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The phase diagrams of polyvinylidene fluoride (PVDF) and its copolymers with chlorotrifluoroethylene
(CTFE) are investigated by first-principles calculations. Both PVDF and dilute P(VDF-CTFE) prefer
nonpolar structures at zero field, but transform to a polar phase below the breakdown field. The critical
field decreases with increasing CTFE content, facilitating the transformation. In disordered P(VDF-
CTFE), a distribution of concentrations leads to a range of polar transitions, resulting in ultrahigh energy
density. These results explain well experimental observations of very high-energy density in P(VDF-
CTFE).
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Polyvinylidene fluoride (PVDF) and its copolymers are
well-known ferroelectric polymers that exhibit excellent
electromechanical properties [1–4] and are also of sub-
stantial recent interest as candidates for high-performance,
high-energy-density capacitors. They exist in two main
phases, the nonpolar � phase and the polar � phase. The
existence of two phases provides an avenue for manipulat-
ing the electrical and electromechanical properties of these
polymers, potentially enabling novel applications. In pure
PVDF, an ordered � phase is obtained by either mechani-
cal rolling or stretching [5] or application of a very strong
electric field [6]. Once � PVDF is formed, the dipole-
ordering forces are so strong that this phase melts before
it can undergo a ferroelectric-to-paraelectric phase transi-
tion. However, in copolymers of VDF and trifluoroethylene
TeFE [-CF2-CFH] with about 50%–80% VDF, the � phase
is formed directly and a ferroelectric phase transition has
been observed below the melting point [5].

These phase transitions are associated with an increased
dielectric constant and energy density. The energy density
of a dielectric material, defined as the maximum energy
stored in the material when an electric field is applied, is
defined as � �

RD�Emax�
0 EdD, where E is the electric field,

D is the electric displacement, and the integration proceeds
up to the maximum applied field Emax just below the
breakdown field. Recent experimental work [7] identified
a copolymer of VDF-chlorotrifluoroethylene, P(VDF-
CTFE), as having an unusually high-energy density, in
excess of 17 J=cm3, much higher than that of polyprope-
lene, which has the highest energy density among the
previously investigated polymers (4 J=cm3). In P(VDF-
CTFE), the energy density increases dramatically with
the electric field and does not saturate until the breakdown
field is reached. This behavior is very different from that of

pure PVDF, or the commonly used P(VDF-TeFE) copoly-
mers, where energy density increases linearly with electric
field due to early saturation of polarization [7]. The differ-
ence in behaviors of the two polymers was attributed to a
nonpolar to polar phase transition in P(VDF-CTFE), since
its films were grown in the nonpolar phase.

In this Letter, the phase diagram of the P(VDF-CTFE)
polymer is investigated by ab initio methods as a function
of the applied electric field and CTFE concentration. It is
shown that ordered phases of P(VDF-CTFE) with well-
defined concentrations exhibit sharp phase transformations
and polarization that saturates at very low fields for both �
and � phases. The saturation of polarization would lead to
saturation in the displacement field and a low energy
density. This is in sharp contrast to the experimental data.
However, if a multidomain disordered structure is as-
sumed, we show that it leads to a strongly increasing
displacement field and a large dielectric constant that
saturates only at very high fields, in agreement with the
experimental results. We also show that by controlling the
distribution of nanostructures with different critical fields
for the para- to ferroelectric transition one can substantially
enhance the energy density and/or design nanostructured
materials with desired dielectric properties. Furthermore,
the proposed procedure is not limited to polymers and can
be used for any mixture of materials that exbibit para- to
ferroelectric transition and where the critical electric field
for the transition varies with the concentration of one of the
constituents. For P(VDF-CTFE), slightly reducing the
amount of disorder would lead to significantly greater
energy density.

