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Abstract. This report presents the results of high-pressure and broadband dielectric spectroscopy stud-
ies in polyvinylidene difluoride (PVDF) and barium strontium titanate (BST) microparticles composites
(BST/PVDF). It shows that the Arrhenius behaviour for the temperature-related dynamics under atmo-
spheric pressure is coupled to Super-Arrhenius/Super-Barus isothermal pressure changes of the primary
relaxation time. Following these results, an explanation of the unique behaviour of the BST/PVDF com-
posite is proposed. Subsequently, it is shown that when approaching the GPa domain the negative electric
capacitance phenomenon occurs.

Introduction

Glass transition constitutes one of the key properties for
polymers processing and their fundamental characterisa-
tion [1–3]. It can occur for polymeric melts or in the
solid state, where the continuous solidification of seg-
mental motions occurs. Previtreous changes of dynamic
properties can start even 200K above the glass temper-
ature (Tg) and they are related to the gradual slow-
ing down, from even 10−14 s to τ(Tg) = 102 s [1]. All
these show the far remote impact of the glass transition
also on the primary relaxation time, viscosity, diffusion,
conductivity [1,4]. The broadband dielectric spectroscopy
(BDS) can be recognized as the key research method for
monitoring the previtreous behaviour due to its unique
possibilities of getting insight into even 15 decades in
frequency/time, both for orientational and translational
properties [5,6]. A new kind of polymer-based compos-
ite materials can be obtained when dispersing solid nano-
or micro-particles in the polymer matrix, what can yield
substantially changed/improved mechanical, optical, and
dielectric properties. Such favourite features have led to a
vast range of applications, ranging from commodity poly-
mer materials, to advanced materials in aerospace, med-
ical, and electronics industries. New features of polymer-
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solid particles composites appear due to the beneficial
combination of components properties and added value
features appearing as the consequence of the guest-host
(solid particles-polymer matrix) interactions [7–9]. One
can expect that they can be particularly efficient when
linking a polymer showing ferroelectric features with fer-
roelectric solid nano- or micro-particles. This is the case of
polyvinylidene difluoride (PVDF) and barium strontium
titanate (BST) particles. PVDF exhibits the ferroelectric-
paraelectric phase transition with the Curie temperature
located near melting at Tm = 438–473K [10–12]. On cool-
ing towards the glass temperature (Tg ∼ 235K) the Super-
Arrhenius (SA) changes of the primary relaxation time, as-
sociated with the apparent and temperature dependence
activation energy, take place [13–15]. Worth mentioning is
the importance of PVDF for fundamental model studies
and also its enormous practical significance: associated not
only with ferroelectricity but also with mechanical proper-
ties, stability resistance to solvents, acids and bases. Con-
sequently, PVDF is applied in advanced electronic devices,
in the chemical industry, modern medical equipment and
in the food industry. For the latter, its non-toxicity PVDF
is particularly important [2,3]. Barium strontium titanate
belongs to the group of classical ferroelectric solids with
the perovskite crystalline structure [16–18]. The applied
in studies presented below BST powder had grains with
an average diameter d = 0.7µm and a Curie tempera-
ture TC = 286K [19]. BST is broadly applied in modern
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electronic, particularly within integrated circuits. Its im-
portance for innovative tuneable devices up to even THz
range is also known [17,18].

It was recently shown that for BST/PVDF (10% vol.
fraction of BST) the dynamics between Tm and Tg is
clearly Arrhenius (A) type, with a constant activation
energy. On cooling below Tg, a new SA relaxation pro-
cess associated with the relaxor glassy nature of BST ap-
pears [19,20]. Notable is the coincidence of Tg in PVDF
and the A → SA crossover temperature in the BST/PVDF
composite [19].

This report presents the results of high-pressure BDS
studies in a BST/PVDF composite showing that the Ar-
rhenius dynamics for the temperature evolution under at-
mospheric pressure is coupled to Super-Arrhenius/Super-
Barus isothermal pressure changes. Following this find-
ing, an explanation of the unique dynamics in the
BST/PVDF composite is proposed. When approaching
the GPa domain an unusual negative electric capacitance
phenomenon [21], in the bulk composite sample, can ap-
pear.

