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1. INTRODUCTION 

One of the trends in modern materials science is
associated with the search for possible ways of replac�
ing lead�containing materials that have been widely
used in various technological devices by more envi�
ronmentally tolerant analogues. A class of promising
lead�free functional materials is formed by multicom�
ponent solid solutions based on sodium niobate
NaNbO3, which exhibit piezoelectric, pyroelectric,
electro�optical, and relaxor properties [1–5]. How�
ever, because of the very complex picture of the phe�
nomena observed in NaNbO3 and the related solid
solutions, their theoretical description is complicated,
and the development of new materials has so far been
performed by trial and error. 

The difficulties encountered in studying NaNbO3

are associated with the fact that, among the perovs�
kites, this compound undergoes the greatest number
of phase transitions of different nature due to rotations
of oxygen octahedra and displacement of the ions [6–
10]. At present, there is no clear opinion not only
about mechanisms of structural distortions but also
about the number of phase transformations even in
single�crystal NaNbO3. According to [9], we can more

or less reliably speak about the existence of the follow�
ing six structural transformations in NaNbO3: 

The presence of several competing instabilities in
NaNbO3 makes this compound very sensitive to exter�
nal influences and leads, in particular, to the possible
coexistence of several phases over a wide temperature
range [11–15]. On the one hand, this property can be
promising for applications, but, on the other hand, it
determines a strong dependence of the properties of
NaNbO3�based materials on the preparation condi�
tions, concentration of impurities, and thermal pre�
history. 

An important basic problem is to derive additional
information about phase transitions, specific features
of the crystal structure, and physical properties of
NaNbO3 with the aim of further developing the model
concepts regarding the correlation of phenomena of
different physical nature. The solution of this problem
will encourage the development of technologies for

R3c Pbcm Rmnm Pnmm
(N) (P) (R) (S)

T6 ≈ 250 K T5 ≈ 635 K T4 ≈ 755 K

Ccmm P4/mbm Pm3m.
(T1) (T2) (U)

T3 ≈ 795 K T2 ≈ 845 K T1 ≈ 915 K

LATTICE
DYNAMICS 

Thermal and Physical Properties of Sodium Niobate Ceramics 
over a Wide Temperature Range 

V. S. Bondareva, b, *, A. V. Kartasheva, b, M. V. Goreva, b, I. N. Flerova, b, E. I. Pogorel’tseva, b,
M. S. Molokeeva, S. I. Raevskayac, D. V. Suzdalevc, and I. P. Raevskiic 

a Kirensky Institute of Physics, Siberian Branch of the Russian Academy of Sciences, 
Akademgorodok 50–38, Krasnoyarsk, 660036 Russia 

b Institute of Engineering Physics and Radio Electronics, Siberian Federal University, 
ul. Kirenskogo 28, Krasnoyarsk, 660074 Russia 

* e�mail: vbondarev@yandex.ru 
c Research Institute of Physics, Southern Federal University,

pr. Stachki 194, Rostov�on�Don, 344090 Russia 
Received October 8, 2012 

Abstract—The temperature dependences of the heat capacity Cp(T) and thermal expansion coefficient α(T)
of NaNbO3 ceramic samples have been investigated in the temperature range from 2 to 800 K. In addition to
the anomalies associated with the known phase transitions at temperatures T6 ≈ 265 K, T5 ≈ 638 K, T4 ≈
760 K, and T3 ≈ 793 K, anomalies in the behavior of Cp(T) and α(T) have been observed near T5'' ≈ 500 K and
T5' ≈ 600 K. It has been found that all the observed structural transformations, according to the values of the
entropy change, are not related to the ordering of structural elements. It has been shown that, with an increase
in the temperature, the unit cell volume during the phase transitions near 265, 515, 604, and 638 K decreases.
The specific features of the transition to the phase R3c have been examined. Two possible scenarios of the
sequence of phase transformations in the temperature range between T5 and T6 have been analyzed. 

DOI: 10.1134/S1063783413040045



822

PHYSICS OF THE SOLID STATE  Vol. 55  No. 4  2013

BONDAREV et al.

producing materials with specified and promptly con�
trolled properties. 

