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A B S T R A C T

Experimental study of temperature-pressure phase diagrams revealed a slight difference in the sensitivity to
hydrostatic pressure of triglycine sulfate (TGS) as a bulk (single crystal, ceramics), and nanoparticles embedded
in porous glass (TGS + PG). An analysis of the pressure sensitivity, dT0/p and dT0/dσ, and entropies of the P21
↔ P21/m phase transition showed the closeness of the barocaloric parameters in various materials under study.
Due to the strong anisotropy of thermal expansion, the piezocaloric effect under pressure along the axis c exceeds
the barocaloric effect in single-crystal TGS. The reasons for the strong reduction in the electrocaloric effect in the
ferroelectric component of nanocomposites compared with a single-crystal are discussed.

1. Introduction

Materials, in particular ferroics, undergoing phase transitions ac-
companied by a large change in entropy are considered as promising
solid-state refrigerants for use in alternative cooling cycles that are
competitive with traditional gas-compressor refrigerators [1–7]. The
reason is that large caloric effects (CEs) can often be realized in these
materials, which are associated with a change in such fundamental
properties as temperature and entropy under adiabatic and isothermal
conditions, respectively, as a result of varying the external field con-
jugated with the nature of the phase transition. Unlike electro(ECE)-
and magneto(MCE)-caloric effects, baro(BCE)- and piezo(PCE)(or
elalsto(ElCE) [1])-caloric effects are universal due to the possibility of
being implemented in various materials under hydrostatic, p, and uni-
axial, σ, pressure. This is due to the fact that the extensive, ΔSBCE and
ΔSPCE, and intensive, ΔTAD, effects are determined mainly by the vo-
lumetric or linear thermal expansion of the material: ΔSBCE = - ∫ (∂V/
∂T)pdp, ΔTAD = ∫ (T/Cp) (∂V/∂T)pdp and ΔSPCE = - ∫ (∂L/∂T)σdσ, ΔTAD

= ∫ (T/Cp) (∂L/∂T)σdσ (Cp is the heat capacity) [2,6,7], which is
characterized by anomalously large changes in the region of phase
transitions, including ferromagnetic, ferroelectric and ferroelastic ones.

Thus, we can talk about the existence of multicaloric properties in
one material, such as ferroelectrics (ECE + BCE) and ferromagnets

(MCE + BCE). In this regard, composite materials, the components of
which have a different physical nature, are no less interesting.
Moreover, one of the components may not be ferroic, but significantly
affect the physical properties of the active ferroid component and, thus,
on the caloric effectiveness of the composite.

Among composites of various types, systems consisting of ferro-
electric materials embedded in nanoporous matrices attract the atten-
tion of researchers due to the promising possibilities of controlling the
physical properties of the active component by varying the pore size. A
large number of articles are devoted to the study of the size effect on the
permittivity especially in the temperature range of phase transitions in
various ferroelectric crystals grown in nanopores [8–15]. Much less
attention was paid to the investigation of polarization, heat capacity,
thermal expansion and other properties [10,16–18]. Finally, with re-
gard CEs of various nature in ferroelectric nanocomposites, they have
not been studied at all.