The calculations are performed using density-functional
theory (DFT) with ultrasoft pseudopotentials and Perdew-
Burke-Ernzerhof exchange-correlation functional [8] as
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implemented in the PWSCF code [9] with a cutoff energy
of 35 Ry and a 2� 4� 4 Monkhorst-Pack k-point grid [8].
The Berry phase approach [10] is used to compute polar-
ization P and the Born effective charges Z?i for each of the
ions i are obtained using density functional perturbation
theory [11]. Following Fu and Bellaiche [12] the term
�eZ?i E is added to the Hellman-Feynman forces fi, where
e is the elementary charge. The atomic structure is relaxed
until the total force on each atom is close to zero, i.e., until
fi � �eZ?i E [12–14].

The structure of PVDF is obtained by minimizing the
electric enthalpy (free energy under electric field) F per
unit cell,

 F�E� � U ��PE; (1)

whereU is the internal energy obtained from a Kohn-Sham
functional, and P � Pion � Pel is the total (ionic plus
electronic) macroscopic polarization. Within this scheme,
the field dependence of fi and Z?i is neglected, because
they are computed at E � 0. In particular, the results are
rigorously correct only to first order with regard to field-
induced lattice displacements [14] and electronic nonline-
arities are not considered. However, using the linear re-
sponse perturbation theory, we found that the Born
effective charges change by less than 8% at 1000 MV=m,
compared to their zero-field values. Therefore, the Fu-
Bellaiche scheme is sufficiently accurate for studying
field-induced phase transitions in PVDF and related
polymers.

Figure 1 depicts the bulk � (nonpolar) and � (polar)
PVDF structures [1]. Both the � and � phases have the

same repeat monomeric unit, ��CF2-CH2� � . The chain
conformation in the � phase is trans-gauche-trans-
gauche’, whereas it is all trans in the � phase. The � phase
unit cell consists of two polymer chains arranged in an
antipolar fashion, resulting in zero net polarization. In the
� phase, the charge dipoles of the two chains are parallel
and thus the structure is polar. An earlier ab initio calcu-
lation [4] obtained a substantial polarization of 0:18 C=m2

in the � phase.
We found that the total energy of �-PVDF is 23 meV per

carbon atom lower than the one of �-PVDF making
�-PVDF the low-temperature stable phase in agreement
with other works [3,5]. The Born effective charges for each
atom are obtained from the zero-field ground state struc-
ture of the � and � PVDF. Both phases are then subjected
to an electric field and their free energy is minimized
following the scheme described above.

Figure 2(a) depicts the change in free energy, F�E�, for
both phases as the electric field is varied from 0 to
1000 MV=m. Because of negligible polarization in the �
phase, its free energy remains approximately constant in
the entire field range. In contrast, the free energy of the
polar � phase decreases with the field and � becomes the
stable phase at fields above �800 MV=m. The calculated
critical field is similar to the ones reported in the literature,
where it is usually quoted as� 500 MV=m [6]. Figure 2(b)
shows the electric displacement D � E� 4�P as a func-
tion of the applied electric field for both � and � phases.
The displacement field changes relatively little with the
field in each phase, but the change in the stable phase at the
critical field of �800 MV=m results in a large discontinu-
ous change inD. The vertical line marks the transformation
from the � to the � phase. The volume change at the
transition is discontinuous, 4.5%, which is a signature of

FIG. 1 (color online). The unit cell of bulk PVDF in the (a) �
and (b) � phases. The carbon, fluorine, and hydrogen atoms are
yellow, red, and white, respectively. The � phase is antipolar,
since dipoles in the alternate chains cancel, while in the � phase
they are parallel to each other. The panels (c) and (d) show the
trans-gauche arrangement in the � phase and all trans arrange-
ment in the � phase, respectively.

FIG. 2 (color online). (a) Free energy as a function of the
electric field for �- and �-PVDF. �-PVDF is lower in energy
at zero field, but �-PVDF becomes the favored phase at
�800 MV=m. (b) Electric displacement field D versus applied
electric field for �- and �-PVDF. The vertical line at
�800 MV=m marks the transition from �- to �-PVDF, when
D undergoes a discontinuous change.
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first-order phase transition. Therefore, nucleation of the �
phase is required at the transition.

