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Abstract. Temperature dependence of the dielectric constant of nano-grain BaTiO3 (BTO) 
ceramic has been investigated under hydrostatic pressure up to 5 GPa. We show that the 
paraelectric-ferroelectric phase transition temperature, which is represented by TC (Curie 
temperature point), decreases with pressure at a rate of dTC/dσ = -40.0 K/GPa for coarse grain 
ceramic and -34.3 K/GPa for ceramic with 60nm size grains. For the paraelectric-ferroelectric 
phase transition temperature, the variation of inter-granular stress with reducing grain size is 
considered the main factor causing the decrease of TC and the change of dTC/dσ. Adding the 
hydrostatic-pressure and inter-granular stress contributions to a Ginsburg-Landau-Devonshire 
(GLD) type thermodynamic theory provides a satisfactory explanation to our experimental 
results. Based on the GLD theory, a phase diagram, reflecting the relationship among the 
transition temperature, grain size and hydrostatic-pressure, has been established, which matches 
well with our experimental results. 

 

1.Introduction 

As a classic ferroelectric material, BTO has been studied for more than half a century and has found 
many applications, especially for making multilayer ceramic capacitors that made the miniaturization 
of electronic devices possible [1]. As the layer thickness of the multilayer structure becomes thinner 
and thinner, the grain size required for the BTO ceramic is down to the order of submicrons, 
sometimes even nano-meters. A strong size effect begins to appear at such small scale that affects the 
physical properties of the material and the performance of devices. In recent years, size effect has 
become one of the most important topics in physics and materials science communities.  

When the grain size is in the nano-meter scale, BTO ceramic exhibits some distinct properties. 
Many experimental investigations have been carried out on this topic, including electrical impedance 
spectroscopy, Raman scattering, X-ray diffraction, Scanning electron microscope (SEM), 
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Transmission electron microscopy, etc. These studies mainly focused on the dielectric properties and 
microstructures of BTO ceramic [2-4]. There are also many theoretical investigations on size effects 
based on different theoretical models [5-13]. It was found that the permittivity of BTO ceramic 
changes nonlinearly with the reduction of grain size. At room temperature, the dielectric constant 
increases with the reduction of the grain size until a maximum value is reached, then, it begins to 
decrease on further decreasing of the grain size [14,15]. At the same time, 90° ferroelectric domains, 
in which the directions of polarizations are perpendicular to each other, and which are formed to 
relieve the transformation strain in the tetragonal phase of BTO, begin to disappear as the grain size of 
BTO ceramic reaches nano-meter scale [15,16]. Eventually, each nano-gain becomes a single domain 
crystal. Consequently, the internal compressive stresses produced during sintering process and by the 
paraelectric to ferroelectric phase transition will not be fully released due to the lack of 90° 
ferroelectric domains in nano-grain BTO ceramic. Such internal compressive stresses will lower the 
cubic to tetragonal phase transition temperature TC (~ 130 °C in coarse grain BTO ceramic with grain 
size >1µm). 

It is well known that high pressure suppresses spontaneous polarization in the ferroelectric phase 
of BTO and can induce transition to the cubic phase at room temperature because the cubic phase has 
smaller volume. Therefore, increasing pressure will result in a shift of TC to lower temperature and 
may significantly influence the peak dielectric constant. Such effect has been observed in nano-grain 
BTO ceramic. Therefore, high pressure can be an effective tool to study the size effect, especially for 
nano-grain BTO ceramic.  