The most fruitful way to determine the character and degree of
influence of restricted geometry on the properties of the active com-
ponent embedded in a passive matrix is to perform a consistent com-
parative study of a single crystal, ceramics, and nanocomposite. This
approach has been successfully used in the study of ammonium hy-
drogen sulfate, NH4HSO4, which undergoes two successive phase
transitions of the second and first order, very far from the tricritical
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point [18]. Of course, it seems important to study a ferroelectric com-
posite with a second order phase transition close to the tricritical point,
not accompanied by absorption/release of latent heat and a jump in the
parameters and volume of the unit cell, but whose physical properties
show strong anomalous behavior. One of the most suitable objects of
this kind is triglycine sulfate (TGS) - (CH2NH2COOH)3∙H2SO4, whose
structure and physical properties as a single crystal have been studied in
great detail [19–25].The mechanism of the P21 ↔ P21/m phase tran-
sition in TGS at 322 K is related to the ordering/disordering of ele-
mentary dipoles associated with reorienting glycine groups and, as a
result, the corresponding entropy change is quite large ΔS = 0.7 R.
Recently, we performed studies of the heat capacity and thermal ex-
pansion of TGS, both prepared in the form of ceramics as well as em-
bedded in nanoporous silicate glasses (TGS + PG) [26]. On the one
hand, it was found that the temperature of the P21 ↔ P21/m phase
transition behaves nonmonotonously, increasing slightly and de-
creasing strongly in composites with pores of 320 nm (TGS + PG320)
and 46 nm (TGS + PG46), respectively, compared to single crystal and
ceramic samples. On the other hand, a decrease in pore size is accom-
panied by only a small decrease in the entropy of the structural tran-
sition, ≤ 10 %. The latter circumstance suggests that BCE and PCE in
active component of nanocomposites may turn out to be comparable
with CEs in bulk samples of TGS (single crystal and ceramics).

In this work, taking into account that the sensitivity of phase tran-
sitions to external pressure characterized partially by the shift of the
phase transition temperature under hydrostatic, dT/dp, or uniaxial, dT/
dσ, pressure known also as volumetric or linear baric coefficients, is
also a very important parameter in the formation of CE [27], we first
determined the baric coefficients and then BCE, PCE and ECE in
ceramic TGS and nanocomposites TGS + PG320 and TGS + PG46.

2. Sample preparation and measurement technique

The samples were prepared using both bulk TGS single-crystal
grown from an aqueous solution under equilibrium temperature con-
ditions, and porous silicate glasses thermal properties of which were
characterized in recent studies [18]. A quasi-ceramic disc-shaped pel-
lets of 8 mm diameter and 1.3 mm thickness were prepared by pressing
of crushed TGS without high-temperature heat treatment. To prepare
TGS + PG320 and TGS + PG46 nanocomposites, dry empty glasses
(with porosity about 55 % in PG46 and 50 % in PG320) in the form of
rectangular plates with dimensions of 1.0 × 1.0 × 0.05 cm3 were
placed in a saturated aqueous solution of TGS at a temperature of 70 °C
for about 20 min After thorough drying at 100 °C, the surfaces of the
filled glasses were cleaned by mechanical polishing. This procedure was
repeated 5–8 times. The degree of filling of glass matrices was esti-
mated as the ratio between the volumes of embedded TGS and matrices:
26 % for TGS + PG46 and 29.5 % for TGS + PG320, which corre-
sponds to the following ratios between the volumes of TGS and pores:
47 % and 56 %, respectively. For dielectric measurements, silver elec-
trodes were deposited on the surface of the sample.

Since the crystallographic parameters in both phases of TGS were
determined repeatedly [23–25],the samples under study were char-
acterized only at room temperature, i.e. in the ferroelectric monoclinic
P21/m phase, by XRD using a Bruker D8 ADVANCE powder dif-
fractometer (Cu-Ka radiation). In accordance with the results of Riet-
veld refinement, no additional phases were observed in TGS, TGS +
PG46 and TGS + PG320 (Fig. 1).

Table 1 shows the unit cell parameters of all the studied samples in
comparison with those for single-crystal TGS [24]. The influence of the
size factor turned out to be insignificant and most noticeably mani-
fested in a slight decrease in the unit cell volume.

The size of ferroelectric nanoparticles, dcryst, grown in the matrix
pores was determined using the TOPAS 4.2 program [28]. It was found
that this parameter is smaller and larger than the pore size in PG320
(dcryst =160 nm) and PG46 (dcryst =74 nm), respectively. The excess of

crystallite size over pore size observed TGS + PG46 can be explained as
related to the formation of dendritic clusters in the pores [18,29].