Experimental

Broadband dielectric spectroscopy studies were carried
out using BDS Novocontrol spectrometer operating from
0.1Hz to 3GHz in temperature studies under atmospheric
pressure. The temperature control was reached due to the
Quattro Novocontrol system. High-pressure studies, for
f < 10MHz, were carried out via the Alpha impedance
analyser linked to the high-pressure system designed and
built in IHPP PAS. The system enables the computer-
controlled changes of pressure and temperature. It is no-
table that BDS measurements in situ under pressure for
higher frequencies are still the unsolved implementation
problem.

The Ba0.6Sr0.4TiO3 (BST) powders were fabricated by
the solid-state reaction method, using materials of BaCO3,
SrCO3 and TiO2 mixed in stoichiometric composition,
heated at 1673K and the subsequent grinding for 2 h.
The surface of BST particles was modified by silane cou-
pling agent KH550 to enhance the connectivity between
the BST fillers and the PVDF matrix. PVDF and BST
powders were mixed in a DMF solvent. The mixture was
ultrasonic dispersed for 2 h and stirring dispersed for 6 h,
subsequently tape-casted on a glass substrate to obtain
the thick film. After that, the film was kept in a vacuum
oven overnight at 433K to evaporate the organic solvent
of DMF. Then the BST/PVDF films with 0.1 ∼ 0.2mm
in thickness were produced by hot pressed at 393K and
100MPa for 2 h. The average particle diameter of BST
particles was 0.6µm, as measured by the Laser Diffrac-
tion Particle Size Analyzer.

Results and discussion

Results presented below are for BST/PVDF composites,
with a BST amount ranging between 10% to 50% vol. frac-
tion of BST. Examples of BDS spectra under P = 0.5GPa

Fig. 1. The imaginary part of dielectric permittivity in
BST/PVDF composites with different volume fractions of
BST, for T = 293K and P = 0.5 GPa. The inset shows re-
sults of the derivative analysis focusing on the detection of the
peak frequency and then the primary relaxation time.

are shown in fig. 1. Notable is the suppression of the pri-
mary relaxation process when increasing the amount of
BST —it ceases to be detectable for v = 50%.

To test the possible influence of pressure and BST
amount on the peak frequency of the loss curves and then
the primary relaxation time the distortion-sensitive analy-
sis presented in the inset in fig. 1 was carried out. It shows
∼ 10% increase (slowing-down) of the primary relaxation
time when rising the amount of BST from 10% to 40%.
For the highest amount of BST (50%) the manifestation of
the primary loss curve ceased to be detectable. The relax-
ation time is determined by the peak frequency of the loss
curve as τ = 1/2πfpeak or alternatively from the condition
d log ε′′(f = fpeak)/d log f = 0.

The manifestation of the primary relaxation pro-
cess under atmospheric pressure is qualitatively differ-
ent: the amount of BST has a negligible influence on the
“strength” of the primary loss curve and there is no im-
pact on the primary relaxation time, as shown in fig. 2.

It employs the alternative to fig. 1 (ε′′(f), T = const)
way of presentation of dielectric permittivity data: ε′′(T ),
f = const, popular in research societies focusing on fer-
roelectrics and polymers. We would like to indicate the
omitted so far simple and “universal” pattern of behaviour
associated with such representation. As shown by solid
lines in fig. 2: log ε′′(T ) = ln ε′′/ ln 10 = c± + b±T and
then ε′′(T ) = C± exp(B±T ), where C = exp(ln 10c±),
B = ln 10b± and “±” are for T > Tpeak and T < Tpeak,
respectively.
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Fig. 2. The temperature evolution of the imaginary part of di-
electric permittivity (P = 0.1 MPa) for the constant frequency
f = 1MHz, in BST/PVDF composites with different amounts
of BST. The arrow shows the “peak temperature” coupled to
the relaxation time τ = 1/2πf = 0.16 µs.

When discussing the previtreous evolution of the pri-
mary relaxation time one can recall the general depen-
dence for describing their temperature and pressure evo-
lutions [22]:

τ(T, P ) = τ0 exp

(

Ea(T ) + PVa(P )

RT

)

=

[

τ0 exp

(

Ea(T )

RT

)]

exp

(

PVa(P )

RT

)

, (1)

where the apparent activation energy Ea(T ) and the ap-
parent activation volume Va(P ) have been introduced.