The internal compressive stresses and internal shear stresses caused by the reduction of 90° 
ferroelectric domains and the incomplete sintering process can be sensitive to the applied 
hydrostatic-pressure. However, up to date, there are no documented studies on the progressive 
decrease of TC in nano-BTO ceramics under high pressure. Samara et al [17]. and W. J. Merz et al 
[18-21] have systematically reported the change of the paraelectric–ferroelectric phase transition of 
coarse grain BTO in the 1950s and 1960s, respectively. They reported that the TC of BTO decreased 
linearly with pressure at a rate from –35 to –76 K/GPa. Samara investigated the dielectric constant, 
polarization and Curie point of single crystal and ceramic BTO under hydrostatic pressure up to 
2.5GPa. He suggested that the TC shift increases with the c/a ratio of the tetragonal lattice. Recently, 
several authors also reported studies on the ferroelectric phase transition of perovskite-like materials 
under high pressure [22-23]. T. Ishidate [22] measured the temperature-pressure phase diagram of 
BTO by means of dielectric measurements under an applied pressure up to 10 GPa and temperature 
down to 4 K. He showed that all the three ferroelectric phase can be kept when temperature down to 4 
K. The existence of the ferroelectric phase under high-pressure [23] showed some fundamental 
difference with that of the ferroelectric phase under low and ambient pressure. In this work, we report 
the measurement of the temperature dependence of the dielectric constant of coarse-grain as well as 
nano-grain BTO ceramic under different hydrostatic pressure from ambient up to 5 GPa from room 
temperature to 220 °C. Our aim here is to find out the pressure effect on the dielectric properties and 
the phase transition temperature of nano-grain and coarse-grain BTO ceramic to shed some lights on 
the fundamental principle of size effects. 
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2. Experimental setup 
All samples were prepared by the two-stage [24] solid-state reaction method under high pressure. The 
pellets with a diameter of 5 mm were pressed uniaxially under 4 MPa pressure using 10 nm BTO 
starting powders, followed by an initial calcination at 600 ºC for 12 h in ambient pressure; then, the 
sintered samples were heated up to 1000 ºC for a few seconds (to increase density) under 5 GPa 
pressure using a cubic anvil type apparatus, followed by a second treatment at 1000 ºC, 900 ºC, and 
830 ºC for 30 min at the same pressure to prepare 5000 nm, 100 nm and 60 nm grain size BTO 
ceramic samples, respectively. The purpose of the initial sintering and the first step sintering under 
pressure is for better densification. The grain size is mainly controlled by the second step sintering 
under pressure at different temperatures. 

The temperature dependence of the dielectric constant of BTO ceramic was measured under 
pressure at 105 Hz using an electrical impedance analyzer (HP 4192A). The temperature and dielectric 
constant values were recorded by a personal computer in an automated measurement set-up.  

The electrodes on the samples were prepared by applying a thin coating of Ag paint on the two 
parallel planes of each sample. The dielectric constant between room temperature and 220 ºC under 
pressure up to 5 GPa was measured on cubic anvil apparatus. During the experiment, the sample was 
placed in the center of a pyrophyllite cube (25×25×25mm3 in size) surrounded by a pressure 
transmitting medium (boron nitride). To maintain the hydrostatic pressure environment, the sample 
was shaped into a smaller but more regular geometry with 3mm in diameter and 1mm in thickness. A 
Cu wire of 0.1 mm in diameter encapsulated by a Teflon tube was used to make a flexible contact with 
the sample at the diagonal corners of the pyrophyllite cube and external leads were screened by a 
metal net. The sample was in a graphite tube and two metal pellets attached to the top and bottom 
anvils served as the heater and also as the contacts for the electric circuit. The pyrophyllite cube was 
placed in the center cavity of the cubic anvil apparatus, which could generate pressure up to 5 GPa.  
 
3. Experimental results and discussions 
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Figure 1. Dielectric constant
vs. temperature under
different pressures at 100
kHz for BTO with different
grain size: (a) 5000 nm, (b)
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Figure 1 shows the dielectric constant of BTO ceramic as a function of temperature measured at 100 
kHz under different hydrostatic pressure. The grain size of the samples was determined by the mean 
intercept length measured by SEM. The grain sizes are: (a) 5000 nm, (b) 100 nm, (c) 60 nm, 
respectively. For the paraelectric-ferroelectric phase transition, it was found that the peak value of 
dielectric constant is strongly suppressed by decreasing grain size, which may be explained by the 
“dead layer” model for the grain boundaries that have very low dielectric constant [25].  

The measured TC is 128 °C, 120 °C, and 111 °C for the 5000 nm, 100 nm, and 60 nm grain-size 
BTO ceramic samples, respectively. As it has been reported, when decreasing the grain-size, TC shifts 
to low temperature. Although the dielectric peak becomes more diffuse for the nano-grain BTO 
ceramic, a dielectric anomaly indicating the phase transitions are still clearly visible for all samples as 
shown in Figure 1. The diffuse transition peak in nano-grain BTO ceramic is attributed to both the 
grain size distribution and the presence of inhomogeneous internal stresses [26-30]. In nano-grain 
ceramic, nonuniform grain size distribution results in a distribution of the Curie temperature TC 
because each grain will have different phase transition temperature. This will cause a diffuse peak in 
the total effective dielectric constant vs. temperature curve. Internal stresses at grain boundaries can 
produce spatial variations of the local polarization that can also lead to a distribution of TC [31].  