The size effect on sensitivity to hydrostatic pressure both of TGS
prepared as quasi-ceramics and embedded in PG was studied using a
home–made high–pressure installation. The sample with electrodes was
placed in a holder inside a piston-cylinder type chamber associated
with a pressure multiplier filled with oil from the low pressure side
created by an external pumping station. The ratio between the sections
of low and high pressure plungers made it possible to realize a pressure
in the measuring chamber of up to 0.5 GPa. Pentane was used as a
pressure transmitting medium due to its optimal electrical and thermal
conductivity, and viscosity. Moreover, unlike oil, pentane, penetrated
into ceramic and composite samples, could be easily removed and
samples could be used in other experiments. Pressure dependences of
the phase transition temperature, T0(p), were investigated by mea-
suring the permittivity at frequency 1 kHz using an E7-20 immittance
meter. The experiments were carried out in the pressure range of 0 – 0.4
GPa, which was controlled using a manganin gauge with an error of
about± 10−3 GPa. The temperature was controlled with the in-
accuracy of about± 0.3 K using a copper-constantan thermocouple
attached to the sample. To ensure the reliability of the results, the
measurements under both increasing and decreasing pressure cycles
were performed.

In addition, the ferroelectric properties and the heat capacity of the
TGS + PG320 nanocomposite in a home-made adiabatic calorimeter
[21,30] were also studied. The high vacuum (10−6 Torr) in the mea-
suring chamber made it possible to exclude the presence of water ab-
sorbed by the sample.

Calorimetric measurements were carried out using discrete as well
as continuous heating. In the former case, the calorimetric step was

Fig. 1. Difference Rietveld plots at room temperature: (a) quasi-ceramic TGS,
(b) TGS + PG46, (c) TGS + PG320.
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varied from 1.0–3.0 K. In the latter case, the sample under study was
heated at rates of dT/dt = 0.15−0.30 K/min. The inaccuracy in the
heat capacity determination did not exceed 1.0–1.5 %.

The temperature dependences of the permittivity, ε(T), were in-
vestigated as described above in the temperature range 150–350 K at
frequencies of 1 kHz and 1 MHz. Continuous heating was used with a
rate of (0.2–1.0) K/min.

Direct measurements of intensive ECE were carried out under
adiabatic conditions by means of a technique previously used to study
ECE of a TGS single crystal under equalibrium and nonequilibrium
conditions [21]. A platinum resistance thermometer attached to the
adiabatic screen closest to the sample allowed us to monitor the tem-
perature of the sample with high-precision. The temperature difference
between the thermometer and the sample was monitored by a doubled
copper-constantan thermocouple whose output was supplied to the
automatic control circuit.

BCE and PCE were determined using both T – p and T - σ phase
diagrams, and data on the heat capacity and thermal expansion of
single crystal, quasi-ceramics and nanocomposites studied earlier
[19–21,26] and in this paper. To this end, we used the previously de-
veloped approach [31], which was successfully used in the analysis of
the baro- and piezocaloric efficiency of various ferroid materials
[7,27,32,33].

3. Results and discussion

The temperature dependences of the permittivity of quasi-ceramics
and nanocomposites TGS + PG46 and TGS + PG320 measured at a
frequency 1 kHz under pressure in the range 0 – 0.4 GPa are presented
in Fig. 2.

Comparison of the data for single-crystal [34] and quasi-ceramics
shows that in the latter material, placed in pentane as a pressure
transmitting medium, the maximum value of the anomalous part of the
permittivity, Δε = 25, at T0 and p = 0 is a thousand times smaller
(Fig. 2a). A stronger decrease in the permittivity peak was observed in
both composites, Δε ≤ 1.

A decrease in the anomalous dielectric constant under pressure
detected in all samples under study was also observed earlier for single-
crystal TGS [20,35,36]. One can think that one of the reasons for this
phenomenon is related to the approach of the P21 ↔ P21/m phase
transition to the triple point in the T – p phase diagram of the TGS [20].

Fig. 2b and c also show a stronger suppression of the maximum
value Δε in nanocomposites even at very low pressure. One can assume
that this feature is due to the structure of the TGS + PG capacitor,
which consists of two dissimilar parts that interact with each other only
mechanically.