Regarding the pre-factor τ0, for the basic Arrhenius
dependence (see below) theoretically the “universal” ter-
minal value τ0 = kBT/h ∼ 10−14 s reached at very high
temperatures is indicated [23]. However, in practice for
various systems ranges τ0 = 10−10 s and 10−16 s [24–27].

For isobaric studies, under constant reference pressure
Pref the above equation takes the form

τ(T ) =

[

τ0 exp

(

(PVa)ref

RT

)]

ref

exp

(

Ea(T )

RT

)

,

P = const, (2)

where the term in square bracket is the reference pre-
factor defined by the onset temperature and pressure un-
der which studies are carried out: its values can range
between τref ≈ 10−10 s and τref ≈ 102 s, depending on
the selected isobar.

For studies under atmospheric pressure, where one can
assume P ∼ 0, eq. (2) is approximated by the Super-
Arrhenius (SA) relation [1]

τ(T ) = τ0 exp

(

Ea(T )

RT

)

. (3)

For the constant value of the activation energy
(Ea(T ) = Ea = const) in the given temperature domain
one obtains the basic Arrhenius (A) dependence, yield-
ing a linear dependence for log τ(T ) vs. 1/T plot. For
the isothermal case, pressure-related approaching the glass
transition point one obtains:

τ(P ) = [τ(T )]ref exp

(

PV a(P )

RT

)

,

T = const (4)

where the term in the square bracket is the reference pre-
factor defined by the onset pressure and temperature of
the selected isotherm: its values can range between τref ≈

10−10 s and τref ≈ 102 s, depending on the isotherm.
Equation (4) recalls the empirical dependence pro-

posed by Barus τ(P ) ∝ exp(AP ) [28]. If for the given
pressure range Va(P ) = Va = const, it yields the linear be-
haviour for log τ(P ) vs. P plot. Taking into account that
eq. (3) with the apparent temperature-dependent activa-
tion energy is known as the Super-Arrhenius (SA) relation,
one can name eq. (4) as the Super-Barus (SB) dependence.
The application of eqs. (1)–(4) for portraying SA or SB be-
haviour requires the prior knowledge of Ea(T ) and Va(P )
functional forms. This constitutes the unsolved problem
and “ersatz” dependences have to be used. For SA be-
haviour temperature studies, the Vogel-Fulcher-Tammann
(VFT) relation is applied [1,29–32]:

τ(T ) = τ0 exp

(

DT T0

T − T0

)

,

P = const, (5)

where T0 < Tg is the singular VFT temperature and DT

is the fragility strength coefficient. Equation (5) leads to
the activation energy Ea(T ) = (RDT T0)T/(T −T0), when
comparing relations (3) and (5).

It is notable that the VFT equation is so often and
effectively applied that it is indicated amongst universal
patterns for previtreous effects on approaching the glass
temperature. As replacement relation for the SB eq. (4)
the following relation was proposed [33]:

τ(P ) = τref exp

(

DP P0

P0 − P

)

,

T = const, (6)

where P0 > Pg is the singular pressure and DP is the
fragility strength coefficient for the pressure path, that
yields Va(P ) = RTDP /(P0 − P ).

It can be reduced to the basic Barus relation [28] for
large values of DP and P0, particularly if experimental
data terminates well below P0. One should recall that al-
ready in 1972 the following relation was empirically pro-
posed by Whalley and Johari [34] for portraying viscosity
changes in glycerol and in ref. [35] for the primary relax-
ation time in few “fragile” glass-formers:

τ(P ) =
A

P0 − P
. (7)
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However, it is not compatible with the basic Barus
equation [28] and the SB eq. (6). It also omits the
link to the fragility. The latter is considered as one of
the key concepts of “universality” in the glass transi-
tion physics. To measure the degree of the SA behaviour
the fragility coefficient was introduced [32,36]: mT =
d log τ(T )/d(Tg/T ) for T = Tg. For its pressure parallel
mP = d log τ(P )/d(P/Pg) is proposed. The basic way of
determining fragilities is the application of the “Angell
plot” log τ(T ) vs. (Tg/T ) [32,36] or its pressure counter-
part log τ(T ) vs. (P/Pg) [37,38]. Linking the definition of
fragilities and eqs. (5), (6) one obtains

mT (T ) =
DT (T0/Tg)

(1 − T0/Tg)2

and m = mT (T ) = DT

rT

(1 − rT )2
, (8)

mP (P ) =
DP (P0/Pg)

(P0/Pg − 1)2

and m = mP (P ) = DP

rP

(rP − 1)2
, (9)

where coefficients rT = T0/Tg and rP = P0/Pg, mT (T )
and mP (P ) are steepness indexes for T > Tg and P < Pg.
It is assumed that τ(Tg, Pg) = 100 s.