We also investigate the � and � phases of P(VDF-
CTFE) with varying concentrations of CTFE. These cal-
culations are carried for ordered structures for concen-
trations ranging from 10% to 50%, using a single CTFE
monomer in supercells of the appropriate sizes. Figure 3(a)
depicts the difference in total energy between the � and �
phases as a function of CTFE concentration. For CTFE
concentrations below 17%, the � phase is more stable than
the � phase. Since this difference decreases with the
concentration of CTFE, the transformation to the � phase
becomes progressively easier as the critical concentration
is approached. Above 17%, the � phase is preferred and no
field-induced transformation should occur.

The electric field needed to transform from the � to the
� phase is not only dependent on the total energy differ-
ences, but also on polarization. The total polarization for
the � phase decreases as the CTFE concentration in-
creases, from 0:2 C=m2 for pure PVDF to 0:06 C=m2 for
50% CTFE; see Fig. 3(b).

Chu et al. [7] observed that their P(VDF-CTFE) 91=9%
polymer is in the � phase, both as grown and after uniaxial
stretching. (The stretching improves the breakdown field
and thus the maximum achievable energy density.) This is
in agreement with the results shown in Fig. 3(a). In the
experiment, both the displacement field and the energy
density increase smoothly with the field up to the maxi-
mum breakdown field of �550 MV=m. The authors [7]
suggest that the high-energy density is due to a reversible
change in conformation between the nonpolar and polar
phases of P(VDF-CTFE), which could explain the large
increase in D and the lack of its saturation. However, the
above theoretical results for ordered dilute P(VDF-CTFE)
show that D in the � phase is very small and cannot reach
the observed values of up to�0:08 C=m2; see Fig. 4(a). On
the other hand,D in the � phase is substantially larger than

observed, especially for the lower fields. Furthermore, a
thermodynamic transition to the � phase should result in
an abrupt change in polarization, which serves as the order
parameter, and therefore in D � E� 4�P. This abrupt
change is not observed in experiment.

Clearly, the above results for ordered P(VDF-CTFE)
cannot explain the experimental data. However, while x-
ray diffraction data [7] show the major peaks associated
with the � phase, the background scattering is large,
indicating substantial disorder and lack of full crystallinity.
To account for these effects, we consider a model in which
the sample is assumed to consist of ‘‘nanodomains’’, each
with a slightly different concentration of CTFE. Taking a
Gaussian distribution of these domains [15], the probabil-
ity n�x� of a P(VDF-CTFE) domain with concentration x%
becomes

 n�x� �
1�������

2�
p

�
exp

�
�
�x� x0�

2

2�2

�
; (2)

where x0 � 0:1, corresponding to the average CTFE den-
sity of 10% in the experiment. The width of the distribu-
tion, �, is treated as an adjustable parameter, because the
disorder in the experimental samples was not character-
ized. In the low concentration regime of the experiment,
the � phase should dominate in each of the nanodomains.
However, depending on the actual concentration, each
nanodomain will transform to the polar � phase at a differ-
ent field value, which can be estimated from U� �U� �

��P�Ecrit. Using the results of Fig. 3(a) and accounting
for the different critical field in each nanodomain one
obtains the total polarization at a given field as

 P�E� �
Z 1

0
dx
Z E

0
dE0P��x�n�x��	E0 � Ecrit�x�
; (3)

FIG. 3. Calculated thermodynamic properties P(VDF-CTFE)
as functions of CTFE concentration: (a) difference between the
total energies of � and � phases, (b) polarization in the � phase
(� phase has zero polarization).