Nevertheless, it is obvious that the phase transition temperature
increases under pressure in all samples under study (Fig. 2d). The shift
of the permittivity peak is linear and is characterized by the baric
coefficients presented in Table 2. The values of dT0/dp determined by
us turned out to be slightly less in comparison with the experimental
data for a TGS single-crystal [20,35,36] (Table 2). Thus, the size effect
does not significantly affect the sensitivity of ferroelectric TGS to
changes in external hydrostatic pressure

Analysis of the heat capacity [19,26] and linear thermal expansion

coefficients [22] of the TGS single crystal within the Pippard equation
made it possible to determine the phase transition temperature shifts
under uniaxial pressures along the main crystallographic axes, dT0/dσi
(Table 2) : In this case, the volumetric baric coefficient, (dT0/dp)calc =
ΣdT0/dσi = 19 K/GPa, agrees with the experimental value (dT0/dp)exp,
which confirms the validity of the approach for determining linear baric
coefficients.

The values of the phase transition temperature shift under uniaxial
pressure for the studied ceramic and nanocomposite materials were
estimated in the framework of the Ehrenfest equation (dT0/dσ)cer
=T0(Δα/ΔCp) using data on the coefficient of linear thermal expansion,
α, and heat capacity [26].

The calculated linear baric coefficient for quasi-ceramics, (dT0/
dσ)cer, was found to be very close to the volumetric value, dT0/dp,
determined experimentally (Table 2). This means that the value (dT0/
dp)calc = 3(dT0/σ)cer for this sample determined in the approximation
of the isotropic thermal expansion of ceramics turned out to be un-
reasonably large. One might think that in such a case the equality β =
3α, where α is measured along the diameter of the pellet, is quite ap-
proximate [1]. Indeed, the existence of a texture in the sample cannot
be ruled out, which is expressed in the preferred orientation of the
crystallites on the pellet surface. This effect was observed in the study of
TGS embedded in porous Al2O3 [37].

As regards nanocomposites, three circumstances must be taken into
account. First, an experimentally determined coefficient of linear
thermal expansion, α, characterizes the expansion of a system con-
sisting of two mechanically interacting components [26]. Secondly, the
presence of texture in these samples also cannot be ruled out. Thirdly,
to determine the expansion coefficients of the introduced component,
changes in its linear/volumetric sizes should be attributed to the sizes of
TGS. In this case, the linear baric coefficient, (dT0/dσ)cer, for nano-
composites is quite small compared to the value for quasi-ceramics, but
the shift of T0 under hydrostatic pressure, (dT0/dp)calc, is close to the
experimental data (Table 2).

Using information on the heat capacity, entropy, and thermal ex-
pansion [19–21,26], as well as the data obtained in this paper on the
sensitivity to hydrostatic and uniaxial pressure, we determined the
nature of the influence of the dimensional factor on the baro- and piezo-
caloric properties of ferroelectric TGS in three modifications: single
crystal, quasi-ceramics and active component in TGS + PG nano-
composites.

We applied the analysis of the total entropy, S(T), of the samples
consisting of lattice, SLAT(T), and anomalous, ΔS(T), contributions,
which previously allowed us to determine BCE and PCE in various
ferroelastics [27], ferroelectrics [32], and ferromagnets [30]. For this
aim, on the temperature dependences S(T) at different pressures, ΔS(T)
is shifted along SLAT(T) in accordance with the value and sign of the
baric coefficient dT0/dp (or dT0/dσ for uniaxial pressure). We believe
that the entropy of the phase transition in TGS remains unchanged
under pressure. This assumption is supported by preservation of the
symmetries of the initial and distorted phases up to the pressure of the
triple point, p ≈ 2.4 GPa, discovered recently [20]. Thus, it is unlikely
that the low pressure used in our experiments can affect the degree of
disordering/ordering of dipoles in both phases and, as a result, the
entropy of the P21/m ↔ P21 transformation.