Although there is a huge amount of studies devoted
to NaNbO3 and the related solid solutions, a detailed
investigation of their thermal and physical properties
has so far not been performed over a wide temperature
range, embracing the majority of the known phase
transitions. The influence of thermal prehistory of
samples of these compounds on the stability of the dis�
torted phases also has not yet been adequately investi�
gated. Thermal and physical properties (heat capacity,
thermal expansion) are very sensitive to energy varia�
tions in the sample, regardless of their nature, and the
relevant investigations can reliably reveal the associ�
ated phase transitions. Since NaNbO3�based ceramics
have found extensive application in various fields, it is
of particular interest to elucidate the nature and
mechanism of the phenomena occurring in this type of
materials. In this respect, we have carried out investi�
gations of the heat capacity, thermal expansion, and
dielectric properties of the NaNbO3 ceramic samples
over a wide temperature range (2–800 K). 

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 

Ceramic samples of sodium niobate NaNbO3 with
a density of 92–95% of the theoretical value were pre�
pared by the conventional ceramic technology (solid�
phase synthesis with the subsequent calcination at
1200–1220°C without pressure) [2, 10]. All the sam�
ples studied by different methods in this work were cut
from the same ceramic pellet. 

The X�ray diffraction data used for the subsequent
refinement of the structure by the Rietveld method
were obtained at room temperature on a D8�

ADVANCE diffractometer (CuK
α
 radiation, θ–2θ

scan mode) equipped with a VANTEC linear detector.
The scan step in the 2θ angle range was 0.016°, and the
exposure time per step was 0.3 s. The unit cell param�
eters were determined with the McMaille4 program
[16] and refined during the fitting of the profiles with
the DDM program [17]. These investigations revealed
that, at room temperature, the NaNbO3 ceramic sam�
ple has an orthorhombic symmetry (space group
Pbcm) with the unit cell parameters a = 5.50580(4) Å,
b = 5.57038(4) Å, and c = 15.52060(8) Å, which are in
satisfactory agreement with the results reported in [14,
18]. No reflections corresponding to foreign phases on
the diffraction patterns were found. 

The examination of cleavages of the NaNbO3

ceramic sample with an S�5500 high�resolution scan�
ning electron microscope (Hitachi, Japan) showed
that the average grain size was ~4000–5000 nm. How�
ever, the sample contained both larger and smaller
grains, including those with sizes of ~1000 nm or
smaller. The grain size distribution in the NaNbO3

ceramic sample was determined from the X�ray dif�
fraction investigations and corresponded to the elec�
tron microscopy data (Fig. 1). 

The heat capacity was investigated by several calo�
rimetric methods. 

The temperature dependence of the heat capacity
Cp(T) was measured on a DSM�10Ma differential
scanning microcalorimeter (DSM) at temperatures in
the range from 100 to 830 K. The experiments were
performed in a helium atmosphere on a sample with a
weight of 200 mg in the dynamic mode at rates of
change in temperature dT/dτ = 8–16 K min–1. The
scatter of the experimental points around the
smoothed curve Cp(T) did not exceed 1%. The error in
the determination of the integral characteristics
(enthalpy and entropy) was equal to ~10–20%
depending on the value of the thermal effect. 

At temperatures in the range from 2 to 120 K, the
temperature dependence of the heat capacity Cp(T) of
the sample with a weight of 8 mg was measured using
the relaxation method on a Quantum Design PPMS
calorimeter. A good thermal contact between the sam�
ple and the measurement system was ensured using the
Apiezon N low�temperature vacuum grease with a
weight of 0.35 mg, whose heat capacity was deter�
mined in a separate experiment. The error in the mea�
surement of the heat capacity was less than or equal to
1% below 50 K and approximately equal to 0.25–
0.50% above 100 K. The heat capacity measurements
in the temperature range from 85 to 300 K were carried
out on an adiabatic calorimeter during heating in the
discrete mode (T = 1.8–2.5 K) and in the continuous
mode (dT/dτ = 0.18–0.22 K min–1). Methodological
features of the heat capacity measurements were
described in more details in [19]. 
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Fig. 1. Grain size distribution in the NaNbO3 ceramic
sample according to the X�ray diffraction data. 
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The thermal expansion of the sample with a length
of 4.74 mm was investigated in the temperature range
90–770 K on a NETZSCH DIL�402C dilatometer in
the dynamic mode during heating and cooling at rates
dT/dτ = 2–5 K min–1. The measurements were per�
formed in a helium stream. For the calibration and
correction for the thermal expansion of the measure�
ment system, we used reference samples of fused silica
and corundum. 

