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We studied the temperature and pressure structural stability of 5 nm BaTiO3 particles by using high

resolution synchrotron X-ray diffraction, high pressure Raman spectroscopy, and high pressure

impedance technique. A coexistence of the tetragonal and orthorhombic phases is observed in 5 nm

Barium titanate BaTiO3 particles with weight fractions 67(6.6)% and 33(8.0)% at ambient

condition, respectively. In the temperature range from �123 �C to 177 �C, the phase boundaries of

5 nm BaTiO3 are diffusive and several phases coexist. Pressure dependent Raman spectra of 5 nm

BaTiO3 indicates that there exist two phase transitions: the first is at 7.5 GPa when the coexisting

phases of orthorhombic and tetragonal undergoes transition to tetragonal phase; the second is

around 17.3 GPa when the tetragonal transforms to cubic phase. Observed transitions were

confirmed by the high pressure impedance property measurement. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4806996]

I. INTRODUCTION

Barium titanate BaTiO3 (BTO) is a well known

perovskite-type ferroelectric compound, which is widely used

in the electronic industry.1 At ambient pressure with decreas-

ing temperature, BTO undergoes several structural phase

transitions from cubic (Pm-3m) (C) to tetragonal (P4mm) (T)

at 130 �C and then to orthorhombic (Amm2) (O) and rhombo-

hedral (R3m) (R) at 5 �C and at �90 �C, respectively.2 The

high temperature C phase is paraelectric, and the other three

phases are all ferroelectrics. Previously reported studies on

BTO under high pressure, using a diamond anvil cell (DAC)

include dielectric measurements,3,4 Brillouin scattering,5,6

Raman scattering,7–9 X-ray diffraction,10 and a pulsed photo-

acoustic technique.11 From these studies, it has been estab-

lished that properties of BTO, such as the dielectric

constants, the transition temperature, and the spontaneous

polarization, have a tendency to decrease with increasing

pressure in certain pressure region. Both single-crystal and

polycrystalline BTO samples undergo a transition from the

ferroelectric T phase to the paraelectric C phase at approxi-

mately 2.3 GPa at room temperature.8,9,12,13 Furthermore,

like other perovskite-type ferroelectrics, such as isostructural

KNbO3 and PbTiO3,14,15 the phase transition induced by

pressure provides a representative example for studying the

ferroelectric-to-paraelectric transition, which will provide an

effective way to understand the driving force of perovskite-

type ferroelectrics under pressure.

The crystal structure and the dielectric property of BTO

depend on various factors, such as size and stress. For

instance, coexistence of O and T phases was reported for the

8 nm BTO at room temperature, which can hold up to 400 �C,

then transforms to a C phase.16 The stress distribution on the

surface of nano BTO particles can significantly change the

phase boundary.17,18 Although number of experimental inves-

tigation on the size effects of coarse size BTO as functions of

temperature and pressure have been carried out, there is very

little work on phase transitions of nano BTO particles as

functions of temperature and pressure. In this work, we report

the study of the high resolution synchrotron diffraction of

5 nm BTO particles as a function of temperature, the Raman

spectroscopy and impedance measurement of 5 nm BTO par-

ticles under high pressure. Our results indicate that a coexis-

tence of the T and O phases is observed in 5 nm BTO

particles with weight fractions 67(6.6)% and 33(8.0)% at am-

bient condition. The 5 nm BTO is mainly phase coexisting in

the temperature range from �123 �C to 177 �C. 5 nm BTO

keeps its ferroelectricity in a wide temperature range. High

pressure in situ Raman spectra show evidence for two struc-

tural phase transition of 5 nm BTO particles: one is at about

7.5 GPa, which corresponds to the transition to T phase from

the coexistence of O and T phases; the other is around

17.3 GPa, the T phase transformed to C phase, which is fur-

ther confirmed by the anomaly located at around 18 GPa of

the high pressure impedance property measurement.

II. EXPERIMENTAL

The 5 nm BTO particles were produced by chemical

method described elsewhere.19 The 5 nm BTO particles in
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Ref. 19 show an average size of 5 nm with a narrow size dis-