High-pressure studies often terminate at some values
of pressure determined by experimental possibilities, often
well below the glass transition τ(Tg, Pg) = 100 s. This is
particularly important in high-pressure BDS studies for
which relatively large pressurised volume (V ∼ 5 cm3)
can be advised for high-resolution and non-biased mea-
surements requiring a proper design of the measurement
capacitor (see, for instance, ref. [39]). The reliable por-
trayals of τ(T ) and/or τ(P ) experimental data even well
below (Tg, Pg) enables estimations of (Tg, T0, DT ) and
(Pg, P0, DP ). Then applying eqs. (8) and (9) one can cal-
culate m and mP fragilities.

Figure 3 presents the pressure evolution of the primary
relaxation time for two amounts of BST in BST/PVDF
composites, at the room temperature. The obtained pa-
rameters show the notable SB dynamics with Pg =
700MPa, P0 = 0.96GPa, DP = 4.8 and then mP = 20
for the BST/PVDF (10%) composite and Pg = 700MPa,
P0 = 1.3GPa, DP = 6.2 and mP = 40 for the BST/PVDF
(40%) composite. The increase of the amount of BST
microparticles in the BST/PVDF composite strongly in-
creases the high-pressure–related fragility.

The temperature behaviour of the primary relaxation
time, for BST/PVDF composites with 10% and 40% of
BST, is presented in fig. 4. It shows the following key
“unique” features of dynamics in a PVDF/BST compos-
ite:

i) the clear SA dynamics (changeable activation energy)
in PVDF transforms to the Arrhenius pattern (con-
stant activation energy) in a BST/PVDF composite,
for T > Tg;

ii) for T < Tg the BST-based SA relaxation process
emerges in the composite: the question arises why it
was absent for T > Tg;

Fig. 3. The pressure evolution of the primary relaxation time
in BST/PVDF composites with different amounts of BST mi-
croparticles: T = 270 K.

Fig. 4. The temperature evolution of the primary relaxation
time in PVDF and BST/PVDF composites.

iii) the “dynamic” crossover A → SA in the BST/PVDF
composite occurs at the PVDF glass temperature;

iv) for the pressure path, the dynamics follow the SB one,
despite the “Arrhenius background” for the tempera-
ture path;

v) for the pressure path the change of the amount of BST
in the composite influences the fragility and the value
of the primary relaxation time. There is no such impact
for the temperature path under atmospheric pressure.
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Fig. 5. Dielectric spectra for the sample BST/PVDF composites with 10% and 50% vol. fraction of BST at T = 298 K.

The increase of pressure above 0.5GPa dramatically
changes the dielectric spectrum for the BST/PVDF (10%)
composite, as shown in fig. 5. The real part of dielectric
permittivity is slightly negative ε′ < 0 for f < 20 kHz.
On further decreasing the frequency it enormously rises
to ε′ ≈ 15000 and for f = 9.1 kHz it collapses to ε′ = 0.
For the imaginary, loss-related, part of dielectric permit-
tivity there is a strong increase strictly following the pat-
tern ε′′(f) ∝ f−k, in the whole temperature range up
to f = 9.1 kHz, where it sharply decreases to the con-
stant value ε′′(f) ∝ 2. For BST/PVDF (50%) an atyp-
ical dielectric spectrum appears already when approach-
ing P = 0.9GPa. The real part of dielectric permittivity
ε′(f) almost linearly increases, from 22.5 to 27. The be-
haviour of ε′(f) has a parabolic form with the minimum
at f = 30 kHz. All these shows the importance of a proper
ration of PVDF and BST for the appearance of metama-
terial dielectric features in BST/PVDF composites.