FIG. 4 (color online). (a) Displacement field as a function of
the electric field for ordered PVDF-CTFE 90=10 mol% (dashed
line) and for a Gaussian distribution of nanodomains in P(VDF-
CTFE) centered at 90=10 mol%, with � � 8% (solid line). The
blue-shaded area is the energy density for the disordered struc-
ture at 350 MV=m, whereas the red-shaded area is for the
ordered structure. (b) The dielectric constant (dashed line) and
the energy density (solid line) for � � 8%. The diamonds are
experimental results from Ref. [7]. The dotted line is the energy
density for � � 5%. See text.
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where n�x� is the normalized probability of having a do-
main with concentration x. The contribution to polarization
of the domains that remain in the � phase turns out to be
small enough that it can be neglected. The resulting dis-
placement field increases with the electric field and agrees
well with experiment for the broadening parameter � of
8%; see Fig. 4(a). The increase inD is due to conversion of
a growing number of nanodomains to the � phase until the
peak of the distribution is reached (here at 10%). Beyond
this peak, the number of nanodomains that convert with an
increase in the field decreases, resulting in decrease in the
slope of D. The broadening parameter also partially
mimics kinetic effects in each domain, since the need for
nucleation of the � phase should result in a distribution of
effective critical fields.

The dielectric constant, given by 1� 4�dP�E�=dE, is
shown in Fig. 4(b). At first it increases with the field, as
more domains are converted to the � phase, but it starts to
decrease rapidly when the displacement field starts to
saturate. For a system that is energetically much closer to
the � phase, one would expect a high initial dielectric
constant, which then decays as �1=E after its polarization
reaches saturation. This was observed for P(VDF-TrFE)
75=25% [7], which has a dielectric constant of �50 at the
field of 50 MV=m, but only �12 at 400 MV=m. In con-
trast, for the P(VDF-CTFE) model centered at 90=10%, the
calculated dielectric constant progressively increases with
the field, until the displacement field reaches saturation. In
this case, saturation occurs at fields>500 MV=m, which is
close to the breakdown field. The energy density �, calcu-
lated as the area between the displacement field curve and
the vertical axis in Fig. 4(a) (shown shaded at E �
350 MV=m), is substantial even at lower fields, which is
necessary for applications. It reaches �20 J=cm3 at
500 MV=m, in reasonable agreement with the experimen-
tal value of 17 J=cm3 [7]. In contrast, the energy density of
the ordered structure is very small at low fields, but it
would abruptly jump at the transition field. The accompa-
nying abrupt change in volume is certainly detrimental for
applications. If the disorder is reduced to � � 5% [dotted
line in Fig. 4(b)], the energy density just below the break-
down field reaches 29 J=cm3. Another way to enhance
substantially the energy density would be to reduce the
CTFE concentration somewhat, say to 5%, which would
enhance both the saturation polarization and the saturation
field, while still keeping the saturation field below the
breakdown field. The above results clearly show that one
can tune the energy density of P(VDF-CTFE) and related
systems by substantial amounts through adjusting the con-
centration of CTFE and controlling the disorder.
Furthermore, the relation between concentration, disorder,
and the energy density uncovered here for the P(VDF-
CTFE) system is general and can be exploited in other
material systems through, e.g., controlled deposition of
nanodomains with different critical fields for the para- to
ferroelectric transition.

In summary, we investigated the phase diagram of
PVDF and P(VDF-CTFE) as a function of the applied
electric field. Within the ab initio density functional theory,
crystalline PVDF and ordered P(VDF-CTFE) up to 17%
CTFE prefer the nonpolar � phase. In sufficiently high
electric fields, the polar � phase becomes thermodynami-
cally preferred, due to the �PEapplied term. For P(VDF-
CTFE), the energy difference between the � and � phases
decreases with increase of the CTFE content, while the
volume of the polymer increases. Both factors facilitate the
transition to the � phase with the applied electric field. For
disordered samples, this transition is gradual, resulting in a
gradual increase in the displacement field and a large
energy density. These results are in good agreement with
the experimental data and explain the origin of the ob-
served ultrahigh capacitance in P(VDF-CTFE) films.
Furthermore, these effects are general and suggest a sys-
tematic route, not limited to polymers, for obtaining nano-
structured materials with high-energy density. Such
materials could find widespread use in energy storage,
power conditioning, and integrated circuitry.
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