The dielectric permittivity was measured in the
temperature range 100–300 K on an E7�20 immit�
tance meter in the heating and cooling modes at a rate
of ~0.6 K min–1. The measurements were carried out
on a sample 10 mm in diameter and 2 mm in height
with electrodes made of silver leaf. 

3. EXPERIMENTAL RESULTS 

The performed investigations of the thermal and
physical properties revealed seven anomalies of the
heat capacity (Fig. 2); however, only six of these
anomalies were reproduced from series to series of
measurements, or, more precisely, the anomalies
observed at temperatures of 262, 515, 604, 638, 760,
and 793 K. A comparison of these data with the
scheme given in the Introduction demonstrates that
only two peaks, namely, at the peak at T5'' = 515 K and
the peak at T5' = 604 K, do not correspond to the
known phase transitions observed in NaNbO3 [9]. 

In what follows, we will be interested only in the
anomalous heat capacity, which is defined as the dif�
ference between the total heat capacity and the lattice
components: ΔCp = Cp – CL. The latter quantity was
obtained by fitting the data on the dependence Cp(T)
with a polynomial function outside the region of the
anomalous behavior. 

The anomaly ΔCp revealed at ~720 K in a series of
measurements presented in Fig. 2 was influenced by
thermal cycling, which was reflected in a significant
change in both the amplitude of this anomaly and its
position on the temperature scale. That is why we do
not tend to associate this anomaly with a phase transi�
tion in NaNbO3, as was assumed in [7]. 

The measurements carried out in the cooling mode
revealed only three anomalies of the heat capacity at
temperatures T5' ≈ 530 K, T5 ≈ 578 K, and T3 ≈ 775 K;
i.e., the corresponding temperature hystereses were
~75, ~60, and ~18 K, respectively. 

The integration of the function (ΔCp/T)(T) over the
entire temperature range under investigation made it
possible to determine the total change in the entropy
ΔS = 4.0 J (mol K)–1 due to the revealed sequence of
phase transitions (see inset in Fig. 2). The calculation
of the entropy ΔSi for each of the transformations at
the aforementioned temperatures Ti is rather compli�
cated, because the heat capacity anomalies either are
diffuse or are overlapped. We can make only rough

estimates: ΔS6 ≈ 1.2 J (mol K)–1, ΔS5'' ≈ 1.0 J (mol K)–1,
ΔS5' ≈ 0.5 J (mol K)–1, ΔS5 ≈ 0.8 J (mol K)–1, ΔS4 ≈
0.1 J (mol K)–1, and ΔS3 ≈ 0.5 J (mol K)–1. Some of
our values ΔSi considerably exceed the entropy
changes determined in [20, 21], but, nonetheless,
remain to be characteristic of displacive phase trans�
formations. 

As was noted in the Introduction, the NaNbO3 nio�
bate is very sensitive to various factors. This property is
most pronounced in the case of the phase transition at
the temperature T6, which, in the NaNbO3 single crys�
tal, is characterized by a significant hysteresis, but was
observed not in all studies [6, 22]. In calorimetric mea�
surements on the differential scanning microcalorime�
ter, we reliably revealed an anomaly of the heat capacity
in the ceramic sample at 262 K in the heating mode. In
order to refine the thermodynamic parameters of the
phase transitions, we performed more detailed investi�
gations of the heat capacity at low temperatures on the
adiabatic calorimeter and the PPMS calorimeter. The
results of these measurements are presented in Fig. 3. It
can be seen that the data on the dependence Cp(T)
measured using the adiabatic calorimeter and the
PPMS calorimeter are in satisfactory agreement in the
range of their overlapping (85–120 K). 