When discussing the spectra presented in fig. 4 one
should recall the basic definition linking real and imag-
inary parts of dielectric permittivity to the electric ca-
pacitance C and the resistivity R: ε′ = C/C0 and ε′′ =
1/ωRC0, where C0 is the capacitance of the empty mea-
surement capacitor and ω = 2πf [5].

Hence, the behaviour presented in fig. 5 can be linked
to the phenomenon of negative electric capacitance. It is
recognized as “the New Hope” for low energetic and ultra-
fast transistors and integrated circuits in the XXI Century.
This phenomenon has a long history, but the experimental
evidence remained puzzling until recently [21,40–45]. We
would like to stress that the picture presented in fig. 5 is
for the bulk sample and d ∼ 1mm thick sample.

Conclusions

The results presented above focus on the BDS-related
high-pressure behaviour of BST/PVDF microcomposites.
First, the ways of the consistent portrayal of the pres-
sure and temperature evolutions of the primary relaxation

time, or related dynamic properties, in glassy systems were
concluded in eqs. (1)–(7). Subsequently, the unique be-
haviour of dynamics in BST/PVDF composites resulted
from pressure and temperature studies of the primary re-
laxation process was presented and summarized in points
i)–v). In the opinion of the authors, this can be explained
assuming that the electric field from ferroelectric BaTiO3

microinclusions can order and restrict segmental motions
to the relaxation process, with the same activation energy
for all segments. On the other hand, the electric field from
the ferroelectric PVDF matrix acts on domains within
BaTiO3 particles, blocking their freedom and the develop-
ment of the relaxor-type relaxation process above Tg. The
question arises if some feedback process between PVDF
and BST particles increasing interactions appeared. When
reaching Tg on cooling the amorphous solidification of
PVDF has to strengthen interactions within polymer what
can break the PVDF-BST interaction and the relaxor-type
relaxation process can appear on cooling below Tg. It is no-
table that changes of temperature influence mainly the ac-
tivation energy whereas compressing changes density, free
volume and intermolecular distances. This explains why
the Arrhenius process for the τ(T ) behaviour is linked to
the SA/SB process for the τ(P ) evolution. All these can in-
dicate a new possibility for modelling the dielectric proper-
ties of polymer-micro/nanoparticles composites, as well as
for the insight into the still puzzling glass transition prop-
erties. For higher pressures, when approaching the GPa
domain, the “metamaterial” behaviour emerges. It starts
for BST/PVDF (10% BST) already for P ∼ 0.6GPa and
for BST/PVDF (50% BST) for P ∼ 0.9GPa. For the
first composite, it manifests in the unusual, frequency-
controlled, spectrum associated also with unusual negative
values of electric capacitance.

Such phenomenon was predicted decades ago and
only recently directly evidenced experimentally in a thin,
epitaxial ferroelectric film. It is worth recalling that the
negative pressures phenomenon is considered as “the New
Hope” for the low-energy nanoelectronics in the 21st cen-
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tury [21,40–45]. Generally, the appearance of the nega-
tive capacitance is expected for ferroelectric materials and
considered as the consequence of the energy stored from
the phase transition and the excess of charges appeared
within the ferroelectric material [21,40–45]. In the opin-
ion of the authors in PVDF/BST composites, particularly
with the large enough amount of highly compressible poly-
mer, extra-charges can be induced by the high-pressure–
related isotropic “push” on borders between PVDF poly-
mer and BST particles.

The future extension of the given research can be the
so-called thermodynamic scaling insight, both for PVDF
and its composites. Basing on τ(T ) for different isobars
and τ(P ) for different isotherms matched with P -V -T
thermodynamics data, the analysis of τ vs., TV γ be-
haviour offers also data on the intermolecular interactions.
A nice resume of the most recent efforts in this fields,
showing also new possibilities due to the simultaneous con-
sideration of both the primary relaxation time and DC-
conductivity is given in ref. [46].

This picture can be supported by the well-known
piezoelectricity of PVDF. It is notable that fig. 5 shows
probably the first direct, stable and long-lived evidence of
the negative capacitance phenomenon in the bulk mate-
rial. Summarizing, this report shows different possibilities
of inducing innovative and unusual metamaterial features
in BST/PVDF microcomposites, achievable under still rel-
atively moderate pressures.
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