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Abstract

The dense nanocrystalline BaTiO3 ceramics with the average grain size of 30 nm was sintered by the pressure assisted method. The Raman
spectroscopy and the Rietveld refinement were employed to characterize the structural information of the nanocrystalline BaTiO3 ceramics. The
structural parameters and the reliability factors for the nanocrystalline BaTiO3 ceramics were successfully determined by the Rietveld refinement

based on the analysis of Raman spectra. A multiphase coexistence of tetragonal and orthorhombic phases was observed in 30 nm BaTiO3 ceramics
at room temperature. The phenomenon can be explained by the internal stress.
© 2008 Published by Elsevier B.V.
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. Introduction

BaTiO3 is one of the most widely used ferroelectric mate-
ials and has been extensively studied. It is a typical ABO3
erovskite-type material with a variety of crystal structure mod-
fications. Depending on the transition temperature, BaTiO3
ave five kinds of crystal systems, that is, hexagonal, cubic,
etragonal, orthorhombic and rhombohedral. For single-crystal
nd polycrystalline BaTiO3, the phase transition temperatures
re 1432, 130, 5 and −90 ◦C, respectively. Among them, the
etragonal phase is stable at room temperature. However, as the
rystallite size of BaTiO3 powder reduced to the nanoscale, some
ovel structural characters occurred [1–5]. For example, at room
emperature, the cubic phase was observed and there is even

coexistence of hexagonal and tetragonal phases in BaTiO3
anoparticle with a size of 40 nm. In nanocrystalline BaTiO3
eramics, the different multiphase coexistences also occurred at

arious temperatures [6–8]. These phenomena indicated that the
hase transition of BaTiO3 may be a function of the temperature
nd the crystallite size. In order to investigate the properties of
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anocrystalline BaTiO3 ceramics, it is necessary to determine
he crystal structure.

Although the size effects on the phase transition of BaTiO3
ere investigated, the structural studies have not been suffi-

iently carried out even though the structural data including
attice parameters, atomic positions, and phase fraction, are
losely related to the ferroelectric properties. In particular, the
uantitative structural information is more important to control
he ferroelectric properties for nanocrystalline BaTiO3 ceramics.

In this paper, based on the results of the Raman spectroscopy
or the phase identification, we described in detail the struc-
ural study of nanocrystalline BaTiO3 ceramics by means of the
ietveld refinement using X-ray powder diffraction data.

. Experimental

The raw BaTiO3 powder was synthesized by chemical processing [9]. The
rimary particle shape and size of raw BaTiO3 powder was observed by the
ransmission electron microscopy (TEM). Fig. 1 showed the TEM micrograph
f the raw BaTiO3 powder. The TEM micrograph indicated that the average
ize of raw BaTiO3 powder was about 10 nm and the overall shape was nearly
pherical. In order to densify the sample and inhibit the grain growth, a three-step
ressure assisted sintering was adopted. The raw BaTiO3 powder was pressed

nto pellet uniaxially at 7 MPa. The pellet was cold pressed under 3 GPa at
oom temperature, then it was unloaded and ground into powder. The processed
owder was repressed into pellet. The pellet was wrapped by Ag foil to prevent
rom contamination and then was inserted into BN spacer tube that was in
urn put into the graphite heater. The high pressure sintering experiment was

mailto:cjxiao@haut.edu.cn
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quencies of bands at 245 cm−1 [A1(TO)] and 306 cm−1 [B1,
E(TO + LO)] are the same as those of at 50 ◦C and the band
at 188 cm−1 still exists. So it is inferred that the orthorhombic
and tetragonal phases coexist at room temperature. When fur-
Fig. 1. TEM micrograph of 10 nm raw BaTiO3 powder.

erformed using a cubic anvil type apparatus. The pyrophyllite was used as
he pressure-transmitting medium. The pellet was first pressurized up to 6 GPa
nd then heated at 1000 ◦C for 5 min in air. No sintering aids were added. After
emperature quenching, the sample was obtained by releasing the pressure slowly
o one atmospheric pressure.

The microstructure and grain size of BaTiO3 ceramics was observed by
canning electron microscope (SEM, XL30-FEG) on fresh fracture surface. The
aman scattering, with the 633 nm lines of the exciting source from a He–Ne

aser on a Renishaw RM2000 Confocal Raman Spectrometer, was used for
he phase identification. The crystal structure of BaTiO3 ceramics was refined
y the Rietveld analysis of the X-ray diffraction (XRD) data, a pseudo-Voigt
unction was chosen as a profile function among profile ones. The XRD data
ere measured by scanning at intervals of 0.01◦ in the 2θ range from 10◦ to 140◦
sing Cu K� radiations with graphite monochromator on a Rigaku D/max-2500
iffractometry at room temperature.

