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The Raman studies of lead zirconate titanate with varied grain size from 27.5 nm to 983 nm were performed under pressure up
to 32 GPa to elucidate the scenario of phase transition pressures of lead zirconate titanate, which lies in the morphotropic phase
boundary. The coexistence of ferroelectric rhombohedral and tetragonal phases at ambient condition changed to the coexistence
of tetragonal and cubic phases at intermediate pressure and finally, transited to paraelectric cubic phase at elevated pressure. The
pressure evolution of Raman spectra results indicated that the phase transition pressure increased with the reduction of the
particle size.
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Introduction

Lead zirconate titanate Pb(Zr1–xTix)O3 is one of the most
commonly used piezoelectric materials, and has been widely
applied in industry,[1] such as piezoelectric transducers and
actuators.[2] Pb(Zr1–xTix)O3 possesses the highest coupling
coefficient between electrical and mechanical properties for
solid solutions across the morphotropic phase boundary
(MPB, 40< x< 60 mol % of PbTiO3) with x¼ 48 mol %.[3–5]

Pb(Zr1–xTix)O3 has been extensively studied through experi-
mental and theoretical research efforts to understand the
physical origin of its striking ferroelectric properties.[6]

Pb(Zr1–xTix)O3 exhibits exceptional piezoelectric properties
for compositions lying close to the MPB, which shows a
characteristic of phase coexistence of the ferroelectric
rhombohedral (R) and tetragonal (T) phases, as well as a
monoclinic (M) phase in this region.[7,8] The M phase can
serve as a second-order transition bridge between the T and
R phases as it belongs to a common subgroup of the higher
symmetry phases.[9] Raman spectroscopy is an effective probe
to detect the degree of structural disorder, for example, T or
R phase in lead zirconate titanate–based systems near

MPB.[10] In general, PbZr0.52Ti0.48O3, crystallizing in both
T (P4 mm) and R symmetry (R3 m), has 12 optical modes
in the long wavelength range.[11] The coarse
PbZr0.52Ti0.48O3 undergoes a phase transition from T phase
to cubic (C) phase at about 5 GPa, as observed through
X-ray diffraction and Raman studies.[12] The ferroelectricity
in perovskite systems has its origin in the subtle balance
between long-range and short-range interactions.[13,14]

Being a variable that can affect this balance strongly, press-
ure can induce changes in the structure and properties of
ferroelectric materials. Pressure effects are governed by Le
Chatelier’s principle, which states that at equilibrium a sys-
tem tends to minimize the effect of any external factor by
which it is perturbed. Consequently, an increase in pressure
favors reduction in the volume of a system and prefers a
higher symmetric crystal structure.[15] Therefore, high press-
ure is an effective tool to tune phase structures and disclose
the mechanism underlying the physical properties of
Pb(Zr1–xTix)O3.[16]

In this work, we report the Raman spectra studies of
PbZr0.52Ti0.48O3 nanocrystalline particles as functions of
pressure and particle size. The Raman spectra of PbZr0.52

Ti0.48O3 with particle size in the range from 27.5 nm to
983 nm have been measured under different quasi hydrostatic
pressures up to 32 GPa. The results suggest that the phase
transitions from the coexistence of T and R phases to
TþC phase and then to C phase are elevated from low to
high pressures with reduction in particle size.
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Experimental Methods

The detailed synthesis procedure of PbZr0.52Ti0.48O3 sample
is described in our previous work.[17] Briefly, the PbZr0.52

Ti0.48O3 powder was prepared using a simple water-based
sol–gel method. Samples with different particle sizes were
prepared by the sol–gel process using different calcination
temperatures, as shown in Table 1. The average particle size
and morphological characteristics of the powders were
monitored through transmission electron microscopy
(TEM, JEM-2010F, JEOL Ltd., Tokyo, Japan), as shown
in Fig. 1, all the particles had narrow size distributions.