Table 1
Unit cell parameters in the P21 phase of a ferroelectric TGS in the form of quasi-ceramics and embedded in PG in comparison with the parameters of a single crystal
[24].

a (nm) b (nm) c (nm) β (º) V (nm3)

Single crystal 0.94276(5) 1.26603(6) 0.57423(3) 110.335(2) 0.64267(2)
Quasi-ceramics 0.94274(5) 1.26592(5) 0.57408(3) 110.338(2) 0.64242(6)
TGS + PG320 0.94216(9) 1.26586(9) 0.57348(5) 110.318(5) 0.64141(9)
TGS + PG46 0.94183(9) 1.26522(9) 0.57358(5) 110.329(5) 0.64092(9)
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At the first stage, the phase diagram S(T,p) of the quasi-ceramic TGS
was analyzed, taking into account the experimentally determined baric
coefficient, dT0/dp = 23.5 K/GPa (Fig. 3a). Since the changes in en-
tropy under pressure are very small (∼5 J/kg K compared with total
entropy (∼1000 J/kg K, the results obtained are shown in both wide
and narrow temperature ranges.

The behavior and values of extensive BCE, ΔSBCE, at different
pressures was found as a difference ΔSBCE = S(T;p) - S(T;p = 0) at
constant temperature (Fig. 3b). By analyzing the plots S(T;p) =
SLAT(T;p = 0) + ΔS(T,p) at constant entropy, S(T;p) = S(T + ΔTAD, p
= 0), the temperature dependences of the intensive BCE were estab-
lished (Fig. 3c).

Fig. 3b and c demonstrate that both barocaloric parameters of a
quasi-ceramic sample are significantly lower than those in ferroics
considered to be promising solid state refrigerants [4,7].The analysis
showed that in order to achieve the highest value of the extensive BCE
equal to the entropy of the phase transition, ΔSBCEMAX ≈ 20 J/kg∙K,
very high hydrostatic pressure, p> 10 GPa, is required. One of the
main reasons for this phenomenon is associated with a rather small shift
in the temperature of the phase transition under hydrostatic pressure,

Due to the close values of ΔS and dT0/dp, the barocaloric effect in
single-crystal TGS will be almost the same as in ceramics. However, as
mentioned above, the linear baric coefficients for a TGS single crystal
are characterized by both different values and a sign, and one of them,

Fig. 2. Temperature dependences of anomalous permittivity under pressure at 1 kHz for (a) quasi-ceramic TGS, (b) TGS + PG320, (c) TGS + PG46. (d) T-p phase
diagrams of materials under study.

Table 2
Volumetric and linear baric coefficients, and PCE and BCE of single crystal and ceramic TGS as well as nanocomposites TGS + PG320, TGS + PG46. Caloric effects
are presented for σ = 0.45 GPa. Values marked with * refer to the active component in nanocomposites.

Single crystal TGS Ceramics TGS TGS + PG320 TGS + PG46

(dT0/dp)exp, K/GPa +(26.0± 1.5) [20] +(23.5± 1.5) +(19.8± 1.5) +(19.5± 1.5)
(dT0/dp)calc, K/GPa +(19±2) +(63±7) +(18±3) +(18±32)
dT0/dσa, K/GPa -(5.0± 0.8)
dT0/dσb, K/GPa -(15.0± 1.5)
dT0/dσc, K/GPa +(39.0± 2.5)
(dT0/dσ)cer, K/GPa +(21±2) +(6±1) +(6±1)
ΔSBCE, J/kg K -(6.4± 0.4) -(4.4± 0.3) -(3.3± 0.4)* -(3.4±0.4)*
(ΔSPCE)a, J/kg K +(1.5±0.2)
(ΔSPCE)b, J/kg K +(4.0±0.3)
(ΔSPCE)c, J/kg K -(8.8± 0.5)
(ΔSPCE)cer, J/kg K -(3.8± 0.4)
(ΔTAD)BCE, K +(1.5±0.1) +(1.1±0.1) +(0.80± 0.09* +(0.79± 0.09)*
(ΔTAD)a, K -(0.34± 0.04)
(ΔTAD)b, K +(0.91± 0.07)
(ΔTAD)c, K +(2.0±0.1)
(ΔTAD)cer, K +(0.90± 0.06)
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namely dT0/dσc = + 39 K/GPa, is one and a half times higher than the
volume baric coefficients for both single-crystal and quasi-ceramic
samples (Table 2). As a result, the extensive and intensive piezocaloric
parameters associated with the pressure along the c axis will exceed the
barocaloric parameters of the bulk TGS at the same pressure (Fig. 3d–f).
Table 2

