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The structure, dielectric properties, and phase transitions of ferroelectric
barium-titanate (BaTiO;) particles with sizes of 100, 200, 300, 400, and
500 nm are investigated by powder-diffractometry techniques, low-
dimensional dielectric spectroscopy and differential scanning calorimetry
(DSC), respectively. Analysis of the x-rays’ diffraction spectra shows
that, at room temperature for particles of all sizes, there are no signals
corresponding to the cubic phase that contradicts the widely used core—
shell model. As shown, the transition from cubic phase to tetragonal one
shifts downward with a decrease in the BaTiO;-particle size. For particles
with a size of 100 nm, this shift is anomalously large and is of about
80°C. The cubic—tetragonal phase-transition enthalpy for these particles is
higher by an order of magnitude in comparison with particles of other
sizes. The peak corresponding to the tetragonal—orthorhombic transition
is not found in the DSC thermogram in the case of 200 nm size particles.
These particles are also distinguished by a significantly high value of the
dielectric constant, which will make it possible to use these particles as
the main component of superparaelectric materials in the future. The re-
sults are discussed to reconcile them with each other.

CTpPyKTYpY, HieJIeKTPUYHI BJIACTUBOCTI Ta (pas3oBi mepexoau CEerHETOeJEKT-
pUUYHUX YacTMHOK Oapiro turanary (BaTiO;) posmipamum y 100, 200, 300,
400 Tta 500 M mocaimyKeHO MeTOJaMM IIOPOIITKOBOI AudpaKTOMeTpii, HU3b-
KOpPO3MipHOI MieJIeKTPUYHOI CIeKTPOCKOIii Ta audepeHIliiiHol cKaHyBaJbHOL
kamopumetpii (JCK) BimmoBimHo. Amnaimisa cmekTpiB audpaxiii Pentreno-
BUX IIPOMEHIB IIOKasye, 10 3a KiMHATHOI TeMIIepaTypu AJs YaCTUHOK OyIb-
SIKOTO PO3Mipy BificyTHi curHanu, AKi BigmoBimaioTh KyO6GiuHiill ¢asi, m1o cy-
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IEePEeYnTh IIUPOKO BUKOPHCTOBYBAHOMY MOJEJNI0 saapo—obosionka. Ilorkasa-
HO, IIf0 mepexin Bixg KyOiuHOil (pasu A0 TeTparoHAJILHOI 3MiIyeThcsa BHU3 3i
3mMeHNIeHHAM po3Mipy uacTuHoK BaTiO,;. Hna yactunok poamipom y 100 HM
Ieil 3CyB aHOMAaJbHO BeJUKUI i craHoBUTH 6au3bko 80°C. Exranbsmia gaso-
BOTO Tepexony Bim Ky6GiuHoi (hasu M0 TeTparoHaJNLHOI I ITMX YACTHHOK Ha
TIOPAMOK BUIIE B IOPIiBHSHHI 3 yacTMHKAMHU iHIMX poamipis. Ilik, mo Bifg-
TIOBilae IepexXony 3 TeTpParoHaJbHOI (ha3u B OPTOPOMOIUHY, HE BUABJIAETHCA
B Tepmorpami [ICK y Bumaaxy uactuHOK poamipom y 200 mm. Ili wacTuHKMT
TaKOYK BUPIBHAIOTHCA 3HAUHO BUCOKUM 3HAYEHHSAM [IieJIeKTPUYHOI IIPOHUK-
HOCTH, IO YMOMKJUBUTL Y MaWOYTHHROMY BUKODPHCTOBYBATH IIi YaCTUHKU B
SAKOCTi OCHOBHOTO KOMIIOHEHTA CylIepHapaeJeKTpUYHUX MaTepisiaiB. Pe-
3yJbTaT OOTOBOPIOIOTHCA, 100 Y3rOAUTHU 1X OAUH 3 OTHUM.