tribution and a lattice tetragonality of 1.007(1). High resolu-

tion synchrotron angle diffraction with a wavelength 0.4124 Å

were performed at APS, 11-BM-B, Argonne National

Laboratory. High pressure Raman experiment was carried out

using a Mao-Bell type DAC, with a T301 steel gasket pre-

pressed to around 40 lm in thickness and 200 lm holes drilled

serving as the sample chamber. 4:1 methanol-ethanol mixture

and a 5 lm ball shape ruby were loaded together with the sam-

ple, serving as a hydrostatic pressure medium and pressure

calibration by the standard ruby fluorescence method. Raman

spectra were collected in backscattering geometry at room

temperature by a Jobin Yvon HR800 triple spectrometer

equipped with a cooled change-couple device. In the spec-

trometer, a long focus objective of 20� magnification was

used to focus the laser beam on the sample surface and to col-

lect the scattered light. Raman spectra were excited with

532.0 nm radiation from a coherent solid-state laser. The laser

power at the focus spot of about 1 lm in diameter was kept

about 4.8 mW to obtain high quality spectra and prevent

laser-induce damage to the samples. In situ impedance meas-

urements in DAC under high pressure were done in Jilin

University described elsewhere.20

III. RESULTS AND DISCUSSION

Raman and the XRD results indicate coexisting phases at

ambient condition for 5 nm BTO.19 To confirm this phase

coexistence, we employed the Rietveld refinement by using

the GSAS software package21 to identify the crystal structure

of 5 nm BTO. Fig. 1 shows the structural refinement pattern

of BTO using high resolution synchrotron X-ray diffraction

data. The refinement smoothly converged to Rp¼ 5.90% and

Rwp¼ 6.97%, respectively. The refinement indicates that the

best fitting of the diffraction pattern is a coexistence of T and

O phases with the mass fractions 67(6.6)% and 33(8.0)%,

respectively. The line broadening effect is caused by the fine

grains, and the grain size can be estimated as 4.7 nm by using

Scherrer’s equation. Lattice parameters for tetragonal phase

are a¼ b¼ 4.010(7) Å, c¼ 4.031(3) Å, and for orthorhombic

phase are a¼ 3.988(4) Å, b¼ 5.686(3) Å, c¼ 5.744 (2) Å.

Table I gives the structural parameters obtained from the

Rietveld refinement. Fig. 2, which was reprinted from our

previous work,22 gives the phase fractions of 5 nm BTO at

different temperature from �123 �C to 177 �C by Rietveld

refinement analysis of the high resolution synchrotron angle

diffractions. Compared with single crystal and coarse size

BTO, the phase boundaries of 5 nm BTO become more diffu-

sive. The R, O, and T phases all extend their existing tempera-

ture region making a wide range of coexisting phase regions.

The (a) particle size distribution,19 (b) type of stresses and

their distributions on the particle surface,18 and (c) bond

defects on the surface of 5 nm BTO particles will finally cause

phase diffusion and coexistence. However, the most important

is that 5 nm BTO still hold its ferroelectricity in a wide tem-

perature range, which satisfies the industrial application with

such a small particle size.

Phase coexistence evolution as function of particles sizes

and temperature was reported by Zhu et al.22 Their results

show that phase fractions and phase transition temperature

were not monotonously decreased or increased. Phase reen-

trance was observed at around 20 nm BTO particle. This phe-

nomenon is not following the general prediction that the

ferroelectric phase will vanish for BTO with smaller nano

particles. Various BTO structures were reported by different

synthesis with particle sizes around 10 nm. Monodisperse

FIG. 1. High resolution X-ray diffraction pattern of nano BaTiO3 with parti-

cle size 5 nm.

TABLE I. Structural parameters for 5 nm BaTiO3 obtained from the structural refinement using high resolution synchrotron X-ray diffraction data at ambient

condition.

Atomic coordinates

Symmetry and lattice parameters Sites X Y Z Uiso(Å2)

O:Amm2

a¼ 3.988 (4) Å

b¼ 5.686 (3) Å

c¼ 5.744 (2) Å

Ba 0 0 0 0.0227

Ti 0.5 0 0.541(1) 0.0020

O1 0 0 0.485(4) 0.0130

O2 0.5 0.254(4) 0.231(1) 0.0280

T: P4mm

a¼ b¼ 4.010 (7) Å

c¼ 4.031 (3) Å

c/a¼ 1.0051

Ba 0 0 0 0.0071

Ti 0.5 0.5 0.483(7) 0.0071

O1 0.5 0.5 �0.037 (4) 0.0147

O2 0.5 0 0.518 (4) 0.0073

Phase fraction(%)

Orthorhombic Tetragonal

33(8.0) 67(6.6)
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BTO particles with diameters ranging from 6 to 12 nm were

indexed to cubic symmetry, which were prepared by the ther-

mal decompositions of a metal-organic precursor.23 The tet-

ragonal phase BTO particles as fine as 7 nm have been

synthesized using the method evolved from direct synthesis

from solution.24 The cubic and tetragonal modifications of

the BTO perovskite structure with an average particle size of

6 nm was synthesized by the thermal decompositions of a

metal-organic precursor.25 The tetragonality as well as a low-

ered Curie transition temperature in sub-10 nm particles was

established using a fungus-mediated approach.26 All of ferro-

electric BTO particles with sizes around 10 nm are candidates

for raw material of electronic industry.