The grain size distribution is much wider in nano-grain BTO ceramics. In addition, smaller grain 
size results in higher internal stresses in the ceramic so that the distributions of the polarization and the 
structure phase-transition temperatures TC will be even less uniform in smaller grain BTO ceramic. 
The progressive decrease of TC is complicated by the corresponding electric and mechanic boundary 
conditions in nano-grain BTO ceramic. We suggest that the internal compressive stresses and the 
electrostatic screen effect are major factors in reducing TC. Since the internal compressive stresses in 
the ceramics are believed to be compressive type because of the volume increase at the cubic to 
tetragonal phase transition, while compressive stress favors the cubic structure [32], therefore, the 
behavior of nano-grain BTO ceramic is very much like a system under a hydrostatic pressure. A GLD 
type theoretical model developed based on this idea has successfully explained the size effect in 
nano-grain BTO ceramic [33].  

Compressive pressure favors smaller volume lattice structure, therefore, a trend of reducing c/a 
and reducing TC is expected [18]. As shown in Figure 2, the transition temperature TC decreases with 
increasing pressure up to 2 GPa. The dielectric peaks of the smaller nano-grain BTO ceramic samples 
at the phase-transition temperatures become more diffuse than the coarse grain-size samples. The grain 
size dependence of the transition temperature TC under different pressure is illustrated in Figure 2. In 
the pressure range from 0 to 2GPa, TC decreases linearly with pressure [22]. The rate of change dTC 
/dσ= -40.0 K/GPa, -37.6 K/GPa, -34.3 K/GPa, respectively, for 5000 nm, 100 nm, 60 nm grain size 
BTO ceramic samples. This reduction of TC is consistent with the increase of bulk moduli with 
decreasing grain size in nano-grain BTO ceramics.  

Figure 3 give the pressure dependence of the dielectric constant at 30 ºC measured at 100 kHz. 
One can see that the pressure effect on the dielectric constant is quite different in the coarse-grain and 
nano-grain BTO ceramic. For comparison, the dielectric constant data of coarse-grain BTO ceramic 
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from Ref.[17] are also shown in Figure 3. From our results and the data of Ref.[17], the dielectric  

0.0 0.5 1.0 1.5 2.0 2.5

20

30

40

50

60

70

80

90

100

110

120

130

140

 5000 nm
 100   nm
 60     nm

 

 
Te

m
pe

ra
tu

re
(°

c)

Pressure(GPa)

Cubic

Tetragonal

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

500

1000

1500

2000

2500

 5000 nm
 100   nm
 60     nm

 

 

 

Pressure(GPa)

D
ie

le
ct

ric
 c

on
st

an
t ε

  data from Ref.[17]

100 kHz at 30°C

Figure 2. Dependence of the transition 
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symbol points are experimental data. 

 Figure 3.  Dependence of the dielectric 
constant on pressure at 100 kHz at 30ºC. 
The experimental data from ref. [17] are 
listed for comparison. 

 
constant of coarse-grain BTO ceramic has the tendency to increase with increasing pressure at 30 ºC 
despite the difference of the absolute value of the two sets of data. The change of the dielectric 
constant at 30 ºC with pressure is a result of the competition between the dielectric constant increase 
caused by the downward TC shift and amplitude depression caused by external pressure.  In 
coarse-grain BTO ceramic, the TC shift effect due to pressure is bigger than pressure suppression of 
dielectric constant; hence, the total dielectric constant increases. On the contrary, for the two 
nano-grain BTO ceramic samples, the dielectric peak is diffuse and becomes more diffuse under high 
pressure, therefore, the pressure suppression of dielectric constant is bigger than the dielectric constant 
increase due to pressure induced TC shift. Therefore the total effective dielectric constant at 30 ºC 
decreases with applied pressure.  In addition, the coexistence of tetragonal and orthorhombic phases 
in nano-grain BTO ceramic may also contribute to the diffuse dielectric peak. [16]  
 
4. Modified GLD theory 
The GLD theory has been successfully used to study BTO single crystals [34-35]. In order to study the 
size effect in nano-grain systems, Lin et al [33] recently proposed a modified GLD free energy by 
considering the combined effects of applied stresses and grain size. They proposed that some of the 
GLD free energy coefficients depend on grain size and internal stresses so that the critical temperature 
TC for the ferroelectric phase transition in BTO ceramic will be size dependent as well as dependent on 
the distribution of internal stresses accumulated inside the ceramic resulting from the lacking 90° 
domains to release the transformation strain. 