Key words: barium titanate, ferroelectric, phase transition, dielectric
permittivity.
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1. INTRODUCTION

The crystal of barium titanate (BaTiO,), being a representative of
perovskites, exhibits a strong ferroelectric property. The value of
spontaneous polarization for the bulk sample at room temperature
reaches 26 nC/cm? [1]. Due to this property, BaTiO; is widely used
in various elements of electronic devices. These include nonlinear
and supercapacitors, memory devices, infrared detectors, mechani-
cal stress sensors, ultrasonic generators, etc. [2—4]. A thin film of
barium titanate deposited on the silicon surface significantly in-
creases the efficiency of solar cells, exhibiting light-trapping prop-
erties [5].

Recently, barium titanate-based nanocomposites made it possible
to expand the application of this material. The main idea is that, by
constructively combining the ferroelectric properties of BaTiO; with
the properties of other functional materials, one can achieve high
performance, and in some cases, obtain qualitatively new properties
or effects [6, 7]. For example, barium titanate-based composites are
used in energy and charge storage devices, multilayer capacitors,
etc. [8—-10].

In the last 20 years, the number of works devoted to liquid crys-
tal-based nanocolloids has been rapidly growing. A summary of
these works can be found in reviews [11-13]. The researchers hope
that BaTiO; nanoparticles can be used in liquid crystal displays in
the future since the addition of these particles to liquid crystal in a
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tiny amount leads to tremendous improvements in the main electro-
optical characteristics: lowering the threshold voltage and switching
time.

In some cases, as noted above, qualitatively new effects arise
[14-17]. A good example is the electromechanical effect with
memory in the isotropic phase of liquid crystal [18].

To optimize the characteristics when using composites and colloi-
dal systems based on submicron BaTiO; particles, it is necessary to
find out how the structure and properties of these particles change
in comparison with a bulk sample. For example, in Ref. [19], a
core—shell model was proposed to explain the anomalous dielectric
behaviour of the BaTiO; composite [20]. According to this model,
submicron BaTiO; particles consist of a core with tetragonal sym-
metry and a thin shell with cubic symmetry. The thickness of the
cubic shell, according to experimental data, is of 5—10 nm. Some
works theoretically explain this model [21].

Another fundamental task when working with BaTiO;-based com-
posites and colloids is to establish the critical particle size, below
which the ferroelectric property disappears. There is a great disa-
greement in the experimental data in this matter. It was stated in
Ref. [22] that the spontaneous polarization of BaTiO; particles dis-
appears at a size of 120 nm; in another study [23], it is considered
that this size is equal to 10 nm. Analysing all previous works,
Sedykh et al. [24] concluded that this discrepancy was associated
with the method of obtaining BaTiO; particles, rather than with the
difference in experimental methods.

To help eliminate the above uncertainties, in this work, the
structure, dielectric properties, and phase transitions of BaTiO,
particles with sizes of 100, 200, 300, 400, and 500 nm are studied
by x-ray diffraction (XRD), low-frequency dielectric spectroscopy
(LFDS) and differential scanning calorimetry (DSC) methods.

2. EXPERIMENT

Barium titanate particles were purchased from the US Nano Re-
search Company. The image of these particles taken in a scanning
electron microscope JOEL JSM-767F (Fig. 1, a—e) shows a good
enough monodispersity of the samples.

The x-ray diffraction analysis of the samples was carried out in a
Bruker D2-Phaser (CuK,) diffractometer at the temperature of
22°C. The crystal lattice parameters were determined using the
EVA and TOPAS programs by the Rietveld method [25]. These pa-
rameters were further corrected by using the LeBail refinement
method [26].

To study the dielectric properties of the BaTiO; particles, they
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Fig. 1. a—f—view of BaTiO; particles in a scanning electron microscope,
e—view of the mixture of oleic acid and 300 nm size BaTiO; particles in an
optical microscope at x1200 magnification.

were mixed with oleic acid. The volume fraction of particles of all
sizes was of 43% . Figure 1, e shows the view of such a mixture in a
microscope (Carl Zeiss Yena) at 1200-fold magnification. Before the
measurement, the mixture was filled into a special cell. The cell
consists of two plane—parallel glass plates, the inner surfaces of
which are covered with a transparent conductive indium—tin oxide
(ITO) layer. The thickness of the mixture in the cell was fixed with
a teflon spacer. The dielectric permittivity (g,) of the mixture is
determined by the electrical capacitance of the cell:

s
C=¢c—, 1
0¥ (1)

g, = 8.85 pF/m is the electric constant; d =380 pm and S=1 cm?® are
the thickness and the surface area of the sample, respectively.

