample.

Peaks in the y(T) have also been reported for other amor-
phous polymers in the vicinity of ~10 K.!%#! This is plau-
sible because v is typically small below the tunneling re-
gime, in the vicinity of ~1 K, and increases as interchain
interaction becomes dominant at higher temperatures. Those
interactions are propagated by van der Waals forces, whose
potentials exhibit anharmonic asymmetries that increase with
increasing excitation, causing a steep rise in y for amorphous
media. Intrachain interactions, mediated by covalent bonds
with more symmetric potentials, become dominant above
~10 K. The consequent reduction in y may also be mark-
edly increased by bending vibrations which can reduce the
thermal expansion coefficient, even to the point of changing
its sign.!”

Figure 4 shows a steep drop in the temperature depen-
dence of v for the highly crystalline copolymer PVDF/TrFE.
It is similar to early results attained for crystalline chains of
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FIG. 5. Logarthmic plots of ¢, for PVDF/TrFE and some optical
microscope pictures of some of the thin films. The thicknesses of
samples (a), (b), and (c) were, respectively, 20, 110, and 230 wm.
The measurements by Li and Chigashi were taken with an ac calo-
rimeter (Ref. 3). The column labels % VF2 and %VF3, represent,
respectively, the molar percentage of PVDF and TrFE in the
sample.

tellurium, which were used to model polymer behavior.37:%

Subsequent measurements, however, showed a slight rise in
v for tellurium from ~2 to ~6 K.%7

Primary measurements of 7y for isotropic polyethylene
(CH,CH,), deduced from direct measurements of its thermal
expansion coefficient, exhibit a flat temperature dependence
from ~2.5to ~10 K, with a steep falloff at higher
temperatures.”® Reproducible measurements of y for semic-
rystalline polymers are especially difficult due to the depen-
dence of physical properties on their thermal processing
history.5®

The inset in Fig. 4 displays ratios of [p’|/c, using Debye
normalizations for ¢, and T. They infer the same temperature
dependence for y from ~7 to ~ 14 K, with significant de-
viations at lower and higher temperatures. The flat tempera-
ture dependence above ~14 K of these ratios for the copoly-
mer compared to PVDF is consistent with less anharmonicity
for more crystalline materials until that trend is reversed be-
low ~6 K.

VI. MORPHOLOGICAL EFFECTS

Several sets of the data displayed in Fig. 5 were fitted to
simplified Tarasov algorithms. They consist of a 1D and a 3D
Debye function, with bending modes neglected. The fits re-
veal their sensitivity to the associated Debye temperatures.
They are not exhaustive because the Debye temperatures
®,p and O;;, are not independent in the low-temperature
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limit of the Tarasov model.% In addition, the 1D Debye func-
tion has a dominant linear dependence at higher tempera-
tures, which decreases the sensitivity of the predicted value
of ¢, to ©p. Therefore, O, was set to a plausible value of
460 K, based on prior measurements,®> while ®;;, and the
normalization coefficient r, which represents the effective
number of oscillators per unit cell,’ were varied to optimize a
visual fit to the data, as tabulated in Fig. 5.

Our fits were insensitive to variations of less than about
5 K in O3p, when the other two variables were held fixed.
Therefore, a more precise fit is not warranted. It is of interest
to note the similarity of our values for ®;, with previously
published values of 53 and 69 K, respectively, obtained from
photoemission and neutron diffraction measurements of this
copolymer for sample thicknesses of 5 and 50 molecular lay-
ers, respectively.®’

Additional data from prior measurements of ¢, for thinner
films are also included in Fig. 5. The data from the thinner
samples were previously measured from 4 to 8 K with a
homemade calorimeter,”® which utilized the Hwang algo-
rithm for data extraction.’® The temperature range of that
device was limited to the vicinity of 6 K. Although the sam-
pling rate was several orders of magnitude slower than that
for the Quantum Design instrument, it did permit c, to be
measured for a 0.6 mg sample of a 10 um thick film. The
specific heat capacity of films of that thickness was not mea-
surable with the Quantum Design calorimeter because the
sample mass was below the sensitivity limit of ~1 mg.>! For
example, an attempted measurement of ¢, with a 30 um
thick sample did not yield stable results.

