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Abstract. In order to make material with improved properties, nanocomposites based 

on nanoporous Al2O3 films (having different pore sizes) filled with ferroelectric, namely, 
cesium nitrate CsNO3, have been fabricated, and their electrophysical charactistics have been 
investigated. The film surfaces were tested by electron microscopy. Temperature dependences 
of the effective permittivity ε′ and of the third harmonic coefficient were measured for the 
nanocomposites. The phase-transition points were determined by the maximum value of 
the dε′/dT derivative. The reduction in pore was found to lead to a decrease in the Curie 
temperature (by more than30 K) and a phase transition blur. This phenomenon is associated 
with the influence of intrinsic size effects.
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Аннотация. С целью создания материала с улучшенными сегнетоэлектрическими 
свойствами были изготовлены нанокомпозиты на основе нанопористых пленок Al2O3 
(с разным размером пор), заполненных сегнетоэлектриком – нитратом цезия CsNO3, 
и изучены их электрофизические свойства. Поверхность пленок контролировалась 
методом электронной микроскопии. Были измерены температурные зависимости 
эффективной диэлектрической проницаемости ε′ и коэффициента третьей гармоники 
для нанокомпозитов. Температура фазовых переходов определялась по максимальному 
значению производной dε′/dT. Обнаружено, что уменьшение размера пор ведет к 
снижению температуры Кюри (более, чем на 30 K) и размытию фазового перехода, что 
связано с влиянием собственных размерных эффектов.
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Introduction

Composite materials based on porous nanoscale matrices, such as opal, porous glass, metal 
oxide films, etc., filled with ferroelectrics, are of interest for practical application in diverse nano-
electronics devices [1–3]. The properties of the particles of materials embedded in the matrices 
are crucial due to a pronounced size effect, as well as the interaction of such inclusions with the 
walls of the matrix pores; these particles generally have different properties than bulk ferroelec-
trics. Analysis of experimental data indicates that the size effects are particularly noticeable near 
structural ferroelectric phase transitions for nanocomposites synthesized by embedding ferroelec-
trics into nanoporous matrices. 

Polar nanoscale structures obtained by introducing ferroelectric particles into the pores of the 
Al2O3 oxide film were considered in [4–11]. It was reported in [4, 5] that stabilization of the 
ferroelectric phase was detected in a nanoscale composite of Rochelle salt KNaC4H4O6∙4H2O 
embedded in a porous Al2O3 film. The ferroelectric phase persists in the composite up to the 
decomposition temperature of the Rochelle salt (328 K), which in turn is higher than the Curie 
temperature (about 30 degrees) for the phase transition of the Rochelle salt (297 K). It was dis-
covered in [6] that an increase in the ferroelectric phase is observed for a Rochelle salt composite 
in a porous Al2O3 matrix, due to a simultaneous decrease in the Curie temperature for the first 
phase transition (255 K), accompanied by an increase in the Curie temperature of the second 
phase transition (297 K). Shifts in the phase transition temperature were observed in the porous 
matrices for KNO3 [8], TGS [4], SC(NH2)2 [7], NaNO2 [9], KIO3 [10], C6H16 NBr [11] and a 
number of other ferroelectric nanocomposites. 

Cesium nitrate CsNO3 has ferroelectric properties with a Curie temperature TC = 425 K. 
Spontaneous polarization of cesium nitrate is small ranging to, according to different data, from 2 
µC/cm2 [12] to 3.23 µC/cm2 [13]. Several studies considered the ferroelectric properties of com-
posite structures based on cesium nitrate [14,15]. In particular, a cesium nitrate nanocomposite, 
a porous glass, was obtained and studied in [15]. Surface mechanical stresses for cesium nitrate 
particles embedded in glass pores, arising in the nanocomposite from the matrix led to an increase 
in the Curie temperature of the composite by 3 K. Moreover, the study discovered that the tem-
perature hysteresis of the phase transition expanded by 9 K in this nanocomposite.

This paper reports on the study of the third harmonic coefficient and permittivity of nanocom-
posites obtained by embedding cesium nitrate CsNO3 particles into nanoporous Al2O3 films with 
pore sizes of 300 and 240 nm. 

