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the phase transition temperatures change. The restricted geometry does not transition; porous glass;
effect on the order of successive transformations in NH,HSO, but is nanocomposite
accompanied by a significant reduction in entropy of phase transitions. The
behavior of DTA-signal and permittivity show the expansion of the
temperaturerange of theferroelectric phase under hydrostatic pressure.
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1. Introduction

Taking into account the intensive development of modern nano- and microelectronic industry, it
is not strange that a strong necessity appeared for searching and studying new effective and prom-
ising materials [1]. In this way, some nanoscale ferroelectrics, particularly embedded into nanopo-
rous matrices, have been recently widely investigated. The main interest was usually paid to the
effect of the type and size of pores on the dielectric properties [2-6]. The phase transition tempera-
ture dependence on the pores size of matrices was found increased, decreased or even unchanged
in different type of ferroelectrics. Such a phenomenon was explained by different relations
between the polarization at the surface and the crystal interior polarization.

In spite of the fact that the study of the thermal properties can provide very important
and useful information about entropic parameters as well as interaction between compo-
nents of the nanoscale composites, heat capacity and thermal dilatation have been studied
only sporadically [5, 7-10]. Data regarding the influence of external pressure on the proper-
ties of confined ferroelectrics do not exist at all.

In the present paper, we studied heat capacity, thermal dilatation, sensitivity to hydrostatic
pressure as well as dielectric properties of NH,HSO, embedded into porous boron-silicate
glasses with the average pore size of 46 nm and 320 nm.
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Ammonium hydrosulfate is very attractive ferroelectric because, first, it undergoes succes-
sion of antiferro- and ferroelectric phase transitions P-1 (T, = 160 K) < Pc (T, = 271.7 K)
— P2,/c of the first and second order, respectively [11, 12], second, recently the effect of
chemical pressure on phase transitions as well as electro- and barocaloric effects in solid sol-
utions (NH,), ,Rb,HSO, were investigated by us [13]. Moreover, it was possible to suppose
large difference in thermal dilatation of solid matrix and embedded ferroelectric, which can
lead to the appearance of nonzero intrinsic initial pressure in ferroelectric-glass nanocompo-
site. In order to prepare nanoscale composites, we have used one more important advantage
of NH/HSO, compared to other water-soluble ferroelectrics associated with a possibility to
melt it without decomposition.

2. Experimental

In order to be correct analyzing the properties of NH,HSO, nano-sized crystals embedded
into the glass matrix, it was necessary to study:

1) Thermal properties of glass matrices as well as NH,HSO, obtained by melting the

compound synthesized from a water solution.

2) Formation of the NH,;HSO, nanocrystals in the glass matrix.

3) Thermal properties of nanocomposites and NH,HSO, in a confined geometry.

The boron-silicate porous glasses were prepared by the same way which was used in [5].
Samples of matrices were cut in a shape of plates with dimensions 10 x 10 x 0.5 mm". The
characterization by low-temperature nitrogen sorption and mercury intrusion porosimetry
has shown the mean pore diameter 46 and 320 nm and the porosity about 50%.

The study of NH,HSO, obtained from the melt was performed on the “quasi- ceramic”
samples in the form of pressed tablets 8 mm in diameter and 1-2 mm in height, prepared
without heat treatment because of the presence of ammonium ion. Nanocomposites contain-
ing the ferroelectric component were prepared by immersion of blank porous glasses into
the melt of ammonium hydrosulfate for several hours. A mechanical polishing was used to
remove micro-crystals from the surfaces of the composite samples. As the result it was found
that the mass amount of NH,HSO, in composites was about 40%, which corresponds to the
filling degree of 70%. The nanocomposites will hereinafter be labeled as Comp 320 and
Comp 46 followed by average pore diameter of glass matrices.

Bulk materials as well as both ferroelectric composites were also characterized using X-ray
diffraction technique, which revealed that all samples independent of preparation show the
high quality of NH,HSO,.

Thermal dilatation measurements were performed on the samples above in a helium
atmosphere with a heating rate of 3 K/min using a NETZSCH model DIL-402C pushrod
dilatometer.

The heat capacity studies of the samples examined in dilatometric experiments were
carried out by means of a homemade automated adiabatic calorimeter with three screens
[14] using discrete as well as continuous heating.