The Raman spectra were recorded with the Renishaw
Micro-Raman Spectroscopy System (Renishaw plc,
Gloucestershire, UK) with a laser wavelength of 532 nm
and an output power of 100 mW. High-pressure Raman
experiments were performed using a diamond anvil cell
with silicone oil as a pressure-transmitting medium. The
PbZr0.52Ti0.48O3 powder was placed in a stainless-steel gas-
ket chamber with diameter of 125 mm and thickness of
30 mm. A ruby crystal was loaded simultaneously as a press-
ure marker. Pressure was measured based on the shifts of
the ruby R1 and R2 fluorescence lines.[18] Considering that
silicone oil was added as a pressure medium, the estimated
pressure errors are �0.5 GPa, while pressure less than
10 GPa and �1 GPa with higher pressure. The focus laser
spot on the sample was �1 mm and the estimated power is
4.8 mW. The spectra were fitted and separated by the
Lorentz line shape configuration according to the Raman
modes in ferroelectric perovskite Pb(Zr1–xTix)O3. Through
the Raman spectra analysis, the shifts of different Raman
modes were determined and the phase coexistence of T
and R phases in PbZr0.52Ti0.48O3 nanoparticles could be
evaluated.

Results and Disscussions

Lead zirconate titanate near the MPB shows a complex phase
structure: R, T, and intermediate M crystal structures.[19,20]

Glazier et al.[21] proposed that, from the local structural point
of view, both the R and T structures (with the exception of
pure PbTiO3) are in fact M structures. PbZr0.52Ti0.48O3

powders of different nanosizes showed phase coexistence at
an ambient condition. To quantitatively evaluate the phase
coexistence in the perovskite structure, the intensity ratio
IR=IRþ IT (%) was calculated with reference to Man-Kang
Zhu’s report.[11] In a single Raman spectroscopy of PbZr0.52

Ti0.48O3, the relative ratio of intensity between the R and T
modes could estimate the two-phase percentage evolution
as a function of the particle size. As indicated by Table 2,
the R phase percentage in PbZr0.52Ti0.48O3 linearly increased
with particle size decreasing from 983 nm to 48.5 nm and
further decreasing particle size to 27.5 nm, the R phase
percentage suddenly increased to 36.3%. The strongly
increased shear stress, which favors the R phase, in smaller
particle size sample is responsible for this phenomenon, as
in the BaTiO3 nanosystem.[22,31]

Figure 2 shows the Raman spectra of PbZr0.52Ti0.48O3

with different particle sizes at ambient condition in the wave-
number range 100—1000 cm�1. Among the vibration modes,
the T A1(3TO) mode, located at 607 cm�1, T E(4TO) mode at
523 cm�1, and the R R1 mode at 570 cm�1 are all the Raman
active transverse modes below the Curie temperature and
split from the C T1u(3) degenerate modes.[11] Similarly, the
T A1(3LO) and E(4LO) modes at 782 cm�1 and 697 cm�1

and the R Rh mode at about 735 cm�1 are degenerated from
the longitude modes of T1u(3) in the C phase. The T A1(3TO)
mode and E(4LO) mode shift toward lower frequency with
decreasing particle size, as shown in Table 2, which indicated
that the T A1(3TO) and E(4LO) phonon modes are sensitive

Fig. 1. The representative transmission electron microscopy
(TEM) images and the particle size distribution histograms
(statistics from several TEM images) of 27.5 nm (a), 48.5 nm
(b), 194 nm (c), and 983 nm (d) PbZr0.52Ti0.48O3 nanocrystalline
powders.

Table 1. The average particle sizes of PbZr0.52Ti0.48O3 nanocrys-
talline at different presintering temperatures

Temperature 700�C=3 hr 800�C=3 hr 900�C=1 hr 1000�C=1 hr

Particle size 27.5 nm 48.5 nm 194 nm 983 nm
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to the particle size of the sample. This phenomenon can be
explained by the size-dependent relaxation of the q¼ 0 selec-
tion rule as the phonon is constrained in a particle.[23]

The phase transition pressure from the coexistence of R
and T phases to C phase of lead zirconate titanate coarse
powders reported before is located at about 5 GPa,[12] which
is lower than the nanoparticle samples studied here. The
Raman spectroscopy is more sensitive to local symmetric
change; therefore, the determined phase transition bound-
aries as a function of pressure may be different from direct
X-ray diffraction method, which is a kind of symmetric infor-
mation based on average over space and time.[24] Figure 3
gives all the Raman spectra of PbZr0.52Ti0.48O3 with particles
sizes of 983 nm, 194 nm, 48.5 nm, and 27.5 nm, respectively.
The intensities of the vibrational modes in the region of
100 cm�1 and 300 cm�1 dramatically decreased and were
suppressed by the applied high pressure compared with the

high-frequency modes, as shown in Fig. 3. This phenomenon
suggests that the coexistence of R and T phase begins turning
into a cubic paraelectric phase.