Samples and experimental procedure

Cesium nitrate has a trigonal lattice structure with the parameters a = 10.950 Е and c = 7.716 Е 
at room temperature [12]. At T = 427 K, cesium nitrate transforms into the cubic phase with the 
lattice parameter a = 8.980 Е. Notably, unlike potassium nitrate, the temperature history does not 
affect the nature of the structural phase transition in cesium nitrate. 

Nanocomposites were obtained using chemically pure cesium nitrate and nanoporous alumi-
num oxide films (manufactured by TopMembranes Technology, China). The size of the cells was 
450 nm, the thickness of the films was 50 µm. Two types of films with different pore diameters 
were used in the experiment: 300 and 240 nm. Fig. 1 shows electronic micrographs of the surfaces 
of the studied Al2O3 films.
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Cesium nitrate was introduced into the pores from a saturated solution of CsNO3 at a tem-
perature of 343–353 K. The solubility of cesium nitrate is significantly lower than that of other 
nitrates, so the pore filling degrees after 5 cycles of embedding and drying were about 15% and 
12%, respectively, for films with pore sizes of 300 and 240 nm. Cylindrical samples of polycrys-
talline cesium nitrate were used as reference (their diameter and thickness were 10.0 and 1.5 mm, 
respectively); the samples were obtained by pressing at 8∙103 kg/cm2.

An E7-25 digital LCR meter was used to measure the effective permittivity. Methods of non-
linear dielectric spectroscopy were used to detect the polar phase in cesium nitrate. A harmonic 
signal with a frequency of 2 kHz was applied to the sample, and multi-frequency signals were 
monitored and recorded on a computer. The presence of a polar phase can be determined by 
the amplitude and temperature course of the latter signals. The electric field strength of the main 
signal was approximately 10 V/mm for bulk samples and about 104 V/mm for films. 

The third harmonic coefficient (γ3ω =U3ω/Uω) was taken for further analysis, which is the most 
sensitive to the appearance of a ferroelectric state. The technique for measuring nonlinear dielec-
tric properties is described in detail in [15, 16].

Fig. 1. SEM images of Al2O3 films with pore sizes of 330 nm (a) and 240 nm (b)
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Fig. 2. Temperature dependences of permittivity and third harmonic coefficient 
for bulk CsNO3 sample under heating and cooling (red and blue symbols, respectively)

The inset shows the temperature dependences for the variation rate of permittivity under the given conditions
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Experimental results and discussion

The graphs in Figs. 2 and 3 represent the temperature dependences of permittivity and the 
third harmonic coefficient for bulk cesium nitrate and a nanocomposite sample based on a porous 
oxide film with embedded cesium nitrate with a pore size of 300 nm. The temperature of the 
phase transitions determined from the maximum value of the derivative dε′/dT is 428 K under 
heating and 426 K under cooling. The third harmonic coefficient exhibits anomalies at the same 
temperatures, evidencing that the CsNO3 sample makes a transition from the ferroelectric to the 
paraelectric phase.

As follows from the graphs in Fig. 3 that the phase transition is significantly smeared for the 
nanocomposite sample. Despite this, the anomalies on the γ3ω(T) dependence can be used to esti-
mate the temperatures at which spontaneous polarization disappears and appears in cesium nitrate. 
These temperatures are 416 K under and 405 K under cooling for a film with 300 nm pores. Thus, 
an increase in the temperature hysteresis of the phase transition from 2 to 11 K is observed. 

The third harmonic signal of the CsNO3/Al2O3 nanocomposite with a film pore size of 240 
nm was at the noise level due to a lower proportion of cesium nitrate. The phase transition was 
even more smeared, but the transition temperature, determined by the maximum of the deriv-
ative dεʹ/dT, shifted towards the low-temperature region (Fig. 4). As can be seen in the graphs, 
the phase transition temperature for a film with a pore size of 240 nm is about (393±1) K under 
heating and about (387±1) K under cooling.