Fig. 3(a) shows the Raman spectra of 5 nm BTO with

pressure up to 37.6 GPa, some peak positions are shifted,

some peaks appear and some peaks disappear with increasing

pressure. The main spectral features observed for 5 nm BTO

are (a) intensity of the bands 184, 309, 515, and 717 cm�1

begins to decrease and shifts to higher frequency with increas-

ing pressure. (b) The emerging of a shoulder near 485 cm�1,

which belongs to the optical phonon frequencies of T BTO,

suggests that the coexisting phases of O and T transformed to

T phase. (c) The T phase transforms to C phase around

17.3 GPa, which is further confirmed by the high pressure im-

pedance property measurement. Theoretically, cubic Pm-3 m
phase has no Raman active modes. However, the disordered

character,8 grain boundaries, and intergrain stresses9 in BTO

can give rise to the persistence of Raman features in cubic

BTO. Furthermore, strong surface stresses and defects of the

5 nm BTO can make the Raman activations more pronounced

in the cubic phase. The detailed analysis of these two phase

transition will be discussed in the following paragraph. The

line shape changes observed near 450–630 cm�1 between 0.3

and 37.6 GPa (see Fig. 3(a)) similar to those reported in Refs.

9, 13, and 27 which indicate some structural reordering takes

place, corresponding well with discontinuities in the slopes of

the phonon frequency shifts shown in Fig. 5. However, these

new peaks may also be due to accumulated stresses inside the

sample at high pressure.9,13,27 Fig. 3(b) shows the Raman

spectrum upon pressure release from 37.6 GPa. The broad and

sharper features of the Raman spectrum are both present, and

the phase transition is reversible. The result agrees well with

those in Refs. 8 and 9.

The two phase transitions are verified by fitting a sum of

several Lorentzian-peaks and a baseline to the normalized

Raman spectra at four representative pressures: 0.3 GPa,

7.5 GPa, 17.3 GPa, and 20.2 GPa. Two peaks (located at

515 cm�1 and 552 cm�1 at 0.3 GPa) and a baseline to the nor-

malized Raman spectra are fitted with pressure lower than

7.5 GPa, as shown in Fig. 4(a). 515 cm�1 belongs to coexisting

phases of O and T in line with the result of synchrotron X-ray

diffraction data. 552 cm�1 originates from some disorder of

the structure which is similar to those reported in Refs. 9, 13,

and 27. Three peaks, which locate at 485 cm�1, 522 cm�1, and

560 cm�1 at 7.5 GPa, and a baseline to the normalized Raman

spectra are fitted between 7.5 and 17.3 GPa, as shown in Figs.

4(b) and 4(c). The emerging of a shoulder near 485 cm�1,

which belongs to the optical phonon frequencies of T BTO,

suggests that the coexisting phases of O and T transforms to T

phase. The peak located at 515 cm�1 shifts to 522 cm�1 with

FIG. 2. Phase fraction variations of 5 nm BaTiO3 as function of tempera-

ture from �123 �C to 177 �C by Rietveld analysis of the high resolution

synchrotron angle diffractions. R, O, T, and C represent rhombohedral,

orthorhombic, tetragonal, and cubic phases, respectively. Reprinted with

permission from J. Appl. Phys. 112, 064110 (2012). Copyright 2012 AIP

Publishing LLC.

FIG. 3. Raman spectra of 5 nm BaTiO3 in the range of 150–1200 cm�1 at

different pressures (a) in the increasing pressure cycle; (b) in the decreasing

pressure cycle.
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pressure increasing from 0.3 GPa to 7.5 GPa, while the peak

located at 552 cm�1 shifts to 560 cm�1. Two peaks (located at

503 cm�1 and 551 cm�1 at 20.2 GPa) and a baseline to the nor-

malized Raman spectra is fitted with pressure higher than

17.3 GPa (as shown in Fig. 4(d)). The peak located at

485 cm�1 shifts to 503 cm�1 with pressure increasing from

7.5 GPa to 20.2 GPa, while the peak located at 522 cm�1 shifts

to 551 cm�1. The fitted result implies that T phase undergoes

another structural reordering around 17.3 GPa. We speculate

that T phase transform to C phase from the disappearance of

588 cm�1 peak (at 17.3 GPa) which associates with some dis-

order of the structure.