The temperature dependence of the heat capacity
measured on the adiabatic calorimeter during heating
of the sample after cooling to 78 K exhibits an anomaly
at T6 = 265 K (Fig. 3). Taking into account that the
phase transition R3c  Pbcm is characterized by an
anomalously large hysteresis [6, 22], we also measured
the dependence Cp(T) after cooling of the sample to
200 K. It can be seen from Fig. 3 (lower inset) that, in
this case, there is no anomaly of the heat capacity. 

In order to separate the lattice (CL) and anomalous
(ΔCp) contributions to the heat capacity, we used a
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Fig. 2. Temperature dependences of the excess heat capac�
ity ΔCp and the excess entropy ΔS (inset) measured in the
heating mode (solid line) and in the cooling mode (dotted
line). 
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simple model describing the dependence CL(T) by a
combination of the Debye and Einstein functions
(dashed line in Fig. 3): 

Here, the difference between the heat capacities Cp

and CV was ignored, because, in this case, its value is
relatively small due to the smallness of the thermal
expansion coefficients of the NaNbO3 compound.
The Debye and Einstein temperatures involved in the
above equation were found to be ΘE = 560 K and ΘD =
310 K, respectively. The behavior of the calculated
dependence CL(T) coincides with the behavior of the
dependence Cp(T) obtained in measurements from
200 K (dotted line in the lower inset to Fig. 3). There�
fore, in the latter case, the sample is in the phase Pbcm.
This feature will be considered in more details when
analyzing the data obtained in the investigation of the
thermal expansion. 

The change in the entropy ΔS6 was found to be
~0.7 J (mol K)–1 (upper inset to Fig. 3); as a result, the
phase transition R3c  Pbcm can be characterized as
the displacive phase transition. A close value of the
entropy change (0.82 J (mol K)–1) in the low�temper�
ature phase transition was also obtained in the
Li0.02Na0.98NbO3 crystal [23], where the phase transi�
tion was observed at 260 K in the heating mode. 

The results obtained from measurements of the
permittivity ε of the NaNbO3 ceramic sample at a fre�
quency of 1 MHz are presented in Fig. 4. It can be seen
from this figure that, in the heating mode at tempera�

Cp T( ) CV D( ) ΘD T,( ) CV E( ) ΘE T,( ).+= tures in the range from 230 to 270 K, the dependence
ε(T) exhibits a diffuse anomaly (curve 1). The shape of
this anomaly differs from that observed in the depen�
dence ε(T) of the NaNbO3 single crystal due to the
phase transition R3c  Pbcm (curve 2), but it is qual�
itatively similar to the anomaly revealed in the depen�
dence ε(T) of the oxygen�deficient NaNbO3 single
crystal, which, according to the X�ray powder diffrac�
tion data, contains at room temperature approxi�
mately 50% of the ferroelectric phase Q (curve 3) [14,
22]. During the cooling to liquid�nitrogen tempera�
ture, no specific features in the dependence ε(T) of the
NaNbO3 ceramic sample was found. 

Figure 5a presents the results obtained from the
investigation of the thermal expansion of the NaNbO3

ceramic sample in four consecutive series of measure�
ments. In all cases, the temperature dependence of the
thermal expansion coefficient α exhibits three clearly
pronounced anomalies at temperatures T6 = 270 ±
1 K, T5'' ≈ 530 K, and T5 = 640 ± 1 K and a small
anomaly at T5' ≈ 604 K. A small difference between the
temperatures of anomalies in the dependences Cp(T)
and α(T) is associated with the different conditions of
measurements in the calorimeter and in the dilatome�
ter. The thermal expansion measurements in the heat�
ing and cooling modes revealed a temperature hyster�
esis δT5 ≈ 55 K due to the phase transition Pbcm 
Pmnm (see inset in Fig. 5). 
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Fig. 3. Temperature dependence of the heat capacity of the
NaNbO3 ceramic sample measured during heating from
85 K (solid line). The dashed line shows the dependence of
the lattice heat capacity CL(T) calculated using a combina�
tion of the Debye and Einstein functions. Points represent
the dependence Cp(T) measured on the PPMS calorime�
ter. The lower inset shows the dependence Cp(T) measured
in the heating mode after cooling to 85 K (solid line) and
200 K (dotted line). The upper inset shows the behavior of
the excess entropy. 