Since the baric coefficients of volumetric TGS are not much higher
than for TGS + PG nanocomposites, the barocaloric parameters of the
latter, referred only to the active component, will decrease slightly
(Table 2). However, due to the fact that the entropy of the composites is
the sum of the entropies of the components (PG matrix and TGS), Scomp

= SPG + (SLATTGS + ΔSTGS), part of the heat released/absorbed by the
active component will also be spent on heating/cooling of the PG ma-
trix when applying and removing pressure. It was found that at the
same pressure, the barocaloric parameter of the studied nanocompo-
sites as a whole, (ΔTAD)BCE = 0.34 K is approximately 70 % lower than
for quasi-ceramic TGS (Table 2).

Nevertheless, the obtained results for composites indicate that BCE

in the active component is not significantly suppressed under condi-
tions of restricted geometry. This circumstance allows us to consider
that the incorporation into a porous glass of a larger amount of the
active component with more significant values of both the entropy of
the phase transition and the shift of the transformation temperature
under pressure will allow one to achieve worthy of attention bar-
ocaloric effects in the composite as a whole. In this case, the nano-
composite can be designed in the form of a solid-state refrigerant ele-
ment more convenient for practical applications in comparison with a
single crystal and quasi-ceramics.

It was also of interest to obtain information about the impact of the
size factor on the electrocaloric properties of TGS. To this end, we in-
tended to perform direct measurements of the intensive ECE (ΔTAD)ECE,
in the samples under study, using the technique that we used earlier in
the study of ECE in a single-crystal TGS [21]. Unfortunately, we did not
succeed in studying quasi-ceramics and the TGS + PG46 nanocompo-
site. In the first case, the sample showed very strong conductivity due to
the high porosity caused by the forced absence of firing after pressing.

Fig. 3. (a) Temperature dependencies of total entropy of quasi-ceramic TGS under different hydrostatic pressure near T0. (b) Barocaloric entropy and (c) adiabatic
temperature changes at different hydrostatic pressure. (d) Temperature dependencies of total entropy of single-crystal TGS under different uniaxial pressure along the
axis c. (e) Piezocaloric entropy, ΔSPCE, and (f) adiabatic temperature changes ΔTAD at different uniaxial pressure in single-crystal TGS.

E.A. Mikhaleva, et al. Materials Today Communications 25 (2020) 101463

5



Changes in the temperature of the TGS + PG46 nanocomposite in the
electric field turned out to be below the sensitivity limits of the tech
nique used. Therefore, here we present the results of the ECE study only
for the TGS + PG320 nanocomposite.

At the first stage, for further characterization of the sample, studies
of the heat capacity and permittivity were carried out.

Fig. 4a shows the temperature dependence of the heat capacity of a
sample. The peak on the curve Cp(T) associated with the phase transi-
tion was observed at T0 = 320.5±1.5 K, which is in good agreement
with the data of previous studies of a nanocomposite of the same
composition [26].

In order to determine the entropy of the phase transition, the heat
capacity of TGS + PG320 nanocompopsite, Cp(T), was considered as
the sum Cp(T) = ΔCp(T) + Creg(T). Here ΔCp(T) is the anomalous heat
capacity referring to the TGS component and Creg is the regular con-
tribution. The behavior of Creg(T) was determined by smoothed inter-
polation of the Cp(T) data far above and below the phase transition
region by polynomial function and is shown as dashed line in Fig. 4a.