Insets (a), (b), and (c) in Fig. 5 display the surface mor-
phologies of the 20, 110, and 230 wm thick copolymer films.
Many of the same vesicular-type structures in the thinner, 10
and 20 um thick, films are clearly visible from both of their
surfaces. The other side of the 230 um thick film, however,
is almost opaque and exhibits a negligible amount of struc-
ture. Optical examination of this film with resolution of
~0.1 wm showed only a fuzzy grainy structure with no evi-
dence of the ~3 wm circular structures seen in the thinner
films. All pictures were taken in white light with a Leica
(Leitz LABORLUX S) microscope.

Circular structures, several microns in diameter, were pre-
viously observed in 8 wm thick films of PVDF, using a scan-
ning electron microscope.’ Similar studies of the copolymer
PVDF/TTFE, composed of 70 mol % PVDEFE, show networks
of tangled bundles whose thicknesses and pores increase
with increasing crystallization temperature.”’%”! The forma-
tion and growth of lamellas and spherulite structures are
complex phenomena which reflect the thermal history during
the production process.”>7> Further investigation of their ef-
fect on measurements of ¢, obviously requires precise speci-
fication of the crystalline state of the system.

Several other factors can also contribute to the trend (dis-
played in Fig. 5) toward values of c, that are larger for thin-
ner samples.’” Plausible contributors could be surface con-
taminants and damage to the perimeters of the samples when
they are cut. The ragged edge on the right side of inset (c) in
Fig. 5 demonstrates an extreme case of the damage caused
by cutting the sample with dull shears. Razor cuts are pref-
erable, but even they tend to fray strands of the copolymer,
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whose pointed ends accentuate the strength of electric fields
produced by pyroelectric surface charge induced by tempera-
ture changes.’® The thermally induced charge and associated
electric fields are largest in the vicinity of room temperature,
where |p’| is several orders of magnitude larger than at the
temperature of liquid helium.>* These fields may elongate
and proliferate the frayed strands in a process known as
spinning.””7® Although surface charging of a pyroelectric can
be avoided by the use of metallized coatings, those coatings
are also sources of contamination and damage, and they
make precise addenda corrections more difficult.?

Another potential problem in our measurements involves
the grease that provided thermal interface between the co-
polymer films and the substrate. Silicon vacuum grease was
used to attach the 10 and 20 wm thick films to the substrate
of our homemade calorimeter. Although visual examination
before and after data collection showed no signs of interac-
tion with the films, that grease is not rated for use at cryo-
genic temperatures.”’ The thicker samples were attached to
the substrate of the Quantum Design calorimeter with
Apiezon-N grease, which is rated for use at cryogenic tem-
peratures. A potentially insidious problem from use of any
grease is the possibility of absorption of the grease at room
temperature, which might then act as a filler at cryogenic
temperatures. Therefore, the cryostats were promptly cooled
after the films were placed on the grease.

VII. SUMMARY

Low-temperature measurements of the specific heat ca-
pacity of PVDF/TrFE were extended, with improved accu-
racy, from 20to 2 K. They are consistent with molar
weighted sums of ¢, extrapolated from measurements at
higher temperatures for the two primary constituents of the
copolymer.

The temperature dependence of ¢,/ T for the copolymer
PVDF/TrFE exhibits a small but distinct deviation from the
cubic temperature dependence predicted by the Debye ap-
proximation, from ~2 to ~8 K. Although the excess for the
copolymer is smaller than that observed for PVDF over the
same temperature range,’ it exhibits the same temperature
dependence when the data are scaled by their respective De-
bye parameters for ¢, and @, If the source of the excess is
the amorphous content,'®!%26 then our results indicate that
the normalized strength and temperature dependence of the
excess ¢, are the same for the two polymers considered here.
This indicates that samples of the copolymer with 100%
crystallinity, which have been produced,®®®! would exhibit
no excess specific heat capacity.