The measurements of dielectric properties were performed in adiabatic calorimeter using
an E7-20 immittance metre at different frequencies up to 10° Hz, upon heating/cooling at a
rate of about 1.0 K/min. Silver electrodes were deposited on the samples.

The effect of hydrostatic pressure on the phase transition temperatures in both bulk and
nanoconfined NH,HSO, was studied by measuring permittivity and/or differential thermal
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analysis (DTA) signal. Measurements were carried out in a piston-cylinder type vessel asso-
ciated with a pressure multiplier.

3. Results and discussion

Figure 1 shows the temperature dependences of the linear thermal expansion coefficient .. One
can see that the low temperature anomaly associated with the first order phase transition P-1 —
Pc was reliably detected in all samples under study. The decrease of the pore size was accompa-
nied by rather strong decrease of the T, value only in Comp 46 (154.5 & 2 K) whereas in Comp
320 (165 £ 2 K) this temperature was changed only a few compared to bulk NH,;HSO, (165.5 +
1 K). A stronger change was observed in the volumetric strain, AV/V = 3(AV/I), at the P-1 — Pc
phase transition point: NH,;HSO, (— 2.4%) — Comp 320 (— 0.25%) — Comp 46 (— 0.15%).

The anomalous behavior of « associated with the second order transformation Pc — P2,/c
was found strongly smeared in both composites (Inset in Figure 1). The phase transition tem-
perature T, determined as the temperature corresponding to the middle of the stepwise change
in expansion coefficient decreases by restricted geometry: NH,HSO, (273 + 1 K) — Comp
320 (269 & 2 K) — Comp 46 (258 =+ 3 K).

The results of measurements far from phase transition points show rather large distinc-
tion between « values in bulk NH;HSO, (~ 50-10~° K™'), nanocomposites

(~20-100°K ") and empty glasses (~ 3- 107°K™) (Figure 1). Such a relation proves that
a temperature elevating leads to an appearance of the mechanical stress between the matrix
and the ferroelectric component embedded in pores is increased. However, upon heating in
a region of P-1 <« Pc transformation, strong volume reduction of NH,HSO, leads to a
decrease in mechanical stress. Such two phenomena can be considered as the pressure effect
on ammonium hydrosulfate component from the walls of pores, which is decreased above
T,. Thus, this is one of the reasons leading to the change of the phase transition temperatures
in NH,HSOj, in restricted geometry.

The experimental results of the heat capacity Cp(T) measurements on bulk NH,HSO, and
two composites are presented in Figure 2a. All samples demonstrate two anomalies of Cp(T)
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Figure 1. Temperature dependences of the linear thermal expansion coefficient « in a wide temperature
region (a) and near the P2/,c <~ Pc phase transition (b). 1 — bulk NH4HSO,4, 2 — Comp 320, 3 - Comp 46.
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Figure 2. Experimental data on the heat capacity measurements on bulk NH;HSO, (1), Comp 320 (2) and
Comp 46 (3) (a). Molar entropy change at the successive phase transitions (b).

associated with the successive phase transitions. The T, values observed in calorimetric
experiments are close to those found in thermal dilatation measurements. On the other
hand, the temperature T, in all samples determined from the Cp(T) dependences is lower on
4-6 K. The reason of such relation between T, as well as T, values determined by different
experimental techniques is associated with the second and strong first order phase
transitions, respectively. In the latter case large thermal hysteresis in combination with high
heating rate (3 K/min) in the measurement of «(T) has led to more higher value of T>.

In contrast to [5, 7] we did not observe any peculiarities in the heat capacity behavior
proving the change of the Pc < P2,/c phase transition order with the pores size decrease.

The strong size effect on the entropy of phase transitions was detected only in Comp 46
(Figure 2b). The values of the total entropy XAS; = AS, + AS, associated with the succession
of phase transitions P-1 <> Pc < P2,/c are close to each other in both bulk NH,HSO, (7.5 &+
0.6 J/mol-K) and Comp 320 (6.8 £ 1.0 J/mol-K). At the same time the decrease of the pores
size from 320 nm down to 46 nm leads, first, to smearing the entropy jump at T, and, sec-
ond, to a significant decrease of XAS; = (5.0 & 0.5 J/mol-K) value. Since according to the
thermodynamic theory [15], the entropy of the ferroelectric phase transition, AS, is propor-
tional to the square of the polarization, P, strong reduction in its value can be associated
with the P decrease in NH,;HSO, component embedded in the small pores.