Figure 4 demonstrates the pressure dependence of all the
vibrational modes of PbZr0.52Ti0.48O3 nanoparticles. The T
A1(2TO) modes of all the samples move to a higher wave-
number as the pressure increased, a blueshift with pressure
up to 16 GPa, while the E(2TO) mode showed a redshift as
the pressure increased and vanished at relatively low pressure
compared with the A1(2TO) modes. Filho et al.[25] proposed
that the appearance of the A1(2TO) mode is due to the T
phase because this mode is indeed a clear sign of the T phase
at high pressure for PbZr0.52Ti0.48O3. The preservations of
the E(2TO) and A1(2TO) modes at higher pressure for small
particle size sample indicated that the distortion in small par-
ticles is more pronounced and needs higher pressure to transit
into the high symmetric C phase. The six modes in the ranges
of 400–900 cm�1 can be categorized into two groups: the first
two modes, including Rl and Rh, can be assigned to the R
structure, while the other four modes, including A1(3TO),
A1(3LO), E(4TO), and E(4LO), can be assigned to the T
structure. The R Rl and Rh modes changed obviously as
pressure increased, while the other four modes assigned to
T lattice vibration vanished gradually. Hence, the pressure
at which the Rl and Rh modes of R phase vanished indicated
the transformation from R to T phase, as the T phase modes
vanished at relatively higher pressure.

In Fig. 4, the higher-frequency modes did not disappear at
the transition to the C phase, in which there should be no
Raman activity according to the selection rule.[26] Similarly,
weak Raman spectra have been observed for the C phases
of several perovskites,[27,28] such as in BaTiO3.[29] This
phenomenon indicated the presence of symmetry-breaking
disorder, as observed in the relaxor-ferroelectricity systems.[12]

The weak Raman modes corresponding to the infrared-active
T1u modes and silent T2u mode for the C phase at high press-
ure were attributed to cation disorder, as a result of losing the
inversion center in the structure. Conclusively, the residual
intensities of the phonons were still observed above the C
transition, for pressure as high as 32 GPa, which suggested

Table 2. The main vibrational modes and Raman shifts of different particle sizes PbZr0.52Ti0.48O3 nanocrystalline
in the range of 100—1000 cm�1 under an ambient condition

Raman mode
Raman shift

27.5 nm (cm�1)
Raman shift

48.5 nm (cm�1)
Raman shift

194 nm (cm�1)
Raman shift

983 nm (cm�1)

A1(3LO) 785.8 782.1 780.2 783.8
Rh 737.8 735.5 737.3 740.3
E(4LO) 696.9 697.5 701.2 702.2
A1(3TO) 605.8 607.4 611.6 611.7
Rl 567.6 570.5 575.3 576.3
E(4TO) 517.7 523.3 542.9 542.5
E(2LO) 422.6 415.9 503.8 503.4
A1(2TO) 334.8 336.1 338.3 337.2
Silent EþB1 276.4 274.0 274.7 273.0
E(2TO) 205.2 204.4 204.6 203.3
A1(1TO) 118.0 118.5 122.3 120.1
Intensity ratio IR=ITþ IR 36.3% 35.2% 35.0% 32.0%

Fig. 2. Representative Raman spectra of different particle sizes
PbZr0.52Ti0.48O3 nanocrystalline powders under an ambient
condition. The spectra were fitted and separated by the Lorentz
line shape configurations. The black line was the original data,
the red line was the data fitting, and the green line was the main
vibrational modes.
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Fig. 3. Raman spectra of 27.5 nm (a), 48.5 nm (b), 194 nm (c), and 983 nm (d) of PbZr0.52Ti0.48O3 nanocrystalline powders with the
hydrostatic pressure up to 32 GPa at room temperature.
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remaining polar activity in that phase, hence it is termed C
phase.[30]