In this paper, we just discuss the application of GLD theory for the paraelectric to ferroelectric 
phase transition. For nano-grain systems, each grain is almost single domain so that we can use a 
quasi-1-D model to describe the cubic paraelectric to the tetragonal ferroelectric phase transition. The 
generalized GLD free energy is given by [33]: 
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   2 4 6 8
1 1 11 111 1111( )G T P P P Pα α α α= + + +                   (1) 

Here P is the polarization, α1 (T,), α11，α111 and α1111 are the dielectric stiffness and higher-order 
stiffness coefficients at constant stress. Based on Eq. (1), considering the interaction between external 
hydrostatic pressure σ and the internal compressive stresses in the nano-grain BTO ceramic, a 
modified GLD model is given below.   
 

   2 4 6 8 2 2
1 1 11 111 1111 11 12 11 12

1*( , , ) 3( ) ( )
2

G T d P P P P s s Q Q Pα σ α α α σ σ= + + + − + − + (2) 

 
where sij  is the elastic compliance coefficients at constant polarization; and Qij is the cubic 
electrostrictive constant. 

1 1*( , , ) ( )
10

K ST d T
d
σα σ α +

= +                                          (3) 

is assumed to depend on temperature T, hydrostatic pressure and grain size d. To unify the units, the 
constant S has been set to be 2.4 m5/C2. We should notice that the internal compressive stresses are 
included in d, which presents the grain size effect [33]. 

By fitting the experimental results, K=8.186×109J·m2/C2, and d takes the value of 5000 nm, 100 
nm, 60 nm. Other parameters [36] of the elastic Gibbs free energy were taken from Refs.[35,37]. 

Figure 2 gives the dependence of the transition temperature TC on pressure and grain size. The 
solid lines are theoretical results and the symbol points represent experimental data. The calculated 
results using the modified GLD theory fit well with the experimentally measured data. From results in 
Figure 3, we may draw the following conclusions:  
(1) For a given pressure, TC decreases with the reduction of the grain size d. For example, TC =111.46 
ºC  and 111 ºC for calculated and experimentally measured transition temperatures of BTO ceramic 
with 60 nm grains, which is about 17 ºC lower than the transition temperature of coarse-grain BTO 
ceramic.  
(2) External pressure has influence on internal compressive stress distribution as described by Eq.(2). 
From the physical viewpoint, mutual interaction of external pressure and internal compressive stresses 
is a competition between two mechanical forces. Some authors have reported the influence of stresses 
on nano-powder and nano-ceramic BTO ceramic [5,15]. In this work, we have quantified the influence 
by systematically measured the dielectric property change under high-pressure. A GLD theoretical 
calculation based on Eq. (2) was carried out to provide a phenomenological interpretation to the 
experimental results.  
(3) The smaller is the grain size, the stronger is the modification of external pressure on internal 
compressive stresses. If removing the external pressure in Eq. (3), the calculated four lines will have 
the same slope dTC/dσ so that these lines will be parallel to each other. The interaction between 
external pressure and internal compressive stresses is the main factor that changes the slope dTC/dσ in 
nano-grain BTO ceramic. We must mention here that the internal shear stresses, which are considered 
to be the reason for the coexistence of tetragonal and orthorhombic phases in nano BTO ceramic 
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[15,16,38-39], were not included in our GLD equation since here we only treat the tetragonal to the 
cubic phase transition under a hydrostatic pressure, which does not involve shear deformation. 
Therefore, this GLD model should be further improved; i. e., the depolarization field and internal 
shear stresses have to be considered in this model.  
 
5. Summary and Conclusions 
We have shown experimentally and theoretically that the reduction of grain size in BTO ceramic 
produced internal compressive stresses that affect the nature of the paraelectric-ferroelectric phase 
transition. By applying an external hydrostatic pressure from ambient to 5 GPa, we have quantified the 
changes of TC as well as the amplitude of the dielectric constant of nano-grain BTO ceramic with 
pressure. An interesting finding is the opposite trend of the pressure dependence of the dielectric 
constant in nano-grain and course-grain BTO ceramic. Our results showed that the 
paraelectric-ferroelectric phase transition temperature TC becomes lower with reducing grain size. 

In the pressure range 0~2 GPa, TC decreases linearly with pressure. The experimentally measured 
rates of change for 5000 nm, 100 nm, 60 nm BTO ceramics are: dTC/dσ= -40.0 K/GPa, -37.6 K/GPa, 
-34.3 K/GPa, respectively. The variation of dTC/dσ in different grain size ceramic is mainly caused by 
the modification of the internal compressive stresses by the external high pressure. We also 
demonstrated that the grain size effect as well as the applied pressure effect could be well described by 
a modified GLD phenomenological theory. 
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