. Result and discussion

Fig. 2 showed the SEM image of BaTiO3 ceramics. From
he SEM image, the sample exhibits a uniform grain size dis-
ribution. The grain size was estimated to be about 30 nm by
he intercept line method. The grain size was also calculated

sing Scherrer’s equation from the full width at half maximum
FWHM) value of the broadening (1 1 1) reflection of XRD
attern taken for BaTiO3 ceramics. The value of FWHM was
.2874 and the grain size determined by the XRD method was

ig. 2. SEM image of nanocrystalline BaTiO3 ceramics with a grain size of
0 nm.
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bout 28 nm. It was in agreement with the SEM result. More-
ver, the sample was dense and the relative density was above
6% (theoretical density: 6.02 g cm−3).

For single-crystal and polycrystalline BaTiO3, the descrip-
ion of the Raman spectroscopy dependence on the temperature
as been studied in 1965, and the detailed assignments of the
ibrational frequencies have been carried out [10,11]. In addi-
ion, the evolution of Raman spectrum with decreasing grain size
as characterized by an intensity decrease, a broadening of the

ine width, a frequency shift, and the disappearance of the Raman
ode [12]. In nanocrystalline BaTiO3 ceramics, the different
ultiphase coexistences at various temperatures were observed

y Raman spectroscopy [6–8]. For 30 nm BaTiO3 ceramics pre-
ared by pressure assisted sintering, its crystal structure was
lso characterized by variable temperature Raman spectroscopy.
ig. 3 showed the Raman spectra of 30 nm BaTiO3 ceram-

cs at temperatures ranging from −190 to 200 ◦C. Because
he grain size was reduced to the nanoscale, the intensity of
aman bands weakened, the line width broadened and the
ands at near 487 cm−1 [E(TO)] and 715 cm−1 [A1(LO)] dis-
ppeared. Now, compared with that of the BaTiO3 crystal, we
iscuss the evolution of Raman spectra of 30 nm BaTiO3 ceram-
cs with increasing temperature. At −190 ◦C, except for the
ands disappearing at 487 and 715 cm−1, the Raman spectra
eatures are similar to those of BaTiO3 crystal at the same
emperature. So it is concluded to be a rhombohedral phase.

ith increasing temperature from −190 to −50 ◦C, the band
t 167 cm−1 [A1(TO)] disappeared and the band at 184 cm−1

A1(LO)] shifted to 187 cm−1. These changes are indicative
f the rhombohedral-to-orthorhombic phase transition. When
he sample was heated to 50 ◦C, the most noticeable change
s that the band at 187 cm−1 disappeared, which indicates the
rthorhombic-to-tetragonal phase transition. At 25 ◦C, the fre-
ig. 3. Raman spectra of nanocrystalline BaTiO3 ceramics at various tem-
eratures. The different phases are marked as C, cubic; T, tetragonal; O,
rthorhombic; and R, rhombohedral phase, respectively.
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Table 1
Structural parameters for 30 nm BaTiO3 ceramics obtained from the structural
refinement using X-ray powder diffraction data at room temperature

Symmetry and
lattice parameters

Sites Atomic coordinates Uiso (Å2)

x y z

T: P4mm Ba 0.0 0.0 0.0 0.196(5)
a = b = 3.9988(2) Å Ti 0.5 0.5 0.5021(4) 0.018(8)
c = 4.0222(4) Å O1 0.5 0.5 −0.0153(6) 0.017(1)
c/a = 1.0058 O2 0.5 0.0 0.5130(3) 0.011(4)

O: Amm2 Ba 0.0 0.0 0.0 0.176(3)
a = 4.0094(3) Å Ti 0.5 0.0 0.5100(2) 0.016(1)
b = 5.6214(9) Å O1 0.0 0.5 0.4900(4) 0.045(7)
c = 5.6386(3) Å O2 0.5 0.7525(7) 0.7396(6) 0.028(2)

Phase fraction (%)

T
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her heated to 200 ◦C, two broader bands at 235 cm−1 [A1(TO)]
nd 515 cm−1 [A1(TO)] were still observed. This is mainly due
o the broken translation symmetry by the boundaries, defects
r by possible short-range polar order regions existing in the
ubic state [6,11]. Moreover, a very weak band at 306 cm−1 [B1,
(TO + LO)] also persisted. So the dominant phase is cubic one.
rom the Raman analysis, it is clear that the coexistence of fer-
oelectric tetragonal and orthorhombic phases was observed in
0 nm BaTiO3 ceramics at room temperature.