Figure 5 summarizes the two-phase transition boundaries
of PbZr0.52Ti0.48O3 nanoparticles based on the results of the
Raman spectra: the first is in the range of 10.6–15.9 GPa for
particles of sizes ranging from 983 to 27.5 nm, which corre-
sponds to the transition to T and C phases from the coexist-
ence of R and T phases; the second is from 16.2 to 26.8 GPa
with decreasing particle size, the T and C phases transited to
C phase at higher pressure. The observed phase transitions of
PbZr0.52Ti0.48O3 nanoparticles showed elevated transition
pressures as in the BaTiO3 nanoparticles,[28] both of which
showed high-pressure shift of phase transition while decreas-
ing the particle size. Furthermore, like barium titanate
perovskite-type ferroelectric compound, the phase coexist-
ence evolution of nano BaTiO3 as a function of particles
size[29,31] provides an effective way to understand the size
effects of perovskite-type ferroelectrics. In the PbZr0.52

Ti0.48O3 nanocrystalline particles, the size-induced distortion
may be large enough to precipitate a crystallographic phase

Fig. 5. The phase transition pressure of PbZr0.52Ti0.48O3 nano-
crystalline powders as a function of particle size. The x-axis
was the particle size of the PbZr0.52Ti0.48O3 nanocrystalline
powders, and the y-axis was the phase transition pressure.

Fig. 4. Frequency of the Raman vibrational modes observed in 27.5 nm (a), 48.5 nm (b), 194 nm (c), and 983 nm (d) PbZr0.52Ti0.48O3

nanocrystalline powders as a function of pressure. The black dotted line indicated the transition to T and C phases from the
coexistence of R and T phases, the red dotted line indicated the T and C phases transited to C phase. The phase transition pressures
from RþT to TþC phases were 10.6, 12.6, 15.7, and 15.9 GPa for 983, 194, 48.5, and 27.5 nm PbZr0.52Ti0.48O3 particles; and
pressures for TþC to C phase transitions were 16.2, 21.6, 25.8, and 26.8 GPa, respectively.
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transition. Elevation of transition pressure with decreasing
particle size in PbZr0.52Ti0.48O3 can be understood in the fol-
lowing aspects: first, larger surface area of PbZr0.52Ti0.48O3

nanoparticles will result in a large number of bond defects.
These bond defects are in a high-energy state and very active.
These defects can distort the crystal structure and therefore
the phase coexistence of PbZr0.52Ti0.48O3 nanocrystalline
showed up at ambient condition; secondly, the decrease in
particle size will weaken the long-range interaction and the
ferroelectric ordering and confine the interaction inside each
single particle. Under certain pressure, the interaction
between particles will change the disordering state and reba-
lance the long-range Edward repulsion forces and the
short-range hybridized forces, eventually leading to phase
transitions at different pressures; finally, the compressive
and shear stress distributions on the surface of PbZr0.52

Ti0.48O3 nanoparticles can also change the disordered state.
The compressive stress on the particle surface, which favors
the high symmetric phase, will strengthen with decreasing
particle size,[31] while the shear stress on the particle surface,
which favors the R phase, will increase its effect with decreas-
ing particle size. The stresses will be tuned by external high
pressure, consequently leading to higher R vanishing press-
ure and a transition to C phase at 26.8 GPa for 27.5 nm
PbZr0.52Ti0.48O3 particle.

Conclusions

In this work, the phase transition evolutions of PbZr0.52

Ti0.48O3 nanoparticles under pressure were determined by
Raman spectroscopy study. The coexistence of R and T
phases at ambient condition for all the nanoparticles studied
showed an increase of R phase with decreasing particle size.
The phase transition pressures from RþT to TþC phases
were 10.6, 12.6, 15.7, and 15.9 GPa for 983, 194, 48.5, and
27.5 nm PbZr0.52Ti0.48O3 particles, respectively; and pres-
sures for TþC to C phase transitions were 16.2, 21.6,
25.8, and 26.8 GPa, respectively. The analysis of the phase
composition and evolution of piezoelectric Pb(Zr1–xTix)O3

and the underlying mechanism can help to understand the
nanosize effects and provide a potential pathway to improve
synthesis technique for industrial applications.
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