The smearing and shift in the phase transition temperature towards lower temperatures was 
previously detected in BaxSr1–xTiO3 thin films, which the authors explained by the presence of 
non-switchable dielectric "dead layers" in the films [17, 18] caused by pinning of the domain 
walls, i.e., shielding of the internal field with a depleted layer [19–23]. A decrease in the Curie 
temperature and a smearing in the phase transition were also observed for DTGS in Al2O3 films 
with pores of 300 and 100 nm [24], where this was attributed to intrinsic size effects. A similar 
situation likely happens for the CsNO3/Al2O3 composite (300 and 240 nm). 

The decrease in the phase transition temperature in CsNO3 embedded in Al2O3 film cor-
responds to the predictions made by the theoretical Landau and Ising models [25–27]. These 
models adopt the concept of correlation volume determining the number of ordered dipoles nec-
essary for inducing ferroelectricity. Strong interactions along the polar axis and less strong ones 
perpendicular to it lead to anisotropy of the correlation volume.

A decrease in the phase transition temperature with a decrease in particle sizes was predicted 
in earlier studies [25–27]. These assumptions were derived from the theoretical Landau and Ising 
models based on the concept of correlation volume, determining the number of ordered dipoles, 
which produces a ferroelectric state. 
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Fig. 3. Temperature dependences of permittivity and the third harmonic coefficient 
for CsNO3/Al2O3 nanocomposite sample with nanoporous film pore size 
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The experimental data we obtained for CsNO3 embedded in Al2O3 film confirm that these 
predictions are correct. A possible interpretation of our results is that anisotropy appears in the 
correlation volume because strong interactions are directed along the polar axis, and less strong 
ones are perpendicular to it.

As particle sizes decrease below the critical value, the balance between the long-range and the 
short-range forces is disrupted and the ferroelectric state is destabilized; a paraelectric phase is 
consequently formed. These models suggest that the phase transition temperature shifts deep into 
the ferroelectric phase as the sizes of isolated spherical or cylindrical nanoparticles decrease. The 
results obtained for isolated small particles of barium titanate can serve as a confirmation for this 
explanation (see [28] and references therein).

Interactions between polar particles and pore walls, as well as dipole-dipole interactions between 
particles in adjacent pores can influence the temperature of the ferroelectric phase transition, along 
with its intrinsic size effect [28–33]. The directions of the dipole moments of particles located in adja-
cent pores of the matrix can contribute to both an increase and a decrease in the Curie temperature.
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with the film pore size of 240 nm under heating (a) and under cooling (b).
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The influence of mechanical stresses on the ferroelectric properties of nanoparticles was con-
sidered in [29–31]. It was established that the interaction of the embedded substance with the 
matrix walls, geneally leads to an increase in the temperature of the ferroelectric phase transi-
tion. For this reason, it can be assumed that the role of mechanical stresses in the CsNO3/Al2O3 
nanocomposite is minimal as the pores are only partially filled (by no more than 12–15%). On 
the other hand, the low level of spontaneous polarization and the considerable distances between 
the pores weaken the influence of dipole-dipole interaction. Thus, we can exclude the effect of 
mechanical stresses and the role of dipole-dipole interaction on the variation in the phase tran-
sition temperature of the CsNO3/Al2O3 composite. However, if we assume that the particles of 
the embedded substance exist in the pores as a system of small crystallites whose dimensions are 
significantly smaller than the diameter of the pores, then we can hypothesize that the decrease in 
the phase transition temperature in CsNO3/Al2O3 is due to the intrinsic size effect.

Ferroelectric nanoparticles embedded into matrix materials are characterized by a significant 
smearing of the phase transition maximum, as discussed in a number of theoretical studies. This 
phenomenon can be attributed to a wide range of cause related to non-uniform distribution of 
elastic strains and internal electric fields. Similar processes are typical for disordered ferroelectric 
structures and solid solutions. A gradual transition from the disordered to the ordered phase is 
observed in a wide temperature range called the Curie region. This region is characterized by a 
gradual change in such ferroelectric properties as spontaneous polarization, piezoelectric moduli, 
anomalous specific heat capacity, and others. 

Conclusion

The results of dielectric studies of cesium nitrate particles embedded in nanoporous aluminum 
oxide films suggest that a decrease in the pore size leads to a decrease in the Curie temperature 
and a smearing of the phase transition, which is most likely due to intrinsic size effects.
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