The frequency positions of all the observed Raman

peaks are plotted as function of pressure in Fig. 5. The fre-

quency of the 184 cm�1 increases at a rate of 1.40 cm�1/GPa

in the pressure range of 0–7.5 GPa, increases by 0.70 cm�1/

GPa between 7.5 and 17.3 GPa, and then increases at a rate

of 0.93 cm�1/GPa between 17.3 and 37.6 GPa. The fre-

quency of the 485 cm�1 increases at a rate of 2.96 cm�1/GPa

in the pressure range of 7.5–17.3 GPa, and then increases at a

rate of 1.67 cm�1/GPa between 17.3 and 37.6 GPa. The fre-

quency of the 702 cm�1 increases at a rate of 2.96 cm�1/GPa

in the pressure range of 7.5–17.3 GPa, and then increases at a

rate of 4.50 cm�1/GPa between 17.3 and 37.6 GPa. Both

485 cm�1 and 702 cm�1 have obvious changes at around

17.3 GPa indicating a phase transition. Thus, we conclude

that a phase transformation from T phase to C phase

occurred at around 17.3 GPa. The mode at 306 cm�1 at 1 bar

does not show any significant pressure-induced frequency

shift anomaly in the pressure range we studied.

FIG. 4. Raman spectra of 5 nm BaTiO3 in the range of 450–630 cm�1 at different pressures. (a) 0.3 GPa, (b) 7.5 GPa, (c) 17.3 GPa, and (d) 20.2 GPa.

FIG. 5. Frequency of the Raman peaks observed in 5 nm BaTiO3 plotted as

a function of pressure.
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In order to verify whether a phase transition appears or

just stresses accumulating in the sample, a room temperature

impedance measurement of 5 nm BTO at different pressure

were carried out. Fig. 6 shows the impedance under different

pressure. Impedance is represented as a complex quantity Z*

(Z*¼Z0þi Z00) (black plot as shown in Fig. 6), where the

real part of impedance is the resistance Z0 (red plot as shown

in Fig. 6) and the imaginary part is the reactance Z00 (green

plot as shown in Fig. 6). As shown in Fig. 6, the impedance

spectrum shows an oblate-like arc closed to real axis, and the

size of the arc decreases with pressure increasing. The im-

pedance spectrum (blue plot as shown in Fig. 6) changes

from open-type to closed-type indicated a structure phase

transition taking place. Both the real and imaginary parts of

the impedance decreased with the pressure, implying the

decay of the grain boundary contribution to the electrical

transmission in 5 nm BTO sample.

Fig. 7 shows the relative permittivity of sample with

pressure up to 30 GPa derived from the impedance measure-

ment. The data points below 10 GPa cannot be obtained due

to the extremely large resistance, which may arise from the

loose connection between the wires and sample. There is an

impedance anomaly around 18 GPa, which indicates that a

phase transition occurs. This phase transition has not been

FIG. 6. Impedance of 5 nm BaTiO3 under different pressure. (a) 11.4 GPa, (b) 14.5 GPa, (c) 18.8 GPa, and (d) 30.2 GPa.

FIG. 7. Variation in relative permittivity of 5 nm BaTiO3 under different

pressure.
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reported in the coarse size BTO samples before, and is strong

related to the 5 nm unique characters. First, larger surface

area of 5 nm BTO will result in a large number of bond

defects. These bond defects are in a high energy state and

very active. Under certain pressure, the interaction between

near by particles will change the disordering state of the Ti

off center with respect to the oxygen octahedron,10 and reba-

lance the long-range Edward repulsion forces and the short-

range hybridized forces, finally leading to a transition.

Second, the larger surface and intergrain stresses of smaller

nano BTO particles can also change the disordered state.9

The stresses will be tuned by external high pressure,17,18 as a

result leading to a transition around 18 GPa as shown in

Fig. 7, which agrees well with the discontinuities in the

slopes shown in Fig. 5, indicating structural reordering in the

5 nm BTO particles. The stress results in nonhydrostatic

pressure which can broaden the Raman mode in high pres-

sure experiment. The region of 450–630 cm�1 which shows

a phase transition as mentioned above at different pressure

shift to higher frequency with increasing pressure, while half

peak width of this region has no change. So the result of im-

pedance measurements for 5 nm BTO particles show a phase

transition appears around 18 GPa.

IV. CONCLUSIONS

In this work, we determined the structural of 5 nm BTO

by the combination of the Raman spectrum and the Rietveld

refinement using synchrotron X-ray diffraction data. A coexis-

tence of the tetragonal and orthorhombic phases is observed

in 5 nm BTO with weight fractions 67(6.6)% and 33(8.0)%,

respectively. In the temperature range from �123 �C to

177 �C, the phase boundaries of 5 nm BTO are diffusive and

several phases coexist. However, the 5 nm BTO still hold its

ferroelectricity in a wide temperature range. The in-situ high

pressure Raman spectra of 5 nm BTO indicate there are two

phase transitions: one is at about 7.5 GPa, which corresponds

to the transition to tetragonal phase from the coexisting phases

of orthorhombic and tetragonal; the other is around 17.3 GPa,

the tetragonal transform to cubic phase, which is further con-

firmed by the anomaly located at around 18 GPa of the high

pressure impedance measurement. After releasing high pres-

sure, the BTO was recovered to the initial state.
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