1.1

0.9

0.7

0.5
150 200 250 300

ε/ε300 K

1

3

2

Fig. 4. Dependences ε(T) measured in the heating mode
and normalized to the value of ε at 300 K: (1) NaNbO3
ceramic sample, (2) NaNbO3 single crystal containing
only the antiferroelectric phase P at room temperature,
and (3) oxygen�deficient NaNbO3 single crystal contain�
ing approximately 50% of the ferroelectric phase Q at room
temperature. 

T, K



PHYSICS OF THE SOLID STATE  Vol. 55  No. 4  2013

THERMAL AND PHYSICAL PROPERTIES 825

The most significant difference is observed only for
the results obtained in the first series of measurements
(Fig. 5a). In all the subsequent experiments, after
heating of the sample to 770 K (in the first series), the
anomalies at 270 and 530 K increase significantly,
whereas the anomaly at 604 K decreases. The behavior
of the dependence α(T) in the region of the anomaly
at 640 K remains almost unchanged. Moreover, at
temperatures above ~650 K, the thermal expansion
coefficient increases. This behavior of the thermal
expansion coefficient can be associated with the
annealing of defects and stresses during heating in the
first series of measurements, as well as with the change
in the composition of the sample after exposure to an
oxygen�free atmosphere at high temperatures. How�
ever, annealing in a helium atmosphere for one hour at
temperatures of 590, 603, 615, and 750 K did not lead
to a significant change in the behavior of the thermal
expansion over the entire temperature range under
investigation. This indicates that the possible changes

in the composition of the sample after exposure to an
oxygen�free atmosphere at temperatures used in the
experiments do not affect the obtained results. 

Taking into account the specific features in the
behavior of the heat capacity of the NaNbO3 sample at
the temperature T6, we carried out experiments on the
influence of the cooling depth of the sample and the
time of its holding at T < T6 on the corresponding
anomaly of the thermal expansion coefficient. It can
be seen from Fig. 6 that the variation of the two factors
leads to a significant change in the anomaly of the
thermal expansion coefficient. During cooling of the
sample to T ≥ 200 K, an anomaly of the thermal
expansion was not observed at all, which is consistent
with the corresponding results obtained from the
investigation of the heat capacity. 

The dashed line in Fig. 5 shows the behavior of
non�anomalous (lattice) components of the thermal
expansion coefficient αL and the deformation
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(ΔL/L)L. For their determination, we used the expres�
sion CL(T) = KαL(T) relating the thermal expansion
coefficient and the heat capacity. The lattice heat
capacity was determined according to the equation
which we obtained in the processing of the low�tem�
perature heat capacity data. In order to take into
account the additional contributions due to the differ�
ence in the heat capacities Cp and CV at high tempera�
tures, as well as the possible contributions to the ther�
mal expansion due to the formation of vacancies and
other defects, we introduced two additional terms into
the equation, i.e., A1T + A2T

2. The coefficients K, A1,
and A2 were determined from the values of the thermal
expansion coefficients obtained at T > 670 K. The
deformation in the temperature range 120–770 K is
shown in Fig. 5b. 

4. DISCUSSION 

We consider the obtained results with respect to the
changes in the structure of the NaNbO3 sample at spe�
cific temperatures. 

The anomalous behavior of the heat capacity of the
NaNbO3 sample at the temperatures T3 = 793 K and
T4 = 760 K is obviously associated with the succes�
sive rotational phase transitions Ccmm(T1) 
Pnmm(S)  Pmnm(R) [9]. In the dilatometric
experiments, the region of these temperatures was
inaccessible. 

The anomalous behavior of the thermal expansion
and heat capacity of the NaNbO3 sample at T5 ≈ 640 K
is associated with the changes in the structure due to
the known phase transition to the antiferroelectric
phase Pmnm(R)  Pbcm(P) [9]. 

According to [9], at temperatures T < T5, no struc�
tural changes in the ideal defect�free crystal of the
NaNbO3 compound occur down to T6, which corre�
sponds to the temperature of the transition to the fer�
roelectric phase R3c(N). However, in our samples, we
observed clearly pronounced and well�reproduced
anomalies of Cp(T) and α(T) at the temperatures T5'

and T5''. 