Integration of the function (ΔCp/T)(T) showed that the excess en-
tropy, ΔS0 = 6.0± 0.5 J/mol K (Insert in Fig. 4a), is the same as that
found previously for a nanocomposite of the same type [26]. The high
reproducibility of the thermodynamic parameters, T0 and ΔS0, from
sample to sample indicates the reliability of the method of preparing
nanocomposites TGS + PG.

In Fig. 4b, one can see the temperature dependencies of the per-
mittivity, ε, measured at two frequencies, 1 kHz and 1 MHz, Anomaly
Δε(T) related to the phase transition is most pronounced at a high
frequency. However, the values of Δε(T) ≤ 1 at both frequencies are
very small and comparable with the value mentioned above for TGS +
PG composites placed in pentane for pressure measurements. A rather
strong increase in ε(T) at f =1 kHz above T0 is, most likely, associated
with an increase in the number of mobile charges moving together with
the measuring electric field. With an increase in the field frequency, this
movement becomes more difficult, and at a frequency of 1 MHz the
dielectric constant increases more slowly.

Thus, in the studied temperature and frequency range, active com-
ponent of the TGS + PG320 composite can be considered as ferro-
electrics with a large leakage current.

It should be noted that there is a fairly large difference between the
temperatures of the peak positions on the dependencies Cp(T) (Tmax

Cp

= 320.5±1.5 K) and ε(T) (Tmax
ε = 329.0± 1.5 K) (Fig. 4). However

Tmax
ε is in good agreement with the inflection temperature, Tinfl ≈ 328

K, at an anomalous heat capacity above Tmax
Cp. The reason is that, Tinfl

can be considered as the temperature of the smeared heat capacity jump
associated with the phase transition.

Measurements of ECE in the TGS + PG320 nanocomposite were
performed in the temperature range 300–330 K.

At the first stage, the temperature drift of the sample was regulated
to obtain an optimum rate of the temperature change, dT/dt
=±2.5∙10−4 K/min. A small constant rate of change in temperature of
the sample at the absence of electric field, E = 0, indicates the reali-
zation of quasi-adiabatic conditions (dS ≈ 0). At some moment electric
field was switched on and then after several minutes was switched off.
In this case, an abrupt increase/decrease in the temperature of the
sample, ΔTAD, should be detected as it was observed, for example, in the
study of ECE in a single crystal of TGS [21]. However, the plots T(t) do
not show any significant change in temperature associated with ECE.

Fig. 5 presents some results of measurements of the time depen-
dence of temperature near phase transition in the process of switch on/
off electric field: (E = 0) → (E =11.5 kV/cm) → (E = 0).

Only very small values of experimentally observed changes in
temperature, ΔTAD

EXP ≤ 10−3 K, related to the system sample +
measuring cell + ApiezonN was detected. The process E = 0 ends at
point 2, where the voltage is applied to the composite electrodes and, as
a result, in the process 2–3 – 4 there is a strong increase in the rate of
temperature change of the sample under the electric field, dT/dt ≈
5∙10–4 K/min.

After switching off E, the value of dT/dt was again decreased
(process 4–5). These phenomena, which were also observed in some
other ferroelectrics [21,38], allowed us to conclude that the strong
increase in the heating rate at E ≠ 0 is associated, in particular, with
the release of Joule heat due to the rather high electric conductivity of
the TGS + PG320 nanocomposite. Moreover, as can be seen in Fig. 5,
the E ≠ 0 process consists of two parts that differ in the dT/dt

Fig. 4. Experimental data for TGS + PG320. (a) Temperature dependence of the heat capacity. Dashed line is the regular part Creg. Inset shows the behavior of the
anomalous entropy, ΔS. (b) Temperature dependences of permittivity at 1 kHz (1) and 1 MHz(2).