The cell capacitance was measured in an LCR-meter IET 1920 in
the frequency range of 20 Hz—1 MHz. The test signal amplitude
was of 1 V.

The formula for heterogeneous mixtures was used to calculate the
dielectric permittivity of BaTiO; particles from the dielectric per-
mittivity of the mixture [27]:
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s —¢ e 1/3
: (—m} =1-1; &)
€
€, &, and g, are dielectric permittivities of the mixture, medium
(oleic aside), and BaTiO; particles, respectively.

Phase transitions occurring in BaTiO; particles were investigated
in a differential DSC NETZSCH Phoenix 204 F1 differential scan-
ning calorimeter in the heating mode at the rate of 5°C/min.

3. RESULTS AND DISCUSSIONS

Figure 2 shows the diffraction spectra obtained from samples of
BaTiO; with sizes of 100, 200, 300, 400, and 500 nm. The lattice
parameters of samples refined using the LeBail refinement method
[26] confirm that they belong to a tetragonal structure. The results
are as follow: space group is P4mm, a=3.9944(1) A, c=4.0362(2)
A, v=64.398(4) A®, Ry, =0.776%.

According to US NANO data, BT particles are characterized by a
cubic system with sizes smaller than 100 nm. We see the absence of
many maxima in particles with a size of 100 nm. This gives
grounds to assume that these particles belong to the class of a cubic
crystal. However, we were cautious about this thought and again
analysed the situation. When comparing the full width correspond-
ing to the half-height of the maxima (FWHM), we note that, for
particles with a size of 100 nm, it has a greater value. The close-
ness of the values of the parameters a and ¢ of the tetragonal lat-
tice leads to the appearance of closely spaced groups of peaks
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Fig. 2. Powder diffraction spectra obtained from samples of BaTiO; with
various sizes.
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(26 = 45°, 51°, 56°, 66°, etc.) in the case of large BaTiO, particles.
At the same time, we found that the total width of the peak groups
in the case of large particles is equal to the width of the 100 nm-
size particles. This means, in our opinion, the absence of a transi-
tion to the cubic phase. There is simply a decrease in the resolution
in the spectrum due to the overlap of the broadened peaks in the
groups in the case of particles with a size of 100 nm. Note once
again that, if a transition to the cubic phase took place with a de-
crease in the size of BaTiO; particles, then, the group of peaks
should have gathered into one point, as a result of which the width
of the peaks in the spectrum of the 100 nm size particle should
have been sharply reduced. In this case, the widths of all peaks
should have been close to the width of a single peak 20 = 39°, which
we do not observe for 100 nm-size particles. Thus, at 22°C, the bar-
ium-titanate particles with the size of 100 nm also belong to the te-
tragonal class but probably with a lesser degree of perfection.
According to classical works [28], above 120°C, a bulk crystal of
barium titanate possesses a cubic lattice exhibiting paraelectric
property and, upon cooling below this temperature, it transforms
into a tetragonal phase with a ferroelectric property. Upon further
cooling just below room temperature (5—10°C), another modification
occurs, the tetragonal lattice transitions to an orthorhombic lattice.
At submicron sizes, these transitions can shift or even disappear
due to the increasing role of surface effects [29, 30]. Thermograms
taken in differential scanning calorimeter at different particle sizes
are shown in Fig. 3. The smoothness of the curves corresponding to
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Fig. 3. DSC thermograms of BaTiO; at different particle sizes in heating
mode.
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large particles (400 nm and 500 nm) most likely is related to the
rearrangement of the domain boundaries within these particles. The
temperatures (T,, and T, . and enthalpies (AH,, and AH, ) of the
orthorhombic—tetragonal and tetragonal-cubic phase transitions
were determined from these thermograms. The results are summa-
rized in Table 1.

Figure 4 shows the frequency dependence of the real part of the
dielectric permittivity of the mixtures of oleic and BT particles
with different sizes.

TABLE 1.