Although the different multiphase coexistences at vari-
us temperatures were observed by Raman spectroscopy in
anocrystalline BaTiO3 ceramics [6–8], all the results were not
onfirmed by other method. In this paper, we employed the
ietveld refinement to identify the crystal structure of nanocrys-

alline BaTiO3 ceramics. The Rietveld refinement requires an
pproximate structural model for the actual structure. The Full-
rof. Suite program was applied to refine the structural model.
he initial Rietveld refinement was done by the zero-point shift,

he unit-cell, and background parameters. After a good match,
he peak position was achieved and the peak profile param-
ters including the peak asymmetry were refined. Firstly, we
erformed the Rietveld refinement based on the tetragonal and
rthorhombic crystal systems, respectively. The final weighted
-factors, Rwp and the goodness of fit indicator, S (=Rwp/Re)
ere 13.6%, 1.67 and 15.8%, 1.94, respectively. According to

he Raman spectrum results, we tried to carry out the Rietveld
efinement with the mixture phase model that contains both
etragonal and orthorhombic crystal systems. The same Rietveld
efinement was applied to the mixture structural model. All R-
actors for the mixture structural model were lower than those for
he tetragonal and orthorhombic structures. The final weighted
-factors Rwp and the goodness of fit indicator, S (=Rwp/Re)
ere decreased to 12.1% and 1.43, respectively. Fig. 4 showed

he Rietveld refinement patterns of the mixture structural model,

hich contains a coexistence of tetragonal and orthorhombic
hases. Table 1 gave the structural parameters obtained from
he Rietveld refinement. From the Rietveld refinement results,
he mass fractions of tetragonal and orthorhombic phases based

ig. 4. The structural refinement patterns of BaTiO3 using X-ray powder diffrac-
ion data for a mixture of tetragonal and orthorhombic phases.
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etragonal Orthorhombic

6.3 33.7

n the refined scale factors for the two phases were 66.3%
nd 33.7%, respectively. The lattice parameters for each phase
ere a (=b) = 3.9988(2) Å, c = 4.0222(4) Å and a = 4.0094(3) Å,
= 5.6214(9) Å, c = 5.6386(3) Å, respectively. So it could con-
lude that this approach may be suitable to determine the
tructural parameters for the nanocrystalline BaTiO3 ceramics,
uch as mass fractions, lattice parameters, atomic coordinates,
nd isotropic thermal parameters. The Rietveld refinement result
upported that the 30 nm BaTiO3 ceramics contained both tetrag-
nal and orthorhombic phases.

The room-temperature stabilization of the cubic structure in
ne-grained BaTiO3 has been explained by two models: the phe-
omenological surface layer model [13,14] and the pure phase
odel. In the pure phase model, two mechanisms have been pro-

osed to explain the room-temperature stabilization of the cubic
tructure. The first is concerned with the strain imposed by the
resence of the lattice hydroxyl ions and the second is the role
f surface effects [4]. In polycrystalline BaTiO3 ceramics, the
rains, which are surrounded by neighboring grains, are consid-
red to be in a significantly different situation from individual
owders of the same size. In an isolated particle, the atomic struc-
ure of nanostructure materials can differentiate between: (i) the
ore of the particle and (ii) free surface surrounding the core. In a
onstrained solid nanocrystal, such as in ceramics, there are: (iii)
ores and (iv) grain boundaries [15]. For nanocrystalline ceram-
cs, the macroscopic properties are dominated by the extrinsic
ffects exerted by the grain boundaries [16]. The coexistence
f tetragonal and orthorhombic phases at room temperature in
ne-grained BaTiO3 ceramics was explained in terms of the

nternal stress at the grain boundaries. During the ferroelec-
ric transition, the internal stress developed. In coarse-grained
eramics, the localized shear stress at the grain boundaries,
hich hindered the transition, can be relieved by formation
f 90◦ domains. In fine-grained BaTiO3 ceramics, when the

rain size was below 300–500 nm, there is a reduced number
f 90◦ domains and the single domain becomes energetically
avorable [17–19], thus the stress cannot be relieved due to the
bsence of 90◦ domains [20,21]. In order to minimize strain
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nergy, twinning along {1 1 0} plane (90◦ twinning) took place
n a constrained grain. Compared with the tetragonal structure,
he unit-cell of orthorhombic structure, whose polar axis paral-
els to a face diagonal, i.e. (0 1 1) direction, was characterized
y a shear deformation of the cubic perovskite cell. In terms
f the stress-relieving twinning mechanisms, the orthorhombic
tructure can more efficiently minimize transition stress, so its
tability is enhanced [1]. Therefore, at room temperature, the
rthorhombic phase inclined to exist together with the tetragonal
hase in nanocrystalline BaTiO3 ceramics.

. Conclusions

Through the combination of the Raman spectrum and the
ietveld refinement using X-ray powder diffraction data, the

tructural parameters for the nanocrystalline BaTiO3 ceramics,
uch as mass fractions, lattice parameters, atomic coordi-
ates, and isotropic thermal parameters, all were successfully
etermined. A multiphase coexistence of the tetragonal and
rthorhombic phases was observed in 30 nm BaTiO3 ceramics.
he weight fractions were estimated to be 66.3% and 33.7%,

espectively. The lattice parameters for the tetragonal phase were
(=b) = 3.9988(2) Å, c = 4.0222(4) Å and for the orthorhombic

hase were a = 4.0094(3) Å, b = 5.6214(9) Å, c = 5.6386(3) Å,
espectively.
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