Independent evidence that the temperature dependence of
p'(T) reflects that of the thermal expansion coefficient a(T)
for PVDF and PVDF/TrFE at liquid helium temperatures im-
plies that the temperature dependence of the ratio |p'|/ Cp
reflects that of the macroscopic Griineisen parameter y(T)
for those polymers in that temperature regime. The PVDF
data for that ratio exhibit a sustained, approximately linear
decrease from ~5 to 20 K. This contrasts with a sharp de-
crease at ~5 K, followed by comparatively flat behavior out
to 20 K for PVDF/TrFE. These reflect differences in ¢,(7) as
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well as |p’|(T). The latter is almost identical for the two
materials, except for an anomalous dip in |p’| near ~6 K and
slightly higher values above ~16 K for the copolymer. Al-
though the microscopic vy, for each mode is defined in terms
of a fractional frequency shift, which is patently anharmonic,
that definition has no temperature dependence. In that phe-
nomenological model, the inferred temperature dependence
of the macroscopic Griineisen parameter vy is due to tempera-
ture dependent activation of the various modes. The specific
heat capacity, on the other hand, is dominated by the har-
monic quadratic term in the expansion of the interaction
potential.39 It can, nevertheless, affect the temperature de-
pendence of vy via the density of states that orchestrates the
activation of the individual modes. Therefore, the next step
in interpreting our data would be to measure this density of
states and identify the participating modes. Tests should also
be devised to validate models that attempt to relate the ex-
cess specific heat capacity to the glassy behavior of amor-
phous media at low temperatures.’!

The data from the thinner samples, 10 and 20 pm thick-
nesses, allude to the possibility that surface effects and mor-
phologies may affect their specific heat capacities. Explora-
tion of such effects remains a challenge for the future.
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APPENDIX A

A general expression for the pyroelectric coefficient is
obtained by expanding the thermodynamic equation of state
(i.e., the Gibbs free energy:50-8283)

10 9P,
p'| = a\or s 0= T . O+d3jkcjk1malm+P3aA~
JE= 7E=
(A1)

The left side of this equation defines the magnitude of p’
under conditions of no external mechanical stress 3 or elec-
tric fields E. The first term on the right is the primary pyro-
electric coefficient p;. It represents the thermal response of
the normal polarization component P5 under conditions of no
strain 7 (i.e., fixed macroscopic dimensions). There is con-
vincing evidence that the primary coefficient is negligible for
PVDF and PVDF/TtFE. 64243

The second term on the right represents the secondary or
piezoelectric contributions py;. It is due to thermally induced
changes in macroscopic dimensions and consists of a product
of the direct piezoelectric coefficient d (which relates the
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change in polarization induced by stress), the elastic stiffness
tensor C (which relates stress to strain), and the thermal ex-
pansion coefficient a. The low-temperature dependence of
py is dominated by the thermal expansion coefficient a be-
cause the multiplicative compliance coefficients are typically
constant at very low temperatures.®808!

The third term contains the two-dimensional thermal ex-
pansion coefficient, ay=a;+a,, where a; and a, are the
coefficients along principal axes of the surface. It corrects for
the fact that typical measurements are of the surface charge
and not the surface charge density.3>-84 It is estimated to be

negligible at cryogenic temperatures.*

APPENDIX B

For uniaxial stretching, with symmetry assumed in the
plane perpendicular to the stretched axis, the Griineisen re-
lations become!®26:37

¥ =l(Cy 1+ Cp)a, +Ci3q)/pe, (B1)

and
n=[2Ca, + Cqlipc,. (B2)

The indices for the adiabatic stiffness matrix elements C;;
are labeled (3) for the stretched or parallel axis and (1) and
(2) for the axes perpendicular to it. The PVDF sample was
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uniaxially stretched during production, and isotropy is as-
sumed for planes perpendicular to the stretched direction.
The inverse of the previous equations yields expressions
for oy and «, in terms of corresponding Griineisen param-
eters, weighted with inverse adiabatic compliance matrix el-

ements §;;:'%20-37

a; =[(S)1+S1) v +Sisnlec, (B3)

and

o =[28137, +S3Wlpc,. (B4)

The resulting temperature dependence inferred from the
pyroelectric coefficient for PVDF is therefore a weighted
composite of 7y and vy, .

Comparisons of the temperature dependence of y(T) for
PVDF/TTFE and PVDF are nevertheless simplified for sev-
eral reasons. One is that 50% of the PVDF sample was amor-
phous, with an isotropy that is presumably not affected by
the stretching process. In addition, the value of a(T) related
to the crystalline part of the sample is probably dominated by
the perpendicular component, as indicated by low-
temperature measurements of polyethylene.?® The most com-
pelling simplification is that the low-temperature dependence
exhibited by the pyroelectric coefficient |p’| of PVDF is al-
most identical, with several small exceptions, to that of the
copolymer PVDF/TtFE.*>
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