Size of BaTiO; particles 100 nm 200 nm |300 nm |400 nm | 500 nm

AH, ., J/g 0.098 0.222 0.261 0.362
T,, °C 5.5 7.4 5.1 9.1
AH, ., J/g 4.273 0.341 0.391 0.495 0.493
T, °C 39.6 119.0 1221  123.7 124.6

60 ——100 nm
——200 nm
50 —4—300 nm
400 nm
40 ——500 nm

30

20

0
10 100 1000 10000 100000 1000000
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Fig. 4. Frequency dependence of the dielectric permittivity of the mixtures
of oleic and BaTiO; particles with different sizes.

TABLE 2.

Size of particle 100 nm | 200 nm | 300 nm | 400 nm | 500 nm

Dielectric permittivity 15.9 31.1 24.3 29.1 19.2
of mixtures ) ’ ’ ) )
Dielectric permittivity
of particles

67.4 911.2 223.5 158.3 108.8




590 A.R.IMAMALIYEV, I. R. AMIRASLANOV, F.F. YAHYAYEV, and A. A. HADIYEVA

Table 2 presents some important data extracted from these de-
pendencies. The second row shows the dielectric constant of mix-
tures with barium titanate particles at 2 kHz. Using the formula (2)
for effective dielectric permittivity of two-component heterogeneous
systems, we can calculate the dielectric permittivity of BT particles
with different sizes, which are shown in the third row of the table.

The most interesting results of DSC measurements are as follows.
Small values of phase transition enthalpies show that both tetrago-
nal-cubic and orthorhombic—tetragonal transitions are weak first-
order transitions (the exceptions are 100 nm size particles). The
temperature of the transition from tetragonal to cubic phase shifts
downward with decreasing particle size. The magnitude of the shift
is a few degrees, but for particles with a size of 100 nm, this shift
is anomalously large and is approximately of 80°C. The enthalpy of
the tetragonal—-cubic phase transition for these particles is also
higher by an order compared to other sizes. Another anomaly is re-
lated to 200 nm-size particles, for which the orthorhombic—
tetragonal phase transition disappears (or is not observed, since
DSC measurements are performed in the range from 0°C to 150°C).

Regarding dielectric measurements, the dielectric permittivity of
particles increases with decreasing particle size, reaching a sharp
maximum at 200 nm.

The small value of the dielectric permittivity of barium-titanate
particles at a size of 100 nm is associated, as follows from a com-
parison of the experimental data, not with the disappearance, but
with the weakening of the ferroelectric properties. This is con-
firmed by both x-ray data (at room temperature, these particles be-
long to the tetragonal class with a lesser degree of perfection) and
DSC thermograms (transition from tetragonal phase to cubic phase
takes place at 39°C).

As noted above, particles with a size of 200 nm attract attention
with their high dielectric permittivity values. Similar results have
been obtained before. For example, work by Wada et al. [19] found
that, at the size of particles of 140 nm (in another paper, 58 nm
[31]), the dielectric permittivity of BaTiO; particles takes the max-
imum value. The authors attributed this to the monodomain struc-
ture of BaTiO; particles. Most likely, the disappearance of the or-
thorhombic—tetragonal phase transition is also related to this phe-
nomenon.

The presence of non-zero spontaneous polarization due to
monodomain structure increases the value of free energy by
P? / [2(8—1)80] (Pg is the spontaneous polarization of particles). In
addition, this, in turn, leads to suppression of the orthorhombic—
tetragonal phase transition or a strong shift in the transition to the
low-temperature region.
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4. CONCLUSION

The decrease in the size of submicron barium-titanate particles is
reverberated through their structure and physical properties due to
the increased role of the surface. This is confirmed by both x-ray
studies and calorimetric and dielectric measurements. The most in-
teresting results are obtained for particles with sizes of 100 nm and
200 nm: 1) a high value of dielectric permittivity and absence of
orthorhombic—tetragonal phase transition for 200 nm size particles;
2) a sharp change in the temperature and heat of the ferroelectric
transition from the tetragonal phase to the cubic one at a particle
size of 100 nm. The first result, in our opinion, is related to the
monodomain structure of these particles. Moreover, the second re-
sult is related to the deformation of the crystal structure of
100 nm-size particles.
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