Figure 3 shows the temperature dependences of the permittivity measured upon heating.
The stepwise dielectric anomaly associated with the low temperature phase transition P-1 <
Pc was reliably detected at low (1 kHz) and high (1 MHz) frequencies for bulk NH,HSO, as
well as both nanocomposites (Insets in Figures 3 a, b, ¢). The ¢ anomaly at high temperature
transformation Pc < P2,/c was observed at both frequencies in ammonium hydrosulfate
(Figure 3a) and Comp 320 (Figure 3b) whereas Comp 46 showed small peak only at 1 MHz
(Figure 3¢). The change of the T, and T, values in composites determined from &(T) depend-
ences are comparable with those observed in calorimetric measurements. In spite of the
smearing ¢ anomalies in composites, the peak-like and stepwise behavior of permittivity at
T, and T,, respectively, at different frequencies proves that the order of both transformations
is kept in all samples studied.
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Figure 3. Temperature dependences of permittivity at 1 kHz and 1 MHz for bulk NH4HSO, (a), Comp 320
(b), Comp 46 (c). Insets show the permittivity behavior near T,.

The surprising results were obtained in the study of the hydrostatic pressure effect on the
phase transition temperatures (Figure 4). First of all we performed the DTA(T) and &(T)
measurements on two pressed tablets of NH,HSO, obtained from a water solution as well as
from the melt which revealed the same values of baric coefficients (dT;/dp = 86 K/GPa and
dT,/dp = — 120 K/GPa) showing an expansion of the temperature range of the Pc phase
under pressure (Figure 4a).

These results are in contradiction with the data by [16, 17], where both T; and T, temper-
atures in single crystal NH,HSO, were found increased with the pressure increase with
strong difference in the baric coefficients: dT;/dp = 140 K/GPa and dT,/dp = 765 K/GPa. It
was suggested that intermediate ferroelectric phase disappeared at p > 0.85 GPa. However,
it is very important to point out that, taking into account the Clausius-Clapeyron equation
dT/dp = (AV/V)/AS, the negative sign of dT,/dp obtained by us experimentally in DTA and
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Figure 4. T-p phase diagrams of bulk NH,HSO, (a), Comp 320 (b) and Comp 46 (c). Open and closed
circular points - data obtained by DTA on NH,HSO4 grown from a water solution and the melt, respec-
tively. Triangular points - data of the permittivity measurements.
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permittivity studies agrees with the negative sign of the volume strain change AV/V at T,
found in measurements of the thermal dilatation (see above). Moreover, the relation between
unit cell parameters [11] also shows that upon heating the P-1 < Pc phase transition is
accompanied by a large decrease in volume (~ 1.5%).

The results of measurements on nanocomposite samples are shown in Figures 4 b, c.
There was not observed any strong systematic change in the value of baric coefficient dT;/dp
(115 K/GPa for Comp 320; 86 K/GPa for Comp 46) compared to bulk NH,HSO,. The nega-
tive sign of the dT,/dp value is stored in NH,HSO, nanoparticles confined to glass matrices
but the rate of the T, temperature lowering under pressure decreases: — 88 K/GPa for Comp,
- 78 K/GPa for Comp 46.

In the DTA measurements under pressure on bulk NH,HSO, and Comp 320, a signifi-
cant reduction in the entropy associated with the phase transition at T, was observed. Such a
phenomenon correlates with the decrease of this entropy at the pore size decrease found in
calorimetric experiments on Comp 46.

4. Conclusions

The study of heat capacity, thermal dilatation, sensitivity to hydrostatic pressure as well as
dielectric properties of bulk ammonium hydrosulfate in comparison with composites with
NH,HSO, embedded from a melt into nanoporous boron-silicate glasses with the average
pore size of 320 nm and 46 nm showed following features.

1) Large difference in the thermal expansion coefficients of glass matrix and bulk ammo-
nium hydrosulfate is one of the reasons of the phase transition temperatures change in
nanoconfined NH,HSO,.

2) The decrease of the pore size does not effect on the order of both transformations in
NH,HSO, embedded into porous matrix but leads to a significant decrease of the total
entropy change and smearing both the entropy jump and permittivity at the P-1 «» Pc
phase transition.

3) The negative sign of baric coefficient dT,/dp found in NH,HSO, and both composites
correlates with the decrease of the unit cell volume upon heating found in the thermal
dilatation measurements and X-ray diffraction study [11].
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