Fig. 5. Time dependence of the temperature of the system (TGS + PG320) +
measuring cell + ApiezonN in processes 1 - 2 (E = 0), 2 - 3 - 4 (E =11.5 kV/
cm), 4 - 5 (E = 0) near the phase transition temperature.
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derivative. In the Section 2–3, the speed is higher, since here the sample
is heated both due to ECE and the Joule heat. At point 3, the heat
release due to ECE in the TGS component ends and the further tem-
perature increase in the 3–4 process is associated only with the heat
release on the electrical resistance of the nanocomposite.

The adiabatic change in the temperature of the TGS + PG320
composite, (ΔTAD

ON)EXP = (ΔTAD
OFF)EXP ≈ 5∙10−4 K (Fig. 5), observed

when applying/removing an electric field of fairly high intensity,
E=11.5 kV/cm, was three orders of magnitude less than ΔTAD = 0.15 K
for a single-crystal TGS at a lower field, E=2.8 kV/cm [21].

Such a large difference in ΔTAD cannot be explained only by the fact
that the change in the energy of the active ferroelectric component
associated with ECE during an adiabatic change in the electric field is
spent on heating/cooling not only TGS, but also PG, measuring cell, and
ApiezonN. Evaluation of the actual ΔTAD in the TGS component, taking
into account the ratio between the heat capacities of the parts of the
system under study, shows that this value does not exceed 5 10−3 K.

Another reason may be due to poor contact between the embedded
TGS and the electrodes on the surface of the TGS + PG320 composite.
In this case, the observed ΔTAD may be associated with a small part of
the active component located in the electric field.

The third reason relates to the issue of the influence of the size of
TGS crystallites. Recent studies of ECE in nanoceramic BaTiO3 with a
particle size of 100−400 nm showed a strong decrease in ΔTAD com-
pared to single crystal and microceramics [39].

And finally, the fourth reason can be related both to the texture of
the embedded TGS observed in [37] and to the random orientation of
nanocrystallites in the pores of the matrix. Since TGS is a uniaxial
ferroelectric, both phenomena can lead to a significant decrease in the
electrocaloric response in nanocomposites. It can be confidently be-
lieved that, for the same reason, a strong decrease in the anomalous
permittivity was observed.

4. Conclusions

We performed studies of the effect of hydrostatic pressure, size
factor, and electric field on the ferroelectric phase transition P21 ↔
P21/m in bulk quasi-ceramic TGS and nanocomposites consisting of
TGS embedded in porous glasses, TGS + PG320 and TGS + PG46.

The size factor insignificantly affects the sensitivity of ferroelectric
TGS in various modifications to changes in external hydrostatic pres-
sure. A small sequential decrease in the baric coefficient is found in the
materials under study (dT0/dp, GPa/K): 26 (single-crystal TGS
[20,35,36]), 23.5±1.5 (quasi-ceramic TGS), 19.8±1.5 (TGS +
PG320), 19.5±1.5 (TGS + PG46)

An analysis of the phase diagrams S(T,p), taking into account the
experimentally determined baric coefficients, made it possible to de-
termine the extensive and intensive barocaloric parameters under iso-
thermal and adiabatic conditions, respectively. The BCE in active
component of the TGS + PG nanocomposites is comparable with the
barocaloric characteristics of the bulk TGS, which means that there is
no suppression of the effect under conditions of restricted geometry.
This experimental fact suggests the possibility of designing a promising
working element for solid-state cooling based on BCE in a nano-
composite with an active component with large values of the entropy of
the phase transition and the baric coefficient.

The significant anisotropy of the thermal expansion of single-crystal
TGS is the reason for the large linear baric coefficient along the c axis,
dT0/dσc =+ 39 K/GPa, which exceeds the volumetric baric coefficient
by a factor of 1.5. As a result, at the same pressure, the intensive and
extensive PCE is significantly larger than the BCE parameters.

A strong decrease in both the anomalous permittivity and the
electrocaloric effect in the ferroelectric component of the TGS + PG320
nanocomposite was found in comparison with the single-crystal TGS.

Among a number of reasons for this phenomenon considered in this
paper, the most likely one is related to the texture of the embedded TGS

and with the random orientation of nanocrystallites in the pores of the
matrix.
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