In the papers devoted to the analysis of the phase
transitions in NaNbO3, it is noted that, at room tem�
perature, the antiferroelectric phase Pbcm(P) and the
ferroelectric Pmc21(Q) phase, whose energies are very
close to each other, can coexist in the sample. In the
case when the Q phase exists at a lower temperature
than the phase transition R  P, the phase transition
P  Q is observed in the sample [14, 15, 24]. The
coexistence of the phases P and Q at room temperature
in crystals and ceramic samples of NaNbO3 was
repeatedly noted in a number of experimental works
[11, 14, 15, 25]. The observed anomalies in the physi�
cal properties at temperatures in the range between T6

and T5 are explained precisely by the presence of the Q
phase in the sample [15, 21]. As a rule, the formation
of the Q phase is explained by the fact that the samples
contain defects or heterogeneities that are favorable to
its stabilization [13, 15]. 

Detailed investigations of the structure and Raman
spectra of NaNbO3 powders revealed that, in particles
of different sizes d at room temperature, there can
exist different phases: Pbcm(P) (d ≥ 1100 nm),
Pmc21(Q) (d = 200–600 nm), and Pbma (d ≤ 120 nm)
[21]. It was also shown that the transitions to these
phases from the phase Pmnm(R) occur at temperatures
of 635, ~580–600, and ~450–500 K, respectively. 

The anomalous behavior of the thermal expansion
and heat capacity in the range of temperatures T5' and
T5'', which was revealed in our work (Figs. 2 and 5),
most likely, is also a consequence of the structural het�
erogeneity of crystal grains, which leads to differences
in their physical properties, and is associated with the
hypothetical phase transitions between the phases P,
Q, and R. The factors responsible for the appearance of
the structural heterogeneity in samples cannot be
determined only on the basis of the performed investi�
gations. The solution of this problem requires addi�
tional thorough investigations of the structure in this
temperature range. We can only assume several possi�
ble scenarios of the phenomena occurring in this case
on the basis of the data available in the literature. 

The analysis carried out in the framework of the
thermodynamic approach [24] leads to the conclusion
that the free energies of the phases P and Q in NaNbO3

intersect at two temperatures, and the Q phase is stable
in the temperature range 393–533 K. However, in the
oxygen�deficient NaNbO3 single crystals, the Q phase
was observed at considerably lower temperatures [14,
15]. In the presence of heterogeneities in the sample,
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Fig. 6. Temperature dependences of the thermal expansion
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peratures in the heating mode after holding at tempera�
tures T = (1) 170, (3) 120, and (4) 90 K for 10 min and (2)
after holding at T = 170 K for 60 min. 
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some of the regions undergo a phase transition from
the P phase to the Q phase near 429 K. From the struc�
tural point of view, this is associated with the disap�
pearance of anti�phase rotations of the octahedra
around the orthorhombic b axis and the change in the
ordering of Nb cations from antiferroelectric to ferro�
electric. According to [26], the Q phase is stable in a
limited temperature range; at 588 K, it transforms into
another phase, probably, similar to the P phase, which
then transforms into the R phase. 

Taking into account the results of the structural and
dielectric studies [11, 13–15, 25, 27], in which it was
established that, at room temperature, only the phases
P and Q coexist, as well as the agreement of the tem�
perature T5'' with the temperature of the loss of pyro�
electric activity [27] and a large jump in the volume at
this temperature [21], we can assume that it is at this
temperature T5'' that there occurs a transition from the
polar phase Q to a nonpolar phase. Although we did
not reveal noticeable anomalies in the behavior of
Cp(T) and α(T) due to the expected phase transition
P  Q in the temperature range 350–450 K, it is in
this range that the temperature dependence of the vol�
ume deformation exhibits a kink (Fig. 5b). 

A comparison of the volume changes ΔV obtained
in [21] due to the phase transition Pbcm(P) 
Pmnm(R) for the case d > 1100 nm and the phase tran�
sition Pmc21(Q)  Pmnm(R) for d ~ 280 nm with the
values of ΔV determined at the temperatures T5 and T5''

in our work (Fig. 5b) allows us to estimate the content
of the phases Pbcm(P) (70–80%) and Pmc21(Q) (20–
30%) in the studied sample. This phase relationship is
in satisfactory agreement with the data of structural
studies [14, 25]. 

It should be noted that, with this interpretation, the
nature of the anomalies revealed at T5' in the heat
capacity Cp(T) and thermal expansion α(T) of our
samples remains unclear. 

On the other hand, we can attempt to explain the
specific features in the behavior of both the heat
capacity and the thermal expansion at the tempera�
tures T5'' and T5' in terms of the size effects observed
and investigated in [21]. The analysis of the micro�
structure of the NaNbO3 compound confirms the
presence of grains of different sizes in the sample.
According to the X�ray diffraction data (Fig. 1), the
volume of the NaNbO3 sample is inhomogeneous and
include regions with sizes d = 100–5000 nm; i.e., it
consists of micro� and nanoregions. Taking into
account this circumstance and the data reported in
[21], it can be assumed that, in the sample at room
temperature, there exist two antiferroelectric phases
(Pbcm and Pmma) and one ferroelectric phase
(Pmc21(Q)). During heating, the phase transition
Pmma  Pmnm(R) occurs at the temperature T5'',
whereas the polar phase Pmc21(Q) transforms into the
phase Pmnm(R) at the temperature T5'. At the temper�

ature T5, the nonpolar phase Pbcm(P) transforms into
the phase Pmnm(R). This sequence of phase transfor�
mations is in satisfactory agreement with the experi�
mental calorimetric and dilatometric data obtained in
our work. In the cooling mode, according to [21],
there is a sequence of two phase transitions at the tem�
peratures T5' and T5, whereas at the temperature T5'',
no features are found. A similar sequence of phase
transitions was also observed in our thermal experi�
ments. 

Although the temperatures of phase transitions in
micro� and nanoregions are in agreement with the
temperatures T5, T5', and T5'' of the anomalies in the
dependences Cp(T) and α(T), the large change in the
volume at the temperature T5'', which was determined
from our data on the thermal expansion, is not compa�
rable to the changes in the volume during the phase
transition Pmma  Pmnm(R) [21]. 

The anomalies of Cp(T) and α(T) at the tempera�
ture T6 are related to the phase transition from the fer�
roelectric phase R3c(N) to the antiferroelectric phase
P. The temperature of this transition, as determined in
different works in the heating and/or cooling modes,
varies over a wide range (~50–300 K) and is character�
ized by a very large hysteresis δT ≥ 100 K [6, 22]. Both
of these factors indicate that the equilibrium tempera�
ture of the phases Pbcm(P) and R3c(N) can be signifi�
cantly influenced by defects and heterogeneities of the
crystal structure or by external effects. 

The temperature dependence of the volume
change ΔV(T) indicates that, with a decrease in the
temperature, the lattice volume increases as a result of
the phase transitions at temperatures T5, T5', T5'', and
T6. According to the Clausius–Clapeyron equation
dT/dp = δV/δS, this means that the corresponding
temperatures decrease with an increase in the hydro�
static pressure. 

5. CONCLUSIONS 

The calorimetric and dilatometric investigations of
the NaNbO3 ceramic sample have revealed anomalies
in the behavior of the heat capacity and thermal expan�
sion, which correspond to the successive phase transi�
tions Ccmm(T1)  Pnmm(S)  Pmnm(R) 
Pbcm(P)  R3c(N). It has also been found that the
thermal and physical properties of NaNbO3 exhibit
significant features at temperatures T5' and T5'', which
are not related to the known phase transitions. Two
possible variants of the sequence of phase transforma�
tions in the temperature range between T5 and T6 have
been analyzed under the assumption that, in the
ceramic sample, several phases with different symme�
tries exist at room temperature. 

The analysis of the temperature dependence of the
entropy has demonstrated that the mechanism of
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structural distortions revealed in this work is associated
with small atomic displacements. 

The kinetic features of the transition to the phase
R3c have been examined. It has been found that the
values of the corresponding anomalies of the heat
capacity Cp and the thermal expansion coefficient α
substantially depend on the depth of cooling the sam�
ple prior to measurements in the heating mode and on
the time of holding the sample at T < T6. 
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